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1.1. SUPERIONIC CONDUCTORS OR SOLID ELECTROLYTES  

In recent years a considerable amount of  

interest has been shown in the area of the solid electro-  

lytes or super ionic conductors. Both terms have been  

used to describe a particular state of matter in which  

one subset of ions in a crystal has a substantial  

measure of translational freedom, and to this extent  

is fluid-like, while the reminder of the ions execute  

motion (rotation and/or vibration) about fixed centers.  

The transition from a normal crystalline solid,  

in which all the ions are confined to fixed sites, to  

a solid electrolyte is in some ways analogous to a  

melting transition, and it is now common to refer to  

"sub-lattice melting" in this context /1/.  

electronic conductivity are becoming very important in  

technology: in solid state batteries, coulometers /2/, etc.  

A few more types of solids /3-5/ are known to exibit high  

ionic conductivity but at relatively high temperatures.  

They are of use in devices operating at high temperatures,  

e.g. fuel cells /6/ etc. Materials with high ionic  

conductivities at room temperatures are mainly the silver  

ion conductors based on silver iodide.  

  

These new compounds, with high (more than  

 10-2 ((Ωcm)-1) ionic and very low (less than 10-8 ((Ωcm)-1) 



 
1.2. SYSTEM AgI+Ag8W4O16 

 

The solid state system AgI + Ag8W40l6 has been under 

extensive study as a source of electrolytes for use in Ag/I2 batteries. 

In 1973, Takahashi et al. reported /8/ a series of electrical 

conductivity and differential thermal analysis measurements from which 

they constructed a phase diagram for the AgI + Ag8W40l6 system. Several 

ordered structures result from different admixtures of AgI and  

At this point I must make a decision about the 

further use of either the term "solid electrolyte"  

or "superionic conductor". Both of them have been used  

in the literature. Recently, the discussion /7/ cautioned that 

the term "superionic conductor" might be misleading. There are 

three forms for this term: "superionic conductor", "super ionic 

conductor" and "ionic superconductor". The last version can be 

misleading, erroneously suggesting a connection with 

superconductors. These materials are completely unrelated to 

superconductors. In the version "super ionic conductor", there is 

not a linguistic justification for the word "super". The term was 

to be interpreted as an ionic conductor which is "super"  

(not literally a word). "Super ionic conductor" could  

imply a "superion" entity for which there is no scientific 

justification.  

Since I did not find arguments to prove otherwise,  

I shall use the term "solid electrolyte".  

-2-  



 
 

 

 
          
 

but it has many more silver sites (most of which are empty) 
 
in comparison with RbAg4I5 (4.96 x 10

22 cm-3 versus  
 
3.94 x 1022 cm-3). The chemical stability of Ag26I18W4016 is 
 
better than that of RbAg4I5 in the iodine containing 
 
environments present in Ag/I2 type batteries. This stability 
 
is evidenced by the constant internal resistance 

 
combination of excellent physical properties has resulted 
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Ag8W4016 /8/: Ag4I2W04, Ag8I(W04)2 and Ag6I4W04. All these 

materials are based on the prototype structure Ag8W4016 and 

have a characteristic (W4016)
-8 complex in which the tungsten 

ion is octahedrally coordinated /9/.  

material were found in Ag6I4W04. X-ray structure work by 

Geller and Chan /10/ proved that the correct formula is  

Ag26I18W40l6. This material has fewer silver ions per  

cubic centimeter than RbAg4IS, the most studied solid electrolyte 

(0.78 x 1022 cm-3 compared with 1.13 x 1022 cm-3),  

The best characteristics for an electrolyte  

in the cells of type Ag/Ag26I18W4016/I2 which has been 

maintained over a period of more than two years. This  

in the selection of Ag26I18W40l6 as the electrolyte by Sanyo in 

a silver battery consisting of Ag/Ag26I18W40l6/Ag2Se + Ag3P04. 

This battery is marketed under the trade name "Memoroide" and 

is used in timing, integrating and memory applications. 
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As a first step in a systematic optical and electrical 

study of this family of electrolytes, we have obtained the Raman 

spectra of Ag8W4016 from room temperature up to and above the 

melting temperature. Our high-temperature spectroscopy of Ag8W4016 

showed the following results: 1) pure Ag8W4016 is not a solid 

electrolyte; electrical and thermal evidence for a conducting 

phase above 553 K obtained by Takahashi et al. /8/ was shown in 

our work to result from thermally activated, irreversible chemical 

degradation with a 0.7 kcal/mol activation energy; 2) the silver 

ion vibrations in Ag8W4016 occur in the 40-60 cm
-l region and remain 

well defined up to the melting temperature of 893 K;  

3) the chemical degradation at about 550 K can be minimized by an 

oxygen pressure of several atmospheres.  

Measurement of the spontaneous polarization as  

a function of temperature was made on several samples from  

293 to 623 K in order to check the Raman spectroscopy results.  

 

 
 
 
 

 

The second step in this study was to investigate 

Ag26I18W4016. This material has a combination of excellent 

physical properties for an electrolyte in Ag/I2 batteries, as 

it was discussed in the previous Section.  
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Our directional conductivity measurements 

over a range of temperatures from 173 to 473 K resulted 

in detailed data concerning the physical nature of the 

transition dynamics in Ag26I18W4016. We made measurements 

and calculations of the conductivity tensor for this 

highly anisotropic crystal for the first time.  



 
 

2. SOLID ELECTROLYTES 
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2.1. INTRODUCTION  

The literature contains many papers on solid 

electrolytes and there is a question concerning their 

systematization. One approach is a division on the basis 

of the type of the conducting ions. This survey is 

presented in Section 2.2.1. Another division is based on 

the various types of transitions in ionic solids. It 

includes solid electrolytes, as AgI, and  

it is given in Section 2.3. A physical model of solid 

electrolyte is presented in Section 2.3.  

The characteristics of AgI-based solid  

electrolytes are presented in Section 2.3.1.  
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2.2. SYSTEMATIZATION OF SOLID ELECTROLYTES  

2.2.1. THE TYPE OF CARRIERS  

In solid electrolytes the charge carriers 

can be anions or cations. That is the basis for the 

first systematization to be presented.  

2.2.1.1. ANION CONDUCTING SOLID ELECTROLYTES  

The first group are the solid electrolytes in 

which the main charge carriers are anions. In that group 

we can make a division on the basis of the  

type of the conducting anions:  

a) Fluorite - and tysonite - type fluorides which  

have the high fluoride ion conductivity. A good example  

possible in the form of fluoride ion selective electrodes. 

Wider practical application is restricted because of  

a high reactivity of elemental fluorine.  

b) Oxide ion conductors - having a high oxide ion 

conductivity. In that group of materials like stabilized /12/ 

zirconias Zr02(Y203), thorias Th02(Y203) and  

of this  type  is  beta-lead fluoride (PbF2)  doped  with   

potassium  fluoride,  where fluoride  ion conductivity    

is of the  order  of 10-3(Ωcm)-l at room temperature /11/. 

    Application  of fluoride  ion  electrolytes  is   
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cerias Ce02(CaO), which have the fluorite-type structure, 

have been developed. They were applied as oxygen  

analysers or sensors and for the concentration  

determination of oxygen in metals.  

A second type of oxide - ion conductors are  

perovskite-type oxides. They can be represented by  

formula AB03, where A and B are di- or tri-valent and 

tetra- or tri-valent cations /13/. They exibit  

high oxide ion conductivity at high temperature when  

A or B is partially substituted with a cation of lower  

vallency giving rise to oxide ion vacancies.  

Oxide solid solutions based on bismuth  

oxide also exibit the high oxide ion conductivity.  

To obtain a high stability over a wide range of tempe-  

ratures, di-, tri-, penta-, and hexa-valent metal oxides  

2.2.1.2. CATION CONDUCTING SOLID ELECTROLYTES  

The second group in this systematization are  

cation conducting solid electrolytes. These are:  

a) Silver cation conductors, example of which is α -AgI  

/14/ in the stable phase above 419 K. This structure  

may be stabilized at room temperature by the substitution  

have been added to Bi203. These stabilizer oxides are:  

SrO, BaO, La203, Y203, Gd203, V20S, M003, and W03 /13/.  

-8-  

cerias Ce02(CaO), which have the fluorite-type structure, 

have been developed. They were applied as oxygen  

determination of oxygen in metals.  

A second type of oxide - ion conductors are  

perovskite-type oxides. They can be represented by  

formula AB03, where A and B are di- or tri-valent and 

tetra- or tri-valent cations /13/. They exibit  

high oxide ion conductivity at high temperature when  

A or B is partially substituted with a cation of lower  

vallency giving rise to oxide ion vacancies.  

Oxide solid solutions based on bismuth  

oxide also exibit the high oxide ion conductivity.  

To obtain a high stability over a wide range of tempe-  

ratures, di-, tri-, penta-, and hexa-valent metal oxides  

2.2.1.2. CATION CONDUCTING SOLID ELECTROLYTES  

The second group in this systematization are  

cation conducting solid electrolytes. These are:  

/14/ in the stable phase above 419 K. This structure  

may be stabilized at room temperature by the substitution  



 
 

 
 

ions by cations was successfully done in RbAg4IS /l5/ 

with conductivity of 2.7 . 10-1(Ωcm-l, which we  

used as reference in discussion of Ag26118W4016 properties 

(Sec. 1.2 ). The third possibility is the  

at room temperature is RbCu4Cl3I2 with room temperature  

  conductivities as high as 4.4 . 10-1 (Ωcm)-1. At  

-9-  

of iodide or silver ion by other anions, cations or  

both. An example of substitution of iodide ions by  

anions is Ag19I15P207 with a conductivity of  

9.0 .10-2 (Ωcm)-l at 298 K. Substitution of silver  

substitution of silver and iodide ions by both cations  

and anions, of which a successful example is Ag8HgS2I6 

with a silver ion conductivity of 1.47 .10-1 (Ωcm)-l  

at 298 K.  

All these silver ion conductors have been  

tried as the electrolyte for batteries, energy storage  

devices or electrochemical functional elements.  

b) Copper ion conductors are also good solid electro-  

lytes. One example of such electrolytes is  

7CuBr.C6H12NyCH3Br - N - methyl - hexamethylenetetramine 

bromide - copper (I) bromide double salt which has a 

conductivity of 1.7.10-2 (Ωcm)-l at 293 K /7/. The  

solid electrolyte with the highest known conductivity  

the temperature of the transition from Ag1 to α-Ag1  

(419 K), the minimum value of the conductivity of this  



 
 -10- 

material was measured as 1.53  (Ωcm)-l, which is  

about 17 percent higher than that of the conductivity  

α-AgI at the transition /8/.  

