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Spin and charge correlations in the 2D Hubbard Model 

Thereza Paiva

Instituto de Física, Universidade Federal do Rio de Janeiro, Caixa Postal 68.528, 21941-972, Rio de Janeiro, RJ,
Brazil

One of the most exciting themes in condensed matter physics is how complex states of matter emerge from simple
Hamiltonians. The repulsive Hubbard model is one of the most studied models as it gives rise to a rich variety of
behavior, including a Mott-insulating regime, antiferromagnetically ordered Néel state, and possibly a ‘‘high-
temperature’’ d-wave superfluid. 
The ability to probe and manipulate ultracold fermions in optical lattices at the atomic level using quantum gas mi-
croscopes has enabled quantitative studies of  the two-dimensional Hubbard model with unprecedented control and 
allowed for measurements of site resolved  spin and charge correlations.  We discuss recent optical lattices experi-
ments and results from Determinantal Quantum Monte Carlo simulations describing nontrivial spin and local mo-
ment correlations as a function of density.  The  decomposition of the later  into doublon and hole correlators re-
veals a rich behavior and signals to the strong bunching of doublons and holes near half-filling, in agreement with 
experiments.
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Magnetoresistive switching and topological Hall effect controlled by novel magnetic textures 
 

Jeffrey W. Lynn 
 

NIST Center for Neutron Research, National Institute of Standards and Technology, Gaithersburg, MD 20899 USA 
 

Understanding the origin and properties of magnetoresistance in topological systems is a topic of high interest 
currently, and we discuss work on two materials in this category.  CeAlGe(Si) orders ferrimagnetically below 5.4 K, 
with two inequivalent Ce sites with different moments that are oriented in the a-b tetragonal plane.  For a magnetic 
field applied in this plane the magnetoresistance appears to diverge when parallel to the [1,0,0] and comparable 
directions, in a very narrow angular range—singular angular magnetoresistance (SAMR) [1].  Neutron diffraction 
was employed to determine the magnetic structure, and this combined with theory led to understanding that the 
SAMR results from switching of domains coupled with Fermi surface mismatch near Weyl nodes.  The second 
material is Mn$_{6}$Sn$_{6}$, which orders antiferromagnetically at 340 K and exhibits quite a variety of magnetic 
structures as a function of temperature and magnetic field, mostly incommensurate, revealed by neutron scattering.  
Only one such structure—the transverse conical spiral—exhibits a topological Hall effect, and this is only observed 
at elevated temperatures.  Detailed theoretical calculations explain not only all the observed phases but also the 
topological Hall effect, which originates via a new mechanism of thermally induced magnons.[2,3]  

 
[1] Singular Angular Magnetoresistance in a Magnetic Nodal Semimetal, T. Suzuki, L. Savary, J.-P. Liu, J. W. 
Lynn, L. Balents, and J. G. Checkelsky, Science 365, 377 (2019). 
[2] Competing magnetic states and fluctuation-driven scalar spin chirality in the kagome metal YMn6Sn6, Nirmal J. 
Ghimire, Rebecca L. Dally, L. Poudel, D. C. Jones, D. Michel, N. Thapa Magar, M. Bleuel, Michael A. McGuire, 
J. S. Jiang, John F. Mitchell, Jeffrey W. Lynn, and I. I. Mazin, Science Advances 6, eabe2680 (2020). 
[3] Chiral properties of the zero-field spiral state and field-induced magnetic phases of the itinerant kagome metal 
YMn6Sn6, Rebecca L. Dally, Jeffrey W. Lynn, Nirmal J. Ghimire, Dina Michel, Peter Siegfried, and Igor I. Mazin, 
Phys. Rev. B 103, 094413 (2021). 
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Knight-shift measurements on UTe2 in the SC state 

 
1G. NAKAMINE, K. KINJO, S. KITAGAWA, K. ISHIDA2, Y. TOKUNAGA3, H. SAKAI, S. KAMBE, A. 

NAKAMURA, Y. SHIMIZU, Y. HOMMA, D. LI, F. HONDA, and D. AOKI 
 

1Department of Physics, Kyoto University, Kyoto 606-8502, Japan 
2ASRC, Japan Atomic Energy Agency, Tokai, Ibaraki, 319-1195, Japan 

3IMR, Tohoku University, Oarai, Ibaraki 311-1313, Japan 
4University Grenoble, CEA, IRIG-PHERIQS, F-38000 Grenoble, France 

 
UTe2 is a recently discovered promising candidate for a spin-triplet superconductor[1]. In contrast to conventional 

spin-singlet superconductivity, spin-triplet superconductivity possesses spin and angular momentum degrees of free-

dom. To detect these degrees of freedom and obtain the solid evidence of spin-triplet superconductivity in UTe2, we 

have performed 125Te-NMR measurements, which are sensitive to the local spin susceptibility at a nuclear site. We 

reported a slight decrease in the Knight shift along the b and c axes (Kb and Kc, respectively) below Tc at a low 

magnetic field H. Although the decrease in Kc vanished above 5.5 T, the decrease in Kb was independent of H up to 

6.5 T[2]. We further measured the 125Te-NMR spectra for H ∥ b up to 14.5 T, and found that the decrease in Kb in 

the SC state starts to be small around 7 T and almost zero at 12.5 T, although the superconductivity is confirmed up 

to 14.5 T by the χAC measurements. This indicates that the SC spin state gradually changes with the application of H, 

and implies that the superconductivity possesses the spin degrees of freedom[3]. The pressure dependence of the 

Knight shift has also been studied.  
 

[1] S. Ran et al., Science 365, 684 (2019).  [2] G. Nakamine et al., Phys. Rev. B 103, L100503 (2021). 
[3] G. Nakamine et al., J. Phys. Soc. Jpn. 90, 064709 (2021).   
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High pressure study of UTe2 in pulsed magnetic field 
  

Michal Valiska1,2, William Knafo3, Georg Knebel1, Jean-Pascal Brison1, Gérard Lapertot1, Dai Aoki1,4, Jacques 
Flouquet1, Daniel Braithwaite1. 

 
1 Univ. Grenoble Alpes, Grenoble INP, CEA, IRIG-PHELIQS, F-38000 Grenoble, France 

2 Charles University, Faculty of Mathematics and Physics, Department of Condensed Matter Physics, Ke Karlovu 
5, Prague 2, 121 16, Czech Republic 

3 Laboratoire National des Champs Magnétiques Intenses, UPR 3228, CNRS-UPS-INSA-UGA, 143 Avenue de 
Rangueil, 31400 Toulouse, France 

4 Institute for Materials Research, Tohoku University, Ibaraki 311-1313, Japan 
 

The unconventional superconductivity in the heavy-fermion paramagnet UTe2 has recently attracted a lot of attention, 
particularly due to the reinforcement of superconductivity with magnetic field, and the probable spin-triplet and 
possibly topological nature of the superconducting order parameter[1-4]. Pressure is a powerful tuning parameter in 
this system inducing multiple superconducting phases, changes of the magnetic anisotropy, and long range magnetic 
order[5-11]. A challenge is now to characterize the effects of combined pressure and magnetic fields applied along 
variable directions in this strongly anisotropic paramagnet. Several studies under pressure in high static magnetic 
field have been published, but a full investigation of this system requires magnetic field higher than the maximum 
available static magnetic fields[7,12,13]. Here, we present an investigation of the electrical resistivity of UTe2 under 
pressure up to 3 GPa and pulsed magnetic fields up to 58T applied along the hard magnetic directions b and c. We 
show that, near the critical pressure, a field-enhancement of superconductivity coincides with a boost of the effective 
mass related to the collapse of metamagnetic and critical fields. These new elements improve our understanding of 
the interplay between magnetism and superconductivity, and the complex p-T-H phase diagram of this system. 

  
 

E-mail for corresponding author: daniel.braithwaite@cea.fr 
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[1] D. Aoki et al., Journal of the Physical Society of Japan 88, 043702 (2019). 
[2] G. Knebel et al., Journal of the Physical Society of Japan 88, 063707 (2019). 
[3] S. Ran et al., Science 365, 684 (2019). 
[4] S. Ran et al., Nat Phys 15, 1250 (2019). 
[5] D. Aoki et al., Journal of the Physical Society of Japan 89, 053705 (2020). 
[6] D. Braithwaite et al., Communications Physics 2, 147 (2019). 
[7] G. Knebel et al., Journal of the Physical Society of Japan 89, 053707 (2020). 
[8] D. Li et al., 2021), p. arXiv:2105.08593. 
[9] W.-C. Lin et al., npj Quantum Materials 5, 68 (2020). 
[10] S. Ran et al., Physical Review B 101, 140503 (2020). 
[11] S. M. Thomas et al., arXiv:2005.01659  (2020). 
[12] D. Aoki et al., Journal of the Physical Society of Japan 90, 074705 (2021). 
[13] S. Ran et al., arXiv e-prints, arXiv:2107.02870 (2021). 
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Coexistence of Charge Density Wave and Superconductivity in a correlated regime

Leonardo COSTA PRAUCHNER
1
, Eleonir João CALEGARI

2
,Sérgio GARCIA MAGALHÃES

1

1(Universidade Federal do Rio Grande do Sul, Grupo de Teoria da Matéria Condensada, Porto Alegre, Brasil)
2 (Universidade Federal de Santa Maria, Laboratório de Teoria da Matéria Condensada, Santa Maria, Brasil)

Many different systems present the common feature of the coexistence between superconductivity and charge
density wave [1,2,3,4]. As an example of such systems, we can highlight the cuprate superconductors [4], in which,
it seems to be essential to understand the mechanisms behind the competition of these ordered states, in order to get
a clear comprehension about the whole phase diagram, including the pseudogap phenomena. With the intention of
studying both superconductivity and charge density wave (CDW) and its coexistence in a correlated regime, we
combine the Green's functions formalism and the Hubbard-I approximation, as a way to take into account the
correlations due to the repulsive Coulomb interaction U. The superconductivity and the CDW have been considered
starting from a BCS like model [5], while the Coulomb interaction is included through a two-dimensional one band
Hubbard model [6]. The obtained results show that the presence of superconductivity tends to suppress the charge
density wave and vice versa. In addition, the careful analysis of the results obtained in this work showed that the
Coulomb interaction U acts in the sense of suppressing both superconductor and CDW states. As a consequence,
the region of coexistence of both phases, in the parameters space, is also reduced by the effects of U. For the CDW
gap, it has been considered a s-wave symmetry. On the other hand, the superconductor gap can assume s-wave
symmetry or dx²-y²-wave symmetry. The results show that in the coexistence region, the superconductivity with
dx²-y²-wave symmetry is more robust when compared with a superconductor state with s-wave symmetry. The effect
of the second second nearest neighbors hopping t1 on the coexistence regime, is also investigated.

[1] E. Navarro-Moratalla, Island, J., Mañas-Valero, S. et al. Nat Commun 7, 11043 (2016).

[2] A. Banerjee, A. Garg, & A . Ghosal. Physical Review B, 98(10), 104206 (2018).

[3] F.Zheng & Feng, J. Physical Review B, 99(16), 161119 (2019).

[4] H. Miao, et al. npj Quantum Materials, 6(1), 1-6 (2021).

[5] C. A. Balseiro. L. M. Falicov .Physical Review B, 20,4457 (1979).

[6] J. Hubbard, Proc. R. Soc. Lond. A 276 , 238-257 (1963).
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Singlet-triplet pairing in Ising superconductors

David     MÖCKLI  1, Menashe HAIM1, Maxim KHODAS1

1The Racah Institute of Physics, The Hebrew University of Jerusalem, Jerusalem 9190401, Israel

We overview the theory of unconventional  Ising superconductors.  Typical  examples include lead on a silicon
substrate  and  monolayer  transition  metal  dichalcogenides.  We  discuss  the  peculiar  properties  of  the
superconducting state that emerges in the presence of Ising spin-orbit coupling and an in-plane magnetic field.
Orbital physics, singlet-triplet mixed Cooper pairs, and the effect of impurities will be presented. 

[1] David Möckli and Maxim Khodas, Phys. Rev. B 98, 144518 (2018)
[2] David Möckli and Maxim Khodas, Phys. Rev. B 99, 180505(R) (2019)
[3] David Möckli and Maxim Khodas, Phys. Rev. B 101, 014510 (2020)
[4] David Möckli, Menashe Haim and Maxim Khodas, arXiv:2004.06545 (2020)
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Time-reversal symmetry breaking in superconductors through loop
supercurrent order

Sudeep Kumar Ghosh1,*, James F. Annett2 and Jorge Quintanilla1

1School of Physical Sciences, University of Kent, Canterbury, United Kingdom
2H. H. Wills Physics Laboratory, University of Bristol, Bristol, United Kingdom

We propose a novel superconducting ground state where microscopic supercurrent loops
form spontaneously within a unit cell at the superconducting transition temperature with
only uniform, onsite and intra-orbital singlet pairing. As a result of the circulating currents
time-reversal  symmetry  is  spontaneously  broken  in  the  superconducting  state.  Using
Ginzburg-Landau theory we will show how these currents emerge in a toy model. We will
discuss the crystallographic symmetry requirements more generally to realize such a state
and show that they are met by the Re6X (X= Zr, Hf, Ti) family of time-reversal symmetry-
breaking,  but  otherwise  seemingly  conventional,  superconductors.  The  estimate  of  an
upper bound for the resulting internal magnetic fields is found to be consistent with recent
muon-spin relaxation experiments.

Reference: arXiv:1803.02618 (to be published in the New Journal of Physics)

*Corresponding author email: S.Ghosh@kent.ac.uk
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Metamagnetic phase transition in ferromagnetic superconductor URhGe

V.P.Mineev1,2
1Universite Grenoble Alpes, CEA, IRIG, PHELIQS, F-38000 Grenoble, France

2Landau Institute for Theoretical Physics, 142432 Chernogolovka, Russia

Ferromagnetic superconductor URhGe has orthorhombic structure and possesses spontaneous
magnetisation along the c-axis. Magnetic field directed along the b-axis suppresses ferromagnetism
in c-direction and leads to a metamagnetic transition into polarised paramagnetic state in the b-
direction. The theory of these phenomena based on the specific magnetic anisotropy of this material
in (b, c) plane is given. Line of the first order metamagnetic transition ends at a critical point. The
Van der Waals - type description of behaviour of physical properties near this point is developed.
The triplet superconducting state destroyed by orbital effect is recreated in vicinity of the transition.
It is shown that the reentrance of superconductivity is caused by the sharp increase of magnetic
susceptibility in b direction near the metamagnetic transition. The specific behaviour of the upper
critical field in direction of spontaneous magnetisation in UCoGe and in UGe2 related to the field
dependence of magnetic susceptibility is discussed.

V.P.Mineev, Phys. Rev. B 103, 144508 (2021).
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From spin-orbital entanglement in Sr2RuO4 to spin-orbit controlled MIT in Sr2IrO4 
 

Andrea DAMASCELLI 
 

Quantum Matter Institute, UBC, Vancouver, British Columbia, Canada  
Department of Physics & Astronomy, UBC, Vancouver, British Columbia, Canada 

 
Beyond the direct correspondence between experimental intensity and the electronic removal spectral function, 
angle-resolved photoemission spectroscopy (ARPES) provides an unparalleled depth of information regarding the 
electronic structure of solids. In particular, the strict selection rules associated with the photoemitting dipole operator 
provide further access to both spin and orbital structure of the electronic eigenstates. I will discuss our application of 
these concepts to the development of various experiments directed towards unraveling the role of spin-orbit coupling 
in unconventional superconductivity and metal-insulator transitions. I will present our results utilizing circularly-
polarized spin-ARPES (CPS-ARPES) for the study of spin-orbit coupling in unconventional superconductors such 
as Sr2RuO4 [1,2], as well as LiFeAs and FeSe [3]. In doing so, we have established a vectorial description of the 
relative alignment of spin and orbital vectors and their variation through momentum space, raising important 
questions regarding the nature of pairing in these materials, and the dramatic modification of the wavefunctions 
imbued by relativistic effects. I will then conclude by showcasing how similar approaches can be utilized to 
demonstrate the spin-orbit-controlled nature of the metal insulator transition in Sr2IrO4 [4].  

 
[1] M.W. Haverkort et al., Phys. Rev Lett. 101, 026406 (2008). 
[2] C.N. Veenstra et al., Phys. Rev Lett. 112, 127002 (2014). 
[3] R.P. Day et al., Phys. Rev Lett. 121, 076401 (2018). 
[4] B. Zwartsenberg et al., Nat. Phys. 16, 290 (2020). 
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Spin-orbit coupling and quantum interference effects in the transport properties of tellurium 
 

Jaime F. OLIVEIRA1, Magda B. FONTES1, Marcello B. Silva-Neto2, Elisa BAGGIO-SAITOVICH1, and Carsten 

ENDERLEIN3 

 
1Centro Brasileiro de Pesquisas Físicas, Rua Dr. Xavier Sigaud 150, Rio de Janeiro, RJ 22290-180, Brazil 

2Instituto de Fisica, Universidade Federal do Rio de Janeiro, Rio de Janeiro, RJ Caixa postal 68528, Brazil 
3Campus Duque de Caxias, Universidade Federal do Rio de Janeiro, Rodovia Washington Luiz, Km 104,5, Duque 

de Caxias, RJ 25.240-005, Brasil 

 
Elemental tellurium in bulk is a small band gap semiconductor with a unique crystal structure, consisting of atomic 

helices, arranged in a hexagonal lattice. The implicit chirality of tellurium single crystals, the anisotropy of the lattice 

and a strong spin-orbit coupling render elemental tellurium an extraordinarily interesting material for possible 

applications. At the same time, the fundamental physical properties, as well as its ground state, are particularly 

interesting due to its unique spin polarization and the possible existence of topologically non-trivial phases. Recently, 

several groups have predicted a topological phase transition below 20kbar and some experiments have been 

interpreted in favor of these predictions.  

In the first part of the talk, I will present pressure-dependent transport and magnetotransport measurements, which 

have been performed on high quality tellurium single crystals [1]. We clearly show that the observed phase transition 

exists, but it cannot be interpreted as a topological phase transition from a semiconducting to a topologically 

interesting state. Instead, we show that the quantum phase transition is of the Anderson-Mott manifold. The 

Anderson-localization occurs due to the natural existence of vacancies in Te single crystals and all measured physical 

quantities show the typical critical behavior as is generally expected from such a transition. The misunderstanding of 

data from previous measurements is a consequence of the fact that the transition is induced by a pressure-induced 

band-bending, which leads to a pseudo-Lifshitz transition, dressed by the Anderson insulating state, at around 17kbar. 

In the second part of the talk, I will present an extensive study of the magnetoconductive behavior of chemically 

doped tellurium single crystals. For certain current and field-directions, we observe an extraordinarily strong 

anomalous hall effect, which is related to a relevant asymmetrical component in the transvers magnetoresistance. 

This phenomenon has been reported for other materials which similar electromagnetic properties. We analyze our 

results comparing the chirality and geometric structure of different crystals. Specifically, our data indicates that doped 

tellurium has many features in common with Weyl-metals, as the unique spin texture of tellurium’s valence band 

resembles that of certain Weyl metals.  
 
[1] J. F. Oliveira, M. B. Fontes, M. Moutinho, S. E. Rowley, E. Baggio-Saitovitch, M. B. Silva Neto & C. Enderlein, 

Communications Materials, 2, 1 (2021). 
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Anomalous transport properties in the antiferromagnetic Weyl semimetals 

Mn3X, X = Sn, Ge. 
 

Takahiro Tomita1.2, Taishi Chen2,3, Susumu Minami3, Muhammad Ikhlas1,2, Ryotaro Arita2,4,5,  
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3Department of Physics, University of Tokyo, Tokyo, Japan. 

4Department of Applied Physics, University of Tokyo, Tokyo, Japan. 
5RIKEN Center for Emergent Matter Science (CEMS), Wako, Saitama, Japan. 

6Institute for Quantum Matter and Department of Physics and Astronomy, Johns Hopkins University, 

Baltimore, MD, USA. 
7Trans-scale Quantum Science Institute, University of Tokyo, Tokyo, Japan. 

 
The chiral antiferromagnets Mn3X (X = Sn, Ge) have been widely investigated for producing the large transverse 

response in the absent of magnetization [1-6]. From our recent experimental and theoretical studies on the Mn3X,  a 

comprehensive set of evidence for the presence of magnetic Weyl fermions are confirmed [1]. Here, we synthesized 

the single crystals of Mn3Sn and Mn3Ge and measured the anomalous Hall (AHE) and anomalous Nernst (ANE) 

effects with variation of Mn concentration, indicating the proximity of the Fermi energy to the Weyl points. The large 

Berry-curvature-driven AHE and ANE are theoretically examined and the calculated results agree well with the 

observation as a function of the Fermi energy estimated by extra-Mn [1,3,4]. These sizes of ANE (Syx = 0.6~1.5 μ

V/K) are also large enough than that of the ordinally ferromagnets compared to the value at the same net-

magnetization. The anomalous Hall conductivity and the longitudinal conductivity are located within the intrinsic 

regime in the universal scaling plot between the longitudinal and Hall conductivity, indicating the topological origin 

in the electrical band structure. We also found that planer Hall effect accompanied by the positive longitudinal 

magneto-conductance in the magneto transport measurements. Such phenomena identified that the chiral anomaly is 

induced by magnetic Weyl semimetal in addition to the clear evidence of Weyl nodes provided by angle-resolved 

photoemission spectroscopy (ARPES) and the corresponding theoretical band structure [4]. 

Such topological antiferromagnets are very unique for the presence of the time reversal symmetry-broken magnetic 

octupolar domain and has the peculiar advantage of the antiferromagnetic spin structure in the spintronics as well as 

the large transverse response [7-9]. Intensive efforts are underway to find out how the novel properties of Weyl 

magnets uses for future applications.  

 

[1] T. Chen, T. Tomita, S. Minami, M. Fu, T. Koretsune, M. Kitatani, I. Muhammad, D. N. -Hamane, R. Ishii, F. 

Ishii, R. Arita and S. Nakatsuji, Nature commun. 12, 1-14 (2021). 

[2] S. Nakatsuji, N. Kiyohara, and T. Higo, Nature 527, 212-215 (2015). 

[3] M. Ikhlas, T. Tomita, T. Koretsune, M. T. Suzuki, D. Nishio-Hamane, R. Arita, Y. Otani, S. Nakatsuji, Nature 

Phys. 13, 1085-1090 (2017). 

[4] K. Kuroda, T. Tomita, M. T. Suzuki, C. Bareille, A. A. Nugroho, P. Goswami, M. Ochi, M. Ikhlas, M. Nakayama, 

S Akebi, R. Noguchi, R Ishii, N Inami, K Ono, H Kumigashira, A Varykhalov, T Muro, T Koretsune, R Arita, S 

Shin, T. Kondo, S. Nakatsuji, Nature Mater. 16, 1090-1095 (2017). 

[5] N. Kiyohara, T. Tomita, S. Nakatsuji, P. R. Applied 5, 064009 (2016). 

[6] K. Sugii, Y. Imai, M. Shimozawa, M. Ikhlas, N. Kiyohara, T. Tomita, M. T. Suzuki, T. Koretsune, R. Arita, S. 

Nakatsuji,1,4 and M. Yamashita, arXiv preprint arXiv:1902.06601. 

[7] T. Higo, H. Man, D. l B. Gopman, L. Wu, T. Koretsune, O. M. J. van ’t Erve, Y. P. Kabanov, D. Rees, Y. Li, M. 

-T Suzuki, S. Patankar, M. Ikhlas, C. L. Chien, R. Arita, R. D. Shull, J. Orenstein and S. Nakatsuji, Nature Photon. 

12, 73–78 (2018). 

[8] M. Kimata, H. Chen, K. Kondou, S. Sugimoto, P. K. Muduli, M. Ikhlas,Y. Omori, T. Tomita, A. H. MacDonald, 

S. Nakatsuji and Y. Otani Nature 565, 627-630 (2019). 

[9] S. Sugimoto, Y. Nakatani, Y. Yamane, M. Ikhlas, K. Kondou, M. Kimata, T. Tomita, S. Nakatsuji, Y. Otani, 

Commun. Phys. 3, 1-9, (2020). 
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Transport properties in the non-Fermi liquid phase of isotropic Luttinger semimetals 
  

Ipsita Mandal1, Hermann Freire2 
 

1Institute of Nuclear Physics, Polish Academy of Sciences, PL-31342 Kraków, Poland 
2Instituto de Física, Universidade Federal de Goiás, 74.001-970 Goiânia-GO, Brazil 

  
Luttinger semimetals arise in strongly correlated spin-orbit coupled materials that display a Fermi node at the Γ-point 
in the Brillouin zone. This Fermi node exhibits a quadratic band-touching of doubly-degenerate valence and 
conduction bands. The Coulomb interactions in an effective model that describes these systems stabilize a non-trivial 
fixed point in three spatial dimensions associated with a non-Fermi liquid state, also known as the Luttinger-
Abrikosov-Beneslavskii (LAB) phase. We calculate here the optical conductivity 𝜎(𝜔) and the dc conductivity 
𝜎&'(𝑇) of the LAB phase by means of the Kubo formula and the Mori-Zwanzig memory matrix method, respectively. 
Interestingly, we find that 𝜎(𝜔), as a function of the frequency 𝜔 of an applied ac electric field, is characterized by 
a small violation of the hyperscaling property in the clean limit [1], which is in contrast with the low-energy effective 
theories that possess Dirac quasiparticles in the excitation spectrum and obey hyperscaling. Furthermore, the effects 
of weak short-ranged disorder on the temperature dependence of 𝜎&'(𝑇) give rise to a stronger power-law suppression 
at low temperatures compared to the clean limit [1]. Our findings demonstrate that these disordered systems are 
actually power-law insulators. Our theoretical results agree qualitatively with the data obtained from recent 
experiments performed on Luttinger semimetal compounds like the pyrochlore iridates [(Y1-xPrx)2Ir2O7]. We then 
move on to compute the thermoelectric and thermal transport coefficients in the non-Fermi liquid phase of the 
Luttinger semimetals at zero doping. We find that the thermal conductivity at zero electric field scales as 𝜅	~	𝑇,- 
(with 0 ≲ 𝑛 ≲ 1) at low temperatures, whereas the thermoelectric coefficient has the temperature dependence given 
by 𝛼	~	𝑇3 (with 1/2 ≲ 𝑝 ≲ 3/2). These unconventional properties turn out to be key signatures of this long sought-
after non-Fermi liquid state in Luttinger semimetal compounds [2]. Finally, our results indicate that these materials 
might be good candidates for achieving high figure-of-merit for thermoelectric applications [2]. 
 
[1] I. Mandal and H. Freire, Phys. Rev. B 103, 195116 (2021). 
[2] H. Freire and I. Mandal, Phys. Lett. A 407, 127470 (2021). 
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Anomal transport in spin-orbit and Weyl systems-  

normally explained 

 
 

Klaus Morawetz1,2 
 

1Muenster University of Applied Sciences, Stegerwaldstrasse 39, 48565 Steinfurt, Germany 
2International Institute of Physics - UFRN, Campus Universitario Lagoa nova, 59078-970 Natal, Brazil 
 

A quantum kinetic theory is developed for interacting systems with spin-orbit coupling and electric and 

magnetic fields. Using a linear spin-orbit coupling, As special cases, graphene and Weyl systems can be 

realized as infinite-mass limit. These systems possess chiral symmetry where quantum fluctuations cause 

an anomaly. This has been recently observed in Weyl systems and is frequently interpreted as caused by 

gravitational anomaly. It is demonstrated that this anomaly arises from the quantum kinetic equations not 

violating conservation laws. The inter-, intraband conductivities and anomalous Hall effects of graphene 

are calculated and compared with the experimental values. For large Zeeman fields the dynamical 

conductivities become independent of the density and are universal. The density and pseudospin response 

functions to an external electric field show a frequency and wave-vector range where the dielectric function 

changes sign and the repulsive Coulomb potential becomes effectively attractive allowing for Cooper 

pairing. New modes due to magnetic fields and spin-orbit coupling are found and terahertz out-of plane 

resonances are predicted. 
 

[1] spin-orbit transport:  
Europhysics Letters, 104 (2013) 27005,  

Phys. Rev. B 92 (2015) 245425 errata: Phys. Rev. B93 (2016)239904(E),  

Phys. Rev. B 92 (2015) 245426  

[2] graphene:  

Phys. Rev. B 94 (2016) 165415  

[3] anomaly:  

Eur. Phys. J. B 92 (2019) 176,  

Phys. Lett. A 383 (2019) 1362, arXiv:2004.01507  
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Classical multicritical points in the underscreened Anderson lattice model of itinerant 5f electrons 

 
                                      Sergio Magalhaes1, Julian Faundez1, Eleonir Calegari2, Peter Riseborough3 

 
1Universidade Federal do Rio Grande do Sul, Porto Alegre, Brazil 

2Universidade Federal de Santa Maria, Santa Maria, Brazil 
3Temple University, Philadelphia, USA 

 
We discuss the evolution of classical multicritical points under pressure and magnetic field in a model proposed to 

describe uranium compounds. This model has two 5f bands which hybridize with a single itinerant conduction 

band. The 5f-electrons interact through Coulomb and exchange terms. Three types of orderings are considered: two 

conventional Spin Density Waves (SDWs) [1] and a new exotic SDW [2], i. e., with no magnetic moment 

formation. This exotic SDW is described by a purely imaginary order parameter. This phase is related to a band 

mixing given by the spin-flip part of the Hund's rule exchange interaction.  Our results show that the simultaneous 

application of pressure and field changes drastically the scenario with the suppression of some multicritical points 

and the emergence of other ones. Lastly, we suggest that the presence and evolution of classical multicritical points 

can be, indeed, a useful tool to unveil novel quantum states of matter. 

 

 

[1] Sergio Magalhaes et al, Phys. Rev. B, 101, 064407 (2020). 

[2] Peter Riseborough et al, Phys. Rev. B 85, 165116 (2012). 
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Enhanced Spin-Orbit Coupling in Strongly Correlated Actinides

Xiao Yuan1, Peter S. Riseborough1, E.J. Calegari2 and S.G. Magalhaes3

1Physics Dept., Temple University, Philadelphia, Pa 19122 USA
2Departamento de F́ısica, UFSM, 97105-900, Santa Maria, RS, Brazil

3Instituto de Fisica, UFRGS, 91501-970 Porto Alegre, RS, Brazil

We investigate the effect of many-body interactions on the spin-orbit cou-
pling of anisotropic metals. We use the Underscreened Anderson Lattice Model
that was proposed to describe uranium and plutonium compounds. By using
a rotationally invariant approximation, we show that Coulomb interactions in-
duce off-diagonal correlations that enhance the components of the spin-orbit
coupling. Even modest values of the Coulomb interaction U can enhance the
spin-orbit coupling by factors of about 4 and have significant effects on the elec-
tronic spectrum, but the enhancements are most pronounced for systems that
are on the verge of magnetic instabilities. The enhancement is anisotropic in
crystals with non-cubic symmetries and can lead to giant magnetic anisotropies
in paramagnetic states.
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Lifshitz transition underlying the metamagnetic transition of UPt3 
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2Institute for Solid State Physics, University of Tokyo, Tokyo, Japan 
3Department of Physics, University of Toronto, Toronto, Canada 

 
The magnetization process in heavy fermion systems, in which the f-electrons go from being part of the 
Fermi volume in the paramagnetic state, to being local moments in the fully polarized state, is still in 
question. Of particular interest is whether the f-electrons localize suddenly via a breakdown of Kondo 
screening, or gradually as the heavy fermion bands become spin polarized. Comparing quantum oscillation 
measurements, dc magnetoresistance measurements, and Fermi surfaces obtained from LDA calculations, 
we argue that the metamagnetic transition of UPt3, which occurs at an applied field µoHM ∼ 20 T, coincides 
with a Lifshitz transition at which an open orbit on the band 2 hole-like Fermi surface becomes closed for 
one spin direction.  At low field, proximity of the Fermi energy to this particular van Hove singularity may 
have implications for the superconducting pairing potential of UPt3. In our picture the magnetization comes 
from non-linear spin-splitting of the heavy fermion bands, not from suppression of Kondo screening. In 
support of this, we show that the non-linear field dependence of a particular quantum oscillation frequency 
can be fitted by assuming that the corresponding extremal Fermi surface area is proportional to the 
magnetization. This work was recently published as reference [1] below. 
 
[1] A. McCollam, M. Fu and S.R. Julian, J. Phys.: Condens. Mat. 33 (2021) 075804. 
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Magnetic phase diagram of UIr2Si2 single crystal 
  

Maria SZLAWSKA1, Magdalena MAJEWICZ1, Dariusz KACZOROWSKI1 
 

1
 Institute of Low Temperature and Structure Research, Polish Academy of Sciences, Wrocław, Poland 

 

UIr2Si2 crystallizes with a tetragonal CaBe2Ge2-type structure (space group P4/nmm) with lattice parameters                   

a = 4.0851 Å and c = 9.8348 Å. In the unit cell, iridium sites are partly occupied by silicon atoms. The excess                    

of silicon introduces disorder to the crystal structure [1,2]. UIr2Si2 was characterized as an antiferromagnet with the 

Néel temperature, TN, between 4.9 and 6 K [1-3]. Neutron diffraction measurements revealed that the magnetic mo-

ments of 0.1 μB are localized on uranium atoms and aligned along c axis of the unit cell [2]. The compound undergoes 

metamagnetic-like transition at low temperatures in magnetic fields, Bc, of 1.6–2 T [1-3]. Remarkably, the magnetic 

moment measured in magnetic fields B > Bc is distinctly larger than the moment determined by neutron diffraction 

and amounts to 0.37 μB [4]. Polarized neutron diffraction experiments revealed that magnetic field causes significant 

enhancement of the U magnetic moment due to mixing with excited crystal field levels [4]. 
Up to date, only few reports have been published on UIr2Si2. There is no consensus about the nature of its magnetic 

behavior, nor the values of TN and Bc. Therefore, we have undertaken an exhaustive re-investigation of the compound, 

with the main aim to build its direction-dependent magnetic phase diagrams covering wide ranges of temperature 

and magnetic field. Single crystal of UIr2Si2 was grown from stoichiometric amounts of the elemental constituents 

using Czochralski pulling technique in a tetra-arc furnace. Its quality and crystallographic orientation were checked 

on a Laue diffractometer. Physical properties were studied by means of magnetization, resistivity and heat capacity                 

measurements carried out at temperatures from 1.8 to 300 K and in magnetic fields up to 14 T. The experiments 

confirmed that UIr2Si2 orders antiferromagnetically at low temperatures, as evidenced by characteristic anomalies in 

the magnetic susceptibility, electrical resistivity and heat capacity. The observed value of TN = 5.5 K falls in between 

those reported in the literature. Significant difference in the magnitude of magnetization along main crystallographic 

directions indicated the c axis to be easy magnetic direction. For this orientation, the metamagnetic transition occurs 

in Bc = 1.5 T at T = 2 K. In stronger fields, the magnetization does not saturate and reaches in 14 T an enhanced value 

that corresponds to the magnetic moment of 0.43 µB. The magnetization measured perpendicular to the c axis is 

straight-linear up to the highest magnetic fields applied. The electrical resistivity, ρ(T), is fairly large and hardly 

changes with temperature. The residual resistivity ratio, defined as RRR = ρ(300 K)/ρ(2 K), is close to 1 for both 

directions. This feature can be attributed to substantial intermixing of Ir and Si atoms at the transition metal site. At 

2 K, the specific heat over temperature ratio attains a large value of 300 mJ mol-1K-2, that may result from both strong 

interaction between 5f and conduction electrons and the crystallographic disorder. Based on the collected experi-

mental data, a tentative magnetic phase diagram of UIr2Si2 has been constructed for magnetic field applied along the 

c axis. 

 
This work was supported by the National Science Centre of Poland (grant no. 2018/31/D/ST3/03295). 
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Looking for Lifshitz point in magnetic phase diagram of UPd2Si2 
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The ternary compounds with composition UT2M2, where T is a d-electron transition metal, and M stands for Si or 

Ge atom, crystallize mostly with tetragonal unit cells of the ThCr2Si2- (space group I4/mmm) or CaBe2Ge2-type (space 

group P4/nmm). Competition between crystallization of the two polymorphs may result in a structural instability that 

strongly influences the bulk physical characteristics [1]. Some UT2M2 compounds exhibit complex magnetic 

properties. Specifically, the magnetic phase diagram of UPd2Si2, constructed for H || c (easy magnetic direction), 

comprises as many as three ordered phases, namely, simple antiferromagnetic (AFM), ferrimagnetic (FiM) and 

incommensurate longitudinal spin wave (ICLSW) states. Most remarkably, in high magnetic fields, paramagnetic 

(P), FiM and ICLSW phases, meet each other at a point [2,3] that has been suggested to be a bicritical Lifshtz point 

(LP), whose “critical behavior is strikingly different from any other” [3,4]. It is worthwhile noting, that to date the 

existence of magnetic LP has been unambiguously confirmed only for MnP [5].  

However, the magnetic phase diagrams of UPd2Si2 reported in the literature, show some notable differences [2,3], 

presumably related to the structural instability of the compound. In order to clarify the issue, we synthesized several 

single crystals of UPd2Si2 using the Czochralski pulling technique in a tetra-arc furnace. The chemical composition 

and the crystal structure of the particular crystals were checked by means of energy-dispersive x-ray spectroscopy 

and x-ray diffraction (Laue backscattering and four-circle diffractometers). Their magnetic, electrical transport and 

thermal properties were characterized in wide ranges of temperature (2–300 K), and magnetic fields (up to 14 T).  

We constructed the magnetic phase diagrams of the grown crystals and identified three main types of behavior, two 

of them being consistent with those reported before in the literature [1,2]. In zero magnetic field, the crystals differ 

in terms of number of phase transitions and values of critical temperatures. However, their properties vary mostly in 

the low-field regime, while in high magnetic fields, the P, FiM and ICLSW phase boundaries tend to merge for each 

crystal type, as expected for the appearance of LP. Further experiments are currently underway to characterize in 

details the critical behavior near the LP anomaly.  

 

This work was supported by the National Science Centre of Poland grant no. 2018/31/D/ST3/03295. 
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Amitsuka, J. Phys. Soc. Japan 77, 024708 (2008); 

[2] T. Honma, H. Amitsuka, S. Yasunami, K. Tenya, T. Sakakibara, H. Mitamura, T. Goto, G. Kido, S. Kawarazaki, 

Y. Miyako, K. Sugiyama, M. Date, J. Phys. Soc. Japan 67, 1017 (1998); 

[3] T. Plackowski, D. Kaczorowski, J. Sznajd, Phys. Rev. B 83, 174443 (2011); 

[4] R. M. Hornreich, M. Luban, S. Shtrikman, Phys. Rev. Lett. 35, 1678 (1975); 

[5] Y. Shapira, C. C. Becerra, N. F. Oliveira, T. S. Chang, Phys. Rev. B 24, 2780 (1981). 
 

E-mail for corresponding author: m.szlawska@intibs.pl 

 

 

https://proceedings.science/p/132329
Powered by TCPDF (www.tcpdf.org)

https://proceedings.science/p/132329
http://www.tcpdf.org


 
 

Low-dimensional antiferromagnetic fluctuations in the superconductor UTe2 
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We present inelastic-neutron-scattering measurements performed on a large single crystal (mass of 241 mg) of the 
new heavy-fermion superconductor UTe2 above [1] and below [2] its superconducting temperature. We confirm the 
presence of antiferromagnetic fluctuations with the incommensurate wavevector k1 = (0 0.57 0). We emphasize the 
low-dimensionality of the magnetic fluctuations, consequence of the ladder structure of the U atoms, which is 
indicated by weak correlations along the direction c. The absence or weakness of ferromagnetic fluctuations in our 
data is discussed. A phenomenological magnetic-exchange scheme, with intra-ladder ferromagnetic coupling and 
inter-ladder antiferromagnetic coupling along b, is proposed. A gap-opening of the antiferromagnetic fluctuations 
is observed in the superconducting phase. Our neutron-scattering data obtained from a unique single crystal are 
compared with data obtained using large assemblies of co-aligned single crystals [3,4]. A discussion about the 
possible signatures of the observed antiferromagnetic fluctuations in bulk electronic-transport and thermodynamic 
measurements, but also from NMR spectroscopy, is also proposed. These new data may stimulate the elaboration 
of new models based on magnetically-mediated pairing to describe superconductivity in UTe2.  
 
[1] W. Knafo et al., arXiv:2106.13087. 
[2] S. Raymond et al., arXiv:2107.13914.  
[3] C. Duan et al., Phys. Rev. Lett. 125, 237003 (2020). 
[4] C. Duan et al., arXiv:2106.14424. 
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Boost and Suppression of High Field Superconducting Phases in UTe2 under Pressure  
(1 blank line) 

 
Instruction: Please type the author list and their affiliation with a Times New Roman 11 point, single-spaced and 
centered. The name of the presenting author should be underlined, affiliations in italic. 

 
Nicholas P. BUTCH1,2 
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1NIST Center for Neutron Research, Gaithersburg, Maryland, USA 

2Quantum Materials Center, Department of Physics, University of Maryland, College Park, Maryland, USA 
 
(1 blank line) 
The heavy fermion superconductor UTe2 hosts an unusual superconducting phase that exhibits hallmarks of spin-
triplet pairing, multiple order parameters, time-reversal symmetry breaking, and in-gap surface states. Some of the 
most exceptional features are evident in high magnetic field, namely, a critical field of 35 T that coincides with a 
metamagnetic transition, and a large pocket of reentrant superconductivity at even higher fields at field angles in 
between the crystallographic b- and c-axes. In this talk, I will discuss the evolution under pressure of multiple 
superconducting and other phases, with a focus on high magnetic fields. 
  

(1 blank line) 
[1] S. Ran, et al., Phys. Rev. B 101, 140503 (2020). 
[2] W.-C. Lin, et al., npj Quantum Mater. 5, 68 (2020). 
[3] S. Ran, et al., arXiv:2107.02870. 
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UTe2 under pressure 
 

Priscila ROSA 
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Spin-triplet superconductors are a promising route in the search for topological superconductivity, and UTe2 is a 
recently discovered contender. In this talk, I will present new insights into UTe2 from ac calorimetry, electrical 
resistivity, and x-ray absorption measurements under applied pressure. Our specific heat data at low pressures, 
combined with a phenomenological model, show that pressure alters the balance between two closely competing 
superconducting orders. Above 1.5 GPa, bulk transitions consistent with antiferromagnetic order emerge as the 
uranium valence starts to increase towards a 4+ (5f2) state. At the end of the talk, I will highlight some of the most 
pressing outstanding open questions. 
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UTe2 from a crystallographic lens 
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P.F.S. ROSA 
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The spin-triplet candidate superconductor UTe2 [1] crystallizes in the Immm space group (no. 71), a = ~4.16 

Å, b = ~6.14 Å, and c = ~13.98 Å,  and contains three crystallographic sites, one U site which occupies the 

4i position and two Te sites, where Te1 occupies the 4j position and Te2 occupies the 4h position [2]. An 

intrinsic multicomponent superconducting order parameter has been suggested to exist in UTe2 [3] although 

contrasting reports indicate that the dual transitions arise due to inhomogeneity within the crystal [4]. This 

talk will focus on detailed single crystal X-ray diffraction studies to probe crystallographic differences in 

samples to elucidate the origin of the varying superconducting transitions. 

 

[1] S. Ran et al. Science 365, 684 (2019) 

[2] A. J. K. Haneveld et al. J. Less-Common Met. 21, 45 (1970) 

[3] I. M. Hayes et al. Science 373, 797 (2021) 

[4] L. P. Cairns et al. J. Phys.: Condens. Matter 32, 415602 (2020); S. M. Thomas et al. 

arXiv:2103.09194 (2021) 
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Unconventional superconductors continue to challenge our understanding of condensed matter systems. These con-

densates have Cooper pairs with lower symmetries than in conventional superconductors. In most unconventional 

superconductors, the additional symmetry breaking occurs in relation to typical ingredients such as strongly corre-

lated Fermi liquid phases, magnetic fluctuations, or strong spin-orbit coupling in non-centrosymmetric structures. 

In this presentation, I will show that the time-reversal symmetry breaking in the unconventional superconductor 

LaNiGa2 is enabled by its previously unknown topological electronic band structure. Our single crystal diffraction 

experiments indicate a nonsymmorphic crystal structure, in contrast to the previously reported symmorphic struc-

ture. The nonsymmorphic symmetries transform the plane of the Brillouin zone boundary into a node-surface. 

Through band-structure calculations we reveal that distinct Fermi surfaces become degenerate on the node-surface 

and form Dirac lines and a Dirac loop at the Fermi level. Within the Dirac loop are two symmetry related Dirac 

points which remain degenerate under spin-orbit coupling. ARPES measurements confirm the calculations and pro-

vide evidence for the Fermi surface degeneracies on the node-surface. These unique topological features enable an 

unconventional superconducting gap in which time-reversal symmetry can be broken in the absence of other typical 

ingredients. LaNiGa2 provides the first example of a topological crystalline superconductor that breaks time-rever-

sal symmetry without any overlapping magnetic ordering or fluctuations. Our findings will enable future discover-

ies of additional topological superconductors. 
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We investigate the interplay between superconductivity (SC) and charge density wave (CDW) in a two-band model 

system in a square lattice. Our main goal is to describe intermetallic systems with a d-band of moderately 

correlated electrons coexisting with a large sp-band, for which a mean-field approximation is adequate. For 
simplicity, all interactions and the hybridization are considered site-independent. We obtain the eigenvalues of the 

Hamiltonian numerically and minimize the free energy density with respect to the relevant parameters to obtain the 

phase diagrams. We analyze two different types of superconducting ground states coexisting with the CDW, i.e., a 

homogeneous SC ground state and a pair density wave where the SC order parameter has the same spatial 
modulation of the CDW. Our results [1] show that the CDW and SC orders compete, but depending on the 

parameters of the model these phases might coexist. 

 
[1] Nei Lopes, Daniel Reyes, Mucio A. Continentino, and Christopher Thomas, Physical Review B, 103, 195150 

(2021). 
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Metallic glasses (MGs) are in the cutting edge of research in materials science for both their unique 

properties that yield a variety of commercial applications like MEMS, pressure sensors or biocompatible 

prosthesis [1] and for fundamental studies on the nature of the glass transition and other related phenomena 

[2]. The main characteristics of MGs are the lack of long-range order, the random close packed atomic 

configuration and their excellent elastic properties (high compressive strength and large elasticity). The 

rare earth (RE) elements have played an important role, as a minor additions and as main constituents, in 

the design of new alloys with an exceptional glass forming ability that allow the production of bulk pieces, 

the so-called bulk metallic glasses (BMGs) [3]. Moreover, these rare earth based bulk metallic glasses 

(REBMGs) present several attracting features that make them promising materials for engineering 

applications such as polymerlike thermoplastic behaviour (Ce(La)-based), hard magnetic properties 

(Nd(Pr)-based), polyamorphism (Ce-based) or superconductivity (La-based).  

In this presentation we will present coupled high pressure diffraction and resistivity measurements on the 

Ce70Al10Ni10Cu10 alloy. In this system a series of pressure induced polyamorphic transformations have been 

observed and the differences in the transport properties of the different amorphous phases are discussed 

and correlated to their microstructure. Especially we will concentrate in the low temperature behaviour of 

the transport properties where we observe an increase of the resistivity associated with the Kondo effect. 

Application of hydrostatic pressure induces a reduction followed by the disappearance of the Kondo 

behaviour and the appearance of superconductivity at higher pressure. We will discuss and analyze the 

correlation of the polyamorphic transitions with the anomalies in the transport properties. 

 

[1] W.H. Wang, C. Dong, and C.H. Shek, Mater. Sci. and Eng. R 44, 45 (2004). 

[2]  K.L. Ngai, J. Non-Cryst. Solids 352, 404 (2006). 

[3] Q. Luo & W.H. Wang, J. Non-Cryst. Solids 355, 759 (2009). 
 

E-mail for corresponding author: gaston.garbarino@esrf.fr 

 

https://proceedings.science/p/132610
Powered by TCPDF (www.tcpdf.org)

https://proceedings.science/p/132610
http://www.tcpdf.org


Anisotropy in frustrated ferromagnetic spin-1/2 chain -TeVO4:  

dynamical spin stripes instead of spin nematicity 

 
Matej PREGELJ1, Andrej ZORKO1,2, Denis ARČON1,2, Martin KLANJŠEK1, Oksana ZAHARKO3, 

Steffen KRÄMER4, Mladen HORVATIĆ4, Andrey PROKOFIEV5, Hubertus LUETKENS6   

 
1Jožef Stefan Institute, Jamova c. 39, 1000 Ljubljana, Slovenia 

2Faculty of Mathematics and Physics, University of Ljubljana, Jadranska u. 19, 1000 Ljubljana, Slovenia 
3Laboratory for Neutron Scattering and Imaging, PSI, CH-5232 Villigen, Switzerland 

4Laboratoire National des Champs Magnétiques Intenses, LNCMI-CNRS (UPR3228), EMFL, Université Grenoble 

Alpes, UPS and INSA Toulouse, Boîte Postale 166, 38042 Grenoble Cedex 9, France 
5Institute of Solid State Physics, Vienna University of Technology, Wiedner Hauptstr. 8-10, 1040 Vienna, Austria 

6Laboratory for Muon Spin Spectroscopy, PSI, Villigen CH-5232, Switzerland 

 
Frustrated spin-1/2 chains with competing nearest- and next-nearest-neighbor interactions have attracted a lot of 

attention due to their rich magnetic phase diagram. The vector-chiral (VC) ground state with chiral spin-spin 

correlations is in the applied magnetic field succeeded by a spin-density-wave (SDW) state and finally, just before 

the saturation, the spin-nematic state is predicted [1]. According to the theory, the amplitude modulated correlations 

in the SDW phase at high magnetic field give way to bound magnon pairs, forming a long-range order of magnetic 

multipoles [2]. Adding the magnetic anisotropy can lead to novel magnetic phases [3], making the phase diagram 

even richer. 

Here we focus on -TeVO4 [4,5], which has been recently recognized as a very good realization of a spin-1/2 

frustrated ferromagnetic chain [6-9]. The compound undergoes a long-range magnetic ordering below TN1 = 4.6 K 

and the experimentally derived phase diagram almost exactly matches the theoretically predicted diagram [6]. Yet, 

the VC ground state and the SDW phase are separated by an unconventional spin-stripe phase that exists between 2 

and 4.5 T [6]. At ~18.7 T, the SDW phase is followed by the high-field (HF) phase, with an unknown type of 

incommensurate magnetic order [10]. Finally, saturation is achieved by a first-order transition, occurring between 

21.72 and 21.78 T, where the HF and the fully-saturated phases coexist [11]. 

I will present neutron-diffraction, nuclear-magnetic-resonance and muons-spin-relaxation results that provide an 

insight into the magnetic ordering in the HF state and, most importantly, reveal a new type of low-frequency 

bound-phason excitations in the spin-stripe phase [12]. In particular, we find that the HF order is of an SDW type 

with different alignments of magnetic moments on the neighboring chains, which is most likely driven by magnetic 

anisotropy. The latter is also responsible for the establishment of the spin-stipe phase, which appears static on the 

neutron-scattering timescale, i.e., at ν > 10 GHz, yet our results show that is, in fact, dynamical at MHz frequencies. 

Such a display of spin-only manifestation of the fluctuating-stripe physics [12] is unique and has, so far, been 

studied exclusively in the context of nematic phases in high-temperature superconductors. Our discovery, hence, 

draws attention to other frustrated spin-1/2 chain compounds with complicated and unresolved magnetic phase 

diagrams, where similar effects may occur. 

 

[1] T. Hikihara et al., Phys. Rev. B 78, 144404 (2008). 
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Chiral anomaly and electronic transition in Hexagonal - Mn3Ge 
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Topological quantum materials have attracted enormous attention since their discovery due to the observed 

anomalous transport properties, which originate due to the non-zero Berry curvature.  Mn3Ge has gained 
special attention because of its large anomalous Hall and Nernst effects that persist starting from Néel 

temperature (365 K) down to 2 K [1, 2]. Several experimental observations support the claim for  Mn3Ge 
as a Weyl semimetal [1 - 3]. However, the chiral anomaly in this sample has not been fully understood yet. 
We have performed angle, temperature, and magnetic field (B) dependent magnetoresistance (MR) and 

planar Hall effect (PHE) measurements with B and electric current (I) applied along the various 
combinations of the crystallographic axes of Mn3Ge. We have observed negative longitudinal MR and PHE 

oscillations in certain magnetic field and temperature regimes, for various combinations of I, B, and 
crystallographic axes. These observations are the signature of chiral anomaly, but they can arise without 
chiral anomaly also. The detailed analysis of the temperature and magnetic field dependent behavior of MR 

and PHE strongly suggest that the chiral anomaly is most likely present in the Mn3Ge. Also, we have 
observed that the slope of longitudinal MR and Hall resistivity at high field changes its sign in the 

temperature range of 165 - 230 K. The lattice thermal expansion coefficient has also shown a change in 
sign near 230 K. These observations suggests that the Mn3Ge goes through electronic phase transition 
below 230 K, possibly driven by the lattice parameter of the sample. 
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The interplay of non-trivial topology and strong electronic correlations has stimulated a flourish of experimental 

reports in the mixed valence SmB6, however there is an increasing desire to find more microscopic techniques to 

complement results of more traditional techniques [1,2]. In this work, we locally explore the Gd3+ environment [3] 

in Sm1-xGdxB6 (x ~ 0.0002) by means of electron spin resonance (ESR) [4]. Our analysis reveals an anomalous 

evolution of the Gd3+ ESR line shape, which goes from localized-like at higher temperatures to a diffusive-like at 

lower ones. Using a focused ion beam, which is a systematic way to manipulate the surface conductivity [5], we 

show that the localized-like character of the Gd3+ ESR spectrum is recovered upon increasing the skin depth of the 

sample. Our study unveils a compelling evidence of a relaxation process influenced by the presence of surface and/or 

near-surface excitations, opening exciting routes to be explored both theoretically and experimentally. 

 

[1] P. F. S. Rosa and Z. Fisk, in Bulk and Surface Properties of SmB6, in Rare-Earth Borides, edited by D. S. Inosov 

(Jenny Stanford Publishing, Singapore, 2021). 

[2] L. Li et al. Nat. Rev. Phys. 2, 463 (2020) 

[3] J. C. Souza et al. Phys. Rev. Research 2, 043181 (2020). 
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Having been a ground for various topological fermionic phases, the family of ZrSiS-type 111 materials has been 

under experimental and theoretical investigations. Within this family of materials, the subfamily LnSbTe (Ln = 

lanthanide elements) is gaining interests in recent times as the strong correlation effects and magnetism arising from 

the 4f electrons of the lanthanides can provide an important platform to study the linking between topology, 

magnetism, and correlation. In this paper, we report the systematic study of the electronic structure of SmSbTe - a 

member of the LnSbTe subfamily - by utilizing angle-resolved photoemission spectroscopy in conjunction with first-

principles calculations, transport, and magnetic measurements. Our experimental results identify multiple Dirac 

nodes forming the nodal-lines along the Γ- X and Z- R directions in the bulk Brillouin zone (BZ) as predicted by our 

theoretical calculations. A surface Dirac-like state that arises from the square net plane of the Sb atoms is also 

observed at the X point of the surface BZ. Our study highlights SmSbTe as a promising candidate to understand the 

topological electronic structure of LnSbTe materials 
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Magnetic topological materials exhibit extraordinary physical properties that can be exploited for futuristic electronic 

devices and high-end quantum computations. In the course of our efforts to identify new magnetic topological 

materials we have recently characterized EuAgAs as an antiferromagnetic nodal line Dirac semimetal [1]. Here, we 

report for the first time on the physical properties of isostructural compound EuAuAs (sg. P63/mmc), studied on 

single crystals grown from Bi flux. The magnetic susceptibility data revealed an antiferromagnetic transition at TN = 

6 K due to Eu2+ ions. In the ordered state, the magnetization first increases linearly with increasing magnetic field 

strength and then saturates in high fields. The heat capacity shows a clear anomaly at TN, accompanied by features 

suggesting short-range ordering. The temperature-dependent electrical resistivity data exhibits a metal-

semiconductor-like transition near 40 K, which gets suppressed with the application of magnetic field. Below TN, the 

transverse magnetoresistance shows a positive maximum, marking a metamagnetic transition, and in high magnetic 

fields, it saturates at a large negative value of about 80%. The antiferromagnetic ground state in EuAuAs has been 

corroborated through our ab-initio electronic band structure calculations. Most importantly, the theoretical 

computations revealed the formation of a nodal line in the bulk structure, which is placed slightly above the chemical 

potential and protected by rotational crystal symmetry, as well as a drumhead-like surface state, located at high 

symmetry point. All these results consistently suggest that EuAuAs is a new candidate for antiferromagnetic nodal 

line Weyl semimetal. 

[1] A. Laha et al., Phys. Rev. B103, L241112 (2021). 
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The interplay of magnetism and topology has been shown to give rise to various magnetic topological states. In this 

talk, we will present a systematic study on the electronic structure of EuIn2As2 – predicted to host axion insulating 

as well as higher-order topological insulating phases – and its evolution across the antiferromagnetic transition below 

16 K by utilizing high-resolution angle-resolved photoemission spectroscopy combined with parallel first-principles 

computation. We directly observe the linearly dispersing hole-like bands crossing the Fermi level and the change in 

their dispersion across the magnetic phase transition. Our study points to EuIn2As2 as being a promising material to 

explore interplay between topology and magnetism. 
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In this talk a brief overview of our recent work on avoided quantum criticality under pressure will be presented. 

Current theoretical models [1] suggest that, when tuning a second-order ferromagnetic (FM) transition in metals 

towards zero temperature, for general reasons, the quantum criticality is avoided. In clean metallic systems, it is 

argued that either the FM transition becomes first order through a tricritical point or a long-wavelength AFM phase 

appears.  

The variation of the latter scenario is possibly realized under pressure in LaCrGe3 [2,3] that orders ferromagnetically 

at TC ~ 90 K at ambient pressure and La5Co2Ge3 [4] (TC ~ 4 K at P = 0). In particular, in LaCrGe3 the recent 

comprehensive study [3] suggested formation of FM clusters above ~ 2 GPa, in the proximity of the avoided FM 

quantum critical point. In La5Co2Ge3 a new state, likely magnetic order with an antiferromagnetic component, 

appears above ~ 1.7 GPa. The experimental data for both compounds raise questions about possible role of disorder 

in stoichiometric quantum materials.  

The collapse of the Kondo state and FM quantum phase transition in YbFe2Zn20 [5] will be discussed as an 

experimental realization of the former scenario “in a reversed order”. At ambient pressure, YbFe2Zn20 is a non-

magnetic heavy fermion with the Sommerfeld coefficient,  ~ 500 mJ/mol K2, and Kondo temperature, TK ~ 30 K. 

[6] Under pressure the hybridization strength decreases and apparent FM transition occurs above P ~ 18 GPa. 

Outlook and potential future studies will be described. 

This work was supported by the U.S. Department of Energy, Office of Science, Basic Energy Sciences, Materials 

Sciences and Engineering Division. Ames Laboratory is operated for the U.S. Department of Energy by Iowa State 

University under Contract No. DE-AC02-07CH11358. 
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Quantum criticality has been an organizing principle to explain the behavior of many families of quantum materials 

including the high-temperature cuprate and iron-based superconductors and f-electron heavy fermion compounds.  

A central, unresolved issue is the role of quantum fluctuation dimensionality on the properties of the system.  Most 

work to date has focused on quantum criticality with two-dimensional (2-D) and three-dimensional (3-D) 

fluctuations.  Strong quantum fluctuations are expected in quasi-1-D materials.  Furthermore, these 1-D systems 

may be treated exactly by theoretical tools such as Density Matrix Renormalization Group, providing robust and 

accurate methods for accounting for the strong correlations in 1-D f-electron materials, such as CeRh6Ge4 [1], 

Yb2Pt2Pb [2], and YbAlO3 [3].   

YbFe5P3 crystallizes in the orthorhombic YCo5P3 structure type [4] with 1-D Yb chains along the b-axis with an 

Yb-Yb distance of 3.65 Å, while the inter-chain Yb-Yb spacing is 5.61 Å. Below about 5 K, the electrical 

resistivity reflects the presence of strong quantum fluctuations. Specific heat measurements show a similar strong 

enhancement at low temperatures reaching a constant value of C/T=1.5 J/mol K2 below T = 0.5 K, indicating a 

heavy Fermi liquid state. No magnetic ordering is observed down to 80 mK. Magnetic fields up to 8 T rapidly 

suppress the magnetic fluctuations, while resistivity measurements under pressure up to 2.5 GPa indicate the 

enhancement of quantum fluctuations, although still no order is observed down to 0.3 K. Density functional theory 

calculations suggest the presence of quasi-1D Fermi surface sheets together with 3D electronic pockets. Chemical 

substation of Co or Ru for Fe drives YbFe5P3 to a quantum critical point. A magnetically ordered state is found for 

Co concentrations greater than 20%, beyond the quantum critical point.  In this talk, I will describe the physical 

properties of the quasi-1D heavy fermion material YbFe5P3 and the nature of quantum criticality in Yb(Fe1-xMx)5P3 

(M=Co, Ru). 
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We report the results of magnetic, heat-capacity, electrical and magnetoresistance  measurements on 

Ho4RhAl and Er4RhAl, characterized by 3 sites for rare-earths (R). The main conclusions are: (i) Antifer-

romagnetic ordering sets in at (TN=)  ~ 8.8 and ~ 4.0 K respectively. While Ho compound appears to enter 

into a complex spin-glass phase at T < TN (at nearly 5 K), spin-glass component appears to set in essentially 

almost at TN for the Er case. (ii) The loss of the spin-disorder contribution in the magnetically ordered state 

is not pronounced, mimicking that in Gd2PdSi3
 [Ref. 1], a compound which now attracts interest in the area 

of topological Hall effect and magnetic skyrmions [2], indicating complex Fermi surface. (iii) There is a 

minimum in the temperature dependence of electrical resistivity in the case of only Ho above TN, but sig-

nificant negative magnetoresistance is observed over a wide temperature range in the paramagnetic state 

increasing with decreasing temperature for both the cases. This finding establishes that these compounds 

belong to a select group of intermetallics in which spin-disorder contribution apparently increases gradually 

as one approaches respective TN with decreasing temperature. This could be an experimental signature for 

the effect due to classical spin-liquid above TN.   In view of these properties analogous to those of Gd2PdSi3, 

it is of interest to investigate these 4:1:1 compounds further to understand possible unconventional roles of 

itinerant electrons, not only in the magnetically ordered state but also in the paramagnetic state, predicted 

by some theories [3] in recent years for which this Gd compound is considered to be a classic example. 

Besides, magnetoresistance and isothermal entropy change (magnetocaloric effect) track each other. Iso-

thermal entropy change at the peak in its plot versus temperature is large in comparison with that of the Gd 

analogue, possible implication of which is pointed out.  

[1] R. Mallik E.V. Sampathkumaran, M. Strecker, and G. Wortmann, Europhys Lett. 41, 315 (1998); 

S.R. Saha, H. Sugawara, T.D. Matsuda, H. Sato, R. Mallik, and E.V. Sampathkumaran, Phys. Rev. 

B60, 12162 (1999). 

[2] E.V. Sampathkumaran, arXiv:1910.09194 and references cited therein; also, see the link  https://sci-

ence.sciencemag.org/content/365/6456/914/tab-e-letters. 
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Excitonic insulator (EI) is a phase driven by Coulomb attraction between electrons and holes leading to a proliferation 
of particle-hole pairs. However, excitonic insulators break lattice symmetries, raising the question of whether a 
particular transition is excitonic or structural. I will show how electronic Raman scattering can be used to elucidate 
the transition origin in the Ta2Ni(Se1-xSx)5 family of candidate materials. In particular, I will demonstrate an excitonic-
driven transition at low x [1] transforming into a structural transition at x=1 [2,3]. The study reveals a quantum phase 
transition of an excitonic insulator masked by a preemptive structural order. 

  
[1 Pavel A. Volkov, Mai Ye, Himanshu Lohani, Irena Feldman, Amit Kanigel, Girsh Blumberg,npj Quantum 
Materials 6:52 (2021) 
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Quantum criticallity in charge density wave systems: An x-ray diffraction
approach
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Quantum phase transitions are a subject of great concernment in the condensed matter commu-
nity. Over the past decades, many systems presenting an ordered state which can be suppressed
by non-thermal parameters leading to quantum critical points (QCP) have been studied. No-
tably, studies of charge density waves (CDW) QCP’s are still few. At the present work, we
have studied two cubic CDW compounds, Lu(Pt1−xPdx)2In and (Sr1−xCax)3Ir4Sn13, which are
also superconductors. Using synchrotron x-ray diffraction, we probe the CDW superstructure
peaks as a function of temperature and external non-thermal parameters. We observe that the
CDW order parameter critical exponent increase from a three-dimensional universality class to
the mean-field value as TCDW is suppressed. Such finding might be related to the presence of
quantum fluctuations, indicating a QCP at TCDW = 0.
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The last decades in solid state research have seen the rise of rich and novel physics, beyond the Néel paradigm and 

transcending conventional descriptions based on Landau theory. Frustrated magnetism has contributed to these de-

velopments in major ways, through new concepts like the “Coulomb phase”, a highly degenerate state of matter 

brought to light by the discovery of spin ice in rare-earth pyrochlore networks. Amongst other geometrically frus-

trated architectures candidates for frustrated magnetism physics, is the hyperkagome network. It consists in a twisted 

spatial arrangement of corner-sharing triangles and is found in rare-earth (R) garnets as R3Al5O12 or R3Ga5O12. 

Gd3Ga5O12 and Yb3Ga5O12 are among the most studied members of this family and it has been proposed that frustra-

tion is responsible for the emergence of a collective spin formed by a 10-ion loop which may exhibit long or short 

range order [1,2]. These two compounds also show a modest crystal field anisotropy, which is at variance with most 

other rare earth garnets. Indeed, a very strong Ising-like crystal field anisotropy characterizes the latter, and forces 

the spins to align along the cubic axes of the structure. Combined with dipolar interactions, this situation leads to 

classical long range (multi-axis) magnetic ordering, pointing to the less prominent role of frustration than in the 

isotropic case [3]. Using a combination of neutron scattering techniques, including polarized neutron powder diffrac-

tion, we illustrate this issue by studying the evolution of the magnetic properties of Dy3Al5O12 and Dy3Ga5O12. A 

dramatic change is observed, from an Ising-like anisotropy in Dy3Al5O12, to a quasi-planar one in Dy3Ga5O12. Con-

comitantly, the Néel temperature is considerably reduced from 2 K down to 0.3 K in Dy3Ga5O12. According to a point 

charge modeling, this change in the anisotropy is due to small variations of the oxygen positions surrounding Dy3+ 

ions. To widen the scope of these experimental results, we performed mean-field calculations to generate the mag-

netic phase diagram of an effective anisotropic pseudospin S = 1/2, characterized by general gxx, gyy, and gzz Landé 

factors. A very rich magnetic phase diagram, encompassing complex phases, likely disordered, is evidenced when 

magnetic anisotropy departs from the strong Ising case. We also studied Tb3Ga5O12, which is based on a non-Kramers 

ion [4]. In this case, the low symmetry at the rare earth site yields a two singlets crystal field ground state, separated 

by a small gap . We show that the mode at  becomes a band because of the magnetic couplings and should be then 

considered as a collective excitonic mode, rather than a simple crystal field line. Upon decreasing temperature, this 

exciton softens progressively and condenses at the Néel temperature. The two singlets recombine in magnetic states 

characterized by a strong Ising anisotropy, hence driving the formation of a conventional magnetic state. Interest-

ingly, as in Tb-pyrochlores, the same type of magneto-elastic coupling is at work in Tb3Ga5O12, as suggested by 

intriguing phenomena such as the phonon hall or acoustic Faraday effects. Here, we provide direct microscopic evi-

dence for this magneto-elastic, showing that Tb3Ga5O12 hosts hybrid phonon/exciton modes, in close analogy with 

the situation in Tb2Ti2O7 [5]. 

 

[1] J. A. M. Paddison et al, Science, 350, 179–181, 2015 

[2] Lise Orduk Sandberg, et al, “Emergent magnetic behaviour in the frustrated Yb3Ga5O12 garnet”, 2021 
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NiO is an antiferromagnetic (AF) material in its bulk configuration. However, fine particles of this material can 
present complex magnetic properties, increasing the appeal for investigating the mechanisms involved in this change 
and possible use in technological purposes. Properties such as the superparamagnetic relaxation of spin lattices and 
weak ferromagnetism (FM) emerge from controlling the surface-to-volume ratio and structural disorder. Indeed, they 
may be responsible for surface effects that allow interactions between the AF and FM interfaces [1-2]. In order to 
study the evolution of magnetic behavior, as a function of size and structural properties of the particles, we prepared 
a series of NiO nanoparticles obtained by decomposition of Ni(OH)2 at different temperatures (250ºC - 700ºC). 
Preliminary magnetic measurements using a PPMF -Evercoll II magnetometer reveal an FM long-range order which 
increases for smaller particles. We also observe a shift of the hysteresis loops (MxH curves) for T < 220K measures, 
showing a sign of AF-FM interface interaction (exchange bias). Using Transmission Electron Microscopy (TEM), 
the particle average sizes were determined, ranging from 3 to 87 nm. X-ray Profile Analysis (XPA) provided further 
structural analysis by combining Rietveld refinement and Computational Multiple Whole Profile fitting (CMWP) 
[3]. By assuming that the defects structure mainly arises from the dislocation and the crystalline size distribution 
(coherent domain), we fit the diffractions patterns. Thus, we may confirm that the higher magnetic moment 
magnitude and exchange bias for the smaller nanoparticles result from the increased density of defects and the smaller 
particle size. The unit cell parameters also increased for smaller particles, which appears to determine the higher Ni-
O-Ni superexchange. 
 
 
[1] R. Patta, K. Bhagaban, P. Alagarsamy, Aip Advances, v. 5, n. 8, p.087116, (2015). 
[2] B. Lucia, et al, Physical Review B, v. 77, n. 9, p. 094408, (2008). 
[3] R. Gábor. U. Tamás, G. Jenõ, Journal of Applied Crystallography, v. 34, n. 5, p. 669–676, (2001). 
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The past decades have seen a profound growth of interest in nonreciprocal responses, which are 

characterized by directional transport and propagation of quantum particles [1]. The responses are known to 

occur in material systems with broken inversion symmetry. Especially, a particular type of nonreciprocal 

responses occurs ubiquitously when the time-reversal symmetry (TRS) is further broken by applying a 

magnetic field or with spontaneous magnetization. More recently, the role of such nonreciprocity is being 

discussed in the context of electron hydrodynamics [2], which is quickly growing into a mature field of 

condensed matter physics. 

Symmetry of crystals gives a new twist to the concept of electron hydrodynamics. Whereas previous 

works focused on symmetry breaking of either the inversion or TRS in the absence of magnetic field [3, 4], 

the role of nonreciprocity in electron hydrodynamics has not been well investigated yet. Thus the study of 

electron dynamics under magnetic fields with noncentrosymmetric hydrodynamic materials may reveal the 

role and open a new frontier of nonreciprocal electron hydrodynamics. 

In this work, focusing on noncentrosymmetric metals, we formulate a theory of electron 

hydrodynamics with broken inversion symmetry under magnetic fields and find that novel terms emerge in 

hydrodynamic equations which play a crucial role for the realization of the nonreciprocal responses. From a 

symmetry viewpoint, we find that these terms can appear only in the systems without TRS and inversion 

symmetry. Furthermore, as a demonstration of our nonreciprocal electron hydrodynamic theory, we provide 

an analysis of nonreciprocal surface magnetoplasmons (Fig.1) and show that they lead to the directional 

dichroism in the reflectance peaks in Kretschmann configuration (Fig.2). 
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Figure 1. Schematic picture of nonreciprocal 

surface magnetoplasmons: the blue line is 

forward propagating, while the red line is 

backward in the presence of an out-of-plane 

magnetic field B0. 

Figure 2. The forward (blue) and backward (red) 

reflectance as functions of the frequency for three 

incident angles. Here, a siginificant peak splitting 

appears when θ = 45◦. 
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We theoretically study the effect of skyrmions and chiral bobbers [1] on a superconductor (S)/ferromagnetic (F) 

heterostructure critical temperature. In recent years many very small scale (1–100 nm) magnetic skyrmions and 

skyrmion lattices have been experimentally discovered in specially created materials [2,3]. In contrast to the 

previously discovered micron-scale spin vortices, such structures can have a significant effect on the critical 

temperature of the superconducting transition. 

We have studied the S/F systems in the dirty limit, since this approximation is consistent with most experimental 

systems. We started with rotation of the matrix Usadel function �̂�(𝒓, 𝜔) [4] in spin space. The transformed Usadel 

equation has the form 

𝐷𝑓

2
�̂�2�̃�(𝒓, 𝜔) − |𝜔|�̃� (𝒓, 𝜔) −

𝑖𝐼

2
sgn𝜔{�̃�(𝒓, 𝜔), �̂�3} = 0, 

where �̂�𝑓 = ∇𝑓 + [�̂�, 𝑓],  �̂� = �̂�∇�̂�−1, 𝐷𝑓 is the diffusion constant, 𝜔 is the Matsubara frequency, I is the 

effective exchange field. The rotation matrix �̂� is chosen in such a way that in the transformed equation the term 

responsible for the interaction with localized spins becomes diagonal. After transformation the gradient transforms 

into the extended derivative �̂� in the boundary conditions. Self-consistency equation is invariant under such 

transformations. This procedure simplifies the boundary value problem in many practical cases. 

For complex spin textures, such as spin vortices and domain walls, the Usadel equation does not reduce to an 

equation with constant coefficients after the unitary rotation. However, the transformed Usadel function phase 

changes much weaker along the SF boundary. This allows us to use an approximate approach to solve boundary 

value problem by neglecting some terms in the Usadel equation for the ferromagnetic layer. This approach allowed 

us to obtain a quantitative estimation of the effect on the superconducting critical temperature for almost any spin 

texture. 

Using our approach, we calculated the 

critical temperature for S/F systems con-

taining conical magnetization, Neel, 

Bloch, chiral skyrmions, chiral bobbers. 
As expected, the impact on critical tem-

perature near the magnetic inhomogene-

ity is determined by its scale compared 

to the superconducting coherence 

length. According to our calculations, 

the described effect is very sensitive to 

the thickness of the superconducting 

layer and the border transparency. By 

special choice of layer thicknesses, it is 

possible to achieve that superconductivi-

ty occurs only in the spin vortex locali-

zation region (see Fig. 1). In this case 

the critical temperature is about 10-20% 

of the bulk superconductor critical tem-

perature.  

The significant effect of nanoscale spin vortices on the critical temperature, combined with topological stability and 

low current density required for their movement [3], makes it possible effectively to use such systems as 

superconducting spin valves. 

 

[1] A.B. Borisov, Physics-Uspekhi, 63, 269 (2020). 

[2] N. Romming et al, Science, 341, 636 (2013). 

[3] J. Baumard et al, Physical Review B, 99, 014511(2019). 

[4] Y.V. Fominov, A.F. Volkov, K.B. Efetov, Physical Review B, 75,104509 (2007). 

 

E-mail for corresponding author: yurii.proshin@kpfu.ru 

 
Fig.1. Schematic representation of a superconducting phase 

localized near a chiral skyrmion. 
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Magnetocaloric effect (MCE) is the heating or the cooling of magnetic material when subject to a magnetic field changes. 
This effect is being studied as an environmental-friendly alternative for reducing greenhouse emission and improved 
efficiency for small to medium load cooling requirements. In particular, caloric effects in ferroic solids are described as 
a reversible isothermal entropy change or adiabatic temperature change obtained upon the application of a suitable 
external stimulus. Any material system, when acted upon by an adiabatic stimulus, can generate a non-dissipative 
temperature change. Although many efforts have been made to increase the efficiency of the MCE, its practical 
application still far from done. In this sense, multiferroic (MF) materials are the subject of intense research as they are 
good candidates for novel applications such as photovoltaics, magnetic cooling, energy harvesting, etc. In these materials, 
the as known as multicaloric effect is defined as the adiabatic reversible temperature change activated by electric or 
magnetic fields.  
It's known that the multicaloric effect in multiferroics may induce temperature changes significantly greater to those 
achieved in the existing magnetocaloric or electrocaloric effects. As an example of multicaloric materials are the single-
phase multiferroic Y2CoMnO6 and the composite Gd5(Si,Ge)4/PVDF. In particular, the multicaloric effect in the 
composites is very interesting since its possible to combine different phases and optimize its efficiency. In this work, we 
present the magnetocaloric effect of the multiferroic composite PMN-PT/CoFe2O4 at different temperatures and compare 
to the magnetocaloric effect of pure CoFe2O4 (CFO). 
The multiferroic composite PMN-PT/CFO of 0–3 connectivity was prepared by the conventional solid-state reaction 
with a stoichiometric ratio of 80% of PMN-PT and 20% CFO. The magnetic characterization was carried out using a 
MPMS3 SQUID magnetometer by Quantum Design. The results show a relevant change in the entropy for the PMN-
PT/CFO composite compared with the pure CFO. This difference in the entropy between the two samples can be related 
to the multicaloric effect. For the composite, there is a contribution from the electrocaloric effect of the ferroelectric 
phase due to the magnetoelectric coupling. Therefore, the use of multiferroics materials is a good way to increase the 
efficiency of magnetocaloric devices. 
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Understanding the complex interplay between the charge, spin, lattice and orbital degrees of freedom in transition 

metal oxides is a prerequisite to engineering new properties in oxide heterostructures. Artificial oxide multiferroic 

interfaces extract their functionality from the cross coupling of different ferroic orders active in the joining materials 

(ferroelectric, ferromagnetic, ferroelastic). Staying confined to a few unit cells around the contact region, the coupling 

mechanisms between the ferroelectric and ferromagnetic phases may involve each of the mentioned degrees of 

freedom. Here we use soft X-ray angle resolved photoelectron spectroscopy correlated with X-ray absorption 

measurements to elucidate the interplay of strain, termination and ferroelectric state at the electronic properties of 

LaSrMnO3 - LSMO doped in the ideal half metal, fully spin polarized phase, buried under ferroelectric PbZrTiO3 

and BaTiO3. By adjusting the energy of the incoming energy to probe the electrons or the hole states, we derive the 

carrier concentrations from the experimental Fermi wavevectors and establish the evolution of the band filling as a 

function of strain and termination. Then, the ferroelectric-induced changes in the interface electronic structure are 

extracted from X-ray absorption measurements, revealing the connection between the ferroelectric state of the top 

layer and the strain - dependent orbital occupations of the eg states in LSMO. 
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Polarized Raman scattering in magnetoelectric LiNiPO4 shows a sharp resonant peak at 37cm
−1

 in the magnetically 

ordered phase, originating from a one-magnon excitation of Ni
2+ 

S=1 localized moments at the zone center. Also, a 

broad component with maximum intensity at ∼65cm
−1

 is observed and successfully modeled in terms of light 

scattering from two-magnon excitations within the framework of the Fleury-Loudon theory using five relevant 

exchange parameters, providing an independent experimental confirmation of their values previously obtained with 

inelastic neutron scattering data in this material. An additional peak at 58cm
−1

, already reported in previous works, 

shows no detectable Zeeman splitting for magnetic fields up to 6T along the crystallographic a and c directions, 

excluding one-magnon scattering as a possible assignment for this peak. The possible nature of this excitation is 

discussed. 
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We studied the magnetic field dependence of Fe3+ magnon and Ho3+ electron paramagnetic resonance 

(EPR) in HoFeO3 single crystals by using the terahertz time-domain spectroscopy. The magnon and 

EPR modes were detected in a magnetic field up to 7 T along the 𝑎𝑎 axis at temperature 1.5 K. The 

magnetic field-induced hardening of the EPR modes were observed, which are magnetic-dipole active 

along the 𝑎𝑎  and 𝑏𝑏 axes . The mode frequencies of magnons do not change significantly with the 

magnetic field due to the magnetic field parallel to the weak ferromagnetic moment of Fe3+. Our study 

guides a way to understanding the magnon and EPR dynamics of canted antiferromagnetic materials. 
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We present a study of the structural and magnetic properties of La 1.5(Sr0.5-xBax)CoMnO6 (0 ≤ x ≤ 0.5) double 
perovskites. These compounds have been synthesized by the solid state reaction method and characterized by 
conventional and high-resolution synchrotron powder x-ray diffraction (PXRD) measurements, along with 
magnetization experiments. Detailed Rietveld analysis of the PXRD data showed that all samples  exhibit 

rhombohedral symmetry with the R-3c space group. It is possible to observe a systematic shift of the (102̅) peak 
toward higher angles as the Sr concentration increases, which explains the enhancement of the crystal lattice with Sr 
to Ba substitution. This expansion is accompanied by the increase in both the effective magnetic moment (μeff) and 
the antiferromagnetic (AFM) transition temperature observed below a ferromagnetic ordering. Interestingly, a 
notable increase in the spontaneous exchange bias (SEB) field is observed for intermediate Sr/Ba concentrations. 
This enhancement of μeff and the AFM transition temperature is probably related to the increased fraction of Co3+ in 
the high spin configuration, strengthening the Co3+ – O – Mn4+ AFM phase and reducing the uncompensation of the 
AFM coupling between Co and Mn. These combined results due to Ba substitution can explain the changes in the 
SEB effect. 
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The orthorhombic (space group: Immm) Haldane-spin chain compound Tb2BaNiO5 is found to be an exotic 

multiferroic system [1-5] which undergoes Néel order at (TN1=) 63 K and another antiferromagnetic 

transition at (TN2=) 25 K. The later transition (across TN2) involves an abrupt increase in the canting angle 

between collinear Ni and collinear Tb magnetic sublattices keeping the overall magnetic structure 

unchanged. While the crystal structure is centrosymmetric down to 2 K, the magnetic order introduces non-

centrosymmetry (magnetic point group m') in the material and makes it favorable for ferroelectricity. 

However, ferroelectricity is triggered only below TN2, with an exceptionally large value for 

magnetodielectric coupling among any material in polycrystalline form. It is intriguing that a critical 

canting apparently exists for inducing multiferroicity. In addition, there is a metamagnetic transition below 

5 K at about 60 kOe. Considering extraordinary dependence of the electronic properties on canting angle, 

we investigated the magnetization of this system down to 2 K under pressure up to 10 kbar apart from 

studying the effect of chemical pressure by doping Sr for Ba where chemical disorder introduces an 

additional complexity. We report here that the external pressure causes an upward shift of TN1, while TN2 

tends to shift towards lower temperatures under external pressure. This behavior is in contrast to the effect 

of chemical pressure caused by isoelectronic chemical doping at Ba site by Sr that reduces both the 

characteristic temperatures.  

 

It is interesting that the two magnetic transitions in the same compound behave differently under pressure, 

unlike in a classic multiferroic material TbMnO3 [6]. Thus, this work serves as an example for a distinct 

role of ferroelectricity (setting in at TN2) on magnetism. 
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Doping the MnAs with Fe emulates negative pressure giving rise to new and exciting properties such as colossal 

magnetocaloric effect, MCE, around room temperature [1]. The high MCE values are associated with the magnetic 

transition, which is accompanied by a structural modification from the hexagonal α-phase (magnetically ordered) to 

orthorhombic β-phase (unordered) structure. The compound undergoes another structural transition from the 

orthorhombic β-phase to hexagonal γ-phase at Tt = 398 K. Above Tt, the material is paramagnetic, and it follows the 

Curie-Weiss law, while at temperatures between TC and Tt it is frequently considered paramagnetic but does not 

follow the Curie-Weiss law. Moreover, no long-range magnetic orders were detected in this compound, leading to 

different speculation about the nature of this magnetic phase. The TC and saturation magnetization decrease as the Fe 

doping increases, indicating a reduction of the magnetic moments. In this work we synthetized Mn1-xFexAs with x = 

0.06 and 0.0175 with the aim of study, through a local probe (57Fe), the different magnetic phases shown by these 

compounds and shed light about their nature. The Mössbauer spectroscopy experiments showed two sites for the Fe, 

indicating that it can place at both Mn and As place, but mostly (93%) in one of them. At low temperature the 

hyperfine field reproduce a hysteretic magnetization curve in agreement with a first order transition. The magnetic 

moment of the Fe in the ferromagnetic state decreases with decreasing volume (increasing the Fe content). An 

increase of the linewidth of the Mössbauer spectra is observed below Tt, showing that between TC and Tt the magnetic 

state is not paramagnetic but is consistent with a two-dimensional short-range AFM state as proposed in [2] or with 

a Griffiths phase. Magnetization measurements as a function of applied magnetic field above TC are in progress in 

order to get information about a possible Griffiths phase between TC and Tt. 
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Perovskite oxides extend in application prospects from electronics to energy conversion and catalysis. Such abundant 

functionalities are a direct consequence of the rich physics which derives from the interplay of their multiple degrees 

of freedom. Ferroelectrics in particular are promising to catalysis and energy conversion due to their intrinsic property 

of efficiently separating the electrons and holes as a requirement to stabilize a well-defined ferroelectric state. 

Deriving the most fundamental electronic properties as encoded in their experimental band structure is challenging 

due to their insulating character. Here we record the ferroelectric-dependent three-dimensional electronic structure 

of ferroelectric PbZrxTi1-xO3 x=0.2 PZT in k-resolved soft X-ray photoelectron spectroscopy (SX-ARPES) 

experiments. We identify the signature of the rhombohedral distortion which features the low temperature T=12 K 

phase and we show that it maintains up to the room temperature. The band structure extracted across the whole 

Brillouin zone reveals on the one hand the immune character of the PZT to oxygen vacancies formation under the X-

ray beam - which is a common mechanism of obscuring the intrinsic band structure in ARPES studies of oxides. On 

the other hand  it reveals that the additional charges needed to screen the depolarizing field of the ferroelectric with 

well-defined FE polarization P+ or P- are either incoherent electrons in the valence band or the carriers (ionized 

impurities) above the Fermi level, close to the conduction band minimum.   
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Oxide compounds with the general formula A2+B3+

2O4 have a normal spinel structure, where A and B are metal 
ions. Such compounds form a class of materials with complex magnetic orderings [1]. When Fe2+ ion is located in  
A-position, the compound exhibits the Jahn-Teller effect [2]. 
This paper presents the results of single crystal growth of FeCr2O4 spinel by optical floating zone method and its 
characterization. Here, we introduce a novel approach for a synthesis of this compound using a stable Fe(II) organic 

salt. Ferrous oxalate FeC2O4 6H2O and chromium (III) oxide were chosen as starting materials in  order to  obtain 
the desired valence of iron cations. The stoichiometric mixture was thoroughly ground in an agate mortar in the air 
for 3 hours. A standard solid-state synthesis route was carried out at a temperature of 1673 K f or 12 hours in  a 
small ultrapure argon flow. The phase composition of the reaction product was studied with powder X -ray 
diffraction and Mössbauer spectroscopy. Resulting polycrystalline sample was mixed with BF-6 glue in 19:1 ratio , 
pressed into a cylindrical rod and fired at a temperature of 1673 K for 2 hours also in a small flow of argon. 
A single crystal of FeCr2O4 was grown by optical floating zone technique in  a f low of argon (0.1  L/min) at a 
pressure of 5 bar. Crystal growth rate was about 5-8 mm/h with the feed and seed rods counter rotated with the 
rates of 10 and 15 rpm, respectively. The as-grown crystal was annealed at a temperature of 1473 K for 154 hours 
in a small flow of argon. The phase and composition of as-grown and annealed single crystals were investigated by 
powder X-ray diffraction analysis and Mössbauer spectroscopy. X-ray diffraction pattern is shown in Figure 1. 

 

Fig. 1. Powder X-ray diffraction spectrum of the 
as-grown FeCr2O4 single crystal. 
 

