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The local structural changes within the normal spinel structure of a ZnAl,04 host caused by the titanium
incorporation as studied by the Raman spectroscopy and computationally using the density functional
theory have been analyzed. The lattice dynamics calculation of the ZnAl,04 phonons were performed
within the density functional theory for the 3D periodic crystal structures. Band structure calculations by
the grid-based PAW method predicted a direct band gap in the pure ZnAl,04 sample to be 4.732 eV,
while doping with Ti** produced a density of states in the middle of the gap. The lattice dynamics
calculations using Gaussian-type wavefunctions as basis set and a local density approximation gave a
good agreement between observed and predicted Raman bands. Doping with Ti** causes the infrared
active Ty, phonons as well as the inactive phonons (T1g, Aoy, Ey and T,y symmetries) to appear in the
Raman spectra and breaking of the symmetry selection rules.

© 2016 Elsevier B.V. All rights reserved.

1. Introduction

Because of its stable crystal structure under high- and low-
energetic ion bombardment, zinc aluminate, ZnAl,O4, has been
considered as an appropriate material for a storage of nuclear waste
[1]. Naturally occurring ZnAl,O4 mineral called gahnite can be
found as an opaque, 94—98.7 mol % pure single crystal whose
composition is very close to the stoichiometric formula [2]. Syn-
thetic zinc aluminate with a large surface area is used as a catalyst
[3], while its high-temperature stability makes it suitable as a
ceramic material [4]. Furthermore, it is a semiconductor with a
wide energy gap of ~3.9 eV, large absorbance in the UV region and
transparency for wavelengths greater than 320 nm, which makes it
applicable for various ultraviolet photoelectronic devices [5]. When
doped with Co?*, Mn?" or rare-earth cations, it exhibits lumines-
cence and can be used as a cathodoluminescent material [6]. In
particular, ZnAl,O4 exhibits blue photoluminescence on doping
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with Eu®* or Ti*t cations which makes this material potentially
suitable for solid state lasers [7—9].

Gahnite, ZnAl,04, is an oxide of the spinel type, described with a
general formula AB,0O4, having a cubic close-packed crystal struc-
ture belonging to the Fd3m space group [10,11]. The unit cell con-
tains 32 oxygen anions 0%~ in the ccp lattice, 8 tetrahedral sites
occupied by the divalent cations A>* and 16 octahedral sites
occupied by the trivalent B3* cations. In the normal spinel structure
divalent cations occupy tetrahedral sites with the fourfold coordi-
nation, while trivalent cations enter the octahedral sites having the
six-fold coordination.

In the following, local structural changes caused by Ti** as
studied by Raman spectroscopy and computationally using the
density functional theory shall be discussed, regarding the hy-
pothesis of Deren et al. [9] that the partial inversion occurs in the
doped gahnite structure. We shall demonstrate a good agreement
between theoretical values of phonon positions and observed ones
for the pure gahnite. Although one expects a breaking of the
symmetry selection rules on doping, the intensity of the new
Raman bands that emerge was unexpectedly high for a low level of
doping undertaken. Furthermore, to test whether the bands
observed in the Raman spectra were true Raman bands, we un-
dertook the Raman spectroscopy measurements with two different
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Fig. 1. Titanium doped ZnAl,0, at the lowest titanium concentration: two Al atoms were replaced with one Ti and one Zn atom. In the conventional unit cell there are altogether 56

atoms present.

excitation lines, finding very similar spectra. The only difference
concerned one ZnO band at 439 cm™~, which was comparable to the
gahnite phonons when green excitation was used. On doping, new
phonon bands that emerge in the Raman spectra of a Ti*"-doped
ZnAl,O4 host coincide with the phonons present in the infrared
spectra, or with the calculated values for the inactive phonons of a
pure gahnite. Herein, we shall argue that these facts are in an
accordance with the normal spinel structure in a Ti*"-doped
gahnite.

2. Experimental
2.1. Sample preparation

All the reagents were used as supplied with an analytical grade
without any further purification. Powder samples of pure ZnAl,04
and ones doped with titanium in the amounts of 1.8, 3.8, 5.4, and
11.6 at.% (hereinafter denoted as SO, S1, S2, S3 and S4, respectively)
were prepared using a sol—gel technique [8]. The obtained samples

Table 1

were grinded to fine powders, heated up to 800 °C in the furnace
with static air at a heating rate of 10 °C/min, and calcined at that
temperature for 2 h. Afterwards they were slowly cooled to a room
temperature (RT) in the furnace. All prepared samples were of a
white color.