Among cation conducting electrolytes there  

is a whole group of alkali metal ion conductors,  

which are:  

c) Lithium ion conductors which show high lithium  

ion conductivity at high temperatures. An example is 

Li20
.3Ti02 with a conductivity of 10-

2 (Ω cm)-l  

at 673 K.  

d) Sodium ion conductors which exhibit high Na+ ion  

conductivity. The best known solid electrolytes from  

this group are β and β" - alumina. The ideal formula for  

β - alumina is Na20 • llA1203 and for β" - alumina Na20 • 

5A1203 /18/.  

e) Potassium ion conductors are conductors by K+ ions.  

An example is K20
.5.2Fe203·0.8ZnO with the potassium ion 

conductivity of 1.8 • 10-2 (Ωcm)-l at 573 K.  

f) The last group in cation ion conductors area or  

positive charge carriers are proton conductors.  

H3OCl04 was found to have proton conductivity of  

3 • 10-4 (Ωcm)-1 at 298 K. It decomposes to H20 and  



 
 

 
 
 
 
 

 
 
 
 
 

(solid electrolyte) transition, one subset of ions 

disorders, at the second (melting) transi-  

assumed that the proton in this crystal migrates along  

the hydrogen bonds existing between water molecules.  

-11-  

HC104 at 323 K.  

Proton conductivity of 4 • 10-3 (Ωcm)-l at  

298 K is found in hydrogen uranyl phosphate  

(HUO2PO4·4H2O) /19/.  

Phosphotungstic acid hydrate (PWA)-H3(PW12040)29H20 

/20/  has been proved to have a proton conductivity  

of 4 • 10-2 (Ωcm)-1  at room temperature. It has been  

2.2.2. VARIOUS TYPES OF TRANSITIONS  

O'Keefe /1/ suggested classification of binary  

ionic crystals on the basis of their melting and  

transition behaviour as:  

Class I consists of salts in which cation and anion  

arrays disorder simultaneously on melting.  

Example of such salt is NaCl.  

Class II are the salts in which there are two first-order  

phase transitions, at the lower temperature  

tion the remaining ions disorder. AgI belongs  

to this class.  
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Class III consists of solid electrolytes at high  

temperatures, but first transition is spread  

over a temperature range of one hundred  

degrees or more. The melting transition is  

first-order. Examples of such electrolytes  

are CaF2 "fluorite", or "antifluorite" 

(Li20) structure.  

2.3. PHYSICAL MODEL OF SOLID ELECTROLYTES  

In crystals the diffusion of ions takes place  

by hopping. An ion may jump from its lattice site to  

a nearby vacancy in a time short compared to its residence  

time in the potential well at a lattice site /21/.  

considered defects, and may be created by motion of an  

ion to an interstitial site /22/.  

Conditions for the existence of the anomalously  

high ionic conductivity which characterizes solid  

electrolytes can be derived from a model of interstitial  

diffusion /23/. In this model one assumes that there  

exists an equilibrium concentration of interstitial  

ions, each with an associated vacancy on regular site:  

crystals the vacancies necessary for this process are  

The attempt frequency of jumping, ω0, is the ordinary  

lattice vibrational frequency of - 1013 Hz. In normal  

(2.3.1) 

  - 
Vi  + Xx Vx  + Xi 
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(Xx = X atoms (ions) on normal x-sites, Vx = vacancy on  
    

X-site, Vi = interstitial site). The conductivity will  

be proportional to Xi. The assumption of equilibrium 

means that the diffusion process is slow compared to  

the formation process.  

The Gibbs free energy change of process (2.3.1) is 

∆Gi
0. The number of the diffusion ready atoms is smaller than 

number of atoms on normal sites: Xi« Xx. Once the 

ion is present in the interstitial position, its  

move to next interstitial positions leads to  

energetically and symmetrically equivalent positions.  

During the diffusion process the ions are assumed to  

pass through an activated state, characterized by an 

activation Gibbs free energy ∆Ga
++. The conductivity  

can be shown to be proportional to the following factors:  

 
 

 

Generally, more complicated processes can occur,  

but the complete description is not relevant in this  

discussion. Using the above described processes it is  

possible to formulate conditions which must be fulfilled  

for the interstitial diffusion process in order to lead  

to anomalously fast diffusion:  



 
-14-  

1) The process which brings the lattice atoms into  

the diffusion ready position, must have ∆Gi small, preferably  

zero.  

2) For all transitions mentioned the activated state must 

have a small value for ∆ Ga
++. 

If we consider X-sites and the interstitial  

sites to be equivalent then [Xi] = [Xx] = 0.5 Nx  

(Nx is the concentration of X-sites) when equilibrium  

prevails. Thus condition (1), above, for fast diffusion  

is fulfilled if all atoms (ions) of the major constituent  

X are diffusion ready.  

In this description the interstitial diffusion  

mechanism was used to show which changes are necessary  

to come to anomalously fast diffusion. Once that situation  

is obtained, the quantities describing interstitial  

process cannot be properly used any longer.  

A number of solid electrolyte materials have  

characteristical structures with a large number of  

available sites per mobile ion. This means that the unit  

cell of a crystalline compound contains m equivalent  

sites upon which n ions of one composing elements are  

statistically distributed, and m>n. For example, in  

α-AgI the iodide ions form a body centered cubic lattice  

with 21 per unit cell (Fig. 1). It has 42 sites  

available for the two Ag ions in a unit cell. There are  



 

FIG. 1. 
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Im3m-Oh

9
  

• 6 b sites  

o  12 d sites 

∆ 24 h sites  

The high temperature α-phase of AgI. The large circles are the I- 

and the possible sites of Ag+ are shown.  
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12 equivalent tetrahedrally coordinated positions, 

12(d), 24 three-fold coordinated sites, 24(h), and 6 

octahedrally coordinated sites, 6(b).  

Summarizing the above descriptions, the general  

conditions for crystal to be the solid electrolyte are /7/:  

1) The lattice must include more sites than there are ions 

to fill them. It is implicit in this that the sites be 

energetically similar.  

2) The lattice must further be such that the ions can hop from 

their sites to nearby vacant ones. This implies only modest 

barriers between the nearby equivalent sites.  

3) There must be extended paths through the lattice; otherwise 

there is a large hopping rate without significant  

dc conduction.  

In solid electrolytes conducting ions are 

distributed over a large number of available sites 

(sublattice disorder) and the activation energy of ionic 

motion is low. The potential wells in which the conducting 

ions are located are shallow. This situation makes the 

attempt frequency low. At the same time the amplitude of 

thermal motion becomes large as indicated by the results of 

neutron diffraction experiments. This  
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diffraction results /24/ for α-AgI show amplitudes of  

vibration of silver ions of more than 0.4 Å at 523 K.  

The motion of ions in these substances cannot be  

properly described by simple hopping diffusion. One of  

the possible complex mechanisms of diffusion is a  

cooperative jump of a number of ions to the equivalent  

empty positions.  

The simple hopping model of one ion is  

refined by consideration of the cooperative motion of  

ions. This refinement gives better agreement with observed  

activation energies. Here, two ions, the one on an  

interstitial site and other on an adjacent regular site,  

cooperate in such a way that the interstitial ion re-  

places the ion on the regular site into an adjacent  

interstitial site /25/. A theory utilizing cooperative  

motion similar to the above was proposed by Wang et al.  

/26/. He obtained value for the vibrational frequency  

of an ion which is in a good agreement with experimental  

results. Later we shall compare our experimental data  

from Raman measurements with Wang's results.  
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2.3.1.  THE CHARACTERISTICS OF AgI-BASED SOLID ELECTROLYTES 

RELEVANT FOR THEIR HIGH CONDUCTIVITIES  

All Ag-based solid electrolytes have networks of 

passageways which are formed from face-sharing of  

the anion polyhedra. The distribution of the charge carriers 

over crystallographically nonequivalent sites is not uniform 

/7/. The distribution changes with temperature, even if 

crystal structure does not change.  

Larger volumes of crystal space occupied by the conduction 

passageways lead to higher conductivities. The ratio  

of available sites to charge carriers in solid electrolytes is 

bigger than 3. The highest factors are for α-AgI  

and Ag26I18W40l6 (Table I). Interactions between cations on 

nearest neighbor tetrahedral sites are repulsive  

/27, 28, 29, 30/. The cation-anion interaction /29/ 

determines activation energy of motion. According to 

Amstrong et al. /29/, the stability of the Ag+ (and Cu+) 

ions in both 4- and 3-coordination and their monovalency are 

responsible for their being the mobile ion in most good 

solid electrolytes.  



 
 

 
 
 
 

 
 

 
 
 

 
 

cell 

Table I  

Some specialized data on AgI-based solid electrolytes  

Formula Mobile Ag+ Ag+ ion 

ions/unit    sites/unit 

ns  
 
1022cm-3 

nAg nAg  
 
1022cm-3 

      σ(Ωcm)-1 
 
296 K    419 K cell cell 

α-AgI  2  12          1.00  1. 57  9.42     -       1.3   
             

   
RbAg4I5  16  56 

  
       0.471  1.13     3.94   0.27       0.66 

              

PyAg5I5  
 

10  34          0.525  1.07     3.65  0.077       1.1   

[(CH3)4N]2Ag13I15  13  41          0.39  1.04     3.28  0.04        0.26 
 
 

Ag26I18(W4016)  23.2  90a+5656b         0.344a+0.221b   0.78      4.96  0.058       0.31 
 
 
 

PY5Ag18I23  18  55          0.316  0.89     2.72  0.008       0.05  

a Pure iodide polyhedra.           

b  Mixed I-0 polyhedra.           

Note: nAg= Ag+ ion concentration;  ns  = 
s
Csite concentration.       

 

 Vol. of channels 

Vol. of unit cell 
 

-
1
9
-
 



 
 
 

3. RAMAN SPECTROSCOPY AND 

DYNAMICAL PROPERTIES OF 

SOLID ELECTROLYTES  
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3. RAMAN SPECTROSCOPY AND DYNAMICAL PROPERTIES OF  

SOLID ELECTROLYTES  

3.1. INTRODUCTION  

Light scattering has become established as an  

effective probe of vibrational excitations in ordered  

solids /31/, and considerable progress has been made in  

applying it to disordered solids like solid electro- 

lytes. The excitations in the ionic conduction range 

have frequencies from the very low ones corresponding  

to diffusive motions, to the highest vibrational  
      
frequencies <1000 cm-1 of the lons.  

Raman spectroscopy is a very suitable tool 

to investigate the ionic motion in solid electrolytes.  

Two types of motion of the mobile ions can lead to  

fluctuations of the polarizability with frequency  

components greater than a few cm-1 which is the accessible  

region of Raman scattering. These two motions are the  

vibrations of the ions about their equilibrium positions  

and their transitions between available sites in the 

lattice. These ions move in diffusive manner; an ion 

spends a certain average time (the dwell time) in one  

available site before hopping to another /32/.  