 
Mössbauer effect studies in the transmission geometry were carried out with the conventional spectrometer (WissEl 
Gmbh), operating in constant acceleration mode. Measurements were performed at room temperature. 5 7 Co(Rh) 
(Ritverc Gmbh) with the activity of about 40 mCi was used as a source of the resonant radiation. The spectrometer 
velocity scale was calibrated using thin metallic iron foil. The spectra were fitted using SpectrRelax software [3]. 
For the measurements, parts of single crystals both before and after annealing were carefully ground in agate 
mortar to the fine powder state. The powders were used for making of thin Mössbauer absorbers. The Mossbauer 
spectra of as-grown and annealed single crystals are shown in Figure 2. 
The heat capacity measurements of FeCr2O4 single crystal and the magnetization measurements of the (001)-
oriented single crystal were performed using the Quantum Design Physical Property Measurement System (PPMS -
9) equipped with heat capacity option and vibrating sample magnetometer (VSM). Temperature dependencies of 
the magnetization at external magnetic field 100 Oe in field-cooled regime and the specific heat capacity in absence 
external magnetic field are shown in Figure 3. As the temperature decreases, the paramagnetic to  ferrimagnetic 
transition occurs at a temperature of Tc = 64.5 K. At a temperature of TN = 39.4 K an additional magnetic phase 
transition corresponding to a spin reorientation into a noncollinear conical state occurs. This value is slightly higher 
than the value of 38 K obtained by Singh et.al. from the dielectric permittivity measurements [4]. 
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Fig. 2. Mössbauer spectra of a) as-grown single crystal FeCr2O4 and b) after annealing for 154 hours. 

In order to check the effect of the magnetic transitions on the lattice, the specific heat Cp was mea sured in  the 
temperature range of 5-300 K. The first structural transition temperature Ts1=137.8 K is comparable with the data 
of Kose et.al. (Ts=137 K) [5]. At temperature Ts2=60K second structural transition from tetragonal -to-
orthorhombic took place [6]. 

 

Fig. 3. [Color online] Black line represents the 
temperature dependence of magnetization at 
external magnetic field 100 Oe in field-cooled 
regime. Blue line represents the temperature 
dependence of specific heat capacity in absence 
external magnetic field. 

Powder X-Ray diffraction and Mössbauer spectra prove that the use of ferrous oxalate makes it possible to obtain a 
good single crystal by the standard solid-state synthesis route and growth by optical floating zone technique. After 
annealing in a small flow of argon A-position is occupied only by the divalent Fe2+ ions and B-position is occupied 
only by the trivalent Cr3+ ions. The transition temperatures are in agreement with the data from other works.  
 
This work was supported by the Russian Science Foundation (project № 19-12- 00244). 
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The study reveals the impact of rare earth (R = Pr, Eu) substitutions on the structural, optical, and magnetic properties 

of multiferroic NdCrO3. It has been observed recently that structural distortion in substituted NdCrO3 induces a spin-

phonon coupled exchange bias [1]. Here, the comparison of Nd0.9Pr0.1CrO3 and Nd0.9Eu0.1CrO3 samples where the A-

site (i.e., R-site) are doped by Pr3+ having the larger ionic radius (1.126 A°) correspond to less chemical pressure and 

Eu3+ (1.066 A°) having the smaller ionic radius correspond to more chemical pressure exerted on the NdCrO3 with 

the ionic radius of Nd3+ ion (1.109 A°), are presented with the help of X-ray diffraction, Raman, UV- visible 

spectroscopy, and dc magnetization measurements. By picking such ions of different spin configuration Pr3+ (J = 4) 

and Eu3+ (J = 0), the alteration of the strong coupling between Nd3+ (J = 9/2) and Cr3+ (S = 3/2) spins of parent NdCrO3 

compound is possible. 

 
Fig. 1 Crystal structure of Nd0.9Pr0.1CrO3  sample obtained from Rietveld refinement of XRD pattern and visualized 

by VESTA software. 

 
Polycrystalline samples of Nd0.9Pr0.1CrO3 and Nd0.9Eu0.1CrO3 were prepared by standard solid-state reaction route, 

and the structural characterization of the samples is done by X-ray diffraction (XRD) analysis. The Rietveld 

refinement of XRD patterns was performed using the FULLPROF package,  which shows samples are crystallized 

in single-phase and all observed peaks adopt the orthorhombically distorted perovskite structure (Pnma space group)  

similar to that of parent NdCrO3. The crystal structure of the Nd0.9Pr0.1CrO3 sample obtained from Rietveld refinement 

is displayed in fig.1. We found that the substitution of Pr3+ ions gives the increment in the overall cell parameters of 

NdCrO3 such that the decrease in lattice parameter a, increase in b, c, and lattice volume V is observed. However, an 

increase in lattice parameter a and decrease in b, c, and lattice volume V is obtained for the substitution of Eu3+ ions 

in NdCrO3 showing decrement in the overall cell parameters. Similar changes are also observed for CrO6 octahedral 

bond lengths and angles for the two samples. The influence of the dopant on the average A-site ionic radius, ravg  = 

[0.9(rNd)2 + 0.1(rEu/Pr)2]1/2, could account for this variation. The distortion of cell edges from the ideal cubic perovskite 

is calculated using Goldschmidt’s tolerance factor, t = (rR + rO)/√2(rCr + rO) and  the orthorhombic strain, s = 2(a − 

c)/(a + c). As we decrease ravg, the t decreases, whereas the s increases indicating the tuning of structural distortion 

of NdCrO3 by Pr and Eu doping. The microstructural analysis revealed the good quality of the homogenous bulk 

samples with considerable porosity. The phase purity of the samples is further examined by Raman spectroscopy. 

The modes B2g(2), Ag(4) belonging to R-O1 vibration, B1g(2), B2g(3) related to CrO6 octahedral rotations, and Ag(6) 

corresponds to CrO6 octahedral bending, exhibit the red shift (Pr doping) and blue shift (Eu doping) with respect to 

parent sample due to changes in average ionic radii and average atomic mass both, also observed from Raman 

investigation of RCrO3(Y, La to Lu) [2]. By combining Raman and XRD analysis, we conclude that the structural 

distortions are less for Nd0.9Pr0.1CrO3 and more for Nd0.9Eu0.1CrO3 system compared to parent NdCrO3.  
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Fig. 2 Calculation of  band  gap Eg from Tauc plots ((F(R).hν)2 versus (hν)) for Nd0.9Pr0.1CrO3  and  Nd0.9Eu0.1CrO3 

sample compared with parent sample. 

 
The optical behavior of the samples is investigated by the UV–Vis Diffuse Reflectance Spectroscopy technique as 

shown in fig.2. The samples have the direct bandgap Eg = 3.24 eV (Pr doping), and 3.20 eV (Eu doping) lies in the 

visible region. From the magneto-optical study of  NdCrO3, we know that the coupling between  Nd3+ and Cr3+ spins 

are extremely strong [3], hence the substitution of different R on Nd-site can influence Cr-O overlap integral, which 

can also modify the structural distortion via the distortion of CrO6 octahedra, resulting in the change in the optical 

bandgap. The magnetization measurements confirm the antiferromagnetic ordering of Cr3+ spins occurring at TN = 

226.7 K,  224.1 K and the spin reorientation transition due to reorientation of Cr3+ spins at TSR = 41.8 K, 39.2 K for 

Nd0.9Pr0.1CrO3 and Nd0.9Eu0.1CrO3 samples respectively. In addition to that, the magnetic behavior below TN varies 

significantly due to different alignment of Cr sublattice, |Nd + Pr| and |Nd + Eu| sublattice such that their moment 

alignment weakens the reorientation of Cr3+ spins in Nd0.9Pr0.1CrO3 but leaves the Nd0.9Eu0.1CrO3 system slightly 

affected as shown in fig.3. 

 
Fig. 3 Temperature dependence of magnetization measured in FC mode for the applied field ∼100 Oe of 

Nd0.9Pr0.1CrO3  and  Nd0.9Eu0.1CrO3 sample compared with parent NdCrO3  demonstrating the transitions. 

 
The negative exchange bias effect having the exchange bias field of HEB = -748 Oe and -1280 Oe with the coercive 

field HC = 405 Oe and 1049 Oe at 100 K (below TN) is obtained for Nd0.9Pr0.1CrO3 and Nd0.9Eu0.1CrO3 samples as 

shown in fig.4. The value of both the field decreases at 5 K (below TSR) such that HEB = -258 Oe and -209 Oe with 

HC = 1528 Oe and 583 Oe is observed for Nd0.9Pr0.1CrO3 and Nd0.9Eu0.1CrO3 samples, respectively. The temperature 

variation of exchange bias field has the minimum HEB  across TSR after that the HEB  increases sharply with increasing 

T having the maximum HEB in the T window of 60–120 K and vanishes after TN for the Nd0.9Eu0.1CrO3 sample.  
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Fig. 4 Enlarged portion of field cooled M–H loops at 100 K of Nd0.9Pr0.1CrO3 and  Nd0.9Eu0.1CrO3 samples. 
 
In summary, the single-phase Nd0.9Pr0.1CrO3 and Nd0.9Eu0.1CrO3 samples were formed via the solid-state reaction 

method.  The XRD and Raman analysis confirmed that the structural distortion increases from Nd0.9Pr0.1CrO3 to 

Nd0.9Eu0.1CrO3 samples. The change in optical band gap is observed for substituting different R on Nd-site, 

influencing the Cr-O overlap integral. The magnetic interactions of Nd3+/R3+  and Cr3+ spins were altered due to 

different spin configuration Pr3+ and Eu3+  ions resulting the change in TN  and TSR values. The huge exchange bias 

field at 100 K for Nd0.9Eu0.1CrO3 is obtained due to high chemical pressure acting on competing antiferromagnetic 

interaction between the weak ferromagnetic component of canted Cr3+ moments and the paramagnetic moment of 

Nd3+/R3+ ions. The ordering of Pr3+ spins significantly increases the HC below TSR  for the Nd0.9Pr0.1CrO3 sample. Our 

results clearly demonstrate the magnetic interaction between Nd/R and Cr moments is varying with the average A-

site ionic radius (ravg), due to different chemical pressure in Nd0.9R0.1CrO3 (R = Pr, Eu) system.  
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support of this work [Ref. No. SR/FST/PSII-037/2016]. 
 

[1] Pragya Gupta, D Pal, J. Phys.: Condens. Matter, 33, 135806 (2021)  
[2] M. C. Weber et al., Phys. Rev. B - Condens. Matter Mater. Phys., 85, 1–9 (2012) 
[3] R. M. Hornreich et al., Phys. Rev. B 12, 5094 (1975) 
 

E-mail for corresponding author:  pragy176121015@iitg.ac.in 

 

------------------------------------------------------------------------------------------------------------------------------------------- 

 

https://proceedings.science/p/132509
Powered by TCPDF (www.tcpdf.org)

https://proceedings.science/p/132509
http://www.tcpdf.org


 

 

Magnetic properties induced by epitaxial stress in BaTi1/2Mn1/2O3 perovskite thin films 

 
Robert P. AMARAL1, Jeann C. R. ARAÚJO1, Raimundo LORA-SERRANO1, Flavia R. ESTRADA2, Thiago J. A. 

MORI2, Júlio C. CEZAR2, Pedro SCHIO2 
 

1Federal University of Uberlândia, Magnetic and Structural Properties of Solids Group, Uberlândia, Brazil 
2Brazilian Synchrotron Light Laboratory, Campinas, Brazil 

 
The disordered double perovskite BaTi1/2Mn1/2O3 (BTMO) [1,2] presents a spin-liquid ground state which stems from 

a disordered lattice of orphan spins and trimmers [3]. Neutron diffraction measurements revealed no magnetic Brag 

peaks down do 3.6 K [2], while no static magnetism was observed down do 19 mK with zero-field µ+ relaxation rate 

[3]. In the hexagonal 12R-type structure, the transition metals distribute themselves along corner- and face-shared 

octahedral sites following the distribution proposed in refs. [1,2]. All the physics investigated so far have been 

observed in polycrystalline bulk samples of BTMO. In this work, we show the preliminary investigation of this film 

samples of BTMO grown over SrTiO3 (STO-[001]) substrate by using the Pulsed Laser Deposition technique (PLD). 

The growing conditions were changed by varying the environment pressure, target/substrate distance, the substrate 

temperature, and laser fluence. We observed a weak ferromagnetic response in the magnetization data for all the 

measured temperatures (Fig. 1). The saturation moment increases with lowering the temperature, X-ray diffraction 

data shows that BTMO growths epitaxially on STO along the [001] direction. X-ray photoemission spectroscopy 

reveals that Mn occupies two different crystallographic sites, as observed in bulk samples. X-ray absorption 

spectroscopy data as a function of temperature and light polarization at the Mn L2,3-edges qualitatively confirm a 

larger population of Mn4+ oxidation state coexisting with Mn3+ ions (Fig. 2). The Mn population ratio changes with 

the growing parameters. We discuss the magnetic ground state observed. We will also argue about the expected 

lattice strain field created on the thin films by the matching process to the substrate. The latter could me indeed 

responsible for the formation of different atomic stacking orders associated with twinning and (or) stacking faults, 

which could induce different BTMO polytypes. 

 
Figure 1 – Magnetic field dependent magnetization 

data at 5, 100 and 300 K. Saturation increases with 

lowering temperature.  

 

Figure 2 – Mn L2,3 absorption edges of BTMO thin 

film, BTMO bulk (Mn4+) and Mn2O3 (Mn3+). Data was 

measured in Total Electron Yield mode in powder 

samples.  
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Recently, there has been a lot of interest in the 6H analogues of BaRuO3 compound; Ba3MRu2O9, where one of the 
lattice sites of Ru atom is occupied by the transition metal ions [1–5]. The Ru-Ru distance in these compounds de-
pends on the size of M ion and is smaller even than that for pure Ru metal, thereby, enhancing the Ru-Ru direct 
ferromagnetic (FM) interaction for non-magnetic M ion. Complexity of the system increases when M ion is magnetic 
because it gives rise to additional M-O-Ru super-exchange interaction. This leads to the observation of variety of 
exotic properties ranging from non-magnetic semiconductors to magnetic insulators. Electrically, Ba3MRu2O9 com-
pounds were reported to be semiconducting in nature. The rare earth counterparts of Ba3MRu2O9 are observed to 
show more insulating behaviour due to localized atomic nature of rare earth ions, making them suitable for the die-
lectric applications  [6]. In addition, the 4d-4f correlations in these geometrically frustrated Ba3RRu2O9 (where R = 
rare earth) systems are supposed to give versatile exotic properties depending upon the nature of rare earth ion. The 
Ru2O9 dimer in Ba3RRu2O9 systems is reported to have spin 1/2 moment distributed equally over both Ru atoms for 
rare earth ions having +3 oxidation states. These Ru2O9 dimers forms a quasi-two- dimensional triangular lattice and 
is frustrated due to the presence of inter dimer antiferromagnetic (AFM) interaction. However, the nature of intra 
dimer Ru- Ru ordering is ambiguous, where reports of AFM ordering, ferromagnetic (FM) ordering and canted AFM 
ordering exist for different rare earth ions. All members of Ba3RRu2O9 family shows AFM transition below 50 
K  [2,7,8] except the Nd counterpart which shows a structural transition around 120 K with two magnetic ordering 
transitions around 25 K and 17 K  [3]. Structural transition at 120 K is attributed to Jahn Teller distortion while that 
at 25 K is associated with FM ordering of Nd3+ moments along the c-axis. The transition at 17 K is due to concomitant 
ordering of Ru-dimers and Nd3+ spins [3]. The MD coupling is reported in Ba3TbRu2O9 at 50 K, owing to the short 
range correlations, while the long range magnetic ordering sets in below 9.5 K  [4]. 
The 6H-perovskites Ba3(R/M)Ru2O9 (R = rare Earth, M = transition metal) exhibit complex magnetism and have 
been extensively studied recently for their magnetodielectric (MD) properties. Here, we present a detailed study of 
structural, magnetic, thermodynamic and MD properties of a 6H-perovskite Ba3DyRu2O9. This compound is found 
to undergo long range antiferromagnetic ordering below ∼5.8 K (TN), along with the presence of metamagnetic 
transition at low temperatures. The heat capacity shows two additional anomalies at ∼28 K (T1) and ∼33 K (T2), 
besides the anomaly at TN. Signature of these anomalies is also visible in the derivative of magnetization curve. The 
dielectric response also shows weak anomalies around T1 and T2 at zero field whereas anomaly at T2 gets suppressed 
at 80 kOe. The observed MD coupling of ∼2% – 4% at 80 kOe field below ∼30 K temperature range, is among the 
highest values observed for the compounds of this family. Low temperature crystal structures of the compound show 
sharp distortion of Ru2O9 octahedra near T2. Our study points toward the emergence of structurally driven spin 
correlations of Ru moments resulting in the observed MD coupling in this compound. 
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Multiferroic materials are a special class of solid-state compounds in which at least two types of orders 

simultaneously coexist. Among all, the magnetoelectric (ME) multiferroics in which the electric and magnetic order 

coexist are of particular importance in the fundamental research of interactions between electron charge and spin as 

well as lattice and orbital degrees of freedom. Moreover, some poorly understood complex excitations like 

electromagnons can exist in these materials [1,2]. 

 

The family of antiferromagnets with multidomain structure is of particular interest here because they represent an 

opportunity to examine the dynamics of domains and domain walls, their motion, creation, or destruction, as well to 

examine the role of ME effect. A member of mentioned family is copper tellurium oxide, Cu3TeO6 which has a cubic 

crystal structure with a three-dimensional magnetic lattice in which copper ions form hexagons with shared vortices 

[3,4].  The long-range antiferromagnetic arrangement, which occurs below TN = 61 K, is either collinear or has a 

small spin inclination. The high cubic symmetry of this material allows eight (4x2) antiferromagnetic domains. 

Considering the magnetic lattice, there are two possible explanations for the magnetoelectric response. A canted 

antiferromagnetic arrangement could yield toroidal domains each of which, with the application of a magnetic field, 

would have electric polarization in different directions. On the other hand, a collinear antiferromagnetic arrangement 

would break the symmetries of the inversion of both space and time which could explain the ME response [4]. 

 

 

 

 
Figure 1 Collinear (left) or small spin inclination (middle) long-range antiferromagnetic arrangement. Symmetry allows eight (4x2) 

antiferromagnetic domains (right). Arrows indicate spins (left and middle) and toroidal moment (right). 

 

 

In order to further investigate ME properties in Cu3TeO6 we performed static electric polarization and dynamic die-

lectric spectroscopy studies in an external magnetic field up to 5 T for few different directions of electric polarization 

and magnetic field. Electric polarization was carried in fields up to 4 kV/cm. Together with previously shown mag-

netic properties [4] our measurements suggest that Cu3TeO6 is electric and magnetic field-induced ferroelectric, but 

the allowed magnetic point group cannot explain that linear magnetoelectric effect. Therefore, additional experi-

mental and theoretical studies are needed to further understand the origin of linear ME coupling and the role of 

quantum effects in this material. 

  
[1] Dong, S. et al., Advances in Physics 64:5-6, 519-626, (2015). 
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[3] Wang, D. et al., Phys. Rev.B 99, 035160, (2019). 
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Van der Waals (vdW) materials have been discovered new physical phenomena and building 

block for optoelectronic or spintronics devices. The vdW material NiI2 was reported that 

ferroelectricity and antiferromagnetism coexisted in bulk [1]. It has been unknown, however, 

whether two physical properties remain in the two-dimensional limit. In this work, we 

demonstrate that the multiferroic state exists in the few-layer NiI2 and persist down to bi-layer. 

We observed the second harmonic generation (SHG) signal in exfoliated sample. The signal 

originated from the ferroelectric order, arising from the cycloidal spin order. The transition 

temperature of multiferroic state decreases from 58 K in the bulk to about 20 K in the bi-layer. 

Our work prove the multi-functionality in few-layer vdW material.  

 

[1] Kurumaji, T. et. al, PRB ,87 (1) , 014429 (2013). 
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Ternary rubidium-iron sulfide, RbFeS2, belongs to a family of quasi-one-dimensional compounds with the general 

chemical composition AFeCh2 (where A – K, Rb, Cs, Tl; Ch – S, Se) [1]. Understanding the magnetic properties of 

these compounds is a challenge [2]. The controversy concerning the spin-state of the iron ion needs to be resolved to 

build the proper model of magnetism [3]. Single crystals of RbFeS2 were grown by the Bridgman method. The crystal 

structure was investigated by x-ray diffraction on powdered single crystals at room temperature using a 

STOE STADI P diffractometer. The magnetic susceptibility of single-crystalline samples was measured by a SQUID 

MPMS5 magnetometer within a temperature range 1.8 – 400 K and in magnetic fields up to 50 kOe. The 

susceptibility exhibits typical features for quasi-one-dimensional magnetic systems undergoing a phase transition 

into three-dimensional antiferromagnetic order. Below the Néel temperature TN = 188 K the susceptibility splits into 

parallel and perpendicular components with the magnetic moment aligned approximately along the crystallographic 

b axis. The specific heat was measured by a relaxation method using a PPMS9 setup in the temperature range 1.8 – 

300 K. Ab initio phonon calculations were performed by means of density functional theory (DFT) utilizing the 

Vienna ab-initio simulation code (VASP 5.4) [4,5]. The phonon dispersion and density of states (PDOS) were 

obtained using a direct approach of harmonic approximation within the Medea-Phonon software [6] and our structural 

data as an input. We assume that the total specific heat originates from two contributions, a lattice one due to acoustic 

and optical phonons, and a magnetic one by the thermal population of excited magnetic states. The PDOS enables 

direct calculation of the lattice contribution in the harmonic approximation. We estimate the magnetic specific heat 

as the difference between the experimental heat capacity and the calculated phonon part. The magnetic contribution 

to the specific heat is presented in Figure 1. Our results suggest that the features of the magnetic thermal properties 

are general for the whole family of the covalent chain ternary iron chalcogenides of the structure AFeCh2 and indicate 

an intermediate S = 3/2 spin state of the iron ion. This work was supported by the joint RFBR-DFG project No 19-

52-12068 (RFBR) and No KR 2254/3-1 (DFG). 

 

 
Figure 1. Temperature dependence of the magnetic specific heat Cmag of RbFeS2 

 (main frame) and its representation as Cmag /T (inset).  
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Quantum spin liquids in the Kitaev quantum spin model [1] have attracted current interest. This model is exactly 
solvable and possesses two types of elementary excitations: itinerant Majorana fermions and localized fluxes. In the 
ground state with a flux free configuration, the Majorana fermion system is gapless while spin correlations are 
extremely short ranged. In our previous paper [2], we reported that the Majorana excitation becomes gapful when 
the system has a certain ordered-flux structure. This may mean that the motion of Majorana fermions is controllable. 
Thus, it is instructive to examine how the anisotropy in the Kitaev couplings as well as the flux-configurations affect 
the Majorana excitations since the Kitaev couplings may be changed by the optical irradiation [3], for example. 
To this end, we treat the anisotropic S=1/2 Kitaev model with some flux-ordered configurations. It is known that the 
Kitaev system is reduced to the toric code model with gapped excitations when one of the Kitaev couplings is large 
enough [4]. In this study, we diagonalize the Hamiltonian with fixed flux-configurations and discuss how the toric 
code state is stable in the parameter space. In particular, we clarify how the gapped state realized in an ordered-flux 
configuration competes with the toric code.  
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Finding new materials with antiferromagnetic (AFM) Kitaev interaction is an urgent issue for quantum magnetism 
research [1]. In this work, we conclude that Na3Co2SbO6 and Na2Co2TeO6 are new honeycomb cobalt-based systems 
with AFM Kitaev interaction by carrying out inelastic neutron scattering experiments and subsequent analysis [1]. 
The spin-orbit excitons observed at 20-28 meV in both compounds strongly support the idea that Co2+ ions of both 
compounds have a spin-orbital entangled Jeff=1/2 state. Furthermore, we found that a generalized Kitaev-Heisenberg 
Hamiltonian can describe the spin-wave excitations of both compounds with additional 3rd nearest-neighbor 
interaction. Our best-fit parameters show significant AFM Kitaev terms and off-diagonal symmetric anisotropy terms 
of a similar magnitude in both compounds. We also found a strong magnon-damping effect at the higher energy part 
of the spin waves, entirely consistent with observations in other Kitaev magnets. Our work suggests Na3Co2SbO6 
and Na2Co2TeO6 as rare examples of the AFM Kitaev magnets based on the systematic studies of the spin waves and 
analysis. 
 

 
Figure 1. (a,b) Magnon spectra of NCSO and NCTO measured at T=3.2 K with Ei=16.54 meV.  Calculated powder 
magnon spectra (c,d) using the generalized Kitaev-Heisenberg model and (e,f) using the XXZ model with the best-
agreement parameters. Comparison of constant-Q cuts, (g,i) integrated over Q=[0.5 0.8] and [1.3 1.6] Å-1 for NCSO 
and (h,j) integrated over Q=[0.6 0.9] and [1.3 1.6] Å-1 for NCTO. 
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Frustrated systems formed by rare-earth elements have attracted much attention. The strong spin-orbit coupling and 

the crystalline electric field effect associated with 4f electrons of rare-earth ions lead to highly anisotropic exchange 

interactions, providing a novel platform for the quantum spin systems.  

YbCuS2 is a magnetic semiconductor with Yb zigzag chains along the a-axis. As shown in Fig. 1, YbCuS2 has an 

orthorhombic structure with the space group P212121 [1]. At zero magnetic field, the magnetic specific heat divided 

by the temperature Cm/T shows a sharp peak at TO ~ 0.95 K, indicating a first-order phase transition [2, 3]. The 

magnetic field H dependence of TO shows peculiar structure and the H-T phase diagram cannot be explained by a 

conventional magnetic transition, suggesting a nontrivial ground state arising from the magnetic frustration in the 

Yb zigzag chain [3]. However, the order parameter of the magnetic state below TO has not been decided yet. 

To investigate the magnetic properties at low temperatures from a microscopic point of view, we performed 63/65Cu 

nuclear quadrupole resonance (NQR) measurements on polycrystalline YbCuS2. Since the sharp NQR peaks were 

observed above TO, quality of the YbCuS2 sample can be good without any impurity phases or site mixing. Below 

TO, the paramagnetic peaks split into the multi peaks due to the internal magnetic fields, evidencing an 

antiferromagnetic phase transition. The magnetic order signals coexist with the paramagnetic signals for 0.85 K < T 

≤ TO, indicating a first-order phase transition, which is consistent with the sharp peak in the specific heat [3]. 

Although YbCuS2 is a semiconductor, the nuclear spin-

lattice relaxation rate 1/T1 exhibits the T-linear behavior 

below 0.5 K, which can be generally observed in metals. 

Surprisingly, 1/T1T in YbCuS2 at 0.1 K is by more than 

one order of magnitude larger than 1/T1T in a Cu metal. 

This behavior suggests the presence of the novel gapless 

spin excitation at low temperatures in YbCuS2. 
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Figure 1: Crystal structure of YbCuS2 [1]. 
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In rare-earth permanent magnets, magnetization and Curie temperature are mainly dominated by 3d-electrons of 

Fe-group elements, and magnetic anisotropy at low temperatures arises mostly from 4f-electrons, typically as an 

outcome from the combination of the crystal field effect and the spin-orbit interaction (SOI).  

Here we propose enhancement of an intrinsic coercivity due to the valence fluctuation derived from the 4f-electrons 

in Ce-based rare-earth magnets [1]. Valence-fluctuations combined with SOI bring an effective magnetic 

anisotropy driven by kinetic energy in the hybridization of delocalized 4f-electrons and conduction electrons. This 

kinetic-energy-driven anisotropy has an order of magnitude stronger energy scale than the magnetic anisotropy 

driven by potential energy of well localized 4f-electrons in the crystal fields. The relatively strong coupling 

between 4f-3d electrons make such kinetic-energy driven anisotropy robust against high temperatures. This 

mechanism of intrinsic magnetic anisotropy is not only scientifically intriguing but also promising for application 

to permanent magnets.  

We employed Ce(Co1-xCux)5 as an inter-valence Ce-based permanent magnets. It crystalizes in the hexagonal 

CaCu5 structure, which is one of the most fundamental building blocks of rare-earth permanent magnets.  CeCo5 

and CeCu5 are prototypical rare-earth ferromagnet with mixed valence state [2] and heavy fermion antiferromagnet 

with robust trivalent Ce [3], respectively. The Curie temperature is reduced by Cu substitutions, and reaches to zero 

at x ~ 0.6 [4]. The change of valence state of Ce is also suggested at x ~ 0.5 [4]. 

Magnetization curves of Ce(Co1-xCux)5 (  were measured at various temperatures. Figure 1(a) shows 

magnetization curves of Ce(Co0.7Cu0.3)5. The coercive force Hc = 9 kOe at 300 K reaches 24.6 kOe at 1.9 K. 

Temperature dependence of Hc is summarized in Fig. 1(b).  A remarkable enhancement of intrinsic coercivity was 

observed in intermediate concentration of x = 0.3 and 0.4 compared to the other ranges of x. Concomitantly, the 

coercivity at x = 0.3 and 0.4 persists to higher temperatures. It indicates an intrinsic coercivity emerged on inter-

valence Ce-based permanent magnets.  
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Fig. 1 (a) Magnetization curves and (b) temperature dependence of the coercive 

force Hc for Ce(Co0.7Cu0.3)5. 
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The arrangement of magnetic ions into the pyrochlore structure of corner-sharing tetrahedra gives rise to the 

frustration of their magnetic interactions, and thus to strongly correlated phases such as spin liquids and spin ices. 

Recently, there is an increasing interest on the understanding of how these magnetic states develop their correlations 

when a significant amount of disorder is at play. Fluorites with its intrinsic disorder lattice and same A2B2O7 

composition are modelled to be excellent probes of dynamics in pyrochlores. In our work we compare the magnetic 

and thermal properties of the disordered fluorite Ho2Zr2O7 and spin-ice pyrochlore Ho2Ti2O7. Through dynamic 

measurements, nonzero values of ac magnetic susceptibility at the minimum of measured temperature evidence a 

significant spin dynamics on our compound. The recovered electronic magnetic entropy down to 70 mK is slightly 

higher than Rln(2), indicating the possible doublet ground state of Ho3+ and thus an absence of residual entropy; 

contrary to what it is observed in spin ice Ho2Ti2O7 [1]. This behavior resemblances to that exhibited one in the 

fluorite Dy2Zr2O7, which was reported as having no long-ranged order and developing very short-ranged 

antiferromagnetic spin correlations [2]. In field specific heat measurements confirm the presence of an electronic 

maximum around 2 K that moves to higher temperatures as the field is increased, revealing that below 10 K there is 

a nonnegligible contribution of excited crystal electric field levels. 
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The magnetocaloric effect (MCE) is an intrinsic magnetic property of some materials and can be characterized in 

terms of the adiabatic temperature variation ΔT or the isothermal magnetic entropy change ΔS.  Usually, ΔS is 

indirectly determined from the magnetization curves (MxT or MxH) or magnetic specific heat according to the 

Maxwell relation. The Nd2Ni2In compound crystallizes in the tetragonal P4/mbm space group and belongs to the 

R2T2X family (R = lanthanide or actinide, T = transition metal and X = p-metal). Nd2Ni2In order antiferromagnetic 

below the temperature of Néel TN = 8 K. In this work, we consider localized magnetism due to 4f electrons with the 

participation of non-magnetic ligands in the presence of a crystalline electric field (CEF).   A model is developed 

which describes the CEF and magnetic interaction applied to two sublattices, where the magnetic interaction is 

described by a Hamiltonian who considers the Zeeman and exchange interactions in the molecular field 

approximation. To adjust S of the Nd2Ni2In intermetallic compound, we implemented to the effective spin model 

a modulated exchange motivated by the antiferromagnetic-ferromagnetic transition induced to magnetic fields >  

0.1 T. Our fitting results of the contribution of Nd2Ni2In to the total −ΔS as a function of temperature were 

computationally obtained in the [001] crystallographic direction, from the equation of state of magnetization M(H, 

T) and entropy S (H, T) by diagonalization of the total Hamiltonian (HTot). We obtained a good agreement between 

the theory and the experiment was using the estimated crystal-field parameters and the exchange integral for 

Nd2Ni2In. 
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Among oxide ferromagnets such as ferrite, there are some materials with the same composition and crystal structure 
that have different Curie temperatures depending on the firing conditions. For example, it has been reported that the 
Curie temperature TC of BaFe12O19 was enhanced when the particle size became small [1]. However, this report dealt 
with fine particles of about 5 to 20 nm. Therefore, we have prepared BaFe12O19 crystals with a large grain size and 
have systematically investigated the relationship with TC. BaCO3 and α-Fe2O3 were used as raw materials and 
weighed to achieve the desired stoichiometric composition. These wet-mixed raw material powders were pre-fired 
at 900°C. After calcination, they were ground in a planetary ball mill and compacted under pressure. They were then 
sintered for 5 hours at various conditions between 1000 and 1300°C. All the obtained samples had the M-type 
structure, and there was no difference in the lattice parameter. The grain size was about 0.3~1.0 µm, and the grain 
size tended to increase with increasing firing temperature. The TC obtained by magnetization measurement and 
suggestive thermal analysis was 430~450°C. The TC decreased with increasing sintering temperature. 
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The true ground-state of the S = ½ kagome antiferromagnetic lattice has been an ongoing debate for several decades. 

The portfolio of material examples of S = ½ kagome antiferromagnets has continued to increase in recent years, 

although almost all contain some deviation from ideality such as site disorder [1], further neighbor interactions [2], 

or broken structural symmetry [3]. 

 

The mineral Engelhauptite, KCu3V2O7(OH)2Cl, was first assigned to have trigonal symmetry, potentially hosting an 

undistorted Kagome lattice of S = ½ Cu2+ ions [4]. However, careful investigation of laboratory synthesized 

polycrystalline material found a small monoclinic distortion that breaks the ideal 3-fold rotational symmetry of the 

Kagome lattice [5], much like Volborthite, Vesigneite and several other members of the same mineral family [6].  

 

Here we present synthesis, structural and magnetic characterization of the Rb-substituted analogue to Engelhauptite, 

RbCu3V2O7(OH)2Cl. Whilst the larger group-I metal ion apparently stabilizes the structure enough to grow 

microscopic but isolatable crystals, not found in the synthesis of the K-analogue, a monoclinic distortion is still 

observed. The resulting distortion of the Kagome lattice leads to a highly frustrated magnetic transition at 6 K, despite 

a large negative Weiss temperature, almost identical to that of the K-analogue. We support these findings with 

magnetization and specific heat data, along with a discussion of the structural differences on substituting the larger 

group-I cation. 
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The Cu2+ ions-based spin chain compounds have drawn particular interest mainly due to low spin value 

and large value of exchange couplings. Many Cu2+ based S =1/2 chain systems have been extensively 

studied. Among them, a well-known family is A2CuP2O7 (A = Na, Li, and K) compounds, although they 

have different crystal structures. KNaCuP2O7 has monoclinic structure with space group P21/n. [1]. CuO4 

plaquettes are corner shared with four PO4 tetrahedra forming isolated magnetic chains stretched along a 

direction. The adjacent chains are weakly coupled by frustrated interchain couplings. The polycrystalline 

sample of KNaCuP2O7 was synthesized by the solid-state synthesis method. The magnetic properties of 

this compound investigated in great detail by temperature (T) dependent x-ray diffraction, magnetization, 

specific heat (Cp), and local probe technique 31P and 23Na nuclear magnetic resonance (NMR) 

measurements and complementary electronic structure calculations. No evidence of magnetic long-range 

order (LRO) was found down to 2 K in magnetic susceptibility (ꭓ(T)) and specific heat (Cp) 

measurements. The temperature-dependent magnetic susceptibility and 31P NMR shift could be modeled 

very well by the uniform spin-1/2 Heisenberg antiferromagnetic (HAF) chain model (Johnston model) 

with a nearest-neighbour (NN) interaction J/kB ≈ 58.7 K. [2] The first-principles electronic structure 

calculations support the picture of a S=1/2 HAF uniform chain with JDFT/kB ≈ 59 K and negligibly small 

interchain couplings. The sharp increase of NMR spin-lattice relaxation rates (311/T1 and 231/T1) implies 

the expected magnetic LRO at around TN ≈ 1 K. From the expected value of TN, the average interchain 

coupling is estimated to be J┴ /kB ≈ 0.28 K. [3] Moreover, the NMR spin-lattice relaxation rates show the 

dominant contributions from uniform (q = 0) and staggered (q = ± π/a) spin fluctuations in the high- and 

low-temperature regimes, respectively, mimicking one-dimensionality of the spin lattice. We have also 

demonstrated that 311/T1 in high temperatures varies linearly with 1/√H, reflecting the effect of spin 

diffusion on the dynamic susceptibility due to the long-wavelength (q ∼ 0) spin fluctuations.[4] 

 

[1] I. Fitouri and H. Boughzala, Acta Crystallogr. Sect. E 74, 109 (2018). 

[2] Johnston et al, Phys. Rev. B 61, 9558 (2000). 

[3] Johannes et al, Phys. Rev. B 74, 174435 (2006). 

[4] F. Borsa and M. Mali, Phys. Rev. B 9, 2215 (1974). 
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Quasi-one-dimensional magnetism in the spin-1/2 antiferromagnet BaNa2Cu(VO4)2. 
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We report synthesis and magnetic properties of quasi-one-dimensional spin-1/2 Heisenberg antiferromagnetic 
chain compound BaNa2Cu(VO4)2. This orthovanadate has a centrosymmetric crystal structure, C2/c, where the 
magnetic Cu2+ ions form spin chains. These chains are arranged in layers, with the chain direction changing by 62o 
between the two successive layers. Alternatively, the spin lattice can be viewed as anisotropic triangular layers 
upon taking the inter-chain interactions into consideration. Despite this potential structural complexity, 
temperature-dependent magnetic susceptibility, heat capacity, ESR intensity, and NMR shift agree well with the 
uniform spin-1/2 Heisenberg chain model with an intrachain coupling of J/kB ≈5.6 K. The saturation field obtained 
from the magnetic isotherm measurement consistently reproduces the value of J/kB. Further, the 51V NMR spin-
lattice relaxation rate mimics the 1D character in the intermediate temperature range, whereas magnetic long-range 
order sets in below TN ≈ 0.25 K. The effective interchain coupling is estimated to be J⊥/ kB ≈ 0.1 K. The theoretical 
estimation of exchange couplings using band-structure calculations reciprocate our experimental findings and 
unambiguously establish the 1D character of the compound. Finally, the spin lattice of BaNa2Cu(VO4)2 is 
compared with the chemically similar but not isostructural compound BaAg2Cu(VO4)2 [2]. 

 
 
 
 
 
[1] Sebin J. Sebastian, K. Somesh, M. Nandi, N. Ahmed, P. Bag, M. Baenitz, B. Koo, J. Sichelschmidt, A. A. 
Tsirlin, Y. Furukawa, and R. Nath,  Phys. Rev. B 103, 064413 (2021 ). 
 
[2] A. A. Tsirlin, A. Möller, B. Lorenz, Y. Skourski, and H. Rosner Phys. Rev. B 85, 014401 (2012). 
 
∗altsirlin@gmail.com, +rnath@iisertvm.ac.in 
 

 

 

 

 

 

Left panel: Crystal structure of BaNa2Cu(VO4)2 shown in a different orientation to visualize the spin chains. 
Middle panel: χ of polycrystalline BaNa2Cu(VO4)2 sample as a function of temperature in an applied fields. Right 
panel: 1/T1 as a function of temperature measured on the 51V nuclei down to 0.044 K. 

https://proceedings.science/p/132457
Powered by TCPDF (www.tcpdf.org)

https://proceedings.science/p/132457
http://www.tcpdf.org


 
 

Unconventional superparamagnetic behavior in the modified cubic spinel compound LiNi0.5Mn1.5O4  
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Structural, electronic, and magnetic properties of modified cubic spinel compound LiNi0.5Mn1.5O4 are studied via x-
ray diffraction, resistivity, DC and AC magnetization, heat capacity, neutron diffraction, 7Li nuclear magnetic 
resonance, magnetocaloric effect, magnetic relaxation, and magnetic memory effect experiments. We stabilized this 
compound in a cubic structure with space group P43332. It exhibits semiconducting character with an electronic band 
gap of Δ/kB ≃ 0.4 eV. The interaction within each Mn4+ and Ni2+ sub-lattice and between Mn4+ and Ni2+ sublattices 
is found to be ferromagnetic (FM) and antiferromagnetic (AFM), respectively. This leads to the onset of a 
ferrimagnetic transition at TC ≃ 125 K. The reduced values of frustration parameter (f) and ordered moments reflect 
magnetic frustration due to competing FM and AFM interactions. From the 7Li NMR shift vs susceptibility plot, the 
average hyperfine coupling between 7Li nuclei and Ni2+ and Mn4+ spins is calculated to be ~ 672.4 Oe/µB. A detailed 
critical behaviour study is done in the vicinity of TC using modified-Arrott plot, Kouvel-Fisher plot, and universal 
scaling of magnetization isotherms. The magnetic phase transition is found to be second order in nature and the 
estimated critical exponents correspond to the 3D XY universality class. A large magneto-caloric effect is observed 
with a maximum value of isothermal change in entropy ∆Sm ≃ - 11.3 J/Kg-K and a maximum relative cooling power 
of RCP ≃ 604 J/Kg for 9T magnetic field change. The imaginary part of the AC susceptibility depicts a strong 
frequency dependent hump at T=Tf2 well below the blocking temperature Tb ≃120 K. The Arrhenius behaviour of 
frequency dependent Tf2 and the absence of ZFC memory confirm the existence of superparamagnetism in the 
ferrimagnetically ordered state. [1] 
 

 
 

[1] S. S. Islam, Vikram Singh, K. Somesh, Prashanta K. Mukharjee, A. Jain, S. M. Yusuf, R. Nath, Phys. Rev. B., 
97, 174432 (2018). 
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We report a study of the low temperature magnetic and heat capacity properties of La substituted Dy2Zr2O7. Our 

findings suggest the absence of spin ice state in Dy2Zr2O7 but the emergence of the magnetic field induced spin 

freezing near T ~ 10 K in ac susceptibility measurements which is akin to Dy2Ti2O7. The magnetic heat capacity of 

Dy2Zr2O7 shows correlation peak at 2 K, but no residual entropy was observed. The peak shift from 2 K to higher 

temperature in the magnetic field, with the corresponding decrease in the magnetic entropy. The low temperature 

magnetic entropy at 5 kOe field is Rln2 - (1/2)Rln(3/2) which is same as for the spin ice state. Substitution of non-

magnetic, isovalent La3+ for Dy3+ gradually induces the structural change from highly disordered fluorite to weakly 

ordered pyrochlore phase. The La3+ substituted compounds with less distorted pyrochlore phase show the spin 

freezing at lower field which strengthens further on the application of magnetic field. Our results suggest that the 

spin ice state can be stabilized in Dy2Zr2O7 either by slowing down of the spin dynamics or by strengthening the 

pyrochlore phase by suitable substitution in the system. 

 
[1] Sheetal, Anzar Ali, Sarita Rajput, Yogesh Singh, T. Maitra, and C.S. Yadav, arXiv:2001.05244 (2020) 
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Universal fluctuating regime in triangular chromate antiferromagnets 
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Triangular antiferromagnets serve as a promising platform for creating novel spin-liquid states characterized by 
non-local entanglement and fractionalized excitations[1]. Herein, we report x-ray diffraction, magnetic 
susceptibility, heat capacity, 1H nuclear magnetic resonance (NMR), and muon spin relaxation (µSR) 
measurements, as well as density-functional band-structure calculations for the frustrated S = 3/2 triangular lattice 
Heisenberg antiferromagnet (TLHAF) α-HCrO2 (trigonal, space group: R-3m). This compound undergoes a clear 
magnetic transition at TN = 22.5 K, as seen from the drop in the muon paramagnetic fraction and concurrent 
anomalies in the magnetic susceptibility and specific heat. Local probes (NMR and µSR) reveal a broad regime 
with slow fluctuations down to 0.7 TN, this temperature corresponding to the maximum in the µSR relaxation rate 
and in the NMR wipe-out[2]. From the comparison with NaCrO2 and α -KCrO2, the fluctuating regime and slow 
dynamics below TN appear to be hallmarks of the TLHAF with ABC stacking that leads to a frustration of 
interlayer couplings between the triangular planes[3]. This interlayer frustration is a powerful lever to generate spin 
states with persistent dynamics and may bear implications to spin-liquid candidates with the triangular geometry. 
 
[1] Y. Li, P. Gegenwart, and A. A. Tsirlin, Spin liquids in geometrically perfect triangular antiferromagnets, J. 
Phys.:Condens. Matter 32, 224004 (2020). 
[2] A. Olariu, P. Mendels, F. Bert, B. G. Ueland, P. Schiffer, R. F. Berger, and R. J. Cava, Unconventional 
Dynamics in Triangular Heisenberg Antiferromagnet NaCrO2, Phys. Rev. Lett. 97, 167203 (2006). 
[3] D. Hsieh, D. Qian, R. F. Berger, C. Liu, B. Ueland, P. Schiffer, Q. Huang, R. J. Cava, J. W. Lynn, and M. 
Hasan, Spin order by quantum frustration in triangular lattice Mott insulator NaCrO2: A neutron scattering study, 
arXiv:1405.6184. 
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In a zigzag chain of magnetic ions with spin 1/2, competition between the nearest and next-nearest neighbor 

interactions gives rise to magnetic frustration, leading to a variety of nontrivial quantum ground states in 
magnetic fields [1]. A magnetic semiconductor YbCuS2 crystalizing in the orthorhombic structure exhibits a 
first-order magnetic transition at 0.95 K, which is robust against magnetic fields up to 4 T. The isothermal 
magnetization displays a 1/3 plateau at around 6 T [2]. The peculiar phase diagram implies manifestation of the 
magnetic frustration in the Yb zigzag chains [2]. In this study, we focus on the isostructural semiconductor 
RAgSe2 (R = Ho, Er, Tm, and Yb), to study the magnetic properties arising from the possible magnetic 
frustration [3]. The magnetic susceptibility was reported to follow the Curie–Weiss law with effective magnetic 
moments of the trivalent R ions. However, no magnetic order was observed down to 4.2 K [4]. We have 
synthesized polycrystalline samples and measured the magnetization and specific heat down to 0.4 K.  
The inset of the figure shows the temperature dependence of the inverse magnetic susceptibility. All the data 
for 40 < T < 300 K follow the Curie–Weiss law. The effective magnetic moments agree with the values for the 
R3+ ions. The paramagnetic Curie temperature θp is negative, suggesting an antiferromagnetic interaction 
between the magnetic moments.  
The temperature dependence of the specific heat is 
shown in the main panel of the figure. For R = Yb, a 
peak appears at Tm = 1.8 K, indicating a magnetic 
phase transition. The magnetic entropy at Tm is 
suppressed to about 30% of Rln2 which is expected 
from the Kramers ground doublet state, suggesting 
strong magnetic fluctuations at T > Tm. With 
increasing magnetic fields, the peak of the specific 
heat broadens and shifts to lower temperatures to 1.4 
K at 7 T. This robust Tm against the magnetic field is 
similar to that in YbCuS2 [2]. Therefore, in 
YbAgSe2, the magnetic frustration should be 
involved in the magnetic order in YbAgSe2. On the 
other hand, for R = Er, the specific heat indicates 
double transitions at 0.9 K and 1.3 K. However, as 
the magnetic susceptibility has not been measured 
for T < 1.8 K, the frustration effect has not been 
extracted yet. For non-Kramers ions R = Ho and Tm, 
no anomaly was observed down to 0.4 K. Because 
of the nonmagnetic singlet ground states, no 
magnetic frustration is expected.  

 
[1] K. Okunishi and T. Tonegawa, J. Phys. Soc. Jpn. 72, 479 (2003). 
[2] Y. Ohmagari et al., J. Phys. Soc. Jpn. 89, 093701 (2020). 
[3] M. Julien-Pouzol and M. Guittard, Ann. Chim. 8, 139 (1973). 
[4] M. Duczmal and S. Porkrzywnicki, J. Alloys. Compd. 323-324, 513 (2001). 
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Fig. Temperature dependence of the specific heat of RAgSe2 
(R = Ho, Er, Tm, and Yb). The inset shows the temperature 
variations of the inverse magnetic susceptibility. 
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We study the spin-1/2 star and spin-1 honeycomb Kitaev models using  invariant Projected Entangled Pair States 
(PEPS). We find that the transition from Abelian to non-Abelian phase of the star lattice Kitaev model can be un-
derstood as charge and flux transmuting into  anyon in the  invariant PEPS framework. Besides, we show that 
the ground state always has infinite correlation length in the non-Abelian regime, consistent with the no-go theorem 
that a chiral PEPS has a gapless parent Hamiltonian. On the other hand, we confirm the  spin liquid nature of 
isotopic spin-1 Kitaev honeycomb model by evaluating the virtual order parameters defined on the virtual Hilbert 
space of the tensor network. Using the correspondence between the transfer matrix spectrum and low-lying excita-
tions, we find that contrary to the dispersive Majorana excitation in the spin-1/2 case, the system has a dispersive 
charge anyon excitation. Bottom of the gapped single-particle charge anon excitations are also identified with the 
corresponding correlation length  unit cells. 
 
[1] Yu-Hsueh Chen, Ching-Yu Huang, and Ying-Jer Kao, Phys. Rev. B 104, 045131 (2021). 
[2] Yu-Hsueh Chen, Jozef Genzor, Yong Baek Kim, Ying-Jer Kao, arXiv:2107.04730 (2021). 
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CoV2O6, possessing the linear chain array of Co2+ ions in the crystal structure, has attracted much 

attention, since it shows the 1/3 magnetic plateau in the magnetization curve along c-axis (Fig.1) [1]. Its 

monoclinic form -CoV2O6 shows the antiferromagnetic (AFM) transition at the Neel temperature of 14 K 

in zero magnetic field (H = 0 T). Regarding the ferromagnetic (FIM) state in 1.5 T < H < 3.5 T, associated 

with the 1/3 magnetic plateau, several models have been previously proposed for its magnetic structure [1-

3]. But, they are not completely in accordance with each other. 

 In order to clarify the magnetic structures and spin dynamics of these magnetically ordered states, the 

measurements of V-NMR spectrum have been performed for the aligned powder sample of -CoV2O6. In 

the AFM state, it has been shown that the magnitude of the internal field at V site is 0.85 T and its direction 

is perpendicular to c-axis from the V-NMR spectra (Fig.2). In the FIM state, the V-NMR spectra indicate 

three V sites experiencing different magnetic field magnitudes. These internal fields could be explained by 

accounting for the dipole and the transfer field from Co spins with the up-up-down type structure of the 

FIM state. The anisotropy of the nuclear spin-lattice relaxation rate in these ordered states reinforces the 

argument. 
 

 
Fig.1: Magnetization as a function of applied field [1]     Fig.2: V-NMR spectra in the AFM phase [4] 

 
[1] Z. He and W. Cheng, J. Mag. Mag. Mater., 362 (2014) 27. 
[2] M. Lenerts et al., Phys. Rev. B, 86 (2012) 214428. 
[3] M. Markkula et al., Phys. Rev. B, 86 (2012) 134401. 
[4] Y. Kawasaki et al., JPS Conf. Proc., 30 (2020) 011088. 
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Abstract
One-dimensional topological systems can sustain in their extremities zero energy modes that are protected by different kinds of symmetries.
The observation of these modes and how they contribute to the conductance and thermoelectric properties of these systems became one of the
most intensive quests in condensed matter. In this paper we study these properties for different kind of topological chains, which are known to
possess protected modes on their surfaces, namely, sp-chains, Su-Schrieffer-Heeger (SSH) chains and those investigated by Rice-Mele. For the
purpose of studying their thermoelectric properties, we couple these systems to a quantum dot to obtain the conductance, thermoelectric power
and the merit factor as a function of temperature and distance to the topological transition. We show that at the topological transition the zero
temperature conductance through the device is finite and presents a universal value.

Keywords: Majorana Fermions, SSH chain, Rice-Mele chain, Sp chain
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We investigate the quantum phase transitions of a two-dimensional phase-glass in an external magnetic field with 

frustration parameter f.  The model describes the effects of gauge disorder in superconductors due to frustration 

effects of random negative Josephson-junction couplings [1,2]. The phase diagram and critical behavior are ob-

tained from path-integral Monte Carlo simulations at zero temperature. A superconducting chiral-glass phase oc-

curs for sufficiently large disorder, which is insensitive to the additional magnetic-field frustration when f=1/2 and 

f=1/3. The results are compared with recent measurements on nanohole superconducting thin films, doped with 

magnetic impurities [3].  

 (1 blank line) 
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We report measurements of the thermal Hall effect in single crystals of both pristine and isotopically substituted 

strontium titanate. We discovered a 2 orders of magnitude difference in the thermal Hall conductivity between 

SrTi16O3 and 18O-enriched SrTi18O3 samples. In most temperature ranges, the magnitude of thermal Hall conductivity 

(𝜅𝑥𝑦) in SrTi18O3 is proportional to the magnitude of the longitudinal thermal conductivity (𝜅𝑥𝑥), which suggests a 

phonon-mediated thermal Hall effect. However, they deviate in the temperature of their maxima, and the thermal 

Hall angle ratio (|𝜅𝑥𝑦/𝜅𝑥𝑥|) shows anomalously decreasing behavior below the ferroelectric Curie temperature Tc ~25 

K. This observation suggests a new underlying mechanism, as the conventional scenario cannot explain such 

differences within the slight change in phonon spectrum[1,2]. Notably, the difference in magnitude of thermal Hall 

conductivity and rapidly decreasing thermal Hall angle ratio in SrTi18O3 is correlated with the strength of quantum 

critical fluctuations in this displacive ferroelectric. This relation points to a link between the quantum critical physics 

of strontium titanate and its thermal Hall effect, a possible clue to explain this example of an exotic phenomenon in 

non-magnetic insulating systems. 

 

 
Figure 1. (a) 𝜅𝑥𝒙  of SrTi16O3(STO16) and SrTi18O3(STO18). Both have a subtle suppression of 𝜅𝑥𝑥  near the 

antiferrodistortive(AFD) transition around 110K. (b) Temperature dependence of 𝜅𝑥𝒚/T for several SrTiO3 samples. 

For comparison, we also plot the data from Ref. [2]. (c) Field dependence of 𝜅𝑥𝒚. The proportionality is consistent 

over the measured temperature range. 
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Theory of collective excitations and nonequilibrium phase
transition in dissipative fermionic superfluids

Kazuki Yamamoto1,∗, Masaya Nakagawa2, Naoto Tsuji2,
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Collective excitations of superfluids have been widely studied in condensed matter
physics. Recent experimental progress in ultracold atoms has enabled studies of out-of-
equilibrium dynamics of superfluids. For example, a periodic modulation of the amplitude
of the order parameter excites the Higgs amplitude mode, which has been observed with
ultracold fermions [1]. As for collective phase modes, the Nambu-Goldstone mode exists in
neutral superfluids, and the relative-phase Leggett mode has been predicted for multiband
superfluids. In particular, ultracold atoms allow for a dynamical control of various system
parameters, offering an ideal playground to investigate collective modes. However, they
suffer from atom loss due to inelastic scattering, which has received little attention in
literature.

In this work, we predict a new mechanism to induce collective excitations and a
nonequilibrium phase transition of fermionic superfluids via a sudden switch-on of two-
body loss, for which we extend the BCS theory to fully incorporate a change in particle
number [2]. We find that a sudden switch-on of dissipation induces an amplitude oscil-
lation of the superfluid order parameter accompanied by a chirped phase rotation as a
consequence of particle loss. We demonstrate that when dissipation is introduced to one
of the two superfluids coupled via a Josephson junction, it gives rise to a nonequilibrium
dynamical phase transition characterized by the vanishing dc Josephson current. The
dissipation-induced collective modes and nonequilibrium phase transition can be realized
with ultracold fermionic atoms subject to inelastic collisions.

∗ yamamoto.kazuki.72n@st.kyoto-u.ac.jp
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Zero-field quantum criticality and the role played by the mutual interactions in paramagnets 
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The phenomenon of quantum criticality [1] has been intensively explored by the scientific community and represents 

a current hot topic of research. In the case of a magnetic-field-induced quantum phase transition (QPT), the paradigm 

is the one-dimensional Ising model under transverse magnetic field [2], where a magnetic-driven QPT takes place 

when the applied transverse field overcomes the exchange coupling constant. Some of the fingerprints to probe 

magnetic-field-induced quantum criticality is the divergence and sign-change of the magnetic Grüneisen parameter 

Γmag upon crossing a critical magnetic field Bc [3]. In this contribution, we cover two topics: i) we employ Γmag to 

explore a quantum critical-like behavior in model systems, such as the Brillouin-like paramagnet, a modified 

Brillouin function taking into account a zero-field splitting originated from spin-orbit interactions, and the one-

dimensional Ising model under longitudinal magnetic field [4]. Our results show that such models present an intrinsic 

zero-field quantum-critical-like behavior (Bc = 0 T), being that the spin-orbit interactions shift the enhancement of 

Γmag to higher temperatures; ii) we unveil the key role played by mutual interactions in the regime of ultra-low 

temperatures (T < 6 mK) and vanishing external magnetic field [5]. Usually, such interactions are neglected because 

they are very small when compared, for instance, with the thermal energy, but rigorously speaking they are always 

present in real paramagnets. We demonstrate that a genuine zero-field quantum phase transition is prevented to occur 

in real paramagnets. This is due to the fact that even for vanishing external magnetic field there is always a remaining 

finite local magnetic field Bloc (~ 0.01 T) originated from dipolar magnetic interactions between adjacent magnetic 

moments. We discuss unprecedented aspects emerging from the mutual interactions.    
 

[1] S. Sachdev, Quantum Phase Transitions, Cambridge University Press, Cambridge, U.K., (2001). 
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054446 (2019). 
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Variation of the elliptical Fermi surface for a two-dimensional electron gas with anisotropic mass 
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We consider a two-dimensional electron gas in the thermodynamic (bulk) limit. It is assumed that the system 

consists of fully spin-polarized (spinless) electrons with anisotropic mass. We study the variation of the shape of 

the expected elliptical Fermi surface in presence of such form of internal anisotropy as a function of the density of 

the system. To this effect, we calculate the variation of energy of the system as well as the optimum ellipticity of 

the Fermi surface for two possible liquid states. One corresponds to the standard system with circular Fermi surface 

while the second one represents a liquid anisotropic phase with a tunable elliptical deformation of the Fermi surface 

that includes the state that minimizes the kinetic energy. The results obtained shed light on several possible 

scenarios that may arise in such a system. The competition between opposing tendencies of the kinetic energy and 

potential energy may lead to the stabilization of liquid phases where the optimal elliptical deformation of the Fermi 

surface is non-obvious and depends on the density as well as an array of other factors related to the specific values 

of various parameters that characterize the system. 
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Pressure effect study on uranium ferromagnet U4Ru7Ge6 with negligible magnetocrystalline 

anisotropy 
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Although the first U4Ru7Ge6 single crystals were grown in the late 1980’s, only a vague report on ferromagnetism 

(TC ∼ 7 K, 0.2 μB/U ion in 5 T at 4.3 K) [1, 2, 3] and no information on anisotropy can be found in literature. Therefore 

we have grown a high-quality single crystal of this compound and measured its magnetization, ac susceptibility, 

thermal expansion, specific heat, and electrical resistivity with respect to temperature, magnetic field and pressure.  

Strong magnetocrystalline anisotropy is a well-known property of uranium compounds. U4Ru7Ge6 behaves as 

an itinerant 5f -electron ferromagnet (TC = 10.7 K, μS = 0.85 μB/f.u. at 1.9 K) [4]. The ground-state easy magnetization 

direction is along the [111] axis of the cubic lattice. The anisotropy field μ0Ha along the [001] direction is only about 

0.3 T, which is at least three orders of magnitude smaller than for other U ferromagnets. At Tr = 5.9 K the easy 

magnetization direction changes to [001], and remains [001] up to TC. This transition is due to a change in magnetic 

symmetry, and is quite apparent in the low-field magnetization, ac susceptibility and thermal expansion data, whereas 

only weak anomalies are observed at Tr in the temperature dependence of the specific heat and electrical resistivity. 

The magnetoelastic interaction induces a rhombohedral (tetragonal) distortion of the paramagnetic cubic crystal 

lattice in the case of the [111] ([001]) easy magnetization direction. The rhombohedral distortion is connected with 

two crystallographically inequivalent U sites. 

We studied the evolution of magnetism and its anisotropy of the U4Ru7Ge6 single crystal under applied hydrostatic 

pressures up to 3 GPa in piston cylindric pressure cell. We will present results for magnetization, AC susceptibility 

and electrical resistivity measurements performed on a U4Ru7Ge6 single crystal at various temperatures and magnetic 

fieldscans present the magnetic phase diagram with respect to pressure covering the evolution of both, Curie and 

reorientation temperature. 
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Improvement to macroscopic features such as better conductivity, weather resistance, and improved capacity and 

speeds for digital storage is in high demand for the ever-growing electronic-device market. A key point in this 

development is to relate these features with the atomic and electronic structure of the material in interest, regardless 

of knowledge area (e.g. chemistry, physics, engineering). On the field of spintronic devices recently a huge effort has 

been done to replace the currently used ferromagnetic materials by antiferromagnetic (AFM) systems since AFMs 

resist perturbation well and produce no stray fields that perturb the neighboring cells. The latter removes an obstacle 

for high-density memory integration. Although several schemes have been theoretically proposed to achieve full 

control of an antiferromagnetic structure, the experimental demonstration is still challenging and remains elusive. To 

overcome this challenge, here we develop an experimental setup that intends to use a uniaxial strain cell, based on 

piezo stacks, that allows us modify continuously the dimensions of our sample uniaxially with easy access to it. This 

setup will permit both x-ray diffraction and transport measurements to be made simultaneously. 

Our interest is specifically in the Heusler compound, Mn3Ge, which has different magnetic properties according to 

its crystalline structure: i) cubic → ferrimagnetic; ii) tetragonal → ferrimagnetic with anisotropy in the c axis; iii) 

hexagonal → antiferromagnetic (AFM) with Anomalous Hall Effect (AHE). In particular, the hexagonal phase stands 

out given its possible application potential, since its electronic structure gives rise to a giant AHE due to having a 

non-trivial topology, while also being stable to magnetic perturbations with fast spin dynamics. In this work, we will 

use our new setup to verify if it is possible to alternate between each structure using uniaxial pressure, as was proposed 

theoretically [1]. Our findings will offer a new route to control AFM materials that might expand their potential for 

applications. 
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We investigate the effect of carrier doping on the excitonic phases in the three-chain Hubbard model for Ta2NiSe5 
which is known as a candidate material for the excitonic insulator (EI) [1,2]. The model consists of a Ni chain 
responsible for a valence (f) band and adjacent two Ta chains responsible for two-fold degenerate conduction (c) 
bands and has been developed for describing the phase transition from the semiconductor to the excitonic insulator 
accompanied by the orthorhombic to monoclinic structural transition of Ta2NiSe5 at ambient pressure [3]. One of the 
authors and coworkers have investigated the same model in the semimetallic case corresponding to Ta2NiSe5 under 
pressure [4] and have found that the Fulde-Ferrell-Larkin-Ovchinnikov (FFLO) excitonic state characterized by the 
condensation of excitons with finite center-of-mass momentum is realized in the case with a large band-overlapping 
(high pressure) where two c bands and one f band cross the Fermi level in contrast to the case with a small band-
overlapping (low pressure) where one c band and one f band cross the Fermi level and the uniform excitonic state 
corresponding to the EI is realized as the same as the semiconducting case [5,6,7]. Near the phase transition to the 
FFLO excitonic state, the enhanced excitonic fluctuations are found to mediate the c-f interband Cooper pairs with 
finite center-of-mass momentum resulting in the FFLO superconductivity [8], which is expected to be realized in the 
semimetallic Ta2NiSe5 under high pressure [9]. In the present paper, we examine the uniform and FFLO excitonic 
phases in the presence of carrier doping as a straight forward extension to the previous works where the non-doped 
case is exclusively investigated [3,5-8]. Fig. 1 (a) and (b) show the excitonic phase diagrams as functions of the 
number of electrons per unit cell n and the temperature T, where we set the intersite c-f Coulomb interaction V=0.4eV 
and the energy gap between the conduction and valence band D=0 which corresponds to the boundary between the 
semiconducting and the semimetallic cases. We see an apparent asymmetry between the hole doping (n<2) and the 
electron doping (n>2) due to the difference in degeneracy between the valence and conduction bands.  
 

     
Fig. 1 Excitonic phase diagrams of the three-chain Hubbard model for Ta2NiSe5 as functions of the number of 
electrons per unit cell n and the temperature T,  where the magnitude of the order parameter q (a) and the center-of-
mass momentum of condensed excitons QEP (b) are shown.  
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The nearest-neighbor classical antiferromagnetic XY model on the kagome lattice is a fundamental model that 

exhibits strong geometric frustration, and its ground state is macroscopically degenerate. At zero temperature, 

the weak next-nearest-neighbor interaction J2 lifts the degeneracy, and q=0 and √3×√3 magnetic orders emerge 

[1]. On the other hand, at J2=0, there is a BKT transition. However, due to numerical difficulties, it remains a 

non-trivial problem what kind of thermodynamic phases appear at finite temperatures under the presence of J2. 

In this study, the J2-T phase diagram of the model is precisely determined by large-scale classical Monte Carlo 

calculations using the loop update [2,3]. At zero temperature, there exists a quasi-long-range order with a q=0 

structure in the antiferromagnetic J2 region (J2/J1<0) and a √3×√3 structure in the ferromagnetic J2 region 

(J2/J1>0). At finite temperature, we found two characteristic behaviors that have not been seen in the classical 

antiferromagnetic XY model on the related triangular lattice. 

First, we found an octupole quasi-range-ordered phase without the spin chirality ordering as an intermediate 

phase between the q=0 and √3×√3 phases in the region where | J2/J1 | is very small (-0.005 < J2/J1< 0.02).     

Second, we found a first-order transition at the phase boundary between the q=0 and the paramagnetic phases. 

As seen in the figure, the first-order transition line ends at a multicritical point.  

In this talk, we will discuss the relationship between these characteristic phase structures and the macroscopic 

degeneracy at J2=0. We will also discuss the separation of the magnetic order from the spin chirality order. 
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The double perovskite material La2-xAxCoMnO6 with Sr and Ca doping (for x = 0.5) showed by various experiments 

to present the conventional (CEB) and spontaneous exchange bias (SEB) effect [1]. In contrast to polycrystalline 

samples, this work finds the absence of zero-field-cooled exchange bias effect (ZEB) on single crystals based on 

magnetic characterization of the same compounds. This result corroborates that the SEB/ZEB effect is deeply 

correlated to the role played by the spin glass-like phase as a critical ingredient, not observed in our AC susceptibility 

measurements. The single crystals were grown by the floating zone technique and oriented by X-ray Laue 

backscattering on the [001] axis. The powder x-ray diffraction pattern shows the La2CoMnO6 (LCMO) and Ca-doped 

(LCCMO) on an orthorhombic Pnma crystal structure and rhombohedral R-3c for Sr-doped (LSCMO). In addition, 

our experiments indicate structural changes by doping, which increases the bond angles Co/Mn-O-Co/Mn to closer 

to 180o, gradually shifting the ferromagnetic transition to higher temperatures. 
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A pyrochlore oxide, A2B2O7, has a cubic structure with interpenetrating corner-sharing sublattices of the A and B 

sites. The interplay between magnetic frustration, crystal electric field (CEF), exchange interaction, and dipolar 

interaction in the pyrochlore oxides induced various exotic physical properties such as spin-ice, spin-glass, and spin 

liquid states [1]. Nd pyrochlores have been studied in the last decade. The Nd3+ ions in the Nd pyrochlore were known 

to have a Kramers doublet ground state and were expected to have a dipolar-octupolar characteristic [2].  
Previous studies showed a magnetic ordering of Nd spins accompanied by the remaining spin fluctuation below the 

transition temperature of Nd2B2O7 with non-magnetic B ions (B = Zr, Hf, and Sn) [3-6]. The origin of the persistent 

spin fluctuation in the ordered state of Nd pyrochlores is still debatable. Petit et al. suggested that such phenomenon 

in Nd2Zr2O7 is to be due to the magnetic fragmentation of Nd moment [6]. On the other hand, a theorist successfully 

explained the persistent spin fluctuation on the basis of the spin-wave excitation on the all-in-all-out (AIAO) magnetic 

ground state of Nd moment [7]. The investigation on other Nd pyrochlores needs to be done to see the universality 
of the magnetic ground state in Nd pyrochlores.  
The Pt4+ ion in Nd2Pt2O7 is in the low spin state (t2g

6 eg
0), behaving as a non-magnetic ion. Even though there are 

some reports on the magnetic properties of other Nd pyrochlores with non-magnetic B ions, there is no information 

on the magnetic properties of Nd2Pt2O7. Accordingly, the muon spin relaxation (SR) measurement was carried out 

accompanied by the bulk measurements such as the DC susceptibility, the AC susceptibility, and the heat capacity to 
investigate the magnetic properties of Nd2Pt2O7 in the current study. A magnetic transition was observed at TN = 1.4 

K in the temperature dependence of DC susceptibility, AC susceptibility, and heat capacity. It corresponds to the 

magnetic transition of Nd spins from the paramagnetic state to the ordered state, eliminating the possibility of the 

spin-glass state due to the frequency-independent of TN observed in the AC susceptibility. The negative Curie-Weiss 

temperature from the Curie-Weiss fitting and the field-dependent of TN from the DC susceptibility measurement 
indicates that the effective exchange interaction in Nd2Pt2O7 is antiferromagnetic (AFM) interaction. 
The SR measurements were carried out at Paul Scherrer Institute (PSI) in Switzerland to confirm the appearance of 

magnetic ordering. Neither oscillation in the zero-field (ZF)-SR time spectra nor decreasing of initial asymmetry at 

t = 0 was observed down to 0.3 K. Instead, the time spectra below 1.5 K showed a Gaussian behavior at early time 

spectra accompanied by the Lorentzian relaxation at a longer time. Accordingly, the time spectra were fitted to the 

summation of Gaussian and Lorentzian exponential functions. Below 1.5 K, the Lorentzian fraction sharply decreased 
in concomitant with the growth of the Gaussian fraction. A sharp peak in the temperature dependence of muon spin 

relaxation rate, (T), was observed at 1.5 K. It corresponds to the critical slowing down behavior of Nd spins represent 

the appearance of Nd ordering. The  does not vanish below TN denoted the persistent spin fluctuation in the ordered 

state. The longitudinal field (LF)-SR time spectra also showed a muon spin relaxation under applied magnetic field 

indicates the remaining spin fluctuation at 0.3 K. 
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Lifi ad-hoc networks (LANETs) are going to be a next generation network of photons moving 
at high mobility and also support multi-hop communication among photons to send information 
and improving security in communication channels. LANETs are significantly deployed to 
send photons from one location to another over a fibre channel for Quantum Crypto 
applications. It is proposed to have a routing protocol for transmission of photons among nodes. 
The routing protocol involves polar coordinates, direction and mid-area nodes to forward the 
photon to destination node from source. In this paper, we are interested to show the better 
performance of photons delivery of LANETs routing protocols for photons transmission via 
nodes. Specifically, we implement the routing protocol (by means of shortest path methods) 
laid on the network layer of  IEEE 801.11 working group and takes the next hop as the next 
photon forwarder. It is shown that the routing protocol takes routing decisions based on 
distance, direction, throughput patterns and network link quality and calculating the neighbour 
nodes distance, direction and network link quality over Bloch sphere and then calculate the 
weightage value and visible light spectrum for decision.  

Keywords: Light frequency, photons, quantum cryptography, routing protocols, Bloch sphere 
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Abstract: 

Linear Regression is being used ubiquitously in Machine Learning (ML) based solutions to predict the 

output. In this paper, we propose a geometric approach to this ML approach of linear regression. We use 

the Diophantus II.VIII generalized equations to build a sphere around the data set, use the slope equation 

and finetune it to arrive at the best fit for the ML prediction. With the help of Quantum computing, the 

estimation brings out to perform 2D and 3D representations of this approach towards Heisenberg 

uncertainty principle. 

Keywords: Machine Learning, Diophantus equations, Quantum computing, Uncertainty principle 
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Fig. 1. (a) Frequency dependences of 1,2 for =0.18 (B=12.2 T), T=40 mK. (b) Frequency 
dependences of σ1 for different filling factors (shown near the curves). Inset: Magnetic field 

dependence of σ1 (86 MHz). T=40 mK.  

Effect of the strong electron correlations on the formation of Wigner crystal in n-GaAs/AlGaAs 
structure: Surface Acoustic Waves studies. 

 
Ivan SMIRNOV1, Irina DRICHKO1, Alexey SUSLOV2, Loren PFEIFFER3, Kenneth WEST3, Yuri GALPERIN1,4 

 
1Ioffe Institute, St. Petersburg 194021, Russia 

2National High Magnetic Field Laboratory, Tallahassee, FL 32310, USA 
3 Department of Electrical Engineering, Princeton University, Princeton, NJ 08544, USA 

4 Department of Physics, University of Oslo, 0316 Oslo, Norway  
 
When the correlation energy of a two-dimensional electron system (2DES) Ec=e2/l exceeds the kinetic (Fermi) one 
EF=n2/m, formation of a Wigner crystal (WC) [1] could be expected. This to be happen when the interaction 

parameter rs=Ec/EF achieves the critical value of 37 as calculated in [2]. This implies a very low density of 2DES of 
n=109 cm-2, at which electrons in a semiconductor are actually strongly localized on chaotic potential fluctuations at 
low temperatures, and a WC could be hardly realized. In a real 2DES, due to disorder, a transition to an electron solid 
state can happen at much smaller rs down to 10 [3]. Moreover, the electron crystallization can be stimulated by 
applying a strong magnetic field perpendicular to a 2DES [4] via the vanishing magnetic length lB=(/eB)1/2 in the 

increased correlation energy Ec
MF=e2/lB. Presence of a disorder makes the WC state pinned. This insulating phase is 

not quite experimentally distinguishable from the single-particle localization, especially in current transport 
measurements. In the present work we employ the surface scoustic wave (SAW) technique to identify the nature of 
the states observed in high magnetic fields at the filling factors 0.125<<0.18, where rs come up to the value of 12. 
This contactless method allows one finding the complex AC conductance, σAC()=σ1()-iσ2(), as a function of 
magnetic field, temperature and frequency. Knowing of both the real and imaginary parts is important for 
determination of the conductance mechanisms.  
The system under study was a single 65 nm quantum well AlGaAs/GaAs/AlGaAs structure with the carriers 
concentration of n=5×1010 cm-2, with a high mobility of =8.5×106 cm2/Vs, and with the zero-field rs2.7. In our 
experiments a surface acoustic wave propagates along the surface of the piezodielectric lithium niobate (LiNbO3), 
and the studied structure is pressed onto the same surface of the LiNbO3. An electric field produced by the SAW 
interacts with the carriers in the 2D channel. Via this interaction both the attenuation  and velocity v of the acoustic 
wave are governed by the conductance of the 2DES. From simultaneously measured attenuation and velocity of SAW 
both tht real σ1() and imaginary σ2() components of the complex AC conductance σAC() were calculated as in 
[5]. The measurements have been carried out in the frequency region of 28-300 MHz at temperatures 40-380 mK in 
the magnetic field of up to 18 T.  
Magnetic field induces a rich oscillation pattern in AC conductance of our system containing features of both integer 
and fractional quantum Hall effect (QHE) thus evidencing high quality of the sample. We however focus here on 
high fields B>12 T (<1/5), i.e., away from the QHE oscillations. Frequency dependences of 1 and 2 for  = 0.18 
(B=12.2 T) and T=40 mK are shown in Fig. 1 (a), where a maximum is observed in 1 (f) at the frequency f  86 
MHz, and 2 changes sign at the same frequency. It corresponds to a resonant character of AC conductance σAC(f). 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
The presence of a resonance in σAC(f) agrees with the results of works [6, 7, 8], where the features in the dependences 
of the conductivity and resistance on the magnetic field, temperature and frequency are associated with the formation 
of a pinned WC.  f  86 MHz is the pinning frequency. 
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Fig. 3. Temperature dependences of σ1 for 

different ν: 1: 0.18; 2: 0.17; 3: 0.16; 4: 
0.145; 5: 0.125. f=28.5MHz. Inset: 

Temperature dependences of σ1 and |σ2| for 
ν=0.13, f=28.5 MHz. 
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Fig. 2. Real and imaginary parts of 

normalized conductance s(ϖ) for η = 4, 5, 
and 6 modelled with help of [9]. 

Shown in Fig. 1(b) are the frequency dependences of σ1 for different filling factors. Each curve has a maximum at f 
 86 MHz, and the maximum value decreases when the magnetic field increases (see the inset to the figure Fig. 1(b)).  
In accordance with the theoretical results of [9] AC conductance of a 
pinned Wigner crystal can be written as 

2 2

0 0 *
( ) ( );  

2 c

e n
s

m

    


  ,  (1) 

where ϖ=/, ~p0
2/c, p0 is the pinning frequency at B=0, c is 

the cyclotron frequency, η=(/)1/2,  and  are the longitudinal and 
transverse elastic moduli of the WC. We calculated the frequency 
dependences of the real and imaginary components of s(ϖ) near the 
resonance frequency of the pinned mode of a Wigner crystal for 
different η. Graphs of real and imaginary parts of s(ϖ) for η = 4, 5, 
and 6 are shown in Fig. 2. The best qualitative agreement between 
theoretical calculations and experimental data is achieved at η=5. 
Dependence of 1() on magnetic field presented on Fig. 1 (b) is also 
well explained by Eq. (1), namely via magnetic field dependence of 
the term 0.  
Now, knowing η it is possible to determine the pinning frequency in 
the absence of a magnetic field and, accordingly, the average 
correlation length (size) of WC domains, which turned out to be 3×10-

4 cm. It is much larger than both the distance between the electrons, 
a=2.5×10−6 cm, and the magnetic length at B=12.2 T ( = 0.18) lB 
=7.3×10−7 cm.  
The temperature dependences of 1 for 0.18 > ν > 0.125 are presented 
in Fig. 3. 1(T) has maxima. To the left of the maxima, the 1(T) 
exhibits a dielectric behavior. In this case, as shown in the inset of Fig. 
3, |2|>1. This fact, along with the described above frequency 
dependences of 1, can be attributed to the manifestation of a pinned 
Wigner crystal. To the right of the maximum, |2| decreases rapidly 
with increasing temperature. 1 also decreases with increasing 
temperature but much more slowly than |2|. Therefore, to the right of 
the maxima, |2|<1. Thus, at the maxima there is a change of the 
conduction mechanisms, which can be interpreted as a WC melting 
point Tm. As the magnetic field increases, Tm increases. Using this 
approach, a new method for determining the WC melting temperature 
and its dependence on the magnetic field was constructed and applied 
at various SAW frequencies (Fig. 4) [10]. 
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Iron-based superconductors as a new Majorana playground  
 

Hong Ding  
  

Institute of Physics, Chinese Academy of Sciences 
  

 

Majorana zero modes (MZMs) in solid materials and devises have attracted tremendous 
interest owing to their non-Abelian statistics and potential applications in topological 
quantum computation. Last ten years witness rapid progresses and serious setbacks in 
searching for MZMs.  Recently iron-based superconductors emerged as a new and 
promising Majorana playground due to relatively high temperature and high purity. In this 
talk I will report a series of our discoveries which help to establish this iron-based 
Majorana platform. We have observed a superconducting topological surface state of 
Fe(Te, Se) with Tc ~ 15K by using ARPES [1], and a pristine MZM inside a vortex core 
of this material by using STM [2]. We have also observed a half-integer level shift of 
vortex bound states [3] and nearly quantized Majorana conductance [4] in this material, 
which are hallmarks of MZMs. We have also found that most of iron-based 
superconductors [5], including monolayer Fe(Te, Se)/STO [6], have similar topological 
electronic structures. One of them, CaKFe4As4, an Fe-As bilayer superconductor (Tc ~ 
35K), is found to possess MZM and other bound states that can be well reproduced by 
a simple theoretical model [7]. In addition, we found that impurities and pressure can be 
used as tuning methods to control MZMs in iron-based superconductors [8,9]. The 
combination of intrinsic topological nature of vortex and large energy spacing among the 
discreet bound states inside these vortices proves the Majorana nature of vortex zero-
modes discovered in the iron-based superconductors, thus creating an exciting 
playground for realizing and manipulating Majorana modes [10]. 
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Orbital selective dynamics in Fe-based systems using time-resolved ARPES 
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Exoticity in material properties often linked to the complex interplay of spin, charge, orbital and lattice degrees of 

freedom that makes the study of the origin of such exoticity difficult. The outstanding issue is to disentangle 

parameter space and reveal the underlying physics. We propose a unique method to excite electrons of a selected 

symmetry without significant effect on other electrons using polarized pump light pulse in a pump-probe experiment. 

Using this technique, we show that the relaxation of itinerant electrons occurs faster than the local electrons; the first 

experimental identification of the orbital selective electron dynamics in a complex correlated system [1]. In addition, 

we discover that the electrons in the energy bands responsible for magnetic order can be excited selectively without 

significant effect on electrons in the other energy bands [2]. Such excitations, termed magnetic excitation, occurs at 

a fast time scale of 50 fs while the time scale of other electrons is about 200 fs. These results provide two important 

conclusions – (i) in Fe-based systems, magnetism may not be linked to the phase space occupied by other electrons 

and (ii) polarized pump excitation in a pump-probe experiment is a novel method to study orbital selective dynamics.  
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Towards the comprehension of High-Tc superconductivity in cuprates 

(1 blank line) 
Eduardo MARINO 
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(1 blank line) 
We describe a recently proposed comprehensive theory for High-Tc superconductivity in copper oxides. One of the 

main distinctive features of this theory is the fact that it is testable. Indeed, based on such theory, we have been able 

to derive several results that compare quite well with the experimental data for a wide variety of cuprate compounds 

including LSCO, YBCO, and the Bi, Hg and Tl families. Among the physical observables that are relevant for the 

cuprates, and can be quantitatively obtained from our theory, we list: the analytical expressions for Tc(x) and T*(x); 

the variation of the former and the invariance of the latter with an applied pressure (P), Tc(x,P); the variation of 

Tc(max) with the number of CuO planes (N) in a given family, Tc(max, N); the resistivity as a function of the 

Temperature, \rho(T) in the different non-SC phases (SM, PG and FL); the resistivity dependence on an applied 

magnetic field (H), \rho(T,H); the spectral density. Besides describing the mechanisms of SC and of PG (pseudogap) 

formation, we provide a rather complete explanation of the phase diagram of several cuprate compounds, all in 

excellent agreement with the experimental data of the cuprates.    
(1 blank line) 
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Hyperuniformity in vortex matter in type-II superconductors

J. R. PUIG1, F. ELÍAS2, J. ARAGÓN SÁNCHEZ1, R. CORTÉS MALDONADO1, G.
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Many biological, material and mathematical systems share the special property of being
hyperuniform, namely of presenting vanishing infinite-wavelength density fluctuations. This
means that the density of the constituent objects is homogeneous in the large scale, as in a perfect
crystal, although they can be isotropic and disordered like a liquid. Hyperuniform structures
present a structure factor that algebraically decays to zero when decreasing the reciprocal-space
wavenumber q due to the suppression of particle density fluctuations at large direct-space length-
scales. This "hidden order" present in disordered systems can be affected by the type of disorder
of the host medium where the objects are nucleated. Vortex matter nucleated at the surface of
superconducting samples with weak point-like disorder are ordered and disordered hyperuniform
systems.[1,2] In this work we study experimentally and theoretically how planar correlated
disorder in the medium affects this property. We show that correlated strong disorder generated
by planes of defects traversing the whole sample thickness suppress the hyperuniformity of the
structure. This particular type of disorder produces a structure factor that decays at small
wavenumbers but saturates in the limit q->0 due to persisting vortex density fluctuations at large
lengthscales. We also show that this suppression is concomitant to anisotropic vortex density
fluctuations.
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Magnetic quantum phase transition at the pseudogap boundary in La1.8-xEu0.2SrxCuO4  
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We have performed NMR measurements in La1.8-xEu0.2SrxCuO4 for x values close to the critical hole doping p* = 0.24 

of the pseudogap phase at T = 0, in high magnetic fields intense enough to quench superconductivity. The data reveal 

that the non-superconducting ground state changes from an antiferromagnetic order (more precisely an 

incommensurate antiferromagnet that freezes like a glass and competes with superconductivity) to a fluctuating 

antiferromagnet. Furthermore, this quantum phase transition appears to coincide with the pseudogap boundary p*. 

These results raise the question as to whether the sharp changes in electronic properties (electronic specific heat, 

angle-dependent magnetoresistance and electrical conductivity) observed at p* in this class of cuprates more directly 

originate from the pseudogap state or from this magnetic quantum phase transition. 
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Phase separation in high-Tc cuprates 
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Main features of the cuprate superconductor phase diagram can be derived considering the phase separation (PS) as 

a key property of these materials [1]. The PS is typical for systems with competing order parameters, although this 

fact is ignored in most theoretical models. To describe the electronic structure and phase states of the CuO2 planes of 

cuprates, we recently proposed a model of charge triplets [2] with a local Hilbert space reduced to three charge states 

of the CuO4 clusters, [CuO4]5-,6-,7-, or electron, parent, and hole centers, respectively. Using the S=1 pseudospin 

formalism we introduced an effective spin-pseudospin Hamiltonian which takes into account local and nonlocal 

correlations, both single- and two-particle transport, and Heisenberg spin exchange interaction for parent centers. 

Depending on the values of the Hamiltonian parameters, the model predicts the possibility of realizing even for parent 

cuprates both a typical antiferromagnetic insulating state (AFMI), charge order (CO), unusual Fermi liquid (FL) 

phase with electron-hole interplay and a bosonic superconductor (BS) phase with effective “on-site” hole bosons.  

Consistently considering both the known particular realizations of the model and its full version, we come to the 

conclusion about PS as the main principle of the formation of the 

normal and superconducting states of cuprates. The atomic limit 

of the spin-pseudospin model was considered within mean-field 

approximation (MFA), Bethe cluster approach, and classical 

Monte-Carlo (MC) technique (see, e.g., [3,4]). In the strong 

exchange limit both the Maxwell construction technique and MC 

calculation point to a low-temperature “third-order” phase 

transition to the AFMI-CO PS regime with a distinct specific heat 

anomaly. In the large “negative-U” approximation the CuO2-

plane becomes equivalent to hard-core local boson system which 

demonstrates the CO-BS PS regime in a wide temperature and 

doping range as justified not only by “post-MFA” Maxwell 

construction but quantum MC calculations [2,5,6] (see top panel 

in Fig. 1). Two different scenarios of nucleation and evolution of 

the PS state with doping is shown in the mid panel of Fig. 1 [7].      

Making use of the effective field theory which combines the MFA 

with the exact accounting of local correlations we were able to 

numerically calculate the phase diagrams of the complete spin-

pseudospin system within the framework of a simplified model 

(two sublattices, nn-coupling, …) [2]. Bottom panel in left hand 

side of Fig. 1 shows an example of the phase diagram assuming 

main homogeneous “monophases” with no allowance made for the possible coexistence of two adjacent phases. 

However, the numerical implementation of the Maxwell construction shows that the minimum of free energy 

corresponds to PS realized in the region of coexistence of phases separated by the first-order phase transition lines. 

This works for phases AFMI-FL, AFMI-BS, CO-BS, CO-FL, and BS-FL, but not for AFMI-CO (see Fig. 1, right 

hand side). Black solid and dotted curves in Fig. 1 point to the second and first order transition lines, respectively, 

dashed curves point to fifty-fifty volume fraction for two adjacent phases, yellow curves show the third-order phase 

transition lines, these limit areas with 100% volume fraction. Inset shows a typical phase diagram observed for hole-

doped cuprate. We can immediately note that the mysterious pseudogap phase is nothing more than the AFMI-FL-

CO-BS PS state with the third-order phase transition line T*(n) to be the highest pseudogap temperature. 
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Neutron scattering and pairing mechanisms in underdoped cuprate ladder Sr2.5Ca11.5Cu24O41
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Alan Tennant1
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2Department of Physics and Astronomy, The University of Tennessee, Knoxville, TN, USA

3Computational Sciences and Engineering Division, Oak Ridge National Laboratory, Oak Ridge, TN, USA
4Materials Science and Technology Division, Oak Ridge National Laboratory, Oak Ridge, TN, USA

We present inelastic neutron scattering data on the cuprate ladder Sr2.5Ca11.5Cu24O41, showing both the high and low-
energy  excitations  at  5  K  and  120  K.  We  also  perform DMRG simulations  of  doped  and  undoped  ladders.
Comparing simulation to experiment shows signatures of spin-charge interplay in the magnetic excitations which
can be understood by a one-band Hubbard model. We also observe a gap emerging at low temperatures giving
evidence  for  electron  pairing,  as  well  as  signatures  of  charge  ordering  between  ladders.  This  excellent
correspondence between theory and experiment suggests the Luther-Emery pairing mechanism is relevant in the
cuprate ladders, and potentially for the 2D cuprate superconductors as well.
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Quantum criticality from Kondo destruction:  

Fermi-surface jump to high temperature superconductivity 

 
Qimiao SI1 

 
1Department of Physics & Astronomy, Rice Center for Quantum Materials, Rice University, Houston, TX, USA 

 
A prevailing question on quantum criticality is whether and how it goes beyond the Landau framework of order-

parameter fluctuations. In the studies of antiferromagnetic heavy fermion metals, the notion of Kondo destruction 

has been developed to address the issue [1]. A defining characteristic across the Kondo-destruction quantum critical 

point (QCP) is a sudden transformation between “large” and “small” Fermi surface. Here, we focus on the QCP in 

the Kondo lattice and related models with continuous spin symmetry [2]. A key feature is dynamical Kondo effect, 

as captured by entanglement properties [2] and by an E/T scaling in singular charge responses at the antiferromagnetic 

QCP [3,4]. These features set the stage for demonstrating and understanding the emergence of unconventional 

superconductivity at the Kondo-destruction QCP. We find high temperature superconductivity in the sense that the 

transition temperature Tc reaches several percentages of the bare effective Fermi temperature scale. We discuss a) 

the immediate implications of our results for superconductivity in CeRhIn5, CeCu2Si2 and other heavy fermion 

systems; and b) the larger lessons for superconductivity in other correlated systems that are close to a large-to-small 

Fermi surface transformation. 