2.2. Raman and infrared spectroscopy

The Raman spectra of powder samples were recorded using two
different excitations. The spectra obtained with a green laser line
514.5 nm of the COHERENT INNOVA 400 laser were recorded under
the microscope of the T64000 HORIBA JobinYvon Raman spec-
trometer in the single mode. To check whether all of the bands
were indeed Raman and not luminescence bands, the spectra of all
samples were also obtained using the 785 nm near infrared laser
with a Renishaw INVIA spectrometer. An excellent agreement be-
tween two Raman spectra was found, with the sole exception of the
ZnO phonon band located at 439 cm~. This phonon band was
observed only with a green excitation and is a result of a known

Comparison of the observed and calculated phonons for gahnite ZnAl,04 (cm ™). Raman active modes belong to Ag, Eg and T, irreducible representations. Calculated values

were obtained with the CRYSTALO9 program [12].

ZnAl,0,4 Fd3 m symmetry Raman modes Infrared modes Inactive
Observed Calculated Observed Calculated calculated

Aig 7587 779

Aoy 759

Az 691

Tiu 684 677

Tog 659 663

Ey 582

Tia 574 542

Tog 509 511

Tiu 510 483

Tau 462

Eg 420 412

Ey 400

Tig 351

o 251

Tiu 220-231° 212

Tag 196° 194

Tlu

¢ Data cited from Chopelas and Hofmeister [27].
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green photoluminescence in that material.

The infrared spectra were recorded in the 4000—350 cm™! re-
gion with the samples as KBr pellets by using a Bruker Alpha FTIR
spectrometer.

3. Theory/calculation

The lattice dynamics calculations of the ZnAl,04 phonons were
performed within the density functional theory as implemented in
the CRYSTALO9 program [12] for the 3D periodic crystal structures.
The starting gahnite crystal structure belongs to the cubic Fd3m
space group with the unit cell parameter, a = 8.0854 A [8]. The
fractional positions of oxygen atoms were x =y = z = 0.2644, in an
accordance with the preparation temperature of 800 “C reported
earlier by O'Neill and Dollase [10]. The atomic positions were
optimized by using the Vosko-Wilk-Nusair parametrization of the
correlation part [13] and a local density approximation for the ex-
change part of the Hamiltonian [14]. All frequencies were calcu-
lated within the harmonic approximation at the I' point of the
Brillouin zone. The zinc and aluminum basis sets were the triple
zeta valence functions of Peintinger et al. [15], while the oxygen
basis was that of Gatti et al. [16]. For a model of a Ti-doped ZnAl,04
we used a conventional unit cell containing 56 atoms where two Al
atoms were replaced with one Ti and one Zn atom in such a way
that a single Al atom is placed between them. The 2/56 ratio was
chosen to correspond to the sample S1, containing 1.8 at.% Ti** [8].
This conventional unit cell is represented in Fig. 1. All calculations
were done on the HP Z640 workstation using eight processors. The
geometry optimization of the Ti**-doped ZnAl,04 structure lasted
three and a half days, while the phonon calculation took nine days.

In order to obtain a density of states, quantum mechanical cal-
culations were carried out within the density functional theory
[17—19] using the real space grid-based projected augmented wave
(GPAW) code which implements the projected augmented wave
(PAW) method [20]. The meta-GGA calculations were performed
using standard GPAW PBE pseudopotentials, within the atomistic
simulation environment (ASE) interface connected with the GPAW
code [21]. The Broyden—Fletcher—Goldfarb—Shanno (BFGS) local
optimization algorithm [22] available in the ASE, was used to iter-
atively find the structural energy minimum, where all atomic forces
are below 0.05 eV/A. The accuracy of a real-space representation
was controlled with the grid spacing. The default value of 0.2 A was
chosen since smaller values took too much time although the
precision was increased. The Brillouin-zone was sampled with a
regular grid of 4 x 4 x 4 k-points with the Monkhorst-Pack scheme.