Solid ionic conductors are characterized by  

possessing several sites in the unit cell for each mobile  

ion. The polarizability of each cell will depend on the  
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configuration of these ions. The light is scattered due  

to fluctuations in the polarizability resulting from  

the hopping of ions between different sites. These  

processes have been analyzed by several authors  

/33, 34, 35/. Klein's analysis is based on assumption that:  

1) there is only one mobile ion per unit cell;  

2) the polarizability, 
i

α
~
, of each inequivalent site is 

independent of the configuration in  

neighbouring cells;  

3) the dwell time at a site is much longer than 

the time spent in jumping between sites.  

The cell polarizability tensor is /35/:  

(3.1.1.)  

where 
i

α
~
  is the polarizability of each inequivalent 

site, and Ni is the occupation number of the i
th site 

in a unit cell.  
This model is very simple and consequently  

has several limitations:  

1) It does not describe dc conductivity,  

because no dc conductivity exists without  

fluctuations in the number of mobile ions  

in the unit cell. In this model the number  

of mobile ions per unit cell is constant.  

2) The polarizability of each cell will depend 

on configurations of the neighbouring cells.  
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If the differences in polarizabilities of the  

various sites are comparable to the polarizabilities  

themselves, the intensity of these hopping modes will  

be comparable to the Rayleigh scattering from a random  

array of the same number of fixed ions.  

Within his model Klein calculates the  

intensity distribution of the scattered light as the  

function of temperature:  

 

 [n(ω,T) + 1] ω  

(ω2-ω2)2 + Γ(γ)2ω2  

(3.1.2)  

where n(w,T) is the Bose-einstein distribution function;  

n(w,T) = exp[(πω/kBT)
-1]-1, Γ(γ) is reverse relaxation  

time, ωγ – frequency of γ
th "hopping mode". 

  When thermal energy approaches activation 

energy (kT~U), ωγ and Γ(γ) are rapidly varying with T.  

The vibrational motion is no longer separable from all  

hopping modes. The band shape in Raman spectrum becomes a  

broad feature. Thus, spectral shape gives information  

about the beginning of ionic conduction by hopping process.  

However, it is more difficult to obtain similar infor-  

mation from Rayleigh scattering than from vibrational  

modes since the Rayleigh spectra of the hopping modes  

overlap each other as well as the light scattered from  

static defects and surfaces. Materials with a highly  

polarizable mobile ions are the most promising for  
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studies of hopping modes in this model. One of such 

materials is AgI /35/.  

Several solid electrolytes have been investigated 

by Raman spectroscopy /33, 36, 37, 38/. In the materials of 

"simple" chemical and crystal structure such as  

AgI, the mobile ions are the major constituent of  

the lattice. They are involved to a large degree in all 

lattice modes. The spectra of such materials are rela-

tively broad and exhibit only one or two modes. The low-

frequency wing of the Raman spectra below 20 cm-l  

is referred also as quasielastic scattering /39/. At low 

temperatures, this quasielastic scattering commonly arises 

from optical defects in the specimen, e.g., voids, 

inclusions, sample strain and other inhomogenities  

which are of size comparable to or larger than the 

wavelength of the laser light used. There are two  

separate contributions to the quasielastic scattering in 

the case of solid ionic conductors. With increasing 

temperature and the decrease of the energy barrier  

between ion sites, the ion sublattice becomes more 

disordered. Vacancies and interstitials change pola-

rizability of neighbouring ions and produce a tempe-

rature dependent, defect-induced Raman spectrum /40/.  

This is essentially a static effect. A second source  

of this scattering is a dynamical effect. It is a  
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dynamical contribution due to the motion of ions  

between vacant sites /35, 41/. These fluctuations  

in polarizability are due to particle diffusion and  

yield a line broadening Γ for quasielastic scat-  

tering related to the diffusion constant D and the  

hopping distance l by /41, 42/:  

Γ(T) = l/τhop = 2D/l2   

This relation is useful to determine the 

diffusion constant. A value of 10-5cm2/s is measured in 

AgI at 453 K /43/.  

Raman spectra for AgI in β-wurtzite phase /37/,  

which is stable below 419 K are shown in Fig. 2.  

iodine displacements towards their positions in the 

high temperature BCC sublattice. The peaks at 37 cm-1  

and 85 cm-1 are assigned to two-phonon scattering from  

a pair of nearly degenerate modes. These spectra can  

be compared with the one of the high temperature phase 

(Fig. 3).  

These spectra have two regions. The dominant features  

in these spectra are: a 17 cm-1 phonon, 37 cm-1 band  

and bands around 100 cm-1, as 85 cm-1 and 104 cm-1.  

The intense 17 cm-l band is derived from a very flat /44/ 

optic branch, of which 37 cm-l is an overtone. This  

low frequency mode at 17 cm-l is assigned /44/ as  

promoting Ag ionic displacements and also involving  



 
 



 

 



 

affecting the conduction process can be obtained only  
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It is showing a broad band at about 100 cm-l and a hint  

Of a shoulder at 30 - 40 cm-1. These features can be  

broadened versions of the 37 cm-1 mode and of the  

bands at 85 cm-1 and 104 cm-1.  

The spectra of solid electrolyte RbAg4I5 are 

very similar to those of AgI /45, 46, 47/  Raman  

spectra of highly conducting phase in both cases have a 

broad peak, going from 0 to 100 cm-l in AgI, and  

from 0 to 70 cm-1 in RbAg4I5 /45/.  

Quantitative information about factors  

by a detailed treatment of the dynamics of disordered  

lattice. An attempt to explain these spectra has been done  

by performing lattice dynamics calculations in the harmonic  

approximation /48/, but the result does not clearly  

describe the diffusive motion in AgI. Also, this  

calculation did not describe oscillatory aspect of the  

motion satisfactorily. Harmonic approximation can not  

hold for a large-amplitude motions which ions are  

performing around many possible interstitial positions,  

as described in Section 2.3. The authors concluded  

that better treatments to describe both oscillatory  

and diffusive motion will be required. So, up to now,  

mostly qualitative, phenomenological interpretations  

of Raman spectra of solid electrolytes have been attempted.  
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Some authors /47/ have noted that if the  

intensity distributions of the spectra in high tempe-  

rature phases, for alkaline-earth halides and AgI,  

are divided by the Bose-Einstein factor n(ω,T) + 1, 

the low frequency tails produce peaks at 100 cm-1 ,   

60 cm-1 and 30 cm-1.  

Reduced Raman intensity can be calculated  

from the Raman spectra using the equation:  

w  

 

(3.1.4) 

1 + n(w,T) 
 

where IRAM is the experimentally observed Stokes Raman data 

and n(w, T) is the Bose-Einstein factor.  

In that way they eliminated the thermal  

occupation and got intensities which involve as well  

density of states as frequency dependent matrix elements. A  

similar procedure is useful if the scattering is due to  

a distribution of damped oscillators. It has been  

applied to analyze Raman spectra of Ag26Il8W4016, as it 

will be presented in Section 3.3.  

Another type of Raman spectra are obtained  

for crystals with structure as B-alumina /33/.  

The stoichiometric chemical structure of these  

materials is M2A122034 where M is one of the monovalent 

cations, Li, Na, K, Rb, Ag, Tl, etc. In these materials  



 
 

 
 
 
 

-28-  

the motions of the mobile ions are decoupled from  

the rest of the lattice. It is due to structural char-  

acteristics of these  materials. Conduction occurs  

by migration of the M ions in planes of mirror symmetry 

separated by 11 Å thick blocks composed of only  

Al3+
 and 02- ions /49/. The detailed description of  

structure is given elsewhere /32/. In β-alumina, therefore, 

the motions of the mobile ions are largely isolated from 

the lattice due to their weak coupling to the massive 

blocks of A13+
 and 02- ions.  

Figure 4. is the Raman spectrum given by 

Allen and Remeika /33/. The modes, or sets of modes, 

assigned to the cation vibrations are labeled B. Allen 

and Remeika /33/ assumed that these lines can  

be taken as attempt frequencies for the diffusion  

The B vibration corresponds to an in-phase 

motion of all the cations in plane. Wang et al. /26/  

have calculated "attempt" frequencies from a "point 

polarizable" ion model and obtained a very good agreement with 

the observed frequencies. This model gives the  

possibility to calculate values for energy barriers existing 

between two possible sites for hopping cations. The values 

obtained are in a good agreement with experimental results /50/. 

process. The measured frequencies have been preliminary  

corrected for Coulomb interactions among the cations.  
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In the next two sections we are going to 

present Raman spectra of AgSW40l6 and Ag26Il8W40l6. Raman 

spectroscopic measurements have been performed at 

different temperatures in order to prove their 

stabilities at low and high temperatures.  

Our research gave a very interesting picture  

of the dynamics and decomposition process in Ag8W40l6.  

The Raman data only did not allow us to draw a simple 

conclusion about the nature of these processes and additional 

polarization and conductivity measurements were done to make 

the picture clearer. These measurements are presented together 

with Raman data.  

Raman spectra of Ag26Il8W40l6 done by Habbal 

/39/ are presented in Section 3.3. This work is 

compared with our conductivity measurements on the same 

crystal, presented in detail in Chapter 5.  



 

 
   

Silver tetratungstate Ag8W4O16 mixed with 
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3.2. INVESTIGATIONS OF SILVER TETRATUNGSTATE CRYSTAL 

There are two modifications of silver tungstate;  

the crystal lattice structure is of the symmetry C102v  

/9/. The tetratungstate ion is non-centrosymmetric.  

complexes are a basis for both structures (Fig. 5).  

group was at the time growing crystals of Ag26I18W4016 in order 

to perform X-ray structure analysis. Problems  

which aroused in the attempts to grow this crystal led  

(793 K to 893 K ) Raman spectroscopy on Ag8W4O16 was 

to get insight into the possible changes of symmetry  

electrolyte. Our interest in doing high temperature  

AgI in ratio 4 : 44 /10/ is a highly conductive solid  

at about 573 K /8/ and also to obtain information about the 

nature of the tetratungstate complex (W4016)
-8  

in the melt.  

 

Research was initiated by Prof. Geller whose  

them to grow Ag8W40l6 crystal and to solve its structure first. 

The structure analysis indicated that the (W4O16)
-8 

However, the ion positions are close to  

D132h symmetry.  Thus, it was supposed that a piezoelectric-  
 
 

centric phase transition would occur at higher temperatu-  

res. An electric field of 40 kV/cm was applied t0  
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crystal at room temperature /9/ and spontaneous  

polarization did not change. These unsuccessful attempts  

to switch the spontaneous polarization led those authors 

to assume that the (W40l6)
-8 ion would not become centric 

under any conditions. This assumption  

had te be proved with Raman spectroscopy. The large  

crystals of Ag8W40l6 have been grown from the melt and it 

also led to conclusion that the crystals would  

not transform into a centrosymmetric phase. The (W40l6)
-8 

complex will probably be acentric even in the melt. 

3.2.2. EXPERIMENTAL RESULTS 

3.2.2.1 RAMAN SPECTRA OF Ag8W4016  

The detection of a continous phase transition to 

a structure in which (W4016)
-8 ions are centric  

by means of an X-ray structure analysis, requires con-  

siderable work and would not readily give the transition  

temperature anyway. An alternative powerful method for  

such detection is that of Raman spectroscopy /51/.  