*In collaboration with Haoyu Hu, Ang Cai, Zuodong Yu, Stefan Kirchner, Lei Chen, Jed Pixley, Lili Deng and 

Kevin Ingersent. Work at Rice has been supported by the AFOSR grant # FA9550-21-1-0356, NSF grant # DMR-

1920740 and Welch Foundation grant # C-1411. 

[1] S. Paschen & Q. Si, Nat. Rev. Phys. 3, 9 (2021); S. Kirchner et al, Rev. Mod. Phys. 92, 011002 (2020); Q. Si, S. 

Rabello, K. Ingersent, and J. L. Smith, Nature 413, 804 (2001). 
 

[2] H. Hu, A. Cai, Q. Si, arXiv:2004.04679 (2020).  

 

[3] A. Cai, Z. Yu, H. Hu, S. Kirchner, Q. Si, Phys. Rev. Lett. 124, 027205 (2020); L. J. Zhu, S. Kirchner, Q. Si, A. 

Georges, Phys. Rev. Lett. 93, 267201 (2004).  
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Quantum criticality and strange metal behavior in a pure ferromagnetic Kondo lattice  
 

Huiqiu YUAN 
Center for Correlated Matter and Department of Physics, Zhejiang Uiversity, Hangzhou 310058, China 

 
Due to the low characteristic energies, the ground state of heavy fermion compounds is tunable upon 
applying a non-thermal parameter such as pressure, magnetic fields or doping. In the past decades, 
antiferromagnetic quantum criticality and the associated unconventional superconductivity have been 
observed in various compounds [1, 2]. However, solid evidence for the existence of ferromagnetic quantum 
criticality in a pure compound is still absent; the ferromagnetic order either vanishes suddenly or converts 
to an antiferromagnetic order under pressure [3]. In this talk, I will briefly present our recent progresses on 
the ferromagnetic heavy fermion metal CrRh6Ge4, where a pressure-induced ferromagnetic quantum 
critical point is observed around 0.8 GPa, accompanied by pronounced strange metal behavior and a 
divergent effective mass [4]. Measurements of quantum oscillations, combined with the DFT calculations, 
provide evidence for localized ferromagnetism at ambient pressure [5]. Recent ARPES experiments reveal 
anisotropic hybridization at temperatures much higher than the Curie temperature [6], and evidences for 
both hybridization fluctuations and collective hybridizations are shown in the ultrafast optical spectroscopy 
[7].  
 
In collaboration with Bin Shen, Yongjun Zhang, An Wang, Feng Du, Yi. Wu, Ye Chen, Zhiyong Nie, Rui Li, Xin 
Lu, Hanoh Lee, Chao Cao, Yang Liu, Michael Smidman, Frank Steglich (Zhejiang University), Michael Nicklas, 
Robert Borth (MPI-CPf), David Graf (NHMFL), Jinbo Qi (UESTC), and Yashar Komijani, Piers Coleman 
(Rutgers University). 
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[3] M. Brando et al., Rev. Mod. Phys. 88, 025006 (2016) and references therein. 
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[6] Y. Wu et al., PRL 126, 216406 (2021) 
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RKKY interaction and two Kondo impurities: the complete phase diagram

Krzysztof P. Wójcik1,2, Johann Kroha2

1Institute of Molecular Physics, Polish Academy of Sciences, 60-179 Poznań, Poland
2Physikalisches Institut, Universität Bonn, 53115 Bonn, Germany

Since the seminal  papers  of  Jones and Varma [1,2],  the Ruderman-Kittel-Kasuya-Yosida
(RKKY) interaction  Y between two Kondo impurities is conventionally modeled by a direct
Heisenberg coupling term JH. It gives rise to a quantum phase transition between the Kondo
and the RKKY phases in the two-impurity Kondo model for arbitrarily large Kondo couplings,
even in the presence of charge fluctuations. However, the significance of this result is still
controversial.  Firstly,  the  transition  is  extremely  fragile  to  particle-hole  asymmetry,
smearing the critical  point  into  a  crossover  in  its  presence  [3,4].  This  has  lead  to  the
common belief that it cannot be achieved in a realistic experimental 2-impurity system and
has made its relevance for lattice models debatable. Moreover, in the model  Y and the
Kondo exchange JK are considered independent, although Y is genuinely generated from JK,
and the Kondo temperature  depends  on  Y,  as  has  been shown experimentally  [5]  and
theoretically [6].

Recently, it has been shown that the quantum phase transition can be restored for weaker
particle-hole symmetry by parameter fine-tuning [7]. We revisit the problem to show, by
numerical  renormalization  group  calculations,  that  for  the  simple  model  with  RKKY
interaction genuinely induced by Kondo couplings and the inter-host interaction, either two
phase transitions occur or none, depending on the Kondo coupling strength. Each transition
corresponds to destruction of effective quasi-particles by the relevant spin exchange and
occurs  at  spin  exchange strength  of  the  order  of  the  quasi-particle  bandwidth.  Similar
results  are expected for all  quantum phase transitions induced by indirect interactions.
Furthermore, we confirm earlier perturbative prediction [6] of the Kondo breakdown at a
finite Kondo temperature TK, with TK defined as the scale where departure from high-energy
local-moment regime happens, while strong-coupling or RKKY fixed points are achieved at
arbitrarily small energy scales close to the transition. These findings may be relevant for
heavy-fermion  materials  via  DMFT  mapping.  We  also  propose  experimental  setup  with
2-impurity system involving flat-band Moiré material for direct test of our predictions. 

[1] B. A. Jones and C. M. Varma, Phys. Rev. Lett. 58, 843 (1987).
[2] B. A. Jones, C. M. Varma, and J. W. Wilkins, Phys. Rev. Lett. 61, 125 (1988).
[3] R. M. Fye, Phys. Rev. Lett. 72, 916 (1994).
[4] I. Affleck, A. W. W. Ludwig, and B. A. Jones, Phys. Rev. B 52, 9528 (1995).
[5] J. Bork et al., Nat. Phys. 7, 901 (2011).
[6] A. Nejati, K. Ballmann, J. Kroha, Phys. Rev. Lett. 118, 117204 (2017).
[7] F. Eickhoff, B. Lechtenberg, F. Anders, Phys. Rev. B 98, 115103 (2018).
[8] K. P. Wójcik, J. Kroha, arXiv:2106.07519 (2021).
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Dynamical correlations in the Instanton Crystal phase.

Grigorii Starkov
1
, Konstantin Efetov

1

1
Ruhr Universität Bochum, Institut für Theoretische Physik III, Bochum, Germany

Instanton Crystal is a fascinating phase which is encountered when the minimum of the free energy corresponds to
a configuration with an imaginary-time-dependent order parameter in the form of a chain of alternating instantons
and anti-instantons. An important feature of this phase is that the average of the order parameter over the imaginary
time vanishes [1].
We present the results of the investigation of the real-time correlation functions of the order parameter in the
Instanton Crystal Phase. In order to obtain the correlation functions in real-time, we formulate an original method
of analytic continuation from imaginary times, which is easily adapted into an efficient numerical scheme for the
computations. The resulting correlation functions exhibit non-trivial oscillations in real-time.

[1] G.A. Starkov and K.B. Efetov, Phys. Rev. B, 103, 075121 (2021).
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Magnetoelastic properties and critical fluctuations - UIrSi3 case study 
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DCMP) 
2Nauki ave. 47, 61103, Kharkov, Ukraine 

(B. Verkin Institute for Low Temperature Physics and Engineering of the National Academy of Sciences of 
Ukraine) 

3Motooka 744, Fukuoka-Nishi, Fukuoka 819-0395, Japan 
(Central Institute of Radioisotope Science and Safety Management Kyushu University) 

 
UIrSi3 is one of the few uranium compounds to exhibit Ising like antiferromagnetism with a tricritical point in the  
H-T magnetic phase diagram [1,2]. The tricritical point separates the segments of first- and second-order field-
induced transitions between the antiferromagnetic and paramagnetic state. Our previous study of magnetic, thermal, 
and transport properties supported by ab-initio calculation of the ground state [1,2] revealed the rich physics of this 
compound. To understand the relation between the magnetic and crystal structure we experimentally studied the 
elastic constants, thermal expansion, magnetostriction and heat capacity. The elastic properties were interpreted 
within the theory of the strain-exchange effect. The exchange-striction model together with the Ising model for the 
behavior of magnetic localized 5f electrons and itinerant electrons of U correctly reproduces the main features of our 
magneto-acoustic experiments in UIrSi3. Data on thermal expansion and magnetostriction confirm the conclusion 
that the dominant contribution of the measured temperature and field change in the speed of sound comes from the 
change in the elastic modulus itself. Based on the analysis of heat capacity measurements in the magnetic field, we 
explain the significant anomalies at the second-order branch of the phase transition boundary as a manifestation of 
the tricritical fluctuation, dominating the region below the tricritical point. The outcome confirms the 3D Ising model, 
at zero and low magnetic fields, with a crossover to the mean-field tricritical behavior at fields close to the tricritical 
point, where tricritical fluctuations dominate the temperature evolution of given property. 
 

 
[1] J. Valenta, F. Honda, M. Valiska, P. Opletal, J. Kastil, M. Misek, M. Divis, L. Sandratskii, J. Prchal, and 
V. Sechovsky, Phys. Rev. B 97, 144423 (2018). 
[2] F. Honda, J. Valenta, J. Prokleska, J. Pospisil, P. Proschek, J. Prchal, and V. Sechovsky Phys. Rev. B 100, 014401 
(2019). 
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Octupolar order in d-orbital systems  
 

Arun PARAMEKANTI1 
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Conventional magnetism in solids deals with ordering patterns of the electron magnetic dipole moment, which can 
be probed, for instance, via neutron diffraction. However, materials such as f-electron heavy fermion systems are 
well-known candidates where more complex forms of “hidden” symmetry breaking, involving higher-order magnetic 
or electric multipoles, are likely to be important. In this talk, I will discuss our recent theoretical proposal for Ising 
octupolar order in spin-orbit coupled d-orbital systems [1,2,3], which appears to explain a wide range of experiments 
in 5d transition metal oxides such as Ba2ZnOsO6, Ba2CaOsO6, and Ba2MgOsO6. These include elastic neutron 
diffraction and X-ray diffraction, inelastic neutron scattering, and muon spin relaxation experiments. The proposed 
Ising ferro-octupolar order in these Mott insulators is shown to be linked to a specific type of uniform plaquette loop-
current order. We propose field-dependent Raman scattering and NMR experiments under strain as further tests of 
our proposal. This appears to be the first candidate for octupolar order in a d-orbital system. Our work highlights the 
intimate connection between heavy d-orbital oxides and f-electron based heavy fermion materials.  
 
 [1] D.D. Maharaj, G. Sala, M.B. Stone, E. Kermarrec, C. Ritter, F. Fauth, C.A. Marjerrison, J.E. Greedan, 
       A. Paramekanti, and B. D. Gaulin, Phys. Rev. Lett. 124, 087206 (2020). 
[2] A. Paramekanti, D. D. Maharaj, and B. D. Gaulin, Phys. Rev. B 101, 054439 (2020). 
[3] S. Voleti, D.D. Maharaj, B.D. Gaulin, G. M. Luke, A. Paramekanti, Phys. Rev. B 101, 155118 (2020). 
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Resonant tender x-ray scattering from Ru-4d conduction electrons  

in the emergent inductor Gd3Ru4Al12 
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Taka-hisa ARIMA1,2, and Yoshinori TOKURA1,2 

1The University of Tokyo, Japan 
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3Max Planck Institute for Solid State Physics, Germany 
4Deutsches Elektronen-Synchrotron DESY, Germany 

 
The spin and orbital texture of conducting electronic states in magnetic solids is a focus of intense scrutiny, being 

relevant to a multitude of emergent phenomena. These include novel optical responses, nonlinear transport 

properties, as well as spin current generation and control. Complex magnets with sizable local moments and 

intermediate spin-orbit coupling, e.g. in Ruthenium-based oxides and intermetallics, are believed to be suitable 

targets in this regard. 
We studied the spiral ordering of Ruthenium spins, as driven by their interaction with local rare earth moments in 

centrosymmetric Gd3Ru4Al12. Resonant elastic scattering of tender x-rays was carried out at beamline P09 of the 

PETRA-III synchrotron at DESY in Hamburg, Germany. A specialized all-in vacuum beam path suppresses 

absorption of x-rays in air (E = 2.8-3 keV).  
We exploit the resonant x-ray scattering process as an element-specific probe, targeting the spin texture of the Ru-

4d electrons directly. Through comparison of scattering signals at the Ru-L2 and L3 absorption edges, we 

disentangle the spin and orbital textures in real space. Our analysis converges on a picture of a distorted spiral 

texture for Ru-4d, which results from a competition between Ruderman-Kittel-Kasuya-Yosida (RKKY) 

interactions and spin-orbit coupling.  
The experimental result is discussed in the framework of the Kondo Hamiltonian [1]. We highlight the relevance of 

our findings for the topological Hall effect in the field-induced skyrmion lattice phase of Gd3Ru4Al12 [2], and for 

the mechanism underlying the novel emergent (or quantum) inductance response in the spiral phase [3]. 
 
[1] M. Hirschberger et al., manuscript in preparation 
[2] M. Hirschberger et al., Nature Communications 10, 5831 (2019) 
[3] T. Yokouchi et al., Nature 586, 232–236 (2020) 
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Magnetic Structures of RNiSi3 (R = Gd, Tb and Ho)

Rodolfo TARTAGLIA  1  , Fabiana ARANTES2, Carlos GALDINO1, Danilo RIGITANO1, Ulisses KANEKO3,
Marcos AVILA2, and Eduardo GRANADO1.

1“Gleb Wataghin” Institute of Physics, University of Campinas – UNICAMP, GPOMS, Campinas, Brazil 
2CCNH, Universidade Federal do ABC (UFABC), GMQ, Santo André, Brazil 

3Brazilian Synchrotron Light Laboratory, Brazilian Center for Research in Energy and Materials (CNPEM), Campinas,
Brazil 

The competing or cooperative character between different degrees of freedom drives different ground states in
strongly correlated systems.  Even simple systems,  such as pure rare  earth compounds,  present  multiple  phase
transitions with complex magnetic structures in some of them, resulting from a strong interplay between magnetic
dipolar interaction and temperature dependence of crystal field parameters [1]. Therefore, it is anticipated that some
rare-earth-based compounds also have rich magnetic phase diagrams. One example is the series of intermetallic
compounds  RNiSi3 (R =  rare  earth),  which shows a  change of  the  antiferromagnetic  axis  between the lighter
elements Gd and Tb and the heavier Yb. In between, for HoNiSi3, the situation is more complicated since this
compound show two well-defined  λ-shape anomalies at TN1 = 6.3 K and TN2 = 10.4 K. Additionally, different
components of the total magnetic moment order at different temperatures. The a component orders at TN2, and after
further cooling above TN1, the c component orders [2-4]. Thus, to better grasp this change, the magnetic structure of
GdNiSi3, TbNiSi3, and HoNiSi3 single crystals at zero fields were determined employing resonant X-ray magnetic
diffraction experiments. For them, the primitive magnetic unit cell matches the chemical cell below their Néel
temperatures. In the case of Gd- and Tb-based compounds, the magnetic structure is the same for both (magnetic
space group  Cmmm′) and can be described by a one-dimensional irreducible representation of the  Cmmm space
group.  It  features  ferromagnetic  ac planes  stacked in  an  antiferromagnetic  +  − +  − pattern along with the  b
direction, with the rare-earth magnetic moments pointing toward the a direction [5]. For HoNiSi3, our results show
that at temperatures between TN1 and TN2 (phase II), the ordered magnetic moment points along the a axis, while
below TN1 (phase I), the ordered magnetic moments have components both along with a and c. Remarkably, while
at phase II the possible magnetic structure is the same as found in GdNiSi 3 and TbNiSi3, at phase I two irreducible
representations are needed to account the total magnetic moment direction. In this phase, the magnetic structure is
consistent with C2’/m magnetic structure. Lastly, those magnetic structures contrast with the + − − + stacking and
moment  direction  along the  b-axis  previously reported  for  YbNiSi3 [6].  This  indicates  a  sign reversal  of  the
coupling constant between second-neighbor  R planes as  R is varied from Gd, Tb, and Ho to Yb. This behavior
suggests a competition between distinct magnetic stacking patterns with similar exchange energies tuned by the
size of R.

[1] J. Jensen, and A. R. Mackintosh, Rare Earth Magnetism: Structures and Excitations, Clarendon Press – Oxford
(1991). 
[2] M. A. Avila, M. Sera, and T. Takabatake, Phys. Rev. B 97, 100409 (2004). 
[3]  D. Aristizábal-Giraldo,  F.  R.  Arantes,  F.  N.  Costa,  F.  F.  Ferreira,  R.  A.  Ribeiro,  and M. A. Avila,  Phys.
Procedia 75, 545 (2015). 
[4]  F.  R.  Arantes,  D. Aristizábal-Giraldo,  S.  H. Masunaga,  F.  N. Costa,  F.  F.  Ferreira,  T.  Takabatake,  L.  M.
Ferreira, R. A. Ribeiro, and M. A. Avila, Phys. Rev. Matter. 2 044402 (2018) 
[5] R. Tartaglia, F. R. Arantes, C. W. Galdino, D. Rigitano, U. F. Kaneko, M. A. Avila, and E. Granado, Phys. Rev.
B 99, 094428 (2019). 
[6] Y. Kobayashi, T. Onimaru, M. A. Avila, K. Sasai, M. Soda, K. Hirota, and T. Takabatake, J. Phys. Soc. Jpn. 77,
124701 (2008).
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Multipolar orders have been studied mainly in lanthanide and actinide compounds, in which localized f electrons 

have unquenched orbital angular momenta [1–3]. Recently, 4d and 5d electron systems with moderate spin–orbit 

interactions (SOIs) have become the focus of research as novel platforms for the multipole physics. A t2g manifold 

of a d electron in an octahedral crystal field possesses an effective angular momentum (Leff) of 1, which is entangled 

with a spin angular momentum by SOIs to give an electronic state characterized by the total angular momentum J. 

For octahedrally coordinated transition metal ions with d1 electron counts, the combination of a high symmetry crystal 

field and strong SOIs stabilizes a J = 3/2 quartet as ground states. The multipolar degrees of freedom of J = 3/2 state 

is expected to give rise to orders of quadrupole and octupole moments [4,5]. Compared to the f electron systems, the 

spatially extended nature of d orbitals enhances direct interactions between multipoles to stabilize unique multipolar 

orders in 4d/5d electron systems. 

We searched for a model system that shows multipolar order of d electrons and found a promising candidate hosting 

a quadrupolar order, Ba2MgReO6, in which the Re6+ ions with 5d1 electronic configuration form an FCC lattice. 

Detailed physical properties measurements using high quality single crystals of Ba2MgReO6 revealed a spin-orbit-

entangled J = 3/2 state and two phase transitions: a quadrupolar order at Tq = 33 K and a magnetic order at Tm = 18 

K [6]. Then we performed synchrotron X-ray diffraction measurements to determine the order pattern of quadrupoles. 

The very small deformation of ReO6 observed below Tq demonstrates that the quadrupolar order is composed of 

antiferroically arranged Qx2–y2 and ferroically arranged Q3z2–r2 moments, as shown in Fig. 1 [7].  

We also investigated the physical properties of related double perovskites containing Re6+. For example, Ba2CdReO6 

shows similar successive phase transitions even in the presence of an additional cubic-to-tetragonal structural 

transition at a high temperature [8], while tetragonally distorted Sr2MgReO6 shows an only magnetic transition to a 

layered antiferromagnetic order possibly accompanied by an octupolar order [9]. The observed phases can be mapped 

on a theoretical phase diagram for spin–orbit-coupled J = 3/2 electrons [4]. A2BRe6+O6 double perovskites provide 

an excellent platform to study multipolar ground states of spin–orbit-coupled 5d electrons.  

 
[1] H. Kusunose, J. Phys. Soc. Jpn. 77 064710 (2008). 

[2] Y. Kuramoto, H. Kusunose and A. Kiss, J. Phys. Soc. Jpn. 78 

072001 (2009). 
[3] P. Santini, S. Carretta, G. Amoretti, R. Caciuffo, N. Magnani, and 

G. H. Lander, Rev. Mod. Phys. 81 807 (2009). 
[4] Chen, R. Pereira, and L. Balents, Phys. Rev. B 82, 174440 (2010). 
[5] W.Witczak-Krempa, G. Chen, Y. B. Kim, and L. Balents, Annu. 

Rev. Condens. Matter Phys. 5, 57 (2014). 
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[7] D. Hirai, H. Sagayama, S. Gao, H. Ohsumi, G. Chen, T. Arima, 

and Z. Hiroi, Phys. Rev. Res. 2, 022063(R) (2020). 
[8] D. Hirai and Z. Hiroi, J. Phys.: Condens. Matter 33 135603 

(2021). 
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Arima, Phys. Rev. B 101, 220412(R) (2020). 
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Fig. 1 Observed quadrupolar order pattern 

in Ba2MgReO6 composed of antiferroically 

arranged Qx2–y2 and ferroically arranged 

Q3z2–r2 moments. 
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Antiferromagnetic antiskyrmions and skyrmions in magnetic Dresselhaus metals

Arnob     MUKHERJEE  1, Deepak S. KATHYAT1, Sanjeev KUMAR1

1Indian Institute of Science Education and Research, Department of Physical Sciences, Mohali, India

An antiferromagnetic skyrmion on a bipartite lattice comprises ferromagnetic skyrmions with opposite signs of
topological indices residing on each sub-lattice. This arrangement results in an exact cancellation of the  Magnus
force and consequently leads to a highly suppressed topological Hall effect - a deterrent for  the  application of
skyrmions in race-track memory devices. While the existence of skyrmions has been reported in a number of
magnetic materials, antiferromagnetic skyrmions in metals are rare. We present a microscopic understanding of a
novel antiferromagnetic antiskyrmion state induced by antiferromagnetic exchange interaction in the Dresselhaus
spin-orbit coupled magnetic metal. The results are based on the state of the art hybrid Monte Carlo simulations.
The origin of such topological textures is understood via an effective spin-only model. Furthermore, we show that
the anisotropic sign of hopping parameters leads to an antiferromagnetic Bloch-skyrmion state. This emphasizes
the importance of electron itinerancy in determining the nature of topological magnetic textures. We also discuss a
possible realization of the model in real materials.

Figure 1. Left: Antiferromagnetic Bloch-skyrmion state; Right: the sub-lattice (A, B) resolved antiferromagnetic
Bloch-skyrmion state.
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Antiskyrmions and Bloch Skyrmions in Magnetic Dresselhaus Metals

 Deepak S.   KATHYAT  1, Arnob MUKHERJEE1, Sanjeev KUMAR1

1Indian Institute of Science Education and Research, Department of Physical Sciences, Mohali, India

We present a microscopic electronic description of how antiskyrmions can be stabilized in a Dresselhaus spin-orbit
coupled magnetic metal. Furthermore, we show that the antiskyrmions can be tuned into Bloch skyrmions via a
change in sign of hopping integral. The results are based on the state of the art hybrid Monte Carlo simulations.
Origin of such topological textures is understood via an effective spin-only model. Our results uncover a novel
connection  between  two  very  distinct  topological  spin  textures  of  immense  current  interest,  and  present  a
microscopic explanation of skyrmion formation reported recently in certain magnetic Weyl semimetals.

Figure 1. Bloch skyrmions stabilization in modified Hamiltonian via a change in sign of hopping integral.
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Hole-doped cuprates are highly correlated materials well-known for their structural, charge, magnetic and 
superconducting properties. Their temperature vs. hole-doping phase diagrams have been scrutinized but much 
remains unknown, especially at low temperature where superconductivity hides the normal (i.e. non-
superconducting) ground state. The application of large magnetic fields has proven to be an efficient way to overcome 
this problem. Here we use ultrasound measurements up to 80 T, in order to probe the doping dependence of the low 
temperature ground state of the lanthanum-based cuprate La2-xSrxCuO4 (LSCO). The phase diagram of LSCO hosts 
a glassy antiferromagnetic (AFM) phase, which, in zero magnetic field, exists from a doping level p = 0.02 up to p ≈ 
0.135. We show that, once superconductivity is sufficiently suppressed by a magnetic field, this AFM glass actually 
exists up to a much higher doping level. We find that the AFM glass disappears at the critical doping level p* ≈ 0.19 
where the pseudogap ends. This means that the AFM-glass phase exists from the doped Mott insulator at p = 0.02 up 
to p* ≈ 0.19, which provides a connection between the pseudogap and the physics of the Mott insulator [1]. 
 
[1] M. Frachet, I. Vinograd et al., Nature Physics 16 1064 (2020) 
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Explaining the mechanism of superconductivity in the high-Tc cuprates requires an understanding of what causes 

electrons to form Cooper pairs. Pairing can be mediated by phonons, the screened Coulomb force, spin or charge 

fluctuations, excitons, or by a combination of these [1,2,3]. An excitonic pairing mechanism has been postulated 

[4,5], but experimental evidence for coupling between conduction electrons and excitons in the cuprates is scarce [6]. 

Here we use resonant inelastic x-ray scattering (RIXS) to monitor the temperature dependence of the d-d excitons 

spectrum of Bi2Sr2CaCu2O8-x (Bi-2212) crystals with different charge carrier concentrations. 

We observe a significant change of the d-d excitons spectra when the materials pass from the normal state into the 

superconducting state.  

From theoretical modeling, we determine the strength of the coupling between the electrons and the excitons. Our 

observations show that the coupling to excitons can be strong enough to play an important role in stabilizing the 

superconducting state. 
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The electronic and magnetic structure of high Tc superconductors is well but not perfectly described by the Hubbard 
model applied to a single CuO2 square lattice. The third dimension is however decisive in setting the energy of the 
main parameters, such as the ligand field spitting of 3d orbitals and the in-plane hopping integrals beyond the first 
neighbors. While the main super-exchange J1 and the hopping integral t are grossly the same in all cuprates, the next 
terms in the series (J2, J3, Jc; t’, t”) are sensitive to deviation from 180° of the Cu-O-Cu bridges and to the presence 
and distance of apical oxygen, i.e. to the third dimension. The infinite layer CaCuO2 is an almost ideal realization of 
the flat 2D CuO2 square lattice: very little buckling of the planes, no apical ligands, no space for extra oxygen in the 
Ca planes that would bring in doping but also disorder. Consequently, longer range hopping terms are particularly 
large in CaCuO2, leading to a ring exchange comparable in energy to J1 [1]. Using resonant inelastic x-ray scattering 
(RIXS) at the Cu L3 edge we studied the peculiarities of the orbital and magnetic excitations of CaCuO2. We found 
that dd excitations split into more terms than in the systems having localized electron states and the same local C4 
symmetry, and disperse in energy: they do not have a perfectly localized character because hopping depend on 
momentum, lifting degeneracy of dxz and dyz states. We also found that the collapse of the magnon excitation at the 
(½,0) X-point, common to all cuprates but stronger in CaCuO2, is not due to the dominance of multi-magnons but 
rather to the spill-over into a continuum of partly deconfined spinon-pairs. These results establish CaCuO2 as the best 
realization of the ideal 2D AF lattice with wide range hopping integrals, approaching the conditions for resonant 
bond solid or spin liquid realization while still showing a Néel AF ground state. 
 
[1] Y.Y. Peng, et al., Nature Physics 13, 1201 (2017). 
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The overdoped region of the cuprate phase diagram can display a number of unusual features in its electronic transport 

which seem to be unconnected to the pseudogap which strongly influences the electronic structure in the underdoped 

regime.  Here we show that the clean overdoped single-layer cuprate Tl2Ba2CuO6+δ displays charge density wave 

(CDW) order with a remarkably long correlation length 𝜉 ≈ 190Å which disappears above 𝑝𝐶𝐷𝑊 ≈ 0.265 .  As 𝑝 

is decreased through 𝑝𝐶𝐷𝑊  the Hall number 𝑛𝐻 starts to decrease, quantum oscillations disappear and the 𝑇-linear 

component in the resistivity becomes stronger.  We argue the first two of these phenomena are naturally explained 

by a Fermi surface reconstruction which accompanies the emergence of the CDW. Our results demonstrate the 

importance of charge correlations in overdoped cuprates and show that CDWs can occur in cuprates in the absence 

of the pseudogap. 
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Dynamics of the excitonic insulating (EI) phase, which is a macroscopic condensed state of electron-hole pairs 
(excitons), has been attracting interest. In the EI candidate material Ta!NiSe", it has been observed that the energy 
gap inherent in the excitonic order is changed by the photo-excitation [1,2]. This stimulated further theoretical studies 
of nonequilibrium phenomena in the EI phase such as the photo-control of excitonic order [3,4] and nonequilibrium 
EI phase [5]. Since these previous studies focus on normal crystalline system and the nontrivial dynamics has been 
understood in terms of the momentum space, it is unclear whether or not such dynamical properties are realized in 
quasicrystalline systems. It is instructive to study the quasicrystalline EI state [6] and explore the nonequilibrium 
phenomena peculiar to quasicrystals. 
We analyze the two-band Hubbard model on the two-dimensional Penrose tiling by means of the time-dependent 
real-space mean-field (MF) theory and study the time evolution of the photo-excited system.  First, we study the time 
evolution of the EI order parameter and confirm that the bulk average of order parameter behaves in the same way 
as in the square lattice [3].  Next, to clarify the characteristic dynamics of the Penrose tiling, we examine the 
coordination number (the number of bonds) dependence of physical quantities. It is found that in the BEC regime, 
charge fluctuations are enhanced. This oscillatory behavior does not appear in conventional periodic systems and are 
not prominent in the BCS regime. Furthermore, we analyze the dynamics of physical quantities in the perpendicular 
space, where we can discuss how the local environment affects local physical quantities. In this analysis, we clarify 
another difference of the dynamics between BCS and BEC regimes. In the BEC regime, we find that the pattern of 
EI order parameters is strongly related to the vertices, and is little changed by the photo-excitation. On the other hand, 
in the BCS regime, it is found that the pattern of order parameters reflecting the extensive structure of the Penrose 
tiling changes remarkably. From above results, we have revealed that the physical phenomena peculiar to the Penrose 
tiling appear in the nonequilibrium system [7]. 

 
[1] S. Mor, et al., Phys. Rev. Lett. 119, 086401 (2017). 
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[4] Y. Tanaka and K. Yonemitsu, Phys. Rev. B 102, 075118 (2020). 
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The out of equilibrium properties of strongly correlated electronic systems offer a fascinating playground for the 

search and the understanding of exotic electronic phases. As an example, it is possible to induce specific insulator to 

metal transitions (IMT) in Mott insulators by applying ultrafast optical excitations. Another method to push the 

system out of equilibrium is to apply strong electric field impulsions. Several types of IMT under electric field have 

been reported in Mott insulators, with strong potential for neuromorphic applications. However, the effect of strong 

electric field on Mott insulators needs to be clarified.   

I will present the high electric field response measured in a family of prototypical narrow gap Mott insulators GaM4Q8 

((M = V, Nb, Ta, Mo; Q = S, Se). These results will be discussed in the context of a two temperatures model involving 

an efficient thermalization through electronic in-gap states, which show that the low field non linearities and the 

resistive transition originate from the divergence of the electronic temperature above an electric field threshold [1]. 

Additionally, I will present recent measurements of the IMT in GaMo4S8 single crystals, obtained using a specific 

equipment, the Nanoprobe, composed of four independent scanning tunneling microscopes under the supervision of 

a high-resolution scanning electron microscope (SEM), which allows to probe the transition at the nanoscale.   

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

SEM picture of a GaMo4S8 single crystal and the 4 tips of the Nanoprobe 
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Equilibrium studies of how magnetic leads affect the transport through a quantum dot system in the Kondo regime 

has been well established over the last two decades. Non-equilibrium investigations into such systems have been 

limited by the lack of reliable theoretical framework applicable for accurate calculations of transport in far-from-

equilibrium conditions. This gap has been recently filled by a hybrid quench approach combining the Numerical 

Renormalization Group (NRG) and time-dependent Density Matrix Renormalization Group (tDMRG) methods in 

the matrix product state framework [1]. This method has the ability to treat the correlations exactly while keeping 

the system out of equilibrium.  Thus, in this work, we investigate the non-equilibrium spin-resolved transport 

properties of quantum dots (molecules) coupled to ferromagnetic leads using the hybrid NRG-tDMRG thermofield 

quench approach. In particular, we study the behavior of the zero-bias conductance peak, a characteristic feature of 

the Kondo effect, under various system parameters. In the absence of an exchange field, we observe that the lead 

spin polarization reduces the Kondo energy scale in the applied bias voltage, showing qualitative agreement to the 

analytical predictions [2]. However, when there is an exchange field in the system, the Kondo resonance gets 

suppressed and the zero-bias conductance peak becomes split with respect to the value of the exchange field. These 

split-Kondo peaks are further studied under the influence of various external parameters, such as applied magnetic 

field and temperature, to provide new insights into the behavior of the system out of equilibrium. Our work 

provides quantitatively accurate results for nonequilibrium behavior of quantum dot spin valves that may serve as a 

benchmark for future theoretical and experimental research. 

This work was supported by the Polish National Science Centre from funds awarded through the decision 

No.2017/27/B/ST3/00621. 
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Non-equilibrium properties of correlated quantum matter are being intensively investigated because of the rich 
interplay between external driving and the many-body correlations [1]. Of particular interest is the non-equilibrium 
behavior near a quantum critical point (QCP), where the system is delicately balanced between different ground 
states. We present both an analytical calculation of the non-equilibrium steady-state current in a critical system and 
experimental results to which the theory is compared [2]. The system is a quantum dot coupled to resistive leads: a 
spinless resonant level interacting with an Ohmic dissipative environment [3]. A two-channel Kondo-like QCP 
occurs when the level is on resonance and symmetrically coupled to the leads, conditions achieved by fine tuning 
using electrostatic gates. We calculate and measure the nonlinear current as a function of bias (I-V curve) at the 
critical values of the gate voltages corresponding to the QCP. The quantitative agreement between the experimental 
data and the theory, with no fitting parameter, is excellent (Fig. 1). As our system is fully accessible to both theory 
and experiment, it provides an ideal setting for addressing non-equilibrium phenomena in correlated quantum 
matter. 

 
 
 
 
 
 
 
 
 
 
 
 

Figure 1.Left: (a) Schematic of the system overlaid on a SEM image of a sample. A quantum dot is formed in the 
carbon nanotube (CNT) between the source and drain leads. These resistive leads create a dissipative environment 
for electrons tunneling through the dot. (b) Diagram of a quantum critical region as a function of a system 
parameter λ and temperature or voltage bias. (c) The RG flow of source and drain coupling (tS, tD) when the 
system is on resonance. For symmetric coupling, the flow is into the full-transmission (strong-coupling) fixed point 
(1,1) (path 1) which is the QCP. A slight detuning leads to a crossover to a trivial fixed point (path 2). In this work, 
we focus exclusively on path 1, which ends at the QCP. Right: Conductance measured in the full bias range 
presented as the deviation from perfect conductance 1−G(V,T) scaled by 1−G(V=0,T) and plotted vs the rescaled 
bias eV/kBT. Here G(V,T) is the differential conductance G=(h/e2) dI/dV for resistance  r=0.5. Gate voltages are 
tuned to their critical values; thus, for small V and T the system approaches its QCP (see path 1 in Figure 1 (b), (c)). 
Note the excellent agreement between the theory and data in both the crossover and power-law regimes. At 
larger V/T, non-universal effects begin to set in due to 1−G(V,T) becoming non-negligible compared with 1. 
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Tunable flat-band systems in moire superstructures, e.g., twisted bilayer graphene, show rich correlated phases such 
as superconductivity, Mott insulator, and ferromagnetism. In these materials, the nearly-flat band appears at the Fermi 
level when the twist angle between the two layers is at a certain angle called “magic angle.” Strong electron-electron 
interaction is naturally expected at the magic angle because of the narrow bandwidth. On the other hand, recent 
experiments also found evidence for enhanced electron-phonon interaction, such as the large T-linear resistivity in a 
wide range of twist angles, including the magic angle. The enhanced resistivity is an order of magnitude larger than 
those predicted in theoretical calculations. However, the mechanism of this enhancement remains controversial. 
 
Drawing inspiration from the Purcell effect in quantum optics, we discuss that a well-localized Wannier orbital 
realized in twisted bilayer graphene boosts the electron-phonon interactions. Recent electronic state calculation of 
twisted bilayer graphene finds that the nearly-flat band has a compact Wannier function, namely the Wannier 
function is localized in a small area of the Brillouin zone. This situation resembles the Purcell effect in quantum 
optics, in which the confinement of electrons to a quantum dot (or photons confined in a cavity) increases the 
electron-photon interaction. Similarly, we find that the localized Wannier orbitals in twisted bilayer graphene have 
a prominent effect on the electron-phonon interaction. In particular, reducing the effective orbital volume leads to 
enhancing the electron-phonon coupling strength, yielding values considerably larger than those known for 
monolayer graphene. The enhanced coupling boosts the electron-phonon scattering rates, pushing them above the 
values predicted from the enhanced spectral density of electronic excitations. The enhanced scattering rate 
manifests as the enhanced resistivity and electron-lattice cooling, increasing as large as tenfold [1]. Strengthening 
interactions by the reshaped Wannier orbitals provides unique means to control the electron-phonon interaction in 
moire bands. 
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Fig.1 Schematics of our model (left), calculated cooling power (center), and resistivity (right). 
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The magnetic properties of the rare-earth nitride series are determined largely by the occupation of the 4f electron 

shell [1]. However, in a select few members, the localized 4f states hybridize with the extended 5d states at the Fermi 

energy and thus also directly influence electrical transport [2-5]. Here we discuss a combined experimental and 

computational study of nitrogen-vacancy doped SmN. We show that the material crosses an insulator-to-metal 

transition as samples are increasingly doped with nitrogen vacancies (Figure 1). At low doping levels, the transport 

can be understood as variable range hopping between defect states, while at high doping levels extended state metallic 

transport is seen. In the intermediary 'anomalous metallic' region where transport is in a mixed 4f-5d band, there are 

indications of more exotic ground states, such as unconventional superconductivity [6], which furthermore may 

coexist with ferromagnetic order. 
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Mater. Sci, 58, 1316-1360 (2013). 

[2]  W. F. Holmes-Hewett, F. H. Ullstad, B. J. Ruck, F. Natali and H. J. Trodahl, Phys. Rev. B, 98, 235201 

(2018). 

[3]  W. F. Holmes-Hewett, R. G. Buckley, B. J. Ruck, F. Natali and H. J. Trodahl, Phys. Rev. B, 99, 205131 

(2019). 

[4] W. F. Holmes-Hewett, R. G. Buckley, B. J. Ruck, F. Natali and H. J. Trodahl, Phys. Rev. B, 100, 195119 

(2019). 

[5] Do Le Binh, B. J. Ruck, F. Natali, H. Warring, H. J. Trodahl, E.-M. Anton, C. Meyer, L. Ranno, F. Wilhelm 

and A. Rogalev, Phys. Rev. Lett., 111, 167206 (2013). 

[6] E. -M. Anton, S. Granville, A. Engel, S. V. Chong, M. Governale, U. Zülicke, A. G. Moghaddam, H. J. 

Trodahl, F. Natali, S. Vézian and B. J. Ruck, Phys. Rev. B. 94, 024106 (2016). 
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Superconductivity paired with topologically protected non-trivial electronic band structure has stimulated great 

research interest, which offers a promising platform to explore novel quantum states like topological superconductors 

and Majorana fermions. We report superconducting properties and electronic band structure of topological semimetal 

candidate SnTaS2. Polycrystalline samples of SnTaS2 were prepared via solid state reaction route following a sealed 

tube approach. SnTaS2 crystallizes in a centrosymmetric hexagonal structure (space group: P63/mmc). Ta occupies 

the trigonal-prismatic position coordinated with S atoms, and Sn accommodates the octahedral site, create alternative 

layers of TaS2 and Sn. Systematic studies show that SnTaS2 is a type-II superconductor with Tc ~ 2.8 K. The 

characteristic upper and lower critical fields are found to be µ0Hc2(0) = 1458 Oe and μ0Hc1(0) = 45.5 Oe respectively. 

First-principles calculations demonstrate signatures for nodal line band characteristics protected by the spatial-

inversion and time-reversal symmetries, which strongly gapped out by the inclusion of spin-orbit coupling (SOC). 

Our results suggest superconductivity in topological semimetal SnTaS2 provides an interesting arena to investigate 

the possibility for 3D topological superconductivity. 
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Anomalous transport in metallic unconventional clathrate BaNi2P4 
 

Makariy TANATAR1,2, Elizabeth H. KRENKEL1,2, E. I. TIMMONS1,2, S.L. BUD’KO1,2,  
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KOVNIR1,4, R. PROZOROV1,2 
 

1Ames Laboratory, Iowa State University, Ames, Iowa, USA 
2 Department of Physics and Astronomy, Iowa State University, Ames, Iowa, USA 
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The mechanism of anomalous electronic transport in metallic unconventional clathrate BaNi2P4 was studied 
following the evolution of the temperature-dependent resistivity of single crystals of the title compound 
with artificial disorder induced by low-temperature (20 K) 2.5 MeV electron irradiation. The tetragonal-
orthorhombic transition at Ts=378 K has a major impact on temperature-dependent resistivity, with standard 
metallic T-linear resistivity above the transition in the tetragonal phase and anomalous behavior in the low-
temperature orthorhombic phase. The transition is accompanied by a notable hysteresis in the measured 
magnetization. The Matthiessen rule is obeyed both above and below the transition, suggesting negligible 
changes in the electronic structure. This conclusion is supported by the smooth evolution of the Hall 
resistivity through the transition. Unlike conventional structural transitions, the transition here is prone to 
disorder with the transition temperature notably suppressed with electron irradiation. A possibility of charge 
density wave associated with structural transition will be discussed.  
 
This work was supported by the U.S. Department of Energy (DOE), Office of Science, Basic En-
ergy Sciences, Materials Science and Engineering Division. Ames Laboratory is operated for the 
U.S. DOE by Iowa State University under contract DE-AC02-07CH11358. The electron irradia-
tion was performed at the “SIRIUS” facility in Ecole Polytechnique, Palaiseau, France, a part of 
EMIR&A French national network of accelerators under proposal number #21-3700. 
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Majorana state in a pinned vortex at the surface of a topological insulator with proximity induced
superconductivity in a magnetic field

P. Schlottmann1

Department of Physics, Florida State University, Tallahassee, USA1

The metallic surface states of a strong topological insulator become superconducting via proximity with an s-wave
superconductor. Due to the magnetic field the states undergo Landau quantization. A zero-energy Majorana state
arises for the Landau level n=0 together with an equally spaced sequence of fermion excitations. The spin-
momentum locking due to the Rashba spin-orbit coupling is key to the formation of the Majorana state.  The local
density of states for the bound states and their spin-polarization is obtained [1].

[1] P. Schlottmann, European Physical Journal B, in print (2021).
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Subjecting a type-II superconductor to a magnetic field will cause the formations of quantized vortices.  The vortices 
introduce singularities in the order parameter and may be used as probes of the superconducting state in the host 
material.  Moreover, the structural and dynamical properties of vortex matter in general is of both fundamental 
interest as well as practical importance.  I will discuss our recent small-angle neutron scattering (SANS) studies of 
the vortex lattice (VL) in UPt3 from both of the above-mentioned perspectives. 
Topological properties of materials are of fundamental as well as practical importance.  Of particular interest are 
unconventional superconductors that break time-reversal symmetry, for which the superconducting state is protected 
topologically and vortices can host Majorana fermions with potential use in quantum computing.  However, 
identification of broken time-reversal symmetry (BTRS), a key component of chiral symmetry, of the 
superconducting order parameter has presented a challenge in bulk superconductors.  The two leading candidates for 
bulk chiral superconductors are UPt3 and Sr2RuO4, although evidence for BTRS comes largely from surface-sensitive 
measurements and have recently been called into question for the latter.  In our SANS studies of UPt3 we discovered 
a previously unknown non-monotonic VL rotation in the so-called B-phase with increasing field [1].  Furthermore, 
the VL rotation depends on the field history, demonstrating that the vortices possess an internal degree of freedom 
and providing direct evidence for bulk BTRS in this material. 
In an idealized scenario, vortices will arrange themselves in a perfectly ordered VL due to their mutual repulsion.  In 
reality, however, thermal effects and/or pinning to material defects is always present, and the balance between these 
competing factors determines the structural and dynamic properties of vortex matter.  This leads to a complex, high-
dimensional phase diagram, where transitions between different states are driven not only by changes in intensive 
quantities, such as the field or temperature, but also the amount of imperfection or impurities which affect the vortex 
pinning.  In UPt3 the VL undergoes a gradual disordering on a time scale of tens of minutes as it is subjected to a 
beam of cold neutrons [2].  The disordering is due to local heating events caused by neutron induced fission of 235U, 
which leaves an increasing fraction of the sample in a quenched vortex glass state.  The disordering rate is 
proportional to the vortex density, suggesting a direct relation to collective VL properties such as the elastic moduli.  
While the system does not spontaneously re-order once the local heating has been dissipated, it is possible to re-
anneal the VL by the application of a small-amplitude field oscillation.  This shows that no permanent radiation 
damage of the UPt3 crystal occur within experimental time scales.  Our results demonstrate a novel avenue for vortex 
matter studies, allowing an introduction of localized and reversible quenched disorder. 
 
[1] K. E. Avers et al., Nat. Phys. 16, 531 (2020). 
[2] K. E. Avers et al., arXiv:2103.09843. 
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In strongly correlated systems the strength of Coulomb interactions between electrons plays a central role in 
determining their emergent quantum mechanical phases. Specifically, while electrons in free space have a Coulomb 
interaction energy that decays monotonically with distance, in solids, where the electrons move in a polarizable 
crystal, the effective Coulomb interaction may be non-monotonic, with a minimum at a finite length. This general 
concept of how electrons in solids interact may be key to understanding the emerging electronic phases of strongly 
correlated quantum materials. For instance, a non-monotonic behavior may result in an attractive interaction that 
could lead to superconductivity or density wave order.  
We performed resonant x-ray scattering on Bi2Sr2CaCuO8+x, a prototypical cuprate superconductor, to probe 
electronic correlations within the CuO2 plane. We discovered a dynamic quasi-circular pattern in the x-y scattering 
plane with a wave vector radius that is determined by the minimum of the Coulomb potential [1], as shown in Fig. 1 
panels (a) and (b), respetively. Furthermore, this radius exactly matches the wave vector magnitude of the well-
known static charge order patterns. Along with a comprehensive set of doping- and temperature-dependent 
measurements, our experiments reveal a picture of charge order competing with superconductivity where short-range 
domains along x and y are allowed to dynamically rotate into any other in-plane direction [1].  
 

 
Fig. 1: (a) RIXS intensity in the qx-qy plane integrated over the [-0.4,0.9] eV range and normalized to the total 
fluorescence. (b) The structure of the Coulomb interaction V(q), calculated taking into account both short- and long-
range interaction. 
 
[1] Boschini et al. Nature Communications 12, 597 (2021)  
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Non-symmorphic symmetry and field-driven odd-parity pairing in CeRh2As2  
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Recently, evidence has emerged for a field-induced even- to odd-parity superconducting phase transition in CeRh2As2 

[1]. Here we demonstrate that the P4/nmm non-symmorphic crystal structure of CeRh2As2 is essential to enable the 

even- to odd-parity transition. The non-symmorphic symmetry ensures the existence of large spin-orbit interactions 

near the Brillouin zone boundaries, which naturally leads to the near-degeneracy of the even- and odd-parity channels. 

We illustrate our theory using a DFT-inspired model of the band structure. Finally, we comment on the relevance of 

our theory to FeSe, which crystallizes in the same structure. 

 

[1] S. Khim, J. F. Landaeta, J. Banda, N. Bannor, M. Brando, P. M. R. Brydon, D. Hafner, R. Küchler, R. Cardoso-

Gil, U. Stockert, A. P. Mackenzie, D. F. Agterberg, C. Geibel, and E. Hassinger, “Field-induced transition from even 

to odd parity superconductivity in CeRh2As2,” (2021), arXiv:2101.09522 [cond-mat.suprcon], to appear in Science 
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The coexistence of superconductivity and magnetism has been a long-standing issue in the field of superconductivity 
due to the antagonistic nature of these two ordered states. Magnetic superconductors are specific materials exhibiting 
the two antagonistic phenomena whose mutual interaction induces various emergent phenomena, such as the re-
entrant superconducting transition associated with the suppression of superconductivity around the magnetic 
transition temperature (Tm), highlighting the impact of magnetism on superconductivity. Recently, iron-based 
superconductors containing Eu (Eu-IBSs) have attracted attention as a new class of magnetic superconductors [1]. 
Eu-IBSs are characterized by higher critical temperature (Tc, up to 37 K) and Tm (~15-20 K) compared to other 
magnetic superconductors. The coexistence of superconductivity and magnetism extends over a wider range of 
temperatures and magnetic fields, allowing us to conduct experiments using various probes. Among Eu-IBSs, 
EuRbFe4As4 [2] shows highest Tc and upper critical field comparable to the non-magnetic CaKFe4As4 which has a 
strong vortex pinning ability [3], hence a unique interplay between pinned vortices and local magnetic moment is 
expected. Here we present the experimental observation of the ferromagnetic order induced by superconducting 
vortices in EuRbFe4As4. Although the ground state of the Eu2+ moments in EuRbFe4As4 is helimagnetism below Tm 
[4], neutron diffraction and magnetization experiments show a ferromagnetic hysteresis of the Eu2+ spin alignment. 
We demonstrate that the direction of the Eu2+ moments is dominated by the distribution of pinned vortices based on 
the critical state model. Moreover, we demonstrate the manipulation of spin texture by controlling the direction of 
superconducting vortices [5]. 

 
[1] S. Zapf and M. Dressel, Reports Prog. Phys. 80, 016501 (2017). 
[2] K. Kawashima, et al., J. Phys. Soc. Jpn. 85, 064710 (2016). 
[3] S. Ishida, et al. npj Quantum Materials 4, 27 (2019). 
[4] K. Iida, et al., Phys. Rev. B 100, 014506 (2019). 
[5] S. Ishida, et al. to be published in Proc. Natl. Acad. Sci. USA 
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 (1 blank line) 
It is well established that antiferromagnetic spin fluctuations can drive superconductivity (SC). This spin fluctua-

tion mechanism was extensively discussed in a wide variety of materials such as heavy electron systems, iron-
based superconductors, and cuprate superconductors.  

Here we revisit the superconducting instability mediated by spin fluctuations in a generic electron system on a 
square lattice. We employ the standard Eliashberg theory, include the electron self-energy, keep a fine momentum 
resolution, and achieve numerical calculations down to very low temperatures so that the onset temperature of SC 
(Tc) can be determined. We find that spin fluctuations necessarily contain a contribution to suppress SC even 
though the superconducting instability can eventually occur at lower temperatures. This self-restraint effect stems 
from the repulsive pairing interaction induced by spin fluctuations, which leads to phase frustration of the pairing 
gap and consequently the suppression of SC. We find that the self-restraint effect reduces Tc nearly 20 % in a mini-
mal two-band model of iron-based superconductors [1] and nearly 50 % in a typical one-band model applicable to 
overdoped cuprates and heavy electron systems [2]. Our results suggest that although spin fluctuations can drive  
SC, its Tc in general tends to become low due to the self-restraint effect. In this sense, some favorable situation 
would be required to achieve high Tc in the spin fluctuation mechanism, which will be discussed in the present 
talk. The self-restraint effect is a special feature of spin fluctuations and does not occur when SC is driven by the 
attractive pairing interaction from, for example, nematic fluctuations, orbital fluctuations, and electron-phonon cou-
pling.    
 
[1] H. Yamase and A. Agatsuma, Phys. Rev. B 102, 060504(R) (2020). 
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Magnetic instabilities and Kondo lattice behaviour of YbPt5B2, a new boride compound
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Novel ternary platinum borides YbPt5B2, LuPt5B2 and YPt5B2 have been synthesized by arc melting of constituent
elements and subsequent annealing at 1020 K. The unit cell  of  YbPt5B2 (space group  C2/m,  a=15.4982(6)  Å,
b=5.5288(3)  Å,  c=5.5600(3)  Å,  β=105.367°, single crystal X-ray diffraction data) is composed of two structural
fragments alternating along the a axis and extending infinitively along the b axis: (i) condensed via common edges
columns of face-fused boron filled and empty trigonal prisms, and (ii) zig-zag chains of trigonal prisms connected
by common edges. YPt5B2 and LuPt5B2 were found to be isotypic (Rietveld refinement of powder X-ray diffraction
data). YbPt5B2 exhibits two magnetic phase transitions at T ~ 8 K and T ~ 4 K as deduced from specific heat, mag-
netostriction, electric resistivity and magnetization data. Externally applied magnetic fields are responsible for fur-
ther field induced phase transitions. The quite complex magnetic features appear to be the result of RKKY interac-
tion and the Kondo effect in context of crystalline electric field effects. A magnetic phase diagram is  established
using specific heat, magnetostriction and magnetoresistance data. The nonmagnetic isotypes LuPt5B2 and YPt5B2 d
are characterised by a simple metallic behavior.
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The study of collective phenomena raising from enhanced coupling between electrons and phonons is focussed on 

materials which exhibit phase transitions involving both, electronic and lattice-degrees of freedom. One system 

providing such a strongly coupled phase transition is EuPd2Si2 of the ThCr2Si2 structural type. This compound  shows 

a temperature induced valence transition of europium between the energetically vicinal valence states Eu2+ and Eu3+ 

at about 170 K [1] which is connected to a strong change in the a lattice parameter. First reports on the synthesis of 

single crystals came up only recently [2], but a deep investigation of the valence transition in this compound is still 

missing, especially the location of the system in the generalized phase diagram is under investigation. We aim to tune 

the system by negative chemical pressure towards a possible second order critical endpoint in this phase diagram via 

substitution of Si by Ge.  
We applied the Czochralski method using a levitating melt under enhanced Ar pressure for the successful growth of 

mm-sized single crystals of EuPd2Si2. Recently, this procedure was developed and successfully applied to the single 

crystal growth of the ferromagnetic quantum-critical compound YbNi4P2 [3]. In this contribution, we will present the 

characterization of EuPd2Si2 crystals as well as of the Ge substituted system EuPd2(Si1-xGex)2 for different substitution 

levels x. The combination of careful chemical and structural analysis with magnetization, thermodynamic and 

transport measurements shows that EuPd2Si2 grows in a homogenity range and that the physical properties are very 

sensitive to minor changes in the composition of the sample.  
 

                   
 
Left: Generalized phase diagram for Eu compounds [2]. Middle: Czochralski growth from a levitating melt under 

enhanced Ar pressure. Inset a): Sharp spots in the Laue pattern reveal the high crystallinity of the oriented YbNi2P2 

single crystal (inset b).  Right: As grown EuPd2Si2 sample (bottom) and extracted single crystal (top). 

 
[1] E. V. Sampathkumaran et al., Journal of Physics C 14, L237 (1981). 
[2] Y. Onuki et al., Philosophical Magazine 97, 3399 (2017). 
[3] K. Kliemt, C. Krellner, J. Cryst. Growth 449, 129 (2016). 
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A strong magnetoelastic effect is observed in the CeCo1-xFexSi alloys. The strength of the magnetostrictive effect is 

deeply affected by moderate changes in the iron content x. The average low-temperature linear magnetostriction 

observed at low Fe concentrations (x ≈ 0.15) is increased by an order of magnitude (L/L (16T, 2K) ≈ 3 × 10
−3

) 

around the critical concentration xc ≈ 0.23 at which the long-range antiferromagnetic order vanishes. Upon increa-

sing doping through the nonmagnetic region (x > xc), the magnetostriction strength weakens again. The interplay 

between magnetic order and the Kondo screening appears to cause an enhanced valence susceptibility slightly 

changing the Ce ions valence, ultimately triggering the large magnetostriction observed around the critical concen-

tration. Previous studies of the evolution of the lattice parameters with x as well as magnetization and x-ray ab-

sorption spectroscopy measurements support this hypothesis.  
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New results on the Kondo effect in systems with atoms and molecules on
metallic surfaces

Aligia A. A.
Centro Atómico Bariloche, CNEA, CONICET, ARGENTINA

After a brief introduction to the Kondo effect, I will briefly present the main arguments used so 
far to explain the presence of a peak or a dip in the differential conductance  dI/dV near V=0 
observed by STM.
Recently, interpreting experiments for Co on Cu(111), in which an antiresonance in dI/dV at 
V=0 AND a resonance near the bottom of the conduction band are observed, we conclude by 
NRG calculations that the STM tip “sees” mainly the Co s electrons and the dip is due to 
interference effects [1]. See Fig. 1. This is confirmed by recent ab initio calculations [2].
In addition, from other NRG calculations in a spin-1 two-channel Kondo model with anisotropy 
D(SZ)2 we find a TOPOLOGICAL QUANTUM PHASE TRANSITION in which the Kondo 
peak is suddenly turned to a dip with increasing D [3]. See Fig. 3. For large D the system is in a 
“non-Landau” Fermi liquid phase not adiabatically connected to a non-interacting system.
Extending the theory to non-equivalent orbitals and non-zero magnetic field we can explain 
several relevant experiments in Fe phthalocyanine [4].

[1]   J. Fernández, P. Roura-Bas, and A. A. Aligia, Phys. Rev. Lett.
126, 046801 (2021).

[2]  M. S. Tacca, T. Jacob, and E. C. Goldberg, Phys. Rev. B 103, 245419 (2021).

[3] G. G. Blesio, L. O. Manuel, P. Roura-Bas, and A. A. Aligia, Phys. Rev. B 98, 195435 
(2018); Phys. Rev. B 100, 075434 (2019).

[4]  R. Zitko, G. G. Blesio, L. O. Manuel, and A. A. Aligia, ArXiv:2105.13248, submitted to 
Nature Commun.
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Fig. 1. Differential conductance  for                 Fig. 2. Spectral density of the two-channel S=1 
Co on Cu(111). Black: experiment.                  Kondo model for different anisotropy D.               
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We study the one-dimensional two-channel Kondo lattice model using density matrix renormalization group method. 

Extending the earlier work [1], we show that algebraic hastatic density wave order appears generically for strong 

coupling, leading to a rich phase diagram fundamentally different from the one-dimensional single-channel Kondo 

lattice. The hastatic phases are metallic away from quarter filling and we show that they correspond to different heavy 

Tomonaga-Luttinger liquids with Fermi surface wave-vectors unrelated to light or heavy wave-vectors in the single-

channel Kondo case. Numerical results are compared with large-N mean-field predictions and an additional vectorial 

order parameter associated with hastatic order is detected which we ascribe to the unique spinorial nature of the order 

[2]. 
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Ce/Yb-based intermetallic compounds with a large Kondo temperature TK exceeding 100 K are known to show a 

non-magnetic Fermi liquid ground state. The equiatomic compounds CeTSn (T = Rh, Ir) where Ce ions form a quasi-

kagome lattice have TK ~ 240 K (Rh) and 480 K (Ir) [1]. These huge TKs indicate CeTSn are a valence fluctuating 

materials as we confirmed by hard X-ray photoelectron spectroscopy. Despite the strong valence fluctuation, CeTSn 

exhibit non-Fermi liquid behaviors below 2 K, implying magnetic 

instabilities [2,3].  
 Such Ce-based valence fluctuating materials are expected to show 

positive thermal expansion coefficient  and magnetostriction one 

. However, in CeIrSn, we observed negative  and  below T * ~ 

2 K [4]. The negative sign in  changes to positive by crossing 

metamagnetism at 6 T as shown in the figure. These characters in 

 and  are resemble to those in Ce-based antiferromagnets in spite 

of the absence of the magnetic long-range order. Indeed, muon spin 

relaxation measurements revealed the internal field by the 

magnetic correlations below T*. Our studies clarify the 

development of the hidden magnetic correlations deep inside the 

non-magnetic-like valence fluctuating state in CeIrSn with TK ~ 

480 K.  
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[4] Y. Shimura, A. Wörl, M. Sundermann et al., Phys. Rev. Lett. 126, 217202 (2021). 
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Figure: Volume magnetostriction coefficient  

in CeIrSn under the magnetic field parallel to 

the a axis of the kagome lattice.  
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Iridates provide a fertile ground to investigate correlated electrons in the presence of strong spin-orbit coupling. 

Bringing these systems to the proximity of a metal-insulator quantum phase transition is a challenge that must be met 

to access quantum critical fluctuations with charge and spin-orbital degrees of freedom. Here, electrical transport and 

Raman scattering measurements provide evidence that a metal-insulator quantum critical point is effectively reached 

in 5 % Co-doped Sr2IrO4 with high structural quality. The dc-electrical conductivity shows a linear temperature 

dependence that is successfully captured by a model involving a Co acceptor level at the Fermi energy that becomes 

gradually populated at finite temperatures, creating thermally-activated holes in the Jeff=1/2 lower Hubbard band. 

The so-formed quantum critical fluctuations are exceptionally heavy and the resulting electronic continuum couples 

with an optical phonon at all temperatures. The magnetic order and pseudospin-phonon coupling are preserved under 

the Co doping. This work brings quantum phase transitions, iridates and heavy-fermion physics to the same arena 

[1].  
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Single crystals of the triangular lattice Heisenberg antiferromagnet (TLHAF) Ca3NiNb2O9 and its non – magnetic 

analogue Ca3MgNb2O9 were grown using the four - mirror optical float zone furnace. Here we have studied the 

influence of various growth atmospheres and pulling rates on the crystal quality and phase homogeneity. Both the 

compounds melt congruently and the grown crystal specimens suffer from cracks when the crystal boule is cooled, 

thus making it difficult to obtain large single crystalline pieces. To overcome this difficulty, an after – heater was 

used to reduce the formation of cracks. Interestingly, the crystal boule of Ca3NiNb2O9 exhibits two regions of distinct 

colors and optical opacities i.e., opaque black and translucent green. Further, the as - grown, opaque, black specimen 

was subjected to air annealing at 1200oC for 24hrs, wherein its appearance changed from black to translucent green, 

without any change of weight. Low temperature specific heat and magnetization measurements carried out on the as 

- grown black sample (AGO) and the air annealed sample (ANT) revealed contrasting ground state properties. While 

the as - grown specimen exhibits a broad hump close to 10 K in specific heat measurement, the air annealed sample 

showcases two transitions at TN1 = 4.6 K and TN2 = 4.3 K, in agreement with the previous reports by J Ma et al [1]. 

Moreover, room temperature synchrotron XRD further revealed that AGO specimen crystallizes in a higher 

symmetric orthorhombic space group while the ANT specimen crystallizes in the reported monoclinic space group. 

Thus, the ground state of this triangular lattice system is very sensitive to the growth conditions and annealing 

experiments help recover the properties reported for the polycrystalline sample. 
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Diversity of exotic ground-states in rare-earth A2Ir2O7 oxides originates primarily from the geometrical frustration of 
magnetic moments on pyrochlore lattice (F d -3 m, no. 227), and from the competition and delicate balance between 
exchange, dipolar and spin-orbit interactions in the system. Frustration of antiferromagnetically coupled moments 
leads in many cases to exotic states, e.g. the chiral spin liquid state in Pr2Ir2O7 [1]. The influence of spin-orbit coupling 
on the magnetic and electronic states and often weak or intermediate electron Coloumb correlations in iridates 
generate topologically insulating phases, e.g. topological Mott insulator or topological band insulator, a Weyl 
semimetal state and Fermi-arc surface states [2]. The f-d exchange (between A and Ir spins) could lead to anisotropy-
tuned magnetic order, as in Er2Ir2O7 and Tb2Ir2O7 [3], or giant magnetoresistance, observed in Nd2Ir2O7 [4]. The 
iridium sublattice orders magnetically at higher temperatures in all so far studied iridates, except Pr2Ir2O7 [2]. The 
magnetic order is supposed to be a long-range all-in-all-out (AIAO) order, however short-range correlations between 
Ir4+ magnetic moments have also been proposed [3]. Very recently, neutron diffraction experiments on Yb2Ir2O7 and 
more importantly Lu2Ir2O7 revealed several magnetic peaks consistent with the AIAO magnetic structure of the 
iridium sublattice [5]. Although significant attention has been dedicated to the rare-earth iridate pyrochlores in last 
years, our knowledge on these systems is still in an early stage and further experimental and theoretical effort is to 
be devoted to the topic. 
The present study is focused on a systematic investigation of magnetic properties of the heavy rare-earth A2Ir2O7 
pyrochlore oxides with A = Er – Lu, including, the so-far-unreported, Tm2Ir2O7. The iridates were investigated by 
means of specific heat, magnetization and ac-susceptibility measurements at temperatures down to 0.4 K. The 
magnetic ordering of the iridium sublattice at high temperature for all investigated analogues was confirmed by an 
anomaly in specific heat, bifurcation of zero-field-cooled and field-cooled magnetization and an anomaly in ac-
susceptibility data. A2Ir2O7 with A being a magnetic ion revealed, moreover, the low-temperature anomalies ascribed 
to magnetic ordering (rather short-range) of A3+ magnetic moments. The measured physical properties and their 
development with A were discussed in respect with crystal field schemes, either determined from inelastic neutron 
scattering data or scaled utilizing previous results. Dynamical response of the system indicates rather short-range 
ordering of both magnetic sublattices, which is however at least in the case of A = Yb and Lu in disagreement with a 
previous neutron diffraction study [5]. Different time-scales could play a role, assuming the Ir moments fluctuate 
slow enough to appear static to neutrons, and fast enough to induce a frequency dependence of the ac-susceptibility 
signal. The experimental data are supported by DFT calculations. 
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[4] K. Matsuhira, M. Tokunaga, M. Wakeshima, Y. Hinatsu, S. Takagi, J. Phys. Soc. Japan 82, 023706 (2013). 
[5] H. Jacobsen, C.D. Dashwood, E. Lhotel, D. Khalyavin, P. Manuel, R. Stewart, D. Prabhakaran, D.F. McMorrow, 
A.T. Boothroyd, Phys. Rev. B 101, 104404 (2020). 
 
E-mail for corresponding author: mi.klicpera@mag.mff.cuni.cz 
 
 
 
 

https://proceedings.science/p/132271
Powered by TCPDF (www.tcpdf.org)

https://proceedings.science/p/132271
http://www.tcpdf.org


 

 

Magnetic monopole density and antiferromagnetic domain control in spin-ice  

 
Kathrin GOETZE1, Matthew J. PEARCE1, Attila SZABÓ2,3,4, Tycho SIKKENK2,5, Martin R. LEES1, Andrew T. 

BOOTHROYD3, Dharmalingam PRABHAKARAN3, Claudio CASTELNOVO2, and Paul A. GODDARD 
 

1Department of Physics, University of Warwick, UK. 
2TCM Group, Cavendish Laboratory, University of Cambridge, UK. 

3Department of Physics, University of Oxford, 

Clarendon Laboratory, Oxford, OX1 3PU, UK. 
4ISIS Facility, Rutherford Appleton Laboratory, 

Harwell Campus, Didcot, OX11 0QX, UK. 
5Utrecht University, The Netherlands. 

 

Pyrochlore iridates RE2Ir2O7 (with RE - rare earth) exhibit a number of interesting electronic and magnetic properties 

thanks to their geometrically frustrated lattice [1,2]. Their structure consists of corner-sharing tetrahedra of RE and 

Ir ions, respectively, and of oxygen octahedra that surround each Ir. As opposed to the spin-ice forming titanates, in 

RE2Ir2O7 both the RE and the Ir are magnetic. This additional complexity leads, for example, to a metal-to-insulator 

(MIT) transition below 150 K in most RE2Ir2O7 systems which is accompanied by all-in all-out order of the Ir spins 

[3], and to anisotropic behaviour in applied magnetic field. 

We present magnetisation M and electrical transport R measurements on Ho2Ir2O7 single crystals at low temperatures 

down to 0.5 K and in magnetic fields up to 15 T. These experiments are complemented by dipolar Monte Carlo 

simulations of the field-dependence of magnetisation and monopole density. [4] 

A MIT was found to occur at 85 K and the field-dependent measurements M(H) and R(H) show strongly anisotropic 

and hysteretic behaviour, indicating the formation of magnetic monopoles for H||[111] and the occurrence of two 

types of domains with antiferromagnetic Ir order. The comparison to simulations allows us to draw conclusions about 

the relation between experimental M and R data, correlations of the Ir and RE moments, and the monopole density. 

Moreover, we find that the ratio between the two afm domains can be manipulated in a controlled manner by the 

application of an external magnetic field. 
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Spin ice and more generally Coulomb phases are emergent states of matter that attract sustained attention in physics. 

Such systems lack long range order, yet the ground state is formed, at the classical level, by degenerate configurations 

which satisfy a local organizing principle. In the famous example of spin ice, this organization principle is known as 

the “ice rule” and states that each tetrahedron (building the pyrochlore structure of these materials) should have two 

spins pointing in and two spins pointing out. Even more fascinating, the ice rule constraint can be interpreted as the 

divergence-free condition of an emergent fictitious magnetic field, while quantum fluctuations are expected to give 

rise to an emergent associated electric field. This is the starting point of theoretical approaches pointing to emergent 

electrodynamics in quantum spin ice and more generally U(1) quantum spin liquids [1]. The route to stabilize such 

quantum spin liquid phases is to introduce transverse couplings, as opposed to Ising coupling terms at play in classical 

Coulomb phases. However, if too large, these transverse terms are expected to stabilize ordered phases. In this con-

text, the question whether classical ordered phases may be stabilized out of Coulombic phase via a Higgs mechanism, 

has become an important issue. In this presentation, we tackle this question experimentally in Nd2Zr2O7 [2]. This 

pyrochlore magnet is indeed an excellent candidate to explore this physics: its ground state is known to be antiferro-

magnetically ordered in the so-called all-in all-out (AIAO) state, but its paramagnetic phase above the ordering tem-

perature remains enigmatic and could be a novel example of Coulomb phase [3]. Recently, it has been proposed that 

the transition from this possible Coulomb phase towards the AIAO phase could be driven by a Higgs mechanism [4]. 

We have performed a careful study of the dynamics and of the magnetic correlations below and above the transition 

temperature (TN = 300 mK) using high resolution inelastic and polarized neutron scattering experiments. We confirm 

the coulombic nature of the phase above the ordering temperature, yet its organizing principle is different from ca-

nonical spin ice. In addition, we show that in this Coulomb phase, the spin dynamics contains features typical of the 

low temperature AIAO phase, i.e. a gapped spin ice-like at mode and dispersing spin waves. Our observations suggest 

that the transition arises in the thermal regime of the Coulomb phase and is likely not a Higgs mechanism.  
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Conflicting interpretations of experimental data have challenged the understanding of the
quantum magnetic phase of spin-orbit coupled d2 double pervoskites. Whether the ground
state  is  a  Janh-Teller-distorted  order  of  electric  quadrupoles  with  antiferromagnetic
arrangement of magnetic dipoles or the hitherto elusive magnetic octupolar order remains
debated.  We  resolve  this  uncertainty  through  direct  calculations  of  all-rank  inter-site
exchange interactions  and inelastic  neutron  scattering  cross-section  including octupolar
contributions  for  the  d2  double  perovskite  series  Ba2MOsO6  (M=  Zn,  Mg,  Ca)  using
advanced many-body first principles methods.

We investigate  the  magnetic  properties  of  such  compounds  both  by  means of  Density
Functional  Theory  (DFT)  +  dynamical  mean  field  theory  (DMFT)  and  by  purely  DFT
calculations with a new approach that consists in the constrain of the onsite density matrix,
as obtained via DFT + DMFT solution, in order to mimic the octupolar order of magnetic
multipoles. We observe a ground state formed by ferro-ordered octupoles coupled within
the  ground-state  Eg doublet and  compare  this  result  to  conventional  type-a
antiferrromagnetic phase. Furthemore, we compute the ordering temperature of the single
second-order phase-transition and of the gapped excitation spectra, which are proven to be
fully  consistent  and  in  agreement  with  experimental  observations.  Finally,  we  studied,
within the DFT framework, the possibility of these systems to undergo a cubic-to-tetragonal
transition, finding no such evidence.
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Filled skutterudite compounds with the general formula RT4X12 (R = rare-earth metal, actinide, etc., T = Fe, Ru, and 
Os, X = P, As, and Sb) crystallize with a body-centered cubic structure of the space group Im-3 (T5h, No. 204) [1]. 
The compounds have revealed a wide variety of strongly correlated electron behaviors, such as unconventional 
superconductivity, anomalous metal-insulator transition and multipole ordering [2]. The filled skutterudite 
compounds containing light rare earths, especially Pr-based and Sm-based compounds, have been actively studied. 
However, few studies were reported for the compounds containing heavy rare earths due to difficulties of sample 
preparation so far. We have succeeded in several heavy rare-earth filled skutterudite by a high-pressure synthesis 
method. The compound DyRu4P12 prepared under high pressure exhibits an anomaly due to an antiferromagnetic-
like transition at 15 K with an upturn of resistivity due to Fermi surface instability [3]. In this study, the magnetic 
phase diagram of the compound was investigated in detail. An analysis of crystal electric field ground state and the 
phase diagram suggest that the low temperature magnetic phase of DyRu4P12 is due to the coupling between the 
multipole moment and the dipole moment. 
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The CeMIn5 (M = Co, Rh, Ir) family has been relentlessly studied owing to its complex phase diagram, an 

outcome of the competition between the Ruderman–Kittel–Kasuya–Yosida interaction, Kondo and crystalline 

electric field (CEF) effects [1]. The latter is heavily tuned by the system’s dimensionality. Therefore, following the 

changes of the crystal field in a system with a fundamentally different dimensionality, such as the Ce2MIn8 (M = Rh, 

Ir), could be key to comprehending their role on the emergence of exotic phenomena. Lately, plenty of evidence 

came to light that the orbital contribution and symmetry properties of the CEF ground state wavefunction of Ce ions 

may ultimately determine the main physical properties of these Ce-based families [2,3]. The magnetic structure (in 

particular the ordered moment’s direction) can provide valuable information about the system’s CEF through single 

ion anisotropy. However, the magnetic structure of the Ce2Rh1-xIrxIn8-yCdy alloys and their CEF scheme remain to be 

explored in greater detail. 

The physical properties of the Ce2Rh1-xIrxIn8 series and the effects of Cd substitution in Ce2MIn8 have been 

previously investigated [4,5]. It has been shown that Ir doping apparently suppresses the antiferromagnetic (AFM) 

state and induces a superconducting and a spin-glass phase in the Ir-rich compounds. This evolution sees an increase 

of hybridization and hints at modifications in the CEF scheme. Cd doping, contrarily, favors AFM for M = Rh and 

suppresses superconductivity for M = Ir. Similar to the CeMIn5 compounds, Cd in these systems seems to mainly 

perform electronic tuning of the ground state [6,7,8].   

In this work, we performed neutron magnetic diffraction in pure and Cd doped Ce2Rh0.5Ir0.5In8-yCdy (TN = 2.0 

K, y = 0 and TN = 4.2 K, y = 0.21) and discuss the physical properties of other Ce2Rh1-xIrxIn8-yCdy alloys. By 

constraining the investigation of the CEF effects with the moment’s direction, we analyzed high-temperature 

magnetic anisotropy using a mean field model with tetragonal CEF and exchange interactions. In accordance with 

previous results, the presence of Cd leads the magnetic moment to rotate toward the ab-plane and lower the energy 

of the excited CEF states. Ir-doping seems to increase the CEF levels’ separation and hybridization, notably rotating 

the moment to the basal plane as well. These studies enabled us to propose crystal field schemes and some general 

trends over the separation of crystal field levels, shedding light over the origin of the disordered state in Ir-rich 

compounds and suggesting that the Ce2MIn8 compounds may not follow the same Rh-Ir trend as the CeMIn5 

compounds. 
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Since the discovery of a mysterious phase transition in URu2Si2 [1], elucidation of the order parameter for the 

“hidden order” has been a main subject in condensed matter physics. The 4f electron system CeCoSi is also a potential 
candidate exhibiting an extraordinary order parameter. It crystallizes into the tetragonal CeFeSi-type structure 
(P4/nmm, D4h

7, No. 129), where the spatial inversion symmetry is locally absent at the Ce site [2]. This compound 
undergoes an antiferromagnetic (AFM) ordering at TN = 9.4 K [3], and recent experimental study using single 
crystalline samples revealed a presence of another phase transition at T0 ~ 12 K [4]. Since T0 shifts to higher 
temperature side with the application of a magnetic field, at least up to 7 T, it is suggested that the ordering at T0 
corresponds to an antiferroquadrupolar (AFQ) ordering of the Ce-4f electron. M. Yatsushiro et al. pointed out that 
such antiferroic orderings on the Ce sites in CeCoSi can be regarded as cluster-type odd-parity multipole orderings 
[5]. From the very recent NQR and NMR studies, the possibility of the electric multipolar ordering at T0 has been 
indicated [6]; however, the order parameter of the T0 ordering in CeCoSi is still controversial.  In the present research, 
we performed the linear thermal expansion measurements along the <100> direction in tetragonal structure under 
magnetic field B up to 14 T for a single crystalline CeCoSi in order to investigate the symmetry of the order parameter 
of the T0 ordering from the point of view of lattice distortion. The linear thermal expansion DL<100>/L was measured 
by the two-gauge active dummy method. Figure 1 shows the temperature dependence of DL<100>/L at B = 0 and 14 T 
in CeCoSi. Here, B was applied parallel to the <100> direction (L || B || <100>). The data at B = 0 T shows a steep 
expansion near T0. As the magnetic field increases, T0 increases monotonously and the anomaly near T0 changes into 
a kink anomaly above ~ 6 T. We will also show a magnetic field–temperature phase diagram up to 14 T constructed 
from the present study and discuss the origin of the T0 ordering in the present compound.     

Fig. 1: Temperature dependence of the linear thermal expansion at B = 0 and 14 T in CeCoSi. The closed and open arrows 
represent TN and T0, respectively. Here, TN and T0 at B = 0 T are the temperatures obtained from previous specific heat 
measurements [4].  
 
*The present work was supported by JSPS KAKENHI Grants Nos. JP20K03825 and 18H03683.  
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The family CeTX2 is an intensively studied series of tetragonal intermetallic compounds that host, in many 

cases, complex magnetic behavior, non-trivial crystalline electric fields (CEF) effects and competing 

exchange interactions, which can tune their magnetic ordering states from antiferromagnetic (AFM) to 

ferromagnetic (FM) [1-5]. For instance, one can highlight the antiferromagnetic compounds with dominant 

CEF effects and metamagnetic transitions, such as CeCuBi2, CeAuBi2 and CeCuSb2 [1-3]; the 

ferromagnets: CeCd0.7Sb2 and CeNiSb2 [3,4]; and the peculiar compound CeAgSb2, that presents both AFM 

and FM ordering at low temperatures [5]. A series that presents easily tunable magnetic properties from 

AFM to FM provides an interesting playground to search for the emergence of intriguing phenomena, 

especially at the crossover region between the two phases.  

In this work, we have performed X-ray powder diffraction, magnetization, electrical resistivity, heat 

capacity and inelastic neutron scattering (INS) to investigate the physical properties of the intermetallic 

series of compounds CeCuBi2-xSbx. These compounds crystallize in a tetragonal structure with space group 

P4/nmm and present antiferromagnetic transition temperatures ranging from 3.6 K to 16 K. Remarkably, 

the magnetization easy axis changes along the series, which is closely related to the variations of the 

tetragonal crystalline electric field (CEF) parameters. This evolution was analyzed using a mean field 

model, which included an anisotropic nearest-neighbor interaction and the tetragonal CEF Hamiltonian [6]. 

We obtained the CEF parameters by fitting the magnetic susceptibility data with the constraints given by 

the INS measurements. More broadly, we discuss how this CEF evolution can affect the Kondo physics 

and the search for a superconducting state in this family. 
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In this work, we have investigated the structural and magnetic properties of the 

RCuBi1.5Sb0.5(R=Pr, Nd) compounds, grown by the Bi metallic flux method. X-ray diffraction 

patterns reveal that these compounds form in a tetragonal structure with the space group 

P4/nmmz. Measures of temperature and/or field dependent magnetic susceptibility, 

magnetization and specific heat show an interesting behavior for this family. Replacing Bi 

by Sb, it is observed a suppression of TN for PrCuBi1.5Sb0.5 compound while, the 

NdCuBi1.5Sb0.5 compound shows an emergence of TN. Additionally, we have found an easy 

and hard magnetic axis inversion for both synthesized Sb-doped compounds when compared 

to the parent compounds. Thus, we discuss the influence of Sb-chemical substitution on the 

crystalline electric field effects (CEF), which mainly govern the magnetic properties of these 

compounds [1-2]. The CEF properties were studied using a mean field model with tetragonal 

CEF Hamiltonian and magnetic exchanges parameters. From the best fits to our data, we 

have obtained the evolution of the scheme of the CEF levels and exchange parameters due to 

Sb-substitution for the studied compounds.  
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Recently, it has been theoretically proposed that magnetic two-channel Kondo effect occurs in Nd-based cubic system 

with the Γ6 crystal electric field (CEF) ground state hybridized with Γ8 type conduction electrons [1].  NdTr2Zn20 

(Tr=Co, Ir) crystallizes a cubic crystal structure (Fd-3m, No227, Oh7) and is the promising candidate for the system 

showing the magnetic two-channel Kondo effect. Yamamoto and co-workers have reported that NdCo2Zn20 shows 

unusual temperature dependence associated with the magnetic two-channel Kondo system in resistivity and an 

antiferromagnetic transition at TN = 0.53 K [2]. It is attributed to either the two-channel Kondo effect arising from 

the enhanced c–f hybridization or the short-range magnetic correlation due to the geometrical frustration [2]. On the 

other hand, Y0.81Nd0.19Co2Zn20 does not show any magnetic transition down to the lowest temperature [3].  Here we 

report that 59Co-NMR results in NdCo2Zn20 and Y0.81Nd0.19Co2Zn20 to clarify the magnetic correlation from a 

microscopic point of view. The temperature dependence of 59Co-NMR Knight shift depends on the strength of 

magnetic applied magnetic field. The Curie-Weiss (CW) like behavior of the Knight shift is observed at 1 T, 

meanwhile the CW behavior is suppressed at 5 T. The NMR spin-relaxation rate divided by temperature, 1/T1T, 

measured at around 5 T shows anomalies at around 15 K and 7 K. It is suggested that the magnetic fluctuation of Nd 

magnetic moments arising from the Γ6 CEF ground state is suppressed by applied magnetic field. On the other hand, 

fluctuation of the Nd-localized magnetic moments is observed in Y0.81Nd0.19Co2Zn20. We will discuss the static and 

dynamical magnetic properties in NdCo2Zn20 and Y0.81Nd0.19Co2Zn20. 
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Compounds represented by the chemical formula RTX (R: rare earths, T: transition metals, X: p-block elements) 

have various crystal structures from a monoclinic to a cubic system depending on the combination of elements [1]. 

Among them, CeCoSi crystallizes into the tetragonal CeFeSi-type structure (# 129, P4/nmm, D4h
7) [2], and has 

attracted much attention in recent years. At low temperatures, CeCoSi successively exhibits two phase transitions. 

One is an antiferromagnetic ordering of Ce-4f electron at TN=9.4 K, and the other is a “hidden” ordering at T0~12 K 

[3]. Surprisingly, TN is rapidly smeared out with the application of pressure of P~1 GPa, but T0 is enormously 

enhanced up to T0~40 K at P~1.5 GPa, above which T0 is rapidly suppressed and disappears at a critical pressure of 

Pc~2.2 GPa [3-5]. At an early stage of the study, the presence of T0 at the ambient pressure had not been recognized. 

However, from results of 59Co NQR/NMR experiments, it was confirmed that the hidden order at T0 exits not only 

under pressures but also at the ambient pressure from microscopic point of view [6]. In addition, there is no internal 

magnetic field on Co site at all between T0 and TN, namely, an origin of the transition at T0 is nonmagnetic. At present, 

a possibility of an antiferroquadrupole ordering of Ce-4f electron accompanied by so-called odd-parity multipole 

degrees of freedom have been proposed [7]. However, a recent neutron diffraction experiment did not catch an 

evidence for the transition at T0 [8]. On the other hand, a structural phase transition has been found at high pressures 

of P~5 GPa at room temperature not in related LaCoSi and PrCoSi but only in CeCoSi, suggesting that degrees of 

freedom Ce-4f electron play a key role to make the structural transition [9]. Detailed research is needed for 

comprehensive understanding of the hidden order at T0. We have recently expanded the research to related 

compounds with the same CeFeSi-type structure. Sample syntheses and their magnetic properties will be presented.  
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A detailed magnetic phase diagram is one of the most important pieces for identifying an ordered state of magnetic 

materials. In the present research, we present a magnetic field–temperature (B–T) phase diagram for a 4f electron 

system CeCoSi constructed by magnetoresistance (MR) and magnetization (M) measurements using a single-crys-

talline sample. This compound crystallizes into the centrosymmetric tetragonal CeFeSi-type structure (P4/nmm, D4h
7, 

No. 129), and the spatial inversion symmetry of a Ce site is locally broken [1]. It has been known that this compound 

shows successive phase transitions at low temperatures: an antiferromagnetic (AFM) ordering at TN = 9.4 K [2,3] 

and a hidden ordering at T0 ~ 12 K [4]. The latter one is considered to be an antiferroquadrupole (AFQ) ordering of 

the Ce-4f electron because of the behavior that T0 shifts to higher temperature side with increasing magnetic field [4]. 

Recent 59Co-NQR study by M. Manago et al. suggested an electric multipolar ordering at T0, and their NMR meas-

urements pointed out the possibility of the switching of the order parameter under magnetic field [5]. To elucidate 

the hidden ordering state below T0 in CeCoSi, it is necessary to clarify the effects of B on the hidden ordering, such 

as B dependence of T0, including anisotropy, and the presence of B-induced phases. Thus, the present MR measure-

ments were performed in magnetic field up to 14 T in two experimental settings: longitudinal one (electric current J 

|| B || <100>) and transverse one (J || <100> and B || <001>).  The M measurements were performed in magnetic field 

up to 7 T, where the magnetic field was applied along the <100> and <001> directions. For B || <100>, T0 increases 

by applying B, which is in good agreement with the results up to 7 T reported previously [4]. T0 continues to increase 

even above 7 T, and it reaches approximately 17 K at B = 13 T. In addition, we found an anomaly at 4–7 T in the 

MR and M(B) curves between T0 and TN for B || <100>, suggesting the presence of the B-induced phase. We will also 

show results of the MR and M measurements for B || <001> and detailed magnetic field–temperature phase diagrams 

of CeCoSi for both the measured magnetic-field directions.   
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Thirty years after the discovery of the Hidden Order in the heavy fermions compound URu2Si2, the nature 
of this mysterious electronic state remains a major puzzle of condensed matter research [1]. Raman scattering 
spectroscopy recently brought important insights on the nature of this state [2,3]. Clear signatures of the Hidden 
order state were measured, a peak at 14 cm-1 and a gap below 55 cm-1, both in a peculiar chiral A2g symmetry. The

nature of the former mode particularly attracts attention; it has been shown to match the neutron resonance 
measured at Q0=(001)[2], one of the main fingerprint of the Hidden Order and it has been suggested that its 

symmetry transforms into the Ag one due to the new local point group on the Uranium site in the Hidden Order [3].