4. Results

Two formula units of a ZnAl,04 in the primitive cell of the Fd3m
space group contain fourteen atoms having 42 spatial degrees of
freedom and span the following irreducible representations [23,24]
given by the following equation:

I'=A1g ® Eg®Ti® 3Thg @ 2A5, ®2E, ©5 Ty, 2Ty, (1)

The modes Ajg, Eg and Tpg are Raman active, while Ty, are
infrared active. One Ty, mode corresponds to triply degenerate
acoustic phonon of zero frequency at the I" point. In Table 1 a
comparison of the observed and calculated phonons of a pure
nanocrystalline ZnAl,04 sample is given. It is well known that the
infrared spectra of spinels are characterized by absorption bands in
the range 400—700 cm~! [25,26]. Thereby, a relatively strong ab-
sorption band corresponding to the stretching vibration of the
atom in the tetrahedral oxygen environment was located at
~660 cm~! (Fig. 4). On the other hand, the strong band observed at
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Fig. 2. Raman spectrum of the sample SO compared with the Raman spectra of sam-
ples S1, S2, S3 and S4 obtained by using a green laser line at 514.5 nm. Peak denoted
with asterisk is an artifact due to the notch filter used. The band at 439 cm™! is a ZnO
impurity phonon band. (For interpretation of the references to colour in this figure
legend, the reader is referred to the web version of this article.)

~550 cm™~ ! is characteristic for the stretching vibrations of the atom
in the octahedral oxygen environment. Raman spectra obtained
with 514.5 nm and 785 nm are displayed in Figs. 2 and 3, respec-
tively. Two strongest bands at 420 and 659 cm™! correspond to the
Eg and T,z modes, while a weak band at 509 cm~ ! is assigned to the
T,g mode. Two Raman bands at 196 and 758 cm~! observed by
Chopelas and Hofmeister [27] were not observed, while a good
correspondence with the observed infrared modes from this work
was established (Fig. 4). Several inactive phonons are predicted at
251 (Tay), 351 (Tau), 400 (Ey), 462 (Tay), 582 (Ey), 691 (Azy) and
759 cm™! (Azy). These values do not take into account the LO-TO
splitting which occurs in the Raman and infrared spectra of ori-
ented single crystals in compounds where charged ions vibrate. As
explained by Pandey et al. [28,29] the degeneracy of the transverse
optical (TO) and longitudinal optical (LO) modes is broken due to
the electric field that is generated during vibration. A correction
term to the dynamical matrix element can be calculated if the Born
effective charges are known, and the calculated TO and LO values
are compared to the experimental ones. Since we investigated
powder samples and not single crystals, and the symmetry has
disappeared on doping anyway, we did not calculate the magnitude
of the TO-LO splitting.

Doping with Ti** causes the appearance of additional bands
located at 165, 258, 344, 587, 720 and 759 cm™, as well as a rise of
the ZnO phonon at 439 cm™! (Figs. 2 and 3), respectively. Namely,
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Fig. 3. Raman spectrum of the sample SO compared with the Raman spectra of sam-
ples S1, S2, S3 and S4 obtained using a near infrared laser line at 785 nm.
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Fig. 4. Infrared spectra of samples SO, S2 and S4.

as the band at 759 cm~! in particular seems to be sensitive to ti-
tanium doping, the corresponding phonon was looked into more
carefully by using the MOLDRAW program [30]. In an agreement
with the previous reports on the Raman spectra of a ZnAl,04 spinel
[31], motion of oxygen atoms dominates in this mode in the pure
compound. On doping with titanium, however, thirteen phonons
appear in the range 730—795 cm~! which together produce two
prominent maxima at 740 and 788 cm~! in the Raman spectrum
(Fig. 5). The list of all calculated phonons for the sample S1 is given
in the Supplementary Table S1. Since the total density of states
(DOS), obtained from the non-spin-polarized calculations can be
used to visually estimate a band gap, we employed the ASE function
which gives the minimum value between difference of the valence
and conduction band for the direct gap equal to 4.732 eV. The DOS
calculation indicated a new peak in the middle of the above gap
(Fig. 6). The titanium atoms contributed to the peak in the gap — see
Supplementary Fig. S3 for the contributions of different atomic
species and their orbital projected density of states PDOS.