Using this technique we undertook the project of seeing 

whether the prediction of Skarstad and Geller was correct.  

The samples were grown by the Czochralski technique 

/52/. Specimens 2.5 x 2.5 mm in cross section and 2.0 mm  

thick were cut and polished for Raman spectroscopic  

purposes and 0.2 mm thick for electric polarization  

measurements. Samples were X-ray oriented and afterwards  



 

the group-theoretically predicted long wavelength 

phonons was observed. We have simply labeled modes  

as Al, A2, Bl, or B2 according to whether the ZZ, XY, XZ, or 

YZ scattering tensor was most intense. Raman spectra of 

Ag8W40l6 are shown in Fig. 6. The frequencies of 

these modes and their probable symmetries are 

listed in Table II.  

right angle scattering geometry was employed in  

Raman spectra measurements. Only a small percentage of  

spectra were excited by a few hundred milliwatts of 

514.4 nm or 488 nm radiation from an argon laser. A  

was perpendicular to the 2.5 x 2.5 mm plane. Raman  
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polished. The crystal b-axis, which is the polar axis,  
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Phonon frequencies in AggW40l6 Crystal at 293 K in (cm)
-1  

For right-angle scattering geometries in a  

C2v point group symmetry crystal, the full determination of 

Al (TO), Al (LO), A2, Bl (TO), Bl (LO), B2 (TO) and  

B2 (LO) character is not possible.  

Raman spectra were measured at temperatures  

from 293 K to 905 K. Using an analogy with the work /53, 54/  

 of Porto and Scott on assignment of Raman spectra of  

tungstates, we assumed (W04)
-- ion as a smaller unit in 

the big (W40l6)
-8 ion. The splittings of the free 

tetrahedral levels are due to presence of four (W04)
-- 

ions in each (W40l6)
-8 ion, which has C2v symmetry.  

Probable  Species: Al  B1  A2  B2 

  44  92  182  116 

  60  248  208  488 

  366  629  306  510 

  590  667  336  546 

  778  730   754 

  800     

  884     
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The crystal field further removes some of the 

degeneracies, due to the presence of two (W40l6)
-8  

ions per unit cell. Correlation of ion, site and factor  

group symmetry is given in Table III.  
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Table IV  

 

Vibrational mode and symmetry      

Isolated  Tetrahedrons  Tetrahedrons  Observed   Assignment  

tetrahedrons  in ion  in lattice  wave number  

  
(W40l6)-8  

    
    (cm-1)    

C2v
lo     

Td  C2v  

    

ion group  site group  Factor group     

w-O stretch  
νl(4Al)  νl(4Al)  νl(8A1)  884 (vs) Al  

totally sym.  

 ν3(4A1)  2ν3(4A1)  800 (vw)  A1  W-O stretch  

    778 (m)  A1  W-O stretch  

 ν3(4B1)  2ν3(4B1)  730 (w)  B1  W-O stretch  

    667 (w) B1  W-O stretch  

ν3(4F2)  ν3(4B2)  ν3(8B2)  754 (w)  B2  W-O stretch  

 W-O  

 
ν4(4A1)  ν4(8A1)  590 A1 (w)  bending  

 ν4(4B1)  ν4(8B1)  629 B1 (vw)  bending  

ν4(4F2)  ν4(4B2)  2ν4(4B2)  546 (ww) B2  bending  

    510 (vw) B2  bending  

      W-O  

 ν2(2A1)  ν2(4A1)  366 (w) A1  bending  

ν2(4E)  ν2(2A2)  2ν2(2A2)  336 (w)  A2  bending  

    306 (w) A2  bending  

Rotation  νR(4A2)  2νR(4A2)  208 (w)  A2  rotation  

 νR(4B1)  νR(8B1)  182 (w)  A2   

(4Fl)  νR(4
B
2)  νR(8B2)  248 (vw)    B1  

    116 (w)  B2  
      92 (w)   B2   
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Thus, the following assignment of observed Raman spectra  

is given in Table IV.  

The vibrational modes of Ag+ ions are presented  

in Table V.  

Table V  

 Ag+ -ion vibrations of Ag8W4016 in (cm)
-1  

Species:      A1   B1 

 44  32  

                 60  

Figure 7 shows approximate forms of vibrations 

of W04
-- ion of Td symmetry.  
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totally symmetric modes, those which corresponds to the W-O 

stretching mode is usually found in tungstates,  

 e.g., the scheelites /54/ 912 cm-1, 925 cm-1, 7 cm-1,  

Two groups of vibrations are of interest in  

regard to their temperature dependences. First,  

the modes varying from 40 to 65 cm-1 are very intense  

and are not present in other tungstates, such as  

 Ag+ - ion vibrations.  

The second frequency region of interest is  

around 900 cm-1, where the energy of the assigned  

 887 cm-1 and ZnW04  /54/~900  

 octahedrally coordinated W /55/ though unlike that  

in Ag8W4016.  

Representative spectra obtained at 293 K,  

759 K and 905 K in the melt are shown in Fig. 9.  

shows the temperature dependence of Raman active  

CaW04, SrW04, BaWO4, or ZnW04 /54/. These are obviously due 

to motion of the heavy Ag+ ions. Figure 8  

cm-1. The  latter contains  



 
 
 
 
 



 
 

   



 

do not change abruptly upon melting, indicating that 

the (W40l6)
-8 ion remains unchanged in the melt, as 

previously suggested by Skarstad and Geller /9/.  

is raised. They show no anomaly in the 573 K region  

energy region do not shift or "soften" as the temperature  
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These data were obtained in air at atmospheric pressure.  

The data display a number of important characteristics.  

First, the bands broaden very rapidly as the sample  

is heated; this is often taken as characteristic of  

the onset of disorder in crystals. The low frequency modes 

corresponding to silver ion motion in the 40-65 cm-1  

in which Takahashi et al. /8/ find a conductivity  

anomaly, but they do abruptly disappear as the sample  

melts (top trace in Fig. 9). This is to be expected  

because the Ag+ ions should be mobile in the melt.  

Melting in our samples occurred between 853 and 943 K  

furnace temperature; these values depended upon sample  

and upon laser power and wavelength. The samples became  

opaque when heated to high temperature in air. Actual  

sample temperature in the illuminated region may be  

50 K above that of the furnace, because of absorption  

of the laser light. The melting point of Ag8W40l6 reported by 

Takahashi et al. /56/ is 993 ± 5 K. The frequencies  

and intensities in the high energy region (500 - 800 cm-1)  



 
 

 
 
 
 

Most unusual is the temperature dependence 

of the A1 mode at 884 cm
-1. This is the most intense  

scattering feature in the crystal at room temperature, 
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mode is assigned as a symmetric W-O stretching  

creasing temperature. As mentioned previously, this  

but its intensity decreases dramatically with in-  

vibration. In Fig. 10, we have plotted the intensity of 

this mode relative to that of a 44 cm-l Ag mode  

I(884)/I(44), versus furnace temperature. An approxi-  

matively linear decrease in intensity with temperature  

is shown from 293 K to 523 K, above this temperature  

no measurable change is observed. This could suggest  

a change in crystal structure at a sample temperature  

of roughly 573 K. This is in a quite good agreement  

with the temperature at which Takahashi et al. /56/  

found changes in conductivity of Ag2W04. When the 

Raman measurements were repeated in an oxygen  

atmosphere, less changes were observed in the spectrum 

with increasing temperature. In particular, the  

change in intensity of the 884 cm-l W-O stretching  

mode was not as large as previously.  
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3.2.2.2 POLARIZATION MEASUREMENTS  

Measurements of the spontaneous polarization as  

a function of temperature were performed on several  

samples in air atmosphere and at different temperatures  

ranging from 293 to 573 K. This circuit is shown in  

Fig. 11.  

The b- faces of the samples were spring contacted 

with copper or gold electrodes. The spontaneous polarization 

observed was of order 0.3 µc/cm2, which  

is a relatively small value. The "apparent" spontaneous 

polarization decreased as shown in Fig. 12, reaching  

an unmeasurably small value at about 556 K. We refer  

to this as apparent spontaneous polarization because  

of the following: In all our measurements at high 

temperatures, whether optical or electrical, the  

sample surfaces darkened considerably. This process  

was irreversible and rendered the samples visually 

opaque and appeared to give substantially increased 

absorption of X-rays until polished off. It occurred  

to us that the altered surface (or bulk) could provide  

a conducting short in the circuit by which we measured the 

apparent spontaneous polarization; this would yield the 

same kind of data as shown in Fig.12,  

that is, not requiring a continuous phase transition, if 

the changes in the sample were caused by a thermally  

activated process.  
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A clue that this might be the right explanation  

was afforded by the shape of the "polarization" curve  

in Fig. 12.  

As shown in Fig. 13, a graph of the apparent  

spontaneous polarization, normalized to the room-tempe-  

rature value, yields a straight line when log(l-P/Po)  

versus 1/T is graphed. Here P is the apparent polari-  

a thermally activated process with a well-defined  

activation energy, in this case, 0.03 eV (0.7 kcal/mol).  

This graph therefore supports the interpretation that  

our spontaneous polarization measurement actually  

measures sample conductivity, and that this conductivity  

increases with sample temperature through a thermally  

activated transport mechanism. These, thermally  

activated increases in conductivity, could be surface  

effects, bulk effects, or both.  

zation at temperature T, and Po is the value of P at room 

temperature. This is the behavior expected for  
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3.2.3. ANALYSIS OF DATA  

We have considered two possible explanations of 

the phenomenon reported above: 1) that the effect 

is due to the loss of oxygen at the sample surface 

upon heating; and 2) that the effect is due to  

conduction of Ag to the surface. Several experiments  

were performed in an attempt to determine which  

process occurs. First, the polarization experiments summarized 

in Figs. 12 and 13 were repeated in conditions  

where pure oxygen was flowing over the sample. Under these 

conditions the metallic build-up on the surfaces  

lessened somewhat and no decrease in apparent spontaneous  

polarization was noted up to 567 K, in complete contrast to 

the data shown in Fig. 12. Raman data taken under conditions 

of flowing oxygen also showed less pronounced decreases in 

the intensity of the 884 cm-1 W-O stretch with temperature 

than did those taken in air. Both  

of these experiments suggest that an overpressure of 

oxygen impedes the metallic surface layer formation  

in Ag8W40l6 at high temperatures; note that the 

Raman measurements are not made at the surface.  

When the samples were allowed to cool down to 

ambient temperatures after being above 573 K, they 

continued to exhibit the high temperature Raman  

spectra for hours, or even days, afterwards. After  



 
-54-  

this time, the spectra returned to nearly that obtained 

before heating, except for some line broadening 

attributable to irreversible disorder. Such effects 

show that continuous decrease to zero of the apparent 

spontaneous polarization in Fig. 12 cannot be due to a 

second order structural phase transition.  