Nevertheless crucial information is still missing: not all Raman active symmetries of the mode have been explored, 
i.e. Eg is unexplored, and its degeneracy is still unknown. 

Here, thanks to a newly developed Raman spectroscopy set-up under very high magnetic field, we report 
low-energy Raman spectroscopic measurements in all symmetries, including the Eg one and under high magnetic 

field up to 25 T. We discuss the Raman activity of the Hidden Order mode in all symmetries. A single mode is 
shown to harden under magnetic field up to 25 T. In the light of this observation, we discuss the degeneracy of the 
mode, the comparison with the magnetic field dependence of the neutron resonance and with the various theoretical
models proposed in the literature. 
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[3] H.-H. Kung et al., Science 347, 1339 (2015). 

E-mail for corresponding authors: marie-aude.measson@neel.cnrs.fr and jonathan.buhot@bristol.ac.uk 

https://proceedings.science/p/132636
Powered by TCPDF (www.tcpdf.org)

https://proceedings.science/p/132636
http://www.tcpdf.org


Structural phase transition of chiral magnet DyNi3Ga9
at low temperatures

Mitsuru Tsukagoshi1, Takeshi Matsumura1, Shota Nakamura2 and Shigeo Ohara2

1 Department of Quantum Matter, ADSE , Hiroshima University,

Higashihiroshima, Hiroshima 739-8530, Japan
2 Department of Engineering Physics, Electronics and Mechanics, Graduate School of

Engineering, Nagoya Institute of Technology, Nagoya 466-8555, Japan

DyNi3Ga9 is a chiral magnetic material with a space group of R32 [1], which shows
helical magnetic order below TN = 10 K and canted antiferromagnetic(AFM) order below
TN ’ = 8 K. In addition, transverse elastic modulus C66 shows a significant softening toward
TN [2], indicating that a ferroquadrupole order also takes place at TN .
　 The transition from the helical to the canted AFM structure at TN ’ is considered to be
associated with the underlying ferroquadrupole order. The main interest of this material
is in the relation of these successive transitions with the magnetic and quadruupolar
exchange interaction, Dzyaloshinskii-Moriya interaction, and the crystal field anisotropy.
However, the structural distortion expected from the anomaly in C66 has not yet been
observed.
　 To study the structural transition, we have performed a precise measurement of the
lattice parameter at BL-3A of the Photon Factory in KEK. The temperature dependence
of the lattice parameter shows an anomaly at TN and the (6, 0, 0) fundamental reflection
splits below TN ’. Based on these results, we analyze the crystal field anisotropy and the
change in the magnetic structure below TN ’ by assuming a monoclinic distortion. The
results of magnetic structure and crystal distortion analysis will be presented.
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Microscopic theory of multipolar interaction between J-multiplets in f metal compounds is developed for an adequate 
description of Goodenough mechanism [1]. The developed multipolar model is applied to reveal the multipolar nature 
of the ferromagnetism of NdN by combining the framework with first principles calculations. The multipolar 
interaction parameters of NdN were quantitatively determined up to nineth order [Fig. 1(a) shows the same exchange 
between the ground Jeff = 3/2 multiplets]. On this basis, the ferromagnetic phase was simulated. The phase was found 
to be characterized by seventh and nineth and many other higher order multipole moments [Fig. 1 (b), (c)]. The 
manifestation of the multipole moment appears in spin-wave dispersion, which can be examined by inelastic neutron 
scattering measurements. 
 
(a)                                                                      (b)                                          (c) 

 
 
Figure 1. (a) Multipolar exchange parameters between the ground Jeff = 3/2 multiplets. (b), (c) Rank 7 and 
9 multipole moments, respectively. 
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Rare-earth caged compounds RTr2X20 (Tr: transition metal, X = Al, Zn, and Cd) crystallizing in the cubic CeCr2Al20-
type structure [1] have been extensively studied due to the manifestation of correlated electronic phenomena. Because 
the R ion is in the nearly spherical environment formed by 16 X atoms, relatively weak crystalline electric field (CEF) 
and enhanced hybridization with conduction electrons are expected.  
In the present work, we focus on the 4f 3 configuration systems NdTr2Zn20 (Tr = Co, Rh, and Ir) [2,3]. The magnetic 
specific heat Cm exhibits a Schottky-type peak at around 15 K, which is reproduced by a CEF level scheme with a Γ6 
doublet ground state and a Γ8 quartet lying at around 40 K. This scheme, however, does not explain the softening of 
the transvers elastic modulus C44 below 40 K [4]. These compounds undergo antiferromagnetic (AFM) transitions at 
TN = 0.53, 0.94, and 0.65 K for Tr = Co, Rh, and Ir, respectively. The magnetic entropy Sm at TN is nearly 50% of 
Rln2 expected for the Γ6 doublet ground state. The full recovery to Rln2 is achieved on heating to 5 K. The reduced 
Sm implies the existence of magnetic fluctuations in the paramagnetic state.  
To determine the CEF level schemes and magnetic 
structures, we performed inelastic neutron scattering (INS) 
and neutron diffraction experiments of powdered samples of 
NdTr2Zn20 (Tr = Co, Rh, and Ir). INS spectra were measured 
with a chopper spectrometer MARI at ISIS, RAL. The figure 
shows the INS spectra for Tr = Co with initial neutron 
energy of Ei = 11.8 meV at T = 5, 30, and 80 K. Two 
excitation peaks were observed at 3.7 and 7.2 meV (small 
arrows). The peak intensity decreases with increasing 
temperature, which is reproduced by a CEF level scheme of 
Γ6 (0) − Γ8

(1) (44 K) − Γ8
(2) (84 K). Interestingly, an 

additional excitation except for the CEF ones was observed 
at around 7.5 meV as shown with the small arrows. Because 
the excitation is Q-dependent and the energy is close to that 
of the CEF excitation, the intensity is probably enhanced by 
the CEF and phonon coupling. 
Powder neutron diffraction experiments were carried out 
with a diffractometer G4-1 at Orphée reactor of Laboratoire 
Léon Brillouin. For Tr = Co, Rh, and Ir, superlattice 
reflections were observed for T < TN, indicating the AFM 
orders. The magnetic reflections for Tr = Rh characterized 
by the propagation vector (1/2, 1/2, 1/2) suggest the 
magnetic moments are aligned as ↑↑↓↓  along the [111] 
direction. The relationship between the magnetic structure 
and the release of Sm in the paramagnetic state will be 
discussed. 

 
[1] T. Nasch, W. Jeitschko, and U. C. Rodewald, Z. Naturforsch. B 52, 1023 (1997). 
[2] R. Yamamoto et al., J. Phys. Soc. Jpn. 88, 044703 (2019). 
[3] Y. Yamane et al., J. Phys. Soc. Jpn. 86, 054708 (2017).  
[4] K. Umeno et al., JPS Conf. Proc. 30, 011162 (2020). 
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Fig. Temperature dependence of the inelastic neutron 
scattering spectra for NdCo2Zn20 measured with 
MARI. The initial energy Ei is 11.8 meV. The large 
arrows show CEF excitations, while small arrows 
indicate additional excitations. 
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DFT+U study on the multipolar nematic state of nonmagnetic FeSe 
 

Takemi YAMADA, Takami TOHYAMA 
 

Department of Applied Physics, Faculty of Science, Tokyo University of Science, Tokyo, Japan 
 

 
Iron-based superconductor FeSe has been known to exhibit the so-called nematic state, in which the rotational 
symmetry is broken while keeping the translational symmetry, below the structural phase transition temperature 
TS=90 K [1]. The splitting of the dxz/dyz degenerate orbitals in the electronic bands measured in the angle-resolved 
photoemission spectroscopy (ARPES) experiment is much larger than that expected from the lattice distortion, 
suggesting that the nematic state is of electronic origin. In addition, unlike other iron-based materials, there is no 
magnetic order but there appears the enhancement of orbital fluctuations toward TS, suggesting orbital-dependent 
correlation effects [2] and the possibility of BCS-BEC crossover [3], which have attracted much attention. 
Recent ARPES experiments have revealed the detailed band structure of the normal and nematic states [1]. The Fermi 
surfaces of the normal state, which consist of two hole surfaces around the Γ point and two electron surfaces around 
the M point, are much smaller than the Fermi surface of the density functional theory (DFT) calculation. On the other 
hand, for the nematic state, a new type of nematic states with orbital hybridization between dxy and dxz/dyz orbitals has 
recently been obtained as the ground state in the DFT+U calculation [4] by adjusting the initial charge distribution. 
In particular, this band structure around the M point is interesting since it matches the features of the ARPES 
experiment [5]. 
In this study, we investigate the electronic structure of FeSe in the normal and nematic states based on the DFT+U 
method in combination with the multipole analyses, and discuss their microscopic properties and origin [6]. In the 
normal state, the topological change of the Fermi surface occurs before the appearance of the nematic ground state 
due to the increase of the on-site Coulomb interaction U. The resulting nematic ground state is a multipolar state 
having both antiferro-hexadecapoles in the E-representation and ferro-multipoles in the B2-representation on each Fe 
site, where the appearance of the E-type multipoles induces the hybridization of dxy and dxz/dyz orbitals. Such a 
cooperative coupling of the E and B2 representations in multipoles is inherent in correlated multi-orbital systems, and 
is expected to play an important role in the formation of dxz/dyz orbital splitting nematic states in other iron-based 
superconductors. 

 
[1] T. Shibauchi, T. Hanaguri, and Y. Matsuda, J. Phys. Soc. Jpn. 89, 102002 (2020). 
[2] N. Lanată et al., Phys. Rev. B 87, 045122 (2013). 
[3] S. Kasahara et al., Proc. Natl. Acad. Sci. U.S.A. 111, 16309 (2014). 
[4] X. Long, S. Zhang, F. Wang, and Z. Liu, npj Quantum Mater. 5, 50 (2020). 
[5] M. Yi et al., Phys. Rev. X 9, 041049 (2019). 
[6] T. Yamada and T. Tohyama, arXiv:2107.07244. 
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(1 blank line) 

Cubic praseodymium-based intermetallic compounds with nonmagnetic 3 doublet ground states of 4f 2 electrons 

have received much interests. They show a variety of phenomena such as multipole order and heavy fermion 

superconductivity, which originate from quadrupolar degrees of freedom due to the interaction between 4f and 

conduction electrons (c-f hybridization). In case a crystalline electric field (CEF) ground state of the Pr3+ ion with a 

cubic point group is a nonmagnetic doublet, physical properties are governed by electric quadrupoles and/or magnetic 

octupoles active in the doublet. For example, PrPb3 with a 3 doublet ground state shows an antiferroquadrupole 

order at TQ = 0.4 K [1] below which the electric quadrupoles are modulated sinusoidally [2]. On the contrary, PrAg2In 

[3] and PrMg3 [4] with the 3 doublet ground states do not show any long-range orders.  
In the present work, we have focused on PrMgNi4 crystallizing in the cubic MgSnCu4-type structure [5]. We have 

grown single crystals by the Mg self-flux method. Single-crystal x-ray structural analysis revealed that Mg atoms are 

substituted for the Pr atoms at the 4a site by 4.5%. The analysis of the Schottky-type anomaly in the specific heat 

C(T) and van-Vleck paramagnetic behavior of the magnetic susceptibility suggest the CEF ground state of Pr3＋ to be 

the 3 doublet. Nevertheless, no long-range quadrupole order has been observed down to 0.1 K. However, a shoulder-

type anomaly of C(T) was seen around 0.7 K. The absence of the long-range quadrupole order may be attributed to 

symmetry lowering owing to the atomic disorder, since the shoulder of C(T) becomes more pronounced when the 

atomic composition is close to the stoichiometric one. 
To determine the CEF level scheme of Pr3+ ion in PrMgNi4, we have performed inelastic neutron scattering 

experiments of the powdered sample using a time-of-flight neutron spectrometer MARI. Magnetic excitation peaks 

were observed at E = 1.1 and 2.5 meV as labeled (1) and (2) in Fig. (a), respectively, with incident neutron energy of 

Ei = 11.8 meV. Moreover, with Ei = 30 meV, as shown in Fig. (b), excitation peaks were observed at 10.7 and 11.7 

meV labeled (3) and (4), respectively, and a shoulder at around 5.9 meV labeled (5). As a reference for the phonon 

contribution, the inelastic spectra of a nonmagnetic LaMgNi4 are shown with the black circles in the figures. Because 

the intensities of the excitations at 1.1, 10.7, and 11.7 meV are nearly Q-independent for |Q| < 5 Å-1, they are ascribed 

to the magnetic excitations between the CEF levels. The peak intensity at 1.1 meV becomes half with increasing 

temperatures from 5 K to 20 K, indicating the transition from a low-lying state to an excited state. To reproduce the 

temperature dependence of the excitation peaks and the selected excitations between the CEF levels, we have chosen 

the CEF parameters as W = −3.3 K and x = 0.8 for the cubic Td point group. Thereby, the CEF scheme is expressed 

as the 3 doublet ground state and excited 

states 4 (12.5), 1 (30.0), and 5 (134 K). 

This level scheme, however, does not 

reproduce the broad peaks at 2.5 and 5.9 

meV labeled (2) and (5), respectively. To 

reproduce these excitations, we need 

another CEF parameter B2
0, which is the 

dominant parameter for a tetragonal point 

group. Thereby, the symmetry lowering 

of the Pr ions by the atomic disorder splits 

the 3 doublet, to hinder the long-range 

quadrupole orders.  
 

(1 blank line) 
[1] P. Morin et al., J. Magn. Magn. Mater. 30, 257 (1982).  
[2] T. Onimaru et al., Phys. Rev. Lett. 94, 197201 (2005).  [3] A. Yatskar et al., Phys. Rev. Lett. 77, 17 (1996). 
[4] H. Tanida et al., J. Phys. Soc. Jpn. 75 073705 (2006).   [5] K. Kadir et al., J. Alloys Compd. 345, 140 (2002). 
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Fig. Inelastic neutron scattering spectra with incidental neutron energy 

of (a) Ei = 11.8 and (b) 30.0 meV. 
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In the research of magnetism such as heavy fermion system, specific heat measurement down to below 1 K is very 
important. To measure the heat capacity accurately, the temperature oscillation in the adiabatic state should be small. 
In experiments with liquid 4He, temperature oscillation is not a problem at all. However, in recent years, the amount 
of 4He available to researchers has been rapidly decreasing, which may make experiments with liquid 4He difficult. 
Therefore, it is necessary to carry out low temperature experiments without wasting 4He. One method to achieve low 
temperatures without using liquid 4He is to use a 4 K GM refrigerator. 
The 4 K GM refrigerator has many advantages such as the temperature decreases to ~3 K only by turning on the 
switch without using liquid helium, but it is difficult to achieve a lower temperature and there is a large temperature 
oscillation. We have installed a 4 K plate and a 1 K pot on the 2nd stage of the refrigerator, and then covered them 
with a 50 K shield made of Al with 5 layers of super insulation films that was in thermal contact with the 1st stage. 
As a result, if 23.5 L of 4He gas at room temperature is liquefied in a 4 K plate, about 30 cc of liquid 4He can be 
obtained. By evacuating this liquid 4He, it is possible to realize 1.2 K for about 6 hours [1]. By installing a 3He pot, 
we can also realize 0.4 K for more than one day with 3 L of 3He gas. Since the specific heat of liquid helium is very 
large, the measurement such as electrical resistivity and AC magnetic susceptibility that can be measured by 
immersing in the pot can be performed in the same accuracy as the measurement using liquid helium. However, for 
the heat capacity measurement that needs to be performed outside the pot, the temperature oscillation of the 
refrigerator cannot be avoided. Furthermore, because the cooling power is small due to, it is strongly affected by heat 
radiation. In fact, only using the 50 K shield, the temperature of the addenda of the adiabatic specific heat 
measurement system installed on the 1 K pot only decreases down to ~12 K. By attaching a 4 K shield that is in 
thermal contact to the 2nd stage of the refrigerator and devising a method for fixing the addenda, the temperature of 
the addenda can be decreased to about 1.7 K. However, the accuracy of the heat capacity measurement below 4 K is 
insufficient due to the temperature oscillation of about 50 mK at 1.8 K. Since the heat capacity of the addenda 
increases with temperature, the temperature oscillation becomes several mK above ~10 K, and the heat capacity can 
be measured with sufficient accuracy. 
The best way to reduce temperature oscillation is to turn off the refrigerator, but the temperature of the 2nd stage 
increases quickly. It may be thought that liquid 4He disappears in a short time due to only 30 cc liquid 4He. However, 
by attaching a 1 K shield to the 1 K pot, it is possible to maintain below 2 K for about 75 minutes for both the 1 K 
pot and the addenda. This is sufficient time to measure the heat capacity up to about 10 K. The lowest temperature is 
1.4 K, which is almost the same as the liquid helium experiment. If more precise measurement is required, it can be 
reliquefied.  
In conclusion, we have succeeded in measuring the heat capacity by adiabatic method using a GM refrigerator by 
turning off the refrigerator down to 1.4 K, whose performance is almost the same as the measurement in liquid 4He. 
Installing a 3He pot, it is possible to measure the heat capacity down to 0.5 K. 
 
[1] T. Nishioka et al., J. Phys.: Conf. Ser. 150, 012030 (2009). 
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A scanning tunneling microscope (STM) has been successfully installed in a dilution 

refrigerator with a 22T superconducting magnet. The set-up is mechanically isolated 

using a low vibration floating floor. We describe significant improvements in the 

thermalization and filtering of the wiring used in STM measurements, including a new 

high frequency filter and its characterization through ultra high resolution (8microeV) 

measurements in Al. We have successfully used the STM to measure single atom point 

contacts of gold, the vortex lattice in 2H-NbSe2 and have acquired atomic resolution 

images in 2H-NbSe2 above 20T. New results in several iron based superconductors will 

be also presented. 
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Exploring the Mott coexistence region employing an energy-volume coupled Ising-like model
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Strongly correlated electron systems continue attracting great interest from the scientific community. The strong
interaction between electrons gives rise to several exotic phases of matter, including superconductivity and the
Mott insulating phase. In this contribution, we explore the Mott coexistence region, where metallic puddles emerge
in a ferroelectric insulating matrix upon pressurization. The Hubbard parameter U/W ∝ p-1 is the tuning parameter,
being U the inter-site Coulomb repulsion, W the bandwidth and p the applied pressure [1]. The coexistence region
surrounds the spinodal line, i.e., the line that marks the first-order transition between the metallic and insulating
phases [1, 2]. We propose a new type of Grüneisen parameter, which we call the dielectric Grüneisen parameter Γ ε,
obtained using an energy-volume coupled Ising-like model [3,  4].  Using scaling arguments, we show that  the
relaxation  time  depends  on  the  entropy  and  that  Γε can  be  recognized  as  the  scaling  exponent  [5].  Upon
approaching the critical Hubbard parameter, i.e., upon approaching the spinodal line, the relaxation time shows a
divergent-like behavior. Considering the intrinsic spatial randomness in the coexistence region and the slowing-
down of the electron dynamics, our findings suggest that this region can be identified as a Griffiths-like phase [6].
Also, we propose the electric Grüneisen parameter, which allows the quantification of the electrocaloric effect.

[1] R. Rösslhuber et al., arXiv:1911.12273v1 (2019).
[2] L. Bartosch, M. de Souza, M. Lang, Phys. Rev. Lett. 104, 245701 (2010).
[3] C.A. Cerdeiriña et al., J. Chem. Phys. 150, 244509 (2019).
[4] G. Gomes, H.E. Stanley, M. de Souza, Sci. Rep. 9, 12006 (2019).
[5] R. Casalini, C.M. Roland, Phys. Rev. E 69, 062501 (2004).
[6] Robert B. Griffiths, Phys. Rev. Lett. 23, 17 (1969).
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The Surface Tension at Metal-Insulator

Phase Transition in the Magnetic Field.

Leonid Dubovskii

NRC ”Kurchatov Institute”, 123182, Moscow, Russia

Any metal-insulator transitions in a crystalline material must be a tran-
sition from a situation in which electronic bands overlap to a situation when
they do not [1]. On the basis of the phenomenological theory [2], it is consid-
ered various singularities in the magnetic field for the surface tension at the
metal-insulator contact. The surface tension displays also quantum magnetic
oscillations at low temperatures. The consideration is applied to the Mott
insulator in the magnetic field.

[1] N.F. Mott. Metal-Insulator, 2nd ed. (Taylor@Francis, London, 1990).
[2] L.B. Dubovskii, Physica B 536 469-473, 2018; J. Low. Temp. Phys.

182: 192-205, 2016.
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UNi4B is a layered intermetallic compound with a crystal structure belonging to the space group Cmcm, where 
uranium atoms form distorted triangular lattices. Below TN ~ 20 K, a vortex-like magnetic order, called toroidal order, 
is realized by a partial ordering of 2/3 of the uranium sites forming a pseudo honeycomb network in the triangular 
lattice [1]. The toroidal order simultaneously breaks the time-reversal and spatial-inversion symmetry of the system. 
In such a state, an electromagnetic effect is expected to appear even in a metallic system [2], and it was demonstrated 
by an experiment of magnetization measurement under electric current in UNi4B [3]. However, the current-induced 
magnetization was observed even in the direction of the current which was assumed not to induce magnetization 
based on the assumed orientation of the toroidal moment. It has been pointed out that the assumed toroidal structure 
may be distorted from the ideal 120 degree structure (Fig. 1) [3,4]. 
 In order to clarify the origin of the current-induced magnetization observed in UNi4B, we have investigated the 
detailed magnetic structure of this system by resonant X-ray scattering (RXS). The experiments were performed at 
the Photon Factory beamline BL-11B of the High Energy Accelerator Research Organization (KEK) using 
synchrotron radiation X-rays with the energy of the M4 absorption edge of uranium. As a result of the experiment, 
satellite reflections described by the propagation vector of q = (0, 2/3, 0), which was consistent with the vortex-like 
magnetic structure (i.e. the toroidal order), were observed at 
several reciprocal lattice points under the resonance condition 
below TN. The greatly enhanced RXS signals allowed 
observation of weak superlattice reflections, which were 
revealed to have a linear temperature dependence, unlike the 
usual upper convex behavior of an order parameter observed 
for stronger reflections. Such two different types of 
temperature dependence are sometimes considered as an 
implication of an existence of a secondary order parameter 
besides the primary order parameter describing the magnetic 
order [5]. However, in the present UNi4B case, they are likely 
to originate from a common magnetic order, since all those 
superlattice reflections are described by the identical 
propagation vector and there is no difference in the energy 
dependence of the RXS signal. We investigated the distribution 
pattern of the reflections exhibiting the upper convex 
temperature dependence and the linear temperature 
dependence. The observed pattern revealed that the two types 
of temperature dependence can be explained by a canted 
magnetic order from the ideal 120 degree structure. 
 
[1] S. A. M. Mentink et al., Phys. Rev. Lett. 73, 1031 (1994). 
[2] S. Hayami, H. Kusunose, and Y. Motome, Phys. Rev. B 90, 024432 (2014). 
[3] H. Saito et al., J. Phys. Soc. Jpn. 87, 033702 (2018). 
[4] J. Willwater et al., Phys. Rev. B 103, 184426 (2021). 
[5] R. Murata et al., JPS Autumn Meeting 2019, 12pB12-12 (2019). 
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Fig. 1: The magnetic structure of UNi4B in the toroidally 
ordered state.  
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(1 blank line) 
The mysterious unconventional superconducting properties in UTe2 attracts much attention in the field of heavy-
fermion physics [1]. This compound crystallizes in a body centered orthorhombic structure with the space group 
Immm (space group #71). Superconductivity is observed below Tsc = 1.6 K at ambient pressure. Despite no long-
range magnetic ordering, the superconducting phase diagram of UTe2 infers that of the ferromagnetic 
superconductors such as URhGe and UCoGe and thus UTe2 is believed to be a nearly ferromagnetic spin-triplet 
superconductor. Recently, a pressure-induced multiple superconducting phases in UTe2 is reported [2]. The 
superconducting phase at ambient pressure (SC1) turns to two SC phases above rather low pressure of 0.25 GPa. It 
is also reported that SC phases disappears and pressure-induced magnetic ordering phase appears above 1.7 GPa. It 
is thus intriguing to investigate physical properties of UTe2 under higher pressures. 
Single crystals of UTe2 were grown by the chemical vapor transport method using iodine for a transport agent as 
described in the ref. [3]. Crystal quality was checked by the sharpness of the x-ray Laue pattern, residual resistivity 
ratio, and the existence of the superconducting state at ambient pressure. Electrical resistivity under high pressures 
up to 8 GPa was measured by means of a conventional four prove method using a cubic anvil press system installed 
at the Institute of Solid State Physics, the University of Tokyo. The magnetic susceptibility and the magnetization 
measurements under pressure were performed at temperatures down to 2 K and at fields up to 5T using a piston 
cylinder cell up to 1.7 GPa and diamond anvil cell up to 5 GPa in a commercial SQUID magnetometer. 
Figure 1(a) shows the temperature dependence of the electrical resistivity of UTe2 single crystal with the current 
along the orthorhombic a-axis. At 1.5 GPa, R(T) resembles the curve at ambient pressure with gradually enhanced 
hump around 15 K. The low temperature hump is enhanced, implying strengthening of 5f-p hybridization. Above 3 
GPa, R(T) behavior changes drastically. Electrical resistivity increases monotonically with increasing temperature 
from lowest measured temperature and shows clear kinks at around Tm = 8 K and T* = 230 K at 3 GPa. The anomaly 
at Tm is consistent with the possible pressure-induced magnetic transition reported previously [2]. Figure 2 shows the 
pressure-temperature phase diagram of UTe2.  
 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 
[1] S. Ran, et al., Science 365, 684 (2019). 
[2] D. Braithwaite, et al., Commun. Phys. 2, 147 (2019). 
[3] D. Aoki, et al., J. Phys. Soc. Jpn. 88, 043702 (2019). 
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Fig.1：Temperature dependence of the 
electrical resistivity in UTe2 under high 

pressure. 
 

Fig.2：Pressure temperature phase diagram of UTe2. 
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Studies have shown that the type-II low critical temperature superconductors R3T4X13 (R= rare-earth or alkaline 

element, T= transition metal from 3d to 5d, X= group-III or group-IV element) can exhibit reentrant 

superconductivity in the presence of an external magnetic field [1,2,3]. This reentrant superconductivity, also called 

peak effect, is characterized by an electrical resistivity peak caused by the increase in critical density current within 

the superconducting state near the upper critical field Hc2. Pippard first explained this effect as being due to 

variations in the elastic parameters of the Abrikosov lattice for fields near Hc2, which causes vortex flow and thus 

energy dissipation [4,5]. In this work, we study through electrical transport measurements the peak effect in the 

single crystalline La3Co4Sn13. X-ray diffraction analysis showed that the sample crystallizes into a simple cubic 

structure with space group Pm-3n. Electrical resistivity measurements were performed as a function of temperature, 

magnetic field, and angle variation in different crystalline orientations. We study this phenomenon based on the 

Lorentz forces that will act on the magnetic vortices for each measured conformation.  
 

[1] C. V. Tomy, G. Balakrishnan, and McK. Paul, Phys. Rev. B 56, 8346 (1997). 
[2] C. V. Tomy, G. Balakrishnan, and McK. Paul, Physica C, 280, 1-8 (1997). 
[3] Z. F. Weng, M. Smidman, G.M. Pang, O. Prakash, Y. Chen, Y. J. Zhang, S. Ramakrishnan, and H. Q. Yuan, 

Phys. Rev. B 95, 184501 (2017). 
[4] A. A. Abrikosov, J. Phys. Chem. Solids, 2, 199 (1957). 
[5] A. B. Pippard, Philos. Mag., 19, 217 (1969).  
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The morphological and/or chemical disorder is commonly known as detrimental to superconductivity and 

typically reduces the critical temperature Tc. We present research on skutterudite-related  Y5Rh6Sn18 

system, where local atomic  disorder leads to novel disorder-enhanced superconductivity. Our present 

studies focus on the series of Y4.5M0.5Rh6Sn18 (M = Ca, Ti, Sr, Zr, La, or Lu) and Y5Rh5.5M0.5Sn18 (M = 

Co, Ir, Pd, Ru) superconducting compounds. We found that the metallic dopants M, when are smaller 

than the atomic radius of Y, or smaller than the atomic radius of Rh, respectively, or vacancies at the Y-

sites generate the so-called peak effect at temperatures T < Tc and in the magnetic fields smaller than the 

critical field Hc2. The peak effect is well documented experimentally by measurements of  the temperature 

variations in electric transport and ac magnetic susceptibility under external magnetic fields. In 

accordance with the commonly accepted explanation of the peak effect, we assume that the magnetic 

field-induced re-entrance of superconductivity in doped Y5Rh6Sn18  results from a change in the structure 

of the vortex lattice close to Hc2. Using a simple theoretical model we argue that the effectiveness of this 

mechanism can depend on the size of the dopant.  
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An accurate first-principles treatment of the key ground state properties of correlated materials is a fundamental 
challenge, and predicting the emergent excited states further increases the complexity. Recently constructed advanced 
density functionals have proven to be an indispensable tool in addressing the electronic structures of the high 
temperature superconducting cuprates [1-3] and perovskite iridates [4] at the first-principles level. However, it is 
unclear if the excited states will be adequately captured within this framework. Here, I will highlight our recent work 
on La2CuO4 and La2NiO4 demonstrating that not only an accurate ground state is possible within a parameter free 
framework, but also the characteristic behavior of their excitons can be captured in good accord with resonant 
inelastic X-ray scattering observations [5]. Moreover, by analyzing how the electron and holes form into excitons, 
we find that the excitons are composed of a linear combination of various prototypical pairing pathways, thereby 
revealing a multi-orbital nature of the valence states. I will also briefly discuss the implication of these results on the 
high-Tc pairing mechanism.  
 
[1] J.W. Furness, et al., Nature Communications Physics 1, 11 (2018). 
[2] C. Lane, et al., Physical Review B 98, 125140 (2018). 
[3] Y. Zhang, et al., Proceedings of the National Academy of Sciences 117, 68 (2020). 
[4] C. Lane, et al., Physical Review B 101, 155110 (2020). 
[5] C. Lane and J.-X. Zhu, Physical Review B 101, 155135 (2020). 
 
E-mail for corresponding author: laneca@lanl.gov 
 

https://proceedings.science/p/132633
Powered by TCPDF (www.tcpdf.org)

https://proceedings.science/p/132633
http://www.tcpdf.org


Dependence of incommesurability on superconducting and charge density wave phases in
multiband intermetallic systems 

Daniel REYES  1, Nei LOPES2, Christopher THOMAS3, Natanael COSTA4, Mucio CONTINENTINO5

1Instituto Militar de  Engenharia, Rio de  Janeiro, Brasil
2Departamento de Física Teórica, Universidade do Estado do Rio de Janeiro, Rio de  Janeiro, Brasil

3Instituto de Física, Universidade Federal do Rio Grande do Sul, Porto Alegre, Brasil
4Instituto de Física, Universidade Federal do Rio de Janeiro, Rio de Janeiro, Brasil

5Centro Brasileiro de Pesquisas Físicas , Rio de  Janeiro, Brasil

The interplay between superconductivity (SC) and charge density wave (CDW) phases is an issue under intense
debate in many quasi-2D compounds - from cuprates to transition-metal dichalcogenides. In particular, it is worth
investigating the effects of incommensurable CDW states, and how such incommensurability affects the pairing
response of the system. As a step towards this end, we study a two-band model in the square lattice, with the main
goal to describe intermetallic systems with a d-band of moderately correlated electrons coexisting with a large sp-
band. For simplicity, here we assume all interactions and the hybridizations as site-independent. We examine this
problem by implementing an unrestricted Hartree-Fock approximation, and obtaining the mean-field variables by
minimizing  the  free  energy  density.  As  our  main  results,  at  half-filling,  and  for  commensurate  values  of
wavevectors, we obtain a staggered CDW phase as the most stable state, therefore reproducing previous results [1].
However, away from half-filling, we find an incommensurate CDW phase at the ground state, which is sensitive to
the parameters introduced in the model. Then, we provide phase diagrams that emphasize the competition between
these phases, and the role of incommensurability in their interplay.

[1] Nei Lopes, Daniel Reyes, Mucio A. Continentino, Christopher Thomas, Phys. Rev. B 103, 195150 (2021)
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Superconductivity in Ce3PdIn11 single crystals – intrinsic phenomenon or parasitic effect? 
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 (1 blank line) 
Cerium-based intermetallics belong to the most investigated compounds in solid state physics. It is mainly due to 

intriguing electronic properties they exhibit. Among a large variety of phenomena observed in those compounds 

one may enlist complex magnetic ordering, non-Fermi liquid features, heavy-fermion behavior, spin and valence 

fluctuations, superconductivity, etc. 

In recent years, much attention has been paid to cerium indides with general formula CemTnIn3m+2n, where  

T = d-electron transition element. A member of this family, Ce3PdIn11, was reported as an antiferromagnet with two 

consecutive magnetic transitions at TN1 = 1.67 K and TN2 = 1.53 K, which becomes superconducting below  

Tc = 0.42 K [1, 2]. The coexistence of superconductivity and magnetism in this compound makes it an attractive 

platform for investigation of mutual relationship between these two phenomena. Unfortunately, thus far, majority 

of essential experiments have not been performed, due to the lack of sufficient amount of good quality samples. 

Up to now, the only applied method of obtaining Ce3PdIn11 single crystals is the growth from indium flux. This 

technique usually leads to forming crystals of small dimensions, not exceeding 1mm3. Moreover, it often yields 

crystals with macroscopic inhomogeneities [3]. This drawback may be caused by several factors: i) from one initial 

stoichiometry it is possible to grow several different phases (CeIn3, Ce2PdIn8, Ce3PdIn11) depending on the 

temperature range used during the synthesis; ii) the growth of the ternary phases takes place only in a very limited 

temperature interval (different for each compound); iii) due to the similar crystal structure of all the CemTnIn3m+2n 

compounds and almost perfect match of the lattice parameter a (= 4.6894 Å [4], 4.6931 Å [5] and 4.6846 Å [6] for 

CeIn3, Ce2PdIn8 and Ce3PdIn11, respectively), previously grown crystals of one compound may constitute a seed 

and substrate for the growth of another of these phases.  

The complications in the growth of Ce3PdIn11 crystals led us to ask a fundamental question: Is the 

superconductivity observed in this compound an intrinsic property or rather a result of the presence of an impurity 

phase? To address this issue, we performed extensive studies of heat capacity and electrical resistivity of several 

Ce3PdIn11 crystals grown in different batches with varying growth recipes. The results were confronted with 

powder x-ray diffraction and energy-dispersive spectroscopy data collected for the measured specimens. In this 

contribution, we present the results of our investigations and discuss the most plausible scenarios for the intrinsic 

physical behavior in single-crystalline Ce3PdIn11.  

 (1 blank line) 
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High temperature cuprate superconductors (HTSCs) have been thought to exhibit superconductivity by 
carrier-doping into the Mott insulator of the parent material. It has also been considered that the electron-
doped HTSCs have a wider antiferromagnetic phase and a narrower superconducting phase than the hole-
doped HTSCs. However, recent studies have reported that the superconducting phase becomes larger when 
electron-doped HTSCs are sufficiently reduced [1,2]. This is because apical oxygens located above and 
below Cu are removed thorough the reduction annealing and the localized antiferromagnetic order is sup-
pressed.  
We performed 63,65Cu, 139La NMR measurements of an electron-doped HTSC T'-La1.8Eu0.2CuO4-yFy (0 ≤ y 
≤ 0.125, T'-LECOF) having the Nd2CuO4-type structure (so-called T'-structure). Pseudogap behavior is 
observed in the lightly electron-doped region of y ≤ 0.075 [3]. The nuclear spin-lattice relaxation rate 1/T1 
of 63Cu-NMR revealed that the antiferromagnetic 
spin fluctuations are suppressed by the electron 
doping. These behaviors are like those reported in 
the optimum- and over-doped region of hole-doped 
HTSCs. Comparing the phase diagrams of T’-
LECOF and isostructural T'-Pr1.3-xLa0.7CexCuO4 
(T’-PLCCO) based on the nominal substitution, it 
appears that electrons are more effectively doped 
through the partial substitution in T'-LECOF than in 
T’-PLCCO [4].  
In addition, we report the result of 139La-NMR, 
which mainly reflects the information of the phase-
separated magnetically-ordered region. The emer-
gence of localized antiferromagnetic ordering can 
be observed by the increase of the full width at half 
maximum (FWHM) of 139La-NMR spectrum. It is 
revealed that the localized antiferromagnetic order of T'-LECOF does not nearly exist, compared with that 
of T’-PLCCO.  

 
[1] O. Matsumoto et al. Physica C 469, 924 (2009). 
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SrPt3P was recently reported to exhibit superconductivity below Tc = 8.4 K [1]. The superconductivity was suggested 
to be originated from an unconventional mechanism mediated by the strong electron-phonon coupling. In this work, 
we have succeeded in growing a single crystal of SrPt3P for the first time, and have investigated the normal and 
superconducting properties by means of the de Haas-van Alphen (dHvA) effect and the electrical resistivity under 
magnetic fields. Several dHvA frequency branches with the frequencies up to ~ 1 kT were observed. It was clarified 
that the superconducting upper critical fields Hc2 for fields along H // c and H ⊥c  in the tetragonal structure are 
almost the same values of Hc2 ~ 5 T. 	

 
[1] T. Takayama et al., Phys. Rev. Lett., 108, 237001 (2012). 
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The series of superconductors with ordered honeycomb network structures has been discovered, and we 
focus in this paper on the recently discovered one BaPtSb with inversion-symmetry breaking (Tc=1.6K, 
the point group; D3h) [1]. The first principle calculation reveals that the anti-symmetric spin-orbit 
coupling works significantly and causes band splitting [2]. Although it is still preliminary, an observation 
of spontaneous field below Tc by the muon spin relaxation experiment has been reported. The result 
seems to be a sign of broken time-reversal symmetry breaking in the superconducting phase [3].   
 
In this paper, we classify the pairing symmetry based on the group theoretical analysis and examine the 
pairing instability using the extended Hubbard type attractive interaction. Among the unconventional 
states with time-reversal symmetry breaking, we find that the preferable state with gap structure 
compatible with Fermi surfaces is a spin-triplet chiral state with Sz=0. This pairing symmetry supports 
the chiral surface state at the sample boundary.  

  
[1] K. Kudo, et al., J. Phys. Soc. Jpn. 87, 073708 (2018). 
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RAlGe (R = rare earths) crystallizes in the tetragonal α-ThSi2 type in light rare earths and the orthorhombic YAlGe 
type in heavy rare earths. The boundary is R = Gd, the high temperature phase is α-ThSi2 type, and the low 
temperature phase is YAlGe type [1]. These two crystal structures are related in that they have a triangular prism 
with Ge in the body. One feature of the YAlGe type structure is that the R ions have a zigzag-chain in the a-plane 
and extend in the b-axis. Such a zigzag-chain is also found in the YFe2Al10 type structure, for example, and has a 
very peculiar magnetic phase diagram that depends on the angle [2]. However, the existence of YAlGe-type RAlGe 
has only been clarified as a polycrystal, and its physical properties have not been measured. We have succeeded in 
growing a single crystal of TbAlGe for the first time and performing vector magnetization measurement, it is shown 
that it has a very peculiar angular magnetic field phase diagram similar to YFe2Al10 type TbT2Al10 (T = Ru, Fe). 
Single crystal growth of TbAlGe was carried out by the Al self-flux method. The temperature was maintained at 
1050 °C for 6 hours, lowered to 700 °C at a rate of 3.5 °C/h, and centrifuged to remove the flux. The starting 
composition ratio at which the largest single crystal was Tb:Ge:Al = 1:2:20, and the dimension was about 4x2x3 
mm3. The resulting single crystal axes were determined by an XRD. The AC magnetic susceptibility was measured 
by the Hartshorn bridge circuit. The vector magnetization was measured by using the vector magnetization measuring 
system developed by us in a magnetic field of up to 7 T. The vector magnetization measuring device can measure 
the magnetization as a vector by measuring not only the magnetization component (Mx) parallel to the magnetic field 
but also the magnetization component (My) perpendicular to the magnetic field. It is also possible to rotate the angle. 
In this study, the magnetization of b-plane was measured. 
The temperature dependence of the Mx along the a-axis at 0.5 T shows cusps at TN1 = 42.0 K and TN2 = 8.0 K. This 
is consistent with the temperature change in AC magnetic susceptibility. The temperature dependence of Mx along 
the c-axis shows bending at TN1, but no anomaly is seen at TN2. Therefore, the two different antiferromagnetic 
transitions are considered to occur along the a-axis. These behaviors were almost the same as the AC magnetic 
susceptibility. When the magnetic field is increased, TN1 gradually decreases along the a-axis and becomes TN1 = 38 
K at 6 T, but hardly changes along the c-axis. TN2 observed along the a-axis, decreases strongly with increasing 
magnetic field, and disappeared below 2 T. The a-axis magnetization curves for TN1 < T < TN2 at 4 K are convex 
upward and increases monotonically. Several metamagnetic transitions with large hysteresis were observed at T < 
TN2. The magnetization curves along the c-axis are almost linear over the entire temperature range. Therefore, it is 
considered that the antiferromagnetic moment is oriented in the a-axis direction. 
We measured the angle dependence of Mx and My of clockwise (cw) - and counterclockwise (ccw) - rotation at 
intervals of 0.5 T from 0.5 T to 6.5 T at 4 K. As an example, Fig. 1 shows the results at 6.5 T, where black and red 
symbols are cw and ccw, respectively. θ = 0° and 90° correspond to a- and c-axis, respectively. From Fig. 1, we can 
see that there is a large hysteresis of angular dependence. It can also be seen that the period of magnetization is 180°. 
This angular hysteresis cannot be explained by the magnetization calculated as the vector sum of the magnetizations 
by dividing the applied magnetic field into the effective field along the a-axis and c-axis. Therefore, it is considered 
that the hysteresis is purely due to the angular rotation. We can also calculate the direction and magnitude of magnetic 
moment. The direction of the magnetic moment suddenly rotates at the angle at which My changes significantly (70°, 
100°, 190°, 250°, 280° for cw, 290°, 260°, 170°, 110°, 80° for ccw). From these results and magnetization curves, an 
angular-field magnetic phase diagram at 4 K is obtained. The a-axis, in which metamagnetic transitions are clearly 
seen, is the direction perpendicular to the zigzag chain, which is very similar to TbFe2Al20 [3], though there is no 
hysteresis in TbFe2Al10. Therefore, from an experimental point of view, this strange magnetic phase diagram and the 
zigzag structure are considered to be related. 
 
[1] S. Pukas et al., J. Alloys Compd. 367, 162 (2004). 
[2] K. Ohno et al., JPS Conf. Proc., 30, 011163 (2020).  
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Fig. 1. Angular dependence of Mx and My at T = 4 K, H = 6.5 T on b-plane of 
TbAlGe. The abbreviation of cw and ccw indicate clockwise and 
counterclockwise rotation, respectively.  
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It is important to establish temperature (T) – pressure (P) phase diagrams of iron-pnictide superconductors, where 
superconducting, antiferromagnetic (AFM) and nematic states coexist or compete, to throw further light on the 
superconducting mechanism. Indeed, superconducting phase in FeSe coexists with nematic phase for 0 ≦ P ≦ 1.5 
GPa and with dome-shaped AFM phase for 1.5 ≦ P ≦ 6 GPa but highly enhanced above 6 GPa [1]. In RFeAsO1-

xFx (R=La, rare earth), the T-P phase diagram however remains solved, although some studies were conducted on 
LaFeAsO1-xFx [2-4]. RFeAsO1-xFx is superconducting with Tc=26-52 K due to an optimal electron doping by 
substituting O by F, while non-doped RFeAsO is not superconducting but exhibit magnetic and structural phase 
transitions at 130-140 K and at 150-160 K, respectively.  To study the relationship between superconducting and 
other phases in the phase diagram, we need to prepare lightly doped specimens so that the superconductivity is 
induced only above a critical pressure Pc, since the superconductivity and other phases are not expected to coexist in 
enough doped superconducting specimens. Thus, to discover pressure induced superconductivity in RFeAsO is the 
first step to establish the T-P phase diagram of RFeAsO. In the present work, we have performed the measurements 
of electrical resistivity and dc magnetization under pressure for lightly doped RFeAsO1-xFx with R=Sm and Nd using 
high density polycrystalline specimens obtained by pulse current sintering and report the pressure induced 
superconductivity.  It is found that our specimen with R=Sm for x=0.09 shows superconductivity with Tc=6 K above 
～3.8 GPa but that with R=Nd for x=0.08 shows superconductivity with Tc=6 K above ～1.0 GPa. Superconducting 
volume fraction estimated from the amplitude of diamagnetic response for both materials is less than 5 %, suggesting 
that the superconductivity is filamentary one.  

 
[1] J. P. Sun et al., Nat. Commun. 7, 12146 (2016).  
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Similarly to the borocarbide compounds [1, 2, 3], other quaternary carbides have revealed a wide variety of 

noteworthy physical properties [4, 5, 6]. In this paper we report the occurrence superconductivity in the orthorrombic 
YRe2SiC, which belongs to the Cmcm space group [7]. Samples of YRe2SiC, and YRe1.8SiC were arc melted and let 
cool at different rates. The microstructural morphology of the samples was analyzed, and the physical properties of 
the samples with best phase purity were further studied. Superconductivity with a transition temperature onset Tc ≈ 
5.9 K could be unequivocally confirmed by means of magnetic susceptibility, electrical resistivity, and heat capacity 
measurements. A linear dependence of the lower critical field Hc1 with temperature T is reminiscent to the 
unconventional superconducting behavior seen in YNi2B2C and MgB2 [2, 8]. The temperature dependence of the 
upper critical field Hc2(T), as well as presence the two heat capacity anomalies below Tc, suggest unconventional 
behavior. The related quaternary compound Y2Re2Si2C did not show superconductivity down to 2 K.  
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The pseudogap is a general phenomenon occurring in the cuprate superconductors that manifest itself as anomalies 

in several properties of the normal and superconducting states of these systems [1, 2, 3]. Basically, the pseudogap 

characterizes a depression in the electronic density of states near the Fermi level. Its effects are observed below a 

certain temperature T*. Depending on the carrier density T* may be located much above the critical temperature TC. 

An important property that is sensitive to Fermi surface modifications is the Hall effect. In fact, in the normal state 

of the superconducting cuprates, the Hall coefficient presents a strong dependence with temperature, contrasting 

with observations in conventional metals. The unusual behavior of the Hall coefficient is particularly evident in the 

underdoped regime of the cuprates, where the pseudogap effects are prominent.  Despite this fact, few discussions 

on the relation between the Hall effect and the pseudogap phenomenon are available in the literature [4, 5]. In this 

communication, we report on Hall effect experiments in the normal phase of Bi2Sr2CaCu2O8+δ (Bi-2212) single 

crystals with different carrier concentrations. The single crystals were grown by self-flux method and were 

structurally characterized by x-ray diffraction and scanning electron microscopy (SEM). The as-grown single 

crystals were submitted to a heat treatment in oxygen pressure or vacuum in fixed temperatures in order to modify 

the carrier content. Crystals could be obtained within a large range of carrier densities. Longitudinal resistivity and 

Hall resistivity measurements were performed with a Quantum Design Physical Properties Measuring System 

(PPMS). Magnetic fields up to 9T were applied perpendicularly to the samples plane. Temperatures were varied 

between TC and 300 K. The total Hall coefficient for all insvestigated samples is quite well described by an 

empirical expression with small number of adjustable parameters. This expression implies that the Hall resistivity is 

composed by an ordinary term plus an anomalous contribution. The anomalous term has the form of a cut-off law, 

in which the characteristic parameter reproduces the pseudogap temperature as a function of the carrier 

concentration. This finding evidences the strong correlation between the Hall effect and the pseudogap 

phenomenon in the studied cuprates. A phase diagram could be traced for the Bi-2212 superconductor where the 

pseudogap temperature T* was represented as a function of the doping and compared with previous determinations. 

In addition, the obtained ordinary Hall coefficient presents a strong hole doping dependence with a minimum 

occurring at the concentration p = 0.14, possibly caused by a partial Fermi surface reconstruction. 
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Kadowaki, P. Guptasarma, D. G. Hinks, Nature, 392, 157 (1998). 
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The magnetopiezoelectric effect (MPE) is a lattice distortion induced by the electric current in metals lacking both 

inversion symmetry and time-reversal symmetry. It was theoretically proposed [1,2] and experimentally observed 

[3-5] recently. These results revealed the potential of metals for piezoelectric devices. However, unlike the 

conventional piezoelectric effect, the MPE always accompanies Joule heating. This property makes the research and 

application of the MPE difficult.  

In superconductors, the conventional piezoelectric effect is prohibited because the electric field should vanish due to 

the zero resistivity. On the other hand, the MPE-like response induced by the supercurrent can be realized. We call 

this phenomenon the superconducting piezoelectric effect (SCPE). The SCPE is more practical than the MPE because 

of the absence of Joule heating. Moreover, the SCPE is expected to be a probe of inversion and time-reversal 

symmetry breaking in superconductors, since it is sensitive to the symmetry breaking. 

In this presentation, we formulate the SCPE and compare the calculations of the MPE and SCPE of a typical 

noncentrosymmetric superconductor, that is, a two-dimensional Rashba s-wave superconductor under in-plane 

magnetic field. The magnitude of the SCPE is comparable to that of the MPE, and thus our result implies the 

nonnegligible coupling between the supercurrent and lattice distortion in noncentrosymmetric superconductors. 

Furthermore, we clarify that finite total momentum of Cooper pairs plays a crucial role in the SCPE. In this setup, 

the helical superconducting state due to Cooper pairs with finite total momentum is inevitably stabilized. Our result 

reveals that the SCPE can be a direct probe of the helical superconductivity, which has been awaited for a long time. 
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Figure 1: Example of the MPE and 

SCPE. J and H represent the electric 

current and in-plane magnetic field, 

respectively. 

Figure 2: Magnetic field dependence of (a) the SCPE coefficient, and 

(b) total momentum of Cooper pairs.  
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Chemical substitution is an effective parameter for tuning the physical properties of the correlated materials including 

the high temperature superconductors which continues to be an outstanding issue in material science. The chemical 

doping in Fe-based pnictide/chalcogenides suppresses the structural and magnetic transitions of the parent compound 

and induces superconducting phase at a critical doping range [1]. For instance, CaFe$_2$As$_2$ (Ca122) is a parent 

compound in a Fe-based superconducting (FeSCs) family which undergoes both magnetic and structural transition 

at about 170 K from tetragonal paramagnetic to orthorhombic AFM phase [2]. Replacement of Fe with Co leads to 

suppression of both the transitions and superconductivity appears within at a suitable doping range [3]. Since, the 

dopants usually have less/more no of electrons relative to the atom at the doped site, such processes change the charge 

carrier concentration leading to a rigid shift of the Fermi energy ($E_F$) of the compound. Interestingly, the 

electronic structure studies carried out on FeSCs using angle resolved photoemission spectroscopy (ARPES) 

technique shows a significant orbital dependent band renormalization [4] and increased spin-orbit coupling (SOC) 

strength [5] with doping which dominates over the expected $E_F$-shift. 

 

In order to probe the underlying physics, we studied the electronic structure of the superconducting composition of 

Ca122 achieved by Fe-replacement with Co-atoms (CaFe$_{1.9}$Co$_{0.1}$As$_2$, TC $\sim$15 K), employing 

high resolution ARPES technique. The experimental results are discussed with the spectra of the parent compound 

measured in similar conditions to investigate the effect of Co-substitution. The ARPES spectra reveals significant 

orbital dependent band renormalization and unequal energy shift of the bands along with an enhancement of SOC 

gap between the bands at the center of Brillouin zone. Considering the bond lengths of both the compounds and their 

evolution with temperature [6] in theoretical band structure calculation, we observe that the changes observed in the 

electronic structure with doping can be linked to the change in structural parameters. We observe significant change 

in the dispersion of the hole-band corresponding to the Fermi pockets with the change of $k_z$-momentum 

suggesting a possibility of $k_z$-dependent superconducting gap properties in this system. 
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In one of the iron-based superconducting systems, RFeAsO (R = rare earth elements), the structural flexibility at three 

substitution sites enabled investigation of the relation among superconductivity, local structure parameters, and 

electronic structure over a wide range of crystal compositions. In this study, the substitutions of Nd for La, Sb or P 

for As, and F or H for O were performed, and we synthesized RFeAs1-x(P/Sb)xO1-y(F/H)y samples (R = La and Nd). 

All these substitutions modify the local structural parameters, while the F/H-substitution also changes band filling of 

3d electron bands in Fe ions. It was observed that the pnictogen height from Fe-plane (hPn) increases with increasing 

As/Sb composition and electron doping by F or H substitution effects, and that hPn in the Nd-system is larger than 

that in the La-system. The changes in the superconducting transition temperature (Tc) with composition can be 

understood in terms of the contribution of the dxy hole Fermi surface (FS), which is controlled by hPn.  
Figure 1 shows the contour plots illustrating how Tc changes with x and y for the La- and Nd-systems, respectively. 

[1] In these phase diagrams, we distinguish three superconducting phases (SC1, SC2 and SC3), particularly in the 

La-system. Compared to the change from SC1 to SC2 with the disappearance of the dxy FS, the change from SC1 to 

SC3 is not clearly defined. In the La-system, although these two phases (SC1 and SC3) are separated at x = 0, when 

Sb is substituted, they merge with each other, as in the Nd-system with larger hPn, owing to the enlargement of the 

dxy FS by the increase in hPn. We therefore think that the superconductivity mechanisms in phases SC1 and SC3 have 

the same origin. According to this scenario, the Tc suppression near x = 0 for the intermediate doping range (0.14 < 

y < 0.25) in the La-system is not caused by the bad FS nesting condition, but by the loss of dxy FS due to electron 

doping. The lost dxy FS and suppressed Tc can be recovered by Sb substitution and/or electron doping. While FS 

nesting controlled by band filling plays an important role in the P-rich compositions (SC2 phase), as hPn increases 

with increasing As/Sb-content, superconductivity regime switches to SC1/SC3 with dxy orbital playing an important 

role. In the present work, we confirmed the change of band structure related to the phase change from SC3(/SC1) to 

SC2 in NdFeAs1-xPxO0.9F0.1 using angle-resolved photoemission spectroscopy (ARPES). [2,3] The results of ARPES 

studies revealed that the SC3(/SC1) can be defined as the phase in which the dxy hole FS contributes to 

superconductivity, while this is not expected in SC2. In the SC3(/SC1) (x < 0.2), it was experimentally confirmed 

that the dxy band approaches the Fermi level, forming an incipient band. 

 
Figure 1: Schematic phase diagrams of (a) LaFeAs1-x(P/Sb)xO1-y(F/H)y and (b) NdFeAs1-xPxO1-y(F/H)y. Dots represent 

the compositions in this study. Contour lines of Tc are drawn by extrapolation using resistivity data. [1] 
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A fundamental problem posed from the study of heavy-fermion systems is the need to understand the physics of 
states near a quantum critical point (QCP). At a QCP, magnetic order is suppressed continuously to zero temperature 
and unconventional superconductivity often appears [1]. Here we report pressure (P)-dependent 115In nuclear 
quadrupole resonance (NQR) measurements on heavy-fermion antiferromagnetic superconductor CeRh0.5Ir0.5In5 (TN 
= 3.0 K, Tc = 0.9 K) [2]. As shown in Figs. 1, we find an antiferromagnetic (AF) QCP at Pc

AF = 1.2  GPa where a 
dome of superconductivity reaches a maximum transition temperature Tc [3]. Preceding Pc

AF, however, the NQR 
frequency νQ undergoes an abrupt increase at Pc

* = 0.8 GPa in the zero-temperature limit, indicating a change from 
localized to itinerant character of cerium's f-electron and associated small-to-large change in the Fermi surface [3]. 
We also find that the residual value of nuclear-spin lattice relaxation rate divided by temperature (1/T1T) well below 
Tc depends significantly on pressure.  The results indicate that, at Pc

AF where Tc is optimized, there is an unusually 
large fraction of gapless excitations well below Tc that implicates spin-singlet, odd-frequency pairing symmetry [3]. 
Details about quantum criticality and unconventional gapless superconductivity there in CeRh0.5Ir0.5In5 will be 
discussed. 
 
 

 
 

Figure 1. (a) P-T phase diagram for CeRh0.5Ir0.5In5.The solid 
circles, squares, and stars indicate TN, Tc, and the localized-to-
itinerant transition temperature T*, respectively.  (b) P 
dependence of the relative density of states (DOS) on the T = 0.3 
K plane. The dotted straight line indicates Pc

AF. 
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We study superconductivity in the three-dimensional three-orbital Hubbard-Holstein model which 

consists of the W-t2g orbitals and is extracted from the first-principles band calculation of the 

superconducting tungsten bronze NaxWO3, where the superconducting transition temperature Tc is found 

to increase rapidly with decreasing x up to 7K [1,2] and a remarkable high-Tc superconductivity with 

Tc=91K is reported at further low doping x~0.05 [3]. Effects of the on-site coulomb interaction U and 

the Jahn-Teller electron-phonon coupling g are taken into account within the random phase 

approximation (RPA). We obtain the phase diagram on the U-g plane as shown in Fig. 1, where the 

instability towards the magnetic order is observed for a huge value of U~28eV almost independent of g 

while the instability towards the ferro-orbital order accompanied by the cubic-tetragonal structural phase 

transition is observed for a realistic value of g=0.21~0.28eV depending on U. Superconductivity is 

investigated by solving the linearized Eliashberg equation with the pairing interaction obtained within 

the RPA, and we find that Tc for the anisotropic s-wave symmetry is largely enhanced due to the ferro-

orbital fluctuation in the vicinity of the ferro-orbital order (structural phase transition) [4] as compared 

with that for the isotropic s-wave symmetry from the McMillan equation in which the x-dependence of 

the coulomb pseudopotential due to the plasmon effects is considered to reproduce the experimental x-

dependence of Tc up to 7K [5].  

  

 

 
 

Fig. 1 Phase diagram of the three-dimensional three-orbital Hubbard-Holstein model on the U-g plane 

for x=0.05 and T=0.19eV.  

 

Numerical calculations were performed using Oakforest-PACS system provided by Multidisciplinary 

Cooperative Research Program in CCS, University of Tsukuba, and MASAMUNE-IMR system 

provided in CCMS, IMR, Tohoku University.  
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The chiral superconducting state with non-zero Chern number support the chiral edge state. The edge state has a 
degeneracy with respect to spin except for the spinless pairing case. It has been pointed out in the model of the chiral 
d-wave pairing in honeycomb pnictide superconductor SrPtAs that the degeneracy is lifted due to the spin-orbit 
coupling and we have the spontaneous magnetization around the sample surface [1].  
We would emphasize that that the normal state of SrPtAs shows the spin Hall effect. To investigate the phenomena 
in a simpler situation, we consider the spin polarization in a model of the chiral p-wave state with Sz=0 in the BHZ 
[2] metal, which is the doped quantum spin Hall insulator and shows the spin Hall effect.  
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Machine  learning  (ML)  methods  have  proved  to  be  a  very  successful  tool  in  physical
sciences, especially when applied to experimental  data analysis.  Artificial  intelligence is
particularly  good  at  recognizing  patterns  in  high  dimensional  data,  where  it  usually
outperforms humans. Here we applied a simple ML tool called principal component analysis
(PCA) to study data from muon spectroscopy. The measured quantity from this experiment
is an asymmetry function, which holds the information about averaged intrinsic magnetic
field  of  the  sample  [1][2].  Change  in  the  asymmetry  function  might  indicate  phase
transition; however, changes can be very subtle, and existing methods of analyzing the
data require knowledge about the physics of the material  [3]. PCA is an unsupervised ML
tool, which means that no assumption about the input data is required, yet we found that it
still  can  be  successfully  applied  to  asymmetry  curves,  and  the  indications  of  phase
transitions can be recovered. The method was applied to a range of magnetic materials
with different underlying physics. Additionally, we discovered that performing PCA on all
those materials simultaneously has no major effect on phase transition indicators, but can
improve on detection of most important variations of asymmetry functions. 
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Topological superconductivity has attracted great interest because of the potential of Majorana fermions for 
technological application. One of the promising candidates for topological superconductors is noncentrosymmetric 
superconductors with strong spin-orbit coupling. The lack of centrosymmetry can induce an odd-parity pairing 
state, which is a prerequisite of topological superconductivity. Among such noncentrosymmetric systems, the 
topological nodal-line semimetal PbTaSe2 shows superconductivity at 3.8 K [1], and its superconducting gap 
exhibits nematic behavior [2], similar to metal-intercalated Bi2Se3 [3]. In addition, a member of the PbTaSe2 
family, SnNbSe2, is theoretically predicted to be a topological nodal-line semimetal and a superconductor [4]. The 
calculated superconducting transition temperature of this compound is 7 K, relatively higher than most of the 
known topological superconductor candidates. We here report the superconductivity of SnxNbSe2-δ with the same 
noncentrosymmetric structure as stoichiometric SnNbSe2. The superconducting transition temperature Tc of 
SnxNbSe2-δ drastically varies with the Sn concentration x and the Se deficiency δ. The upper critical field of this 
material shows unusual temperature dependence, inconsistent with the WHH theory for conventional type-II 
superconductors. Moreover, the zero-temperature limit of the upper critical field of SnxNbSe2-δ with low Tc  exceeds 
the Pauli paramagnetic limit estimated from the simple BCS weak coupling model, suggestive of unusual 
superconductivity stabilized in SnxNbSe2-δ. We will also report the correlation between the superconducting 
transition temperatures and carrier densities of this system.  
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Sr2RuO4 has been intensively investigated as one of novel unconventional superconductors for the last two 

decades [1]. The gap symmetry of the superconducting (SC) state, however, has still been an open problem. Recently, 

there have been several reports indicating a first-order SC transition occurring under a magnetic field precisely 

controlled parallel to the ab plane: a sharp entropy change observed by the magnetocaloric effect [2] and a sharp 

magnetization jump [3], involving hysteresis at the upper critical field Hc2. Recent improvements of NMR 

measurements have revealed a significant change of the Knight shift below the Hc2 for the magnetic field along the 

ab plane [4,5] in contrast to the previous study [6]. These notable features imply pair-breaking mechanism derived 

from a strong Pauli-paramagnetic effect. 

Motivated by these previous studies, we performed ultra-high-resolution magnetostriction measurements on 

a single crystal sample of Sr2RuO4 along the c axis with the magnetic field parallel to the ab plane. We have succeeded 

in detecting a small first-order SC transition signal on the magnetostriction of the sample (~0.1 Å) with improving a 

home-made capacitively-detected diameter for a resolution far better than 0.01 Å. The magnetization and specific-

heat measurements were also conducted on the same sample, the results of which are in agreement with the 

magnetostriction data. Although a weak anomaly was detected in the magnetostriction slightly below the first-order 

transition field, a clear evidence for the occurrence of a Fulde-Ferrell-Larkin-Ovchinnikov transition was not 

provided in the present measurements. 

 

[1] Y. Maeno et al., Nature 372, 532 (1994). 

[2] S. Yonezawa et al., Phys. Rev. Lett. 110, 077003 (2013). 

[3] S. Kittaka et al., Phys. Rev. B 90, 220502(R) (2014). 

[4] A. Pustogow et al., Nature 574, 72 (2019). 

[5] K. Ishida et al., J. Phys. Soc. Jpn. 89, 034712 (2020). 

[6] K. Ishida et al., J. Phys. Chem. Solids 69, 3108 (2008). 
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Electronic structures and effective models in BaPtSb and BaPtAs with ordered honeycomb 
structures 
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1 (Okayama University of Science, Okayama, Japan) 
2 (Hirosaki University, Hirosaki, Japan) 

 
The time-reversal symmetry breaking (TRSB) superconductors have attracted much interest in the fields of the 
topological condensed matter and the strongly correlated electron systems.  It is well known that the hexagonal 
lattice structure favors the realization of TRSB superconducting states, which may appear in SrPtAs in the 
hexagonal KZnAs-type structure [1]. Recently, new materials BaPtSb and BaPtAs in the SrPtSb-type structure 
show superconducting states [2], whose lattice structures are similar to that of SrPtAs. In particular, the former 
compound is a candidate of the TRSB superconductors [3]. In the present study, to identify the low-energy 
electronic properties microscopically, we investigate the electronic states of BaPtSb and BaPtAs in the normal 
phase and construct the effective model Hamiltonians by means of the first principles method and the point group 
symmetry analysis. The low-energy electronic structures obtained from the first principles calculations are mainly 
derived from the Pt 5d and Sb 4p orbitals where both orbitals hybridize tightly each other. Taking into the point 
group symmetry account, we show that the characteristic structures in the low-energy region including the Fermi 
surface are well described using renormalized 3 bands consisting of dominant Pt 2 bands and Sb (As) 1 band. We 
also discuss the topological aspect in the normal phase with the obtained models. Our results provide a starting 
point for microscopic investigation in the superconducting states in the materials with the hexagonal structure. 
 

 
[1] P. K. Biswas, et al., Phys. Rev. B 87, 180503 (R) (2013).  
[2] K. Kudo, et al., J. Phys. Soc. Jpn. 87, 073708 (2018). 
[3] T. Adachi, et al. KEK-MSL REPORT 2017, 54 (2018). 
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The temperature dependence features of the order parameter  

in unconventional superconductors with spin-singlet pairing interaction 
 

Fail SIRAEV, Yurii PROSHIN, Maxim AVDEEV 
 

Theoretical Physics Department, Institute of Physics, Kazan Federal University, Kazan, Russia 
 

We calculate the temperature dependence of the superconducting order parameter in unconventional superconductors 

within the framework of the one loop variational perturbation theory. For simplicity, we assumed cylindrical Fermi 

surface and tried the order parameter in the form of series 

Δ(𝜑) = Δ𝑠 + ∑ Δ𝑛cos(2𝑛𝜑)

𝑛=1

, 

where 𝜑 is the polar angle measured from the 𝑘𝑥 axis. The components Δ𝑠, Δ𝑛 are found by minimizing the free 

energy functional of the system. 

We used the model potential discussed in work [1] 

𝑉(𝜑1 − 𝜑2) = 𝑎0 + ∑ 𝑎𝑛cos(𝑛(𝜑1 − 𝜑2))

𝑛=1

, 

𝑎0 = 𝑉𝑚𝑎𝑥 +
𝛿

𝜋
(𝑉𝑚𝑖𝑛 − 𝑉𝑚𝑎𝑥),   𝑎𝑛 =

2

𝜋𝑛
sin (

𝑛𝛿

2
) (1 + (−1)𝑛)(𝑉𝑚𝑖𝑛 − 𝑉𝑚𝑎𝑥). 

Here 𝑉𝑚𝑖𝑛, 𝑉𝑚𝑎𝑥, 𝛿 are model parameters. It was shown that higher harmonics of the order parameter appear for 

certain parameters of the pairing potential. 

On the basis of numerical simulation, it was also shown that the higher harmonics of the order parameter depend on 

temperature in a significantly different way than BCS one. 
The results are discussed in the context of experiments on the temperature dependence of the superconducting 

condensate density in thin-film cuprates [2]. 
 

[1] D. J. Scalapino, E. Loh, J. E. Hirsch, Physical Review B, 34, 8190 (1986). 

[2] I. Hetel, T.R. Lemberger, M. Randeria, Nature, 3, 700 (2007). 
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Temperature and doping dependence of the singlet and triplet pair susceptibilities
in the one-band Hubbard model based on the dynamical mean-field theory

Yusuke Inokuma1, Yoshiaki Ōno1

1Department of Physics, Niigata University, Niigata, Japan

We investigate the superconductivity in the one-band Hubbard model on the basis of the dynamical mean-field
theory (DMFT) [1], in which the irreducible vertex function   has no  k-dependence and then only the  s-wave
superconductivities with the spin-singlet  even-frequency pairing and the spin-triplet  odd-frequency pairing are
possibly realized. In the previous DMFT studies, both the singlet and triplet superconductivities have not been
observed in the one-band Hubbard model [2,3] in contrast to the case with the two-band Hubbard model where the
singlet and/or triplet superconductivities are found to be realized [3,4,5]. However, the detailed results of the pair
(superconducting) susceptibilities over the whole parameter regime including quite low temperatures where the
superconductivity is expected to be realized were not been explicitly shown there [2,3]. Then, we calculate the
singlet and triplet pair susceptibilities in the one-band Hubbard model for a wide range of parameters: the electron
number per site n, the temperature T and the on-site Coulomb interaction U. The singlet (triplet) pair susceptibility
is constructed by ladder diagrams of the particle-particle channel with respect to the singlet (triplet) irreducible
vertex function s (t) which corresponds to an effective interaction leading singlet (triplet) pairing and is obtained
by solving the Bethe-Salpeter  equation with the use of the linearized DMFT [6] developed for describing the
electronic state close to the Mott transition. In the explicit calculations, we use the Bethe lattice with the band width
of 4eV where the Mott transition takes place at Uc=6eV for n=1 within the linearized DMFT [6]. Figures 1 (a) and
(b) show the T dependence of the singlet and triplet pair susceptibilities s and t for several values of  n and U,
respectively. We find that s is suppressed by the repulsion U especially for the region near the Mott transition (see
Fig.  1  (a))  as  consistent  with  the  previous  studies  [2,3],  while  t is apparently  enhanced  by  U at  very  low
temperature below 10K (see Fig. 1 (b)) where the effective interaction for the triplet pairing is considered to be
attractive and then the triplet superconductivity is expected to be realized at further low temperatures below 1K. 

Fig. 1 Spin-singlet and triplet pair susceptibilities s (a) and t (b) in the one-band Hubbard model as functions of
the temperature T for several values of the electron number per site n and the on-site Coulomb interaction U.

[1] A. Georges, G. Kotliar, W. Krauth and M.Rozenberg, Rev. Mod. Phys. 68, 13(1996).
[2] M. Jarrell and T. Pruschke, Z. Phys. B 90, 187 (1993).
[3] M. Caffarel and W. Krauth, Phys. Rev. Lett. 72, 1545 (1994).
[4] A. Georges, G. Kotliar and W. Krauth. Z. Phys. B 92, 313 (1993).
[5] A. Koga and P. Werner, Phys. Rev. B 91, 085108 (2015).
[6] R. Bulla and M. Potthoff, Eur. Phys. J. B 13, 257 (2000).
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Topological feedback for superconducting states 
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2Department of Mathematics and Physics, Hirosaki University, Hirosaki, Japan 

 

The p-wave superfluid 3He has two distinct phases in zero fields. The pairing order parameter of A-phase has 

point nodes and, in the weak coupling approximation, B-phase with a fully gapped order parameter gains more 

condensation energy than A-phase. The reason for the overcoming stability of A-phase is the spin fluctuation 

feedback [1]. The pairing interaction due to the paramagnetic spin fluctuation becomes anisotropic in spin space 

due to the A-phase pair condensation, and the anisotropy gives the feedback and supports the A-phase pairing. 

More recently, it was found that the chiral p-wave pairing, which is a two-dimensional and superconducting 

analog of 3He-A phase, would have another type of feedback effect [2]. The chiral pairing leads to a spontaneous 

induction of a Chern-Simons(CS)-like term in the low energy effective action for the electromagnetic gauge field 

[3]. The coefficient of the induced term is closely related to the Chern integer, i.e., the chirality of the Cooper pair. 

Due to the charge-flux attachment by the CS-like term, each electron in a chiral Cooper pair feels the Lorentz 

force that strengthens the attractive interaction (see Figure 1). The topological nature of pairing thus causes this 

chiral feedback effect and supports the pairing itself.  

We then present our attempt to find topological feedback mechanisms for the other types of superconducting 

states. The helical p-wave state, which is the time-reversal-symmetric (TRS) extension of the chiral p-wave state, 

would have a feedback effect caused by the induced BF term  (TRS extension of the CS term) leading to the spin-

dependent Lorentz force. We also investigate the three-dimensional extension of the chiral feedback effect for 

Weyl superconductors, which possess the axion term in the effective action.  

 

 [1] W.F. Brinkman and P. W. Anderson, Phys. Rev. A, 10 2386 (1974); Y. 

Kuroda, Prog. Theor. Phys., 53 349 (1975).   

 

[2] J. Goryo and M. Sigrist, J. Phys. Condens. Matt. 12 L599 (2000) ; Europhys. 

Lett. 57 578 (2002).   

 

[3] G. E. Volovik, Sov. Phys. JETP 67 1804 (1988); J. Goryo and K. Ishikawa, 

Phys. Lett. A 260 294 (1999); N. Read and D. Green, Phys. Rev. B 61 10267 

(2000); A. Furusaki, M. Matsumoto, and M. Sigrist, ibid, 64 054514 (2001).  
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Figure 1: The chiral feedback effect [2]. 
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Crystal field effect and anisotropic magnetic interactions in RTBi2 (R = Ce, Pr, Nd; T = Cu, Au)  
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In this work we have investigated the crystal field effect on the magnetic properties RTBi2 (R = Ce, Pr, Nd; T = Cu, 

Au) intermetallic compounds. The samples were grown by the Bi metallic flux method. Macroscopic measurements 

of magnetic susceptibility, heat capacity and electrical resistivity were previously carried out, with supplementary 

measurements of Energy-dispersive X-ray spectroscopy (EDS) and X-ray diffraction [1- 4]. A mean-field model 

that includes an anisotropic exchange interaction between nearest neighbors and tetragonal crystal field effects was 

used to fit the magnetic susceptibility and magnetization data. The best fits yield the crystal field parameters, level 

schemes and the values of the exchange constants for each compound in the RTBi2 (R = Ce, Pr, Nd; T = Cu, Au) 

series. From these data analyzes, we have described how the crystal field effects and the competition between 

magnetic interactions govern the magnetic properties of these compounds.  
 
[1] C. B. R. Jesus, M. M. Piva, P. F. S. Rosa, C. Adriano, and P. G. Pagliuso, J. of App. Phys. 115, 17E115 (2014). 

[2] C. B. R. Jesus, M. M. Piva, P. F. S. Rosa, C. Adriano, Z. Fisk, and P. G. Pagliuso, Physics Procedia 75, 618 -  

624 (2015). 

[3] C. Adriano, P. F. S. Rosa, C. B. R. Jesus, J. R. L. Mardegan, T. M. Garitezi, T. Grant, Z. Fisk, D. J. Garcia, A. 

P. Reyes, P. L. Kuhns, R. R. Urbano, C. Giles, and P. G. Pagliuso, Phys. Rev. B 90, 235120 (2014). 
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CeNi4Cr compound and its thermodynamic properties 
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CeNi5 as a mother compound is well known as a Stoner enhanced paramagnet characterized by the spin fluctuation 

contribution on its transport properties. Previous work on CeNi4Cr compound showed typical features of mixed 

valence systems with indication of tendency to heavy fermion behavior [1]. The theoretically predicted phase 

transition into antiferromagnetic order wasn´t observed down to 2 K. In this work we present the effect of spin 

fluctuations of the CeNi4Cr compound focused on its thermodynamic properties. 

  
[1] T.Toliński et al., Journal of Magnetism and Magnetic Materials 321(2009) 1121–1124. 
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Multiple superconducting phases and field-induced superconductivity under pressure in UTe2 
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We present our recent results on the novel spin-triplet superconductor UTe2[1,2]. A large jump of the specific heat 
at 1.6K indicates the strong coupling superconductivity. The huge upper critical field exceeding the Pauli limit 
indicates the spin-triplet state. For the field along b-axis, the field reentrant superconductivity is observed up to 
Hm~35T, where the first order metamagnetic transition occurs. The field reentrant superconductivity in UTe2 is 
similar to that observed in ferromagnetic superconductors, namely URhGe and UCoGe[3,4]. Applying the pressure 
in UTe2, the superconducting transition temperature splits and the multiple superconducting phases are detected in 
the AC calorimetry measurements as a thermodynamic response[5,6]. We overview the results on UTe2 comparing 
with ferromagnetic superconductors, and show our perspective. This work was done in collaboration with G. Knebel, 
A. Pourret, J.P. Brison, D. Braithwaite, Q. Niu, M. Valiska, J. Flouquet, A. Nakamura, F. Honda, Y. Homma, D.X,Li, 
Y. Shimizu, Y. J. Sato, A. Miyake, S. Imajo, S. Kohama, M. Tokunaga, H. Harima, W. Knafo, I. Sheikin, C. Paulsen, 
Y. Tokunaga, S. Kambe, H. Sakai, S. Fujimori, K. Ishida, G. Nakamine, S. Kitagawa. 
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Quantum Monte Carlo simulations of superconductivity and magnetism in correlated systems  
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A hallmark of strongly correlated systems is the emergence of unconventional superconductivity in close proximity 

to antiferromagnetism. Elucidating the interplay between these two orders, which goes beyond the competition 

between independent states, remains a major challenge. One of the main hurdles is the difficulty in theoretically 

accessing the regime of moderate correlations, where the onsite repulsion is comparable to the bandwidth. First, 

perturbative analytical methods commonly used in the weak-coupling and strong-coupling limits become 

uncontrolled in this regime. Second, unbiased numerical methods such as Quantum Monte Carlo (QMC) simulations 

usually suffer from the infamous fermionic sign-problem, except for a very narrow range of parameters (e.g. the half-

filled Hubbard model). Interestingly, however, the fermionic sign problem can be circumvented for a much wider 

range of parameters in certain multi-band electronic models. In this talk, I will present extensive sign-problem-free 

QMC simulations of two different models: the spin-fermion two-band model and a particular realization of the 

Hubbard-Kanamori model in a two-band system with dominant inter-band electronic interactions. While in the spin-

fermion model the antiferromagnetic fluctuations are preexisting and mediate the pairing interaction between the 

electrons, in the Hubbard-Kanamori model the same microscopic interactions give rise to both antiferromagnetism 

and superconductivity. I will compare the phase diagrams of these two models, highlighting the conditions for the 

emergence of superconductivity and its relationship with magnetic order, charge order, and the metal-to-insulator 

transition.   
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Connecting two classes of unconventional superconductors: Pressure-tuning of CeFeAs 
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The understanding of unconventional superconductivity is one of the most challenging and fascinating tasks of solid-

state physics. Different classes of unconventional superconductors share that superconductivity emerges near a 

magnetic phase despite the underlying physics appears to be different. Two of these are the heavy-fermion and the 

iron-based superconductors.  

We present results of a hydrostatic pressure study on single crystals of CeFeAsO, a parent compound to iron-based 

superconductors, using diamond anvil pressure cells. By electrical, magnetic, and structural measurements, we show 

that upon increasing the applied pressure, the material characteristics of CeFeAsO change from that of an iron-

pnictide material to that of a heavy-fermion metal [1]. In the border region, where the iron spin-density-wave 

magnetism disappears and signatures of Kondo-physics, a hallmark of Ce-based heavy-fermion metals, develop, a 

narrow superconducting phase emerges. This suggests that the two major phenomena characterizing iron-pnictides 

and heavy-fermions, iron spin-density-wave magnetism and the Kondo-effect, work together to produce 

superconductivity in CeFeAsO. 

 

[1] K. Mydeen et al., Phys. Rev. Lett. 125, 207001 (2020). 
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Electronic nematicity in correlated metals often occurs alongside another instability such as magnetism. As a result, 

the question remains whether nematicity alone can drive unconventional superconductivity or anomalous (quantum 

critical) transport in such systems. In FeSe, nematicity emerges in isolation, providing a unique opportunity to address 

this question. Studies to date, however, have proved inconclusive; while signatures of nematic criticality are observed 

upon sulfur substitution, they appear to be quenched under the application of pressure due to the emergent magnetism. 

Here [1], we study the temperature and pressure dependence of the low-temperature resistivity of FeSe1-xSx crystals 

at x values just beyond the nematic quantum critical point. Two distinct components to the resistivity are revealed; 

one whose magnitude falls with increasing pressure and one which grows upon approaching the magnetic state at 

higher pressures. These findings indicate that nematic and magnetic critical fluctuations in FeSe1-xSx are completely 

decoupled, in marked contrast to other Fe-based superconductors, and that nematic fluctuations alone may be 

responsible for the transport signatures of quantum criticality found in FeSe1-xSx at ambient pressure. 

 

[1] J. Ayres et al., arXiv:2106.08821  
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Breaking of inversion symmetry in low dimensionality offers a unique possibility for the 

design of unconventional superconducting phases including topological states. In this 

framework, the 2D electron systems in SrTiO3 based heterostructures are ideal platforms to 

explore noncentrosymmetric multiorbital superconductivity due to the tunability of the critical 

temperature by electrostatic gating [1] together with the strength of the Rashba spin-orbit 

coupling [2], the occupation of the 3d-orbitals [3], and the interface geometry [4]. The 

combination of inversion symmetry breaking and multiple orbital degrees of freedom is 

expected to yield a superconducting order parameter that goes beyond the canonical singlet-

triplet mixed parity. Such aspect together with the unconventional experimental findings for 

oxides interface (e.g., Refs. [5,6,7]) pose fundamental questions not yet fully settled about the 

nature of the superconducting phase and its interrelation with the orbital degrees of freedom.  

To this aim, we investigate the current-phase relation (CPR) of Josephson junction consisting 

of multiorbital noncentrosymmetric superconductors (NCS) marked by orbital Rashba coupling 

and isotropic interorbital spin-triplet pairing with topological character [8,9]. When interfaced 

to a conventional spin-singlet s-wave superconductor (SS), we find that the phase state of the 

NCS-SS junction can be toggled between 0 and π in multiple ways through a variation of 

electron filling, strength of the spin-orbital coupling, amplitude of the inversion asymmetry 

interaction, and junction transparency [10]. On the other hand, for NCS-NCS junction, a 0-to-

π transition is achieved only in the regime of high-transparency and for a given electron density 

mismatch among the superconductors forming the junction. In this configuration, however, we 

observe a unique regime of current phase relation dominated by high harmonics, with third and 

fourth order contributions competing with the second harmonic one. While the emergence of a 

dominant second harmonic in the CPR is often encountered in superconductor-ferromagnet-

superconductor heterostructures [11], for multiorbital NCS Josephson junction we unveil the 

path to design high harmonics CPR without breaking time-reversal symmetry.    
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JP15K21717, No. JP18H01176, No. JP18K03538, No. JP20H00131, and No. JP20H01857) from 

MEXT of Japan, Japan-RFBR Bilateral Joint Research Projects Seminars No. 19-52-50026, and the 

JSPS Core-to-Core program Oxide Superspin international network. M. C. and P. G. are supported by 

the project Quantox of QuantERA-NET Cofund in Quantum Technologies, implemented within the EU-

H2020 Programme. 
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Quartic metal: spontaneous breaking of time-reversal symmetry due to four-fermion correlations 
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Discoveries of ordered quantum states of matter are of great fundamental interest, and often lead to unique 

applications. The most well-known example -- superconductivity -- is caused by the formation and condensation of 

pairs of electrons. A key property of superconductors is diamagnetism: magnetic fields are screened by 

dissipationless currents. Fundamentally, what distinguishes superconducting states from normal states is a 

spontaneously broken symmetry corresponding to long-range coherence of fermion pairs. Here we report a set of 

experimental observations in hole doped Ba1−xKxFe2As2 which are not consistent with conventional superconducting 

behavior. Our specific-heat measurements indicate the formation of fermionic bound states when the temperature is 

lowered from the normal state. However, for x ∼ 0.8, instead of the standard for superconductors, zero resistance and 

bulk diamagnetic screening, for a range of temperatures, we observe the opposite effect: the generation of self-

induced magnetic fields measured by spontaneous Nernst effect and muon spin rotation experiments [1-3]. The finite 

resistance and the lack of noticeable diamagnetic screening by bulk superconducting currents in this state exclude 

the spontaneously broken symmetry associated with superconducting two-fermion correlations. Instead, combined 

evidence from transport and thermodynamic measurements indicates that the formation of fermionic bound states 

leads to spontaneous breaking of time-reversal symmetry above the superconducting transition temperature. These 

results is consistent with the existence of a broken-time-reversal-symmetry bosonic metal state. In the framework of 

a multiband theory, such a state is characterized by quartic correlations: the long-range order exists only for pairs of 

fermion pairs. 

 

[1] V. Grinenko et al., Phys. Rev. B 95, 214511 (2017). 

[2] V. Grinenko et al., Nat. Phys. 16, 789–794 (2020). 

[3] V. Grinenko et al.,  arXiv:2103.17190v2 (2021). 
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Electron pairing without superconductivity in the disordered superconductor titanium 
nitride 
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The idea that preformed electron pairs could exist in a superconductor above its zero-resistance state 
has been explored for unconventional, interface, and disordered superconductors, yet direct 
experimental evidence is lacking. In this talk, I will introduce the use of scanning tunneling noise 
spectroscopy to unambiguously detect and quantify the number of electron pairs in a sample [1-3]. We 
show that preformed electron pairs exist up to temperatures much higher than the zero-resistance critical 
temperature Tc in the disordered superconductor titanium nitride, by observing a clear enhancement in 
the shot noise that is equivalent to a change of the effective charge from 1 to 2 electron charges [4]. We 
further show that spectroscopic gap fills up rather than closes when increasing temperature. Our results 
thus demonstrate the existence of a novel state above Tc that, much like an ordinary metal, has no 
(pseudo)gap, but carries charge via paired electrons.  
 
[1] KM Bastiaans et al., RSI 89, 093709 (2018) 
[2] KM Bastiaans*, D. Cho* et al., Nature Physics 14, 1183 (2018) 
[3] KM Bastiaans et al., Phys. Rev. B 100, 104506 (2019) 
[4] KM Bastiaans, et al. arXiv:2101.08535 (2021) 
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Multifractally-enhanced superconductivity in thin films
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The multifractal superconducting state originates from the interplay of Anderson localization and interaction
effects. In this talk we overview the recent theory of the superconductivity enhancement by multifractality and
extend it to describe the spectral properties of superconductors on the scales of the order of the superconducting
gap [1]. Specifically, using the approach based on renormalization group within the nonlinear sigma model, we
develop the theory of a multifractal superconducting state in thin films. We derive a modified Usadel equation that
incorporates the interplay of disorder and interactions at energy scales larger than the spectral gap and study the
effect of such an interplay on the low-energy physics. We determine the spectral gap at zero temperature which
occurs to be proportional to the multifracally enhanced superconducting transition temperature. The modified
Usadel equation results in the disorder-averaged density of states that, near the spectral gap, resembles the one
obtained in the model of a spatially random superconducting order parameter. We reveal strong mesoscopic
fluctuations of the local density of states in the superconducting state. Such strong mesoscopic fluctuations imply
that the interval of energies in which the superconducting gap establishes is parametrically large in systems with
multifractally-enhanced superconductivity.  

[1] I. Burmistrov, I. Gornyi, A. Mirlin, Ann. Phys. (N.Y.) accepted, https://doi.org/10.1016/j.aop.2021.168499. 
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Less is more: vacancy-triggered robust topological nodal-line semimetals  
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A nodal-line semimetal (NLSM) is suppressed by perturbations unless it is enforced by a nonsymmorphic symmetry. 

We show that two-dimensional materials can realize robust NLSMs when vacancies are periodically distributed 

through the lattice. We propose an effective 2D model and a symmetry analysis to demonstrate that the resulting 

NLSM-phase is topological and enforced by a nonsymmorphic glide plane. We test our prediction by carrying out a 

DFT investigation of borophene, a boron honeycomb-like sheet. While the Dirac cones of pristine borophene are 

shown to be gapped out by spin-orbit coupling and by magnetic exchange, robust nodal lines emerge in the spectrum 

when selected atoms are periodically removed along a certain direction on the lattice. Our findings offer a paradigm 

shift to the design of NLSMs: Instead of searching for complicated nonsymmorphic materials, robust NLSMs may 

be realized simply by removing atoms from ordinary symmorphic crystals. 
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Frustrated magnet for adiabatic demagnetization cooling to milli-Kelvin temperatures  
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Due to the supply insecurity of Helium-3, adiabatic demagnetization refrigeration (ADR) for cooling to milli-Kelvin 

temperatures has been attracting much attention. Conventional refrigerants for ADR, paramagnetic salts, contain 

water molecule, which causes lack of stability in the air. Therefore, special care has to be taken for the handling. 

Here, we show that an H2O-free frustrated magnet KBaYb(BO3)2 can be ideal refrigerant for ADR, achieving at least 

22mK[1]. KBaYb(BO3)2 does not degrade under severe conditions like high temperatures and ultra-high vacuum. 