5. Discussion

The previous band structure calculations on the ZnAl,04 were
reported by Sampath et al. [32], Khenata et al. [33,34], Dixit et al.
[35,36], Fang et al. [37], and Lopéz-Moreno et al. [38]. Of these, only
Fang and Lopéz-Moreno groups carried out the lattice dynamics
calculations of phonons. Namely, Fang et al. compared the
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Fig. 5. Calculated Raman spectrum of titanium doped ZnAl,0,. For several prominent
bands the wave numbers above the bands are indicated (cm™"). Two Al atoms were
replaced with one Ti and one Zn atom in the conventional unit cell with 56 atoms.
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Fig. 6. Comparison of the calculated density of states for titanium doped and pure
ZnAl,04 host. The band gap is found to be 4.732 eV in the pure compound, while new
states merge in the gap on doping.

calculated values with the phonon density of states obtained by the
neutron scattering, while Lopéz-Moreno et al. reported a first-
principles density functional study of the vibrational properties of
the pure ZnAl,04 compound [37,38]. In the reported high pressure
Raman spectra a great overlap of gahnite bands with bands of
methanol, ethanol and ruby used in high pressure Raman cell was
observed, thus complicating the comparison with the calculated
values [38]. Another study concentrating on the defects important
for the conducting properties was done by Dixit et al. [36]. Namely,
the band gap of a ZnAl,04 was calculated using the HSEO6 func-
tional with the 37.5% mixing of a Hartree-Fock exchange and equal
to 6.63 eV being very close to the best theoretical value of 6.55 eV.
However, according to Dixit et al. the real experimental value must
be higher than the reported one of 3.9 eV [5]. Furthermore, all
electron calculations with an augmented plane wave as imple-
mented in the WIEN2k code gave the band gap values close to
4.28 eV [33] or 5.2 eV for pure, and 5 eV for Ti-doped ZnAl;04 [9].
Our choice of the most appropriate functional was based on a
comparison of the phonons positions calculated by using the
Vosko-Wilk-Nusair [13], Perdew-Becke [18,19], and Perdew-Wang
generalized gradient approximation [39]. The Vosko-Wilk-Nusair
(VWN) functional gave the best agreement with the observed
phonons' positions, like A mode at 779 cm~! compared to an
experimental value of 758 cm™~ !, whereas other two gave the values
above 800 cm~ Also, the Ty mode observed at 659 cm™' was
predicted at 663 cm~! using the VWN, but was calculated to be at
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681 cm~! using the PWGGA, or much lower at 601 cm™! using the
PBE (see Supplementary Table S2).

Comparing our optimized values of a cell parameter
a = 79639 A and an internal parameter u = 0.2637 with the
experimental ones reported by Vranki¢ et al. (a = 8.0854 A and
u = 0.2644) [8] we find a good agreement. The value of a direct
band gap which we obtained, 4.732 eV, is higher than the experi-
mental value of 3.9 eV reported by Sampath et al. [5]. But still, this
overestimate is found by other authors as well [9,33,36].

Nanocrystalline nature of the pure and titanium doped samples
becomes evident through the bandwidth of the observed Raman
transitions. In the study of the effect of a nanocrystallinity in the
pollycrystalline TiO,, Swamy et al. reported the gradual increase of
the bandwidth of Raman bands as particle diminish in size [40]. At
the same time, the number of observed bands does not change at
the ambient pressure. Our main goal was however to assign the
Raman bands in nanocrystalline ZnAl,04 sample and study the
effect of Ti doping on Raman spectra. We found a good agreement
between observed Raman bands in pure nanocrystalline ZnAl,04
compound with those for single crystal gahnite reported by Cho-
pelas and Hofmeister [27], since two strongest bands at 415 and
660 cm~! dominate the Raman spectrum. Furthermore, the Raman
bands reported here for pure and doped ZnAl,04 compound are
indeed broader than those observed in the single crystal reported
by Chopelas and Hofmeister [27], but at the same time their posi-
tions correspond well with values calculated for an infinite periodic
crystal (Table 1). An additional weak band at 439 cm ™! is due is due
to presence of a ZnO phase in the Ti**-doped ZnAl,0,4 samples.
Namely, in the previous publication reported by Vranki¢ et al,, it
was established that in the Ti-doped samples the occupancy of Al
atoms on VB sites changes from 100% in pure ZnAl,O4 towards
76.8% in maximally doped samples, while Zn atoms gain occupancy
on the same sites [8]. The simultaneous appearance of aZnO Raman
band located at 439 cm ™! indicates that thermodynamic conditions
during the synthesis were a Zn-rich [36]. Taking this into account,
in the model presented here, the two Al atoms were removed and
one Ti and one Zn atom were substituted instead. Considering the
electron-phonon interaction which is the underlying cause of the
polaron formation, we may take an example of a TiO, compound in
which the conducting electrons localize at Ti** sites to form Ti>*
[41]. The activation energy they found for a polaron hopping is
~0.3 eV parallel to c direction in rutile, while for other directions it
was order of magnitude smaller. Polaron defects of the Ti>* type are
much less abundant than Ti*" cations in the Ti-doped ZnAL,O4 [8],
therefore this type of defects is considered not to be relevant. The
optical conductivity of superconducting oxides is known to display
the broad maxima in the range 0.2—0.7 eV, which are measured by
an infrared spectroscopy [42]. According to Emin [43] the polarons
in ionic compounds can involve displacement of atoms' equilibrium
positions over several elementary cells. The energies of these po-
larons are large, typically several electron volts, and the bound
polaron states would completely distort the observed phonon
spectra. However, the broad band shapes in the Raman and infrared
spectra of a nanocrystalline Ti-doped gahnite are caused by the
nanosized nature of the samples. The number of observed Raman
phonons does not change on doping, but the symmetry of
forbidden bands becomes visible.