To measure directly any oxygen weight loss  

occurring upon heating, we weighed Ag8W4016 single crystal 

samples with a microbalance before and after heating for 

three hours at 623 K. No weight loss was observed. The 

accuracy of our microbalance allows us to put an upper 

limit of not more than one oxygen ion per fifty 

primitive cells lost under these conditions. These 

measurements are compatible with those of Bottelberghs 

/57/, who also failed to find any measurable weight loss 

in Ag8W40l6 under similar conditions. An oxygen atmosphere 

impeded probable decomposition reaction of the Ag8W40l6 

occurring with increasing temperature, what was 

confirmed by electrical and optical measurements. On the 

other hand, the negative results of weight loss measure-

ments indicate that the surface effect does not arise 

simply from loss of oxygen at the surface. The reaction  



 

Such an occurrence would not require the reduction of 

Ag+ to Ag, and the crystal could preserve its  

characteristics of ionic conductor with a thermally  

-55-  

is undoubtedly complex, but some suggestions can be  

made. Geller /58/ suggests a possible reduction of  

a tungsten atom in a complex. With the loss of an  

oxygen atom, the entire valence of the new complex is  

remaining the same, e.g.,  

  

activated hopping mechanism.  

The Raman spectra of the specimens in  

flowing oxygen show that there is no crystallographic  

transformation in Ag8W4016 up to the melting point.  

The crystal structure of Ag8W4016 is such that ion conductivity 

is not expected. The temperature dependences  

of the low-frequency Ag+ - ion vibrations at 44 cm-1  

show no anomalies, in agreement with this expectation,  

and in contrast to observation in other ionic conductors  

such as α-AgI /59/ or PbF2 /59/. Furthermore, as mentioned 

earlier, the spectra of the melt in the  

500 - 800 cm-1 region remain essentially unchanged from 

those of the solid, indicating that the (W4016)
-8  

ion exists in the melt too. The results then are in  



 
 
 
 

 
 
 
 
 
 

-56-  

agreement with the predictions made by Skarstad and 

Geller /9/.  
All results obtained and discussed  

up to now indicate that an Ag+ ions conductivity  

exists in Ag8W4016 above ca. 573 K. The conductivity  

is thermally activated with an activation energy of  

0.7 kcal/mole as it was demonstrated by polarization 

measurements. It probably results in a conducting  

surface layer of metallic silver, and this conducting layer 

produces a simulation of a continuous structural phase 

transition in measurements of spontaneous polarization. 

Despite this evidence of Ag+-ion mobility above 573 K, the 

Raman spectra of Ag8W4016 are qualitatively different from 

those of solid electrolytes, such as AgI. Since the shape 

of the low-frequency spectra seem to be different, under 

this interpretation, we believed that greater understanding 

would be obtained by studying the Ag-ion motion modes in 

the spectrum of Ag26I18W4016, which is an ionic conductor. 

This work was later done by F. Habbal and it is going to be 

presented in the next section.  
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3.3. INVESTIGATIONS PERFORMED ON Ag26I18W4O16 

3.3.1. PREVIOUS INVESTIGATIONS   

3.3.1.1. CRYSTAL STRUCTURE  

Crystal structure of AgI + Ag8W4016 in 

Ab26I18W4016 was determined by Chan and Geller /10/  

by X-ray analysis. The preparation /10/ of polycrystaline  

specimens was not possible by solid state reaction  

 
in a reducing atmosphere. Two opposing reactions were  

going on when the oxygen pressure was too low: The  

reaction of AgI and Ag8W4016 to give the solid electrolyte and 

the decomposition of Ag8W4016 with respect to oxygen, as it 

was discussed in Section 3.2.3. The problem was solved by 

by preparing specimen in overpressure of oxygen. 

The structure of this crystal lattice  

corresponds to the factor group symmetry C2 and space 

group symmetry C2
3; it contains two Ag26I18W4016 formula 

groups per unit cell. It crystallizes in monoclinic 

system with lattice parameters  

a =  16.73 ± 0.03 Å, b = 15.57 ± 0.03 Å, c = 11.8l ± 0.02 Å 

and β = 103.9 ± 0.1o. A detailed structure with a  

3.3.1.1. CRYSTAL STRUCTURE  
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number of figures showing the pcssible ccndoction paths  

is presented in the paper by Chan and Geller/10/.  

In Ag26I18W4016 the tetratungstate ion replaces 

eight iodide ions. This (W4016)
-8 ion is octahedrally 

coordinated and lies on twofold axes  

at the corners and in the center of the (001) plane  

of the unit cell. Three dimensional network of 90  

face-sharing iodide polyhedra is surrounding the 

tungstate complexes in the unit cell. Ag+ ions can  

move through this network. All iodide polyhedra  

are part of the conduction passageways. The oxygen atoms 

associated with the (W4016)
-8 ions also form polyhedra with 

iodide ions. There are 120 polyhedra, formed by oxygen 

and iodide atoms, per unit cell. Eight octahedra are 

permanently occupied by Ag+ ions. The remaining 112 

I-0 polyhedra are either tetrahedra or five- 

cornered polyhedra. A large number, 56 of these  

polyhedra are forming the conduction passageways  

and are therefore important for conductivity of material. The 

total number of mobile Ag+ ions in the conduction passageways is 

23 (44.5%) of all Ag+ ions in the unit cell. 

The total number of sites per unit cell in the  

conduction passageways is 146. The ratio of available sites      

to Ag+ ions in the conduction passageways is 6.3.  

This fact together with the existence of a three  
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dimensional network of conductivity routes makes this  

crystal a very good solid electrolyte. At room tempe-  

rature the measured average conductivity of polycrystalline  

material was 5.9 x 10-2 (Ω cm) /10/.  

 

Raman spectra of single crystals Ag26I18W40l6 were 

measured by Habbal /39/ as a function of tempera-  

ture from 77 to 350 K. Measurements were done on three  

samples which were not oriented. For point group  

predicted phonons are observed. Representative data  

obtained at 80 and 286 K are shown in Fig. 14.  

Two groups of vibrations are of interest  

in regard to their temperature dependence.  

The low frequency modes are presented in  

Fig. 15. At low temperatures (see spectra at 154 K)  

there are two modes at about 20 and 35 cm-1 . The  

peak at 35 cm-1 disappears at 199 K. Habbal et al. /39/  

considered the temperature Tl at which the 35 cm
-1  

peak disappears the first phase transition temperature  

 

symmetry C2, only two symmetry species A and B exist. Only 

a small percentage of the group-theoretically  



 

 
 



 
 
 

 
 
 



 
 
 
 

 

  First, the modes from 30 cm-1 to 100 cm-1 

were found to be temperature dependent, in contrast 

To similar modes in Ag8W4O16, which did not shift or  

soften as temperature changed /58/. There are two  

well defined modes at 20 and 35 cm-1 corresponding  

probably to the motion of heavy Ag+ ions. Applying a  
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With increasing temperature the second low frequency  

band at 20 cm-1 becomes diffusive, without peak and  

at 285 K it disappears defining in this way a second  

transition temperature.  

 

theory developed by Wang et al. /50/ in which a  

particular model for cooperative motion of ions is used, 

a vibrational frequency of 41.9 cm-1 could be calculated 

for Ag+ ion. That is in agreement with assignment of 

low frequency modes below 100 cm-1 in Ag8W4016 to motions 

of Ag+ ions /58/. In Ag26I18W4016 these modes are quite 

intense and exhibit a strong temperature dependence. 

 The second frequency region is around 900 cm-1  

as it was also observed in Ag8W4016. The most intense modes 

are 855 and 882 cm-l and they are assigned  

as W-O stretching vibrations. Frequencies of these  

modes were not temperature dependent, but a band  

broadening was observed with increasing T. It is  

different than in Ag8W4016, where the intensity of 884 cm
-l 

mode decreased with increasing temperature indicating 

decomposition of material.  
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In order to find the explanation for the nature  

of the changes in Raman spectra as a function of T,  

Habbal et al. /39/ performed computer fitting of the  

observed spectra to a model of noninteracting damped  

harmonic oscillators.  Computer fitting yielded the  

same values of transition temperatures (to ±5 K) as  

were obtained from the Raman spectra. Also, they  

examined the reduced Raman intensity, by formula  

given in Chapter 3.  

obtained. This mode was not noticeable in the plot  

of the experimentally observed Raman data. Also,  

the dominant temperature effect in the low frequency  

spectra of Ag26I18W40l6 is an increase in damping Γ(T) with 

increasing T. Since there is not any significant  

"softening" of the mode frequency  ω (T), this 
o  

behavior of low-frequency modes indicates order-disorder  

phase transition. To check the transition temperatures,  

authors /39/ made conductivity σ(T) and capacitance C(T)  

measurements in the temperature range 150-300 K. In  

measurements of C(T) they observed a maximum near 198 K  

and a rapid divergence above 285 K. In between these  

The authors plotted IRed as the function of 

the wave number shift. In a similar plot for T<285 K, 

a third low-frequency mode near 50 cm-1 was  
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two temperatures there is a dip in C(T). The conductivity σ(T) 

changes with T are similar to those of the capacitance, but it 

had only an inflection at the point T=198 K. The absolute value 

of conductivity was about 100 times smaller than that measured 

on polycrystalline sample /10/. The conductivity measurements 

on monocrystal were made in a plane orthogonal to the twofold 

axis. Habbal et al. observed the temperature range 199-285 K as 

a broad transition region in which disorder increases 

dramatically and conductivity increases by an order of 

magnitude. They discussed the origin of the low-frequency 

vibrations in connection with the conductivity data. Their 

hypothesis is that these modes are translationlike vibrations 

of the Ag+ ions along the three different directions. They 

supposed that, at 199 K, the Ag+ ions become free to move along 

the x-axes, but the motion in the yz plane is forbidden up to 

285 K. In this case, the conduction between 199 and 285 K would 

be relatively independent of temperature, and a "plateau" in 

the conductivity plot would be manifest. This hypothesis would 

require one Ag+ vibrational mode to become over damped at 199 

K, whereas the two other modes would not become diffusive until 

285 K. They predicted that the conductivity anomaly  

at 199 K will be much greater along one particular axis,  
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and that the conductivity divergence above 285 K will be 

essentially isotropic. An alternative hypothesis is that 

there are two classes of Ag+ sites and that ions at one of 

these become mobile at 199 K, whereas the others become 

mobile at ~285 K.  

To test these hypotheses we made directional  

measurement of conductivity on Ag26I18W40l6. This  

work is going to be presented in Chapter 5.  