Further, its magnetic frustration enables refrigeration to temperatures several times lower than the energy scale of 

magnetic interactions, which is the limit for conventional refrigerants. 
 

[1] Y. Tokiwa, et.al., Communications Materials, 2, 42 (2021). 
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Real-space observation of ferroelastically-designed Jahn-Teller domains in a LaMnO3 film 
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The Jahn-Teller (JT) distortion, which removes electronic degeneracies through geometric deformation of 
molecules or local ionic lattices, lays the groundwork for many interesting phenomena observed in strongly 
correlated systems. Here, we report the real-space observation of JT domains and the orbiton-related 
domains in a LaMnO3 thin film using a confocal Raman spectromicroscopy [1]. Characteristic symmetries 
of JT-originated Raman modes allow us to detect and visualize the local population and orientation of JT 
planes. In conjunction with structure analysis, we find that the formation of ferroelastic domains with W or 
W' walls provides the basic framework for understanding JT domain textures. We also demonstrate the 
manipulation of the JT domains by the application of external stress. Our findings offer a new approach for 
the observation of orbital domains and provide a pathway for mechanically-tunable orbitronic applications. 
 
[1] Y.-J. Kim, H.-S. Park, and C.-H. Yang, npj Quantum Mater., 6, 62 (2021). 
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To raise the Tc has been one of the main driving forces in the extensive research on high-temperature 
superconductivity of the past more than three decades. Numerous Tc-records have been set for different compound 
systems, i.e., 164 K for Hg1223 under 31 GPa by Chu et al. in 1994, 203 K for H3S under 155 GPa by Eremets et al. 
in 2015, 260 K for LaH10 under 190 GPa by Hemley et al. in 2019, and 287 K in a C-S-H hydride under 267 GPa by 
Dias et al. in 2020. Indeed, room-temperature superconductivity is within reach. Unfortunately, extreme pressures 
are required, raising a formidable hurdle to the wonderland of room-temperature superconductivity for scientific 
research and technological applications. To remove the obstacle, we have investigated means to retain these high-
pressure-induced phases at ambient without pressure. By taking advantage of the energy barriers between phases 
through a pressure-quenching (PQ) process following a specific thermodynamic path at different temperatures, we 
have demonstrated the workability of the approach. We shall report our success in retaining at ambient the following 
pressure-induced phases: superconducting (sc) phases II at ~5-20 GPa and IV at ~22-62 GPa in non-sc Sb I single 
crystals; sc phases III at ~2.4-7 GPa and V above ~ 7 GPa in non-sc Bi I single crystals; sc tetragonal FeSe at ~2-7.5 
GPa and non-sc hexagonal FeSe above ~8 GPa in sc orthogonal FeSe single crystals; and sc tetragonal Cu-doped 
FeSe at ~4-6 GPa in non-sc orthogonal Cu-doped FeSe single crystals. The thermal stability of each of these phases 
has also been determined. For example, the superconducting phase in FeSe with a Tc of ~ 38 K (quadrupling the Tc 
at ambient before PQ) has been retained without pressure after PQ at ~ 4 GPa and 4.2 K and the PQ phase is stable 
up to ~ 200 K. 
The work performed at the Texas Center of Superconductivity at the University of Houston is supported by US Air 
Force Office of Scientific Research Grants FA9550-15-1-0236 and FA9550-20-1-0068, the T. L. L. Temple 
Foundation, the John J. and Rebecca Moores Endowment, and the State of Texas through the Texas Center for 
Superconductivity at the University of Houston. The FeSe and Cu-doped FeSe single-crystal growth work at Rice 
University is supported by the US Department of Energy, Basic Energy Sciences, under Contract DE-SC0012311 
(P.D.). 
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Charge  transfer  (CT)  insulators  are  the  parent  phase  of  a  large  group  of  today’s
unconventional  high  temperature  superconductors.  Here  we  study  experimentally  and
theoretically the interband excitations of the CT insulator silver fluoride AgF2, which has
been proposed as an excellent analogue of oxocuprates. Optical conductivity and resonant
inelastic x-ray scattering (RIXS) on AgF2 polycrystalline sample show a close similarity with
that measured on undoped La2CuO4. While the former shows a CT gap ∼3.4 eV, larger than
in the cuprate, dd-excitations are nearly at the same energy in the two materials. DFT and
exact diagonalization cluster computations of the multiplet spectra show that AgF2 is more
covalent than the cuprate, in spite of the larger fundamental gap. Furthermore, we show
that AgF2 is at the verge of a charge transfer instability. The overall resemblance of our
data on AgF2 to those published previously on La2CuO4 suggests that the underlying CT
insulator physics is the same, while AgF2 could also benefit from a proximity to a charge
density wave phase as in BaBiO3. Therefore, our work provides a compelling support to the
future  use  of  fluoroargentates  for  materials’  engineering  of  novel  high-temperature
superconductors. 
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New Lithium-based full Heusler superconductors   
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There are more than 1000 reported compounds in the full Heusler family and only 35 reveal superconductivity. Here 

we present details of the synthesis and physical properties (resistivity, magnetization and heat capacity) of the 

recently reported Li-based ternary intermetallic superconductors LiGa2Ir [1] and LiPd2Ge [2]. The first compound, 

together with isoelectronic LiGa2Rh, is one of the only two superconductors known in this system with valence 

electron count (VEC) = 16. The experiments confirm bulk superconductivity with Tc = 2.95 K and suggest that 

LiGa2Ir is a weak-coupling type-II superconductor (e-p = 0.57, C/Tc = 1.4). The second compound (LiPd2Ge) was 

synthesized together with LiPd2Si and LiPd2Sn. Superconductivity above 1.7 K was found only in LiPd2Ge (Tc = 

1.96 K) but theoretical studies suggest that LiPd2Si and LiPd2Sn should also reveal superconducting behavior. We 

propose that the enhanced electron-phonon coupling in LiPd2Ge is due to presence of the soft phonon modes. 

Surprisingly, LiPd2Ge is a type-I superconductor, which is very rare among ternary intermetallic compounds.  
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Using a Bridgman anvil cell, we have succeeded in measuring electrical resistivity at low temperatures and 

pressures up to 8 GPa nearly hydrostatically, which is demonstrated by the investigation into the pressure-induced 

insulator to metal transition of BiSbTe1.25Se1.75 three-dimensional topological insulator (3D-TI) and the impact of 

pressure on structural properties was explored for the same compound using in-situ High pressure synchrotron 

powder X-ray diffraction with Diamond anvil cell technique up to 12 GPa. At room temperature, a Rhombohedra 

(R-3m) structure and a semiconductor-like ground state were found at ambient pressure. When the pressure is 

increased from 0 to 8 GPa, the values of normal state and low temperature resistivity, as well as the lattice constant 

and unit cell volume, decrease. High P triggers two structural phase transitions from Rombhohedral R-3m phase 

(9.8 GPa) to layered monoclinic C2/m phase (12.2 GPa) to BCC C2/c phase (20 GPa), leading to an increase in 

charge carrier density and a substantial decrease in normal-state resistivity. Surprisingly, the insulator-to-metal 

transition occurs around 6 GPa at 13.5 K and shift to 32.5 at 8 GPa. The Arrhenius equation was used to determine 

thermal activation energy at the high temperature region (>150 K), which can be seen to increase with P. 

Furthermore, the Variable Range Hopping model has been used to describe low temperature conduction (50 K T 

>150 K) and scattering phenomena in metallic regions (50 K, > 3.75GPa). 
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Figure 1: Temperature dependency of electrical resistivity under various pressures up to 8 GPa for BiSbTe1.25Se1.75 

inset : (a) activated regime (b) Three dimentional Variable range hopping regime (c) Saturation and metallic 

regime. 1b : Pressure dependency of normal state resistivity up to 30 GPa for BiSbTe1.25Se1.75. 
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Orbital origin of negative magnetoresistance and planar Hall effect in Weyl electron systems 
 

Akiyoshi YAMADA, Yuki FUSEYA  
 

Chofugaoka, Chofu city, Tokyo Japan (Department of Science and Engineering, Laboratory of theoretical 
condensed matter physics, Chofu, Japan) 

 
The galvanomagnetic effect is used for not only determining the transport properties such as mobility of electric 
carrier in materials but also for exploring non-trivial phenomena in topological materials, including Weyl and Dirac 
electron systems. In recent years, the observability of chiral anomaly [1] was proposed in these systems with non-
trivial Berry curvature [2, 3]. In these scenarios, the negative longitudinal magnetoresistance (MR) and planar Hall 
effect (PHE) with the period 𝜋 arise as consequences of the chiral anomaly. These phenomena have been observed 
in varieties of materials [4] and regarded as evidence of a non-trivial electric state. From the other viewpoint, the 
Fermi surfaces in actual materials are difficult to approximate with spheres or ellipsoids. Although the conventional 
semiclassical transport theory based on the Boltzmann equation has been a powerful tool for analyzing MR, it has 
not been extended enough for applying to the complicated Fermi surface in actual materials. Recently, it was 
suggested that the Gaussian curvature, which reflects the local effective mass on the Fermi surface, can determine 
the signs of magnetoresistance [5]. This result highlights the importance of fine structures on the Fermi surface in 
analyzing MR in general materials. 
In this time, we calculated the MR and PHE of the Weyl electron system 
based on the semiclassical method without assuming the Berry curvature. 
First, we found that the PHE in this system can arise with the period 𝜋 due to 
the multiple masses on the Fermi surfaces. In the classical viewpoint, a 
multiple carrier system naturally indicates such angular dependence of PHE. 
Second, negative longitudinal MR was also estimated (Fig.1) by considering 
the local effective mass on the Fermi surface. We found that this 
magnetoresistance originates from negative Gaussian curvature locating on 
the Fermi surface in the vicinity of degenerated points (Weyl points). These 
results indicate that the PHE and the negative longitudinal MR, which have 
been referred to as the evidence of the non-trivial Berry curvature, can arise 
just from the structure on the Fermi surface. In addition, we calculate the 
temperature dependence of the amplitude of PHE in this system. We found 
some non-monotonic dependence (Fig.2) or a sign change in low temperature 
range, which are also observed in actual materials [6, 7]. This behavior can 
be explained by the contributions from thermally excited carriers with 
different types of curvature.  
Our results suggest that the non-trivial magneto-transport characteristics are 
possibly explained by extending the framework of semiclassical electro-
transport theory and make it more suitable to the actual materials in contrast 
to the previous understanding. Notably, we cannot neglect the effects of the 
fine structures of the Fermi surface when we analyze the observed MR.  

 
[1] H. B. Nielsen and M. Ninomiya, Phys. Lett. B 130, 389 (1983). 
[2] A. A. Burkov, Phys. Rev. Lett. 113, 247203 (2014) 
[3] S. Nandy, et al., Phys. Rev. Lett. 119, 176804 (2017). 
[4] S. Liang, et al., Phys. Rev. X 8, 1 (2018). 
[5] Y. Awashima and Y. Fuseya, JPCM 31, 29LT01 (2019).  
[6] S. Y. Yang et al., Phys. Rev. Research 2, 022029(R) (2020). 
[7] N. Kumar, et al., Phys. Rev. B 98, 041103(R) (2018). 
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Figure 1. Negative longitudinal 
MR originating from the curvature 
on Fermi surface.  

Figure 2. Temperature 
dependent amplitude of PHE. 
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Tuning the Weyl semimetal CeAlSi by external pressure 
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Pascoal G. PAGLIUSO2, Michael NICKLAS1  
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2 “Gleb Wataghin” Institute of Physics, Campinas, Brazil 
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The search for materials hosting non-trivial topological phases receives a lot of effort of the condensed matter physics 

community due to its unusual transport properties, such as ultrahigh mobility, anomalous Hall effect and extremely 

large magnetoresistance, which may enable the development of future technology applications, such as spintronic 
and new memory recording devices. Moreover, the presence of Ce ions is expected to induce other complex 

properties in the materials, such as magnetism, Kondo effect and crystalline electrical field effects, which interplay 

and relation to topological phases are rather unexplored. For instance, the Kondo effect may favor non-trivial 
topological properties by pinning band crossings near the Fermi energy [1]. 

Here we focus on the Weyl semimetal CeAlSi, which crystallizes in the noncentrosymmetric structure (I41md) and 

presents a noncollinear ferromagnetic order below 8.2 K showing an anisotropic anomalous Hall effect [2]. Moreover, 

chiral domain walls were recently observed in this material [3,4]. By combining electrical resistivity, Hall effect, and 
magnetization measurements with pressure tuning and DFT calculations, we were able to fully investigate the non-

trivial topological properties of CeAlSi. Our results confirm the anisotropic anomalous Hall effect and revealed an 

unexpected temperature response of the quantum oscillations amplitude. The application of external pressure 
suppresses both behaviors; however, it favors the ferromagnetism, enhancing TC to 9.4 K at 2.7 GPa. No evidence of 

changes in the magnetic structure was observed. Finally, DFT calculations show negligible changes in the position 

of the Weyl nodes as a function of pressure. We may therefore speculate that the suppression of the anomalous 
responses of the Hall effect and the quantum oscillations amplitude might be related to the non-trivial topology 

domain walls present in this system.     
 

[1] S. E. Grefe, H.-H. Lai, S. Paschen, and Q. Si, Physical Review B, 101, 075138 (2020). 

[2] H.-Y. Yang et al., Physical Review B, 103, 115143 (2021). 

[3] B. Xu, J. Franklin, A. Jayakody, H.-Y. Yang, F. Tafti, I. Sochnikov, Adv. Quantum Technol., 4, 2000101 (2021). 
[4] Y. Sun, C. Lee, H.-Y. Yang, D. H. Torchinsky, F. Tafti, J. Orenstein, arXiv:2104.07706v1. 
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Direct observation of tunable magnetic domains  
in noncentrosymmetric ferromagnetic Weyl semimetal 

 
Ilya SOCHNIKOV 
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Textures and dynamics of magnetic domain walls (DW) in Weyl semimetals are predicted to have their 
electromagnetic behavior strongly altered by emergent gauge fields. Therefore, knowing the detailed domain physics 
in these materials is important for the experimental realization of such theoretical proposals. In this work, we imaged 
the spontaneous magnetization and magnetic susceptibility of a ferromagnetic (FM) Weyl semimetal: CeAlSi [1,2]. 
We utilized a scanning SQUID susceptometer microscopy, which can be considered a type of low-frequency and 
low-energy spectroscopic imaging technique [3,4]. We observed large ferromagnetic DWs lined-up with the main 
crystallographic directions and discovered the coexistence of stable and metastable domain phases, which likely arise 
due to the magnetoelastic and magnetostriction effects and are potentially highly tunable with small strains. We found 
that the pattern of the FM domains is strongly correlated with both the amplitude and the orientation of an external 
in-plane magnetic field. The average area of the stable domains increases strongly even with very small fields. The 
length of the domain walls is maximized when the in-plane field is directed along the main crystallographic axes and 
the area of the domains is maximized when the field is at 45o to the crystallographic axes. Our results show how 
these domains and heterogeneous phases can be fine-tuned and, therefore, this work provides guidance for future 
studies on the fundamental interplay between magnetism and electronic properties in Weyl systems and how to utilize 
these systems in realizing new devices.  
 
[1] H.-Y. Yang et al., Phys. Rev. B, 103, 115143 (2021). 
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Spin and anomalous Hall effects emerging from topological degeneracy in Dirac fermion system 

CuMnAs 
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Please Transport phenomena such as anomalous Hall effect (AHE) and spin Hall effect (SHE) had been discovered 

to have a relation to the topological electronic band through Berry phase theory [1, 2]. These phenomena in 

antiferromagnetic (AFM) systems have essential advantages in comparison with ferromagnetic systems since there 

is no unexpected coupling at the interface and no perturbing stray field in the devices due to their magnetization [3,4]. 

In addition, orthorhombic CuMnAs has been proposed as an antiferromagnetic semimetal hosting nodal line and 

Dirac points around the Fermi level. We expect that the semimetallic magnetic ground state of the CuMnAs provides 

a deeper understanding of the possible contribution from the Bloch states related to topologically protected 

degeneracy to transport phenomena with its intensive investigation. We thus adopt the semimetallic AFM states of 

CuMnAs as a platform to investigate relations between topological bands, such as Dirac/Weyl points and nodal lines, 

and transport quantities of SHE and AHE [5]. 

 We show the nodal line gapped with spin-orbit coupling in CuMnAs dominantly generates large spin Hall 

conductivity in the ground state and applied magnetic fields produce a significant anomalous component of the Hall 

conductivity with the magnetic symmetry breaking though the magnetic symmetry in the ground state of CuMnAs 

forbids the finite anomalous Hall effect. We identify that the dominant contribution to anomalous Hall components 

comes from further lifting of band degeneracy under external magnetic fields for the Bloch states generated with 

splitting of nodal lines by spin-orbit coupling near Fermi energy [5]. It opens a viewpoint for a relation between 

topology and macroscopic phenomena in AFM materials. Our study might also motivate and guide further various 

exciting researches in associating with topology and AFM spintronics applications.  
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Weyl-Kondo semimetals: extreme topological tunability and nonlinear optical signatures 
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Topological semimetals have been extensively studied in the weakly correlated regime. However, only recently 

models of gapless electronic topological phases with strong correlations - such as the Weyl-Kondo semimetal 

(WKSM) [1,2] – have been advanced, in convergence with the experiment on a corresponding topological heavy 

fermion semimetal Ce3Bi4Pd3 [3]. In contrast to weakly correlated topology, completely different experimental 

signatures of nontrivial topology are needed for strongly correlated systems. These include the linear dispersion being 

probed through a C=ΓT3 specific heat [1,3] and a giant nonlinear spontaneous Hall effect [3], both of which occur 

below the Kondo coherence temperature. In this talk, we will demonstrate how strong correlations lead to extreme 

topological tunability in the WKSM [4], illuminating the experiment in Ce3Bi4Pd3 at high magnetic fields which 

observes topological transitions [5]. Remarkably, various Weyl nodal configurations form, dance through the 

Brillouin zone, and annihilate from the relatively-small Zeeman coupling to the f-electrons well-within the Kondo 

regime. Finally, we propose several nonlinear optical signatures to probe the highly singular Berry curvature from 

nodes pinned to the Fermi energy as predicted in WKSMs: high-harmonic generation, the circular photogalvanic 

effect, and the gyromagnetic effect. We present calculations of the high-harmonic generation spectrum of the WKSM 

model and discuss these results. Work at Rice has been supported by the NSF (DMR-1920740), the Robert A. Welch 

Foundation (C-1411) and the ARO (W911NF-14-1-0525). Work at Los Alamos was carried out under the auspices 

of the U.S. Department of Energy (DOE) National Nuclear Security Administration under Contract 

No.89233218CNA000001, and was supported by LANL LDRD Program. Work in Vienna was supported by the 

Austrian Science Fund (projects P29279 and P29296) and the European Community (H2020 project 824109). 
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The interplay between multiple degrees of freedom in correlated systems is responsible for numerous 

emergent phases and the competition between nearly degenerate ground states. In recent decades, 

considerable effort has been made employing external perturbations to push materials away from their 

equilibrium configurations in order to access previously unexplored phases. Within this context, uniaxial 

strain has recently emerged as a powerful approach to influence emergent behaviour [1]. 

We present angle-resolved photoemission spectroscopy (ARPES) measurements combined with uniaxial 

strain on the transition metal dichalcogenide IrTe2. This high-atomic number material is predicted to be a 

type-II bulk Dirac semimetal, and presents multiple first-order bulk structural phase transitions involving a 

charge transfer from Ir 5d to Te 5p states. Previous work has suggested the transitions might be stabilized 

by a spin-orbit Mott mechanism [2]. A significant challenge in understanding this material is that a number 

of nearly degenerate structural phases coexist at the surface with a spatial variation of just a few tens of 

nanometres, making the momentum-resolved electronic structure in the charge ordered phases inaccessible. 

By applying a modest uniaxial strain ( ~ 0.1%) to IrTe2 single crystals, we demonstrate the selective 

stabilization of a single structural phase with domain sizes four orders of magnitude larger than in 

unstrained samples [3]. We show that a strain induced charge transfer into Te anti-bonding states weakens 

the interlayer polymeric bonds and thereby lifts the phase degeneracy. This stabilisation allows 

unprecedented spectroscopic access to the ground state of IrTe2, including the previously unobserved Dirac 

dispersions. Due to the broken rotational symmetry in the charge ordered ground state, these bulk states 

undergo a topological phase transition and become gapped, leaving a protected surface Dirac cone and 

topologically non-trivial states at the Fermi level [4]. The strain-induced stabilization opens up the 

possibility to further study the interplay between charge order, topology and itinerant electrons in a strongly 

spin-orbit coupled material. 
 

[1] Hicks, C. W., et al. Science 344, 283–285 (2014); Kim, H. H. et al. Science 362, 1040–1044 (2018); Riccò, S. 

et al. Nat. Commun. 9, 4535 (2018); Lin, C. et al., Nat. Mat. 20, 1093 (2021) 

[2] Ko, K.-T., et al., Nat. Commun, 6, 7342, (2015) 
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New paradigm for superconductivity in a disordered vortex lattice

Anushree Datta1, Anurag Banerjee1, Nandini Trivedi2 and Amit Ghosal1

Orbital magnetic field, as well as disorder, weaken superconductivity when acting individually
on a type-II s-wave superconductor. The Abrikosov vortex lattice in a clean type-II superconductor,
resulting from an orbital magnetic field, transforms into a metal beyond a critical magnetic field
Hc once vortices start overlapping. Similarly, disorder drives a transition from a superconductor
to a paired insulator beyond a critical disorder strength. Here we show that acting simultaneously
in a two-dimensional superconductor, disorder and magnetic field lead to an intriguing evolution
of the superconducting state. While for weak disorder, the critical field Hc for the suppression of
superconducting energy gap matches the critical field at which the superfluid density collapses, the
two critical fields diverge from each other with increasing disorder creating a pseudogap region. Our
phase diagram of the supercondutor in the plane of disorder and magnetic field provide a natural
explanation of the long standing puzzle of the gigantic magnetoresistance peak observed at large
magnetic fields in thin films of disordered superconducting. We illustrate this by calculating the
dynamical conductivity using Kubo formula and analyzing its low-frequency behavior. We also
demonstrate that the presence of even weak disorder causes the Caroli-deGennes-Matricon peak
near zero-bias in the local density of states at the vortex-core to disappear. The origin and conse-
quences of such dramatic behaviors will be discussed along with their experimental relevance.
(https://arxiv.org/abs/2101.00220)
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Understanding the interplay of electricity and superconductivity is a fundamental problem that stands out for its 

general relevance, the great impact it can have for accessing, controlling or driving new phases of quantum matter, 

and the enticing perspectives for the development of future quantum technologies. Electric field effects have been 

mostly employed to drive or control the superconducting phase by gating materials in a low-to-moderate density 

regime and thin enough to avoid shielding of the electric field. However, the recent discovery of unconventional 

gating effects in elemental metallic superconductors [1] is challenging the current view of how electric field can 

impact on superconductivity. The major experimental findings demonstrate a rich variety of effects [1,2,3,4,5]: 

reduction or full suppression of the critical supercurrent, also for suspended nanostructures and through ionic-gating, 

manipulation of the superconducting phase in interferometric setups, enhancement of phase fluctuations, and weak 

interrelation between the critical magnetic field and the critical voltage related to the suppression of the supercurrent. 

In this context, we have theoretically investigated the physical mechanisms for achieving an electrical control of 

conventional spin-singlet superconductivity in thin films by focusing on the role of surface orbital polarization as 

due to the electrically induced orbital-Rashba coupling at the surface of the superconductor. Assuming a realistic 

multi-orbital description of the metallic state, due to screening effects the electric field is shown to act by essentially 

modifying the strength of the surface potential. The resulting orbital polarization at the surface and in its close 

proximity is found to have a dramatic impact on superconductivity. We demonstrate that, by varying the strength of 

the electric field, the superconducting phase can be either suppressed, i.e. turned into normal metal, or undergo a 0−π 

transition with the π-phase being marked by non-trivial sign change of the superconducting order parameter between 

different bands [6]. The occurrence of orbital dependent phase frustration can naturally account for the observation 

of the suppression of the critical supercurrent without change in the critical temperature. Remarkably, we have also 

demonstrated that the phases with π-pairing are robust to the application of external magnetic fields [7] in agreement 

with the experimental observations [7]. At last, tunnel spectroscopic signatures are analyzed in the phase space of 

the electrically driven superconducting states [8]. We determine the tunneling conductance of superconductor-

insulator-normal metal (SIN) and superconductor-insulator-superconductor (SIS) heterostructures with one 

superconducting side of the junction that is subjected to an external electric field. The distinctive marks for 

spectroscopically distinguishing the various electrically driven phases are highlighted for both SIN and SIS 

geometries. The overall findings unveil a rich scenario to design heterostructures with superconducting orbitronics 

effects for the achievement of all-electric superconducting devices. 
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The Three-Dimensional Electronic Structure of LiFeAs: Strong-coupling 
Superconductivity and Topology in the Iron Pnictides
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In the present discourse surrounding Fe-based superconductors, two broadly distinct research programs 
have  evolved.  While  a  considerable  effort  continues  to  be  applied  towards  understanding  the 
fundamentals of bulk superconductivity in this expansive family of materials, a nearly orthogonal avenue 
is directed towards the topic of topology. As a high purity material devoid of complications associated 
with disorder, magnetism and structural distortions, LiFeAs  plays a central role in connection to both 
research programs.

However, the bulk electronic structure of LiFeAs reported in the literature is highly contentious. In this 
work, we combine polarization- and photon-energy dependent photoemission measurements with realistic 
numerical  simulations  thereof,  to  unravel  the  convoluted  experimental  signatures  which  have  been 
interpreted  previously  towards  conflicting  descriptions  of  this  material.  Doing  so,  we  identify  an 
electronic  structure  which  cannot  easily  be  reconciled  with  the  prevailing  description  of  the  bulk 
superconductivity in LiFeAs as a weak-coupling Fermi surface instability. At the same time, these results 
provide  support  and  justification  to  intimations  of  a  topological  surface  state  in  LiFeAs.  Although 
tunnelling spectroscopy has  indicated that  any proximitized superconductivity  on the  surface state  is 
topologically non-trivial, we provide a mechanism by which such topological superconductivity may be 
stabilized in LiFeAs.
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Two gap time reversal symmetry breaking superconductivity in non-centrosymmetric LaNiC2
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Non-centrosymmetric superconductors lack an inversion center in their crystal structure, one of the typical
symmetries for the formation of Cooper pairs. The absence of inversion symmetry strongly influences the allowed
Cooper pairing states. Here, we report a muon spin rotation/relaxation (μSR) study of LaNiC2 single crystals.
Earlier zero-field μSR measurements on a polycrystalline LaNiC2 sample revealed the onset of spontaneous
magnetic fields at Tc [1]. This finding signifies the breaking of time-reversal symmetry (TRS) in the
superconducting phase, which is compatible with a non-unitary triplet-pairing state [1]. However, thermodynamic
measurements of LaNiC2 have provided evidence for conventional BCS s-wave pairing [2], point nodes in the gap
function [3] and even two-gap superconductivity [4]. Consequently, the nature of the superconducting energy-gap
structure in this compound has remained unsettled.

Our detailed μSR investigation of LaNiC2 was carried out on a sample in single crystal form. From measurements
that probe the magnetic field distribution in the vortex state, we have simultaneously determined the behaviors of
the absolute value of the magnetic penetration depth and the vortex core size. The magnetic field dependence of
these two quantities unambiguously demonstrates the presence of two nodeless superconducting energy gaps [5]. In
addition, we have confirmed broken TRS in the superconducting phase of LaNiC2 [5]. These two results suggest
that Cooper pairing in LaNiC2 is characterized by an interorbital equal-spin pairing model introduced to unify the
pairing states of LaNiC2 and the centrosymmetric superconductor LaNiGa2.

[1] A. D. Hillier et al. Phys. Rev. Lett. 102, 117007 (2009).
[2] V. K. Pecharsky et al., Phys. Rev. B 58, 497 (1998).
[3] W. H. Lee et al., Physica C 266, 138 (1996).
[4] J, Chen et al., New J. Phys. 15, 053005 (2013).
[5] Shyam Sundar et al., Phys. Rev. B 103, 014511 (2021).
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Dielectric Catastrophe at the Mott Transition 
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A Mott insulator becomes metallic when the effect of correlations decreases. In the case 
of full frustration, a first-order phase transition is expected up to some critical endpoint. 
Above Tcrit there might be some crossover and quantum critical behavior [1]. But what 
happens below?  
We start with the quantum spin liquid -(BEDT-TTF)2Cu2(CN)3 and tune the electronic 
bandwidth either by external pressure or by chemical substitution [2]. DC resistivity con-
firms the insulator-metal transition (and even superconductivity in between). Optical 
spectroscopy reveals the development of the Drude-like contribution given evidence for 
coherent transport.  
Most surprising, however, is the divergency of the dielectric permittivity at the Mott insulator-to-metal transition at 
temperatures T < Tcrit  20 K with 1  105 and more. We show that the dielectric catastrophe is a fingerprint of the 
first-order phase transition where metallic and insulating regions coexist spatially. The percolative nature of the Mott 
transition dominates the low-frequency behavior compared to the closing of the Mott-Hubbard gap seen in the infra-
red range. All experimental trends are captured by dynamical mean-field theory of the single-band Hubbard model 
supplemented by percolation theory [3-5]. 
 
 
 

 
 
 
 
 
 
[1] A. Georges et al., Rev. Mod. Phys. 68, 13 (1996); M. Imada et al., Rev. Mod. Phys. 70, 1039 (2998). 
[2] M. Dressel and S. Tomić, Adv. Phys. 69, 1 (2020); A. Pustogow et al., Nat. Mater. 17,773 (2018). 
[3] A. Pustogow et al., npj Quantum Materials 6, 9 (2021)  
[4] R. Rösslhuber et al., Phys. Rev. B 103, 125111 (2021)  
[5] Y. Saito et al., J. Mat. Chem. C 9, doi 10.1039/d1tc00785h (2021) 
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Fig. 1: Electronic transport regimes around the 
genuine Mott insulator-metal transition at half 
filling. Tuning the bandwidth W transforms a Mott 
insulator to a correlated metal. DMFT calculations 
predicts a first-order transition with phase coexis-
tence up to the critical endpoint, and a quantum-
critical regime associated with the quantum Widom 
line above Tcrit. The metallic state is confined by the 
Brinkman-Rice temperature, a coherent Fermi-liquid 
regime is found below TFL. When interactions U are 
comparable to W, and T ≫ Tcrit, semiconducting 
behavior prevails; neither a gap nor a quasiparticle 
peak is stabilized [3]. 
Fig. 2: Temperature-pressure contour plot of the 
dielectric permittivity of the two-dimensional Mott 
insulator κ-(BEDT-TTF)2Cu2(CN)3. The compound 
is a quantum spin liquid candidate on a triangular 
lattice that does not order magnetically down to 
lowest temperatures. The dielectric permittivity ϵ1(T, 
p) probed at f = 380 kHz increases up to 600 centred 
around p = 180 MPa and below T = 20 K, close to 
the first-order Mott transition. This is ascribed to a 
range of spatially separated metallic and insulating 
regions. Projected phase diagram also includes ρ(T, 
p) data: at T*, the resistivity deviates from the Fermi-
liquid behavior [4]. 
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Landau suggested that the low-temperature properties 

of metals can be understood in terms of long-lived 

quasiparticles with all complex interactions included 

in Fermi-liquid parameters, such as the effective mass 

m*. Despite its wide applicability, electronic transport 

in bad or strange metals and unconventional 

superconductors is controversially discussed towards 

a possible collapse of the quasiparticle concept. 

Crucial information can be obtained by frequency-

resolved probes that measure the complex optical 

conductivity σ1(ω) + iσ2(ω) [1].  

Here we explore the electrodynamic response of 

correlated metals at half filling upon approaching a 

Mott insulator. The correlation strength U/W is varied 

by partial chemical substitution (Fig. 1) [2-4]. We 

reveal persistent Fermi-liquid behavior with T2 and ω2 

dependences of the optical scattering rate γ(ω) (Fig. 

2a-c), along with a puzzling elastic contribution to 

relaxation [5]. The strong increase of the resistivity 

beyond the Ioffe-Regel-Mott limit ρ ≫ ρIRM (Fig. 1a) 

is accompanied by a 'displaced Drude peak' in σ1(ω) 

(magenta arrow in Fig. 2d). Our results, supported by 

a theoretical model for the optical response, 

demonstrate the emergence of a bad metal from 

resilient quasiparticles that are subject to dynamical 

localization and dissolve near the Mott transition [5]. 

 

 

[1] D. Basov et al., Rev. Mod. Phys. 83, 471 (2011) 

[2] A. Pustogow et al., Nat. Mater. 17, 773-777 (2018) 

[3] A. Pustogow et al., npj Quantum Mater. 6, 9 (2021) 

[4] Y. Saito et al., J. Mater. Chem. C (2021), DOI: 10.1039/D1TC00785H  

[5] A. Pustogow et al., Nat. Commun. 12, 1571 (2021) 
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Fig. 1 a,b, Introducing Se-containing BEDT-STF 

molecules in κ-(BEDT-TTF)2Cu2(CN)3 drives a genuine 

Mott insulator-metal transition, revealed by dc transport 

[2-4]. c, While the resistivity exponent β = 2 in the 

Fermi liquid regime, β > 2 in the bad metal (ρ > ρIRM). 

Fig. 2 a, The optical scattering rate γ(ω) ∝ Bω2 

acquires a steeper slope as correlations increase 

towards the Mott transition (x → 0; see phase diagram 

in Fig. 1c). b,c, A combined scaling of the T2 and ω2 

dependences collapses all data on a common line [5]. 

d, σ1(ω) changes from Drude-like behavior in the 

Fermi liquid (5 K) to a displaced Drude peak centered 

at finite frequency in the bad metal (T > TFL ≈ 20 K). 
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Vanadium sesquioxide (V2O3) is an archetypal Mott insulator in which the atomic positions in the unit cell and the 

electron correlations change as temperature, pressure or doping are varied, paving the way for different structural, 

electronic and magnetic phase transitions to occur. One example is the purely electronic isostructural Mott transition 

around room temperature in bulk Cr-doped V2O3 between corundum paramagnetic metallic (PM) and insulating (PI) 

phases. Remarkably, this phase transition has been elusive in thin film compounds so far. In this work, we 

demonstrate a room temperature Mott metal-insulator transition (MIT) in 1.5% Cr-doped and pure V2O3 thin films 

achieved via continuous lattice deformations induced by heteroepitaxy [1]. This MIT is characterized by a colossal 

change (ΔR/R up to 100,000 %) in room temperature resistivity and a broad range of optical constants values as a 

consequence of a strain-modulated bandgap. Moreover, the controlled epitaxial strain allows to stabilize the 

structural, electronic and optical properties of the films at different intermediate states, between the PM and PI phases, 

inaccessible in bulk materials. Controlling phase transitions in correlated systems by epitaxial strain can offer a 

radical new approach to create the next generation of Mott devices. 

 

 [1] P. Homm et al., APL Materials, 9, 021116 (2021). 
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The interplay between electronic and lattice degrees of  freedom in correlated materials  often 
leads to spontaneous nanoscale architectures [1,2], which can favour and stabilize photoinduced 
emergent states with no counterpart  at  equilibrium. State- of-the-art  light excitation protocols 
offer space-integrated information, which are insufficient to link and control the temporal and 
real-space  dynamics  of  non-equilibrium  states.  Here,  we  report  time-resolved  photoemission 
microscopy experiments on a V2O3 thin film, which at equilibrium undergoes a transition at 
T≈140 K from intrinsically nanotextured monoclinic insulator to homogeneous corundum metal. 
We demonstrate [3] that the excitation with infrared light pulses turns the low-T insulating phase 
into a non-thermal metallic state that  retains the monoclinic in-plane shear strain.  Mean-field 
modelling  shows  that  the  topology  of  the  monoclinic  nanotexture  is  key  for  stabilizing  the 
emergent photo-induced metal state. Engineering the nanotexture of insulating strained domains 
may thus constitute a new tool to control non-thermal phases [4] in correlated materials with 
impact on resistive switching and neuromorphic computing applications [5,6].

[1] A. Ronchi et al. Phys. Rev. B, 100, 075111 (2019).
[2] A. S. McLeod et al. Nature Physics 13, 80 (2016).
[3] A. Ronchi et al. Submitted
[4] D. N. Basov et al. Nature Materials 16, 1077 (2017).
[5] J. del Valle et al. Nature 569, 388 (2019).
[6] A. Ronchi et al. Phys. Rev. Applied 15, 044023 (2021).
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X-rays on condensed matter physics at Sirius 
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Campinas, Brazil 
 
Sirius, the new Brazilian synchrotron light source at Campinas-SP, one of the brightest and first fourth-generation 
machines in the world, is opening up a plethora of opportunities to study areas such as condensed matter physics with 
conditions yet nonexistent. 
Today we have several challenges to provide a complete understanding of physical mechanisms in condensed matter 
phenomena, as superconductivity for example. That in part can be tackled by employing experimental x-ray 
techniques, such as XRD, XMCD, RIXS, ARPES and imaging, available at Sirius to access, for example, how 
electronic states are affected depending on multiple factors (temperature, interface, crystallinity, applied fields and 
pressure, etc). This information could in principle be used to test, validate or propose new physics theories in ways 
not yet imagined. 
In this talk I will give an overview of several possibilities for condensed matter and materials research with 
synchrotron techniques at diverse conditions and sensitivities.   
Sirius is funded by the Brazilian Federal Government via a contract with the Ministry of Science, Technology, 
Innovation and Communications. 
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Recently we have developed a new experimental method that can make a direct image of the ground state d-orbitals 

in transition metal compounds [1,2]. The method, s-core-level x-ray Raman or non-resonant inelastic x-ray scattering 

(s-NIXS), relies on dipole-forbidden transitions which become available when the experiment is carried out with 

high momentum transfers. New opportunities are opened up for the investigation of the ground state, especially for 

quantum materials that are too complex to be handled by ab-initio theories. Here we will go one step further and 

explore the spectroscopy aspect of s-NIXS [3] in order to study the excited states which are most often dominated by 

many-body atomic multiplet interactions. We will show that we are able to obtain images by which we can identify 

the orbital character of those excited states. This in turn facilitates the extraction of important energy parameters in 

correlated materials. 

  
[1] Yavas et al., Nature Physics 15, 559 (2019) 

[2] Leedahl et al., Nature Communications 10, 5447 (2019) 

[3] Amorese et al., Phys. Rev. X 11, 011002 (2021) 
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In an effort to address one of the grand challenges for condensed matter physics in the 21st century, namely to gain 
an understanding of the physics of materials which exhibit collective electronic phenomena, the Advanced Photon 
Source at Argonne National Laboratory has developed a new intermediate-energy x-ray (IEX) beamline. Collective 
behavior of orbital, charge or spin degrees of freedom is at the heart of the complex phase diagram of strongly 
correlated materials. The investigation of such phenomena requires a full characterization of their ground states and 
elementary excitations, including unconventional electronic/orbital/magnetic order and electronic band structure.  
To this aim, the beamline was designed to serve two distinct but complementary techniques: angle resolved 
photoemission spectroscopy (ARPES) and resonant soft x-ray scattering (RSXS). ARPES and RSXS are two 
quintessential probes of the electronic structure in materials and are particularly well suited for investigating 
collective excitations in strongly correlated electron systems. In this presentation, we will showcase recent science 
highlights from the beamline in a variety of materials such as superconductors, heavy fermions, complex oxides and 
neuromorphics. Those demonstrate the unique capabilities of the beamline [1] including polarization control, high 
energy reproducibility, low harmonic contamination, the highest possible flux and stability in both energy and 
position across the entire intermediate energy range covering resonances of interest, namely 250-3000 eV. 

 
Figure 1: The combination of ARPES and RSXS allows for applying multimodal techniques to obtain 
complementary information highly suitable for investigation of electronic order/collective phenomena. 

 
[1] J.L. McChesney, R. Reininger, M. Ramanathan, C. Benson, G. Srajer, P. Abbamonte, J.C. Campuzano, Nuclear 
Instruments and Methods in Physics A 746, 98 (2014). 
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Mobile Majorana zero-modes in two-channel

Kondo insulators

Milan Kornjača, V.L. Quito, Rebecca Flint

August 16, 2021

Non-abelian anyons are highly desired for topological quantum computation
purposes, with Majorana fermions a promising possibility, particularly local-
ized zero modes with non-trivial mutual statistics. Yet realizing Majorana zero
modes in matter is a challenge, with proposals in chiral superconductors and
spin liquids, but no clear successes. Heavy fermion materials have long been
known to host Majoranas at two-channel Kondo impurities, however, these im-
purities are difficult to manipulate, and moreover occur in metals, where Majo-
ranas at different impurities can communicate and lose their topological nature.
Here, we show that topological defects in a lattice of these two-channel Kondo
impurities can also host Majoranas, but can be engineered to avoid the above
difficulties, providing the novel possibility of non-trivial, stable and manipulable
Majorana zero modes in a two-channel Kondo insulator. We examine this effect
in a simple square octagon model at quarter filling with an antiferrohastatic
order that opens up a hybridization gap at the quadratic band touching point
and show that skyrmionic defects in this state host Majorana zero modes, as
well as discuss possible experimental realizations [1].

This work was supported by the U.S. Department of Energy,Office of Science,
Basic Energy Sciences, under Award No. DE-SC0015891

[1] Milan Kornjača, V.L. Quito, Rebecca Flint, Mobile Majorana zero-modes
in two-channel Kondo insulators, arXiv: 2104.11173 (2021)
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CeRh3Si2 has been reported to exhibit two magnetic transitions below 5 K and multiple steps in 
magnetization isotherms (called metamagnetic transitions) at 1.7 K, a giant crystal field splitting, and 
anisotropic magnetic properties from single crystal magnetization and heat capacity measurements [1].  
Here we report neutron and x-ray scattering studies of the magnetic structure and crystal-field excitations 
to further understand the magnetism of this compound.  Inelastic neutron scattering (INS) and resonant 
inelastic x-ray scattering (RIXS) reveal a Jz = 1/2 ground state for the Ce ion when considering the 
crystallographic a-axis direction as quantization axis, thus explaining the anisotropy of the static 
susceptibility. Furthermore, we find a total splitting of 78 meV for the J= 5/2 multiplet. The neutron powder 
diffraction study in zero field reveals that on cooling from the paramagnetic state, the system first orders at 
TN1= 4.7 K in a longitudinal spin density wave 
with ordered moments along the b-axis and an 
incommensurate propagation vector k= 
(0,0.43,0).  Below the lower-temperature 
transitionTN2= 4.48 K, the propagation vector 
locks to the commensurate value k= 
(0,0.5,0),with a so-called a lock-in transition.  
Our neutron single crystal diffraction study in 
applied magnetic field H  b-axis shows a 
change in the commensurate propagation 
vector and development of a ferromagnetic 
component at H= 0.3 T, followed by a series 
of transitions before it reaches the fully 
field-induced ferromagnetic  phase  at 
H=  0.7 T.  This explains the nature of 
the steps previously reported in field-
dependent magnetization 
measurements.  A very similar 
behaviour has also been observed for 
the H  [0 1 1] crystal direction. 
 
[1] A. P. Pikul et al, Phys.  Rev. B 81, 174408 (2010). 
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Fig.1 (a) CEF excitations measured using INS at low-Q, the solid 
line shows the CEF fit using the dipole approximation. The inset 
shows the data at high-Q and solid line shows calculation going 
beyond the dipole approximation, showing the expected quadrupolar 
excitation around 78 meV. (b) CEF excitations measured using 
RIXS and solid line shows the fit based on CEF model and vertical 
lines show the position of the CEF excitations. (c) Magnetic 
structure at 1.5 K. 
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Quantum criticality has attracted considerable interest in many strongly correlated systems. Heavy 

fermion metals represent a prototype of such systems [1]. Here the interplay between local moments and 

itinerant electrons introduces novel quantum phase transitions and critical properties, but also presents a 

challenge to theoretical understanding. In this work, we approach the problem from the magnetically 

ordered side and analyze Kondo lattice models in a quantum nonlinear sigma model representation. By 

treating the local moments and itinerant electrons on an equal footing, we analyze the competition 

between the Kondo and RKKY couplings using a renormalization group analysis. Our results shed new 

light on the global phase diagram of the heavy fermion systems [2] and, especially, the behavior of the 

frustrated Kondo lattice systems [3,4]. 

 

[1] S. Paschen & Q. Si, Nat. Rev. Phys. 3, 9 (2021); S. Kirchner et al, Rev. Mod. Phys. 92, 011002 

(2020); Q. Si et al., Nature 413, 804 (2001). 

[2] Q. Si, Physica B378, 23 (2006); Phys. Status Solidi B 247, 476 (2010). 

[3] H. Zhao et al, Nat. Phys. 15, 1261 (2019). 

[4] M. Kavai et al, Nat. Commun. 12, 1377 (2021). 
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Ce-based intermetallic compounds have interesting physical properties that arise 

from the interplay between Ruderman-Kittel-Kasuya-Yoshida (RKKY) magnetic 

interaction, crystalline electric field and Fermi surface (FS) effects in connection to a 

strong hybridization between the Ce3+ 4f electrons and the conduction electrons. Ce-based 

materials often present non-trivial ground states, such as heavy fermion, unconventional 

superconductivity and non-Fermi-liquid behavior, which frequently appear in the vicinity 

of a magnetically ordered state [1]. 

In this work, we will present ARPES studies on the heavy fermion CeCuBi2-xSbx 

series performed at Cassiopée Beamline at Soleil Syncrotron in France. We intend to 

show the band structure and Fermi surface modifications on these compounds. In 

particular, we will show the differences between the CeCuBi2 parent compound, which 

presents interesting band structure with the presence of Dirac-like cones and band 

splitting, with the Sb-doped samples, that show important modifications of the magnetic 

structure and CEF wave functions that cause changes of the FS via the hybridization of 

the 4f electrons and the conduction bands. 
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https://proceedings.science/p/132360
Powered by TCPDF (www.tcpdf.org)

https://proceedings.science/p/132360
http://www.tcpdf.org


 
 

Physical properties of the layered f-electron van der Waals magnet Ce2Te5 
 

Yu LIU1, P. F. S. ROSA1, S. M. THOMAS1, X. WANG2, J. YOO2, J. D. THOMPSON1, F. RONNING3, E. D. 
BAUER1 

 
1MPA-Q, Los Alamos National Laboratory, Los Alamos, NM 87544 USA 

2MPA-CINT, Los Alamos National Laboratory, Los Alamos, NM 87544 USA 
3Institute for Materials Science, Los Alamos National Laboratory, NM, 87545 USA 

 
Layered materials with weak van der Waals (vdW) bonds between the layers are of considerable interest for both 
exploring fundamental physics and future electronics applications due to possibility of heterostructure stacking and 
nanofabrication down to the monolayer limit. After the discovery of long-range magnetic order in atomically thin 
insulating CrGeTe3 [1], CrI3 [2], and conducting Fe3GeTe2 [3] ferromagnets, a substantial effort has been made to 
harness the physical properties of these materials at the nanoscale for future devices.   
Ce2Te5 is a rare example of a layered, f-electron vdW magnet, which can be viewed as a combination of CeTe2 and 
CeTe3, and displays complex magnetic behavior [4].  We found evidence for four consecutive magnetic transitions 
at 5.1, 2.1, 0.8, and 0.4 K, respectively. The transition at Tc ~ 5.1 K appears to be ferrimagnetic, where a detailed 
critical behavior analysis around Tc indicates three-dimensional magnetic interactions, while the transition at TN ~ 
2.1 K appears to be antiferromagnetic. In this talk, I will present the magnetic, electrical transport and specific heat 
properties on bulk and exfoliated Ce2Te5 single crystals. 
 
[1] C. Gong et al. Nature 546, 265 (2017) 
[2] B. Huang et al. Nature 546, 270 (2017) 
[3] Z.  Fei et al. Nature Materials 17, 778 (2018); Y. Deng et al. Nature 563, 94 (2018) 
[4] D. Chen et al. J. Phys.: Condens. Matter 29, 265803 (2017) 
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superconductor CeRh2As2
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The recent discovery of superconductivity in CeRh2As2 clarified an unusual H-T phase diagram with two 

superconducting phases [1]. CeRh2As2 crystallizes in the centrosymmetric tetragonal CaBe2Ge2-type structure with 

stacking Ce layers and Rh2As2 layers [Fig.1]. Importantly, Rh2As2 layers at the top and bottom of the Ce layer have 

different compositions. Therefore, the inversion symmetry is locally broken at the Ce sites, although the global 

inversion center exists in the middle of the two Ce sites in the unit cell. The space group of CeRh2As2 is P4/nmm 

(No.129) including the nonsymmorphic glide symmetry. Surprisingly, the phase diagram was predicted in 

theoretical work about locally noncentrosymmetric superconductors [2,3]. The similarity of these phase diagrams 

between the experiment [1] and theory [2,3] suggests that the local inversion symmetry breaking plays an essential 

role in CeRh2As2, and the superconducting phase in the high magnetic field region is the pair-density-wave (PDW) 

state. PDW state is odd parity superconducting state in which the superconducting gap function changes sign 

depending on Ce layers. Indeed, the experimental observation has been interpreted based on the even-odd parity 

transition. The most crucial property of this phase is the odd-parity superconductivity in spite of dominantly spin-

singlet pairing. These character of PDW state suggests a possibility of topological superconductivity as spin-triplet 

superconductors are. Thus, the locally noncentrosymmetric crystal is a platform of odd-parity superconductivity 

without requiring rare spin-triplet pairing. 

In this talk, using the group theory, we first clarified the algebra of symmetry operations in the Bloch 

representation and decomposed the Hilbert space on the glide-invariant planes kz = 0, π into the glide sectors. 

Supposing the PDW state in the high-field superconducting phase as proposed, based on these results, we derived 

the Fermi-surface formula of Z2 invariants specifying the topological crystalline superconductivity protected by the 

nonsymmorphic glide symmetry [4]. Second, we conducted the first-principles calculation for the electronic 

structure of CeRh2As2. Combining the results, we evaluate the Z2 invariants and found the topological crystalline 

superconductivity due to heavy-fermion bands of Ce 4f electrons hybridizing with conduction electrons. The 

emergence of Majorana fermions at the surface preserving the glide symmetry was demonstrated based on the 

tight-binding model [5].

[1] S. Khim et al., arXiv:2102.02735 (2021).

[2] T. Yoshida, M. Sigrist, and Y. Yanase, Phys. Rev. B 86, 134514 (2012).

[3] D. Mockli, Y. Yanase, and M. Sigrist, Phys. Rev. B 97, 144508 (2018)

[4] M. Sato, Phys. Rev. B 81, 220504(R) (2010).

[5] K. Nogaki, A. Daido, J. Ishizuka, and Y. Yanase, arXiv:2102.08088 (2021).
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Fig.1: Crystal structure of CeRh2As2
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We revisit the mapping of U(1) gauge theory in quantum spin ice and discuss how to understand the deconfinement 
of the frustrated U(1) gauge theory. In particular, the systematic way to estimate the gauge field strength is argued 
for both electric field and magnetic field. Thus, one could understand confined vs deconfined transition between 
(quasi-) 2D and 3D. In addition, we discuss glassy behavior due to attractive interaction between gauge charges 
which results from further neighbor Ising spin exchanges. In this case, we explore relevant phase transitions and their 
characteristics similar to a charged colloidal particle problem.  
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The spin nematic phase, which is a kind of multipole phases, has attracted a lot of interest in the field 

of the strongly correlated electron systems. Using the numerical exact diagonalization, the density matrix 

renormalization group (DMRG) calculation, and the finite-size scaling analysis, it is found that some spin 

nematic and spin liquid phases are induced by external magnetic field in the anisotropic and frustrated 

quantum spin systems. In our previous work[1], it was found that a field-induced nematic phase appears 

at some critical field in the anisotropic spin ladder. The nematic phase is characterized by the power-law 

decay in the correlation function of the second-order spin moment. In addition at some higher critical 

field a quantum phase transition can occur to the conventional field-induced Tomonaga-Luttinger liquid.  

     Recently the field-induced nematic phase was observed on the frustrated spin ladder system[2]. So we 

studied on a frustrated spin ladder system[3], using the numerical diagonalization and DMRG. As a 

result, it was found that several exotic quantum phases, including the spin-nematic liquid phase. We also 

reported  several interesting phase diagrams of this model and some related systems[4,5]. 

     In the present study, we investigate the S=1 antiferromagnetic chain with some additional interactions. 

The previous DMRG[6] and numerical diagonalization[7] analyses of the S=1 antiferromagnetic chain 

with the biquadratic interaction indicated that the spin nematic liquid phase appears in higher magnetic 

field region of the magnetization process. On the other hand, the numerical diagonalization study[8] on 

the S=1 antiferromagnetic chain with the single-ion anisotropy revealed that a similar two-magnon bound 

state appears in lower field region of the magnetization process. Thus it would be interesting to 

investigate the magnetization process of the S=1 antiferromagnetic chain with both of the biqudratic 

interaction and the single-ion anisotropy. We will present several phase diagrams of this model obtained 

by the numerical diagonalization analysis. 
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Hedgehog-lattice spin texture in breathing-pyrochlore antiferromagnets
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Recently, topological spin textures such as the magnetic skyrmion and its three-dimensional analogue, the magnetic
hedgehog, have attracted much attention. Although the skyrmion and hedgehog have the same topological charac-
ter, the latter has a singular point at its texture center, so that the hedgehog is sometimes called the magnetic mono -
pole. Of recent particular interest is the hedgehog lattice which is a periodic array of the monopoles and anti-mono-
poles. Although the hedgehog lattice is known to be stabilized by the Dzyaloshinskii-Moriya (DM) interaction [1,
2, 3], a mechanism other than the DM interaction has not been reported so far.
In this presentation, we will demonstrate that the hedgehog lattice is induced by magnetic frustration in the classi-
cal J1-J3 Heisenberg model on the breathing pyrochlore lattice without the DM interaction [4]. A quadruple-q state

with the ordering vector of q = (± 1/2, ±1/2, ±1/2), which is realized for a large third nearest-neighbor antiferro-
magnetic exchange interaction along the bond direction J3 , turns out to become the hedgehog-lattice state on the
breathing lattice, while on the uniform lattice, it is a collinear state favored by thermal fluctuations. We will also
show that in a magnetic field, the structure of the (1/2, 1/2, 1/2) hedgehog lattice is changed from cubic to tetrago -
nal, resulting in a nonzero net spin chirality which in a metallic system, should yield a Hall effect of chirality ori -
gin.  

[1] N. Kanazawa, Y. Nii, X.-X. Zhang, A. S. Mishchenko, G. De Filippis, F. Kagawa, Y. Iwasa, N. Nagaosa, and 
Y. Tokura, Nat. Commun. 7, 11622 (2016).  

[2] B. Binz and A. Vishwanath, Phys. Rev. B 74, 214408 (2006).
[3] J. H. Park and J. H. Han, Phys. Rev. B 83, 184406 (2011).
[4] K. Aoyama and H. Kawamura, Phys. Rev. B 103, 014406 (2021).
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In many geometrically frustrated magnets, a weak perturbation can potentially induce new competing ground states. 

In particular, novel effects induced by defects in frustrated magnets represent a highly nontrivial and interesting 

problem. Here, we demonstrate that a non-magnetic impurity can produce an extended spin structure (spin texture) 

in h-YMnO3, a triangular lattice antiferromagnet with non-collinear magnetic order. Using inelastic neutron 

scattering (INS), we measured the full spin-wave spectra of Al-doped h-YMnO3, which revealed the presence of 

magnon damping with clear momentum dependence. Our model calculation incorporating the spin texture well 

describes the INS data, which supports the formation of spin textures. Our study provides the first experimental 

confirmation of the impurity-induced spin textures. It provides new insights and understanding of the impurity effects 

in a wide variety of non-collinear magnetic systems.  

E-mail for corresponding author: jgpark10@snu.ac.kr

(Left) Original 120° magnetic order (grey arrows) and local spin canting induced by a vacancy (blue arrows) 

in a triangular lattice antiferromagnet. (Right) Inelastic neutron scattering spectra (INS) and theoretical 

INS cross-section of h-YMnO3 and h-YMn0.9Al0.1O3. 
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Electrical manipulation of emergent phenomena due to nontrivial band topology is a key to realize next-generation 
technology using topological protection. Recent discovery of the magnetic Weyl fermions in the antiferromagnet 
Mn3Sn has attracted significant attention [1], as it exhibits various exotic phenomena with robust properties due to 
the Weyl nodes [2-6]. Given the prospects of antiferromagnetic (AF) spintronics for realizing high-density devices 
with ultrafast operation, it would be ideal if one could electrically manipulate an AF Weyl semimetal. Here we 
demonstrate the electrical switching of a Weyl semimetal state and its detection by anomalous Hall effect (AHE) 
[8,9]. In particular, we employ a polycrystalline thin film of the AF Weyl metal Mn3Sn. Using the bilayer device of 
Mn3Sn and nonmagnetic metals (NMs), we find that an electrical current density of ~1010-1011 A/m2 in NMs induces 
the magnetic switching with a large change in Hall voltage, and besides, the current polarity along a bias field and 
the sign of the spin Hall angle of NMs determines the sign of the Hall voltage. Notably, the electrical switching in 
the antiferromagnet is made using the same protocol as the one used for ferromagnetic metals. Our observation may 
well lead to another leap in science and technology for topological magnetism and AF spintronics. This is the work 
in collaboration with H. Tsai, T. Higo, K. Kondou, T. Nomoto, A. Sakai, A. Kobayashi, T. Nakano, K. Yakushiji, T. 
Koretsune, M. Suzuki, R. Arita, S. Miwa, Y. Otani, H. Chen, A. MacDonald. 
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[4] T. Higo et al., Nat. Photon. 12, 73-78 (2018). 
[5] T. Matsuda et al., Nat. Comm. 11, 2863 (2020). 
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The strongly correlated actinide metal URu2Si2 exhibits a mean field-like second order phase transition at To ≈ 17 K, 
yet lacks definitive signatures of a broken symmetry. Meanwhile, various experiments have also shown the electronic 
energy gap to closely resemble that resulting from hybridization between conduction electron and 5f-electron states. 
We argue here, using thermodynamic measurements, that the above seemingly incompatible observations can be 
jointly understood by way of proximity to an entropy-driven critical point, in which the latent heat of a valence-type 
electronic instability is quenched by thermal excitations across a gap, driving the transition second order [1]. Salient 
features of such a transition include a robust gap (see Fig. 1a) spanning highly degenerate features in the electronic 
density of states, that is weakly (if at all) suppressed by temperature on approaching To, and an elliptical phase 
boundary (Fig. 1b) in magnetic field and temperature that is Pauli paramagnetically limited at its critical magnetic 
field.  

 

 
 
 
[1] N. Harrison, S. Kushwaha, M. K. Chan, and M. Jaime, npj Quantum Materials 6, 24 (2021)  
 
E-mail for corresponding author: mjaime@lanl.gov 
 
 

Figure 1a: Arrhenius plot. ln[CexpT2] (blue circles) versus 1/T at B = 0, which we fit to ln[CΔT2] (blue line). We compare this against 
ln[χexpT] (red circles, shifted to bring it into alignment with the specific heat) fit to χΔ (red line), where χexp is the measured 
susceptibility (shown in the inset). Solid lines fits are used to provide gap estimates ΔC and Δχ, obtained from the specific heat and 
susceptibility, respectively. b:    To(Bz) phase boundary of URu2Si2, taken from the peak in the specific heat capacity at the transition, 
and the step in the resistivity at high fields, where Bz refers to the magnetic field applied along the crystalline c-axis. 

a b 
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The hidden order (HO) of URu2Si2 has remained a mystery since its discovery in 1985 [1],
despite continuous research effort [2]. A small moment (~0.03 μB/atom) antiferromagnetic
(AFM) phase accompanies the hidden order phase [3]. While it is far too small to explain the
large effect seen in macroscopic measurements, its role in the phase transition is not clear.
Whether  it  is  intrinsic  (e.g.  a  secondary  order  parameter)  or  extrinsic  (e.g.  impurities)
remains controversial.
We studied the AFM phase by X-ray resonant magnetic scattering at the Uranium M4 edge.
We observed a large macroscopic inhomogeneity of the AFM phase, while the cristalline
and chemical  homogeneities  of  the samples were found excellent.  In  addition,  we also
discovered  several  structural  anomalies  which  suggest  the  presence  of  a  secondary
structural phase in the sample.
The puzzling results are reported to the community to seek advice.

Figure 1: Charge (004) and AFM (104) maps of the sample.

[1] T. T. M. Palstra et al, Phys. Rev. Lett. 55, 2727 (1985).
[2] J. A. Mydosh et al , J. Phys.: Condens. Matter 32, 143002 (2020).
[3] C. Broholm et al, Phys. Rev. Lett. 58, 1467 (1987).
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Recently rediscovered orthorhombic compound UTe2 exhibits superconductivity at low temperatures below 2 K. The 

origin of superconductivity is still unknown even though its properties were investigated by different techniques and 

reported in literature [1,2]. One possibility to uncover the origin of superconductivity is to investigating physical 

properties at temperatures above superconducting transition as it is most likely connected to magnetic properties. 

Existence of ferromagnetic fluctuations along the a-axis was suggested based on microscopic, thermodynamic and 

transport measurements [1,3], while antiferromagnetic fluctuations were found by inelastic neutron scattering along 

the b-axis [4]. 

We investigate magnetic properties for all crystallographic axes in fields up to 7 T and temperature interval from 2 

K up to 60 K. The obtained data are than evaluated by Maxwell relations between entropy and magnetization to 

obtain the change of magnetic part of entropy in T-H diagram. The entropy for field along the a-axis show 

ferromagnetic-like behavior with unusual behavior below ~ 7 K, while for field along the b-axis we observe 

antiferromagnetic-like behavior. The obtained results are discussed together with published results. 

 

[1] C. Duan, K. Sasmal, M.B. Maple, A. Podlesnyak, J.X. Zhu, Q. Si, P. Dai, Incommensurate Spin 

Fluctuations in the Spin-Triplet Superconductor Candidate UTe2, Phys. Rev. Lett. 125, 237003 

(2020). 

[2] D. Aoki, F. Honda, G. Knebel, D. Braithwaite, A. Nakamura, D.X. Li, Y. Homma, Y. Shimizu, 

Y.J. Sato, J.P. Brison, J. Flouquet, Multiple superconducting phases and unusual enhancement of 

the upper critical field in UTe2, J. Phys. Soc. Japan. 89, 053705 (2020). 

[3] K. Willa, F. Hardy, D. Aoki, D. Li, P. Wiecki, G. Lapertot, C. Meingast, Thermodynamic 

signatures of short-range magnetic correlations in UTe2, arXiv: 2107.02706 (2021). 

[4] W. Knafo, G. Knebel, P. Steffens, K. Kaneko, A. Rosuel, J.-P. Brison, J. Flouquet, D. Aoki, G. 

Lapertot, S. Raymond, Low-dimensional antiferromagnetic fluctuations in the heavy-fermion 

paramagnetic ladder UTe2, arXiv2107.02706 (2021). 
 

E-mail for corresponding author: opletal.petr@jaea.go.jp 

https://proceedings.science/p/132379
Powered by TCPDF (www.tcpdf.org)

https://proceedings.science/p/132379
http://www.tcpdf.org


Alloying driven transition between ferro- and antiferromagnetism in UTGe 

compounds: the UCo1-xIrxGe case 

Dávid Hovančík1,2,, Akinari Koriki1,3, Anežka Bendová1, Petr Doležal1, Petr Proschek1, Martin Míšek4, Marian 

Reiffers2, Jan Prokleška1, Jiří Pospíšil1 and Vladimír Sechovský1 
 

1Charles University, Faculty of Mathematics and Physics, Department of Condensed Matter Physics,  

Ke Karlovu 5, 121 16 Prague 2, Czech Republic 
2University of Presov, Faculty of Humanities and Natural Sciences,  

17 Novembra 1, 081 16 Presov, Slovakia  
3Hokkaido University, Graduate School of Science, Department of Condensed Matter Physics, Kita10, 

Nishi 8, Kita-ku, Sapporo, 060-0810, Japan 
4Institute of Physics, Academy of Sciences of Czech Republic, v.v.i, Na Slovance 2, 182 21 Prague 8, 

Czech Republic 

e-mail: hovancikd@gmail.com 

 

 The fundamental study of the magnetic features of isostructural and isoelectronic system 

UCo1−xIrxGe mixing superconducting itinerant 5f-electron ferromagnet UCoGe and 

antiferromagnet UIrGe was carried out. We used magnetization, heat capacity, and electrical 

resistivity measurements performed on series of UCo1−xIrxGe polycrystalline samples to probe 

the physical properties. The weak ferromagnetism of UCoGe was observed to disappear already 

for the lowest Ir doping (x = 0.005). On the other hand, traces of the superconducting state were 

detected up to x = 0.01. Moving from the UIrGe side, the antiferromagnetism moderately 

vanishes upon decreasing Ir concentration completely disappearing at x  0.75. The middle part 

of the T-x phase diagram in the range 0.005  x < 0.75 is dominated by a paramagnetic phase. 

We propose a scenario of competition of ferromagnetic and antiferromagnetic interactions 

leading to the paramagnetic state. Upon gradually increasing Ir concentration, 

antiferromagnetic correlations which may result in frozen incoherent spin configurations at low 

temperatures, emerge in the paramagnetic state at x  0.4. When comparing UCo1−xIrxGe system 

to the related URh1-xIrxGe one reported exhibiting an FM/AFM discontinuity in concentration 

dependence a clear contrast of the evolution of magnetic state can be noticed. We ascribe the 

difference to the different degrees of 5f-electron localization in UCoGe and URhGe.     
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Electron correlations involving 5f-orbitals are rather highly tunable with external stimulus. Suppressing phase 
transitions by hydrostatic pressure to realize a quantum critical point has been a lucrative interest for many researchers 
in recent decades. Such efforts have fruitfully brought up exotic electronic phases owing to unconventional quantum 
fluctuations near the associated quantum phase transitions. Here we present a case when there are two successive 
phase transitions at TC = 18 K and TO = 54 K in URhSn, where TC stands for the Curie temperature below which a 
ferromagnetic ordering takes place; while the order parameter for the phase transition at TO remains unknown till 
date [1-4]. A recent study by Shimizu et al. has established a reinforcement of this hidden order under magnetic 
fields; based on which a quadrupolar order or a helical order is suggested below TO [4]. A high quality single crystal 
of URhSn with RRR = 40 and 𝜌0 = 6.5 µΩ cm was obtained by Czocharalski method followed by annealing under 
high vacuum (10-6 Torr). Electrical transport under pressures up to 11 GPa in temperature range 2.5-300 K were 
performed at a dedicated high pressure facility in ISSP, the University of Tokyo [5]. Hydrostaticity of the pressure 
was enforced by use of cubic anvil cell which uses an in-situ load maintenance mechanism applied via six faces of 
the cubic MgO gasket. Use of a 1:1 mixture of Flourinert FC-70/FC-77 and pressurization only at room temperature 
further ensures homogeneity of the pressure transmission across the sample.  
The two successive phase transitions in URhSn suppress under pressure in a correlated manner till 6.25 GPa, above 
which the anomalies in resistivity show an increase for the both phase transitions. This infers a pair of bicritical points 
at 25.1 K and 33.7 K, associated to the orders at TC and TO, respectively. This scheme is further supported by a 
step/sharp peak in 𝜌(P) curves at 6.25 GPa, an indication of first order nature of the phase boundary for the line 
joining the two bicritical points down to absolute zero temperature. A gradual appearance of –lnT slope above TO in 
5f-electron derived resistivity (𝜌5f), increase in the quadratic temperature coefficient of resistivity (A-coefficient) by 
an order of magnitude, an increase in the residual resistivity (𝜌0) concurrently suggest an enhancement in the c-f  
hybridization with pressure in URhSn. In the pressure induced phase above the PC, resistivity varies as T5/3 in a large 
window of the P-T plane, which makes it akin to a marginal Fermi liquid state that in itinerant electron weak 
ferromagnet ZrZn2 [6]. An intricate regulation of magnetic frustration incorporated by uranium quasi-kagome lattice 
together with electron correlations imparted by the c-f hybridization is likely to play a crucial role in stabilizing the 
unique P-T phase diagram of URhSn. 
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[2] F. Mirambet, B. Chevalier, L. Fournes, J. F. da Silva, M. F. Ramos, and T. Roisnel, J. Magn. Magn. Mater. 140, 

1387 (1995). 
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Hall effect near the metamagnetic high-field transition in Uranium Mononitride 

S. Hamann, D. Gorbunov, T. Förster, M. Uhlarz, M. König, J. Wosnitza, and Toni Helm 

Abstract 

Compounds containing uranium cover a wide range of electronic behavior. This diversity is 

based on the similar energy scales of the 5f-electron bandwidth, f-f Coulomb, spin-orbit, and 

exchange interaction. In particular, the 5f-electron correlation effects are a topical issue for 

uranium compounds. Uranium mononitride (UN) is one example of an intensively studied 

compound with a rather simple crystal structure (face centered cubic), but not fully understood 

electronic and magnetic structure. There are indications for a dual nature of the uranium 5f 

electrons with both local and itinerant character. Recent experiments revealed a magnetic-field-

induced spin-flop transition at a critical field of about HSF ≈ 60 T, supporting the local 

picture [1,2]. We report on the electronic and thermodynamic properties of UN near the 

metamagnetic transition studied by means of magnetotransport, Hall-effect, and magnetic-

torque measurements in pulsed magnetic fields. The experiments were conducted on 

microstructures fabricated by focused-ion-beam assisted patterning from single crystals. We 

confirm the evolution of the high-field transition from a broad and complex behavior to a sharp 

first-order-like step, associated with the spin flop at low temperature. In the high-field state, the 

magnetic contribution to the temperature dependence of the resistivity is suppressed 

completely. It evolves into an almost quadratic dependence at low temperatures indicative of a 

metallic character. Our detailed investigation of the Hall effect provides evidence for a 

prominent Fermi-surface reconstruction as the system is pushed into the high-field state [3]. 

 

[1] K. Shrestha, D. Antonio, M. Jaime, N. Harrison, D. S. Mast, D. Safarik, T. Durakiewicz, J. C. 
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The Magnetoresistance (MR) is an interesting property of a material which has immense technological importance 

in devices such as magnetic sensors, magnetic switches, magnetic valves and hard drives in electronics and spintron-

ics, etc [1]. Usually, MR is small in simple metals and shows H2 (H = magnetic field) dependence at low field and 

saturates at high fields. Some materials show huge MR at low temperatures. Different mechanisms have been pro-

posed to explain the origin of such large MR [2-4], however, the exact origin of MR is still not fully understood. 

Recently, WTe2 has been reported to exhibit extremely large magnetoresistance (XMR), as high as 1.3×107% with 

no signature of saturation upto 60T at 0.53K [1]. Perfect electron-hole (e-h) compensation is proposed to be a origin 

of XMR in WTe2 [1]. One pair of electron and hole pockets of nearly same size has been observed in a recent angle 

resolved photoemission spectroscopy (ARPES) experiment which supports the idea of carrier compensation for XMR 

[5]. Since, the e-h compensation is sensitive to the tuning of charge carrier, investigation of MR with doping may 

further clarify the origin of MR in these exotic materials.  

In this work, we have studied the MR properties of W1-xNixTe2 (x = 0, 0.1) single crystals. Enhancement in conduc-

tivity by one order is observed in Ni-doped compound relative to that in the parent compound. MR is found to be as 

high as 5.1×105% at 2K and 12T in parent sample which decreased by one order in the doped sample. At low field, 

MR shows quadratic behaviour but at high field it is nearly linear in both the samples. Kohler’s plot indicates presence 

of at least two types of charge carriers. Perfect e-h compensation has been observed by the H2 fitting of MR at low 

field. High mobility up to 70000 and 15500 cm2/VS have been found in the parent and doped samples, respectively. 

Such relatively lower value of mobility may be one possible reason for the reduced MR in the doped sample. Mobility 

controlled linear magnetoresistance has been observed at high field (H ≥ 9T) in both the samples which was consistent 

with classical model proposed by Parish and Littlewood. SdH oscillations have also been observed in both the sam-

ples. Fast Fourier transform of the background subtracted SdH oscillations shows single peak in both cases which 

further confirms the perfect e-h compensation in the parent and doped samples. Effective mass of the carriers has 

been also found to be increased in the doped sample. Change in effective mass of the charge carriers while maintain-

ing the e-h compensation in the Ni-doped sample provides an interesting platform to realize technologically important 

materials.  
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BiPd is a noncentrosymmetric superconductor and possesses Dirac states at the surface. Extensive angle-resolved 

photoemission (ARPES) studies [1-3] of this material reported conflicting results about the dimensionality of the 

Dirac states and the momentum of the Dirac point, which are essential for studying the properties of the Dirac 

fermions. While some studies [1,2] reported the Dirac node at the center of the surface Brillouin zone (SBZ),   , the 

other reports [3,4] show it at the edge of SBZ,   . The Dirac states show dispersion along with an opening up of an 

energy gap at the Dirac node with the change in photon energies indicating a possible three-dimensional behavior. 

Moreover, the Dirac states have been found to be anisotropic [2], which is attributed to anisotropic Rashba effect 

[3]. Clearly, BiPd provides a novel platform to study the exotic properties of the Dirac fermions where the material 

shows superconductivity at low temperatures. In the present work [5], we have employed high-resolution ARPES 

using multiple photon energies to investigate the properties of the Dirac surface states. We have carried out the 

Fermi surface mapping at multiple photon energies and also optimized the sample position carefully at different 

photon energies. We discover that the Dirac node can be recovered via sample optimization and the Fermi surface 

mapping shows absence of gap at the Dirac node at multiple photon energies non-equivalent with respect to kz. 

These results establish    to be the location of the Dirac node. Evidently, the deviation from the two-dimensional 

behavior of the Dirac fermions is not a material property and arises due to the finite momentum of the Dirac node; 

the corresponding emission angle changes with the change in photon energy. Furthermore, the anisotropy of the 

Dirac states in this system is found to be unique exhibiting isotropy close to the Dirac node and anisotropy away 

from the node. We have constructed a model Hamiltonian up to third order in momentum and demonstrate that it 

explains the observed anisotropy well. 
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We study a variant of the generalized Aubry-Andre-Harper (GAAH) model with the effect of introducing the next 
nearest-neighbor p-wave superconducting (SC) pairing with incommensurate and commensurate modulations 
which are modulated by a cosine function. We demonstrate that the model consists of two superimposed two one-
dimensional Majorana chains coupled with onsite potentials. We extend the GAAH model with p-wave SC to 
topologically equivalent and nontrivial an “ancestor” two-dimensional p-wave SC model. It is found that in 
incommensurate (commensurate) modulation, by varying the next nearest-neighbor p-wave pairing order 
parameter, the system can switch between extended states and localized states (fully gapped phase and a gapless 
phase). In the commensurate case, this model belongs to the AI mirror-symmetry class with time-reversal, particle-
hole, chiral, and reflection symmetries. In the incommensurate case, we also numerically investigate the 
localization properties of the GAAH model combined with the superconducting pairing. We show that localization 
transition can be induced by varying just the phase, keeping all other model parameters constant. Also, in the 
incommensurate case, we map the phase diagram between extended, localized, critical, and mobility edge phases. 
We find a new phase, similar to the mobility edge phase, but with a less sudden rise between localized and 
extended state than usual. We also find that value of Chern numbers are changing with and without on-site 
potential when we tune the modulated p-wave SC pairing strength. We also calculate the Hofstadter butterflies for 
the commensurate case.    
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The energy of electrons in a crystal generally has dispersion. However, in a model such as a nearest-neighbor isotropic 
tight-binding model on pyrochlore lattice, flat bands without dispersion appear due to the quantum interference effect. 
In this flat band model, attractive physical properties such as perfect ferromagnetism, high-temperature 
superconductivity, and fractional quantum Hall effect are predicted [1,2]. Furthermore, it is known that when the 
spin-orbit coupling λ is introduced into this model, a gap is created when λ is negative, resulting in a strong 
topological insulator [3]. 
However, in the actual pyrochlore compound, there has been no example so far in which an approximate flat band 
was observed near the Fermi level due to the influence of the anisotropy of the transfer integral. Based on first-
principles calculations, we have found that such a system (s1 system, s2 system) in which the uppermost part of the 
valence band is mainly the s orbital of the A site, such as Sn2Nb2O7 and Tl2Nb2O7, is such an example [4-6]. This 
time, we performed first-principles calculations incorporating spin-orbit interaction in these s1/s2 systems and 
compared them with the results of the flat band model (see the figure below) [7]. Details will be reported in the 
presentation. 
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The magnetic phase diagram of Eu2Pd2Sn is constructed after magnetic, thermal and transport measurements. This 
compound crystallizes in the achiral and non-centrosymmetric Ca2Pd2Ge-type structure, where 1st  Eu2+  magnetic 
neighbors are disposed in zig-zag chains which form puckered quasi hexagons with respective 2nd Eu2+  neighbors.  

From high temperature magnetic susceptibility (T>50K) an effective magnetic moment μeff =7.87μB is 
obtained, very close to the expected 7.94μB for  Eu2+  and a Curie-Weiss paramagnetic temperature θP =19K. 

Although a cusp in (T) at TN ~ 13 K indicates antiferromagnetic character, the positive θP > 0 and observed 
magnetic field B dependencies reveal the presence of a complex structure. Specific heat Cp(T) shows a Ʌ-
type transition at TN which practically vanishes above B~1T. On the contrary, a broad anomaly at around 
10 K,  which characterizes modulated magnetic order parameters, narrows significantly at B~1T ap-
proaching a magnetic critical point. By increasing B below 10K, two step changes in magnetization and 
magnetoresistance reveal exotic modifications in the magnetic structure between 1 and 2T. After its struc-
tural topology and the morphology of the phase diagram, Eu2Pd2Sn appears as a good candidate for the for-
mation of skyrmion quasiparticles.   
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The system Co3Sn2S2 has a kagome lattice formed by Co atoms which leads to the formation of a flat band close to 

the Fermi level [1,2]. Here we present new STM measurements at magnetic fields up to 14T in high quality single 

crystals of Co3Sn2S2 [3]. We use the sample cleaving mechanism discussed in [4] and the coarse approach system 

of`[5]. We discuss the different surface terminations, quasiparticle interference experiments at high magnetic fields 

and the Zeeman effect on the flat band. We compare our results with previous results at zero field and under magnetic 

fields of 8 T [1]. 
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Abstract 

Magnetic topological materials have generated a lot of interest for their spin- and orbital-dependent 

electronic functionalities. The large Nernst Seebeck coefficient shown by the topological ferromagnets, 

even in moderate magnetic fields, makes them potential candidates for thermoelectric applications [1]. 

Here we report the synthesis of single crystals of the topological ferromagnet Fe3-xGeTe2. The compounds 

were synthesized using the standard self-flux based crystal growth. The elemental reagents were mixed 

with an excess of Ge and Te, then sealed in an evacuated quartz tube and heat-treated for several days, 

wherein crystals grow out of the flux during the slow cooling step. X-ray diffraction (XRD) confirms that 

crystals of the Fe3-xGeTe2 phase have been synthesized. The FeGe and FeTe2 impurity phases were also 

seen in XRD pattern. The compound crystallizes in the hexagonal P63/mmc space group. Temperature-

dependent magnetic measurements show a ferromagnetic transition at TC~145K. The transition 

temperature increases with increase of Fe content in composition, and by controlling the Fe content we 

can tune the transition temperature up to ~250K. The comparison of transition temperature with an earlier 

report [2] suggests that the Fe~2.70GeTe2 composition was achieved (not yet confirmed by energy-

dispersive X-ray spectroscopy analysis). Isothermal magnetization loop measurements demonstrated a 

soft-magnetic nature. Thermo-magnetic and thermoelectric measurements are underway and will be 

presented and discussed. 
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The experimental confirmation of the Dirac/Weyl fermions in topological semimetals invokes parallelism between
particle physics and condensed matter physics. However, condensed matter physics has higher degrees of freedom
because it is not limited by the Poincare symmetry. Type-II Dirac/Weyl fermions are the first example that shows
such degrees of freedom. Recently,  another type of unconventional quasiparticles that shows the flexibility has
been  proposed  in  several  groups  of  materials,  named  multifold  fermions.  Multifold  fermions  are  also  called
unconventional quasiparticles with a large Chern number, which have no high-energy counterpart. They are not
only conceptually interesting, but also expected to have intriguing physical properties due to their topologically
non-trivial nature. In this poster, we present our recent ARPES data to confirm the multifold fermions in PdSb2.
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Earlier [1] by the ESR method it was found that the placement of impurity europium 
ions in α - Cd3As2 [2] occurs in two crystallographic positions - the position of 
substitution of cadmium ions and the position of implantation. At high temperatures, 
for both positions, linear (pseudo-Corring) dependences of the ESR line width and 
position were observed. The aforementioned crystallographic positions in the 
anti-fluorite-type lattice are practically identical in terms of crystallographic 
symmetry, but differ in the degree of chemical compression. The report examines the 
effect of chemical compression on the formation of donor electrons. In the 
compressed state, the bivalent europium ion is inclined, donating an electron to the 
conduction band, to pass into the trivalent state with a smaller ionic radius. This 
reduces the degree of chemical compression and response stresses in the crystal lattice. 
However, the presence of europium in a nonmagnetic trivalent state occurs only for a 
small part of the time and leads to a decrease in the effective local magnetic moment 
on the europium ion [3]. A change in the degree of chemical compression with a 
change in temperature explains the observed [1] temperature dependences of the 
position and width of the ESR line, the values of g - factors (g ~ 2.2 and g ~ 4.4.) of 
Eu2+ impurity ions. The values of g-factors (g ~ 10-15) of conduction electrons are 
determined. It can be seen from the temperature behavior of the ESR lines that these 
two spin ensembles are ordered at different temperatures, which indicates the 
existence of a crystallographic position-selective indirect exchange [4] interaction of 
Eu2+ spins by donor conduction electrons. A mechanism is proposed for selective 
indirect exchange interaction between magnetic impurities and spin diffusion in thus 
subsystems. The selectivity of interactions consists in the fact that interact with each 
other the impurities located at the crystal lattice nodes which have the same local 
symmetry. 
 
Reference: 
[1] Yu. V. Goryunov, A. N. Nateprov, Phys.Sol. St., 60, 68 (2018).  
[2] S. Borisenko, Q. Gibson, et al., Phys. Rev. Lett. 113, 027603 (2014).  
[3] R. K. Wangsness, Phys.Rev. 91, 1085 (1953) 
[4] Hao-Ran Chang, Jianhui Zhou, et al., Phys. Rev. B 92, 241103(R) (2015)  
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The partial (up 7%) substitution of Cd for Zn in the Yb-based heavy-fermion material YbFe2Zn20 is known to induce 

a slight (~20%) reduction of the Sommerfeld specific-heat coefficient γ and a huge (up to two orders of magnitude) 

reduction of the T2 resistivity coefficient A, corresponding to a drastic and unexpected reduction of the Kadowaki-

Woods ratio 𝐴 𝛾2⁄ . Here, Yb L3-edge x-ray absorption spectroscopy shows that the Yb valence state is close to 3+ 

for all 𝑥, whereas x-ray diffraction reveals that Cd replaces the Zn ions only at the 16c site of the 𝐹𝑑3̅𝑚 cubic 

structure, leaving the 48f and 96g sites with full Zn occupation. Ab initio electronic structure calculations in pure and 

Cd-doped materials, carried out without considering correlations, show multiple conduction bands with only minor 

modifications of the band dispersion near the Fermi level and therefore do not explain the resistivity drop introduced 

by Cd substitution. We propose that the site-selective Cd substitution introduces light conduction bands with a 

substantial contribution of Cd (16c) 5p levels that have weak coupling to the Yb3+ 4f moments. These light fermions 

coexist with heavy fermions that originate from other conduction bands with larger participation of Zn(96g) 4p levels 

that remain strongly coupled with the Yb3+ local moments. [1] 
 

[1] A. Fahl, R. Grossi, D. Rigitano, M. Cabrera-Baez, M. A. Avila, C. Adriano, E. Granado, Physical Review B, 103, 

1555116 (2021) 
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CeMgZn2 crystallizes in a Heusler-type cubic structure (space group Fm3m, Oh

5, No. 225) [1]. No physical properties 

of this compound have been reported thus far. Since the Ce ions on a face-centered cubic lattice form a network of 

edge-sharing tetrahedra, geometrical frustration may affect the physical properties of this compound. In this study, 

polycrystalline samples of CeMgZn2 have been grown and their magnetic and transport properties have been 

examined by measuring the magnetic susceptibility, the electrical resistivity, and the specific heat. The effective 

magnetic moment µeff and the paramagnetic Curie temperature θP have been determined to be 2.75 µB/Ce and −73 K, 

respectively, which implies that the Ce ions are trivalent and the magnetic interaction between Ce moments is 

antiferromagnetic. The magnetic susceptibility measured at 0.1 T shows a shoulder and a cusp at TN1 = 5.4 K and TN2 

= 3.1 K, respectively (see Fig. 1). TN1 and TN2 correspond to the antiferromagnetic-transition temperatures since these 

temperatures decrease with increasing magnetic field. In contrast to the clear anomaly at TN2 in the susceptibility, no 

anomalies appear at TN2 in the specific heat (see Fig. 1). Note that |θP|/TN1 = 13.5 is comparable to that of CePdAl 

(|θP|/TN| = 12.6) whose magnetic state is inferred to be affected by geometrical frustration [2]. From the results of 

magnetic susceptibility and magnetization measurements, the magnetic field vs. temperature phase diagram has been 

constructed (see Fig. 2). Below 3 T, we have found at least four magnetic phases. The geometrical frustration may 

be responsible for the appearance of many magnetic phases. 
 

[1] V. Pavlyuk, P. Solokha, G. Dmytriv, B. Marciniak, and V. Paul-Boncour, Acta. Cryst., E63, i161 (2007). 

[2] A. Dönni, G. Ehlers, H. Maletta, P. Fischer, H. Kitazawa, and M. Zolliker, J. Phys. Condens. Matter, 8, 11213 

(1996). 
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We report the first study of resonant X-ray scattering experiments on a 5f-electron system UIr2Ge2. This compound 
crystallizes in the tetragonal CaBe2Ge2-type structure (space group: P4/nmm, D4h

7, No. 129) [1,2], which is charac-
terized by an inversion-symmetric pair of two U ions at the locally inversion-symmetry broken site in the unit cell. 
If an antiferromagnetic order with propagation vector Q = 0 occurs on such U-ion sites, the spatial inversion sym-
metry of the system is globally broken and cross-correlated responses such as current-induced magnetization are 
expected. For this reason, magnetic materials with a CaBe2Ge2-type structure have recently attracted much interest 
as a system that may provide a typical example of the emergence of exotic properties due to odd-parity multipoles. 

On the basis of bulk property measurements on single-crystal sample of UIr2Ge2, we have confirmed that the 
system exhibits a phase transition suggestive of antiferromagnetic ordering at 18.3 K (≡ TN) and strong magnetic 
anisotropy with the easy c axis [3]. In the present study, we performed resonant X-ray scattering experiments to 
identify the magnetic structure of this ordered state. 

The measurements were carried out at BL-11B of KEK PF using soft X-rays of 3.70-3.75 keV in the temperature 
range 6-24 K. As a result of the peak search in the a*-c* plane, we found that the superlattice reflections due to 
resonant scattering at the M4 edge of U (3d → 5f transition: 3.723 keV) grow continuously at (reciprocal lattice 
points) + (0, 0, 1/2) below TN. Combined with the fact that the magnetic susceptibility shows a cusp anomaly at TN, 
the results have revealed that the ordered structure is antiferromagnetic with the propagation vector Q = (0, 0, 1/2). 
For the space group P4/nmm, there are three maximal magnetic subgroups that allow the magnetic moment at U-ion 
site to be ordered by Q = (0, 0, 1/2): P2c4/nm'm' (No. 129.13.1087), C2cm'ma (No. 67.11.587), and P2cm'mn (No. 
59.9.486). Among these, the magnetic easy axis is the c axis only in the case of P2c4/nm'm'. 

In order to confirm the direction of the magnetic moment, we measured the azimuthal angle dependence of the 
magnetic scattering intensity I(φ). We rotated the sample around the scattering vector of a magnetic peak q = (2, 0, 
1/2) by angle φ while keeping the Bragg diffraction condition. The origin of φ is defined by the rotational position 
where the (0, 1, 0) direction is perpendicular to the scattering plane (Fig.1, inset), and we measured I(φ) for −100° 
≤ φ ≤ 90°. The obtained I(φ) data show 
maximum and minimum values near φ = ± 90° 
and φ = 0, respectively (Fig. 1). The 
experimental results show good agreement 
with the calculation for magnetic dipoles lying 
in the c direction, consistent with the case of 
P2c4/nm'm'.  