Doping with Ti** causes the infrared active T, phonons as well
as the inactive phonons (T1g, Aoy, Ey and T, symmetries) to appear
in the Raman spectra (Figs. 2 and 3). Specifically, a broad shoulder
located at 258 cm™! corresponds to Ty, and T,, phonons calculated
at 212 and 251 cm~!, band at 344 cm™! corresponds to T1¢ phonon
calculated at 351 cm ™, band at 587 cm ™! corresponds to E, phonon
calculated at 582 cm~!, shoulder at 720 cm~! corresponds to Az,
phonon calculated to lie at 691 cm~!, while strong band at

759 cm~! overlapping the A1 gahnite mode corresponds to Ay
mode calculated at 759 cm~! (compare Fig. 2 and Table 1),
respectively. As all of these emerging bands are also present in the
Raman spectra obtained with the 785 nm excitation (Fig. 3), they
can not be assigned to the luminescent bands of trace impurities
such as those observed in the Al;03 with the 193 ppm Fe [44].

The infrared bands of doped powder samples are very broad
(Fig. 4) and their maxima are shifted from the TO and LO modes
obtained by reflection on a single crystal ZnAl,04. Namely, the
observed broad maxima at 510, 574 and a very large asymmetric
band at 684 cm™! are shifted from the TO-LO modes located at
440-532.7 cm™!, 542.9-608.4 cm~! and 640.6—-787.3 cm~! (all
Tiu), respectively [27]. In particular, Deren et al. suggested the hy-
pothesis that the intensity increase of the infrared band at 217 cm™!
and a shoulder at ~800 cm! in a Ti‘”—doped ZnAl;04 occurs on
behalf of the partial inverse spinel ordering [9]. As discussed by
D'Ippolito et al. [31] an inversion in the aluminate spinels might be
indicated via an additional shoulder on the Raman Eg mode at
420 cm~!. However, in our Raman spectra no other bands are
observed in the vicinity of the Eg transition except the ZnO band at
439 cm™! (see Supplementary Fig. S2).

Doping with titanium causes the significant spectral changes in
the Raman spectra and breaking of symmetry selection rules. Based
on a crystallographic analysis presented earlier [8] where no in-
verse spinel ordering was found, we conclude that the replacement
of aluminum atoms by titanium and zinc atoms in the Ti-doped
ZnAl,O4 samples causes the loss of the symmetry and conse-
quently the Raman spectral activity of all phonon transitions pre-
sent. Obtained theoretical calculations enhanced and expanded the
already documented state-of-the-art puzzle [8] and thus a shed a
light on the optical performance of the Ti**-doped ZnAl,04
compound.

6. Conclusion

The Raman spectroscopic analysis and density functional theory
computational methods were applied in the study of a nano-
crystalline Ti‘”—doped ZnAl,04 in order to find more information
on local (dis)order. Band structure calculations by the grid-based
PAW method predicted a direct band gap in the pure ZnAl,04
sample to be 4.732 eV, while doping with titanium produced the
density of states in the middle of the gap reducing its value to
2.4 eV. Former explains the origin of the blue luminescence in this
material. The lattice dynamics calculations performed with the
CRYSTALO9 program using Gaussian-type wavefunctions as basis
set and a local density approximation gave a good agreement be-
tween observed and predicted Raman bands. On titanium doping,
one observes both Raman allowed as well as the ZnAl,04 infrared
active and inactive phonons in Raman spectra.
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