 

4. CONDUCTIVITY MEASUREMENTS ON 

Ag-ION CONDUCTING ELECTROLYTES  



 

0.1 eV. 

is very low for most ionic solids. At temperatures well 

below their melting points, it is usually less than 10-4 (Ωcm)-1 at 

room temperature.  
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4.l. INTRODUCTION  

Ionic solids (particularly alkali and silver  

halides) have been for a long time /60/ a subject of  

study in physics. In these materials the transport  

phenomenon is partly or wholly governed by the displacements  

of ions /22, 61, 62, 63/, The electrical conductivity  

Since 1913 /60/ a number of solid electro-  

lytes have been discovered /2, 64, 65/. Their features  

are:  

1. The magnitude of conductivity is very large 

[10-1 to 10-2 (Ωcm)-l] in comparison with  

             conventional ionic solids [10-8 to 10-4 (Ωcm)-1]  

and is insensitive to impurities. For example,  

the ionic conductivity of solid electrolyte 

RbAg4I5 at 2500K /66/ is about 17 orders of 

magnitude larger than of NaCl /67/ at the  

same temperature.  

2. The conductivity is, in contrast to conven-  

tional ionic solids, far less temperature  

dependent, the activation energy being of  

order 
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3. Electronic conductivity is, generally,              
 negligibly small [less than 10-8 (Ωcm)-1].   

The electrical conductivity of various solids with Ag+  

ion transport is shown in Fig. 16. It illustrates  

the difference in conductivities of solid electrolytes  

with respect to usual ionic solids, and their temperature  

dependences.  

The first physical model for a high conductivity 

compounds based on α-AgI was given in 1934 by Strock /68, 

69, 70/, as was described in Chapter 2. He found that 

a large number of sites in α-AgI and in α-Ag2HgI4. Geller 

investigated /29, 71, 72, 73, 74/ the structures  

of a large number of the AgI-based solid electrolytes and 

found that Ag+ ions in all of them are highly disordered  

the experimental work done on the transport properties  

of the various AgI-based solid electrolytes by measure-  

ments of their ionic conductivity and related problems.  

Ag+ ions are disordered and distributed randomly over  

and distributed statistically over a large number of sites. 

In this chapter an attempt is made to present  

 



 
 



 
 
 
 

 
 
 

studied material among all solid  The most 

 
(4.2.1.1)  

-69-  

4.2. CONDUCTIVITY AS A FUNCTION OF TEPMPERATURE  

AND ELECTRODE MATERIAL  

electrolytes is RbAg4I5. It is a good example to present 

problems occurring in conductivity measurements.  

temperature is shown.  

Different experimental conditions (electrode  

material, palletizing pressure) applied by various workers  

are the cause for a great amount of scatter in values,  

even for the same specimen.  

In our measurements on monocrystal Ag26I18W4016 the 

influence of the electrode design and electrode  

for the conductivity on the room temperature. These  

measurements will be presented in the Chapter 5.  

4.2.1. CONDUCTIVITY AS A FUNCTION OF TEMPERATURE  

Conductivity in conventional ionic solids,  

can be expressed by /22/, as  

Section 2.3:  

was discussed in  

material was important for the absolute value obtained  

In Table VI, a summary of the conductivity at room  



 
 

 



 
 

 

 
 

σ=σ0·T
-1exp(-∆Ga

++/kT) 
 

 
     c2 ν0 f a

2 x N 
  where,      σ0= 
                         k 

 
 

Bo1tzmann constant.  

In relation (4.2.1.1.) T is temperature, ∆Gi
0 is tbe 

energy of formation of a defect (either Schottky or 

Frenkel type), ∆G++a is the activation energy for 

migration of charge carriers and k is  
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In the group of solid electrolytes based on  

AgI there are two phases. α-phase is cation disordered  

high ionic conductivity phase and β-phase is low conductivity 

cation ordered phase. The α-phase exists  

at high temperatures and β-phase is the low-temperature  

state. Phase transition from α to β phase is cha-  

racteristic of the solid electrolytes of silver, thallium  

and copper halides and chalcogenides.  

In solid electrolyte α-phase the ratio of  

available sites to charge carriers is bigger than 3  

/82/. That means that there are a lot of vacant sites  

to which ions can move and thus make an ionic conductivity 

through the crystal. All Ag+ ions are on diffusion  

ready positions and the energy in the first exponential of 

relation (4.2.1.1) vanishes, ∆Gi
0 = 0. So, conductivity in α-

phase of AgI based solid electrolytes will be  

expressed in the form:  

(4.2.1.2) 

(4.2.1.3) 



 
 

 
 

 
 
 
 
 

 
 
 
 

 
 

values of ∆G++a obtained by (4.1.2.4) and those  

from the Arrhenius plot, ln σ = f (1/T). Equation  

predicts that ln(σT) will be linear function of 1/ 

obtained  

It could be useful to point out the differences in  

slope of this line is - ∆Ga
++. The plot ln( σT) versus  

(4.2.1.2) 

 kT. The  
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In equation (4.2.1.3), a is the jump distance  

of the charge carrier, f is a correlation factor different  

from unity if the consecutive jumps of an ion are not  

independent, x is the fraction of charge carriers which  

                             I  

are mobile, N  is the number of charge carriers per unit  

volume, and e is their charge, νo is 1/6 of average jump 

frequency.  

Thus, equation (4.2.1.2) can be written as:  

    əln (σT)  
         -                               = ∆G++a

 

     ə(l/kT)  

(4.1.2.4)  

l/T results also in an equally good straight line.  

The activation energy obtained from Arrhenius plot (∆Ga'++)  
 
is lower than the value determined from ln(σT) versus 1/T: 

∆Ga
'++ = ∆Ga

++ - kT.  

T is an average temperature from the plotted 

range. Example for α-AgI: ∆Ga'++ = 0.051 eV /83/ and ∆Ga
++ 

= 0.1 eV, two times the Arrhenius value.  
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siders a plot  

one type of carriers Lidiard /22/  

of ln (σT) versus 1/T as better. For 

con- For more than  

the 

case of solid electrolytes both plots can be used.  

The activation energy of β phase which can be  

calculated from relation (4.1.2.1) and the slope of ln 

(σT)= f ( 1/T) plot is equal to:  

 
(4.1.2.5)  

where ∆G°i is the energy of formation of a defect pair  

of either type (Shottky and Frenkel) and ∆Ga
++ is the  

activation energy for migration of mobile species. This  

relation is valid for a perfect sample. Real amounts  

impurities found  in nominally pure samples effect the  

versus (1/T) plot and two distinct regions  shape of ln (oT)  

in β phase are common in such cases. They are linear  

and separated by the "knee" temperature. The higher  

temperature intrinsic region has a higher slope and the  

lower temperature extrinsic part has lower slope and  

depends on purity of samples. For the silver halides /86/ 

∆Gi
0 ranges from 1 to 3 eV and can be negligible in the 

extrinsic region, where impurities have higher  

effects. The slope often corresponds to the term ∆Ga
++ 

Figures 17 to 21 show the temperature dependence  

of conductivity for various solid electrolytes.  
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Figure 17 shows  

for AgI /83, 84/ in α-and β-phase. The conductivity above  

419 K is one of the highest ionic conductivities known,  

~l (Ωcm)-l. It is 12 percent higher than in the melt /83/. The 

conductivity of the Ag2HgI4 /85/ is also shown  

in Fig. 17. The results of Bradley and Greene /75/  

and Owens and Argue /67/ for the family of solid electrolytes 

MAg4I5 (M = K, Rb, etc.) are shown in Fig. 18. High temperature 

conductivity measurements for  

Ag26118W4016 were performed by Takahashi et al. /8/ in 1973 (Fig. 

19). He discovered it and assigned it as Ag6I4W04· The results 

of conductivity measurements for Ag13[CH3)4N]2I15 and 

Ag13[(C2H5)4N]2I15 are shown in Fig. 20 /86/. These solid 

electrolytes are members of a group 

Ag13(Q4N)2I15 (Q = CH3, C2H5,(CH3)1/2,(CH)I1/2, etc.) discovered by 

Owens /80/. Deviation from linearity for  

the second solid electrolyte is thought to be a possible  

phase transition or a dissociation of the electrolyte  

into non-conducting material.  

the three-dimensional solid electrolyte Ag5(C5N5NH)I6 /71/ and 

two-dimensional system Ag18(C3H5NH)5I23 /87/.  

On the conductivity plot for Ag5(C5N5NH)I6 we observe a 

discontinuity at 323 K . It is different than the transition 

from α to β phase in other solid electrolytes (i.e.,AgI) /71/.  

 

conductivity measurements  

Figure 21 contains the conductivity results for  
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4.2.2. ELECTRODE MATERIAL  

Electrode material can be very important in meas-  

uring the absolute value of conductivity. Depending  

on the type of charge carriers in the solid electrolyte, we 

can choose electrode material to obtain: fully reversible, 

electronically blocking or ionically blocking electrodes. 

Fully reversible electrodes allow both ionic and electronic 

charge to cross the interface between solid electrolyte 

and electrode unhindered.  

Introduction of a pure ionic conductor between the  

electrolyte and metallic electrodes produces electro-

nically blocking electrodes. The ionic conductivity may be 

suppressed if the electrolyte is bounded by two  

inert foreign metal electrodes and if the applied  

potential difference is less than the decomposition potential of the 

electrolyte. Thus, we can obtain ionically blocking  

electrodes and measure the electronic conductivity.  

In the case of some solid electrolytes /88/ there  

are problems in obtaining reversible electrodes. In  

the case of Ag - ion conducting solid electrolytes it  

is frequently possible to obtain reversible electrodes but 

there are other difficulties in achieving good electrodes.  

One of them is to obtain good contact between the solid 

electrolyte and electrode material. Even the best  



 

 

 

 

 

 

 

 

 

 
 
 

 
 

 
 
 

 
 

 
 

 
 

 
 
 
 
 

 
 
 
 
 

RbAg4I5  

at T=298K  
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electrodes have some contact resistance which influences  

the conductivity results. Examples of RbAg4I5 /76/ and 

Ag26I18W4016 /84/ are presented in Table VII.  

Table VII  

Specific conductivity of RbAg4I5 and Ag26I18W4016 solid 

electrolyte using different electrode materials  

at room temperature  

                       specific conductivity (Ω cm-1)  

electrode Ag26I18W4016 

at T = 300 K  

flat silver  0.090 

0.009 

0.013 

0.017 

0.025 

colloidal graphite         -   

silver foil                - 

silver paint               - 

Ag(Hg)  0.243 

0.039 

0.040 

Wood"s metal               - 

Ag + RbAg4I5  
  

compressed silver  

0.200               - 

0.096               - 

 

Data from Scrosati et al. /76/.  

 

Data from Shahi and Chandra /84/. 
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This earlier work on conductivity measurements shows the 

difference between values of room temperature conductivities for 

the different types of electrodes on the same type  

of specimen. It is due to different contact resistances 

occurring for each type of electrode.  

One way to get real values of electrolyte  

conductivity is to try to obtain electrodes with the  

best contact to electrolyte. In former examples /76, 84/ the 

best values of conductivity were obtained with amalgamated 

silver electrodes. One difficulty in  

using Ag(Hg) electrodes is that they give time  

dependent results. That means that the conductivity decreases 

with time. A possible explanation /88/ of the  

 slow decrease in conductivity is that a reaction  

is taking place between electrode and electrolyte  

interface.  