From the above results, we conclude that 
UIr2Ge2 has the magnetic structure as shown in 
Fig. 2 (a) or (b). Both of them do not break the 
global spatial inversion symmetry, contrary to 
our expectation. In this presentation, we will 
present the details of our experiments and 
discuss the origin of this ordered structure. 

 
* The present work was supported by JSPS KAKENHI Grant Number JP15H05882, JP15H05885 and JP15K21732 
(J-Physics). 

 
[1] B. Lloret et al., J. Magn. Magn. Mater. 67, 232 (1987). 
[2] A. A. Menovsky, J. Magn. Magn. Mater. 76 and 77, 631 (1988). 
[3] F. Kon et al., Physical Society of Japan, Autumn Meeting 2019 (Gifu Univ.), 12pB12-13, September 12, 2019.  
 
E-mail for corresponding author: 23kon@phys.sci.hokudai.ac.jp 

Fig. 1 φ-dependence of the (2, 0, 1/2) intensity. 
The solid line is the calculation results for mag-
netic dipole parallel to the c axis. The inset shows 
schematic view of experimental set up (φ = 0). 

Fig. 2 Two magnetic 
structures of UIr2Ge2 be-
low TN proposed from 
our experimental results. 

https://proceedings.science/p/132417
Powered by TCPDF (www.tcpdf.org)

https://proceedings.science/p/132417
http://www.tcpdf.org


Uniaxial and hydrostatic pressure tuning electronic and magnetic properties of heavy 

fermions Ce1-xYbxIn3 

 
Gustavo A. Lombardi1,2, Vinicius E. S. Frehse1,2, Leonardo O. Kutelak1,2, Luzeli. M. da Silva3, Adenilson. 

O. dos Santos3, Antonio N. Medina4, Lisandro. P. Cardoso2, Guilherme Calligaris1, Narcizo. M. Souza-

Neto1, Flávio. G. Gandra2 and Ricardo D. dos Reis1 

 
1- Brazilian Synchrotron Light Laboratory (LNLS), Brazilian Centre for Research in Energy and 

Materials (CNPEM), Campinas, SP, Brazil 

2- Instituto de Física ‘Gleb Wataghin’, Universidade Estadual de Campinas - UNICAMP, 
Campinas, SP, Brazil 

3- Centro de Ciências Sociais, Saúde e Tecnologia, Universidade Federal do Maranhão - UFMA, 
Imperatriz, MA, Brazil. 

4- Departamento de Física, Universidade Estadual de Maringá - UEM, Maringá, PR, Brazil 

 
We report structural, electronic, magnetic and calorimetric characterization of the Ce1-xYbxIn3 system. 

Single-crystalline samples were grown up to a nominal concentration of 40% of Yb by In flux method. 

XRD analysis shows a small reduction in the unit cell of about 0.1% with Yb substitution, although the 

difference between the two extremes (CeIn3 and YbIn3) are around 1.6%. The Néel temperature slightly 

decreases from 10.3 K to 9.6 K for Ce1-xYbxIn3 with x=0 and x=0.4, respectively. The effective moment 

throughout the system remained constant within the experimental error (µeff = 2.54 µB/mol). This indicates 

a shift to 3+ in the Yb valence, since in the compound YbIn3 the Yb ions are divalent[1]. In order to directly 

determine the valence states of the series of compounds we performed X-ray Absorption Near Edge 

Structure (XANES) at the Ce and Yb L3 edge. Although chemical substitution is a powerful tool to tune the 

properties of materials, the inclusion of a different ion in the lattice may increase the disorder of the system 

that might lead to a misinterpretation of the data. To overcome that, we also studied the effect of the lattice 

contraction, induced by both hydrostatic and uniaxial pressure in the electronic and magnetic properties of 

this family of compounds. This complete set of data combining structural, transport and electronic 

properties of these important compounds will shed light on the role played by each order parameter and 

will help on the understanding of the origin of the exotic transport behaviour. 

 
1. Percheron-Guegan, A., Achard, J. C., Gorochov, O., Gonzalez-Jimenez, F. & Imbert, P. Valence 

de l’ytterbium dans certains composes cubiques. J. Less-Common Met. 37, 1–8 (1974). 
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New orthorhombic compounds RPtAl2 (R = Sc, Y, La-Nd, Sm, Gd-Tm, Lu) were recently reported to be 

synthesized (space group Cmcm, D2h
17, No. 63) [1]. According to the previous report, CePtAl2 does not show any 

phase transition above 2.5 K [1]. In this study, we have synthesized polycrystalline samples of CePtAl2 by arc 

melting method and measured their magnetization, electrical resistivity, and specific heat down to 0.4 K. The 

magnetic susceptibility M/H follows the Curie-Weiss’ law above 100 K. The effective magnetic moment eff is 

estimated to be 2.42 B/Ce, which means that the Ce ions in CePtAl2 are in the trivalent state. Figure 1 shows the 

temperature dependence of M/H of at low temperatures. The M/H increases steeply below 3 K, which is presumed 

to be due to the ferromagnetic transition. The inset of the Fig. 1 shows the magnetic-field dependence of the 

magnetization M. In contrast to the paramagnetic behavior of the M at 5 K, the M at 1.8 K shows ferromagnetic 

behavior, i.e., the M increases steeply by applying magnetic field and saturates above 3 T. Figure 2 shows the 

temperature dependence of the electrical resistivity  and the specific heat C.  decreases rapidly below 2.6 K, 

which corresponds to the temperature at which the magnetic susceptibility increases, and C shows a clear jump at 

this temperature. We therefore conclude that CePtAl2 is a ferromagnet with the Curie temperature TC = 2.6 K. The 

inset of the Fig. 2 shows the temperature dependence of the entropy S. The S value is only 70% of Rln2 at TC = 2.6 

K, where R is the gas constant. This is probably due to the Kondo effect, where the conduction electrons shield the 

magnetic moment of the 4f electrons.  

 

[1] M. Radzieowski, F. Stegemann, C. Doerenkamp, Samir F. Matar, H. Eckert, C. Dosche, G. Wittstock, 

and O. Janka, Inorg.Chem, 58, 7010 (2019).  
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CeTX2 crystallizes into the tetragonal CeNiSi2-type structure with space group Cmcm. it is worthwhile to investigate 

the new non-stoichiometric germanides of the type CeTxGe2 as these alloys are crystallographically interesting[1,2]. 

In this study, we focused on CeCuxGe2 and CeFexGe2, which has not been reported for single crystal growth. Single 

crystals of CeTxGe2 (x = 0.2-1.0, T= Cu, Fe) was grown by the Czochralski method. The smaller x is, the larger the 

diameter of single crystal tends to be grown. The composition ratio determined by SEM is approximately close to 

the weight ratio at the time of sample preparation. From the results of the magnetization measurement of CeCuxGe2, 

it was found that there is a magnetic phase transition at low temperature; the sample with x = 0.2,0.4 shows 

ferromagnetic and the sample with x = 0.6,0.8,1 shows antiferromagnetic transition. The smaller x is, the higher the 

transition temperature and the larger the saturation magnetization is. However, the sample with x = 0.6 deviated from 

this tendency. This may be due to a misalignment of the composition. When the magnetization was measured at 

magnetic field along each axes of single crystals with x = 0.2 and 0.4, it was found that the direction (010) was the 

easy axis of magnetization. Antiferromagnetic behavior was observed in the directions (001) and (100). The 

saturation magnetization along easy axis is smaller than that of theoretical value of Ce3+ ions. The value of the number 

of effective Bohr magnetons p obtained from the measurement of magnetic susceptibility is larger than that of 

theoretical value. These facts imply that the localized electrons of Ce3+ affect the magnetism in CeCuxGe2. 

 
[1] C.N.R. Rao. Solid State Communications,(1992).83(10) pp765-770. 
[2] Malaman, B., Roques, B., Venturini, G., Francois, M. Journal of the Less-Common Metals160., (1990) pp197-

213. 
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Rare earth compounds containing Ce exhibit rich variety of interesting phenomena such as anomalous magnetic 
ordering and heavy fermion behavior due to the interaction between 4f and conduction electrons. In order to explore 
new Ce compounds exhibiting such interesting phenomena, we focused on the newly synthesized orthorhombic 
compounds RE2Au3Sn6 (RE = La, Ce, Pr, Nd, Sm, space group Cmcm, 𝐷!"		$%, No. 63) [1]. In this study, we have 
prepared polycrystalline samples of RE2Au3Sn6 (RE = Ce, La) and have investigated their magnetic, transport, and 
thermal properties. The magnetic susceptibility measured at 0.1 T shows a maximum at TN = 2.54 K and the electrical 
resistivity decreases rapidly below TN (see Fig. 1), suggesting that antiferromagnetic transition occurs at TN. While 
the specific heat of La2Au3Sn6 shows a nonmagnetic metallic behavior, that of Ce2Au3Sn6 shows a λ-type anomaly 
at TN (see Fig. 2), reflecting the second-order transition. The electronic specific heat coefficient of Ce2Au3Sn6, 𝛾 = 
350 mJ Ce-mol-1 K-2, is about 600 times larger than that of La2Au3Sn6,	 𝛾 = 0.59 mJ La-mol-1 K-2, indicating that 
Ce2Au3Sn6 is a heavy fermion system. The magnetic entropy of Ce2Au3Sn6 at TN is estimated to be about 70% of 
Rln2 (see Fig. 3), which can be attributed to the shielding of the magnetic moment by the Kondo effect. 
 
[1] S. Engelbert, O. Janka, S. Klenner and R. Pöttgen, Z. Anorg. Allg. Chem., 646, 1508 (2020). 
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The metallic-flux nanonucleation (MFNN) method [1] allows the simultaneous synthesis of single crystals of a par-

ticular intermetallic compound from flux growth and the nucleation of the same compound in nanowire form inside 

the pores of an Al2O3 template. This fabrication technique has already been successfully employed on the synthesis 

of GdIn3, Fe3Ga4, −Ga and Mn5Si3 intermetallic nanowires [2-5]. In this work, we have explored the routes for 

synthesizing intermetallic nanowires of CeIn3. In order to achieve this goal, we have explored different parameters 

that possibly control the growth of nanowires, such as template pore diameter and crystallization temperature, syn-

thesis temperature and reaction time. The single crystals and the Al2O3 template were studied by means of X-rays 

diffraction (XRD), Scanning Electron Microscopy (SEM), Energy dispersive spectroscopy (EDS) and magnetic sus-

ceptibility. Our preliminary results showed a unique growth of CeIn3 nanowires with a diameter of (346 ± 8) nm and 

transition temperature TN ~ 3 K. For several others growths attempts, the SEM images the presence of nanotubes for 

the CeIn3 growths performed on the template with an average pore diameter less than (155 ± 25) nm and crystalliza-

tion temperature (Tcryst = 900 and 1150 ºC). EDS analysis and X-ray diffraction measurements confirmed that the 

nanotubes present the CeAlO3 phase. In addition, magnetic susceptibility measurements show no phase transition, 

exhibiting a paramagnetic behavior. As expected, in all cases, the CeIn3 single crystals extracted from the same 

growth show an antiferromagnetic ordering at TN ~ 10 K according to the literature. 

 
[1] Pirota, K. R. et al., BR patent 10 2014 019794 0 issued 11 Aug. 2014 (international patent pending 

WO2016023089 A1). 
[2] P. F. S. Rosa et al., Solid State Communications 191, 14-18 (2014). 
[3] Moura, K. O. et al., Scientific Reports 6, 28364 (2016). 
[4] Moura, K. O. et al., Scientific Reports, 7, 3–9. (2017) 
[5] A. dos S. E. da Cruz, et al., Nanoscale Adv, 3, 3251–3259 (2021) 
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Odd-parity multipole ordering has attracted great attention owing to various unique properties [1]. Current-induced 

magnetization is observed on UNi4B [2] and Ce3TiBi5 [3]. Not only electric field but also magnetic field, pressure, 

and temperature (T) are important controllable physical parameters for activating cross-correlation phenomena. Thus, 

physical property measurements under various conditions such as magnetic field or pressure are important even in 

the basic physical property. 
We have focused on Ce3TiBi5 and Ce3TiSb5 which are considered to realize some magnetic toroidal ordered phase. 

Ce3TiBi5 and Ce3TiSb5 are intermetallic compounds and show an antiferromagnetic ordering at TN = 5.0 K and 5.2 

K [4], respectively. T dependence of electrical resistivity (ρ) of Ce3TiBi5 only decreases below TN. In contrast, ρ of 

Ce3TiSb5 shows a hump structure just below TN. In addition, residual resistivity ρ0 of Ce3TiSb5 is considerably large 

(~38 μΩcm at 0 GPa) compared to ρ0 of Ce3TiBi5. At lower temperature than TN, there is an anomaly at T* where the 

slope of ρ(T) on Ce3TiSb5 changes. T* is expected to be some phase transition due to broad peak at T* on the T 

dependence of the specific heat. These differences between Ce3TiBi5 and Ce3TiSb5 are considered to originate from 

the differences of the ordered magnetic moments direction which has become clear from the anisotropy of the T 

dependence of the magnetic susceptibility. Hence, it can be expected to make a difference in multipole ordered states 

at ground state. We pay attention to the behavior of ρ in this system under various conditions. 
Figure shows T dependence of ρ of Ce3TiSb5 under several pressure. A double hump structure appears around 100 K 

and 10 K due to Kondo effect in excited CEF states. This structure is enhanced with increasing pressure. Additionally, 

TN increases with pressurization. Therefore, Ce3TiSb5 is considered to be a relatively localized system. Next, we 

mention two behaviors that change significantly with pressure: T* is rapidly suppressed and the hump structure below 

TN becomes small. Moreover, significant decrease of ρ0 of Ce3TiSb5 by applying magnetic field is also notable change. 

These markedly behaviors under various conditions make us expect some change in multipole ordered state of 

Ce3TiSb5. Currently, measurements for higher pressure range or under magnetic field are in progress. 

 

[1] S. Hayami et al., Phys. Rev. B, 98, 165110 (2018). 
[2] H. Saito et al., J. Phys. Soc. Jpn., 87, 033702 (2018). 
[3] M. Shinozaki et al., J. Phys. Soc. Jpn., 89, 033703 (2020). 
[4] M. Matin et al., J. Phys. Cond. Matter, 29, 145601 (2017). 
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Figure: Temperature dependences of electrical resistivity of Ce3TiSb5 under 

several pressures. Inset shows that of Ce3TiBi5 under ambient pressure. 
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Heavy fermion superconductor Ce3PtIn11 (Tc = 0.32 K) belongs to the family of tetragonal indides CeｎMｍ

In3n+2m (M = Co, Rh, Ir, Pd, Pt) [1]. The compound undergoes two successive magnetic transitions at TN1 = 

2.2 K and TN2 = 2.0 K, clearly observed in thermodynamic quantities such as specific heat. However, the 

magnetic structures between TN1 and TN2 and below TN2 have not been revealed. Ce3PtIn11 has two inequiv-

alent Ce sites in the crystallographic unit cell. The Ce(2) site carries a substantial magnetic moment, 

whereas a magnetic moment at the Ce(1) site is almost perfectly screened by Kondo effect [2].  

 To determine the magnetic structures of Ce3PtIn11, we per-

formed a comprehensive analysis of the 115In-NQR spectra 

employing a magnetic dipolar model [4]. Based on this anal-

ysis, we confirmed that the magnetic moment at the Ce(1) site 

is very small (~ 4% of that at the Ce(2) site) but finite. Fur-

ther, for TN2 < T < TN1 and T < TN2, the magnetic moments at 

the Ce(1) and Ce(2) sites are parallel to the c-axis, and the in-

plane propagation vectors in the two Ce atoms sublattices are 

(qa, qb) = (1/2, 1/2). In the temperature interval TN2 < T < TN1, 

both of them have a form of q = (1/2, 1/2, 0 or 1/2). For T < 

TN2, the magnetic structure in the Ce(2) sublattice is defined 

by the propagation vector q = (1/2, 1/2, 1/2 or 0), whereas the 

Ce(1) sublattice forms a six-fold period structure given by q 

= (1/2, 1/2, 1/6 or 1/3).  
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Investigation of the supestructure phase transition of Ga-doped Eu3Ir4Sn13−xGax

R. Grossi, A. Fahl, G. S. Freitas, K. Pakuszewski, D. S. Christovam,

J. C. Souza, A. L. Ribeiro, E. Granado, P. G. Pagliuso, C. Adriano
Instituto de F́ısica “Gleb Wataghin”, UNICAMP, Campinas-SP, 13083-970, Brazil

In this work we have studied the evolution of the structural and magnetic properties of Eu3Ir4Sn13−xGax samples,
that belong to the family of ternarie intermetalic compounds R3M4Sn13 (R = rare-earth, M = transition metal).
This family has interesting properties such as antiferromagnetic ordering, superconductivity, heavy fermion behavior,
thermoelectric properties and complex magnetic structure[1,2]. In particular, the Eu3Ir4Sn13 compound presents an
antiferromagnetic ordering with TN ∼ 10 K and a structural transition with T ∗ ∼ 57 K. This structural transi-
tion originates from the displacement of Sn ions in the coordination polyhedron Sn1(Sn2)12 of the compound cubic
structure.

We aim to study the structural transition, determine the compound space group after the transition and how it is
affected by the substitution of Sn by Ga. This substitution should act as a chemical pressure due to the size difference
between the two ions. Previous studies under hydrostatic pressure have revealed that the structural transition of the
compound is shifted to lower temperatures, while TN is almost unchanged[3].

The macroscopic properties of the single crystals were studied by measuring magnetic susceptibility and specific
heat in equipment installed at the Gleb Wataghin Institute of Physics at Unicamp. The structural characterization
of the compound and the study of the superstructure transition were performed by X-ray powder diffraction (XPD)
at the National Synchrotron Light Laboratory (LNLS). From the XPD results we determined that the superstructure
transition at T ∗ ∼ 57 K changes the compound space group from Pm3̄n to Ia3̄d as well as confirms the suppression
of the transition due to doping.

[1] J.P. Remeika et al., Solid State Commun. 34, 923 (1980)
[2] H. Sato, et al., Physica 630, 186 (1993)
[3] L. Medonça Ferreira et al, PhysicaB, 384 (2006)
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The cerium atoms in CePt6Al3 are arranged on a honeycomb lattice [1] which is expected to host magnetic frustration. 
The ground state has been found to be a paramagnetic heavy-fermion state with the specific heat divided by 
temperature C/T of 0.5 J/K2mol at 0.5 K [2]. Thereby, the Kondo effect and the magnetic frustration likely work 
cooperatively. Recently, we have observed development of an antiferromagnetic (AFM) order in partially Pd 
substituted Ce(Pt1-𝑥Pd𝑥)6Al3 alloys without carrier doping and chemical pressure. When x is increased to 0.05, both 
C/T and resistivity ρ(T) jump at TN = 1.8 K. With increasing x to 0.2, the λ-type anomaly of C/T becomes pronounced 
and TN increases to 3.8 K. We have ascribed the emergence of AFM order to the disorder in the spin-orbit interaction 
in the 4d/5d band which weakens both the Kondo effect and magnetic frustration [3]. 
In this work, we intended to observe the effect of the magnetic 
frustration in Ce(Pt1-𝑥Pd𝑥)6Al3 by measuring the magnetization M(B) 
and magnetoresistance ρ(B || I) in pulsed magnetic fields up to 60 T 
using the facility at ISSP [4]. Figure 1 shows the field dependence of 
M(B) and ρ(B || I) at 1.4 K for CePt6Al3 single crystals. M(B || c) exhibits 
a metamagnetic behavior at BM = 28 T and increases to 1.4 μB/Ce at 60 
T, whereas M (B ⊥ c) increases linearly with B. At around BM, ρ(B || c) 
shows a shoulder and decreases with further increasing B. For B ⊥ c, 
ρ(B) increases by 5 % up to 15 T and becomes flat. The observed 
metamagnetism in M(B) concomitant with the negative 
magnetoresistance is a common behavior among Ising-like 
paramagnetic heavy-fermion compounds such as CeRu2Si2 [5]. 
Furthermore, the ratio of BM = 28 T and Tχm = 30 K, where the magnetic 
susceptibility M/B||c exhibits a shoulder, falls on the line, μBBM ≅ kBTχm, 
known for such Ce-based heavy-fermion compounds [5].  
The results of M(B) and ρ(B || I) for polycrystalline Ce(Pt1-𝑥Pd𝑥)6Al3 (x 
= 0.1, 0.2, 0.3) samples show anomalies at Bm where the AFM order 
collapses by applied magnetic fields. In Fig. 2, closed squares and 
triangles denote, respectively, the data of Bm obtained by the M(B) and 
ρ(B) measurements. The values are on the line extrapolated from the data 
obtained in steady magnetic fields [3]. Note that the Bm(T) curve for x = 
0.3 more steadily bends than that for x = 0.1. This change in Bm(T) with x 
may reflect the increased localization of 4f-electrons, which is consistent 
with the increased value of the magnetic entropy at TN [3]. It is reported 
that the kagome Kondo lattice compound CePdAl with TN = 2.7 K exhibits 
multiple metamagnetic transitions as a result of the partial release of 
frustration with increasing external fields [6,7]. However, such 
phenomena have not been observed in M(B) and ρ(B) for Ce(Pt1-𝑥Pd𝑥)6Al3. 
We will discuss possible reasons for the difference in the two systems. 

 
[1] F. Eusterman et al., Z. Anorg. Allg. Chem. 643, 1836 (2017). 
[2] R. Oishi et al., J. Phys. Soc. Jpn. 89, 104705 (2020). 
[3] R. Oishi et al., submitted. 
[4] K. Kindo, Physica B, 294, 585 (2001). 
[5] D. Aoki et al., C. R. Physique 14, 53 (2013). 
[6] H. Zhao et al., Phys. Rev. B 91, 235131 (2016). 
[7] S. Lucas et al., Phys. Rev. Lett. 118, 107204 (2017). 

FIG. 1 Magnetization and magneto- 
resistance of CePt6Al3 single crystals  
in pulsed magnetic fields at 1.4 K. 
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CePt3Al5 crystalizes in the orthorhombic type of structure with the space group Pnma (#62) [1] as shown in Figure 

1. Ce atoms are well separated in their unit cell, making 1D chains of Ce magnetic ions along the b-axis with the 

interchain distance of about 6 Å. Magnetic properties of isostructural site-exchange variant analogs such as CePd5Ge3 

[2] and CePt5Ge3 [3] were intensively studied to clarify their low dimensional magnetic behaviors. We succeeded in 

growing single crystals by means of the Czochralski method in a tetra-arc furnace. To investigate the electronic 

ground state of CePt3Al5, we measured the physical properties such as heat capacity, electrical resistivity, and 

magnetic properties using a commercial Physical Property Measurement System (PPMS) and Magnetic Property 

Measurement System (MPMS). Low-temperature magnetic properties was also measured a capacitive Faraday force 

magnetometer down to 0.5 K [4], using 3He refrigerator. 

Figure 2 shows the temperature dependence of specific heat of CePt3Al5 in form of C/T. A clear λ-type anomaly 

owing to an antiferromagnetic order, inferred from magnetic susceptibility measurement, is observed at TN = 1.1 K. 

Moreover, at Tm = 0.8 K, a sharp peak is exhibited, indicating the occurrence of the first-order phase transition below 

TN. The transition at Tm is accompanied by prominent hysteresis behaviors with respect to the temperature in the 

electrical resistivity and magnetic susceptibility. Detailed bulk properties measurements allow us to construct a 

magnetic field – temperature (B-T) magnetic phase diagram of CePt3Al5. The ground state of this compound is, most 

probably, an uncompensated or canted-antiferromagnetic state with a spontaneous magnetic moment. 
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Fig.1：The crystal structure of CePt3Al5. 

 
Fig.2：Temperature dependence of specific heat in the 

form of C/T. 
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Low-temperature physical properties of a new orthorhombic compound Ce2Ir3Sb4
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In order to explore new Ce compounds that show novel physical properties, we focused on the orthorhombic
compounds R2Ir3Sb4 (R = La, Ce, Pr, Nd ) (space group Pnma, D2h16, No.62) [1]. From the results of magnetization
measurements above 3 K, it has been reported that Ce2Ir3Sb4 does not show any phase transition. In this study, we
prepared polycrystalline samples of Ce2Ir3Sb4 and investigated their physical properties by measuring the
magnetization, the electrical resistivity, and the specific heat down to 0.4 K. From the measurement of the inverse
magnetic susceptibility H/M, the effective magnetic moment per Ce atom was found to be 2.50 μB/Ce. Since this
value is close to the theoretical value of 2.54 μB/Ce for Ce3+, it was confirmed that the Ce ions in this compound are
in the trivalent state, as reported in the literature [1]. In addition, a paramagnetic Curie temperature θP = -24.4 K
was obtained, indicating an antiferromagnetic interaction between the magnetic moments of Ce. Figure 1 shows the
temperature dependence of the normalized electrical resistivity ρ(T)/ρ(278 K) and the magnetic susceptibility M/H.
The  decreases with decreasing temperature, followed by a minimum at 25 K, then shows -lnT dependence
between 10.5 K and 5 K and a maximum at 2.1 K. This indicates that Ce2Ir3Sb4 is a Kondo lattice compound. The
maximum at 2.1 K does not corresponds to phase transition since M/H does not show any anomaly down to 1.8 K.
Figure 2 shows the temperature dependence of the specific heat C. The specific heat shows a peak at 1.3 K and a
steep decrease at lower temperatures. Since the specific heat decreases with decreasing temperature from 10 K to
1.3 K and the electrical resistivity shows no anomaly at 1.3 K, the specific heat peak at 1.3 K is not due to a phase
transition but due to the Schottky specific heat caused by the crystal field splitting of the 4f levels of Ce ions.

[1] K. Schӓfer, W. Hermes, U. Rodewald, R. Hoffmann, and R. Pöttgen, Z. Naturforsch.B, 66, 777 (2011).
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Recently, heavy fermion superconductors have been discovered among the compounds without inversion symmetry 
in their crystal structure, and attracting considerable attentions due to the possible coexistence of spin singlet and 
triplet Cooper pairing channels initiated by antisymmetric spin-orbit coupling and strong correlations [1]. The 
superconductivity in such systems tends to develop under pressure. Indeed, an emergence of superconductivity has 
been reported among a series of antiferromagnet CeTX3 (T: transition metal, X=Si, Ge) [2]. Non-centrosymmetric 
ternaries have also been discovered among Eu-compounds, and a possible emergence of pressure induced 
superconductivity has been investigated [3-5]. Non-centrosymmetric EuTGe3 (T=Co, Rh) possesses the BaNiSn3-
type structure. The Eu valence in both EuCoGe3 and EuRhGe3 is expected to be Eu2+ at ambient pressure, and 
antiferromagnetic ordering emerges at TN~15.4 and ~11.3 K, respectively [5]. The magnetic moments order along 
the c-axis in EuCoGe3, while perpendicular to the c-axis in EuRhGe3 [5]. We have performed high resolution x-ray 
absorption spectroscopy (XAS) on EuCoGe3 and EuRhGe3 as a function of pressure. The Eu L3 XAS spectra of both 
EuCoGe3 and EuRhGe3 show a dominant Eu2+ peak at ambient pressure. With increasing pressure, the Eu valence 
increases linearly up to 25 GPa, and exhibits a gradual increase at higher pressure in EuRhGe3. Around 40 GPa, the 
Eu valence reaches ~2.4 [6]. While in EuCoGe3, the Eu valence shows only a slight change by pressure. Even at 50 
GPa, the Eu valence only reaches ~2.3. We also measured the Ge K and Co K XAS spectra as a function pressure, 
though no remarkable changes have been observed. The results indicate a stable magnetic phase against pressure in 
EuCoGe3. Our study reveals the pressure evolution of EuTGe3 and the different pressure response between 3d and 
4d transition metal substitution. 

 
[1] M. Smidman, et al., Rep. Prog. Phys. 80, 036501 (2017). 
[2] N. Kimura, et al., Phys. Rev. Lett. 95, 247004 (2005): I. Sugitani, et al., J. Phys. Soc. Jpn. 75, 043703 (2006): R. 
Settai, et al., J. Magn. Magn. Mater. 310, 844-846 (2007). 
[3] K. Uchima, et al., JPS Conf. Proc. 1, 012015 (2014): JPS Conf. Proc. 3, 011016 (2014). 
[4] A. Nakamura, et al., J. Phys. Soc. Jpn. 84, 053701 (2015). 
[5] O. Bednarchuk, et al., J. Alloys Compd. 622, 432-439 (2015). 
[6] Y. Utsumi, et al., Electron. Struct. 3, 034002 (2021). 
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The Kondo-Heisenberg model on a (unfrustrated ) square lattice is studied via a controlled large-N [Sp(2N)] approach 
to demonstrate on a general ground the existence of a peculiar metallic state so-called "fractionalized Fermi liquid 
(FL*)"  with unbroken translational symmetry and a Fermi surface volume not controlled by the total electron density. 
Close to half-filling, we show that the nesting of Fermi surface favors the Kondo hybridization to form between 
conduction electrons and local resonant-valence-bond spin-liquid fermions, which stabilizes FL* state with well-
defined quasi-particle and gapped spinon excitations. Our result generalizes the FL* state previously proposed in Ref. 
[1], which is restricted to frustrated Kondo lattice systems.  
This work is supported by the MOST Grant NO. 107-2112-M-009-010-MY3, the NCTS of Taiwan, R.O.C. (C.-H. 
C.), Office of Basic Energy Sciences, Material Sciences and Engineering Division, U.S. Department of Energy 
(DOE) under Contract No. DE-SC0012704 (A.M.T.). 
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In contrast to the discovery of the U-based ferromagnetic superconductors, no Ce-based ones have been discovered 

thus far. To search for Ce-based ferromagnetic superconductors, we focused on a new orthorhombic compound 

Ce4Pt9Al13 (space group: Pmmn, D2h
13, No. 59) [1]. This compound does not show any magnetic transition above 

1.72 K, although the positive paramagnetic Curie temperature (41.6 K) implies ferromagnetic interaction between 

Ce moments [1]. In this study, we prepared polycrystalline samples of Ce4Pt9Al13 by arc melting method and 

examined their physical properties by measuring the magnetization, the electrical resistivity, and the specific heat 

down to 0.4 K. Since Ce4Pt9Al13 is a new compound and no isomorphous compounds with the other rare earths have 

been synthesized, we also prepared samples of Pr4Pt9Al13 and examined their physical properties. The magnetic 

susceptibility of Ce4Pt9Al13 follows the Curie-Weiss law and the effective magnetic moment and the paramagnetic 

Curie temperature have been determined to be 2.67 μB/Ce and -189.8 K, respectively, which implies that the Ce ions 

are trivalent and the magnetic interaction between Ce moments is antiferromagnetic. The temperature dependence of 

the electrical resistivity ρ of Ce4Pt9Al13 is shown in the Fig. 1. ρ decreases with decreasing temperature, followed by 

a minimum at 18 K, and shows -lnT dependence between 18 K and 7 K. This indicates that Ce4Pt9Al13 is a Kondo 

lattice compound. In addition, ρ shows a steep decrease at 0.88 K, indicating that some phase transition occurs at this 

temperature. Figure 2 shows the temperature dependence of ρ under various magnetic fields. As the magnetic field is 

increased, the decrease temperature shifts to higher temperatures, indicating that the decrease at 0.88 K corresponds 

to a ferromagnetic transition. No superconductivity was observed above 0.4 K. Figure 3 shows the temperature 

dependence of the magnetic susceptibility M/H and the specific heat C of Pr4Pt9Al13. M/H shows a steep decrease 

and C has a peak at 2.6 K, which indicates an antiferromagnetic transition at this temperature. 

 

[1] Yu. Morozova, A. Gribanov, E. Murashova, S. Dunaev, A. Grytsiv, P. Rogl, G. Giester, D. Kaczorowski, J. 

Alloys Compd, 767, 496 (2018).  
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An orthorhombic Kondo lattice compound CeCu6 is a well-known heavy Fermion system with the large Sommerfeld 

coefficient of  ~ 1600 mJ/K2 mol [1, 2]. The magnetic contribution to the volume thermal expansion, m(T), in CeCu6 

increases on cooling below 100 K and shows two maxima at 50 and 2.5 K, respectively, where the latter is close to 

the Kondo temperature of TK = 3 K [3]. Since the behaviors in  (T) are observed as well in other heavy Fermion 

compounds such as CeRu2Si2 and EuNi2P2 [4, 5], it could be attributed to the formation of the heavy Fermion state. 

On the other hand, thermal expansion of compounds in which the impurity Kondo effect manifests itself has not been 

measured so far, and thereby, its behavior remains elusive. Bearing this in mind, we measured the thermal expansion 

of the La-substituted systems La1-xCexCu6 (0.6 ≤ x ≤ 1) by the strain gauge method between 8 and 300 K in order to 

reveal the change of  (T) from the heavy Fermion state (0.9 ≤ x ≤ 1) to the impurity Kondo state (0 < x ≤ 0.73). 

The linear thermal expansion coefficients for x = 1(CeCu6) along the a and c-axes, a(T) = (dLa(T)/La)/dT and c(T), 

decrease monotonically on cooling from 150 K. The c(T) data show a minimum at T = 20 K and show an upturn on 

further cooling below 20 K. The b(T) data along the b-axis are 

almost constant in the temperature range of 40 ≤ T ≤ 150 K, but 

decrease monotonically in T < 40 K. As we reduce the Ce 

concentration x from 1 to 0.6, both of the b(T) and c(T) curves 

decrease in the temperature range of T ≤ 60 K and T ≤ 150 K, 

respectively. In contrast, the a(T) curve hardly changes in 20 ≤ T ≤ 

150 K. To discuss the volume thermal expansion, we estimated the 

coefficient (T) from the expression;  = a + b + c. The figure 

shows the magnetic contribution to (T), m(T), which is normalized 

by the Ce-mol. The m(T) data for x = 1 increase drastically with 

decreasing temperature at T ≤ 15 K, after showing a maximum at T 

= 50 K. As we reduce x from 1 to 0.6, the m(T) curves tend to 

decrease but the characteristic behaviors mentioned above are 

retained. These results suggest that m(T) in 8 ≤ T ≤ 150 K is arising 

from the impurity Kondo effect rather than the formation of the 

heavy Fermion state. 

 

[1] G. R. Stewart et al., Phys. Rev. B 30, 482 (1984). 
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Figure. Temperature dependence of the magnetic 

contribution to the volume thermal expansion 

coefficient,  m(T), of the orthorhombic La-

substituted system La1-xCexCu6.  
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Interplay between Kondo behavior and charge density waves in YbPd

B. Tegomo Chiogo,1 Y. F. Liao,2 Th. Clausse,1 Th. Mazet,1 K. D. Tsuei,2 A. Chainani,2 and D. Malterre1

1Université de Lorraine, CNRS, Institut Jean Lamour, F-54000 Nancy, France
2National Synchrotron Radiation Research Center, Hsinchu Science Park, Hsinchu 30076, Taiwan

Cerium and ytterbium compounds are systems that exhibit original magnetic, electronic and thermodynamic prop-
erties at low temperatures such as the Kondo effect, heavy fermions, intermediate valence and charge density wave.
These properties are due to the very strong electron-electron interactions of the f states as well as to the hybridization
of the f states with the conduction electrons[1, 2].

We investigate the temperature(T)-dependent electronic structure of YbPd, a Kondo mixed-valent cubic compound
at high-T which exhibits incommensurate and commensurate charge-density-wave(CDW) ordering in the tetragonal
phase below T1 = 130 K and T2 = 105 K, respectively. Below 105 K, magnetic Y b3+ and nonmagnetic Y b2.6+ are
arranged alternatively along the c axis, in a tetragonal structure exhibiting valence order[3]. Hard x-ray photoemission
spectroscopy of Yb 3d states show T-independent Yb2+ and Yb3+ features indicating single-Yb site dynamic valence
fluctuations above T1, and a clear T-dependent valence change of the two crystallographic Yb sites in the CDW phase.
Simplified single-impurity Anderson model calculations[4] of the Yb 3d and 4f states show good agreement with the
T-dependent valency change and provide site-dependent Kondo temperatures. The results indicate an evolution from
dynamic mixed-valence in the C-phase to long range static CDW order in the T’-phase, which is driven by the
difference in Kondo energies of the two phases.
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Valence fluctuations and Kondo resonance in Co
adatom on Cu2N/Cu(100) surface: DFT+ED study
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We report  density  functional  theory  plus  exact  diagonalization  of  the  multi-orbital  Anderson  impurity  model
calculations including the spin-orbit coupling for the Co adatom on the top of Cu2N/Cu(001) surface. It is found
that an experimentally observed zero-bias peak in differential conductance can occur for a quasi-degenerate many-
body solution representing a mixed valence state of the Co adatom with the non-integer d manifold occupation of
7.4.  The  estimated  5.9  meV inelastic  step  energy  is  in  a  good  quantitative  agreement  with  the  experimental
scanning tunneling spectroscopy value of  6  meV.  We find non-zero spin  Ms  = 1.58μB and orbital ML  = 0.71μB

magnetic  moments  in  the  applied  magnetic  field,  in  reasonable  agreement  with  the  x-ray  magnetic  circular
dichroism data. The presence of a large ML was not considered in previous spin-only theoretical interpretations, and
can unravel complexity of the physics behind the experimental spectra for Co and other adatoms on Cu2N/Cu(001)
surface.
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PrT2X20 (T = transition metal, X = Al, Zn, and Cd) systems, which crystallize in the cubic CeCr2Al20-type structure 
(Fd3"m, O7

h, No. 227), show exotic phenomena such as quadrupolar Kondo effect and quadrupolar-fluctuation driven 
superconductivity [1, 2]. These compounds have a non-Kramers doublet crystalline electric field ground state in 
which the Γ3-type electric quadrupoles can be active. The title compound PrIr2Zn20 is one of this series showing 
antiferroquadrupolar and superconducting transitions at TQ = 0.11 K and Tc = 0.05 K, respectively [1]. In addition, 
the Y-dilution effect has also been studied systematically [3]. In particular, on the Y-diluted limit system 
Y0.966Pr0.034Ir2Zn20 (Pr-3.4% system), the elastic constant (C11-C12)/2, corresponding to Γ3-symmetry multipolar 
response, shows a logarithmic temperature dependence [4], which corresponds to the theoretical calculation based 
on the “single-site” quadrupolar Kondo effect [5].  
 In the present study, we measured (C11-C12)/2 of the intermediate Pr concentration system Y0.63Pr0.37Ir2Zn20 (Pr-
37% system) by means of ultrasound between 0.04 K to 120 K to reveal how the single-site quadrupolar Kondo effect 
is modulated by increasing the Pr concentration from the dilute limit. The Curie-like softening of (C11-C12)/2 above 
2 K of the present Pr-37% system can be reproduced by a calculation taking into account the contribution of the 
electric quadrupole Ov and hexadecapole Hv assuming the Γ3 crystalline electric field ground state. Further on cooling 
below 0.15 K, a temperature dependence proportional to +√𝑇 is observed, which rather corresponds to a theoretical 
calculation using a quadrupolar Kondo ''lattice'' model [6]. In addition, we found a low-energy ultrasonic dispersion 
in the temperature region 0.15 K ≤ T ≤ 2 K, which was not observed in the Pr-3.4% system. The low-energy 
ultrasonic dispersion suggests the presence of a low-energy phonon excitation whose energy scale is close to that of 
the quadrupolar Kondo effect. A similar low-energy ultrasonic dispersion has also been found in the non-Kramers Γ3 
doublet system PrMg3 [7], in which a coupling between the low-energy phonons and the non-Kramers doublet has 
been suggested. Assuming the coupling also exists in the present Pr-37 % system, it can be expected that the phonon 
excitation and the quadrupolar Kondo effect are related. We discuss the Y-dilution effect on the quantum state at very 
low temperatures and show a detailed analysis of the low-energy ultrasonic dispersion. 
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Abstract: The compound, CeCuAs2 is a Kondo lattice system and shows the logarithmic increment of resistivity, 𝜌 

with the decrease in temperature, 𝑇 [1]. Below 5 K, the temperature dependence changes to 𝜌 ∝ 𝑇−0.6 [1]. 

These properties are very different from the other members of RCuAs2 (R = rare earth element) family [2]. 

From magnetic measurement, it has been observed that the effective magnetic moment of this material is 

close to the same for trivalent Ce atom. No long-range magnetic order is observed down to 45 mK studied. 

This material has been studied using photoemission spectroscopy exhibiting signature of a pseudogap [3]. 
We have studied the electronic structure of CeCuAs2 single crystal; high-quality single crystals were prepared using 

flux method. Hard x-ray photoemission spectroscopy (HAXPES) was carried out using 2500, 6000 and 8000 eV 

photon energies at 45 K and 120 K at the P22 beamline of Petra III, Desy, Germany.  

 In the HAXPES data of the Cu 2p core level exhibit single peak structure of each of the 2𝑝1/2 and 2𝑝3/2 

spin-orbit split features at 953.0 eV and 933.0 eV binding energies, respectively; the spin-orbit splitting is about 20 

eV. These results suggest (+1) valency of the Cu atoms in this material. In the As 3d (binding energy 41.7 eV) core 

level spectra, we observe that the higher binding energy side of As 3d peak becomes more intense with the lowering 

of the photon energy. In CeCuAs2, there are two non-equivalent As sites and it cleaves at the As layer. The top As 

layer (As1) is separated by about 3 Å from the Ce-As(2) layer underneath. Thus, the hybridization As(1) and As(2) 

with the valence states will be different leading to different valencies. The analysis of the experimental data show 

signature of two unresolved peaks within the broad envelope; each of them correspond to two As layers. Since the 

As(2) is more close to Ce and Cu layer, it acquires higher electron density and hence, the 3d core level peak appears 

at a lower binding energy. The almost isolated As(1) layer is atomic like which contributes in the higher binding 

energy side. We observe that the As(1) 3d peak intensity increases with the increase in surface sensitivity of the 

technique (lower photon energy) which establishes that the surface layer consists of As(1) atoms. 

 The Ce 3d core level spectra exhibit several features due to the final state effect of the photoexcitation. Some 

features correspond to the final states where core hole is screened by an electron hopped from the neighbors and/or 

conduction electrons. The others correspond to the unscreened states. We do not observe spectral change with the 

change in temperature; this is not expected in a Kondo lattice system. With the increase in surface sensitivity, we 

observe that the intensity of the 3𝑑94𝑓1 final state increases. This indicates that the surface Ce 4f states have more 

localized nature than that in the bulk. In all the core level spectra, we observe the presence of a broad feature at almost 

15 eV away in the higher binding energy side of each level. These are attributed to the features due to the energy loss 

by the plasmon excitation associated with the photoexcitation. This suggests the strong electron-collective excitation 

coupling of this material. 

 In conclusion we have studied the electronic properties of CeCuAs2 single crystal by high resolution hard x-

ray photoemission spectroscopy. Core level spectra show signature of plasmon peaks. While there is strong 

hybridization in the bulk, the surface atoms possess essentially atomic behavior. We do not observe signature of 

Kondo behavior in the core level spectra although this material is proposed to be a good Kondo lattice system having 

no long-range order down to the lowest temperature studied.       
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We study nonequilibrium transport through an 𝑁-level Anderson impurity model at low-temperatures 𝑇 and at low-

bias voltages 𝑒𝑉, using a microscopic Fermi-liquid theory which is applicable to arbitrary cases of electron filling 

𝑁𝑑[1,2]. The transport coefficients such as current, thermal conductivity, and current noise are determined by Fermi-

liquid parameters: phase shifts, linear susceptibilities, and nonlinear susceptibilities. We calculate these parameters 

using Wilson’s numerical renormalization group (NRG) and 1/(𝑁 − 1) expansion [3]. The latter one is a large 𝑁 

theory which is exact in the limit of 𝑁 → ∞. NRG results show that the nonlinear susceptibilities significantly 

contribute to the transport coefficients up to order of (𝑒𝑉)3 as a position of the Kondo resonance peak deviates from 

the particle-hole symmetric point [4]. We also find that the nonlinear susceptibilities are determined by a single 

parameter in a range of 1 ≤ 𝑁𝑑 ≤ 𝑁 − 1 for strong interactions 𝑈. Such 𝑁𝑑  dependence of the susceptibilities has 

been experimentally observed [5]. Furthermore, we compare the NRG results with those obtained by 1/(𝑁 − 1) 

expansion and find that the three-body correlations are suppressed already for 𝑁 = 8. 
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Correlated impurities,  interfaces and photovoltaics out of equilibrium: an
Auxiliary Master Equation Approach
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Wolfgang VON DER LINDEN1
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I will present recent developments of a numerical scheme to address correlated quantum
impurities  out  of  equilibrium down to  the Kondo scale.   This  Auxiliary  Master  Equation
Approach  [1,2,3]  is  also  suited  to  address  transport  and  photoexcitation  effects  in
correlated  interfaces  within  nonequilibrium  Dynamical  Mean  Field  Theory  [4,5].   The
method consists in an exponentially accurate mapping of the original impurity problem onto
an  auxiliary  open  quantum system including  bath  orbitals  as  well  as  a  coupling  to  a
Markovian environment.  The intervening auxiliary orbitals allow for a treatment of non-
Markovian dynamics at the impurity.  Green's functions are evaluated via (non-hermitian)
Lanczos exact diagonalisation [2], by matrix-product states (MPS) [3], or by stochastic wave
function approaches [6].  In particular, the Matrix-Product State implementation [5] of the
resulting Lindblad equation produces highly accurate spectral functions for the Anderson
impurity  model  in  the  Kondo  regime.   In  equilibrium  we  obtain  a  remarkably  close
agreement to numerical renormalization group for intermediate values of the interaction.  I
will  show  results  for  spectral  and  transport  properties  of  selected  quantum  impurity
systems out of equilibrium [3,6], and discuss photoexcitation induced transport across a
Mott insulating gap in connection with the issue of impact ionization [5].
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 Recently nonlinear response beyond linear response theory is energetically studied. Especially, in 

noncetrosymmetric systems, the second conductivity is allowed and then the intensity of the current can depend on 
the direction of input electric field. This effect is known as a nonreciprocal response. Nonreciprocal response is well-

known in p-n junctions, however it has been recently proposed that nonreciprocal response can occur in the bulk of 

a material, which is studied in various situations[1-3]. 
 Previous works about nonlinear response have focused on noninteracting systems, so interacting systems are poorly 

studied. However, recent studies shows that correlated effect (for example renormalization effect) is important in 

nonlinear response more than linear response[4,5] and that in an experiment[6] nonlinear hall effect enhances in 

Wyle-Kondo System Ce3Bi4Pd3. 

 In this work, we analyze the nonlinear conductivity in a noncentrosymmetric Kondo Lattice with Rashba type spin 

orbit coupling (SOC). In this system, the second conductivity is nonzero in ferromagnetic phase. We analyze the 

Kondo system using DMFT and obtain the phase diagram. In ferromagnetic phase, we observe the spin selective 
Kondo insulator, so one spin state is an insulator and another is a metal. Then we obtain the spin polarized nonlinear 

response. 
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With the development of laser technology, research on nonlinear optical response has been actively carried out. In 

particular, high harmonic generation (HHG), in which the frequency is an integer multiple of the incident photon, is 

an essential phenomenon from the viewpoint of applications such as attosecond pulse generation. HHG has been 

studied mainly in atomic and molecular gases, but since the observation of HHG in solids was reported [1], 

research on HHG in solids has been actively conducted. The generation mechanism in atomic and molecular gases 

is explained by the semiclassical three-step model [2]. However, the conventional three-step model cannot simply 

be applied to solids consisting of many atoms. The generation mechanism is expected to be more complicated 

because the band structure is related to the harmonics [3]. In low dimensional materials, electron correlation and 

excitonic effect may contribute to HHG [4]. From the perspective of strongly correlated electron systems, HHG in 

the Hubbard model has been studied theoretically [5]. 

In our study, we investigate HHG in strongly correlated 

systems using an extended Hubbard model that incorporates 

nearest-neighbor site repulsive interactions. In the 

photoexcited state of this model, the bound states of doublon 

and holon are formed by the nearest-neighbor site repulsion. 

Numerical calculations are performed using the time-

dependent Lanczos method [6] and iTEBD method [7], and 

the pump light is introduced via the Peierls phase. The 

harmonic spectra in the spin-density-wave phase, where the 

onsite repulsion is dominant, show the effect of excitons 

formed by the nearest-neighbor site repulsion (see Fig. 1). In 

the presentation, we will show the parameter dependence of 

the results and the subcycle analysis excluding the finite-size 

effect by iTEBD, so that we will discuss the effect of excitons 

on HHG 

 

[1] S. Ghimire et al., Nat. Phys., 7, 138 (2011). 
[2] P. B. Corkum, Phys. Rev. Lett., 71, 1994 (1993). 
[3] M. Wu et al., Phys. Rev. A, 91, 043839 (2015). 
[4] H. Liu et al., Nat. Phys., 13, 262 (2017). 
[5] Y. Murakami et al., Phys. Rev. B, 103, 035110 (2021). 
[6] T. J. Park and J. C. Light, J. Chem. Phys., 85, 5870 (1986). 
[7] G. Vidal, Phys. Rev. Lett., 98, 070201 (2007). 
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Figure 1: High harmonic spectrum in 

the extended Hubbard model 
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The ternary intermetallic compounds GdTMSi (TM = Cr, Mn) attract the attention of researchers because of 

variability of physical and chemical properties and potential for practical use. They crystallize in the CeFeSi-type 

tetragonal structure P4/nmm. Several magnetic transitions were found in GdMnSi at temperatures 50, 275, and 310-

325 K [1]. There are no data on synthesis and study of GdCrSi reported. In this work, the calculations of the electronic 

structure were performed in Quantum ESPRESSO computer package [2] using the exchange-correlation potential in 

the generalized gradient correction (GGA) approximation of the PBE version [3]. The GGA+U method was used, 

adjusted for the strong electron-electron interaction. The Si ions are non-magnetic, while the magnetic moment of 

the Cr and Mn ions is approximately 2 µB, which significantly reduces the total magnetic moment in the case of Mn. 

For the GdCrSi compounds, the ordering is antiferromagnetic in the transition metal sublattice. In the calculations 

for GdCrSi, the value of the total magnetic moment for GdCrSi per formula unit was equal to 7.4 µB due to the value 

of the magnetic moment of the Gd ion. At the same time, the transition metal ions Cr in this compound have a 

magnetic moment of 2.7 µB. The calculations have shown that the GdTMSi compounds have differences not only in 

the magnetic properties, but also in the electronic structure. The electronic states near the Fermi level are determined 

primarily by the 3d states of the TM ions. In the studied intermetallics, we found that they are very different depending 

on the TM type, which indicates a difference in transport properties, and makes the GdTMSi intermetallics promising 

for use in microelectronic applications. This study was supported by the grant of Russian Science Foundation No 18-

72-10098, https://rscf.ru/en/project/18-72-10098/. 
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Recent progress in experimental techniques has made it possible to observe the dynamical properties of quantum 

many-body systems with laser light. Thus, the investigation of nonequilibrium states far away from equilibrium has 

become one of the central issues of condensed matter physics [1]. In addition, nonlinear optical responses in quantum 

materials, e.g., high harmonic generation in strongly correlated electron systems [2,3], have actively been studied in 

recent years from both basic and applied aspects.  

Motivated by such developments in the field, we study the nonlinear optical response of excitonic insulator (EI) 

theoretically. Specifically, using the extended Falicov-Kimball model (spinless two-band model), we investigate 

third harmonic generation (THG) in the EI. We use the time-dependent mean-field theory to incorporate the 

dynamical behavior of the order parameter of the EI and carry out analytical calculations using the perturbation 

expansion in terms of the nonequilibrium Green's function to investigate the behavior of the photocurrent. 

In the EI with the inversion symmetry, the collective motion of the order parameter is activated at second order of 

the external electric field and its effects appear in the THG spectrum. We find three peaks in the THG susceptibility 

at energies ℏΩ = Δ𝑔/3, Δ𝑔/2, and Δ𝑔, where Δ𝑔 is the bandgap in equilibrium. While the THG response at Δ𝑔/3 is 

originated from three-photon excitation of the independent particle, the latter two peaks are caused by the collective 

order-parameter motion activated at second order. 

The resonant peaks caused by the collective modes 

are prominent in the BCS (weak-coupling) regime 

but they become less significant in the BEC (strong-

coupling) regime.  

Figure 1 shows one of our results for the temperature 

dependence of the THG intensity in the BCS regime, 

where the strong THG responses are anticipated at 

ℏΩ = Δ𝑔/3, Δ𝑔/2,  and Δ𝑔 . Actually, it exhibits 

three peaks at the temperatures when ℏΩ =
 0.3∆𝑔(𝑇 = 0)  crosses  ℏΩ = Δ𝑔(𝑇)/3, Δ𝑔(𝑇)/2, 

and Δ𝑔(𝑇), respectively. We have demonstrated that 

the resonant peaks caused by the collective order-

parameter motion is observable in the temperature 

dependence of the THG intensity. Our study suggests 

that the THG measurement is useful for detecting the 

collective nature in the EIs.  

 
[1] S. Ishihara, J. Phys. Soc. Jpn. 88, 072001 (2019).  
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Figure 1: Temperature dependence of the THG intensity 
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Manganese sulfide (MnS) in the nanocrystalline state is being actively studied experimentally because of perspective 

applications in catalysis, optical and magnetic materials [1]. In the course of our study, theoretical calculations of the 

electronic structure and magnetic properties were carried out using the DFT+U method for several crystal phases of 

this compound: α-MnS, β-MnS, γ-MnS. The α-MnS phase crystallizes in the cubic structure with the space group 

Fm-3m, β-MnS – in the cubic structure F-43m, and γ-MnS – in the hexagonal structure P63mc [2]. It is known that 

β-MnS and γ-MnS modifications are metastable, when heated to 200-300°C collapse into the α-MnS phase. To ac-

count for strong electronic correlations in the Mn 3d shell, we used several values of the direct Coulomb interaction 

parameter U ranging from 3 to 6.9 eV and the exchange interaction parameter J equal to 0.86 eV. In our DFT+U 

calculations, it was found that the α-MnS and γ-MnS phases are insulators, and with the increase in the Coulomb 

interaction parameter, the electron density of the α-MnS and γ-MnS phases was redistributed, resulting in an increase 

in the band gap at the Fermi level. In its turn, our calculations for the β-MnS phase resulted in the redistribution of 

the electron density but without the band gap. Thus, our theoretical studies revealed significant electronic correlations 

in the binary compound – manganese sulfide MnS, it is important to take electronic correlations into account in MnS 

in order to obtain the insulator state. The studies were supported by the Russian Foundation for Basic Research, 

project grant No. 20-02-00234. 
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The influence of the spin-orbit interaction on the thermodynamical properties of SmB6
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The  compound  SmB6,  studied  for  more  than  50  years,  is  now  emerging  as  a strong  candidate  for  a  three-
dimensional  Kondo topological  insulator  (TKI)  with  a well-defined  energy gap.  The  value  of  the  energy gap
depends on the experimental method and amounts approximately to 20 meV (=232 K). 

On the other hand, the experimentally measured specific heat of SmB6 contains a substantial additional
contribution, when we compare it with the experimental results for isostructural LaB6 (the reference system). This
excess heat in SmB6 is large because the entropy associated with this excess, up to 300 K, is 19-23 J/K mol f.u.
It corresponds to 2.3-2.9 R (where the gas constant  R = 8.314 J/(K mol f.u.)).  This additional  entropy would
indicate a  number of  additional degrees of freedom on the order of 10 to 16, which we interpret as localized
energy states. Such large numbers are not at all expected for the Sm2+ and Sm3+ ions in the classical description
of the crystal field states in the |J, Jz> basis. We have noticed that such description somehow assumes the infinite
value  of  the  spin-orbit  coupling,  what  we
think is incorrect.

 In  this  contribution,  we  reanalyze
experimentally  measured  specific  heat
considering a finite value of the spin- orbit
coupling.  It means that we have changed the
description of  the  Sm ions from the |J,  Jz>
basis to the description in the |LSLzSz> space.
The  obtained  results  shown  in  the  figure
describes  the  experimental  temperature
dependence  of  the  specific  heat  very  well
confirming  the  physical  adequacy  of  the
description that has been used. Moreover, we
think  that  our  theoretical  description  is  in
agreement  with  inelastic-neutron-scattering
(INS) experiments which reveals some in-gap
states  observing  a  wide  hump  of  INS
intensity below 20 meV.
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Ca5Ir3O12 has a hexagonal structure with noncentrosymmetric space group of 𝑃6̅2𝑚 (No. 189). In the structure, 

1D chains of the edge-sharing IrO6 octahedra form triangular lattices in the c-plane. The average valence of Ir ions 

in Ca5Ir3O12 is +4.67, so Ir4+ and Ir5+ exist in a ratio of 1:2. This situation can lead to the geometrical frustration of 

charge on both the triangular lattice in c-plane and 1D chains along the c-axis [1]. It is reported that Ca5Ir3O12 

exhibits an antiferromagnetic below 7.8 K and a second-order phase transition at 105 K [1]. The origin of this 

phase transition at 105 K is not clear at present; this is "hidden order" [1]. Recently, we performed Raman 

scattering experiments on the single crystal, and confirmed the change of Raman spectra below 105 K, which 

indicate the change of the crystal structure [3]. 

In this study, we performed inelastic X-ray scattering experiments at SPring-8 in Japan to investigate the details 

of the vibration mode [4,5]. We compared the experimental results with ab initio phonon dispersion considering the 

spin-orbit interaction. The calculation values considering SOI are in good agreement with the experimental results 

[4]. The obtained phonon spectra show almost no temperature change; there are no soft phonon modes. On the 

other hand, the superlattice reflections at q = (1/3, 1/3, 1/3) are observed below 105 K (Fig. 1) [5]. We will report 

these results in this presentation. 

 

[1] M. Wakeshima, et al., Solid State Commun., 125, 311 (2003). 
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[5] H. Hanate, et al., J. Phys. Soc. Jpn. 90, 063702 (2021). 
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Fig. 1: (a) Temperature dependence of 𝜙-scan profile at Q = (0.33, 7.33, 0.33) (upper) and fundamental 

reflection at Q = (0, 6, 0) (lower). (b) Temperature dependence of the integrated intensity of the superlattice 

reflection shown in (a) [4]. 
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Magnetism in the parameter region where the spin-orbit coupling competes with electron correlation has attracted 

much attention in recent years. Excitonic magnetism is one of the most interesting examples, in which a nonmagnetic 

system with J = 0 in the atomic limit becomes magnetic due to triplon condensation by superexchange interaction[1]. 

Ca2RuO4 is one of the candidates for such magnetism and the inelastic neutron scattering (INS) and resonant inelastic 

x-ray scattering (RIXS) spectra observed in experiments are in good agreement with the results calculated for the 

excitonic phase of the pseudospin model [2-4].  In the jj coupling picture, on the other hand, the singlet-triplet 

excitation can be regarded as an excitation from the j=3/2 band to the j=1/2 band [5]. 
In the present work, we have studied the magnetism and 

elementary excitations of this system based on an itinerant 

electron approach. We have treated the three-orbital 

Hubbard model in the mean-field approximation and 

obtained the antiferromagnetic ground state. Furthermore, 

we have calculated the dynamical magnetic susceptibility of 

this system by applying the random phase approximation 

and confirmed that the transverse mode is in good agreement 

with the spectrum of the INS experiment [3]. We have also 

calculated the RIXS spectra using the fast collision 

approximation and confirmed that they agree well with the 

experimental results [4] (see Fig. 1.). We have also studied 

the order parameter and found that when the spin-orbit 

coupling is large, the off-diagonal order in the (j, m) basis 

dominates. This result may be related to the triplon 

condensation. Further details of our calculated results and 

their interpretation will be presented in this conference and 

published elsewhere [6].   
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Fig. 1. Calculated RIXS spectra for (a)  and (b) 

 polarization. Each line is plotted for angle of 

incident light between 0 and /2 from bottom to 

top with the increment of /20.  
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A recent theory proposed by L. Fu suggests that a phase transition involving breaking of the inversion symmetry 

occurs in a spin-orbit coupled metal, which is defined as a metal with a centrosymmetric crystal structure and a strong 
spin-orbit coupling, due to the instability of the Fermi-liquid state [1]. Cd2Re2O7 has attracted much attention as a 
possible candidate for the spin-orbit coupled metals. This compound crystalizes in the cubic structure with space 
grope Fd3"m (No.227, O7

h) in Phase I (T > 200 K) and undergoes successive phase transitions accompanied by the 
inversion-symmetry breaking at Ts1 ~ 200 K and Ts2 ~ 115 K [2]. However, the order parameters for Phase II (Ts2 < 
T < Ts1) and Phase III (T < Ts2) are still controversial. The x-ray diffraction measurement argued that the symmetry 
of the order parameters is represented to be Eu in both the ordered phases [3], while the second harmonic generation 
measurement argued the order parameters with T1g and T2u symmetry in Phase II [4]. Intriguingly, on the basis of the 
Eu symmetry scenario, S. Hayami et al. have theoretically proposed that these transitions are regarded as a bond-type 
electric-toroidal quadrupole ordering [5].  

In the present study, we have performed the linear thermal expansion measurements for a single crystal of 
Cd2Re2O7 under magnetic field B up to 14 T to investigate lattice distortion accompanied by these novel phase 
transitions and its magnetic-field variation. The linear thermal expansion was measured along the cubic [001] 
direction by active dummy method using two strain gauges, and the direction of the applied magnetic field is parallel 
to that of the measured thermal expansion. Figure 1 shows 
the temperature dependences of the linear thermal 
expansion normalized at room temperature ΔL/LRT under 
B = 0 T and 14 T. The temperature dependence at B = 0 T 
is in good agreements with that expected from the 
temperature dependence of a lattice constant reported 
previously [6]. In addition, we found lattice contraction 
by applying B in Phases II and III, which may be due to 
magnetostriction and domain alignment. In Phase III, the 
B-induced lattice contraction is enhanced with increasing 
B and it is symmetric to the reversal of B. The observed 
B-induced contraction of ~ 2 ×10-5 in Phase III is much 
larger than the order of 10-7 reported in conventional 
paramagnets, such as Pt. We will show the detailed effects 
of B on the lattice distortion in the ordered states and 
discuss the order parameters from the point of view of the 
lattice distortion.    
 
* The present work was supported by JSPS KAKENHI 
Grants No. JP20K03825.  
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Fig. 1: Temperature dependence of the linear thermal 
expansion ΔL/LRT measured along the cubic [001] in 
Cd2Re2O7 under B = 0 and 14 T. B was applied parallel 
to the measured direction of thermal expansion.  
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Magnetic  cooling,  based  on  the  magnetocaloric  effect  (MCE),  is  used  in  industrial,  household  and  scientific
applications, as an alternative to the traditional method of cooling materials. The magnetocaloric effect is one of the
most important internal thermodynamic effects of magnetic materials, in which a change in the temperature of a
magnetic material can be caused by a change in the applied magnetic field. The main characteristic parameters for
magnetocaloric compounds are the adiabatic temperature change (ΔTad) and the isothermal entropy change (ΔSM)
under an applied magnetic field [1].  Recently, non-trivial consequences of phase separation (PS) effects on the
MCE in metals was derived  [2]. We test the validity of MCE scenarios proposed for the model of layered metal,
Hubbard model  on the square lattice, exhibiting the various forms of magnetic ordering and first-order magnetic
transitions between them. We employ the  mean-field approximation for the ferrimagnetic (Fi), ferromagnetic (FM)
and Nèel antiferromagnetic (AFM) orderings focusing an attention to the vicinity of tricitical point,  where the
magnetic phase transition order changes from first to second and PS bounds merges. Two the first order magnetic
transitions are observed in the metal  system: PM-Fi,  Fi-AFM, with a further increase in temperature,  a phase
merger and the second order transition PM-AFM are observed, the resulting phase diagram is shown in Fig. 1.
Temperature dependence of ΔSM  in PS regions is investigated, depending on the electron filling n value, in detail in
a  consistent  way.  The  study  was  supported  by  the  grant  of  Russian  Science  Foundation  No  18-72-10098,
https://rscf.ru/en/project/18-72-10098/.

Fig.1. Phase diagram in T-n variable for square lattice, n, T is a temperature in units of nearest-neighbour hopping
integral t. AFM is antiferromagnetic phase, Fi is ferrimagnetic phase (mf > 0, ma > 0), PM is paramagnetic phase,
FM is ferromagnetic phase, 1 + 2 is PS region of phases 1 and 2. Dashed black lines are PS boundaries in zero
magnetic field. Red dashed lines are phase separation boundaries in magnetic field h. The parameters  U = 4t, h =
10−3t. 
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The objective of this work is the theoretical study of the one-band Hubbard model and the introduction of 

an alternative methodology to solve this model that might be competitive with the current methods used, 

such as the dynamical mean-field theory [DMFT]. To this purpose, we exactly diagonalize an atomic 

Hubbard cluster composed of N sites up to N=9 (our computational limit). From the solution of this atomic 

Hamiltonian, the atomic Green's functions are calculated employing the Lehmann representation and used 

to obtain the cumulants. Finally, those cumulants are used as "seeds" to find Green's functions for the lattice. 

We calculate the relative weight of the residues of the Green’s functions as the transition energy changes, 

the density of states [DOS] for the lattice, the occupation numbers, and discuss the convergence of the 

method as the size of the chain increases, comparing it to the Bethe Ansatz (BA) in the particle-hole 

symmetric case. Results improve with the length of the atomic "seed". For N=9, these results practically 

coincide with the BA. The method should be applied in any parameter regime of the model and 2D and 3D 

as well. The method should also be extended to other strongly correlated models like the periodic Anderson 

model. 
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We propose a quantum-classical hybrid algorithm for computing imaginary-time response functions on Noisy 

Intermediate Scale Quantum (NISQ) devices. We benchmark this algorithm by performing calculations based on a 

quantum embedding theory. 

The quantum embedding theory is an approximate theory that transforms a whole system into a quantum impurity 

model in which correlated electrons (impurity sites) are embedded in the environment (bath) that represents the 

remaining part. In particular, the dynamical mean-field theory (DMFT) is widely used in the field of condensed 

matter physics [1,2]. The biggest bottleneck in those calculations is solving the "quantum impurity model" 

numerically, i.e., computing the Green's function. Its computational complexity generally scales exponentially with 

the number of correlated orbitals for classical algorithms. In recent years, theoretical proposals have been made to 

compute the Green's function of a quantum impurity model in polynomial time by using a quantum computer [3,4,5]. 

In previous studies, the methods to compute Green's function using quantum computers have been mainly for real-

time Green's functions [3,4]. On the other hand, the imaginary-time formulation allows for discretizing the bath with 

fewer bath sites. Therefore, there is a need for an efficient method to compute the imaginary-time Green's function 

on NISQ devices. However, the computation of the imaginary-time Green's function on quantum computers whose 

gates are unitary operators is a non-trivial task. 

In this study, we extend the Variational Quantum Simulation (VQS) [6], which has been used for ground-state search, 

to the computation of the imaginary-time Green's function. Using a quantum circuit simulator, we perform test 

calculations of the algorithm for a dimer model and the single-band quantum impurity model obtained by DMFT. 

Based on the results, we discuss the computational resources and numerical stability of the algorithm on NISQ 

devices and compare it with other theoretical proposals [4, 5]. 

 

[1] G.Kotliar et al., Rev. Mod. Phys. 78, 865 (2006). [2] A.Georges et al., Rev. Mod. Phys. 68, 13 (1996).  

[3] B.Bauer et al., Phys. Rev. X 6, 3 031045 (2016). [4] I.Rungger et al., arXiv:1910.04735v2 [quant-ph].  

[5] H.Chen et al., arXiv :2105.01703v2 [quant-ph]. [6] S.McArdle et al., npj Quantum Inf. 5, 75 (2019). 
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Field-angle dependence of thermal transport in Kitaev-Heisenberg Systems 
 

Shinnosuke Koyama and Joji Nasu 
 

Dept. of Phys. Yokohama Nat’l University, Hodogaya, Yokohama 240-8501, Japan 
 
The Kitaev model, which describes magnetic interactions of quantum spins with 𝑆 = 1/2 on a honeycomb lattice, 

has recently attracted considerable attention not only in condensed matter physics but also in quantum information. 
In this model, the ground state is exactly shown to be a quantum spin liquid (QSL) with the fractionalization of spins 
into Majorana fermions and the half-integer quantization of the thermal Hall conductivity is predicted as a 
consequence of a Majorana edge mode [1]. As candidate materials of the model, 𝛼-RuCl! and A"IrO!(A = Na, Li) 
have been studied energetically. However, these materials do not show a QSL ground state but exhibit a magnetic 
order at low temperatures, which is due to additional interactions, such as Heisenberg and off-diagonal terms [2,3]. 
Recently, in 𝛼-RuCl!, the magnetic order was suppressed by applying a magnetic field in the honeycomb plane and 
the half-quantized plateau has been observed in the thermal Hall conductivity [4], which offers convincing evidence 
for a Majorana chiral edge mode. Stimulated by this experimental result, magnetic field effects on the Kitaev-related 
systems have intensively investigated [5]. For example, classical phase diagrams of the Kitaev-related systems under 
the magnetic field have been obtained [6,7]. In the phase diagrams, various magnetically ordered states, including 
noncollinear and noncoplanar spin configurations, appear by applying the magnetic field. Nevertheless, the thermal 
transport properties remain unclear in magnetic orders induced by the magnetic field. 
In this study, we investigate magnetic-field effects on transport properties of magnetically ordered states in the 

Kitaev-Heisenberg systems with 𝑆 = 1/2 spins on a honeycomb lattice. By applying mean-field approximation and 
liner spin-wave theory, we calculate the magnon dispersion and the thermal Hall conductivity originating from the 
magnons by changing the direction and strength of an applied magnetic field [8]. We reveal that the thermal Hall 
conductivity is enhanced in magnetically ordered states with noncoplanar spin configurations. Moreover, we also 
find that the thermal Hall effect originating from the topological nature of the magnon dispersion is absent when the 
field is applied at nodal angles where ℎ#ℎ$ℎ% = 	0 in the Kitaev-Heisenberg system. We demonstrate that the Berry 
curvature generated by the magnons is zero and the feature does not depend on the strength of the Kitaev and 
Heisenberg interactions and the types of magnetic orders. This phenomenon is intrinsic to the Kitaev-Heisenberg 
systems and violated by introducing off-diagonal spin interactions, such as the Γ term. The disappearance of the 
thermal Hall effect originates from the properties of the Hamiltonian, and the argument is applicable even in the case 
beyond the liner spin-wave theory. Thus, we expect that the strength of off-diagonal interactions can be deduced 
from the field-angle dependence of the thermal Hall conductivity in experiments. 
 
[1] A. Kitaev, Ann. Phys. 321, 2 (2006). 
[2] Y. Singh et al., Phys. Rev. Lett. 108, 127203 (2012). 
[3] J. A. Sears, et al., Phys. Rev. B 91, 144420 (2015). 
[4] Y. Kasahara, et al., Nature 559, 227 (2018). 
[5] J. S. Gordon, et al., Nat. Commun. 10, 2470 (2019). 
[6] L. E. Chern et al., Phys. Rev. Research 2, 013014 (2020).  
[7] L. Janssen, et al., Phys. Rev. Lett 117, 277202 (2016). 
[8] S. Koyama, J. Nasu, Phys. Rev. B 104, 075121 (2021).  
 
E-mail for corresponding author:  
koyama-shinnnosuke-kz@ynu.jp 

https://proceedings.science/p/132534
Powered by TCPDF (www.tcpdf.org)

https://proceedings.science/p/132534
http://www.tcpdf.org


The interplay of 4f states and superconductivity in CeIr3: DMFT study.

Sylwia     GUTOWSKA  1  , Bartłomiej WIENDLOCHA1

1Faculty of Physics and Applied Computer Science,
 AGH University of Science and Technology in Krakow, Poland

CeIr3 has caught the attention over the past few years. It grows in trigonal structure and is
superconducting below  Tc=3.1K.  The  muon  spin  rotation  and  relaxation  measurement
shows its superconductivity to be of nearly BCS character [1] and multiband character of
this effect has been deduced from temperature dependence of critical magnetic field [2].
In our first work [3] we have shown, that its electronic band structure, including multiband
Fermi surface,  is  dominated by Ir  5d states,  thus they are  suggested to be crucial  for
superconductivity of CeIr3. 
However,  the  role  of  4f states  of  cerium  is  still  unclear.  If  nearly  BCS  character  of
superconductivity  is  a  case  in  CeIr3,  the McMillan  formula  for  electron-phonon coupling
(EPC) constant λ should be proper and resulted value should agree with the EPC constant
calculated as a renormalization of electronic part of heat capacity, 
λ=γexpt  / γcalc-1,  where  γexpt,  γcalc are  Sommerfeld  constants  determined  on  the  basis  of
measured  heat  capacity  and  calculated  electronic  structure  respectively.  However,
McMillan  formula  gives  the  value  0.67,  while  the  result  of  latter  formula  is  strongly
dependent of a treatment of f states in calculations, being equal to 1.47 in the case of GGA
approximation of electronic correlation and 3.40 in the case of GGA+U approximation. Both
values  are  in  strong  disagreement  with  McMillan  value,  suggesting,  that  both
approximations of electronic band structure of CeIr3 fail  and a role of 4f states is more
subtle. 
Here  we are  presenting the new approach  to  the  band structure  of  CeIr3 with  help  of
embedded dynamical mean field theory (eDMFT) [4], which allows to treat f states properly
and has been shown to describe band structure of Ce succesfully. We show, that in the
band structure of CeIr3 the 4f states of Ce are present around the Fermi level more than
previous  study show,  leading  to  smaller  renormalization  of  heat  capacity  and  a  better
agreement with McMillan value of EPC constant. 
This study show, that even if Ir 5d states are crucial for superconductivity of CeIr3, Ce 4f
states are also important, as they are present around Fermi level and are weakening the
electron-phonon interactions.
The research performed at the AGH-UST was supported by the National  Science Center
(Poland), Project No. 2017/26/E/ST3/00119. S.G. was partially supported by the EU Project
POWR.03.02.00-00-I004/16.

[1] Adroja, D. T., " arXiv preprint arXiv:2001.03201 (2020).
[2] Sato, Yoshiki J., et al., Physical Review B 102.17, 174503(2020).
[3]  Górnicka,  Karolina,  et  al., Superconductor  Science  and  Technology  32.2,  025008
(2019).
[4] Kotliar, Gabriel, et al., Reviews of Modern Physics 78.3, 865 (2006)
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Light-induced high temperature superconductivity in alkali fullerides A3C60 
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[1] A. Nava, C. Giannetti, A. Georges, E. Tosatti and M. Fabrizio, Cooling quasiparticles in a3c60 fullerides by 

excitonic mid-infrared absorption, Nature Physics 14(2), 154 (2018). 

[2] A. Nava, and M. Fabrizio, Dissipative cooling induced by pulse perturbations, arXiv:2105.01321 (2021). 
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Abstract submission: 

 

Long after its discovery, superconductivity in alkali fullerides A3C60 still challenges conventional wisdom. The 

freshest inroad in such ever-surprising physics is the behaviour under intense infrared excitation. Signatures 

attributable to a transient superconducting state extending up to temperatures ten times higher than the equilibrium 

Tc ∼20 K have been discovered in K3C60 after ultra-short pulsed infrared irradiation—an effect which still appears 

as remarkable as mysterious. Motivated by the observation that the phenomenon is observed in a broad pumping 

frequency range that coincides with the mid-infrared electronic absorption peak still of unclear origin we discuss here 

a radically new cooling mechanism that permits transient superconductive signals to persist up to much higher 

temperatures. 
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Magnetic field tuning of the valley population in the Weyl phase of Nd2Ir2O7  
 

Itzik KAPON1, Carl Willem Rischau1, Bastien MICHON1, Kai WANG1, Bing XU2, Qiu YANG3, Satoru 

NAKATSUJI3, Dirk VAN DER MAREL1 
 

1Department of Quantum Matter Physics, University of Geneva, 1205 Geneva, Switzerland 
2Department of Physics and Fribourg Center for Nanomaterials, University of Fribourg, Fribourg, Switzerland 

3Department of Physics, University of Tokyo, Hongo, Bunkyo-ku, Tokyo 113-0033, Japan  

 

Materials hosting Dirac valleys serve as promising candidates for novel electronic devices. The frustrated magnet 

Nd2Ir2O7, where strong correlations together with spin-orbit coupling play a crucial role, is predicted to be a Weyl 

semimetal and to host topological pairs of bulk Dirac-like valleys [1]. Here we use an external magnetic field to 

manipulate the localized rare earth 4f moments coupled to the 5d electronic bands. Low energy optical spectroscopy 

reveals that a field of only a few tesla suffices to create charge compensating pockets of holes and electrons in 

different regions of momentum space, thus introducing a valley population shift that can be tuned with the field. This 

demonstrates that rare earth elements can act as boosters of an external magnetic field, making these materials good 

candidates for ``valleytronics" devices. 

 

 [1] Wan, X., Turner, A. M., Vishwanath, A. & Savrasov, S. Y. Physical Review B 83, 205101 (2011). 
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Evidence of ferromagnetism collapse and valence instability in the EuB6 at high pressures 
 

 L. O. Kutelak1 2, G. Lombardi1 2, F. C. G. Gandra2, G. Fabbris 3, P. F. S Rosa 4, R. D. Dos Reis1 

 
1 Brazilian Synchrotron Light Laboratory (LNLS), Brazilian Center for Research in Energy and Materials 

(CNPEM), Campinas, Sao Paulo, Brazil 
2
Instituto de Fisica Gleb Wataghin, Universidade Estadual de Campinas (UNICAMP), SP, Brazil 

3
 Advanced Photon Source, Argonne National Laboratory, Argonne, Illinois 60439, USA  

 4Los Alamos National Laboratory – Los Alamos, NM  87545, USA 
 

Rare earth hexaborides compounds have attracted research interest over the last few decades due to their rich and 

complex phase diagram besides their simple crystal structure, what gives to this family a wide spectrum of potential 

applications and make them ideal prototypical materials to explores new physical phenomena. Despite the fact that a 

majority of related research focuses on the topological insulator candidate SmB6, recently proposals of a non-trivial 

band topology in parent compounds YbB6 and EuB6 are provoking strong interest especially due to the possibility 

for tuning hexaborides structural and electronic parameters to induce new topological phases. EuB6 is the unique rare 
earth hexaboride that orders ferromagnetically going through two phase transitions and also presenting magnetic 

polarons formation. Here, by combining X-ray absorption and synchrotron Mossbauer spectroscopy we find that 

applying pressures higher than 20 GPa dramatically suppresses magnetic ordering in the material and induces an 

increase on its main valence, shifting it from a pure divalent state to a state with 2.2 mean valence at 28 GPa. The 

observed tunable electronic and magnetic phases in EuB6 may provide important insight into interplay between 

structural, magnetic and electronic degrees of freedom in correlated electron material and topological physics. 
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Dual character of the cuprate strange metal 
 

Nigel HUSSEY1,2  
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2HFML-FELIX and IMM, Radboud University, Nijmegen, Netherlands 

 
In this presentation, I describe my group’s recent studies of the (magneto)transport properties of hole-doped cuprates 
across the strange metal regime in high magnetic fields up to 70 Tesla [1,2].  Focussing on three distinct families of 
hole-doped cuprates - Tl2Ba2CuO6+δ, La2-xSrxCuO4 and La/Pb-doped Bi2Sr2CuO6+δ – a common picture emerges of 
two charge sectors coexisting within the strange metal phase of overdoped cuprates, one containing coherent Landau 
quasiparticles, the other incoherent `Planckian' dissipators. Curiously, as the contribution from the latter grows with 
reduced doping, so too does the superconducting condensate [3]. Finally, a link is established between the quadrature 
scaling of the magnetoresistance at high field strengths and the so-called separation of lifetimes seen at low-fields.  
  
[1] C. Putzke et al., Nature Phys. 17, 826 (2021) 
[2] J. Ayres, M. Berben et al., Nature 595, 661(2021) 
[3] M. Čulo, C. Duffy et al., SciPost Phys. 11, 012 (2021) 
[4] M. Berben, J. Ayres et al., in preparation. 
 
E-mail for corresponding author: n.e.hussey@bristol.ac.uk 
 
------------------------------------------------------------------------------------------------------------------------------------------- 
 

https://proceedings.science/p/132644
Powered by TCPDF (www.tcpdf.org)

https://proceedings.science/p/132644
http://www.tcpdf.org


 

 

Quantum criticality and the stability of magnetic order 

 

Meigan Aronson,1 Dalmau Reig-i-Plessis1 
1Department of Physics and Astronomy, University of British Columbia, Vancouver, Canada 

 

There is great interest in finding ways to destabilize magnetic order while retaining magnetic character, 

present in the form of quantum fluctuations and long-ranged entanglement.  Such quantum spin liquids 

were first sought in insulating compounds where geometrical frustration prevents long-ranged and long-

lived order.  The next step would be to demonstrate that the metallic analogs of such systems could host 

superconductivity, possibly unconventional, that would be mediated by those magnetic fluctuations.  The 

confluence of unconventional superconductivity and the suppression of magnetic order at quantum 

critical points is well documented in virtually every class of correlated metal. Remaining less clear is the 

extent to which the geometrical frustration and low dimensionality are responsible for the quantum 

critical fluctuations, since in those correlated metals the moments themselves can become unstable at the 

QCP. 

We will compare here the scaling properties of two pristine quantum critical systems:  Sc3Mn3Al5Si7, 

where Mn moments form on the kagome lattice, and YFe2Al10 where Fe moments form a 2D XY lattice.  

In both, the moment obtained from the Curie-Weiss susceptibility is substantially smaller than the Hunds 

rule value, and no magnetic order is found to temperatures as small as 0.05 K.  Both display power law 

divergencies in the magnetic susceptibility, as well as field-temperature scaling. The universality implied 

by those scaling relations is compared to those found in their insulating analogs, as well as other 

correlated electron systems where the role of geometric frustration is less well understood.  

 
E-mail for corresponding author:  meigan.aronson@ubc.ca 

 

https://proceedings.science/p/132646
Powered by TCPDF (www.tcpdf.org)

https://proceedings.science/p/132646
http://www.tcpdf.org


Field-induced transition within the superconducting state of CeRh2As2
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Philip M. R. BRYDON2, Daniel HAFNER1, Robert KÜCHLER1, Raul CARDOSO-GIL1, Ulrike 

STOCKERT1,  Andrew P. MACKENZIE1,3, Daniel F. AGTERBERG4, Christoph GEIBEL1, and Elena 
HASSINGER1,5

1Max Planck Institute for Chemical Physics of Solids, 01187 Dresden, Germany 
2Department of Physics and MacDiarmid Institute for Advanced Materials and Nanotechnology, University 
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3Scottish Universities Physics Alliance, School of Physics and Astronomy, University of St Andrews, St 

Andrews KY16 9SS, United Kingdom
4Department of Physics, University of Wisconsin–Milwaukee, Milwaukee, Wisconsin 53201, USA

5Technical University Munich, Physics department, 85748 Garching, Germany 

We report the discovery of two-phase unconventional superconductivity in CeRh2As2 [1]. Using 
thermodynamic probes, we establish the highly anisotropic critical field phase diagram. The superconducting 
state appearing at low fields is characterised by an enhanced and anisotropic Pauli limit. Furthermore, a c-
axis field drives a transition to a second superconducting state that seems to be purely orbitally limited with a 
critical field as high as 14 T, remarkable in a material whose transition temperature is 0.26 K. In spite of the 
fact that CeRh2As2 is globally centrosymmetric, local inversion-symmetry breaking at the Ce sites would 
naturally enable Rashba spin-orbit coupling to dominate the critical fields and drive a transition from even to 
odd-parity superconductivity. 

[1] S. Khim and J. Landaeta et al., arXiv:2101.09522 (2021). 
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Twisted Superconductivity in the high magnetic field phase of CeRh2As2  

Aline RAMIRES1 and David MÖCKLI2 

 1Paul Scherrer Institut, CH-5232 Villigen PSI, Switzerland 
2Instituto de Física, Universidade Federal do Rio Grande do Sul, 91501-970 Porto Alegre, Brazil  

CeRh2As2, a locally noncentrosymmetric heavy fermion material, was recently reported to host a remarkable 
magnetic field versus tempera- ture phase diagram with two superconducting phases and upper critical fields much 
above the Pauli limit [1]. In this material, the two inequiv- alent Ce sites per unit cell, related by inversion 
symmetry, introduce a sublattice structure corresponding to an extra internal degree of free- dom. In this talk, I 
briefly review some mechanisms that allow for Pauli limit violation and discuss what properties of the normal state 
are key for the development of a superconducting state robust against magnetic fields. I discuss intra-sublattice and 
inter-sublattice pairing scenarios and how we can construct superconducting states that vio- late the Pauli limit by 
twisting the most stable superconducting state with respect to the internal sublattice degree of freedom [2]. I will 
also comment on ongoing work that highlights the role of normal state electronic structure parameters, as well as 
effects of impurities, and subleading instabilities in the phase diagram of this material [3].  

Figure: Schematic representation of the order parameters covered in this work. Left/Blue: intra-sublattice pairing. 
Right/Pink: inter-sublattice pairing. Bottom: low magnetic field phase. Top: high magnetic field phase. 

[1] S. Khim et al., arXiv:2101.09522 (2021). 
[2] David Möckli and Aline Ramires, Phys. Rev. Research 3, 023204 (2021). 
[3] David Möckli and Aline Ramires, arXiv:2107.09723 (2021).  
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Superconductivity from Holes in CeCu2Si2  
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One of the fascinating facts about superconductivity is that despite more than 100 years of extensive 
research and 7 Nobel prizes, we are still away from our main goals. The race continues to both achieving 
room temperature superconductivity as well as to obtain a novel theory of attractive potential between 
electrons. By now we know two mechanisms for attractive interaction between the same-charge fermions: 
Meson mediates an attraction between protons. Phonon mediates attractive potential between electrons with 
superconductivity. In this talk, I will present a new mechanism of attractive potential between electrons, 
forming superconductivity. The basic principle is as follows. The flat bands or f-orbitals have strong 
Coulomb interaction, which prohibit double occupancy. However, the unoccupied f-site can be occupied 
by a conduction electron since the presence of valence fluctuation channel allows mutation between the f- 
and conduction electrons. We show that the doubly occupied state with f- and conduction electrons 
condensates like a Cooper pair. I will present this theory along with detailed comparison with recent 
experimental surprises of conventional superconductivity in heavy-fermion materials where decades old 
studies predicted unconventional superconductivity.  
 
[1]Priyo Adhikary, Tanmoy Das, SciPost Physics 7, 078 (2019). 
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CeRh2As2 is one of the few materials where unconventional superconductivity is revealed by the appearance of 

multiple superconducting phases [1]. When the magnetic field µ0H is applied parallel to the tetragonal 

crystallographic axis c, this material shows a transition at 4 T from a low-field superconducting state SC1 to a high-

field SC2 with a upper critical field Hc2  = 14 T and  critical temperature Tc = 0.26 K.  In contrast, for in-plane fields, 

only the SC1 with a lower critical field of 2 T is observed. In this particular case, the phase-diagrams and their 

anisotropy were explained by the influence of anti-symmetric spin-orbit coupling at the Ce sites where the inversion 

symmetry is broken locally. Above the superconducting state, a phase transition at T0 ≈ 0.4 K to a possibly 

quadrupolar order is present as well, whose influence on the superconducting state remains unknown. Here, we 

present a comprehensive study of the angular dependence of the upper critical fields and T0  using low temperature 

magnetic ac susceptibility, specific heat and torque in single crystalline CeRh2As2 The field-induced superconducting 

state SC2 is strongly suppressed when rotating the magnetic field away from the c-axis and disappears for an angle 

of 35o. Furthermore, an analysis of the Pauli and orbital limit as a function of angle reveals that the critical field of 

SC2 for angles departing from the c axis is attained when the in-plane component of the field reaches the in-plane 

Pauli limit. This result corroborates the idea of a field-induced odd-parity state with a pseudo-spin d-vector in the 

plane in CeRh2As2. 