Another approach has been proposed by Owens and 

Argue /80/. They measured resistance as a function of  

the sample thickness or weight. The intercept on the  

plot is giving contact resistance as is shown in Fig. 22.  

Such measurements are performed on polycrystalline  

pellets.  

To avoid influence of electrodes on conductivity 

values, we can perform ac conductivity measurements as will be 

presented in Section 4.4.  
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4.3 IONIC CONDUCTIVITY AND STRUCTURAL DISORDER  

As was mentioned at the beginning of  

Chapter 2, one of the conditions for fast ionic  

transport in solid electrolytes is a large number of  

vacant sites per conducting ion /23, 64, 80, 89-91/.  

                                                                                

If n is the number of sites available for n' silver  

ions per unit cell, then the ratio n/n' can represent  

the structural disorder. Ionic conductivity is given  

by /22/:  

 
σ =  N' e µ  

where N' is the number of silver ions per unit volume,  

and µ is their mobility. In the α-phase of most AgI-based 

solid electrolytes all Ag+ ions are mobile and con-  

                

sequently N' is temperature independent. The con-  

(4.3.2)  

Since, with growing number of vacant sites,  

the jump probability of cations increases, it follows  

that the mobility µ and thus the conductivity (σ / N') 

should be dependent upon the structural disorder 

n/n'. So, (4.3.2) can be written as:  

(4.3.1)  

ductivity can be expressed as:  



 
 
 
 

σ/N'=n/n' 
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The actual proportionality can be found  

experimentally by calculating the values of conductivity of 

materials at an appropriate temperature. Shahi /88/ 

extrapolated values of σ473.15 K for different Ag
+ ion 

conducting materials, which are the values of conducti-  

vities at 473.15 K. These conductivities, together with 

structural disorder n/n'and the number of ions  

He found that:  

 

Activation energies can be obtained from ln(σT) = 

f(1/T) plots. The plot of activation energy ∆Ga
++ as a  

per unit volume (N'), were used to plot the variation of  

σ473.15 K/N' as a function of n/n'. If presented graphically 

in ln-lin plot, it gives a straight line.  

function of disorder parameter n/n' gives a straight line 

= 1.41 x 10-23 exp (0.34n/n') (4.3.4)  
 

∆Ga
++
 = (0.63 - 0.14 n/n') (eV)  (4.3.5)  

too and can be expressed as:  
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In the case of energetically nonequivalent  

sites there should be temperature dependent occupancy  

of different sets of sites /64/. Equations (4.3.4)  

and (4.3.5) in such cases are not valid or could  

be used with redefined meanings of σ, n/n'  and ∆G++a 

These parameters would mean conductivity, structural  

disorder and activation energy in particular direction  

in crystal.  

4.4. COMPLEX PLANE ANALYSIS  

This method is used in ac measurement of  

conductivity in order to determine the frequency of  

sinusoidal voltage with which the conductivity measurement  

is to be performed. The influence of electrodes appears  

at lower frequencies, where layers of electrolyte/electrode  

contact act as capacitor. Performing measurement of  

solid electrolyte impedance/admittance values over  

a frequency range and applying the complex plane  

analysis of data is a way to find the optimum conditions  

for conductivity measurements. These conditions are:  

the best possible electrodes and a frequency range at  

which electrodes do not affect conductivity values.  

The best way to illustrate the complex  

impedance/admittance plane method is to use some examples  

of simple circuits. They are shown in Fig. 23.  
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These simple circuits are the basis for modeling the  

electrode/electrolyte systems. The resistances can be  

derived from the real intercepts of the complex plane  

plots, as it is evident from Fig. 23. The various  

capacitances can be obtained from the expressions  

involving the frequencies at the peaks of the arcs /92/.  

The arc centers are located on the real axis.  

There are quite a few proposals for the  

equivalent circuits to present a behavior of the  

real system electrode/electrolyte /93, 94, 95, 96/.  

One of them is proposed to approximate behavior of the  

solid electrolyte 8-alumina /95/. This circuit is  

presented in Fig. 24.  

The meanings of the symbols in Fig. 24 are:  

RB = bulk resistance, RGB = grain boundary resistance, Cdl = 

double-layer (electrode-electrolyte) capacitance, CGB = grain 

boundary capacitance. The behavior of this circuit 

represented in the B-G and X-R planes is  

shown in Fig. 24a-24d. The various circuit parameters  

are easily obtained from these plots. At high temperatures  

where electronic conductivity can become significant,  

the low frequency intercept of the B-G can give a  

measure of electronic conductivity when the electrodes  

are ionically blocking. This possible electronic path  

at least 1 percent of the total conductivity  

is represented by R in Fig. 24. The intercept will be e  

determinably non-zero when electronic conductivity is  





 
 

 
 

 
 

 

 
 

 
 

 

 
 
 
 
 

combination of circuit elements. Modeling is done  

therefore Cg is ordinarily neglected. Thus, behavior  

of a solid electrolyte can be approximated with a  

-87-  

or greater. The geometric capacitance Cg is  

determinable if data can be obtained at frequencies  

of 108 to 109 Hz. Cg arises as a consequence of placing 

material of finite dielectric constant between two  

metallic electrodes. Usually it is not possible to  

make measurements with such a high frequencies and  

with resistances and capacitances while inductances  

are generally omitted.  

The complex admittance Y of such a system  

at an applied angular frequency w can be written as  

the sum of a conductance G(w) and a susceptance B(w):  

 
(4.4.1)  

The complex impedance Z (w) can be written as the sum  

of an impedance R (w) and a reactance X (w):  

 
(4.4.2)  

The most common kind of ac measurement is  

done with a bridge circuit, which allows the in-phase  

and out-of-phase components to be balanced simultaneously.  

There are many kinds of bridges and the results can be  



 
 
 

 
 

 
 

 
 
 

on the assumption of a series Z (impedance) or a  

Gp , Rs , Cp , Cs , etc., where p and s denotes parallel and  

series. Most commercial bridges give readings either  
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expressed in terms of a variety of different parameters  

parallel Y (admittance) representation. In addition,  

for given frequency determination, it is only necessary  

to measure any two parameters (for example, R and C)  

and others can be calculated from them.  

The data analysis involves plotting imaginary  

parts B(w) or X(w) versus the real part s G(w) or R(w).  

The resulting plot shows distinctive features characte-  

ristic of certain combinations of circuit elements,  

as resistors and capacitors.  

B-G or X-R plots are giving us answers about  

the true bulk resistivity as well as about the electrode  

behavior. As a function of temperature these plots  

give values for Arrhenius plots and thus values for  

activation energies.  

Analogs of the complex plane method have been used  

in different systems /97, 98/  for many years. In  

1969, J.E. Bauerle /92/ applied complex plane analysis  

to the ceramic oxide ion conducting electrolyte  

(Zr02)0.9(Y203)0.1. This publication led to a rapidly 

expanding use of complex plane analysis for solid  

electrolytes.  



 
 
 
 

 
 

 
 
 
 
 
 

(te and ti) can be derived if te or ti differ from  

unity by more than 1%.  
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The complex plane analysis has advantages  

over previously applied methods and these are:  

1. The method is a two-electrode technique.  

2. Electrode behavior can be separated from electrolyte  

behavior.  

3. The true bulk conductivity (single crystal) can be  

separated from that due to grain boundaries.  

4. The determination of the values in 2. and 3. is possible 

within a limited frequency range (10-3 Hz to 106 Hz). It 

can be done with a simple extrapolation  

of experimental values with a high accuracy. It  

is not necessary to use impedance/admittance equations  

which demand assumption of a particular equivalent  

circuit.  

5. Values of electronic and ionic transference numbers  

The precision with which an arc of a circle  

is defined by the high frequency points in the X-R plane  

can be evaluated by two methods:  

1. Using the angle defined by line segments joining  

two experimental points (base points) and a third  

experimental point (Fig. 25).  



 
 
 

 



 
 

2. By construction of two arcs of radius R + ∆R and R - ∆R which 

contain the points between them. Successive decreasing of 6R 

puts two arcs together. The minimum separation is realized 

when the arcs still include the experimental points but do not 

allow any of them to lie outside the boundary defined by  

R + ∆R and R - ∆R. The ratio of ∆R/R is a measure of the 

precision with which the experimental points define an 

arc of a circle.  



 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 
 
 
 

 
 

 

5. DIRECTIONAL CONDUCTIVITY 

MEASUREMENTS ON Ag26I18W4016  



 
 
 
 

 
 

 
 

 
 
 
 

The conductivity measurements on monocrystals  

orthogonal to the twofold axis. The absolute value  

of conductivity at room temperature was 6 x 10-4 (Ωcm)-1,  
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5.1. EXPERIMENTAL  

5.1.1. PREVIOUS MEASUREMENTS  

The ac conductivity measurements on poly-  

crystalline material Ag26I18W4016 were done by several 

authors /8, 10, 84/. The highest value at room tempe-  

rature was obtained by Chan and Geller /10/. Their  

conductivity measurements were done between 295 K  

and 443 K and an average conductivity of 5.9 x 10-2(Ωcm)-1  

was measured at 298 K.  

of Ag26I18W4016 were done first by Habbal et al. /39/. Their 

conductivity measurements were made in a plane  

about 100 times smaller than that reported by Chan  

and Geller. Their conclusion was that this lower value  

is due to the averaging over all directions. Results  

of all earlier conductivity measurements on Ag26I18W4016 are 

presented in Table VIII.  
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5.1.2.  DIRECTIONAL CONDUCTIVITY MEASUREMENTS ON 

Ag26I18W4016  

5.1.2.1. PURPOSE OF WORK  

Measurements of conductivity are done in the 

directions of crystallographical axes a, b, c, and in the 

direction c*. The intention was to reveal anisotropy in σ(T), 

inferred by Habbal et al. /39/ near 199 and  

285 K, as was mentioned before. They made two  

hypotheses to explain their data. One assumption is that at 

199 K the Ag+ ions became free to move along x axis, but that 

motion in the yz plane is forbidden until 285 K. In this case, 

the conduction between 199 and 285 K  

would be relatively temperature independent and a 

"plateau" in the conductivity plot would be manifest.  

If this model is correct, it predicts that the conductivity 

anomaly at 199 K will be much greater along the x axis and 

that the conductivity divergence observed by Habba1 et al. 

above 285 K will be essentially isotropic.  

On the basis of structural data /10/ they made 

another hypothesis, owing to two classes of Ag+ sites 

that ions at one of these become mobile at  
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199 K, while others become mobile at 285 K.  

The first hypothesis would Show the difference in  

conductivity measurements between the different 

crystallographic axes.  

Directional conductivity measurements are  

performed in the temperature range from 173 K to  

473 K. In the temperature region around 199 K and 285 K  

measurements were performed for each two degrees of  

temperature. Such precision of measurements was necessary in 

order to obtain real shape of curves in areas of  

interest.  