 

[1] S. Khim, arXiv:2101.09522 (2020) 
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Unconventional Pairing from Local Orbital Fluctuations in Strongly Correlated A3C60
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1Department of Physics, University of Fribourg, 1700 Fribourg, Switzerland
2Department of Physics, Saitama University, Saitama 338-8570, Japan

3Department of Physics, Tokyo Institute of Technology, Meguro, Tokyo 152-8551, Japan

The pairing mechanism in A3C60 is investigated by studying the properties of a three-orbital
Hubbard model with antiferromagnetic Hund coupling in the normal and superconducting phase.
Local orbital fluctuations are shown to be substantially enhanced in the superconducting state, with
a fluctuation energy scale that matches the low-energy peak in the spectral weight of the order pa-
rameter. Our results demonstrate that local orbital fluctuations provide the pairing glue in strongly
correlated fulleride superconductors and support the spin/orbital freezing theory of unconventional
superconductivity. They are also consistent with the experimentally observed universal relation be-
tween the gap energy and local susceptibility in a broad range of unconventional superconductors.
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Semi-analytical theories for a correlated quantum dot attached to superconducting leads 
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I will present an overview of relatively simple theoretical approaches developed in our group in past several years 

and applied to the problem of description of correlated quantum dots attached to the BCS superconducting leads. As 

a thorough Quantum Monte Carlo analysis [1] of the experimental data [2] showed realistic experimental setups can 

be even quantitatively captured by the Single Impurity Anderson Model with superconducting leads. Pioneering 

semi-analytical approaches have not matched the so far employed heavy numerical tools such as Numerical 

Renormalization Group and/or Quantum Monte Carlo in the ability of quantitatively predicting the properties of this 

model. However, we have shown recently that self-consistent perturbation expansion up to the second order in the 

interaction strength [3,4] yields at zero temperature and for a wide range of other parameters excellent results for the 

position of the 0 − π impurity quantum phase transition boundary and the Josephson current as well as the energy of 

Andreev bound states in the 0-phase. This method can be also extended to the three-terminal situation with an extra 

normal lead corresponding to the experimentally interesting STM setup [5], where it allows to study phase-dependent 

Kondo physics [6,7]. Furthermore, we have discovered exact identities connecting symmetric and asymmetric 

coupling situations which significantly reduce computational requirements in experimentally generic asymmetric 

setups [8] and provided simple approximate analytical formulas for the fitting of the phase boundaries from finite-

temperature experimental data [9].  

 

[1] David J. Luitz, Fakher F. Assaad, Tomáš Novotný, Christoph Karrasch, and Volker Meden, Understanding the 
Josephson current through a Kondo-correlated quantum dot, Phys. Rev. Lett. 108, 227001 (2012) 

[2] H. Ingerslev Jørgensen, T. Novotný, K. Grove-Rasmussen, K. Flensberg, and P. E. Lindelof, Critical Current 0-
π Transition in Designed Josephson Quantum Dot Junctions, Nano Lett. 7 (8), 2441 (2007) 

[3] M. Žonda, V. Pokorný, V. Janiš, and T. Novotný, Perturbation theory of a superconducting 0-π impurity 

quantum phase transition, Scientific Reports 5, 8821; DOI:10.1038/srep08821 (2015) 

[4] M. Žonda, V. Pokorný, V. Janiš, and T. Novotný, Perturbation theory for an Anderson quantum dot 

asymmetrically attached to two superconducting leads, Phys. Rev. B 93, 024523 (2016) 

[5] T. Domański, M. Žonda, V. Pokorný, G. Górski, V. Janiš, and T. Novotný, Josephson-phase-controlled 

interplay between correlation effects and electron pairing in a three-terminal nanostructure, Phys. Rev. B 95, 

045104 (2017) 

[6] Peter Zalom, Vladislav Pokorný, and Tomáš Novotný, Spectral and transport properties of a half-filled 

Anderson impurity coupled to phase-biased superconducting and metallic leads, Phys. Rev. B 103, 035419 (2021) 
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Spectral properties of strongly correlated multi-impurity models in the Kondo insulator regime:
Emergent coherence, metallic surface states and quantum phase transitions

Firithjof Anders1 and Fabian Eickhoff1

1 TU Dortmund University, Department of Physics, Dortmund, Germany

We employ a recently developed mapping [1] of multi-impurity Anderson model onto an effective cluster to access
the thermodynamics and the low-energy spectra in the Kondo insulator regime using Wilson's numerical
renormalization group. Using a rigorous mathematical criteria on the maximal number of  screening channels in a
Kondo cluster, we show that the notion of a local Kondo screening fails in  Kondo lattice systems: The spin singlet
formation is mainly driven by the induced anti-ferromagnetic exchange between the correlated orbitals responsible
for the AF part of the RKKY interaction. 
We address the question of a gapped local spectral function[3] employing extended Lieb Mattis theorem. For
pristine Kondo lattice  the theorem predicts the well established gaped the density of state at all site. By adding a
single stripe of uncorrelated sites to a conventional Kondo lattice model, however, we can show that a metallic
surface state emerge which decays exponentially into the bulk. The extended Lieb-Mattis theorem confirms the
finite density of states at the Fermi energy found in the NRG and in recent auxiliary field QMC spectra.  Emerging
quantum phase transitions in Kondo hole problems [2] are addressed as well as their local spectral properties [3]. 

[1] Fabian Eickhoff, Frithjof B. Anders, Phys. Rev. B 102, 205132 (2020)
[2] Fabian Eickhoff, Frithjof B. Anders, Phys. Rev. B 104, 045115 (2021)
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Diagrammatic Monte-Carlo approach to many-flavour unitary fermions

Christopher R. WINTEROWD1, Gunnar MÖLLER  2  

1 Institut für Theoretische Physik, Johann Wolfgang Goethe-Universität Frankfurt, Frankfurt am Main, Germany
2 Physics of Quantum Materials Group, School of Physical Sciences, University of Kent, Canterbury, UK

The  difficulty  of  understanding  strongly  correlated  matter  is  often  related  to  the  absence  of  a  natural  small
parameter  providing  a  starting  point  for  a  perturbative  treatment.  Large-N approaches  provide  a  prominent
theoretical tool, which seeks to address this issue for fermionic theories by introducing a generalised theory with
many fermion flavours, that then becomes amenable to perturbative treatments. 
We demonstrate how to implement this concept in conjunction with a diagrammatic Monte-Carlo approach, using a
many fermion-flavour generalisation of the unitary Fermi gas [1] for illustration. This system provides an ideal test
case thanks to existing diagrammatic Monte-Carlo techniques developed in [2,3], which yield a numerically exact
solution thanks to explicit resummation of the high-order asymptotics [4]. 
We present  results  on the extended large-N generalisation of  the  theory [5,6],  and demonstrate  how to apply
diagMC  in  this  setting.  Using  the  resummation  technique  developed  by  Rossi  et  al  [4],  we  show  that  the
convergence  radius  in  the  Borel  plane  is  enlarged  as  a  function  of  fermion  flavours,  thus  facilitating  the
convergence of the series in the vicinity of the transition into the superfluid phase.
We argue that the combination of large-N field theory techniques with high-order numerical resummations opens
up a new avenue for investigations of strongly interacting systems more generally.

[1] W. Zwerger, Springer (2012).
[2] K. v. Houcke et al., Nat. Phys. 8, 366 (2012).
[3] K. v. Houcke et al., Phys. Rev. B 99, 035140 (2019).
[4] R. Rossi, et al., Phys. Rev. Lett. 121, 130405 (2018).
[5] M.Y. Veillette, et al., Phys. Rev. A 75, 043614 (2007).
[6] P. Nikolic and S. Sachdev, Phys. Rev. A 75, 033608 (2007).
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The cumulant Green’s functions method for the Hubbard model
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Niterói, RJ, Brazil

2Physics Department, Temple University, Philadelphia, Pennsylvania 19122, USA
3Departamento de Física, Universidad Nacional de Colombia, A.A. 5997 Bogotá, Colombia

The objective of this work is the theoretical study of the one-band Hubbard model and the
introduction of an alternative methodology to solve this model that might be competitive
with the current methods used, such as the dynamical mean-field theory [DMFT]. To this
purpose, we exactly diagonalize an atomic Hubbard cluster composed of N sites until N=9
(our computational limit). From the solution of this atomic Hamiltonian, the atomic Green's
functions are calculated employing the Lehmann representation and used to obtain the
cumulants. Finally, those cumulants are used as "seeds" to find Green's functions for the
lattice.  

We calculate  the density of  states [DOS],  the ground-state  energy,  and the occupation
numbers. We compare the gap size results in the DOS and the ground-state energy with the
Bethe Ansatz (BA) in the particle-hole symmetric case, and results improve with the length
of the atomic "seed." For N=9, these results practically coincide with the BA. The method
should be applied in any parameter  regime of  the model  and 2D and 3D as well.  The
method should  also  be  extended  to  other  strongly  correlated  models  like  the  periodic
Anderson model.
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Electron coherence effects in the coherent state picture for electron-phonon interactions  
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Bloch-Grüneisen formalism of electrical resistivity is an approximation that is built upon incoherent Boltzmann 

transport theory, treating electron-phonon interactions as uncorrelated successive first order events. Any effects of 

electron coherence cannot be captured within this picture. Here we present a new framework for electron-phonon 

interaction. We treat the lattice vibrations as coherent states where the deformation potential becomes a real field 

acting on electrons. Phonons create a disordered landscape in which conduction electrons can quasi-elastically 

scatter. This approach is inherently nonperturbative and allows one to take the coherence of electrons into account. 

Coherent state representation can be seen as the wave-limit of lattice vibrations as opposed to the particle-limit which 

is utilized in the second quantization formalism. Direct analogs of these are the wave (former) and particle (latter) 

limits in quantum optics. We do full quantum propagation of electron wave packets under the deformation potential 

and find that electron coherence causes Anderson localization as a function of temperature and doping. We construct 

a novel phase diagram of metal-insulator transition where the localized region is V-shaped and occurs at the high 

temperature regime and around a critical level of doping. This fresh perspective represents the neglected half of the 

wave-particle duality for the lattice and might have a potential to shed light on the unexplained phenomena in the 

metallic resistivity such as linear-in-temperature dependence in strange metals. 
 

E-mail for corresponding author: eheller@fas.harvard.edu 

 

 

https://proceedings.science/p/132628
Powered by TCPDF (www.tcpdf.org)

https://proceedings.science/p/132628
http://www.tcpdf.org


Spin-momentum locking and fractionally charged topological quasi-particles 

Mauro M. Doria1 and Edinardo I. B. Rodrigues2 

1-Universidade Federal do Rio de Janeiro, Brazil 

2-Universidade Federal Rural de Pernambuco, Brazil 

 

Key words: spin momentum locking,  Chern-Simons, Dirac,  Weyl 

 

Fermions carrying spin and momentum in a layer are studied in presence of an external 

magnetic field  under the three-term decomposition of the kinetic energy [1,2]. This 

decomposition offers a venue to introduce the spin-momentum locking condition into 

the Hamiltonian, which is the sum of the kinetic plus the magnetic field energies. The 

residual local magnetic field produced by the motion of the particles is shown to have 

streamlines that pierce the layer twice giving stability to the states thus giving rise to 

topologically stable quasi-particles. The direct inspection of this residual local magnetic 

field, and also the calculation of the Chern-Simons index show that these quasi-particles 

carry  fractional magnetic flux and charge. These results are obtained in the context of 

recently developed new sets of doubly periodic  orthonormal eigenfunctions for the 

Schroedinger problem of free particles in presence of an external applied magnetic field. 

[1] Mauro M. Doria and Andrea Perali, Europhys. Lett. 119 (2017) 21001 
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Dual nature of 5f electrons in the isostructural UM2Si2 family: from antiferro- to 
Pauli paramagnetism via hidden order  
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We have carried out hard x-ray photoelectron spectroscopy (HAXPES) measurements at the U 4f core level and non-
resonant inelastic x-ray scattering (NIXS) at the U O4,5 edge of UT2Si2 compounds that all form in the tetragonal 
ThCr2Si2 structure but exhibit different ground state properties: UFe2Si2 is a Pauli paramagnet; URu2Si2 is the famous 
hidden order compound of which the order parameter is still fiercely debated despite 30 years of intense experimental 
and theoretical studies [1]; UPd2Si2 and UNi2Si2 are antiferromagnets with TN well above 100 K and sizeable ordered 
magnetic moments [2]. We have determined the degree of the 5f-electron localization (HAXPES [3]) as well as the 
symmetry of the 5f ground state wave function (NIXS [4]) across these very different compounds. This enabled us 
to identify their systematics and to place them in an effective Doniach phase diagram. 

[1] see e.g. references in J.A. Mydosh and P.M. Oppeneer in Rev. Mod. Phys. 83, 1301{1322 (2011)  
     & in Phil. Magazine 94, 3642 (2014). 
[2] see e.g. references in T. Endstra et al, PRB 48, 9595 (1993) 
[3] see e.g. M. Sundermann et al, J. Elec. Spec. & Rel. Phen. 209, 1 (2016) 
[4] see e.g. M. Sundermann et al. PNAS 113, 13989 (2016) 
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Anisotropic nematic fluctuations above the ferroquadrupolar transition in TmVO4 
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TmVO4 exhibits ferroquadrupolar order below 2.15 K with a well-isolated non-Kramer's ground state 

doublet and is a model system to understand Ising nematic order.  We present 51V nuclear magnetic 

resonance data as a function of field orientation in a single crystal cut by focused ion beam into an 

ellipsoidal shape to eliminate demagnetization field inhomogeneity.  We can independently measure both 

the quadrupolar and magnetic fluctuations and find that they exhibit strong anisotropy both out-of-plane 

and in-plane. Second order Zeeman effects dominate the in-plane response, and we find evidence that the 

ordering temperature is enhanced by in-plane fields.  
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Signature of CEF-phonon coupling in Kondo lattice system CeCuGa3 
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Recent studies have shown evidence for the presence of strong crystal electric field (CEF)-phonon coupling in 

CeCuAl3 [1] and CeAuAl3 [2]. Ce3+ (J = 5/2) being a Kramers ion, under the action of CEF, the (2J + 1 = 6)-fold 

degenerate ground multiplet would split in three doublets, and hence only two excitations are expected. However, 

the inelastic neutron scattering (INS) data reveal three excitations which is quite interesting and clearly signify CEF-

phonon (magneto-elastic) coupling in CeCuAl3 [1] and CeAuAl3 [2]. This motivated us to investigate the related 

compound CeCuGa3 which exhibits Kondo lattice heavy fermion behavior, and depending on Cu/Ga stoichiometry 

as well as crystal structure, both paramagnetic and magnetically ordered ground states have been suggested [3-7]. 

We have investigated the magnetic ground state of CeCuGa3 using muon spin relaxation (μSR), neutron powder 

diffraction (NPD) and INS measurements on a sample having a BaNiSn3-type noncetrosymmetric tetragonal structure 

(space group I4mm). Our magnetic susceptibility χ(T) and heat capacity Cp(T) data find evidence for a long range 

magnetic ordering below 2.5 K. While a negative Weiss temperature deduced from the Curie-Weiss fit of χ(T) 

indicates an antiferromagnetic interaction, the Cp(T) data measured in magnetic field suggest a ferromagnetic 

interaction. Both μSR and NPD data further confirm the occurrence of long range magnetic ordering in CeCuGa3. 

NPD collected at 1.7 K shows the presence of magnetic Bragg peaks which could be indexed by an incommensurate 

magnetic propagation vector k = (0.148, 0.148, 0). The magnetic structure refinement indicates a longitudinal spin 

density wave with ordered moments pointing along (1 1 0) direction, and an ordered moment with maximum 

amplitude of m = 0.89 μB/Ce. We also notice that the ordered moments are aligned ferromagnetically along the c axis. 

This could be the reason for a ferromagnetic interaction dominated behavior of in-field Cp(T). The inelastic neutron 

scattering presents two magnetic excitations near 4.5 meV and 6.9 meV. We analyze the INS data by a model based 

on CEF and deduce the CEF level scheme as well as the wave functions. The magnetic heat capacity data suggest an 

overall CEF splitting of 20.7 meV, however the excitation near 20.7 meV is very broad and weak in our INS data, 

but could provide an evidence of CEF level near 20.7 meV in agreement with the magnetic entropy. Our analysis 

based on CEF-phonon model indicates that the two excitations at 4.5 meV and 6.9 meV may have its origin in CEF-

phonon coupling (i.e. splitting of one CEF peak into two peaks) similar to the case of CeCuAl3 [1] and CeAuAl3 [2].  
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73, 6625 (1993). 
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Elastic strain applied in situ has emerged in recent years as a versatile tuning parameter for quantum materials. To 
address the key question of how strain perturbs various strongly correlated electronic phases, a thermodynamic probe 
that can be implemented under strained conditions is highly desirable. Our group has developed an AC elastocaloric 
(EC) technique which measures adiabatic temperature oscillations induced by a modulating strain, with the 
simultaneous application of a DC bias strain as the tuning parameter [1]. Here we use this new technique to investigate 
the response of DyB2C2, a prototypical rare earth system hosting an antiferroquadrupole order [2], to strains of various 
symmetries. In addition to unraveling a strain-tuning of the underlying quadrupolar and magnetic phase transitions, 
we have also uncovered an unusual enhancement of entropy with strain in the antiferroquadrupole phase. Our findings 
suggest that strain can serve as an incisive probe of antiferroquadrupolar systems, and, more broadly, demonstrate 
the rich prospects that may be accessed by EC measurements. 
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[2] H. Yamauchi et al., J. Phys. Soc. Jpn. 68, 2057-2066 (1998). 
 
 
E-mail: lindaye0@stanford.edu 
 

https://proceedings.science/p/132377
Powered by TCPDF (www.tcpdf.org)

https://proceedings.science/p/132377
http://www.tcpdf.org


 

 

Field-angle-resolved magnetic excitations in CeB6 

 
P. Y. PORTNICHENKO1, A. AKBARI2,3,4,5, S. E. NIKITIN1,2, A. S. CAMERON1, V. B. FILIPOV6, 

N. Yu. SHITSEVALOVA6, P. ČERMÁK7,8, I. RADELYTSKYI7, A. SCHNEIDEWIND7, J. OLLIVIER9, 

A. PODLESNYAK10, Z. HUESGES11, J. XU11, A. IVANOV9, Y. SIDIS12, S. PETIT12, J.-M. MIGNOT12, 

P. THALMEIER2, and D. S. INOSOV1. 
 

1Institut für Festkörper- und Materialphysik, Technische Universität Dresden, 01069 Dresden, Germany 
2Max-Planck-Institut für Chemische Physik fester Stoffe, Nöthnitzer Straße 40, 01187 Dresden, Germany 

3Asia Pacific Center for Theoretical Physics, Pohang, Gyeongbuk 790-784, Korea 
4Department of Physics, POSTECH, Pohang, Gyeongbuk 790-784, Korea 

5Max Planck POSTECH Center for Complex Phase Materials, POSTECH, Pohang 790-784, Korea 
6I. M. Frantsevich Institute for Problems of Material Sciences of NAS, Kiev, Ukraine 

7Jülich Center for Neutron Science at MLZ, Forschungszentrum Jülich GmbH, Garching, Germany 
8Department of Condensed Matter Physics, Charles University, Praha, Czech Republic 

9Institut Laue-Langevin, 71 Avenue des Martyrs CS 20156, 38042 Grenoble Cedex 9, France 
10Neutron Scattering Division, Oak Ridge National Laboratory, Oak Ridge, Tennessee 37831, USA 

11Helmholtz-Zentrum Berlin für Materialien und Energie GmbH, Hahn-Meitner-Platz 1, 14109 Berlin, Germany 
12Laboratoire L´eon Brillouin, CEA-CNRS, CEA/Saclay, 91191 Gif sur Yvette, France 

 
In contrast to magnetic order formed by electrons’ dipolar moments, ordering phenomena associated with higher-

order multipoles (quadrupoles, octupoles, etc.) are more difficult to characterize because of the limited choice of 

experimental probes that can distinguish different multipolar moments. The heavy-fermion compound CeB6 and its 

La-diluted alloys are among the best-studied realizations of the long-range-ordered multipolar phases, often referred 

to as “hidden order.” Previously, the hidden order in phase II was identified as primary antiferroquadrupolar and 

field-induced octupolar order. After a short introduction to the physics of CeB6, we present the results of a combined 

experimental and theoretical investigation of collective excitations in phase II of CeB6. Inelastic neutron scattering 

(INS) in fields up to 16.5 T reveals a new high-energy mode above 14 T in addition to the low-energy magnetic 

excitations. The experimental dependence of their energy on the magnitude and angle of the applied magnetic field 

is compared to the results of a multipolar interaction model. The magnetic excitation spectrum in a rotating field is 

calculated within a localized approach using the pseudospin representation for the Γ8 states. We show that the 

rotating-field technique at fixed momentum can complement conventional INS measurements of the dispersion at a 

constant field and holds great promise for identifying the symmetry of multipolar order parameters and the details of 

intermultipolar interactions that stabilize hidden-order phases.  
 

[1] P. Y. Portnichenko et al., Phys. Rev. X 10, 021010 (2020). 
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   Cuprate high-temperature superconductors (HTSs) have complex phase diagrams with 
multiple competing ordered phases. Understanding to which degree charge, spin, and 
superconducting orders compete or coexist is paramount for elucidating the microscopic 
pairing mechanism in the cuprate HTSs. In this talk, I will report some novel results of muon-
spin rotation (µSR) and AC susceptibility experiments on uniaxial stress effect on the static 
spin-stripe order and superconductivity in the La214 cuprates [1]. 
   We find that in the cuprate system La2-xBaxCuO4 with x = 0.115, an extremely low uniaxial 
stress of 0.05 GPa induces a substantial decrease in the magnetic volume fraction and a 
dramatic rise in the onset of 3D superconductivity, from  10 to 32 K; however, the onset of 
at-least-2D superconductivity is much less sensitive to stress [1]. These results show not only 
that large-volume-fraction spin-stripe order is anti-correlated with 3D superconducting (SC) 
coherence, but also that these states are energetically very finely balanced. Moreover, the 
onset temperatures of 3D superconductivity and spin-stripe order are very similar in the large 
stress regime. These results strongly suggest a similar pairing mechanism for spin-stripe 
order, the spatially-modulated 2D and uniform 3D SC orders, imposing an important 
constraint on theoretical models.  
 
 
[1] Z. Guguchia et. al., Phys. Rev. Lett. 125, 097005 (2020). 
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Although the normal-state electronic structure of Sr2RuO4 is known with exceptional precision, even after two 

decades of research, the symmetry of its certainly unconventional superconducting state is under strong debate, e.g. 

the long-time favoured spin-triplet px ± ipy state is ruled out by recent NMR experiments [1]. However, in general 

time-reversal-symmetry breaking (TRSB) superconductivity indicates complex two-component order parameters. 

Probing Sr2RuO4 under uniaxial stress offers the possibility to lift the degeneracy between such components [2]. 

One key prediction for Sr2RuO4, a splitting of the superconducting and TRSB transitions under uniaxial stress has 

not been observed so far. I will show results of muon spin relaxation (μSR) measurements on Sr2RuO4 placed under 

uniaxial stress, wherein a large stress-induced splitting between the onset temperatures of superconductivity and 

TRSB was observed [3]. Moreover, at high stress beyond the Van Hove singularity, a new spin density wave ordered 

phase was detected for the first time. In order to perform μSR measurements under uniaxial stress, a custom 

piezoelectric based pressure cell was developed [4]. This cell is going to be useful for a range of other materials, in 

which the Fermi surface or magnetic interaction strengths can be tuned leading to strong modifications of the 

electronic state. 

References: 
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We study a possible parent groundstate for high-Tc superconductivity in iron selenide that is a hidden spin density 
wave (hSDW) at checkerboard wavenumber Q = (p,p).  It is in the same class as the hSWD state studied by Berg, 
Metlitski and Sachdev in the context of copper-oxide high-Tc superconductors[1].  The magnetic moment of the 
present hSDW alternates in sign between d+ = dxz + i dyz and d- = dxz – i dyz iron orbitals, as well as between the 
“black” and “white” sites of the square lattice of iron atoms[2].  Such hidden magnetic order is a result of nesting 
between electron-type and hole-type Fermi surfaces at the center and at the corner of the unfolded Brillouin zone.  
The hSDW becomes energetically favorable in the presence of magnetic frustration, at weak enough Hund’s Rule 
coupling. In the critical hSDW state achieved by increasing the strength of Hund’s Rule, the interaction of electrons 
with hidden spin fluctuations results in a Lifshitz transition to electron/hole Fermi surface pockets at the corner of 
the folded Brillouin zone[3]. The electronic spectral weight at the Fermi level is vanishingly small, however, in such 
a Mott insulator.  Weak electron doping about half filling results in a rigid shift in energy of the renormalized bands, 
with smaller hole Fermi surface pockets that exhibit yet smaller spectral weight, and with larger electron Fermi 
surface pockets that exhibit appreciable spectral weight[4].  The latter accounts for the observation by ARPES of 
electron Fermi surface pockets alone in high-Tc iron-selenide superconductors.  These Fermi surfaces experience an 
S-wave Cooper pairing instability due to the exchange of hidden spin fluctuations that alternates in sign between the 
electron pockets and the hole pockets.  This picture then potentially resolves the puzzling observations of an isotropic 
energy gap over the Fermi surface pockets in high-Tc iron-selenide superconductors. 

 
[1] E. Berg, M.A. Metlitski, and S. Sachdev, Science 338, 1606 (2012). 
[2] J.P. Rodriguez, Phys. Rev. B 95, 134511 (2017). 
[3] J.P. Rodriguez and R. Melendrez, J. Phys. Commun. 2, 105011 (2018). 
[4] J.P. Rodriguez, Phys. Rev. B 103, 184513 (2021). 
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Chiral superconductivity is a long-sought unconventional state of matter that spontaneously breaks time-reversal 

symmetry through the development of  Cooper pairing with finite angular momentum. Chiral superconductivity is a 

type of topological state which provides a natural platform for realizing Majorana edge modes being central to various 

proposals for quantum computation. However, despite intensive theoretical studies and huge experimental efforts, no 

material has been proven definitively to be a chiral superconductor. 
 
The heavy-fermion and multiband superconductor PrOs4Sb12, for which a µSR study [1] and polar Kerr effect 

measurements [2] showed evidence of broken time-reversal symmetry spontaneously developing below the  critical 

temperature Tc ≃1.85 K, is a leading candidate to display chiral superconductivity. Based on measurements of the 

temperature dependence of the lower critical field Hc1(T), we have recently proposed a multiband and multisymmetric 

scenario, in which a superconducting condensate is composed of a sign-changing smaller gap and a large isotropic s-

wave gap [3]. 

 
To develop a detailed understanding of multicomponent superconductivity in PrOs4Sb12, we have extended 

measurements of Hc1(T) down to temperatures as low as 7 mK utilizing a 2DEG Hall magnetometry. We observe a 

sudden increase in Hc1(T) deep in a superconducting state, indicative of a rare case of two nearly decoupled bands. 

Furthermore, a non-saturating and concave behaviour of Hc1(T) below about 0.45 K clearly points at  a sign-changing 

symmetry of the smaller gap. Equally remarkable is a high sensitivity of this characteristic to electron irradiation. 

Indeed, a concentration of artificial atomic defects as small as a few 0.1% results in both a saturation of Hc1(T) 

at T < 0.15 K and a strong suppression of the anomalous enhancement below ≃ 0.25Tc, consistent with a destruction 

of an unconventional order parameter due to the smaller gap. In addition to this, theoretical description of possible 

symmetries of the smaller gap as well as results of a comparative study on the two-band isotropic s-wave homologue 

LaRu4As12 will be discussed in the context of a putative chiral spin-triplet pairing state in  PrOs4Sb12 [4]. 

   
[1] Y. Aoki et al., Time-Reversal Symmetry-Breaking Superconductivity in Heavy-Fermion PrOs4Sb12 Detected by 

Muon-Spin Relaxation. Phys. Rev. Lett. 91, 067003 (2003). 

[2] E. M. Levenson-Falk et al., Polar Kerr Effect from Time-Reversal Symmetry Breaking in the Heavy-Fermion 

Superconductor PrOs4Sb12. Phys. Rev. Lett. 120, 187004 (2018). 

[3] J. Juraszek et al., Symmetry of Order Parameters in Multiband Superconductors LaRu4As12 and PrOs4Sb12 Probed 

by Local Magnetization Measurements. Phys. Rev. Lett. 124, 027001 (2020).  

[4] V. Kozii et al., Three-dimensional Majorana fermions in chiral superconductors. Sci. Adv. 2, e1601835 (2016). 
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Abstract: We studied the structural, static, and dynamic properties of Ca3Co2-xBixO6 (x = 0, 0.1, and 0.2) by means of 

powder X-ray diffraction and magnetization measurements. We observed the striking feature of memory and rejuve-

nation effects in these compounds. A detailed study via relaxation measurement demonstrates the evolution of the 

system. To distinguish between the droplet and hierarchical model of the glassy phase, FC relaxation measurements 

under negative and positive temperature cycles were performed. Asymmetric response of relaxation behavior under 

positive temperature cycle favors the hierarchical model of glassy phase rather than the droplet model.  
 

Introduction: Study of aging, memory, and rejuvenation effects in a glassy system has attracted enormous attraction 

in the last few decades [1,2]. The glassy feature in a system is highly frustration related which arises due to competing 

magnetic interaction. Ca3Co2O6 is one of the geometrically frustrated compounds which belongs to the family of 

Quasi 1-D spin-chain compound of structure A3BB'O6. It crystallizes in the K4CdCl6 (rhombohedral) type structure 

with space group R3̅c. The crystal structure of Ca3Co2O6 consists of an infinite number of chains of alternating face-

sharing CoO6 octahedral (Co1) and CoO6 trigonal prisms (Co2), which are running along the c-axis. These chains 

are separated by non-magnetic Ca2+ cations and surrounded by six other equally spaced chains, forming a triangular 

lattice in the ab plane [3]. The Co3+ ions located at the octahedral and trigonal prism site are in different spin states, 

low spin (S = 0) and high spin (S = 2), respectively. It possesses an Ising-like character with spin parallel to the 

chains, while the intra-chain and inter-chain coupling are ferromagnetic and antiferromagnetic, respectively, which 

give rise to geometric frustration and unusual magnetic behavior. The 1-D character in the magnetic properties is 

expected because the distance between the magnetic ions along the chain is approximately half that of the inter-chain 

distance. Below 25 K, the system undergoes a transition from paramagnetic to a partially disordered antiferromag-

netic state [4]. The frozen spin state below 9 K (Tc2) is a metastable state, which is frustration-related [4]. For a 

magnetic field above 3.6 T, it exhibits a transition from a ferrimagnetic state to a ferromagnetic state [4]. The observed 

multi-steps in the M(H) curve are related to Quantum tunneling of magnetization [5]. 
In this work, we carried out a comprehensive study of the structural and magnetic properties of Ca3Co2-xBixO6. The 

magnetic memory effect in the system has been demonstrated by the magnetic relaxation measurements. 
The present investigation also throws fresh light on the true magnetic ground state of the compound and test the 

applicability of the droplet and hierarchical models in the cluster spin-glass phase of the compound. 
 
Experimental Details: Polycrystalline samples of Ca3Co2-xBixO6 (x = 0, 0.1, and 0.2) were prepared by standard solid-

state reaction method. The required amount of reagents CaCO3, Co3O4, and Bi2O3 were mixed using an agate mortar 

pestle and preheated at 900 °C for 24 h. The obtained mixtures were pressed in the form of pellets and sintered at 

1000 °C for 48 h. Powder X-ray diffraction measurements were performed on all the samples at room temperature 

using a Rigaku X-ray diffractometer (XRD) (TTRAX III) with Cu-Kα (λ = 1.5406 Å) radiation from scattering angle 

(2θ) 10° to 80°. The magnetization data were taken using a vibrating sample magnetometer (VSM) probe installed 

in a Quantum Design Physical Property Measurement System (PPMS).  
 
Results: X-ray diffraction pattern of Ca3Co2-xBixO6 (x = 0, 0.1, and 0.2) samples were taken at room temperature. 

Rietveld refinement was performed to the acquired XRD pattern of all the samples. All the diffraction peaks were 

indexed within the rhombohedral structure that belongs to the space group R3̅c. The lattice parameter 'a' and 'c' 

increased with Bi substitution. On the other hand, the intra-chain (Co1-Co2) and inter-chain (Co2-Co2) bond dis-

tances remain independent of Bi substitution. It indicates that the Bi substitution does not alter the structural sym-

metry and has no significant effect on the dimensionality of the compound. 
Magnetization as a function of temperature is measured under both zero field cooled (ZFC) and field cooled (FC) 

conditions in an applied magnetic field of 1000 Oe. For the parent compound, the ZFC-FC magnetization curve takes 

an upturn below 25 K followed by the splitting of ZFC-FC curves at 16 K. Below this temperature, the ZFC curve 

attains a maximum, which is a characteristic feature of a disordered system. On the other hand, the FC magnetization 

increases monotonously with decreasing temperature. The transition at 25 K (Tc1) and 9 K (Tc2) corresponds to par-

tially disordered antiferromagnetic and glassy phase, respectively [4]. M(T) curves of Bi-doped samples exhibit sim-

ilar characteristics and show the presence of ferromagnetic correlation in the paramagnetic region. It is observed that 
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with Bi substitution, the Tc2 increases. The susceptibility data in the high-temperature region was fitted to Curie-

Weiss law, 

χmol =  
Cmol

(T − θ)
 

to obtain the value of effective magnetic moment (µeff) and Curie temperature (θ). The µeff decreases monotonously 

from 5.6 µB for the parent compound to 5.1 µB for x = 0.2 doped sample. On the other hand, the θ shows mixed 

behavior with the content of Bi. It increases from 25 K for the parent compound to 33 K for x = 0.1 doped sample, 

and then it decreases to 26 K for x = 0.2 sample. 
Magnetic dynamic behavior of Ca3Co2-xBixO6 samples (x = 0 and 0.2) was studied by measuring the thermoremanent 

spin dynamics and memory effects using the FC protocol (Fig. 1). In the FC condition, the samples were cooled down 

from 100 K to 6 K in an applied field of 100 Oe. The cooling process was interrupted at T = 6 K, and the magnetic 

field was switched off for 5400 sec. In this duration, the samples were allowed to relaxed. The same magnetic field 

(100 Oe) was applied again after the relaxation, and the FC process was resumed. The magnetization measured during 

this process produces a step-like feature at 6 K (Fig. 1). After reaching 2 K, the samples were heated under the same 

field without interruption, and M(T) was recorded up to 30 K, which is designated as memory curve (Fig. 1). Inter-

estingly, the obtained memory curve at interrupting point (T = 6 K) attempts to follow the magnetization history. 

Thus it is a clear signature of the magnetic memory in the system. FC curve in the same field (FCW) without any 

interruption was measured for reference (Fig. 1). 
 

 
 
To understand the memory effect in detail, we perform the relaxation measurements in the FC condition for both 

negative and positive temperature cycles. In the negative temperature cycle, the samples were cooled down from 100 

K to 6 K in a field of 100 Oe. At this temperature, magnetic relaxation measurement (M(t)) was performed for 5400 

sec after switching off the field. To generate the memory curve, we have repeatedly followed a two-step process after 

the relaxation. In this process, the samples were cooled down to 2 K from 6 K in zero field, and M(t) was measured 

for 900 sec followed by warming of samples back to 6 K in zero field and re-recording the M(t) for 900 sec. Fig. 2 

shows the relaxation curve of parent compound under negative temperature cycle. The 6 K relaxation curve in the 

same field (100 Oe) was measured for reference (Fig. 2). It is observed that the state of the samples before cooling is 

recovered when the sample is cycled back to the initial temperature (6 K). This is a straightforward demonstration of 
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the rejuvenation of magnetic relaxation and memory effect in a cluster-glass system, where the sample remembers 

its previous state even after experiencing a large change in magnetization. 

 
 

In the positive temperature cycle, the samples were cooled down from 100 K to 2 K in a field of 100 Oe. At this 

temperature, M(t) was performed for 5400 sec after switching off the field. To generate the memory curve, we have 

repeatedly followed a two-step process after the relaxation. In this process, the samples were warmed to 6 K from 2 

K in zero field, and M(t) was measured for 450 sec followed by cooling of samples back to 2 K in zero field and re-

recording the M(t) for 450 sec. Unlike the negative temperature cycle, there is no continuity in the M(t) curve at 2 K 

when the temperature is restored. Thus no rejuvenation and magnetic memory effects were observed in the positive 

temperature cycle.  
 
Discussion: The phenomena of rejuvenation and memory effect in the glassy system are usually discussed in the 

framework of two theoretical models: the droplet model and the hierarchical model [6,7]. In the droplet model of the 

glassy phase, there is a characteristic two valleyed free energy landscape related by global spin reversal corresponding 

to each temperature below Tc2. The key feature of the droplet model is symmetrical relaxation behavior for the neg-

ative and positive temperature cycles [6]. On the other hand, the hierarchical model of the glassy phase is a multi-

valleyed free energy landscape at temperature below Tc2.  These free energy valleys are metastable states which split 

into new sub valleys on decreasing the temperature and get merged on increasing the temperature. The observed 

memory effect is explained on the basis hierarchical model.  For the negative temperature cycle (T-ΔT), each meta-

stable state splits into a set of sub valleys while cooling the samples to 2 K from 6 K. If ΔT is large, the energy barrier 

separating the metastable states become too high, and the system cannot overcome these barriers during the time 900 

sec, and the relaxation occurs only within the sub valleys of each set. As the temperature is restored to 6 K, the sub 

valleys and barriers merge back to the original free-energy landscape, and the relaxation at 6 K is not disturbed by 

the intermediate relaxations at 2 K. For the positive temperature cycle (T+ΔT), the barriers between the free energy 

multi valleys get merged on increasing the temperature to 6 K from 2 K, and the relaxations can occur within different 

valleys. When the temperature is restored to 2 K, although the free-energy landscape is restored, the relative occu-

pancy of each valley does not remain the same as before. Thus the state of the system changes after a temporary 

heating cycle showing no memory effect. 
 

https://proceedings.science/p/132501

https://proceedings.science/p/132501


 

 

Conclusion: We prepared polycrystalline samples of Ca3Co2-xBixO6 (x = 0, 0.1, and 0.2) by standard solid-state reac-

tion method. Rietveld refinement of XRD data confirms the single-phase formation, and the compound crystallizes 

in the Rhombohedral structure with space group R3̅c. DC magnetization measurements were performed to illustrate 

the magnetic properties of the system. M(T) ZFC-FC data for the parent compound revealed that the system under-

goes paramagnetic to a partially disordered antiferromagnetic state (Tc1 = 25 K), followed by a glassy transition (Tc2 

= 9 K). The µeff decreases monotonously with the content of Bi. On the other hand, the Curie temperature (θ) shows 

mixed behavior with Bi concentration. Striking feature of memory and rejuvenation effects is observed in all the 

samples for temperature below Tc2. These features were explained in the framework of hierarchical model of the 

glassy phase. 
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Charge density waves (CDWs) show correlated electron transport at the highest known temperatures at ambient 
pressure [1-5]. In linear chain compounds, the CDW condensate modulates the charge along each of N parallel chains, 
𝜌𝜌𝑖𝑖(𝑥𝑥, 𝑡𝑡) = 𝜌𝜌𝑖𝑖0(𝑥𝑥, 𝑡𝑡) + 𝜌𝜌𝑙𝑙1 cos[2𝑘𝑘𝐹𝐹𝑥𝑥 − 𝜙𝜙𝑖𝑖(𝑥𝑥, 𝑡𝑡)], where kinks in 
𝜙𝜙𝑖𝑖 carry charge and can transport electric current. Spin density 
waves are similar and can be viewed as two out-of-phase CDWs 
for the spin-up and -down sub-bands.  
 
We treat CDW transport as the periodic flow of a quantum fluid 
of electron–phonon correlates, or quantum solitons, within the 
condensate [2-4]. Pair creation of charged soliton droplets by an 
applied field 𝐸𝐸 is prevented by their electrostatic energy below a 
Coulomb blockade threshold field, 𝐸𝐸𝑇𝑇 = 𝐸𝐸∗ 2⁄ , where 𝐸𝐸∗ is the 
internal field produced by a soliton-antisoliton pair. This 
threshold corresponds to a “vacuum angle” 𝜃𝜃 = 2𝜋𝜋𝐸𝐸 𝐸𝐸∗⁄ = 𝜋𝜋, 
and is often much smaller than the classical depinning field. In a 
pinned CDW, the potential energy of the ith chain is 𝑢𝑢[𝜙𝜙𝑖𝑖] =
2𝑢𝑢0[1 − cos[𝜙𝜙𝑖𝑖(𝑥𝑥)]] + 𝑢𝑢𝐸𝐸[𝜃𝜃 − 𝜙𝜙𝑖𝑖(𝑥𝑥)]2. The quadratic term is 
the electrostatic energy resulting from the applied field and internal fields created by kinks at the boundaries. Above 
threshold, 𝜃𝜃(𝑡𝑡) is related to the evolving displacement charge 𝑄𝑄(𝑡𝑡) by 𝜃𝜃(𝑡𝑡) = 2𝜋𝜋𝑄𝑄(𝑡𝑡) 𝑄𝑄0⁄ , where 𝑄𝑄0 = 2𝑒𝑒𝑒𝑒 is the 
charge of a fluidic soliton domain wall, an aggregate of many single-chain soliton dislocations.  
 
Figure 1(a) plots u vs  𝜃𝜃 when the energy is minimized for 𝜙𝜙 ~ 2𝜋𝜋𝑛𝑛 when 𝑢𝑢𝐸𝐸 ≪ 𝑢𝑢0. The phases 𝜙𝜙𝑖𝑖 tunnel coherently 
into the next well via a matrix element T  [Fig. 1(b)] as each charging energy branch, ~ (𝜃𝜃 − 2𝜋𝜋𝑛𝑛)2, crosses the next 
at the instability points 𝜃𝜃 = 2𝜋𝜋(𝑛𝑛 + 1 2⁄ ). The time-correlated soliton tunneling model [2-4] includes a shunt 
resistance R, representing normal, uncondensed electrons, in parallel with a capacitive tunnel junction depicting 
soliton tunneling [Fig. 1(c)].  Advancing the phases by 2𝜋𝜋𝑛𝑛 creates multiple pairs of fluidic domain walls that are 
driven outward by the applied field. As in time-correlated single electron tunneling, the voltage is proportional to net 
displacement charge, 𝑉𝑉 = (𝑄𝑄0 2𝜋𝜋𝐶𝐶⁄ )[𝜃𝜃 − 2𝜋𝜋𝑛𝑛]. If the expectation value 〈𝜙𝜙〉 among 𝑒𝑒 parallel chains advances by a 
fraction or non-integer multiple of 2𝜋𝜋𝑛𝑛, the voltage and normal current are 𝑉𝑉 = (𝑄𝑄0 2𝜋𝜋𝐶𝐶⁄ )[𝜃𝜃 − 〈𝜙𝜙〉] and 𝐼𝐼𝑛𝑛 = 𝑉𝑉 𝑅𝑅⁄ , 
respectively. Using 𝐼𝐼𝐶𝐶𝐶𝐶𝐶𝐶 = 𝐼𝐼 − 𝐼𝐼𝑛𝑛 = (𝑄𝑄0 2𝜋𝜋⁄ )(𝑑𝑑𝜃𝜃 𝑑𝑑𝑡𝑡⁄ ), and defining 𝜔𝜔 = 2𝜋𝜋𝐼𝐼 𝑄𝑄0⁄  and 𝜏𝜏 = 𝑅𝑅𝐶𝐶, yield the time 
evolution equation, 𝑑𝑑𝜃𝜃 𝑑𝑑𝑡𝑡⁄ = 𝜔𝜔 − [𝜃𝜃 − 〈𝜙𝜙〉] 𝜏𝜏⁄ . We compute 〈𝜙𝜙〉 by solving the Schrodinger equation, 
𝑖𝑖ℏ 𝑑𝑑Ψ𝑛𝑛,𝑛𝑛+1 𝑑𝑑𝑡𝑡⁄ = 𝑈𝑈0Ψ𝑛𝑛,𝑛𝑛+1 + 𝑇𝑇Ψ𝑛𝑛+1,𝑛𝑛. This describes Josephson-like coupling between successive branches via the 
tunneling matrix element T. Here Ψ𝑛𝑛 depicts the macrostate amplitude for the system to be on branch n [Fig. 1(a)]. 
We interpret Ψ𝑛𝑛 to be classically robust order parameters, whose magnitudes grow and diminish when the system 
evolves between successive branches.  
 
The quantum fluid thus flows in drip-like fashion as microscopic entities tunnel coherently from one charging energy 
macrostate to the next. Using this model, we have performed simulations of coherent oscillations, narrow band noise, 
and current–voltage characteristics [2-4].  Despite the model’s simplicity, we find unparalleled agreement between 
theory and experiment.  We have also begun to explore possible collective quantum behavior up to 474 K [5] and 
applications in quantum information processing. These include, for example, quantum reservoir computing, as 
suggested by rapid CDW natural learning phenomena that occur in the presence of dissipative normal electrons. 

  
[1] P. Monceau, Adv. Phys. 61, 325 (2012). 
[2] J. H. Miller, A. I. Wijesinghe, Z. Tang, and A. M. Guloy, Phys. Rev. Lett. 108, 036404 (2012). 
[3] J. H. Miller, A. I. Wijesinghe, Z. Tang, and A. M. Guloy, Phys. Rev. B 87, 115127 (2013). 
[4] J. H. Miller and M. Y. Suárez-Villagrán, Appl. Phys. Lett. 118, 184002 (2021). 
[5] S. G. Zybtsev et al, J. Alloys Compd. 854, 157098 (2021). 
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FIG. 1. (a) Potential energy vs θ for φ ~ 2πn.   
(b) u(φ) when θ  > π as the CDW phases φ i (x) 
tunnel coherently into the next well. (c) Time-
correlated soliton tunneling model [2-4]. 
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The recent development of time-resolved resonant inelastic x-ray scattering (TRRIXS) opens a new avenue for 
probing collective two-particle excitation, from which one can investigate novel photoinduced nonequilibrium 
phenomena in the wide range of momentum and energy spaces. RIXS can probe not only charge excitation but also 
magnetic excitation if one uses incident x rays tuned for L edge in transition metals. If the lifetime of an intermediate 
state in the L-edge RIXS process is short enough, the dominant contribution to the RIXS spectrum comes from the 
dynamical charge and spin structure factors. It is also numerically shown that even for a realistic lifetime scale of an 
intermediate state in cuprate materials, the magnetic excitation in RIXS gives information on the dynamical spin 
structure factor [1]. Therefore, TRRIXS is an ideal tool for characterizing transient spin dynamics. 
We theoretically investigate momentum dependent spin 
excitation that evolves after pumping within a femtosecond 
timescale in the antiferromagnetic Mott insulator on a square 
lattice [2]. Using a numerically exact-diagonalization technique 
based on the time-dependent Lanczos method for a half-filled 
Hubbard model with a 4×4-site lattice, we find novel 
momentum-dependent transient spin dynamics. In particular, we 
demonstrate characteristic temporal oscillations for the intensity 
of the dynamical spin structure factor, showing an antiphase 
behavior for two orthogonal directions in the momentum space, 
which are parallel and perpendicular to the electric field of a 
pump pulse. The same behavior is also seen in the static spin 
structure factor as demonstrated in Fig.1. Their oscillation period 
in time is determined by two-magnon excitation in the Mott 
insulator. This theoretical prediction will be confirmed for Mott 
insulating cuprates and iridates once TRRIXS is ready for a 
femtosecond timescale. 
 

 
[1] T. Tohyama and K. Tsutsui, Int. J. Mod. Phys. B 32, 1840017 (2018). 
[2] K. Tsutsui, K. Shinjo, and T. Tohyama, Phys. Rev. Lett. 126, 127404 (2021). 

 
E-mail for corresponding author:  tohyama@rs.tus.ac.jp 
 

 
Fig. 1. Time t dependence of the static spin struc-
ture factor for the half-filled 4×4 Hubbard lattice 
with nearest-neighbor hopping th=1 and on-site 
Coulomb interaction U=10. The profile of the 
pump pulse is shown at the bottom left-hand side. 
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in CeRh2X2 (X=Si and As) and Ba2IrO4 

 
R. J. RADWANSKI 1,2,   D. M. NALECZ1   and    Z. Ropka2  

 
1 Institute of Physics, Pedagogical University, 30-084 Krakow, Poland 
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We point out the scientific importance of the increasing evidence for the existence of the discrete low-
energy meV-energy  states in compounds containing atoms with incomplete 4f, 5f, 3d shells and 
recently in iridates (5d shell). There is growing evidence for their existence also in heavy-fermion 
intermetallics and 3d oxides.  The low-energy electronic structure, below 1 meV, turn out to exist in 
such hall-mark heavy-fermion compounds like YbRh2Si2, UPd2Al3, CeRh2X2 (X=Si and As) establishing 
the valency, the charge distribution and the width of the discrete low-energy meV-energy scale states. 
We established the charge Ce state for CeRh2Si2 - it will be compared with recent band-structure 
results obtained for CeRh2As2 (Phys. Rev. B 104(21)041109, arXiv:2102.02735). We underline the 
existence of the crystal-field states in these metallic systems  having in mind an administration 
statement of the Polish Highest Scientific Committee (BCK-V-P-1262/02  (2003) that "applying the 
crystal-field theory to compounds conducting  current is erroneous" (Acta Physica 12&13(2007) and 
16&17(2008)).  The obvious nonsense, but such nonsense postponed  the real professor scientific 
carrier by 10 years - it documents that the existence of crystal-field ionic states and discrete low-
energy electronic structure in intermetallics was not obvious.  
 In 3d oxides, like NiO, FeO, LaCoO3, we would like to point out that the present literature  ab initio 
calculations offer the description of the electronic structure of 3d compounds in the eV energy scale 
only, i. e. with 1000 times less accuracy than our theoretical atomistic-based approach.  In our 
description, what we call as the Quantum Atomistic Solid State (QUASST) theory, we underline the 
preservation of the atomic/ionic integrity of  involved transition-metal atoms (= integer number of 
localized d/f electrons, like Ni2+, Fe2+ or Co3+ ions), when they become a full part of the compound. 
QUASST formulated in 2000 underlines the fundamental importance of the relativistic intra-atomic 
spin-orbit interactions also for 3d oxides.  Such starting point, quite obvious to experimentalists,  is in 
sharp contrast to results of  a quite recent publication in Phys. Rev. B (93(16)085106, 
arXiv:1601.03985)  in which authors have claimed that in an iridium oxide Ba2IrO4 the valency of Ba is 
1.5+ (in contrast to the expected charge state of 2+) and iridium of 2.65+ (instead of the expected 
4+).  Authors have strongly stated that accepting the charge state in oxides on basis of  the ionic 
model, called by these authors as "naive", is completely erroneous as the real charge state is largely 
different. The publication of so strange theoretical results in Phys. Rev. B proves the scientific 
necessity of the formulation of reasonable and physically adequate Quantum Atomistic Solid State 
theory (QUASST). We claim that in Ba2IrO4 the charge distribution is very close to the ionic, Ba2+, O2- 
and Ir4+. The multiple electronic structure observed in Ba2IrO4 at neighborhood of 0.6 eV is a finger 
print of the tetravalent iridium charge state.   
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Structural and spectroscopic investigation of the charge-ordered, short-
range ordered, and disordered phases of the Co3O2BO3 ludwigite
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TARTAGLIA1, Lais RABELLO2, Alberto MENDONÇA3, Luis GHIVELDER3, Mucio CONTINENTINO4,
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Charge-ordering is  prone to occur  in  crystalline materials with mixed-valence ions.  It  is
presumably  accompanied  by  a  structural  phase  transition,  with  possible  exceptions  in
compounds that already present more than one inequivalent site for the mixed-valence
ions in the charge-disordered phase [1 – 3]. In this work, we investigate the representative
case of the homometallic Co ludwigite Co2+

2Co3+O2BO3 (Pbam space group) with four distinct
Co crystallographic sites [M1 –  M4] surrounded by oxygen octahedra.  The mixed-valent
character of the Co ions up to at least T=873 K is verified through X-ray absorption near-
edge structure (XANES) experiments. X-ray diffraction (XRD) and neutron powder diffraction
(NPD)  confirm that the Co ions at the  M4 site are much smaller than the others at low
temperatures, consistent with a Co3+ oxidation state at M4 and Co2+ at the remaining sites.
The size difference between the Co ions in the  M4 and  M2 sites is continuously reduced
upon warming above ~ 370K, indicating a gradual charge redistribution within the M4 – M2
– M4 (424) ladder in the average structure. Minor structural anomalies with no space group
modification  are  observed  near  475  and  495  K,  where  sharp  phase  transitions  were
previously revealed by calorimetry and electrical resistivity data. An increasing structural
disorder, beyond a conventional thermal effect, is noted above ~ 370 K, manifested by an
anomalous  increment  of  XRD  Debye-Waller  factors  and  broadened  vibrational  modes
observed by Raman scattering. The local Co – O distance distribution, revealed by Co  K-
edge  Extended  X-Ray  Absorption  Fine  Structure  (EXAFS)  data  and  analyzed  with  an
evolutionary algorithm method, is similar to that inferred from the XRD crystal structure
below ~ 370 K.  At higher temperatures,  the local  Co – O distance distribution remains
similar to that found at low temperatures, at variance with the average crystal structure
obtained  with  XRD.  We  conclude  that  the  oxidation  states  Co2+ and  Co3+ are
instantaneously  well  defined  in  a  local  atomic  level  at  all  temperatures,  however  the
thermal  energy  promotes  local  defects  in  the  charge-ordered  configuration  of  the  424
ladders  upon warming.  These  defects  coalesce  into  a  phase-segregated  state  within  a
narrow temperature interval (475 < T < 495 K). Fe3O2BO3 also shows a transition at ~ 500 K
as revealed by differential  scanning calorimetry (DSC), indicating that high-temperature
phase transitions involving short-range charge-ordered states are not restricted to the Co
ludwigite.

[1] C. W. Galdino et al. Physical Review B 100, 165138 (2019)
[2] N. Kazak et al. Physical Review B 103, 094445 (2021)
[3] D. C. Fretas et al. Physical Review B 94, 174409 (2016)
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The magnetic properties of site-disordered Ni5Sn(O2BO3)2 ludwigite have carefully been studied using local probes 

and bulk experimental methods in temperatures down to 1.6 K and magnetic fields up to 9 T. Our results have clearly 
shown the role of the effect of order/disorder site occupancy in these complex compounds with spin moments S = 1. 

Different from most ludwigites, site-disordered Ni5Sn(O2BO3)2 ludwigite has shown three magnetic transitions at 80, 

50, and 5 K. Local probes (119Sn Mössbauer and muon spin spectroscopy) have indicated a partial long-range 

magnetic order with onsets at 80 and 50 K with predominant ferromagnetic interactions at 80 K and antiferromagnetic 
ones at 50 K. At lower temperatures, a partial spin-glass-like freezing of the moments has been developed 

concomitantly with fraction of the moments ordered at higher temperatures, a spin-glass-like and long-range 

magnetic order coexist, and a spontaneous exchange bias effect has been observed. Applied magnetic fields have 
gradually reduced magnetic frustration, leading to a magnetically ordered state of the complete structure at 51 K 

under 9 T. The absence of double-exchange interactions in order/disorder Ni5Sn(O2BO3)2 ludwigites shows how the 

magnetic interactions that compete as direct exchange and double exchange are modified by the site occupancy of 
nonmagnetic Sn ions. Features as a third magnetic transition, the appearance of spontaneous exchange bias, and the 

enhancement of the coercive field at low temperatures were not found in the site-ordered isomer compound.[1] 

   
[1] C. P. C. Medrano, E. Sadrollahi, R. G. M. Da Fonseca, E. C. Passamani, D. C. Freitas, M. A. Continentino, 

D. R. Sanchez, F. J. Litterst, and E. Baggio-Saitovitch, Physical Review B, 103, 064430 (2021). 
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Because of the heaviness of f elements and the compactness of f orbits, the energy scale of 
crystal-field (CF) effect is much weaker than that of spin-orbit coupling (SOC) for f-electron 
systems. As a result, CF interaction plays an important role in the low-temperature physics of 
these materials. In particular, if the CF ground state processes orbital degeneracy, it supports 
multipole moments, with quadrupole moments being the most common one.

For investigation of the CF and quadrupolar physics of 4f-electron systems, polarization-resolved 
Raman spectroscopy is a well suited experimental technique. Besides supreme spectral resolution, 
this method offers the ability to disentangle the long-wavelength excitation spectra into individual 
symmetry channels. By controlling the polarization of the incident and scattered light, we can 
identify the symmetry of different CF levels and separate quadrupolar excitations from other 
signals. In particular, light scattering provides unique access to transitions involving two quanta 
change of angular momentum compared to scattering techniques using neutrons or electrons.

In this talk, we use three 4f-electron systems, CeB6, TbInO3, and YbRu2Ge2, to present the 
essential aspects of CF excitations and quadrupolar fluctuations. For CF excitations, we discuss 
the establishment of CF level scheme from measured Raman spectra. We illustrate how the 4f 
orbit is split by SOC and CF potential (see the figure below), and show the relevant spectra of 
inter- and intra-multiplet excitations over a large energy range. Moreover, we explain how 
correlation effects manifest themselves through the spectral linewidth via self-energy effect. For 
quadrupolar fluctuations, we discuss both ferroquadrupolar (FQ)  and antiferroquadrupolar (AFQ) 
cases. We demonstrate that inelastic light scattering can directly probe FQ fluctuations, and 
capture the FM correlations induced by the tendency towards AFQ ordering. We further show that 
the strength of exchange interactions between local quadrupoles can be evaluated by analyzing 
the Raman susceptibility.

We start with CeB6 which has simple cubic lattice structure and 4f1 Ce3+ electronic configuration 
[1]. Beside analyzing its CF level scheme, we show that the spectral linewidth of the CF 
excitations increases on cooling below 80K, at which temperature the electric resistivity shows its 
maximum. This coincidence points to the relationship between the broadening of CF linewidth 

https://proceedings.science/p/132421
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and Kondo physics. Next we discuss the two-dimensional spin-liquid candidate TbInO3 [2]. It 
remains unclear whether its magnetic lattice has honeycomb or triangular symmetry at low 
temperature. Despite of its complex 4f8 Tb3+ electronic configuration, we demonstrate that the Tb 
ions have a non-Kramers doublet ground state, which supports the scenario of triangular magnetic 
lattice. We further relate the enhanced linewidth of the CF modes to the magnetic fluctuations 
near the spin-liquid ground state.

Then, we study the FQ ordering of YbRu2Ge2 [3]. This FQ phase is a realization of electronic 
nematic states since the electronic properties spontaneously break the four-fold rotational 
symmetry of the tetragonal crystal. The electronic Raman susceptibility in quadrupolar symmetry 
channels exhibit nearly Curie-law behavior, indicating weak exchange interactions between local 
quadrupoles. It is the relatively strong coupling between the quadrupole moments and lattice 
strain fields, analogous to cooperative Jahn-Teller effect, that is essential for the FQ transition at 
finite temperature. CeB6, instead, has an antiferroquadrupolar (AFQ) phase at low temperature. 
Because the quadrupoles order at a finite wave vector, their fluctuations cannot be directly probed 
by inelastic light scattering. However, above the transition temperature the tendency towards 
AFQ ordering induces ferromagnetic (FM) correlations which exhibit as long-wavelength 
magnetic fluctuations in Raman spectra.

We acknowledge grant support from NSF DMR-1709161 and DMR-2105001.
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Evolution of the 4f-orbital energy with crystal-field (CF) potential, represented by the inverse 
lattice constant a-5, and spin-orbit coupling (SOC) strength ξ for CeB6. From left to center: 
increasing CF potential in the absence of SOC, and then increasing SOC strength in the existence 
of full CF potential. From right to center: increasing SOC strength in the absence of CF potential, 
and then increasing CF potential in the existence of full SOC strength. The symmetry of CF states 
is characterized by the irreducible representations of Oh point group.

[1] M. Ye et. al., Phys. Rev. Materials 3, 065003 (2019).
[2] M. Ye et. al., arXiv:2015.12656 (2021)
[3] M. Ye et. al., Phys. Rev. B 99, 235104 (2019)
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Floquet engineering multi-channel Kondo systems 
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Floquet engineering is a powerful tool that consists of driving materials with periodic light. We show that Kondo 
impurities and Kondo lattices can be Floquet-tuned to generate multichannel Kondo physics even when the 
equilibrium case has a single channel. By changing the driving protocol, we can tune to two and three-channel 
multicritical points. These emergent channels are differentiated by symmetry, and their strength can be controlled by 
light polarization, frequency, and amplitude. In particular, unpolarized light, constructed by polarization 
averaging [1], can be useful for designing multichannel Kondo lattices that present Floquet-induced Kondo couplings 
not found in equilibrium. We first demonstrate our findings in a toy model on the square lattice. Then, we explore a 
realistic model for J=5/2 Ce ions in a tetragonal environment, which presents unique features arising from the spin-
orbit coupling. The multichannel Kondo lattice can give rise to composite pair superconductivity, and we discuss 
how the nature of the superconductivity can be tuned, with application to the 115 materials. 

 
[1] V. L. Quito and R. Flint, PRL, 126, 177201 (2021). 
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Quantitative investigation of the Kondo interaction in the quasikagome lattice
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Recently, geometrical frustration was proposed as a new tuning parameter in Kondo systems [1] and was shown to
play an important role in CePdAl where the Ce ions occupy a quasikagome lattice.  CePdAl is a low  TK (6K)
Kondo compound that orders magnetic below 2.8K but only 2 of the 3 Ce ions participate in the antiferromagnetic
order [2]. CeRhSn crystallizes in the same ZrNiAl-type structure [3]. It exhibits a much larger Kondo scale of
TK=200K and remains non-magnetic down to at least 50mK. Upon the application of uniaxial stress, a long-range
magnetic ordered state forms although the application of pressure should rather strengthen the hybridization of the
4f and conduction electrons. Hence, it was concluded that frustration is present in the ambient pressure phase [4]
and that uniaxial stress suppresses frustration so that an ordered state can form.  Substitution of Pd on the transition
metal site, CeRh1-xPdxSn, maintains the same structure up to x=0.8 and specific heat and magnetic susceptibility
suggest  the  formation  of  magnetic  order  above  a  critical  value  x  [5].  Hence,  CeRh1−xPdxSn  is  a  promising
substitution series to investigate the interplay of geometrical frustration, Kondo, and RKKY interaction. 
Here we present hard x-ray photoelectron spectroscopy (HAXPES) data of the CeRh1−xPdxSn substitution series for
x=0, 0.1, 0.3, 0.5, 0.75. The Ce core emission signals exhibit a clear change from an intermediate valent ground
state in CeRhSn ( Ce-type) to a more localized state in CeRh0.25Pd0.75Sn ( Ce-type). We analyze the data in a
quantitative  manner  by  comparing  our  findings  to  a  configuration-interaction  model  with  a  ground  state
α|f 

0>+β|f 
1L>+γ|f 

2L> in combination with a full-multiplet calculation [6,7]. Finally, we compare our findings to
valence band spectra and band structure calculations to get  further insight  into which states participate in the
hybridization.

[1] P. Coleman and A. H. Nevidomskyy, J. Low Temp. Phys., 161, 182 (2010).
[2] V. Fritsch et al., J. Phys.: Conf. Series, 807, 032003 (2017) and references therein.
[3] R. Pöttgen and B. Chevalier Z. Naturforschung B, 70, 289–304 (2015).
[4] R. Küchler et al., Phys. Rev. B, 96, 241110 (2017).
[5] C. L. Yang et al., Phys. Rev. B, 96, 045139 (2017).
[6] F. Strigari et al., J. Elec. Spect. and Rel. Phen. 199, 56–63 (2015).
[7] M. Sundermann et al., J. Elec. Spect. and Rel. Phen. 209, 1-8 (2016).
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The Kondo effect has been attracting the physicists' attention for almost half a century and recent developments 

in the implementation of nanoscale systems turned the Kondo physics even more extensively studied. 

On the other hand, the concept of Majorana fermions, particles that are their own antiparticles, also had to wait 

several decades to gain significant attention until the topological superconductors were proposed. Both areas are 

nowadays being extensively studied and have become very attractive research fields with the recent state-of-the-art 

theoretical and experimental techniques. In this communication we focus our attention on the intersection of these 

two fields, investigating the Kondo-correlated multi-impurity systems coupled with the topological superconductor. 

In particular, a double quantum dot system is a notable example where strong correlations play a significant role, 

giving rise to the two-stage Kondo effect. The goal of this work is thus to analyze how the presence of Majorana 

bound states affects the heat and charge transport properties of a strongly correlated double quantum dot coupled 

to one-dimensional topological superconducting nanowire hosting Majorana bound states. To obtain the most reliable 

results, we have employed the well-established numerical renormalization group method, analyzing, among others, 

the respective spectral functions as well as the temperature dependence of the conductance and the thermopower. 

We show that the presence of Majorana quasiparticles significantly affects the second-stage Kondo screening, giving 

rise to a fractional value of the low-temperature conductance in one spin channel, which is directly coupled to the 

nanowire. Moreover, we signalize such effects as the characteristic thermopower sign change induced by the coupling 

to Majorana wire, as well as the unconventional behavior of the spin polarization in the presence of a topological 

superconductor. 

This work is supported by the National Science Centre in Poland through No. DEC-2018/29/B/ST3/00937. 
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It is argued [1] that the unusual “states-non-conserving” fermion density of states, deduced from 

the specific heat of several families of hole-doped cuprates, points towards interpretations of the 

pseudogap based on the suppression of a Kondo or heavy fermion-like density of states by 

antiferromagnetic spin fluctuations. 

 

               [1]  http://arxiv.org/abs/2108.02108 
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We have performed a systematic study of the electron-doped spin-gap system Ce(Fe1-xIrx)2Al10 (0 ≤ x ≤ 0.15). Inelastic 

neutron scattering along with thermal and transport measurements reveal that in the Kondo insulator CeFe2Al10, the 

low-temperature energy gap which is proposed to be a consequence of strong c-f hybridization, is suppressed by a 

small amount of Ir doping, and that the system crosses over to a metallic ground state. The charge gap or transport 

gap collapses (at x =0.04) faster than the spin gap with Ir doping. Magnetic susceptibility, heat capacity, and muon 

spin relaxation measurements demonstrate that the system undergoes long-range antiferromagnetic (AFM) order 

below a Neel temperature, TN, of 3.1(2) K for x = 0.15. We conclude that the suppression of the Kondo insulating 

state in CeFe2Al10 by Ir-doping and emergence of an AFM metallic ground state is realized by the combined effect 

of a rapid collapse of the spin/charge gap and an increase of the density of states at the Fermi level. This suggests 

that a c-f hybridization gap may not be necessary to form the AFM order with low value of TN as in x = 0.15, compared 

to its important role in the anomalous high ordering AFM ground state observed in CeT2Al10 (T = Ru and Os) 

compounds.  
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Magnetism at high pressures: search for quantum spin liquids in 5d oxides

Daniel HASKEL1

1Advanced Photon Source, Argonne National Laboratory, Argonne IL 60439

The connection between quantum spin liquids and possible routes to high Tc superconductivity and topological
quantum computing has led to a flurry of activity aimed at generating and detecting these unusual quantum states.
Realizing this elusive state of matter in real materials has been challenging as it requires fine tuning of exchange
(magnetic)  interactions  to  drive a  frustrated,  dynamically  disordered,  magnetic  state.  Unlike chemical  doping,
applied pressure has the ability to tune interatomic distances and bond angles without adding chemical disorder
hence providing a unique pathway to balancing exchange interactions and stabilizing quantum spin liquid states.
Third-row transition metal (5d) oxides with honeycomb- and square-lattice structures have recently emerged as
potential candidates to host quantum spin liquid states as a result of strong spin-orbit coupling and large spatial
extent of 5d orbitals. We search for possible emergence of spin liquid ground states in Li2IrO3 and Sr2IrO4 under
the application of external pressure using newly developed capabilities for polarization-dependent x-ray resonant
magnetic scattering and x-ray magnetic circular dichroism measurements [1-4].

Work at Argonne is supported by the US Department of Energy, Office of Science, Office of Basic Energy 
Sciences, under Contract No. DE-AC-02-06CH11357.
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The scalar spin chirality (SSC) is defined as a mixed product of three neighbouring, non-coplanarly oriented spins: 

χijk = Si ∙ (Sj × Sk). When SSC becomes non-zero, it affects the motion of conduction electrons causing them to 

accumulate the Berry phase and thus experience the presence of emergent, fictitious magnetic field. This gives a rise 

to the geometrical responses in off-diagonal transport properties such as Hall and Nernst effects, and thus provides a 

direct link between the magnetic structure topology and measurable experimental observables. The finite SSC has 

been found to arise from the long range magnetic ordering with non-coplanarly arranged spins [1] or from spin 

textures such as skyrmions [2]. Next to the static spin arrangements, it has been previously been found that the scalar 

spin chirality can also originate from an average structure of thermally canted spins [3,4]. The experimental reports 

on this scenario were however rare, and limited to the materials with conduction electrons strongly Hund's-rule 

coupled to the local magnetic moments. 

 

We demonstrate that the mechanism of scalar spin chirality induced by thermal fluctuations is not an unique property 

of strongly coupled magnets, but is relevant also for the highly conducting magnetic material with weak coupling 

scheme of the itinerant electrons. Our experimental evidence is based on the observation of the geometrical features 

in both Hall and Nernst responses near the Curie temperature of Nd3Ru4Al12 [5], a ferromagnet with magnetic 

structure constructed of spin trimers [6]. Additional support to the experiment is delivered by Monte Carlo 

simulations of a classical spin model.  

 

We find that the responses caused by the emergence of SSC created by thermal fluctuation in the vicinity of the Curie 

temperature are large, and even exceed the spin-coupling driven anomalous transport contributions [5]. Further 

analysis of the geometrical counterparts of Hall and Nernst effects, including the comparison of their sign and 

magnitude in fundamental units, we find the arguments for the necessity to employ the momentum space Berry 

curvature approach [7,8] to model the link between scalar spin chirality and transport responses. 
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[2] N. Nagaosa and Y. Tokura, Nature Nanotechnology 8, 899–911 (2013) 
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(2021),  

[6] D. I. Gorbunov et al., Physical Review B 93, 024407 (2016) 

[7] L. Xu et al., Physical Review B 101, 180404(R) (2020) 
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Incommensurate quantum magnetism and multiple-q magnetic order in synthetic
antlerite, Cu3SO4(OH)4
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9Institut Laue-Langevin, 71 Avenue des Martyrs, CS 20156, CEDEX 9, Grenoble, France

In frustrated magnetic systems, geometric constraints or the competition amongst interactions introduce
extremely high degeneracy and prevent the system from readily selecting a low-temperature ground
state. In the mineral antlerite, Cu3SO4(OH)4, Cu2+ (S=½) quantum spins populate triangular-lattice three-
leg ladders in a novel highly-frustrated quasi-one-dimensional structural motif. We demonstrate that this
mineral  hosts several  exotic  magnetic  phases,  including a candidate multiple-q  phase,  and that  the
magnetic ground state is not idle-spin as previously proposed. Such phases are extremely uncommon in
centrosymmetric compounds of 3d and lighter elements, and the discovery of such a phase in antlerite is
likely to open a new route to finding new materials platforms for novel magnetic order.

Figure 1.  Left:  Magnetic ground state of antlerite, Cu3SO4(OH)4.  Right:  Splitting of the strongest
commensurate magnetic reflection into two incommensurate peaks.
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Recently, the natural mineral atacamite, Cu2Cl(OH)3, has been established as a unique model compound of the  

S = 1/2 quantum sawtooth chain with dominant magnetic exchange couplings J1 ~ 360 K along the chain spine and 

J2 ~ 100 K within the sawteeth [1,2]. Due to residual interchain couplings of a few Kelvin, atacamite is driven into a 
long-range ordered antiferromagnetic ground state below TN = 8.4 K, where the spin systems of the two inequivalent 

Cu sites are aligned almost perpendicular to each other [1]. 

By means of pulsed-field magnetometry, we have shown that the antiferromagnetic state is suppressed in magnetic 
fields of ~ 30 T for H || b axis. Here, starting at 31.5 T, the magnetization becomes plateau-like at M ~ Msat/2 up to 

the highest experimental field of 65 T [1]. This transition is sharp at lowest temperatures and broadens as the 

temperature is increased. The exact nature of this unusual state is unknown at present, but a scenario has been put 

forward in Ref. [1], explaining the behavior as arising from two perpendicular spin systems with quenched 
fluctuations. 

Starting from this situation, in additional pulsed-field experiments, we have measured the high-field magnetization 

and magnetostriction for fields applied along the a and c axes. We find the flattening of the magnetization present in 
both configurations resulting in highly anisotropic magnetic phase diagrams – for H || c axis M(H) flattens above 

21.6 T and for H || a axis above 35 T. Here, we present our most recent results on the magnetic phase diagram for  

H || c axis, which we probe by means of high-field specific heat and 1H-NMR experiments in the field regime of the 
antiferromagnetic phase and beyond, i.e., in the field region of the plateau-like magnetization. We discuss our results 

in view of the proposed scenarios put forth regarding the high field state. 

 

[1] L. Heinze et al., Phys. Rev. Lett. 126, 207201 (2021). 
[2] L. Heinze et al., Physica B 536, 377 (2018). 
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We report the discovery and systematic study of single crystals of CeLiBi2 using magnetization, specific heat, and 

resistivity measurements. CeLiBi2 resides in a large family of CeTX2 (T = transition metal or alkali; X = pnictogen) 

P4/nmm materials showing quantum criticality [1-2], successive metamagnetic transitions [3], and nematic order [4]. 

In this family, the magnetic ground state is closely linked to the crystalline electric field ground state derived from 

splitting the J = 5/2 Ce3+ spin orbit coupled manifold into a series of three Kramers doublets. When the ground state 

is comprised of a Γ7 doublet, the materials exhibit antiferromagnetism, and if the ground state is a Γ6 doublet, 

ferromagnetism arises [5]. Surprisingly, the asymmetric magnetic susceptibility response of CeLiBi2 indicates the 

ground state Kramers doublet is Γ6, yet a sharp decrease in susceptibility at TN = 3.4 K suggests the ordered state is 

antiferromagnetic. Specific heat and resistivity measurements further indicate antiferromagnetism in CeLiBi2. The 

sharp specific heat anomaly and cusp in resistivity near 3.4 K shift to lower temperatures with increasing external 

ab-plane magnetic field up to µ0H = 3 T, above which the features broaden. Resistivity versus field along the c-axis 

indicates two additional field induced transitions at µ0H = 2 T and 6 T with successively increasing 

magnetoresistance. The phase boundaries between these field induced states are tracked via thermal expansion 

measurements. 
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(1 blank line) 
Pyrochlore iridates present a unique interplay of magnetic frustration, electron correlation, and spin orbit coupling. 

A Weyl semimetal state was proposed to exist in these materials when time reversal symmetry is broken by the all-

in-all-out (AIAO) ordering of the Ir moments. Nd2Ir2O7 is the best candidate to live up to the expectations due to the 

existence of a quadratic band touching at the Fermi energy and a moderate opening of the band gap below the 

transition temperature. It undergoes successive magnetic ordering of the Ir and Nd moments, with much unknown 

about these magnetic states and the related changes of the electronic structure. Using polarized Raman scattering 

spectroscopy we can separate the responses of electronic and magnetic degrees of freedom, and follow their 

temperature dependence through the phase transition and down to T=7 K. We observe a step-like opening of the 

optical gap on the MI transition. We detect evidence of the short-range Ir spin correlations in the metallic state. 

Magnetic excitations increase in intensity in the insulating state and harden on the onset of the AIAO magnetic 

ordering of the Nd moments at 17 K and resemble excitations in other insulating pyrochlore iridates only below 10 

K, when the Nd long-range magnetic order is present in this material. 
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Magnetic impurities embedded in a low carrier density material such as EuB 6 lead to a strong coupling between the
localized  moment  and the  conduction  electrons.  In  the  case  of  EuB 6 this  leads  to  the  formation  of  so-called
"magnetic polarons" or regions of spin polarization which trap the mobile carriers. We were able to observe the
formation of magnetic polarons in EuB6 using small  angle neutron scattering (SANS).  These experiments also
revealed unusually strong magnetic fluctuations which are most likely due to the formation of magnetic polarons.
We then used angular dependent magnetoresistance measurements (AMRO) to map the temperature magnetic field
phase diagram in EuB6 [1]. These measurements reveal that the inversion symmetry is broken in the region of the
phase diagram where we observe magnetic polarons. This suggests the formation of a quantum nematic, due to the
granular nature of the electronic landscape generated by the magnetic polarons.

[1] G. Beaudin, arXiv:2008.09140.

E-mail for corresponding author: andrea.bianchi@umontreal.ca

https://proceedings.science/p/132578
Powered by TCPDF (www.tcpdf.org)

https://proceedings.science/p/132578
http://www.tcpdf.org


 
 

Observing separate spin and charge Fermi seas in a strongly correlated one-dimensional conductor 
 
Pedro Vianez1, Yiqing Jin1, María Moreno2, Ankita Anirban1, Anne Anthore3, Wooi Kiat Tan1, Jonathan Griffiths1, 

Ian Farrer4, David Ritchie1, Andrew Schofield5, Oleksandr Tsyplyatyev6, Christopher Ford1 
 

1Department of Physics, Cavendish Laboratory, University of Cambridge, Cambridge, UK 
2Departamento de Física Aplicada, Universidad de Salamanca, Salamanca, Spain 

3Université de Paris, C2N, Paris, France 
4Department of Electronic & Electrical Engineering, University of Sheffield, Sheffield, UK 

5Department of Physics, Lancaster University, Lancaster, UK 
 6Institut für Theoretische Physik, Universität Frankfurt, Frankfurt, Germany 

 
An electron is usually considered to have only one type of kinetic energy, but could it have more, for its spin 

and charge, or by exciting other electrons? In one-dimension (1D), the physics of interacting electrons is captured 
well at low energies by the linear Tomonaga-Luttinger Liquid (TLL) model, with hallmark predictions, such as spin-
charge separation, having already been observed [1]. Recent theoretical work has focused on extending the theory to 
deal with more realistic curved dispersions [2, 3], however, little has been observed experimentally to date [4]. 

Here, we report on measurements of many-body modes in gated 1D wires connected via air-bridges [5] and 
using a momentum-resolved tunnelling spectroscopy technique (Fig. 1A). We map the 1D dispersion in a variety of 
devices, both in and out of equilibrium, and observe the formation of two separate Fermi seas at high energies, 
associated with spin and charge excitations, which cannot be accounted for by the non-interacting model (Fig. 1B) 
[6]. We are able to control the electron density in the wires by tuning the level of confinement down to a density of 
about 18 electrons per micron. Similarly, by progressively occupying more 1D subbands we are able to change the 
amount of inter-subband screening by over 50%, consequently varying the effective interaction strength, in situ, all 
the way from the non-interacting limit g=1 down to g=0.5 (Fig. 1C). Our spectroscopy technique offers an important 
tool for probing strongly correlated systems of varying interaction strength. 

Fig. 1 Two Fermi seas. (A) Scanning electron microscopy (SEM) micrographs of a tunnelling device. Inset: Air-
bridge interconnections. (B) Map of the tunnelling conductance (G) differential dG/dVDC vs DC bias VDC (∝	energy) 
and in-plane magnetic field B (∝ momentum). Superimposed curves mark all possible single-electron tunnelling 
processes. Resonant dispersions of spin and charge are marked by the dashed green and magenta lines, respectively. 
Inset: dG/dB around the +kF point showing spin-charge separation. (C) Ratio of holon-to-spinon masses and spinon-
to-holon velocities vs interaction parameter rs for devices of different lengths. 
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[4] Y. Jin et al., Nat. Commun. 10, 2821 (2019) 
[5] Y. Jin, P. Vianez, et al., Appl. Phys. Lett. 118, 162108 (2021) 
[6] P. Vianez et al., arXiv : 2102.05584 (2021) 
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Cuprate high critical temperature superconductors (HTS) represent one of the most intricate puzzles in condensed 

matter physics. Not only the anomalously high Tc cannot be explainable in terms of the conventional BCS theory, 

but also the properties of the normal state, characterized by a linear behavior of the resistance vs temperature, 

challenge the Landau quasiparticle notion and the Fermi liquid theory, which successfully describe ordinary metals. 

The normal state of HTS is therefore often referred to as “strange metal”. Charge order, i.e. the incommensurate 

modulation of electron density in the CuO2 planes, might be the key to unravel these mysterious properties. Charge 

density waves (CDW) have been indeed found in all the cuprate families, and their interplay with superconductivity 

is proved by many experiments [1]. However, this phenomenology was observed until recently only in a small region 

of the temperature-doping HTS phase diagram: in underdoped samples and below the pseudogap temperature T*, 

where the strange metal properties are replaced by a Fermi-liquid-like quadratic dependence of the resistance vs 

temperature. Such occurrence cast doubts about the actual role of charge order in shaping the transport properties of 

cuprates either in the normal or superconducting states. 

Using Resonant Inelastic X-ray Scattering (RIXS) at the Cu L3 edge, we have discovered another form of charge 

modulation, we named charge density fluctuations (CDF), in the Y123 family [2]. These modulations are very short-

ranged - can be viewed as precursors of CDW- and pervade a large area of the phase diagram, being present in a 

broad doping range and persisting at temperatures exceeding not only the previously defined onset of CDW, but also 

T*, and surviving up to room temperature and beyond. After our discovery, several works confirmed this occurrence 

in all the cuprate families, showing CDF are universal for cuprates [3]. Charge order in different forms pervade 

therefore the HTS phase diagram: 

- Above T*, CDF are among the few excitations still persisting. Notably, several experiments have shown that these 

modulations are characterized by energies in the meV range. Several theoretical proposals indicate that they are 

likely the long-sought excitations underlying the anomalous strange metal behavior [4].  

- Below T*, CDW seem to be responsible of the departure from the strange metal behavior in underdoped cuprates: 

we have indeed discovered that the strain-induced suppression of CDW in ultrathin YBa2Cu3O7-δ films restores 

the T-linear resistivity almost down to Tc [5]. This link, which was missing until now, also challenges the relation 

between charge order and pseudogap. 

These occurrences point towards a possibly dominant role of charge order in describing the normal state transport 

properties of HTS. 
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We studied the transport properties of a device composed by a quantum dot, (QD), connected to the first site of a 
conventional metallic semi-chain and side connected to a spin-orbit interacting (SOI) nano-ribbon. The system is 

under the effect of an external applied potential, so that it operates in an out-of-equilibrium regime, studied within 

the context of the Green Function Keldysh formalism This permits to calculate the density of states that manifests a 

very clear strong spin dependence and the current circulating along the system. The implicit correlation of the spin 
orientation of the charge produced by the applied voltage explains the transport properties of the system. It is 

characterized by the emergency of a spin polarized electrical current in despite of its non-magnetic nature. The SOI 

in a 1D system defines a linear momentum dependent pseudo magnetic field whose spatial direction determines an 
axis along which the electronic spin is quantized as a good quantum number, necessary to determine the state of the 

system. Remarkably, the SOI and the broken time reversal symmetry produced by the external potential define an 

energy region accessible by states with only one spin and momentum directions, where the Fermi levels can be 
localized.  

Manipulation of the conductor doping and the external applied voltage make it possible to obtain a device with 

maximum of a quantum of conductance that sustains a high and completely spin polarized current. The spin polarized 
current can be perfectly controlled by the gate potential at the QD. Due to the local character of the QD levels, the 

Coulomb interaction is an important ingredient to describe the system, enhancing the parameter region within which 

it can operate. 

The effects of the intra-dot Coulomb interaction are analyzed within the context of the Hubbard III approximation 

(the alloy analogy) that provides an adequate understanding of the Coulomb blockade regime and the transport 

properties of these systems, above the Kondo temperature. Below this temperature and for small applied potentials, 
the Kondo regime permits to manipulate the properties of the device. These properties are studied using the slave 

boson formalism.  

We show that the system possesses all the requirements necessary to operate as a totally spin polarized current 
transistor, which qualifies it as a potential important tool for spintronic applications. 
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The antiferromagnetic (AFM) skyrmion has attracted attention due to its promising application to memory devices; 
the AFM skyrmion is free from the stray fields and the skyrmion Hall effect, which has been preventing the 
application of the ferromagnetic skyrmion. [1] Despite the intensive theoretical investigations [2, 3] and the recent 
observation of the AFM skyrmion phase in a bulk system [4], the fundamental properties of the AFM skyrmion, such 
as the transport phenomena, are yet to elucidate. While the topological Hall effect in FM skyrmion phases has been 
closely investigated for various parameter regions [5], the studies on the transport phenomena in AFM skyrmion 
phases are limited to the strong coupling regime [6].  
In this study, we numerically calculate the topological charge and spin Hall conductivity for the AFM skyrmion 
system. Exploiting the state-of-the-art real-space calculation method (kernel polynomial method), we investigate the 
transport phenomena of the AFM skyrmion system for various skyrmion sizes and coupling strengths. We investigate 
for which parameter region the concept of the emergent magnetic field holds valid in the AFM background. We 
further discuss the effect of non-adiabaticity on the transport phenomena and reveal the difference with that in the 
FM background.  
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Ordered patterns can arise out of randomness during morphogenesis. An explanation for this puzzle was put forward 
by Turing, who explained the emergence of stational patterns by invoking the interplay between an activator and an 
inhibitor with different diffusion rates [1]. Turing's theory of diffusion-reaction has proven to be highly influential 
across many disciplines. For example, the pigment patterns on seashells, stripes on tropical fish, and the purely 
chemical system of chlorite-iodide-malonic acid have been studied as Turing patterns. The typical length scale for 
biological pigment-based patterns ranges from millimeters to centimeters, and that for the purely chemical system is 
of the order of sub-millimeters. However, Turing patterns below micrometers are extremely rare in nature and have 
not been examined in detail. 
Here we show that atomic monolayer bismuth grown on the surface of NbSe2 by molecular beam epitaxy 
(MBE) provides another opportunity in "hard" condensed matter [2,3]. We report evidence of a Turing 
pattern with a period of five atoms (approximately 2nm) that appears in a strained atomic bismuth 
monolayer assembling on the surface of NbSe2 subject to interatomic interactions and respective kinetics. 
We found stripe patterns and domain walls with Y-shaped junctions that bear a striking resemblance to 
what has been experimentally observed. This is the first demonstration of a Turing pattern at the atomic 
scale in hard condensed matter physics. 
 

 
 
[1] A. Turing, Phil. Trans. R. Soc. Lond. B, 237, 37 (1952). 
[2] A. Fang, C. Adamo, S. Jia, R. J. Cava, S.-C. Wu, C. Felser, A. Kapitulnik, Sci. Adv. 4, eaaq0330 (2018). 
[3] Y. Fuseya, H. Katsuno, K. Behnia, A. Kapitulnik, Nature Physics (2021). 
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Fig. 1: Emergence of nanoscale patterns in atomic monolayer. (a) Time evolution. (b) Comparison of the 
numerical simulation and the experiment [2,3]. 
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The observation of a charge density wave (CDW) phase involving Cu dx2-y2 orbitals in underdoped high Tc cuprate 

superconductors has triggered an intense research effort for exploring its relation to superconductivity. In this 

framework, heterostructures of cuprate layers together with manganite layers offer the appealing possibility of 

manipulating the CDW vs superconductivity competition. This is effectively done by tuning the chemical 

composition of the manganite layer to play with is complex phase diagram.  

Here we study the proximity effect at the interface of Ndx(Ca1-ySry)1-xMnO3 (NCSMO) and YBa2Cu3O7-δ (YBCO) 

with resonant inelastic x-ray scattering (RIXS) at the Cu L-edge. In this talk, I will present two cases. First, for an 

heterostructure with x=0.35 and small values of y~0.3, the manganite layer is in an CE-type antiferromagnetic phase 

with a charge and orbital order (Mn-COO) [1]. Using RIXS, we show that the magnitude of the CDW in the cuprate 

layer at Q=0.33 reciprocal lattice units (rlu) can be varied by adjusting the strength of the Mn-COO in the manganite 

layer via the substitution y. Furthermore, we observe a strong reconstruction of the crystal field excitations at the Cu 

sites near the interface, which we can probe selectively thanks to a specific resonance in the x-ray absorption [2]. 

Then, I will present the case of an heterostructure with x=0.5 and y=0.25, with a particularly strong and long-range 

ordering. To our surprise, for these samples, we do not observe any CDW at Q=0.33 rlu in the cuprate layer, but we 

discover a new order with Q=0.1 rlu at the interface with the manganite layer. Furthermore, by doing a detailed x-

ray polarization study of the related superstructure signal in RIXS, we conclude that this order is not involving Cu 

dx2-y2 orbitals, but rather Cu d3z2-r2 orbitals [3]. 

From our study, we conclude that NCSMO/YBCO heterostructures allow manipulating the CDW phase in the Cu 

layer. The manganite layer plays this role not only by the presence of magnetism, but also by offering an ordered 

template with the different charge and orbital ordered phases setting in as a function of substitution y. 
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Broken up, condensed, and knotted: The gym of heavy fermions
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Heavy fermion compounds are a versatile platform to explore quantum phases of correlated matter and transitions
between them, for they exhibit great tunability by external control parameters [1]. One of the hotspots of attention
have been quantum critical points, in particular when governed by fluctuations beyond a vanishing Landau order
parameter.  A prominent  example  for  this  physics  is  YbRh2Si2.  It  features  a  dynamical  electron  localization–
delocalization transition [2] where heavy quasiparticles break up and the Fermi volume jumps [3]. This transition
is held responsible for the material’s best-known characteristic: a fan of linear-in-temperature electrical resistivity
in a background of normal Fermi liquid behavior [4]. Recently, with electrical resistivity measurements into the
micro-Kelvin  regime,  we  discovered  unconventional  superconductivity  condensing out  of  a  truly  remarkable
strange  metal  state—now with  linear  resistivity  over  3.5  orders  of  magnitude  in  temperature  [5].  Seemingly
unrelated is a new frontier: heavy fermions with topological knots (or nodes) in their electronic bandstructure, such
as the recently discovered Weyl-Kondo semimetal Ce3Bi4Pd3 [6]. It turns out, however, that the great tunability in
terms of  correlation physics  is  transferred into excellent  genuine topology control  [7]  and that  even quantum
criticality may play a key role in stabilizing topological phases [8].

[1] S. Paschen and Q. Si, Nat. Rev. Phys. 3, 9 (2021).
[2] L. Prochaska et al., Science 367, 285 (2020).
[3] S. Paschen et al., Nature 432, 881 (2004); S. Friedemann et al., PNAS 107, 14547 (2010).
[4] J. Custers et al., Nature 424 (2003) 524.
[5] D. H. Nguyen et al., Nat. Commun. 12, 4341 (2021).
[6] S. Dzsaber et al., Phys. Rev. Lett. 118, 246601 (2017); H.-H. Lai et al., PNAS 115, 93 (2018); S. Dzsaber et al.,
PNAS 118, e2013386118 (2021). Also: SCES webinar by S. Paschen, Oct. 15, 2020.
[7] S. Dzsaber et al., arXiv:1906.01182; S. E. Grefe et al., arXiv:2012.1584.
[8] W. T. Fuhrman et al., arXiv:2007.09460. 
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Heavy Fermion physics has an important role to play in the unfolding discovery and
understanding of quantum materials. These unique f-electron materials, discovered nearly
half a century ago, continue to prove themselves as a vital test-bed for exploring the be-
havior of electrons at the brink of localization, where magnetic atoms behave as miniature
qubits, tunably entangling on a macroscopic scale. I will discuss the current landscape of
heavy fermion physics, and the important new perspectives on quantum materials they
have given rise to.

I shall discuss three areas of particular current interest: the paradoxical discovery
of quantum oscillations in insulators, new perspectives on strange metal behavior and
quantum criticality and the role of entanglement in heavy fermion superconductivity.

* This work is supported by the US National Science Foundation grant DMR-1830707 and the

US Department of energy Basic Energy Sciences grant DE-FG02-99ER45790.
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The occurrence of superconductivity in doped SrTiO3 and related materials at low carrier densities points to the 

presence of an unusually strong pairing interaction that has eluded understanding for several decades.  We present 

experimental results showing the pressure dependence of the superconducting transition temperature, Tc, that sheds 

light on the nature of this interaction.  We find that Tc increases dramatically when the energy gap of ferroelectric 

critical modes is suppressed, i.e., as the ferroelectric quantum critical point is approached, in a way reminiscent of 

behaviour observed in magnetic counterparts.  However, in contrast to the latter, the coupling of itinerant electrons 

to the critical modes in ferroelectrics is predicted to be small.  We present a superconductivity model to make 

quantitative comparisons with experiments and show that an enhancement of Tc near to a ferroelectric quantum 

critical point arises due to the virtual exchange of longitudinal hybrid-polar-modes, even in the absence of a direct 

coupling to the transverse critical modes. 
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Shear modulus anomaly of multi-component superconductor: the case of MxBi2Se3

Pye Ton HOW1

1Institue of Physics, Academia Sinica (Taipei, Taiwan)

A pair  of  split  superconducting  transitions  in  the  presence  of  a  symmetry  breaking  field  is  a  very  definitive

signature of multi-component superconductivity[1, 2].  We theoretically study the shear modulus anomaly across
such pair of split transitions[3].  The talk will be focused on  MxBi2Se3, a nematic superconductor candidate, for

which no experimental  confirmation of the split  transition has  been made so far.   We propose that  the shear
modulus c66 must vanish at the lower transition: a very clear signature detectable by experiments.
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IrTe2 holds a unique position in transition metal dichalcogenides (TMDCs) because of its intriguing correlated elec-

tronic phases including stripe charge/orbital order [1] and metastable superconductivity [2,3]. In bulk IrTe2 crystals 
with chemical doping or thermal quenching, the superconducting order competes with the stripe order, which has 
supported a prevalent scenario that fluctuations or partial melting of a parent order are essential for inducing or 
enhancing superconductivity, as found in many unconventional superconductors. In this talk, we present a contrary 
example [4], found in IrTe2 nanoflakes of which the superconducting dome is identified well inside the parent stripe 
charge ordering phase in the thickness-dependent phase diagram. The coexisting stripe charge order in IrTe2 
nanoflakes significantly increases the out-of-plane coherence length and the coupling strength of superconductivity, 
in contrast to the doped bulk IrTe2. These findings clarify that the inherent instabilities of the parent stripe phase are 
sufficient to induce superconductivity in IrTe2 without its complete or partial melting.  

 

[1] M. J. Eom et al., PRL 113, 266406 (2014).     
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Pairing symmetry in superconducting Sr2RuO4 (SRO) has been an unresolved issue in condensed 

matter physics. To determine the spin structure of the Cooper pair, temperature dependence of the spin 

susceptibility in the NMR experiments gives us the important information. Spin-triplet/chiral p-wave 

pairing with time-reversal symmetry breaking (TRS) [(px+ipy)-wave] was believed to the most 
promising one by the NMR experiments [1]. However, recent NMR experiments have reported the 

reduction of the spin susceptibility with the in-plane magnetic field [2] below the critical temperature 

Tc. These experiments seem to be inconsistent with spin-triplet/chiral p-wave where d-vector is aligned 

along the c-axis of SRO.  

Since experimental signatures of a two-component superconducting order parameter in SRO were 

observed [3], several theoretical studies are focusing on the two-component order parameter with TRS 

breaking: the accidentally degenerated pairing [4] and the interorbital spin-triplet/orbital-singlet/s-wave 

Eg pairing [5]. In the latter case, we can introduce the interorbital pairing in the presence of t2g-orbtials 

and strong spin-orbit coupling in SRO. Thus, it is necessary to show the temperature dependence of the 

spin susceptibility for the interorbital Eg representation in SRO. 

We study the temperature dependence of the spin susceptibility below Tc for the orbital-singlet pairing 

in three-dimensional SRO model by choosing the possible irreducible representations [6]. We focus on 

the spin-triplet/orbital-singlet/s-wave and spin-singlet/orbital-singlet/odd-parity pairing stemming from 

the multiorbital and strong spin-orbit coupling. In the former case, the pseudospin-singlet pairing is 

realized in the band basis, then the resulting spin susceptibility is reduced with the decrease of 

temperature irrespective of the direction of the magnetic field for all possible irreducible representations. 

In the latter case, since the pseudospin-triplet pairing is realized in the band basis, spin susceptibility 

does not change by the temperature when the applied magnetic field is along a perpendicular axis to the 

d-vector with the pseudospin-triplet pair potential. We conclude that the recently observed spin 

susceptibility of NMR experiments in SRO [2] can be explained by the interorbital spin-triplet/orbital-

singlet/s-wave Eg representation.  

  

 

*This work is supported by the JSPS KAKENHI (Grants No. JP15H05851, No. JP15H05853, No. 
JP15K21717, No. JP18H01176, No. JP18K03538, No. JP20H00131, and No. JP20H01857) from 

MEXT of Japan, Japan-RFBR Bilateral Joint Research Projects Seminars No. 19-52-50026, and the 

JSPS Core-to-Core program Oxide Superspin international network. We thank to Prof. Y. Maeno and 
P. Gentile.  

 

[1] K. Ishida et al., Nature 396, 658 (1998). 

[2] A. Pustogow et al., Nature 574, 72 (2019) and K. Ishida et al., J. Phys. Soc. Jpn. 89, 034712 (2020). 

[3] S. Ghosh et al., Nat. Phys. 17, 199 (2021), D. F. Agterberg, Nat. Phys. 17, 169 (2021), and , S. 

Benhabib et al., 17, 194 (2021). 

[4] S. A. Kivelson et al., npj Quantum Materials 5, 43 (2020), R. Willa et al., Phys. Rev. B 104, 024511 

(2021), J. Clepkens et al., Phys. Rev. Research 3, 013001 (2021), and J. Clepkens et al., 

arXiv:2107.00047. 

[5] H. G. Suh et al., Phys. Rev. Research 2, 032023 (2020). 

[6] Y. Fukaya et al., in preparation. 

https://proceedings.science/p/132560
Powered by TCPDF (www.tcpdf.org)

https://proceedings.science/p/132560
http://www.tcpdf.org


 
 

Distorted superconducting nodal line on single Fermi surface in 
anisotropic organic superconductor l-(BETS)2GaCl4 

 
Dita P. SARI1,2, Retno ASIH3, Ko-ichi HIRAKI4, Takehito NAKANO5, Yasuo NOZUE6, 

 Yasuyuki ISHII2, Adrian D. HILLIER7, and Isao WATANABE1,6 
 

1RIKEN, Meson Science Laboratory, Wako, Japan 
2Shibaura Institute of Technology, College of Engineering, Saitama, Japan 

3Institut Teknologi Sepuluh Nopember, Department of Physics, Surabaya, Indonesia 
4Fukushima Medical University, Department of Physics, Fukushima, Japan 

5Ibaraki University, Graduate School of Science, Mito, Japan 
6Osaka University, Department of Physics, Osaka, Japan 

7Rutherford Appleton Laboratory, ISIS Facility, Didcot, United Kingdom 
 
The superconducting (SC) gap structure that appeared in systems with single Fermi surface (FS) is generally 
described by the single gap function with s- or d-wave symmetry. Among strongly correlated electron systems, the 
organic superconductor l-(BETS)2GaCl4 (BETS = (CH2)2S2Se2C6Se2S2(CH2)2) endeavors to examine a novel SC gap 
structure on the distorted single cylindrical FS (Fig. 1). This high-anisotropic superconductor is a type-II with SC 
transition Tc = 5.3 K. The stacking of BETS dimer in the conducting plane constructs an alternation of triangular and 
squared magnetic sublattice along a-direction, shown in Fig. 1(b), with t’/t = 0.8 and t’/t = 0.2. The electronic state 
of this ½-filled system can be described by the Hubbard model with the strong Coulomb interaction, U, inside the 
BETS dimer. The relatively narrow bandwidth, W, maintains near the Fermi level and partially nest FS, as plotted 
numerically by Density Functional Theory (DFT) calculation in Fig. 1(b). The U/W of l-(BETS)2GaCl4 is 0.89 [1]. 
The folded Brillouin zone is no longer rectangular cuboid and becomes parallelepiped distorting the shape of FS to 
be the elliptic cylinder. 
 
Here, we show the first example of the formation of the distorted SC nodal line using the positive muon spin rotation 
(µ+SR) spectroscopy on l-(BETS)2GaCl4. Our new analysis method of the µ+SR data reveals that the SC gap structure 
exhibits the newly invented “h-wave” symmetry. This is characterized by a distorted nodal line structure which 
contains four nodes on single FS with the narrower width than that of the traditional d-wave symmetry by the 
steepness factor of 4.6(2.1) on average, alternating with a flat gap where the maximum gap exists with amplitude of 
2Dh/kBTc = 3.9(2). In the presentation, we will show the gap structure in detail, introduce the SC parameters obtained 
by the µ+SR consistent with other experimental results, and discuss the insight into the relation of the FS distortion 
and the unusual Cooper pair formation mediated by the anisotropic spin fluctuations. This work has been done during 
the Ph.D. project at Osaka University and the JRA program at RIKEN of the corresponding author. 
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Figure 1. (a) Conducting plane of l-(BETS)2GaCl4. Green 
area is the unit cell. BETS molecule 1-2 and 3-4 form a 
dimer. In the inset, the first (second) nearest neighbors 
transfer integrals are indicated by black t (orange t’), with 
t’/t = 0.8. Another sublattice with the red t, green t’, and 
t’/t = 0.2 alternates in a-direction. (c) The 3D FS estimated 
from the DFT calculation, confirming Ref. [2]. In the 
inset, the single FS is nesting in the folded Brillouin zone 
and the anisotropic transfer integral causes the overlapped 
FS separated into the quasi-one-dimensional (q1D) open 
sheet (blue lines) and q2D close pocket (black lines). 
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Mixed metallic copper oxides - cuprates - are one of the most studied materials in solid state physics due to their 

record high superconducting (SC) transition temperatures (at ambient pressure). This high-temperature SC state 

shows marked deviations from the conventional BCS theory and even after more than thirty years of intensive 

research is still poorly understood. Interestingly, the normal metallic, i.e. non-SC state of cuprates is also highly 

unconventional, as evidenced by pseudogap features in the underdoped part of the phase diagram and strange metal 

behavior in the overdoped part [1]. The hallmark of the strange metal is the resistivity that above the SC transition 

follows an almost perfect linear temperature (T) dependence sometimes up to very high temperatures, even beyond 

the Mott-Ioffe-Regel limit. After the SC state has been destroyed, e.g. by a high magnetic field, T-linear resistivity 

continues down to the lowest temperatures, in sharp contrast with the standard Fermi liquid (FL) T2 dependence. T-

linear resistivity is believed to be closely related to the so-called Planckian dissipation limit - the maximum 

dissipation in the system allowed by quantum mechanics - at which quasiparticles lose coherence and become 

incoherent. Our recent high-field magnetoresistance (MR) study of overdoped Tl2Ba2CuO6+δ and Bi2Sr2CuO6+δ [2] 

showed that the strange metal phase in cuprates in fact comprises both types of charge carriers: incoherent carriers 

responsible for the strange metal T-linear resistivity and the observed quadrature scaling of MR and standard coherent 

quasiparticles responsible for the FL T2 resistivity and Hall response. Natural question then arises: which of the two 

types of carriers is responsible for high-temperature superconductivity? Here we show, with a minimal set of 

assumptions, that in overdoped Tl2Ba2CuO6+δ and La2-xSrxCuO4 the growth in superfluid density, as doping is 

decreased from the overdoped side, may be compensated by the loss in coherent carrier density and that their sum is 

approximately equal to the total carrier density. This correspondence leads us to postulate that superconductivity in 

overdoped cuprates, in contrast to any conventional BCS picture, emerges uniquely from incoherent, rather than 

coherent, carriers [3]. 
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Tuning low-energy scales in YbRh2Si2 by non-isoelectronic substitution and pressure 

 
Philipp GEGENWART 
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The heavy-fermion metal YbRh2Si2 realizes a field-induced quantum critical point with multiple vanishing energy 

scales TN(B) and T*(B) (or B*(T)). We report the combined influence of non-isoelectronic substitution and 

hydrostatic pressure on the low-temperature magnetoresistance, specific heat and magnetic susceptibility at fields 

applied within the magnetic easy plane perpendicular to the tetragonal c-axis [1]. The data indicate that B* is a 

signature of field-driven moment polarization, insensitive to the balance of Kondo to RKKY interaction and with 

finite full width at half maximum (FWHM) in the T → 0 limit, questioning its interpretation as signature of a Kondo 

breakdown. Our study received critique [2] that was addressed in [3]. 
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CeCoIn5 heavy fermion superconductor has been studied by angle-resolved photoemission spectroscopy (ARPES) at 

the temperature of 6 K in large angular range. Photon energy tuned to Ce 4d-4f resonance (122 eV) enhanced spectral 

contribution of Ce 4f electrons. Band structure was calculated with relativistic multiple scattering Korringa-Kohn-

Rostoker (KKR) method. The ARPES spectra have been successfully simulated using one step model of 

photoemission with the assumption that Ce-In surface termination dominates. The calculations indicate also a 

significant contribution of surface states to the spectra. Different effects of hybridization between valence band and 

Ce 4f electrons (c-f hybridization) are found. These are dispersions of heavy fermion states and bands gaining 

f-electron character near Fermi energy (EF). On-resonance intensity at EF shows strong momentum dependence, 

which is determined by both matrix element effects and c-f hybridization. The symmetrized on-resonance Fermi 

surface map delivers f-electron enhanced spectral intensity. Its characteristic features are reproduced by tight-binding 

approximation (TBA) calculations performed for Ce-In planes.  
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The properties of the heavy fermion compound Ce3PtIn11 are certainly enigmatic. At ambient pressure the compound 
displays two consecutive magnetic transitions into antiferromagnetic (AFM) states at TN1 = 2.2 K and TN = 2.0 K, 
respectively. Below Tc = 0.32 K superconductivity (SC) is found [1]. It has been speculated that the coexistence of 
AFM and SC results from the peculiar crystal structure. The compound crystallizes in the P4/mmm and harbors two 
inequivalent Ce sites [2]. The Ce1-ion (2 atoms per f.u.) occupies the Wyckoff 2g position (D4h symmetry). Its 
surrounding is identical to Ce-atoms in Ce2TIn8 with T being a transition element. It is believed to be largely Kondo 
screened and responsible for SC. Ce2 (1 atom per f.u.) resides the Wyckoff 1a position which has local C4v symmetry.  
The ion experiences CeIn3-like environment and hence, is assumed to order magnetically. Entropy analysis indeed 
conjectured this idea [1] and further support comes from recent 115In NQR experiments. These experiments found 
evidence for spin fluctuations, and which could only be affiliated to the Ce1-site [3]. In addition, they revealed that 
magnetic moment of Ce2 has to be 20 times larger than the moment of Ce1 [4]. 
 In this presentation we will try to shed some light on the SC properties. A pressing question is what is at the 
origin of the Cooper-pairing as the critical point where the AFM transition temperature becomes zero is still far away 
(the critical pressure needed equals pc ≈ 1.5 GPa). Intriguing, in our 115In NQR experiment a sudden drop of spin-
relaxation rate 1/T1 emerges upon entering the superconducting state suggesting a first order type of transition from 
the AFM state into the SC one [3]. Such would indicate a breaking of symmetry and implies that magnetic order and 
superconductivity compete [5]. Far below Tc a Korringa-type of evolution of 1/T1 is observed pointing to the existence 
of a finite density of states deep inside the superconducting phase. Recent low temperature specific heat 
measurements confirm the presence of uncondenstated heavy quasi-particles down to lowest temperatures  
   In addition, we conducted zero-field (ZF) and longitudinal field (LF) µSR experiments. We observed a subtle 
oscillatory component in the spectra for T < TN on top of the exponential relaxation decay indicating the presence of 
an ordered magnetic structure. A weak magnetic field in of only 1 kG was enough to fully decouple the muon and 
resulting in a time dependence of the spectra which can be described by an exponential. This, combined with the ZF 
observation of an oscillatory component indicates the presence of a static or quasi-static internal field. For T < Tc, 
the static field increases upon lowering the temperature suggesting that we are tracking an order parameter in the 
form of a static internal field. Our µSR data confirms the microscopic coexistence of AFM and SC in Ce3PtIn11 but 
also questions the presence of critical spin fluctuations in Ce3PtIn11 as source for Cooper pairing. Further study is 
needed to elucidate in detail the superconducting state. 
 
*This work was supported by the Czech Science Foundation (GAČR) Grant No. 18-23606S, the EU COST Action 
CA16218 and by the Czech Ministry of Education under the COST project scheme, project No. LTC18024. 
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It is remarkable that most reported phase diagrams of quantum critical heavy fermion (HF) 
superconductors manifest (after being subjected to a higher strength of a control parameter 
such as pressure) a cascade of distinct electronic states which may be magnetic, of Kondo-
type, non-conventional superconducting, Fermi Liquid (FL), or non-FL character[1-3]. It is also 
remarkable that there is a phase region, the main interst of this work, wherein the 
superconductivity and normal FL state are neighboring each other and that the normal-state FL 
quadratic-in-T coefficient (A) is correlated with the superconducting transition point (Tc). It is 
usually taken that the surge of these nontrivial features are related to the fluctuation-mediated 
electron-electron scattering channel with the mediating quasiparticles being either spin 
fluctuations [4]  or valence fluctuations [5] depending on the character of the neighboring 
instability. On adopting such a fluctuation-mediated scattering channel and applying standard 
theories of Migdal-Eliashberg (superconductivity) and Boltzmann (transport), we derive analytic 
expressions that reproduce satisfactorily the aforementioned empirical correlations within the 
above mentioned FL regime. 
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A prevailing question on quantum criticality is whether and how it goes beyond the Landau framework of order-

parameter fluctuations. In the studies of antiferromagnetic heavy fermion metals, the notion of Kondo destruction 

has been developed to address this issue [1]. Microscopically, the Kondo destruction captures how the inter-local-

moment singlet formation dynamically competes with the Kondo-singlet formation at the quantum critical point 

(QCP).  

Here, we study the Kondo destruction QCP in the Kondo lattice and related models via the quantum Monte Carlo 

method and identify a continuous quantum phase transition [2,3]. Via calculating local entanglement entropy and 

mutual information, we demonstrate the dynamical Kondo effect, which produces additional charge fluctuations at 

the antiferromagnetic QCP. Consequently, we find both the charge and spin channels to be critical and obey E/T 

scaling at QCP. The results are also connected to the singular charge response seen in a dynamical large-N 

calculation of a Bose-Fermi Kondo model [4], and are understood in terms of an f-electron delocalization-

localization transition [5]. Our results provide a natural understanding of the dynamical scaling recently discovered 

in the charge responses at the antiferromagnetic QCP of the compound YbRh2Si2 [5].  
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Resolving the nature of magnetic field-induced quantum critical point and
the origin of the novel electronic-nematic transition in CeRhIn5
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The heavy fermion compound CeRhIn5 offers an ideal playground to investigate the rich physics of strongly
correlated electron systems. It can be readily tuned to a quantum critical point (QCP) by hydrostatic pressure,
chemical doping, and magnetic fields. While the pressure-induced quantum critical point is long accepted to
be of the Kondo-breakdown type, the one induced by the magnetic field at Bc ≈ 50 T was suggested to be
of the spin-density-wave type. This assumption is based on the observation of additional de Haas-van Alphen
frequencies deep inside the antiferromagnetic state [1], above B∗ = 30 T, where a novel phase of enhanced
in-plane electronic anisotropy emerges [2]. These additional frequencies were interpreted as a signature of an
abrupt Fermi-surface reconstruction due to the field-induced itineracy of the f electrons at B∗.

25 30 35 40 45 50 55
0
2
4
6
8
10
12

TN 

Bm 

B* 
Bp  

0 10 20 30 40 50
0

1

2

3

4

5

 

  d
H

vA
 F

re
qu

en
cy

 (k
T)

A 2,3

'
2

N
2

1

X

(b)

(a)

Bc
B*

QCP

PPMPM

AFM1 AFM3 AFM4

 

 

Te
m

pe
ra

tu
re

 (K
)

Magnetic field (T)

Figure 1: CeRhIn5 in high magnetic
fields. (a) Evolution of the dHvA fre-
quencies with magnetic fields, obtained
in static fields upto 36 T in a dilution
fridge and in pulsed fields upto 70 T
in a 3He cryostat. (b) Magnetic field-
temperature (B − T ) phase diagram
based on specific heat and ultrasound
velocity measurements.

Our comprehensive angular-dependent de Haas-van Alphen study
of CeRhIn5 and its non-f reference compound LaRhIn5 establishes
the localized character of the f electrons inside and outside of the an-
tiferromagnetic phase [3]. This rules out any significant field-induced
Fermi-surface reconstruction, particularly across B∗ [see Fig. 1(a)].
We suggest the field-induced quantum criticality in CeRhIn5 does not
conform with the established theoretical models. The persistent local-
ization of the f electrons in CeRhIn5 across B∗ and Bc excludes the
previously suggested field-enhanced c−f hybridization above B∗ as the
origin of the electronic-nematic state, rendering its true origin elusive.
Our observation of a distinct specific-heat anomaly at B∗ suggests it
to be a real phase transition, probably weakly first-order [4]. Further,
our ultrasound study for a field applied at 2◦ from the c axis revealed
anomalies at B∗ in all the symmetry-breaking ultrasonic modes. Simi-
lar anomalies of the opposite sign were observed at the well-established
metamagnetic transition (AFM1 to AFM3) at Bm ≈ 20 T. In conjunc-
tion with the observation of both anomalies strictly within the antifer-
romagnetic state, this suggests that the transition at B∗ corresponds to
a field-induced change of the magnetic structure from commensurate
(AFM3) to incommensurate (AFM4) [see Fig. 1(b)][5]. The magnetic
origin of the B∗ transition is also confirmed by the observation of a
distinct anomaly in magnetic torque at 30 T.
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[2] F. Ronning et al., Nature, 548, 313, 034714 (2017).
[3] S. Mishra et. al., Phys. Rev. Lett., 126, 016403 (2021).
[4] S. Mishra et. al., Phys Rev. B, 103, 045110 (2021).
[5] S. Mishra et. al., Phys Rev. B, 103, 165124 (2021).
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From Kondo insulator to Weyl-Kondo semimetal: Study of the substitution series Ce3Bi4(PdxPt1-x)3 
 

Mathieu TAUPIN1, Xinlin YAN1, Gaku EGUCHI1, Sami DZSABER1, Diego ZOCCO1, Andrey PROKOFIEV1, 
Qimiao SI2 and Silke PASCHEN1 

 
1Institute of Solid State Physics, TU Wien, Wiedner Hauptstr. 8-10, 1040 Vienna, Austria 

2Department of Physics and Astronomy, Rice University, Houston, Texas 77005, USA 
 

Recently, the compound Ce3Bi4Pd3 was identified as the first unambiguous realization of a new state of matter, the 

Weyl-Kondo semimetal [1-3], in which strong electronic correlations drive nontrivial electronic topology. The 

proximity of the Weyl nodes to the Fermi energy, predicted theoretically [2], leads to clear experimental signatures: 

a giant cubic-in-temperature contribution to the electronic specific heat [1] and an equally giant spontaneous 

(nonlinear) Hall response, as well as its even-in-field continuation in finite magnetic fields [3]. Furthermore, the 

Weyl nodes could be annihilated by a moderate field of 9 T, demonstrating the extreme tunability of topology in this 

system [4], consistent with theoretical expectation [5,6]. At larger fields of 14 T, a Kondo insulator to heavy fermion 

metal transition was observed [6,7]. To further explore the phase space of the Weyl Kondo semimetal, we here study 

the substitution series Ce3Bi4(PdxPt1-x)3. A previous coarse-grained study up to x=0.37 revealed the successive 

suppression of the Kondo insulator gap of Ce3Bi4Pt3 with increasing Pd content [1].  Here we study higher substitution 

levels to explore how the Kondo insulator transforms into the Weyl-Kondo semimetal. We will present our results 

on the synthesis, chemical and structural analysis, and physical properties (specific heat, magnetization, resistivity 

and Hall effect), and discuss their implications for the Weyl-Kondo semimetal state. 

 
 [1] S. Dzsaber et al., Phys. Rev. Lett., 118, 246601 (2017). 
 [2] H.-H. Lai et al., Proc. Natl. Acad. Sci. U.S.A., 115, 93 (2018). 
 [3] S. Dzsaber et al., Proc. Natl. Acad. Sci. U.S.A., 118, e2013386118 (2021). 
 [4] S. Dzsaber et al., arXiv:1906.01182 (2019). 
 [5] S. Grefe et al., JPS Conf. Proc., 30, 011013 (2020). 
 [6] S. Grefe et al., arXiv:2012.15841 (2020). 
 [7] S. Kushwaha et al., Nat. Commun., 10, 5487 (2019). 
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Weyl-Kondo semimetal Ce3Bi4Pd3:
Chemical pressure effects near the ideal stoichiometry

G. Eguchi, X. Yan, M. Taupin, M. Budnowski, R. Svagera, M. Waas, S. Dzsaber, D. A. Zocco, 
A. Prokofiev, and S. Paschen

Institute of Solid State Physics, TU Wien, Vienna, Austria

The interplay of strong electronic correlations and nontrivial band topology enriches quantum states of matter to go
beyond  either  the  classification  into  metals  and  insulators  in  terms  of  conventional  band  theory  or  that  of
symmetry-broken phases by Landau’s order parameter framework. The Weyl-Kondo semimetal  Ce3Bi4Pd3 was
recently put forward as a striking platform to explore this regime [1-7]. Here we report a detailed study of slight
variations of the composition around the ideal 3:4:3 stoichiometry, combining analytical, structural, and physical
property measurements.  Both the thermodynamic signature  of  the  Weyl-Kondo dispersion [1,2]  and the giant
spontaneous Hall effect [3] are robust, and show a systematic dependence on chemical pressure. We also discuss
the possibility of Fermi level tuning around the Weyl nodes.

[1] S. Dzsaber et al., Phys. Rev. Lett. 118, 246601 (2017).
[2] H.-H. Lai et al., PNAS 115, 93 (2018).
[3] S. Dzsaber et al., PNAS 118, 32013386118 (2021).
[4] S. Dzsaber et al., arXiv:1906.01182v4 (2019).
[5] C. Cao et al., Phys. Rev. Lett. 124, 166403 (2020).
[6] S. E. Grefe et al., Phys. Rev. B 101, 075138 (2020).
[7] S. E. Grefe et al., arXiv:2012.15841v3 (2021).
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Ground state of Ce3Bi4Pd3 unraveled by hydrostatic pressure 
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N. Harrison2, and P. F. S. Rosa1  
 

1
 Los Alamos National Laboratory, Los Alamos, New Mexico, U.S.A. 

2
 National High Magnetic Field Laboratory, Los Alamos, New Mexico, U.S.A. 

 
Recent theoretical predictions of non-trivial topological states in Kondo insulators have boosted investigations on 

candidate materials. For instance, Ce3Bi4Pd3, a noncentrosymmetric compound crystallizing in the same structure of 

the prototypical Kondo insulator Ce3Bi4Pt3, has been predicted to be a Weyl Kondo semimetal driven by spin-orbit 

coupling [1]. Conflicting experimental results, however, argue for either a Weyl Kondo semimetallic or a narrow-

gap Kondo insulating ground state [2-4]. Here we use electrical transport measurements under hydrostatic pressure 

to provide insights in to the ground-state properties of Ce3Bi4Pd3. Our results reveal that Ce3Bi4Pd3 becomes more 

insulating with increasing pressure, a behavior typical of Kondo insulators such as Ce3Bi4Pt3. Moreover, the 

hybridization gap shows a quadratic increase with pressure akin to the effect of Pt substitution observed in Ce3Bi4(Pt1-

xPdx)3 series [2]. These results suggest that the Kondo coupling prevails as the primary tuning parameter in these 

materials and Ce3Bi4Pd3 is indeed a narrow-gap version of the Ce3Bi4Pt3 Kondo insulator.  
 

 [1] H.-H. Lai, S. E. Grefe, S. Paschen, and Q. Si, Proc. Natl. Acad. Sci. U.S.A. 115, 93 (2018). 

 [2] S. Dzsaber, L. Prochaska, A. Sidorenko, G. Eguchi, R. Svagera, M. Waas, A. Prokofiev, Q. Si, and S. Paschen, 

Phys. Rev. Lett. 118, 246601(2018). 

 [3] S. Dzsaber, X. Yan, M. Taupin, G. Eguchi, A. Prokofiev, T. Shiroka, P. Blaha, O. Rubel, S. E. Grefe, H.-H. 

Lai, Q. Si, and S. Paschen, Proc. Natl. Acad. Sci. U.S.A. 118, e2013386118 (2021). 

 [4] S. K. Kushwaha, M. K. Chan, J. Park, S. M. Thomas, E. D. Bauer, J. D. Thompson, F. Ronning, P. F. S. Rosa, 

and N. Harrison, Nat. Comm. 10, 5487 (2019). 
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Flat-band ferromagnetism and spin waves in the Haldane-Hubbard model

Leonardo     DA SILVA GARCIA LEITE  1, Ricardo Luis DORETTO1

1Instituto  de  Física  Gleb  Wataghin,  Universidade  Estadual  de  Campinas,   Campinas,
Brazil 

We  study  the  flat-band  ferromagnetic  phase  of  the  Haldane-Hubbard  model  and,  in
particular, we calculate the spin-wave excitation spectrum. This is done via a previously
developed bosonization scheme, that was successfully applied to describe the spin-wave
excitations of the flat-band ferromagnetic phase of a square lattice topological Hubbard
model. The noninteracting Hamiltonian has four bands, each with a nonzero Chern number.
Here, we consider the lower (doubly degenerated) band at half filling, which can be made
nearly flat with a particular choice of the hopping parameters. By applying the bosonization
scheme,  we map the  Haldane-Hubbard  Hamiltonian  into  an  effective  interacting  boson
model,  whose  quadratic  term  allow  us  to  determine  the  spin-wave  spectrum  at  the
harmonic approximation. We show that the excitation spectrum has two branches, with a
Goldstone mode and Dirac points at center and at the K and K’ points of the first Brillouin
zone, respectively. To further characterize the flat-band ferromagnetic ground state, we
also consider the effects on the spin-wave spectrum due to an energy offset in the on-site
Hubbard repulsion energies and due to the presence of an staggered on-site energy term,
both associated with the two triangular sublattices. In both cases, we find that an energy
gap opens at the K and K’ points. Moreover, we also find some evidences for an instability
of the flat-band ferromagnetic phase in the presence of a finite staggered on-site energy
term. Finally,  we also provide some additional  results for an Z_2 interacting topological
insulator on a honeycomb lattice derived within the bosonization scheme. In this case, our
findings indicate a gapped spin wave spectrum.
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We discuss   charge and thermal transport at a junction of interacting quantum wires.  In particular,  
we analyze the conditions leading to the breakdown of the  Wiedemann-Franz law at the junction, 
also in the case in which thw wires are connected to   Fermi liquid reservoirs. We define a set of 
conditions under which the Wiedemann-Franz law is expected to be violated and relate them to the 
emergence of localized Majorana fermions at the junction. 
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Topological Semimetal driven by Strong Correlations and Crystalline Symmetry 
 

Lei CHEN1, Chandan SETTY1, Haoyu HU1, Maia G. VERGNIORY2,3, Sarah E. GREFE4, Andrey PROKOFIEV5, 
Silke PASCHEN5,1, Jennifer CANO6,7, and Qimiao SI1 

 

1Department of Physics and Astronomy, Rice Center for Quantum Materials, Rice University, Houston, Texas 

2Max Planck Institute for Chemical Physics of Solids, Dresden, Germany 

3Donostia International Physics Center, Donostia-San Sebastian, Spain 

4Theoretical Division, Los Alamos National Laboratory, Los Alamos, New Mexico 

5Institute of Solid State Physics, Vienna University of Technology, Vienna, Austria 

6Department of Physics and Astronomy, Stony Brook University, Stony Brook, NY 

7Center for Computational Quantum Physics, Flatiron Institute, New York, NY 

 

Electron correlations amplify quantum fluctuations and, as such, they have been recognized as the origin of a rich 
landscape of quantum phases. Recent developments motivate us to hypothesize that strong correlations cooperate 
with crystalline symmetry to drive gapless topological states. Here [1] we test this proposition by exploring Kondo 
lattice models and materials whose space group symmetries may promote different kinds of electronic 
degeneracies. We illustrate our approach through the Kondo effect of quantum-fluctuating local moments in the 
presence of spin-orbit coupling in nonsymmorphic and noncentrosym- metric square-net systems. In our model, 
Weyl-Kondo nodal-line semimetals–with nodes pinned to the Fermi energy–are realized in both two and three 
dimensions. We propose materials realizations of these correlated topological semimetal phases and discuss 
implications of our results for the exploration of topological metals in other classes of strongly correlated systems. 

 

[1] L. Chen et al. arXiv:2107.10837 
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Chern insulators realized in two-dimensional metal organic framework kagome lattice 
 

Seungjin KANG, Santu BAIDYA, and Jaejun YU* 
 

Center for Theoretical Physics, Department of Physics and Astronomy, Seoul National University, Seoul 08826, 
Korea 

 
Magnetic topological insulators have attracted a lot of attention for the possible quantum anomalous Hall effect 
(QAHE), even without external magnetic fields. However, their realization is still limited to extremely low 
temperatures due to the limited bulk energy gap and ferromagnetic ordering temperatures. As a way to searching for 
high-temperature QAHE materials, we investigate candidate systems of high-temperature Chern insulators. Here, we 
report that the transition-metal bis-dithiolene, M3C12S12 (M = Mn and Fe), metal organic framework (MOF) kagome 
lattice can be a two-dimensional (2D) ferromagnetic insulator with nontrivial Chern number.[1] On-site Coulomb 
interactions play a crucial role in bringing a nontrivial topological band with a nonzero Chern number. We show 
sulfur and carbon-based ligands play a vital role in making the complexes topologically nontrivial. The high magnetic 
Curie temperatures, estimated from density-functional-theory total energy calculations and Monte Carlo simulations, 
are 234 K for Mn and 281 K for Fe systems. Together with a bandgap as large as 22 meV, these 2D MOF kagome 
lattices can be robust 2D ferromagnetic organic Chern insulators. We also provide a general picture for understanding 
the magnetic properties of MOF in a two-dimensional kagome lattice through extensive first-principles calculations 
on various metals and ligands. 
 
[1] Santu Baidya, Seungjin Kang, Choong H. Kim & Jaejun Yu, Sci Rep 9, 13807 (2019). 
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Magnetoelectric Effect in Dipolar Clusters  
 

Paula Mellado, Andres Concha and Sergio Rica 
School of Engineering and Sciences, Universidad Adolfo Ibáñez, Santiago, Chile 

 
We combine the anisotropy of magnetic interactions and the point symmetry of finite solids in the study of dipolar 
clusters as new basic units for multiferroics metamaterials. The Hamiltonian of magnetic dipoles with an easy axis 
at the vertices of polygons and polyhedra, maps exactly into a Hamiltonian with symmetric and antisymmetric ex-
change couplings. The last one gives rise to a Dzyaloshinskii-Moriya contribution responsible for the magnetic modes 
of the systems and their symmetry groups, which coincide with those of a particle in a crystal field with spin-orbit 
interaction. We find that the clusters carry spin current and that they manifest the magnetoelectric effect. We expect 
our results to pave the way for the rational design of magnetoelectric devices at room temperature [1]. 
 

[1] Paula Mellado, Andres Concha, and Sergio Rica, Physical Review Letters, 125, 273602 (2020). 
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Quadratic optical responses in a chiral magnetic metal 
 

Shun OKUMURA1, Takahiro MORIMOTO2, Yasuyuki KATO2, Yukitoshi MOTOME2 
 

1The Institute for Solid State Physics, The University of Tokyo, Kashiwa, Japan 
2Depertment of Applied Physics, The University of Tokyo, Tokyo, Japan 

 
Chiral magnets breaking both spatial inversion and time reversal symmetries carry a potential for novel quadratic 
optical responses, for instance, photovoltaic effect (PVE) and second harmonic generation (SHG) [1]. Such nonlinear 
optical responses have attracted much attention in the aspect of an application for the next-generation optical 
electronic devices, such as unconventional solar cells and optical sensors. Despite the possibility of enhanced and 
controlled responses through the magnetic degree of freedom, the systematic understanding remains yet to be 
developed. 
In this study, we theoretically investigate quadratic optical responses in electrons coupled with a one-dimensional 
chiral magnet, as a prototypical example. The magnetic texture changes from a chiral helimagnetic state [Fig. 1(a)] 
to a chiral conical magnetic state with spin canting [Fig. 1(b)], and to a forced ferromagnetic state [Fig. 1(c)] with 
increasing magnetic field along the helical axis. By using the second-order response theory [2], we show that the 
chiral conical magnetic state exhibits the PVE [Fig. 1(d)] and SHG [Fig. 1(e)] through the asymmetric modulation 
of the electronic band structure due to breaking of both spatial inversion and time reversal symmetries. We find that 
these quadratic responses vary drastically depending on the frequency of the incident lights, the magnetization, and 
the spin-charge coupling [3]. In particular, we find that the coefficient of the PVE changes in not only the magnitude 
but also the sign by these parameters. Furthermore, the PVE and SHG in the chiral magnet can be colossal in 
comparison with those in the conventional semiconductors and ferromagnetic materials and be comparable to those 
in the topological materials such as Weyl semimetals [4]. Our results suggest that chiral magnetic textures provide a 
new platform for nonlinear optical responses with flexible controllability. 

 
 
Fig. 1 Schematic pictures of (a) a chiral helimagnetic state, (b) a chiral conical magnetic state, and (c) a forced 
ferromagnetic state. m is the magnetization. The blue and green arrows represent incoming linearly polarized lights 
with frequency 𝜔! and  𝜔", respectively. The cyan arrow is a nonlinear electric current with frequency 𝜔! +𝜔". 
Countour plots of (d) the photovoltaic coefficient 𝜎PVE###  with 𝜔! = −𝜔" = 𝜔 and (e) the intensity of the second 
harmonic generation 𝜎SHG###  with 𝜔! = 𝜔" = 𝜔 as functions of m and 𝜔. The lower panels show 𝜔 dependences for 
several m. 

 
[1] Y. Tokura and N. Nagaosa, Nat. Commun. 9, 3740 (2018). 
[2] D. E. Parker, T. Morimoto, J. Orenstein, and J. E. Moore, Phys. Rev. B 99, 045121 (2019). 
[3] S. Okumura, T. Moritomo, Y. Kato, and Y. Motome, in preparation. 
[4] G. B. Osterhoudt et al., Nat. Mater. 18, 471 (2019); L. Wu et al., Nat. Phys. 13, 350 (2017). 
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Phase degree of freedom and topological properties of multiple-Q spin textures 
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Topological spin textures, such as skyrmion lattices (SkLs) and hedgehog lattices (HLs), have attracted a lot of 

interest due to the robustness protected by the topology and the intriguing transport and optical responses associated 

with the emergent electromagnetic field through the spin Berry phase mechanism [1,2]. Such spin textures are 

approximately represented by superpositions of multiple spin waves, and hence, called multiple-Q spin structures. 

Thus, not only the magnetic structures but also the topological properties are modulated by various parameters in the 

superpositions, e.g., the number, periods, amplitudes, and propagation directions of the constituent helices [3,4,5]. 

Among them, the phase degree of freedom of the superposed waves may play an important role in topological 

transitions between different multiple-Q spin structures (Fig. 1) [6,7], but the systematic investigation has not been 

performed thus far. 
In this study, we theoretically investigate the evolution of the two-dimensional SkL composed of three spin waves 

(3Q-SkL) and the three-dimensional HL composed of four spin waves (4Q-HL) while changing the phases of the 

superposed waves [8]. For a systematic analysis of the phase degree of freedom, we construct a hyperspace 

representation of multiple-Q spin structures by introducing additional dimensions, where the phase degree of freedom 

in the original physical space can be regarded as a spatial translation in the hyperspace (Fig. 2). By using this 

framework, we elucidate the topological phase diagram for the 3Q-SkL while changing the sum of the phases of three 

waves, �̃�, and the uniform magnetization m; the skyrmion number Nsk changes among -2, -1, 0, 1, and 2 in a different 

way depending on the type of the constituent waves. In the case of the 4Q-HL, we obtain richer phase diagrams 

where the density of topological objects called hedgehogs and antihedgehogs changes in a wide range. We elucidate 

that the topological number and the positions of topological objects depend on the sum of phases of four waves, �̃�, 

and accordingly, the emergent magnetic field, which is directly related with the topological Hall effect, changes while 

varying �̃�. Our results of the complete phase diagrams for the phase shift provide good references to discuss how the 

actual systems experience the emergent electromagnetic phenomena, and the magnetic and topological phase 

transitions in an applied magnetic field.  
This research was supported by Grant-in-Aid for Scientific Research Grants (Nos. JP18K03447, JP19H05822, 

JP19H05825, and JP21J20812), JST CREST (No. JP-MJCR18T2), and the Chirality Research Center in Hiroshima 

University and JSPS Core-to-Core Program, Advanced Research Networks. K.S. was supported by the Program for 

Leading Graduate Schools (MERIT-WINGS). Parts of the numerical calculations were performed in the 

supercomputing systems in ISSP, the University of Tokyo. 
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[5] K. Shimizu, S. Okumura, Y. Kato, and Y. Motome, Phys. Rev. B 103, 054427 (2021); ibid, 103, 184421 (2021). 
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Fig. 1. Variations of spin textures while changing the phase of the superpositions of three spin helices. 

(b) and (c) are obtained from (a) by the phase shift of  and 𝜋, respectively. 

The skyrmion number changes from (a) Nsk=1 to (b) Nsk=0, and to (c) Nsk=-1. 

Fig. 2. Hyperspace representation of the two-dimensional spin textures. (a) A 3Q-SkL 

composed of three spin helices. (b) The superposition of three helices in three-dimensional 

hyperspace. The SkL in (a) appears on a slice of the three-dimensional spin texture in (b).  
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Anomalous Ca-content dependence of dielectric property of charge ordered Pr1-xCaxMnO3 as a 
signature of charge-ordered phase modulation 
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Low temperature dielectric property of charge/orbital ordered manganite, Pr1-xCaxMnO3 for 0.40 ≤ 𝑥 ≤ 0.50 is 
investigated systematically as a function of Ca-content, x. The Ca-content dependence of dielectric permittivity and 
dissipation factor exhibit distinct maxima around x=0.45. The overall dielectric response of charge ordered Pr1-

xCaxMnO3 is dominated by polarization induced by polaron hopping and exhibits thermally activated relaxation 
behaviour. The dielectric relaxation behaviour over the investigated temperature range is analysed with the help of 
small polaron hopping model and as well as variable range hopping model. The estimated polaron parameters also 
display non-monotonic variation with x and exhibit broad minima between x=0.425-0.45. The observed results 
suggest that a modulation of checker board type charge ordering pattern in Pr1-xCaxMnO3 is possibly taking place in 
the Ca-content range of investigation 0.40 ≤ 𝑥 ≤ 0.50.  
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First documented on magnetite (Fe3O4) [1], the Verwey transition is a drastic manifestation of non-adiabatic 

system. A structural change, accompanied by a sudden rise in electric resistivity, is caused by the coupling 

of electronic and lattice degrees of freedom. Verwey’s original charge-ordering explanation for the 

phenomenon is shown to be too simple for the complex structural distortions and lattice dynamics found in 

Verwey-like systems, and a complete explanation remains controversial [2-3]. Verwey-like transitions are 

observed in several mixed-valence transition metal oxides but the coexistence of charge-ordered and -

disordered phases, incommensurate structural modulations like stripe phases and electronic phase 

separation make the study of Verwey-like transition dynamics challenging [4-5]. 

The model system (NaMn3)Mn4O12 presents several characteristics that are helpful in the overcoming of 

such challenges, since the quadruple perovskite structure (AA’3)B4O12 permit  half doping of the octahedral 

Mn B-sites free from chemical substitutions and hinder the formation of oxygen defects. As a result 

(NaMn3)Mn4O12 exhibits an almost full charge order of the Mn3+ and Mn4+ ions in these sites at TCO=175 

K. At the same temperature, a commensurate structural modulation with propagation vector qCO = (½, ½, 

0), much simpler than the one found in magnetite and other systems, is established [6].  

These favorable conditions allowed the probing of the dynamics of the charge-ordering transitions by 

means of diffuse and inelastic x-ray scattering. These dynamics are manifested by the softening of an Ag 

phonon at qCO. At the same time, this softening is seem to disrupt a different incipient distortion unveiled 

by diffuse x-ray scattering experiments.  Lattice dynamical calculations allowed to identify the polarization 

of this soft phonon, which matches the Jahn-Teller-like distortion pattern of the commensurate structural 

modulation, demonstrating the Jahn-Teller instability to be the driving force of the charge-order Verwey 

transition. 
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Quantum supreme matter refers to forms of matter that are densely many-body entangled with the 

ramification that the quantum supremacy of the quantum computer is required to enumerate the way it 

works. The evidence is mounting that the AdS/CFT correspondence of the string theorist, augmented 

by progress with SYK type models, yields a mathematical view on generic properties of such states of 

matter. Guided by these insights, substantial progress has been made in recognizing various of these 

traits in experiments on the strange metal states of the high Tc superconductors.  
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The recent RIXS (high-resolution resonant inelastic X-ray scattering) experiments have given 
a new impulse to the physics of cuprates [1]. In particular, the newly discovered short-range 
dynamical charge density fluctuations account for the strange metal behaviour of the 
cuprates [2]. Due to their broadness, charge density fluctuations mediate an almost isotropic 
scattering among the fermi quasiparticles. For temperatures greater than their characteristic 
energy specified by the inverse correlation length and by the dissipation parameter, this 
scattering provides the famous linear-in-T resistivity. The linearity and a seemingly  divergent 
specific heath [3], are extended to the lowest temperatures by an increase of the damping of 
the fluctuations while the correlation length stays finite [4], thus providing the so called 
Planckian behavior. Namely in ref. [4], we are proposing a new paradigm in contrast with the 
standard hot-spot model. Usually, the diverging correlation length is invoked to produce 
quantum criticality and perhaps anomalous metallic behaviour, here the strange-metal 
behaviour with linear resistivity and a diverging specific heat occurring near QCPs can be 
attributed to and accounted for by the increase of the damping parameter only. 
Remarkably, this isotropic scattering has been now confirmed in the Planckian regime [5]. 
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The normal state transport properties of many high-temperature superconductors are as intriguing as their 

unconventional superconductivity (SC). Marked deviations from Fermi liquid (FL) theory (the standard model of 

metals) have been found, including a robust linear temperature dependence of the resistivity, an unusual quadrature 

scaling of the magnetoresistance and a pronounced temperature and field dependence of the Hall resistivity. Such 

behavior is often ascribed to additional scattering caused by proximity to a quantum critical point (QCP) inside the 

SC dome which can bring charge carriers to the Planckian limit – the maximum dissipation allowed by quantum 

mechanics. 

FeSe1-xSx is unique among unconventional superconductors because here SC emerges from an electronic nematic 

state which exists in isolation (i.e. in the absence of magnetic order) and therefore gives an opportunity to study the 

relationship between nematic fluctuations and high-temperature SC. Substituting S for Se leaves the SC transition 

temperature Tc (≈ 10 K) almost unaffected, while the nematic transition temperature is effectively suppressed and is 

believed to terminate inside the superconducting dome at a critical value xc = 0.17. Our previous dc transport 

measurements [1] revealed classic signatures of quantum criticality in FeSe1-xSx: a T -linear resistivity within a fan-

like region of the phase diagram around the QCP at x = xc, the standard FL T 2 resistivity below the quantum critical 

fan and an enhancement in the coefficient of the T 2 resistivity on approaching the QCP. Our recent magnetoresistance 

study in FeSe1-xSx [2] also revealed the existence of two conductivity components: an orbital magnetoresistance that 

varies quadratically with field (the FL component) and a quantum critical (QC) component that displays unusual 

quadrature scaling as found in other materials close to their (magnetic) QCP. This study indicated, for the first time, 

the possibility of the coexistence of two charge sectors in a quantum critical system: one associated with fermionic 

quasiparticles and the other possibly associated with Planckian QC excitations.  
In this work we present our most recent Hall effect measurements performed on the same series of single-crystalline 

FeSe1-xSx samples in high magnetic fields up to 33 T. A detailed analysis reveals that there are also two components 

in the Hall conductivity: one associated with the FL component (in a perfectly compensated semi-metal) and the 

other that shows an unusual exponential decay at high fields that we attribute to the QC component. This finding 

implies that the Planckian sector also contributes to the weak-field Hall response, but vanishes at high fields.  
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Ferromagnetism is well described in two limits: at one end the limit of localised moments, and at the other the limit 
of itinerant moments. Understanding of the regime in between is limited and progress towards an understanding is 
impeded by scarcity of materials and experimental data.  
FeGa3 is a diamagnetic semiconductor, also proposed to be a Kondo insulator that becomes metallic with a small 
amount of germanium doping: a weak ferromagnetic moment develops at a critical doping of ~5%, and grows as 
the doping is increased to 10%. The magnetism in Fe(Ga1-xGex)3 falls between the localised and itinerant limits, but 
although there has been theoretical discussion, there is no consensus on where it lies between these limits or how 
this changes with doping. 
To approach these questions experimentally, we have used an AC field modulation technique applied to samples in 
the ferromagnetic phase of Fe(Ga1-xGex)3 to characterise the temperature and field dependence of the magnetic 
susceptibility. A strong feature in the susceptibility at TCurie is quickly suppressed with a small magnetic field, 
similar to observations in the well-known weak itinerant ferromagnet ZrZn2, but additional structure in the 
susceptibility indicates a more complicated magnetism in Fe(Ga1-xGex)3. We have studied the evolution of this 
behaviour at several doping concentrations near and above the critical doping for ferromagnetism. 
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The field-induced Kitaev spin liquid is a strongly correlated topological phase which may have been realized in the
layered material α-RuCl3. It is characterized by the presence of gapped non- Abelian anyon excitations in the bulk
and gapless chiral Majorana modes at the edges. In this work we show that gapless one-dimensional modes can
also survive in the bulk of the Kitaev spin liquid when they are bound to line defects at which the exchange
interaction falls below a critical value. Treating the weak interaction at the line defect within a mean-field
approximation, we determine the critical interaction strength as a function of the external magnetic field. In the
gapless regime, we use the low-energy effective field theory to calculate the spin-lattice relaxation rate for a spin
near the defect. We discuss the relevance of these results to nuclear magnetic resonance experiments that claimed
to have observed gapless excitations in the putative spin liquid phase of α-RuCl3.
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The exact solution of Kitaev's spin-1/2 honeycomb spin-liquid model has sparked an intense
search for Mott insulators hosting bond-dependent Kitaev interactions, of which Na2IrO3 and
a-RuCl3 are prime examples. Subsequently, it has been proposed that also spin-1 and spin-
3/2 analogs of Kitaev interactions may occur in materials with strong spin-orbit coupling. As
a  minimal  model  to  describe  these  Kitaev  materials,  we  study  the  Heisenberg-Kitaev
Hamiltonian  in  a  consistent  1/S  expansion,  with  S  being  the  spin  size.  We  present  a
comprehensive study of this model in the presence of an external magnetic field applied
along  two  different  directions,  [001]  and  [111],  for  which  an  intricate  classical  phase
diagram has been reported. In both settings, we employ spin-wave theory in a number of
ordered phases to compute phase boundaries at the next-to-leading order in 1/S, and show
that quantum corrections substantially modify the classical phase diagram. More broadly,
our work presents a consistent route to investigate the leading quantum corrections in spin
models that break spin-rotational symmetry.
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Kitaev materials have attracted much attention because of their novel properties. Honeycomb-lattice magnet \alpha-

RuCl3 is a candidate material. The first-principle calculations have indicated that the symmetric-offdiagonal 

interaction (\Gamma) for the nearest-neighbor effective spins is the second dominant interaction in addition to the 

most dominant  Kitaev interaction (K) [1-4]. Moreover, the Heisenberg interaction (J) may play the role in spite of 

its small amplitude. Thus, the model including these three interactions (the K-\Gamma-J model) on a honeycomb 

lattice can be a minimal model for \alpha-RuCl3. The K-\Gamma-J model itself is known to show various phases 

depending on K, \Gamma, and J [5]. In particular, it has been argued that a spin liquid state distinguished from the 

Kitaev spin liquid appears in strong \Gamma interaction [6]. In spite of the intensive studies, the details of the whole 

phase diagram of the Kitaev-\Gamma-J model have been left unclear.  
In this study, we investigate the ground-state phase diagrams of the models with K and \Gamma interactions (the K-

\Gamma model) and with \Gamma and J interactions (the \Gamma-J model) on a honeycomb lattice by including 

the effects of the spatial anisotropy of the interactions [7,8]. In fact, the first-principle calculations have shown that 

K, \Gamma, and J interactions have the spatial anisotropy. We adopt two approaches: (i) By starting from the isolated 

dimer system, the interdimer interactions are increased to the isotropically interacting system. (ii) By Start from the 

spin-chain system, the interchain interactions are increased to the isotropically interacting system.  In the former 

approach, we investigate the stability of the dimer state by combining series expansions and numerical exact 

diagonalizations (ED). In the latter approach, we first investigate the stable states in the spin-chain system using 

density-matrix-renormalization-group calculations and ED. We then investigate how they change, as the interchain 

interaction is increased using ED.  
For \Gamma>|K| (K<0) in the K-\Gamma model and for \Gamma>|J| (J<0) in the \Gamma-J model, the dimer state 

survives up to the isotropically interacting system, where the phase transition occurs. The results attribute to the 

frustration effect caused by the opposite signs of \Gamma and K in the former model and \Gamma and J in the latter 

model. This frustration effect suppresses the transition to a magnetically long-range ordered state.  Actually, in the 

same sign regions where the system is free from this frustration effect, the dimer state undergoes a phase transition 

to the magnetically ordered state in both models, before the interactions become isotropic. In the other opposite-sign 

regions of \Gamma<0 and K>0 in the former model and of \Gamma<0 and J>0 in the latter model, various states 

appear as compared with the frustration-free regions. In the spin-chain system, three kinds of states appear:  

Tomonaga-Luttinger liquid (TLL) states and other two states. When the interchain interaction is increased, the TLL 

states at K<0 and \Gamma>0 in the K-\Gamma model and at J<0 and \Gamma>0 in the \Gamma-J model connect to 

a two-dimensional ordered state without showing a vestige of the phase transition.  
The obtained results are summarized in the two phase diagrams of the K-\Gamma and \Gamma-J models. The phase 

diagrams indicate that the ground state is sensitive to the spatial anisotropy of the interactions. We find that the 

isotropically interacting system is placed on the phase boundary in the large parameter regions with opposite sings 

of K and \Gamma and of \Gamma and J. This indicates that the spin liquid argued in the strong \Gamma interaction 

is unstable against the spatial anisotropy of the interactions.  
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The Nernst effect refers to the off-diagonal component of the thermoelectric response of a solid emerging in presence 

of a finite magnetic field. At the beginning of the present century, it was generally assumed that the quasi-particle 

contribution to the Nernst signal is negligible and a BCS superconductor cannot produce a Nernst signal far above 

its critical temperature. These assumptions were contradicted by subsequent experiments, which showed that the 

transverse thermoelectric response quantifies the amount of entropy bound to a mobile carrier of magnetic flux [1].  
A recent surprise [2] is that the entropy carried by a mobile superconducting vortex is much smaller than what is 

stocked in the vortex core. Available experimental data point to the universality of the mobile sheet entropy of a 

magnetic flux line across different superconductors with vastly different critical temperatures. This may be due to an 

information barrier surrounding the topological singularity of vortices in fermionic superfluids [3]. 
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Plasma waves in layered superconductors
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Plasmons  represent  the  fundamental  excitations  of  the  conduction electrons in  a  metal,  visible  in  the  density
response.  In a superconductor the plasmon controls also the spectrum of the superconducting phase mode.  In
layered  cuprates  the weak Josephson coupling among planes and the gapping out of the quasiparticle continuum
below the gap makes it possible to observe a soft and undamped out-of-plane plasmon,  with a high potential for
nanophotonic  THz applications.  At  the  same  time,  recent  measurements  of  the  high-energy in-plane plasmon
showed a  rather  strong damped mode.  Despite the strong interest  in plasmonic  applications,  a  full  theoretical
description linking the soft plasmon to the high-energy in-plane plasmon at arbitrary momentum is missing. Here I
show how the fundamental mixing among longitudinal and transverse excitations in a layered system reflects in the
dispersion of the plasma waves, and how the low-frequency limit can be connected to the high-frequency one  [1].
Finally, I will also review recent progresses in the understanding of the non-linear THz response triggered by two-
plasmon excitations in cuprates [2]. 
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The evolution of the temperature-dependent resistivity with artificial disorder induced by low-temperature (∼20 K) 2.5 

MeV electron irradiation was studied in the “3-4-13” stannides, (Ca,Sr)3(Rh, Ir)4Sn13 in stoichiometric compositions. 

This type of irradiation is known to create point defects affecting electron scattering rate without affecting the 

electronic band structure, and thus providing a unique tuning parameter to gently perturb the system. In these three-

dimensional cubic compounds, charge density wave ordering is universally suppressed by the introduction of disorder.  

Matthiessen’s rule is obeyed above the transition in Sr3Rh4Sn13and Sr3Ir4Sn13, but not in high superconducting Tc 

Ca3Ir4Sn13 and Ca3Rh4Sn13. The superconducting transition temperature initially increases in Sr3Rh4Sn13 in a way which 

is consistent with the competition of CDW and SC phases, but it shows rapid saturation and does not continue to rise 

upon further irradiation. In Sr3Ir4Sn13 and Ca3Ir4Sn13 the superconducting transition temperature decreases with 

irradiation. Surprisingly, the superconducting transition of Ca3Rh4Sn13 (which does not have a long-range CDW order) 

also decreases, violating Anderson theorem, and hence suggesting potential unconventional superconductivity in this 

compound.  
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Science and Engineering, Contract DE-SC0012704. The 2.5 MeV electron irradiation was performed at the 

“SIRIUS” facility in Ecole Polytechnique, Palaiseau, France, a part of EMIR&A French national network 

of accelerators under proposal number 20-5925. 
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Unconventional Cooper-paring mechanisms of superconductivity in inversion-broken materials is an attractive topic. 
Theoretical investigations suggested that superconductivity is enhanced near quantum critical points of structural 
transformation associated with an inversion breaking order, and the enhanced superconductivity is characterized by 
the parity mixing (s + p) electronic state [1, 2]. There is need to establish materials that exhibit both superconductivity 
and structural transformations to inversion breaking crystal structures. 
Previous studies reported that La3Co4Sn13 and La3Rh4Sn13 are superconductors below TC = 2.7 and 2.9 K, respectively 
[3, 4]. Detailed crystal structure analyses revealed that these compounds undergo chiral structural phase transitions 
at TD = 160 and 350 K, respectively, from the high-temperature phase of space group 𝑃𝑚3$𝑛 to the low-temperature 
chiral lattice phase of space group 𝐼2!3 [5, 6]. In contrast, La3Ru4Sn13 is a superconductor below TC = 3.9 K without 
any structural transformation [7]. In this study, we report atomic substitution effects on the chiral structure 
transformations and the superconductivity of La3(Co1-xFex)4Sn13, La3(Co1-xRux)4Sn13, and La3(Rh1-xRux)4Sn13 
synthesized by the Sn-flux method. Synchrotron X-ray diffraction measurements were conducted at BL-4C, 8A, and 
8B of the Photon Factory, Institute of Materials Structure Science, High Energy Accelerator Research Organization 
(KEK). The superconductivity was confirmed by SQUID magnetometer measurements. The atomic substitution 
magnitude x was determined using X-ray fluorescence measurement and X-ray diffraction structural refinement.   
The combined phase diagram of TC and TD of the Fe- and Ru-substituted materials is shown in the figure. With an 
increase in x of La3(Co1-xFex)4Sn13, the chiral phase transition temperature becomes lower than TD = 160 K of 
La3Co4Sn13 (black hexagons with the right ordinate). In contrast, 
TC is independent of the atomic substitution (blue diamonds with 
the left ordinate). La3(Co1-xRux)4Sn13 (x ≅ 0.5) does not exhibit 
the chiral structural phase transition, and TC increases to 5.7 K 
(red diamonds), which is approximately twice of TC of La3Co4Sn13 
and La3Ru4Sn13. La3(Rh1-xRux)4Sn13 (x = 0.33 and 0.37) also shows 
TC ≅ 6 K, which is approximately twice of TC of La3Rh4Sn13, and 
TD decreases to lower than 300 K. These experimental results in-
dicate that the superconductivity is enhanced with the suppression 
of the chiral structure phase. The phenomenon is consistent with 
the predicted enhancement of superconductivity near the quantum 
critical points of the inversion breaking structure phase. It is at-
tractive to investigate in the future whether the parity-mixing su-
perconductivity is induced in these higher-TC materials.  

 
[1] V. Kozii and L. Fu, Phys. Rev. Lett. 115, 207002 (2015). 
[2] Y. Wang, G. Y. Cho, T. L. Hughes, and E. Fradkin, Phys. Rev. B 93, 134512 (2016). 
[3] E. L. Thomas, H.-O. Lee, A. N. Bankston, S. MaQuilon, P. Klavins, M. Moldovan, D. P. Young, Z. Fisk, and J. 

Y. Chan, J. Solid State Chem. 179, 1642 (2006). 
[4] U. Köhler, A. P. Pikul, N. Oeschler, T. Westerkamp, A. M. Strydom, and F. Steglich, J. Phys.: Condens. Matter 

19, 386207 (2007). 
[5] Y. Otomo, K. Iwasa, K. Suyama, K. Tomiyasu, H. Sagayama, R. Sagayama, H. Nakao, R. Kumai, and Y. 

Murakami, Phys. Rev. B 94, 075109 (2016). 
[6] K. Suyama, K. Iwasa, Y. Otomo, K. Tomiyasu, H. Sagayama, R. Sagayama, H. Nakao, R. Kumai, Y. Kitajima, 

F. Damay, J.-M. Mignot, A. Yamada, T. D. Matsuda, and Y. Aoki, Phys. Rev. B 97, 235138 (2018). 
[7] A. Ślebarski, M. Fijałkowski, J. Goraus, L. Kalinowski, and P. Witas, J. Alloys and Comp. 615, 921 (2014). 
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Superconductivity emerges in 1T -TiSe2 when its charge density wave (CDW) order is suppressed
by Cu intercalation or pressure. Since the CDW state is thought to be an excitonic insulator, an
interesting question is whether the superconductivity is also mediated by the excitonic fluctuations.
We investigated this question as to the nature of doping induced superconductivity in CuxTiSe2 by
asking if it is consistent with the phonon-mediated pairing. We employed the ab initio density func-
tional theory and density functional perturbation theory to compute the electron-phonon coupling
Eliashberg function from which to calculate the superconducting (SC) critical temperature Tc. The
calculated Tc as a function of the doping concentration x exhibits a dome shape with the maximum
Tc of 2−6 K at x ≈ 0.05 for the Coulomb pseudopotential 0 ≤ µ∗ ≤ 0.1. The maximal Tc was found
to be pinned to the quantum critical point at which the CDW is completely suppressed and the
corresponding phonon mode becomes soft. Underlying physics is that the reduced phonon frequency
enhances the electron-phonon coupling constant λ which overcompensates the frequency decrease
to produce a net increase of Tc. The doping induced superconductivity in CuxTiSe2 seems to be
consistent with the phonon-mediated pairing. Comparative discussion was made with the pressure
induced superconductivity in TiSe2.
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The Kitaev model is an exactly solvable quantum spin model within the real fermion language with multi-color gauge 

field constraints [1]. In spite of numerous studies along special field directions such as [001] and [111], there are is 

a limited knowledge on the complete field [2] angle dependence of the thermal Hall current, which can provide 

valuable information on the existence of fractionalization. To fulfill this purpose, we first extend the present studies 

on the field angle response of the anti/ferromagnetic Kitaev. Yet, the realistic Kitaev materials, within the edge-

sharing octahedra paradigm [3], arise with the additional exchange terms. The studies on the candidate materials 

indicates the presence of a large spin-orbit Γ term along with perturbative Γ’ and the Heisenberg J terms. It is therefore 

not reliable to depend on the topological properties of the pure Kitaev model as the only source of the thermal Hall 

conductivity experiments and it demands an understanding of these models with a complete field response.  

Investigating the zero-field phase diagram of the realistic (K, Γ, Γ’) models, we identify conventional 

antiferromagnetic zig-zag and (partially) polarized spin phases as well as two exotic Kitaev(-Γ) spin liquid phases. 

The arbitrary magnetic field response of these phases provides a rich phase diagram hosting mainly the extended 

forms of the zero-field phases.  

 
We observe a partially suppressed intermediate region with a finite Chern number and a vanishing gauge flux. This 

phase is concluded to be an extended phase of Kitaev-Γ spin liquid phase, which resides between the ZZ and the 

polarized phases. To comply our findings with the experiments and to verify the power of our method, we reproduce 

the narrow or extended regions of the intermediate phase [4] depending on the field directions, θ = ±60 in the ac 

plane, naturally. We finally revisited the relation between the topological GS and the anti/symmetric thermal 

conductivity tensor and further clarified our findings in this aspect. 

 

[1] A. Kitaev, Annals of Physics, 2, 321 (2006) 

[2] L. Janssen and M. Vojta, Journal of Physics: Condensed Matter, 31, 423002 (2019) 

[3] G. Jackeli and G. Khaliullin, Physical Review Letters, 102, 017205 (2009) 

[4] T. Yokoi, et al., Science, 373, 568 (2021). 
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The Drude model is often used to describe the movement of free-electrons in simple metals. Throughout their path, 

electrons undergo different types of interactions, ranging from charge to spin scattering. In strongly correlated 

systems, however, a significant deviation of the transport properties is observed. Electrons in heavy-fermion systems, 

for instance, scatter from the localized magnetic moments of the rare-earth ions and form a hybridized state. As a 

result, their effective masses are drastically enhanced. Ever since the beginning of correlated-electron research, it has 

not been easy to disentangle this heavy-fermion formation from the more conventional interactions within the 

conduction band. Both excitations produce similar low-energy signatures in response experiments. In this 

contribution, we demonstrate a way to perform this disentanglement by using terahertz (THz) time-resolved 

spectroscopy and investigate the individual behaviour of strongly and weakly correlated electrons in the CeCu6-xAux 

system [1].  

 

Ultrafast THz spectroscopy has been used as a tool to coherently probe the quasiparticle dynamics across the quantum 

phase transition in heavy-fermion compounds [2,3]. The incident THz pulse with a spectral range of 0.1 – 3 THz 

creates collective intraband excitations within the heavy band, as well as resonant interband transitions between the 

hybridizing heavy and light parts of the conduction band. The former leaves the heavy quasiparticle intact, while the 

latter breaks the Kondo-singlet and leads to a time-delayed echo-like response. Thus, by analysing the signals within 

different time windows, we can separately investigate the effect of strong correlations between the localized and 

itinerant electrons leading to the heavy-fermion formation, and weak correlations stemming from conventional 

charge and static impurity scattering. In our study, we find that for heavy-fermion sample (CeCu6) and quantum-

critical sample (CeCu5.9Au0.1), the instantaneous pulses originating from intraband transitions show simple metallic 

Drude-like low-frequency behaviours at high temperature that develop into heavy-Fermi-liquid or non-Fermi-liquid 

behavior below the Kondo lattice temperature. In contrast, the delayed echo-like pulses originating from the interband 

transitions do not yield any Drude responses throughout the entire temperature range.   

 
 

[1] C.-J. Yang et al., Phys. Rev. Research 2, 033296 (2020). 

[2] C. Wetli et al., Nat. Phys. 14, 1103 (2018). 
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Dynamical quantum phase transitions (DQPTs) have been shown useful to identify non-trivial topology of quantum 
systems [1,2]. However, most of the preceding works do not incorporate self-consistency conditions for order 
parameters, which leads to periodic DQPTs. 
Here, we study the dynamics of a two-dimensional chiral p-wave superconductor upon a quantum quench in the 
sign of the chemical potential within the BCS weak-coupling limit. We solve the BdG equations using fourth-order 
Runge-Kutta methods self-consistently and observe the phase of order parameter persistently oscillates sinusoidally 
in time after the quench. Despite the imposition of self-consistent conditions, periodic DQPTs are observed. These 
are identified as cusps in Loschmidt echo and accompanied by simultaneous creation of topological defects in the 
Pancharatnam geometric phase over curves in momentum space. We also discuss the robustness of the persistent 
phase oscillation against deformation of the Fermi surface and introduction of asymmetry to the chemical potential 
quenches. 
 
[1] M. Heyl, Rep. Prog. Phys. 81, 054001 (2018).  
[2] N. Fläschner et al., Nature Physics 14, 265-268 (2018). 
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The rare-earth monopnictides (REM) family hosts complex magnetic ground states and has recently attracted intense 

research interest due to its unusual extreme magnetoresistance and the potential presence of topological surface states. 

Here, we have reported a systematic investigation of the Fermi surface and the band dispersion of a semimetal NdSb 

in the paramagnetic phase as well as the antiferromagnetic phase (TN ~ 15 K) using a high-resolution angle-resolved 

photoemission spectroscopy technique complemented by density functional theory calculations. Our data reveal a 

clear distinct band evolution phenomenon due to the antiferromagnetic phase transition. Most importantly, a complex 

band structure is observed at the zone center which is potentially due to the strong hybridization induced by the 

magnetic phase transition. Our experimental study opens up a new path to understand the intricate interplay between 

magnetism and its effect on the electronic structure in this REM family.  
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The S=1 Haldane state has attracted much attention due to its topological characters, e.g., the string order 
and the symmetry-protected topological phase, and its potential for a quantum memory in the measurement-
based quantum computation [1]. This state emerges not only in the S=1 spin chain, but also in an S=1/2 
two-leg spin ladder with a ferromagnetic rung interaction [2]. Additionally, our recent study on low-
temperature magnetism in a naturally occurring mineral Fedotovite, has shown the Haldane state consisting 
of cluster-based S=1 spins, in collaboration with experimental groups [3]. In this compound, edge-shared 
tetrahedral spin clusters which include six spins in a cluster, are linked by a nearest-neighbor 
antiferromagnetic inter-cluster interaction in one dimension. The low-energy state in a cluster is a triplet 
and the inter-cluster interaction is perturbative as compared with the intra-cluster excitation energy, so that 
we can explain the low-temperature physics in an effective S=1 spin model obtained by projection into 
cluster's triplet states. 
In present study, to develop our knowledge about conditions for emergence of the Haldane state, we extend 
the cluster-based Haldane state to spin-cluster systems which have three S=1/2 spins in a cluster, 
corresponding to a triangular tube. Since the odd-number spin system with time-reversal symmetry obeys 
the Kramer's theorem, even-number states degenerate as its ground states. Therefore, it is difficult to make 
an effective S=1 spin in a cluster. To overcome this difficulty, we consider scalar spin chirality to break the 
time-reversal symmetry and reproduce a cluster-based Haldane state. The scalar spin chirality is regarded 
as a pseudo spin together with a real spin of a cluster. If we suppose a Heisenberg-like interaction of these 
pseudo and real spins, a triplet state emerges as a ground state of a cluster. Based on this strategy, we 
compose a possible spin model exhibiting a cluster-based Haldane state without the magnetic field. In a 
spin triangular tube, we find a condition to reproduce the cluster-based Haldane state. Furthermore, we also 
find a magnetization degree of freedom, corresponding to a quarter (S=1/4) spin as an edge mode of the 
cluster-based Haldane state [4]. This is a new mechanism of quantum fractionalization. Our study is useful 
for strategical design of the Haldane state by using S=1/2 spins. In addition to the triangular tube, we will 
also present general spin-cluster chains exhibiting the cluster-based Haldane states [3,5]. 
 
[1] A. Miyake, Phys. Rev. Lett. 105, 040501 (2010). 
[2] T. Masuda, A. Zheludev, H. Manaka, et al., Phys. Rev. Lett. 96, 047210 (2006). 
[3] M. Fujihala, T. Sugimoto, T. Tohyama, S. Mitsuda, et al., Phys. Rev. Lett. 120, 077201 (2018).  
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T-breaking density wave order in topological kagome metals
(1 blank line)

Chandan SETTY1, Haoyu HU1, Lei CHEN1, Qimiao SI1

(1 blank line)
16100 Main MS-550  (Rice University, Rice Center for Quantum Materials, Houston, TX, USA)

(1 blank line)
 Kagome lattice metals $AV_ 3 Sb_ 5$ (A = Cs, K,  Rb) host charge order derived from partially 
filled topologically non-trivial bands.  In addition, recent muon spin resonance (muSR) 
measurements in $CsV_ 3 Sb_ 5$ detect an unambiguous signature of broken time reversal (T-) 
symmetry in the charge order phase.  In this talk, I will address the question: what is the character 
of emergent correlated phases derived from partially filled Chern bands?  I will advance a 
framework which enables a low energy tight-binding description of such a system using 
exponentially localized Wannier orbitals. The key conclusion is the existence of a density wave 
ground state that spontaneously breaks T - symmetry. I will argue that such a T-breaking property 
of the density wave is a fingerprint of the underlying band topology and is absent in other 
topologically trivial systems [1]. 

[1] C.Setty, H.Hu, L.Chen, Q.Si  arXiv:2105.15204 (2021).
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(1 blank line) 
Nonlinear responses in condensed matter are intensively studied because they provide rich information about the 

materials [1] and hold the possibility of being applied in diodes or high-frequency optical devices [2]. While nonlinear 

responses in noninteracting models have been explored widely, the effect of strong correlations on the nonlinear 

response is still poorly understood, even though it has been suggested that correlations can enhance the nonlinear 

response. In this talk, we first give an analytical derivation of nonlinear responses using Green's function methods at 

finite temperature, which is useful to include the correlation effects. Then, we demonstrate two results [3]: First, the 

relaxation time approximation, which is commonly used to calculate the nonlinear responses, leads to severe 

limitations and gives incorrect results especially about nonlinear optical responses. Second, correlation effects, such 

as the renormalization of the band structure and different lifetimes in orbitals or sublattices, can significantly enhance 

nonlinear responses and even change the sign of the nonlinear conductivity. These effects can be often seen in d or 

f-electron materials. Moreover, we calculated nonlinear conductivity in concrete model about Ce3Bi4Pd3, which is a 

candidate material for Weyl-Kondo semimetal [4] and has the giant nonlinear responses [5], and show the giant 

nonlinear conductivity in Ce3Bi4Pd3 can be explained by the strong renormalization effect [6]. 

(1 blank line) 
[1] J. Orenstein, et al, Annual Review of Condensed Matter Physics, 12, 247-272(2021). 
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[6] A. Kofuji, Y. Michishita, and R. Peters, arXiv:2103.03522(2021). 
(1 blank line) 

michishita.yoshihiro.56e@st.kyoto-u.ac.jp 

 

------------------------------------------------------------------------------------------------------------------------------------------- 

 

https://proceedings.science/p/132533
Powered by TCPDF (www.tcpdf.org)

https://proceedings.science/p/132533
http://www.tcpdf.org


 

 

Quantum criticality and spatial symmetry in interacting Dirac electrons  

under magnetic fields 

 
Yasuhiro TADA1 

 
1Hiroshima University, Graduate School of Advanced Science and Engineering, Higashi-hiroshima, Japan 

 
Recently there have emerged various materials for strongly interacting Dirac electrons. Such systems are expected 

to provide an ideal platform for quantum phase transitions and quantum criticality. Interestingly, it is known that an 

ordered phase in a Dirac system gets stabilized under an external magnetic field, which is called magnetic catalysis 

in hadron physics. This implies that a magnetic field can control interaction effects in a Dirac system, especially 

quantum fluctuations associated with spontaneous symmetry breaking.  

 

In this study, we discuss the quantum phase transition and criticality of an interacting Dirac electron system. After 

briefly introducing magnetic catalysis in our model [1], we examine orbital diamagnetism near the quantum critical 

point of a semimetal-insulator (charge density wave state) phase transition [2]. Especially, we show that the orbital 

magnetization exhibits a scaling behavior belonging to the (2+1)-dimensional chiral Ising universality class. We 

also discuss underlying spatial symmetry with a tiny magnetic field, which is spontaneously broken in ordered 

phases. It is found that the projective space group symmetry is not an exact but only approximate symmetry of the 

system under the small magnetic field [3]. Our results could provide a basic understanding of interacting Dirac 

electrons under magnetic fields.  

 

[1] Y. Tada, “Quantum criticality in magnetic catalysis in two-dimensional correlated Dirac fermions”, Phys. Rev. 

Research 2, 033363 (2020). 

[2] Y. Tada, “Quantum critical orbital diamagnetism in correlated Dirac system”, arXiv: 2106.04071. 

[3] Y. Tada, “Lieb-Schultz-Mattis theorem in higher dimensions from approximate magnetic translation symmetry”, 

arXiv:2106.12222. 
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Experimentally there exist many materials with first-order phase transitions at finite temperature that display quantum 
criticality. Classically, a strain-energy density coupling is known to drive first-order transitions in compressible 
systems, and here we generalize this Larkin et al. mechanism [1] to the quantum case. We show that if the T = 0 
system lies above its upper critical dimension, the line of first-order transitions ends in a “quantum annealed critical 
point” where zero-point fluctuations restore the underlying criticality of the order parameter. The generalized Larkin-
Pikin phase diagram is presented, and experimental consequences are discussed. 
 
[1] Larkin et al., Zh. Eksp. Teor. Fiz. 56, 1664 (1969), Sov. Phys. JETP 29, 891 (1969). 
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We study the effect of anisotropy inducing spin-S impurities on a SU(2) Heisenberg chain. The magnetic impurities
are assumed to introduce an XXZ-type anisotropic exchange with its neighbouring sites. The Hamiltonian reads

H =
∑

i/∈imp.

[
1

2
(S+

i S−
i+1 + S−

i S+
i+1) + Sz

i S
z
i+1

]

+
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[
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+
imp,j +H.c.+∆imp(S

z
j−1 + S z

j+1)S
z
imp,j

]
.

First, using density-matrix renormalization group technique we examine the effect of a single spin-S XXZ magnetic
impurity in the ground-state properties such as the spin-spin correlation function, instability of Néel order, and local
spin susceptibility. Based on their qualitative characteristics, we find that the types of spin-S impurities are classified
into two groups: (i) nonmagnetic and S = 1 impurities enhance only short-range antiferromagnetic correlation, and in
contrast, (ii) S = 1/2 and S > 1 impurities can stabilize a long-range Néel order in the disordered SU(2) Heisenberg
chain. We also find that the NMR spectra is broadened for higher S state with ∆imp > 1. We thus identify that the
spin state of SrCu0.99Co0.01O2[1] is S = 3/2.
Then, we focus on the case of S = 1/2 impurity as a representative of (ii). By considering the staggered magnetization
as an order parameter of the Néel state, we confirm that a finite amount of easy-axis XXZ S = 1/2 impurities
immediately induces a Néel order in the bulk spin chain. The staggered magnetization increases with increasing the
impurity density as well as the anisotropy strength. In the presence of uniform magnetic field, total magnetization
exhibits a pseudo-gap behavior for low values of applied field. Also, at low concentration a plateau-like feature is seen
near the saturation field.
Futhermore, we investigate the thermodynamic properties such as specific heat and magnetic susceptibility using
cluster mean-field theory. These calculations reveal a phase transition from a Néel order to a paramagnet. The
transition temperature as well as the size of peak in specific heat increases with increase in the impurity density and
anisotropy strength.
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Strongly correlated electron systems exhibit various physical properties closely related to charge, spin, and orbital 
degrees of freedom; in f-electron systems, multipoles, which are combinations of spin and orbital degrees of freedom, 
play a major role. The centrosymmetric CeCoSi, which belongs to the non-symmorphic space group (P4/nmm), has 
attracted much attention from the viewpoint of the odd-parity multipoles below the phase transition temperature T0. 
Recently, a Ce 4f-driven antiferroquadrupolar order below T0 was proposed by a detailed study using single crystal 
samples, followed by a complete phase diagram and further clarification of the finite T0 ~12 K even at ambient 
pressure [1,2]. Subsequently, 59Co NMR revealed anomalies suggestive of quadrupolar order [3], and odd-parity 
multipole order was theoretically proposed [4]. However, a fundamental question has remained unsolved as to why 
the localized Ce 4f state is so sensitive to external pressure and why the T0 increases substantially. We used angle-
resolved photoemission spectroscopy (ARPES) with synchrotron radiation to address such issues including the 
microscopic origin of the phase transition and its pressure effect in CeCoSi. The out-of-plane momentum resolved 
measurements revealed the coexistence of two- (2D) and three-dimensional (3D) Fermi surfaces (FSs). The observed 
FSs and band dispersions of CeCoSi resemble those of LaCoSi and are reproduced by first-principles calculations of 
LaCoSi. Comparing the observed and calculated FSs, it is found that the Co 3dx2-y2 orbital component contributes 
significantly to the 2D FS and the 3D FS is mainly driven by 3dz2 and 3dyz/zx orbitals. Ce 3d-4f resonant 
photoemission spectroscopy and high-resolution ARPES measurements show that the Ce 4f states do not cross the 
Fermi level (EF) but is located at 10 meV below EF. This proximity of the Ce 4f states to the EF may explain the 
puzzle described above. Our findings pave the way to understanding the electrical properties and multipole order of 
CeCoSi. 
 
*This work was financially supported by JSPS KAKENHI (Grants No. 17H06152, No. 17H06138, and No. 
18H03683). The soft x-ray ARPES experiment was performed with the approval of Japan Synchrotron Radiation 
Research Institute (Proposal Nos. 2018B1465 and 2019A1548). 
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In rare-earth-based semiconductors or insulators, bond dependent superexchange interaction mediated by 
nonmagnetic anions plays the leading role in ordering of localized 4f moments. In case the magnetic cations with 
effective spin of 1/2 form a geometrically frustrated lattice, the magnetic order is suppressed and the quantum 
fluctuations are enhanced, leading to a quantum spin liquid (QSL) state. Possible QSL states have been extensively 
studied in spin-1/2 triangular, kagome, pyrochlore, and Kitaev magnets [1]. Another example hosting geometrical 
frustration is a zigzag spin chain. A rich variety of nontrivial quantum phases could manifest themselves under 
magnetic fields, e.g., spin dimerization, 1/3 magnetization plateau, and vector chirality [2,3].  
In the present work, we focus on an Yb-based semiconductor YbCuS2 crystallizing in an orthorhombic structure 
shown in Fig. 1, where the edge sharing of the YbS6 octahedra arranges the Yb ions in a zigzag chain along the a-
axis [4]. The Curie–Weiss behavior of the magnetic susceptibility indicates the trivalent state of an Yb ion [5]. The 
negative paramagnetic Curie temperature of qp = -48 K suggests an antiferromagnetic (AFM) interaction. 
We have synthesized polycrystalline samples of YbCuS2 and studied the magnetic properties [6]. The trivalent Yb 
state was confirmed by the hard x-ray photoemission spectroscopy. The specific heat shows a sharp peak at To = 0.95 
K, indicating a first-order phase transition. The magnetic entropy at To is only 20% of Rln2 expected for the Kramers 
doublet ground state. Therefore, the phase transition must be strongly suppressed by the magnetic fluctuations. As 
shown in the B–T phase diagram in Fig. 2, To is robust against magnetic fields for B < 4 T, and To(B) increases to 
higher temperatures for 4 < B < 7 T but decreases for B > 7 T. The magnetic-field induced transitions exist at 4, 9.1, 
and 15.6 T and the 1/3 magnetization plateau-like behavior appears at T < To. The peculiar phase diagram suggests 
nontrivial quantum phases arising from the geometrical frustration inherent in the Yb zigzag chain. Moreover, we 
have performed neutron powder diffraction experiments with the WISH diffractometer installed at ISIS, RAL. On 
cooling for T < To, we observed magnetic Bragg peaks, indicating an antiferromagnetic long-range order. A magnetic 
structure is proposed by analyzing the Q-dependent intensity of the magnetic reflections to discuss relationship 
between the spin alignments and the magnetic frustration in the Yb zigzag chain. 
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Fig. 2: B–T phase diagram of YbCuS2 [6]. The red 
closed and black opened circles are the transition 
temperatures To obtained from the highest peaks of 
the specific heat data and the kinks of the 
magnetization data, respectively. The ordered phase 
is divided into at least three phases. 

Fig. 1: Crystal structure of YbCuS2 with the space group of P212121 
[4]. The Yb3+ and Cu+ ions are located in (b) a slightly distorted S6 
octahedron and (c) a deformed S4 tetrahedron, respectively. (d) (e) 
Yb zigzag chains are formed along the a-axis with magnetic 
exchange interactions J1 and J2. The inter-chain Yb ions are 
separated away from each other at least by 4.7 Å. 
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