5.1.2.2. METHOD  

Conductivities are measured by using complex  

plane technique first applied to solid electrolytes  

by Bauerle /92/, as it was described in the previous Chapter. 

The first bridge used in the measurements was a 1650-B  

impedance bridge made by General Radio Co., Concord,  

Massachusetts, U.S.A. Performing the low temperature 

measurements, at 216 K we exceeaed the 107Ω sensitivity of 

the 1650-B bridge. Since we were interested to obtain  

data at temperatures lower than 199 K, which was the  

lowest transition temperature reported by Habbal et al. /39/,  
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we were obliged to build a more sensitive bridge. A new  

vector impedance measuring device was built by  

S.A. Wilber. It had a frequency range of 0.5 Hz to  

350 KHz, and it was planned to extend this range  

at the high frequency end. The description of device  

is given by Geller et al. /17/.  

5.1.2.3. PROBLEM OF ELECTRODES  

on a 

Our first conductivity measurement is performed  

7.3 mm long crystal with cross section area of l mm2. The  

long side is cut along c-axis. The crystal is mounted  

with silver paste between two platinum wires. The  

value obtained at room temperature is 6.2 x 10-3 (Ωcm)-l,  

10 times lower than the value obtained by Chan and  

Geller /10/. It is obvious that electrode/electrolyte  

contact was not good, since measurements on single  

crystal should give higher values than those on  

pollycrystalline sample.  

So, while the new device was built I used  

the 1650-B bridge to perform complex plane measurements  

in order to obtain the best electrodes. The results  

of these measurements are given in Table IX.  
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Table IX  

Axis of  Type  of   Preparation of  Conductivity  
crystal  electrodes   crystal surface  at room  temp

.  
         (Ωcm)-l  

c   silver paste  polished   0.0062  

c   Ag+Ag26I18W40l6  polished   0.0139  

b  Ag+Ag26I18W40l6  polished   0.00061  

a  Ag+Ag26I18W40l6  polished   0.0028  

c  silver paste  polished   0.019  

 (200 mV dc 5 min)       

c   Ag(Hg)    polished   0.030  

   c   silver powder  rubbed on sand   0.030  

     paper     

b  silver powder  rubbed on sand  0.017  

     paper     

a  silver powder  rubbed on sand  0.043  

     paper     

 

The values in Table IX are obtained by extrapolation in  

X-R or B-G planes. One of B-G plots on room temperature  

is shown in Fig. 26. For this measurement crystal was  

mounted on mica-plate and thin "cerac" wires were  

attached to it with silver paste. It was dried for 72 hours.  

Afterwards, the crystal sample was subjected to 200 mV dc  

potential for 5 minutes in each direction. Thus we tried  



 
 
 



 
 
 

 
 

temperature conductivity which we obtained from this 

plot is 1.9 (Ωcm)-1.  

The next type of electrodes were amalgamated  

crystal was 3 x 10-2 (Ωcm)-1.  
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to improve contacts between electrodes and crystal  

sample. The shape of curve in the low frequency region shows  

that the electrodes were not good. There was not  

any circle shape in this area. The conductivity  

obtained from this plot is lower than the value  

obtained on polycrystalline samples /10/. The room  

silver electrodes and value we obtained on the c-axes  

This was the best value we obtained and  

these electrodes seemed as the most promising. The  

negative aspect was that freezing point of mercury  

is 234.38 K. Since the interesting temperature range  

for our measurements is from room temperature up to  

173 K, this type of electrodes was not acceptable.  

After considering etching of surface of crystal with  

three normal solutions of KCN in distilled water and  

unsuccessful attempts to do it without getting thin  

film on the surface of the crystal, we decided to try  

entirely new way of preparing the surface to get a  

good contact with electrodes. The idea was to rub the  

crystal sides on the fine sand paper and then rub it  
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with silver powder until we obtain fine, smooth, reflecting  

surface. Then we put the crystal between the spring  

loaded silver electrodes. The room temperature conductivity  

of the first sample we measured this way was 5 x 10-2 (Ωcm)-1 .  

Then we decided to use this type of electrodes to  

perform the directional conductivity measurements.  

5.1.2.4. CONDUCTIVITY MEASUREMENTS AS A FUNCTION OF  

TEMPERATURE  

  
Since the crystal belongs to the space group C2

3 the  

conductivity tensor has four independent values, as  

will be shown in detail in Section 5.3. To obtain  

data sufficient to determine these elements, measurements  

along four directions in the crystal have to be done .  

Measurements were done along a, b, c, and c* directions in  

the crystal. First, the measurements from room temperature  

down to 173 K and up to room temperature were performed.  

After this cycle, high temperature measurements up to  

473 K were performed. The frequency of the square wave voltage 

applied in the measurement was chosen on the basis of the complex  

plane technique. The plot of conductivity measurement in  

the direction of a-axis is shown in Fig. 27.  



 
 
 



 
 
 

 
 
 
 
 
 
 
 
 
 
 

breaks - two phase transition temperatures. The first  

one is at 246 K and the second at 197 K. The curves  

for the other three directions are of the same shape  

and indicate the same temperature of the phase transition.  

directions in the crystal. Figure 28 shows curves  

ln (σT) = f (103/T) for the directions along ,a
r
 ,b
r
 ,c
r   

and ∗c
r

 axes.  

The difference is in the slopes and thus in the acti-

vation energies for Ag+ ions to move in the different  
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We can observe three different slopes divided by two sharp  
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5.2. ANALYSIS OF DATA  

The general shape of the curves is shown in  

Fig. 27. The points X are used for denoting measurements  

on cooling down from room temperature to 173 K. The  

points (i) are used to denote measurements on heating  

up from 173 K to 373 K. We are going to denote three  

different slopes with numbers 1, 2, 3 in a way:  

1. from 248 K to 373 K  

2. from 198 K to 248 K  

3. from 173 K to 198 K  

The first phase transition (I) is at 246 K and the second 

phase transition (II) is at 197 K.  

The curves are plotted by least-square fits  

to straight lines for all three different slopes.  

The least-square fits are given in Table X.  



 
 
 



 
 
 
 

 
 

 
 
 

 
 
 
 
 
 
 
 
 
 
 
 

the conductivity is the highest along the a-direction.  

-106-  

Table XI is showing the phase transition tempe-  

ratures for all directions and the α-phase activation energies  

obtained from In (σT) = f (1/T) plots. The curves were  

plotted by using the least-square fit calculation. This  

calculation is done by an HP-25 calculator. It shows that  

Calculation of elements for conductivity tensor and  

transformation to coordinate system of principal axes  

will reveal the highest conductivity direction in the  

crystal.  

Table XI  

Temp. of I ph. tr.   Temp. of II  ph. tr.   Activation energies (eV)

   

a
r
-axis    - 27oC  246  K  -76oC 197 K    0.163   

b
r
-axis  - 27oC  246  K  -76.5oC 196.5 K   0.176   

∗c
r

-axis   -27oC  246  K  -76.5oC  196.5 K  0.189    

c
r
-axis  -27o C  246 K  -76oC  196.5 K   0.199 



 
 

 

 

 

                 

 S11  0  S31 

 0  S22  0               (5.3.1)               

S31  0  S33  Sij=σij

      

 

 

 

 

axis. We are going to choose our axis as: a
r
//xl,  

b
r
// x2, ∗c

r
// x3. Structural parameters are: a  = 16.76 Å,  

b = 15.52 Å, c = 11.81 Å, and β= 103.9°.  

A general quadratic form with has 

one axis - x2 parallel to the diad  

The general expression for the conductivity in the direction  

li. is/99/: 
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At room temperature our crystal belongs to the  

space group C2
3. For this class (monoclinic with one  

twofold axis) the conductivity tensor referred to axes  

 b, c in conventional orientation /99/ looks like:  

 
 

So in our case the magnitude, σ, of the conductivity in the  

direction li is:  

C2 symmetry  
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+
    

To determine S31 in tensor, we are going to express the 

magnitude 0c of the conductivity in the direction c
r

 in system of chosen 

axes ( a
r
,b
r
, ∗c
r

). Direction cosines are:  

l1  =  cos β   

l2  =  0     

l3  = cos(B-90
0)   = sin β  

 

 

From that expression:  

 

 

_ σc* cos(β-90º)    _        σa cos β  

          2 cos(β-90o)  

 

=
 2 cos β 

σc            

2 cos (β-90o)cosβ 

= - 2.144 σc + 0.1237 σa + 2.020 σc* = 0.0243(Ωcm)
-1 

(5.3.4)  

=
 

   σa 
 2tgβ  

_  σc* tgβ    σc    
2cosβsin β  

=
   2  
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Our measurements of conductivities in the  

The conductivity tensor is:  

  
directions of axes a

r
, b

r
, c

r
, and in direction of ∗c

r
 are:  

σa =   0.100   (Ωcm)
-1  

σb =  0.0624     (Ωcm)-1  

σc* =  0.0852   (Ωcm)
-l   

σc  = 0.0747   (Ωcm)
-1
 

0.100 0  0.0243    

   

 0  0.0624  0    

  

0.0243 0  0.0852    

  

(5.3.6) 

(Ωcm)-1  σ = 

 

of principal axes, we are using the Mohr circle construction.  

To express the conductivity tensor in the system  

To get the new set of axes, the old system is rotated  

around the b
r
-axis.  

σav =   
3  3  

σc *  +
  3 

=
  

0.0825 (Ωcm)-l  

To calculate the  average conductivity, using relation  

(5.3.3) and integrating over a sphere, we have:  



 
 

sinΘ 
 
 
 0 
 
cosΘ  

 (aij)  = 

(5.4.2)  

(5.4.1)  
 sinΘ 

 0 

-sinΘ   

  0 

 1 

  0 

   S31' 0  
_ 
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5.4. THE MOHR CIRCLE CONSTRUCTION /99/  

Figure 29 represents rotation about Ox2·  
 

Axes Oxl are obtained from Oxl by rotation about Ox2 

through an angle Θ measured from Ox3 towards Ox1· Then, 

from the meaning of aij:  

 

Ox1, Ox2, Ox3 are principal axes 0f tensor [Sij]. The 

components referred to Oxl are:  

S'ij = aik ajk Skl  

The transformed tensor is calculated as:  

 

o  

0         S2 
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where  S'll  =  1/2  (Sl+S3)  + 1/2  (Sl-S3)  cos 2Θ   

                            (5.4.3)  

 S'33  =  1/2  (Sl+S3)  - 1/2  (Sl-S3) cos 2Θ   

  

 S'31  =             1/2 (Sl-S3) sin  2Θ  

This result may be expressed graphically in Fig. 30.  

Suppose S3< Sl. On the horizontal axes two points P, Q are 

taken at distances S3 and Sl from O. A circle, centre C, is 

then drawn on PQ as diameter. A radius CR is  

drawn so that CR makes an angle of 2Θ with CQ, measured  

anti-clockwise. Then, since OC = 1/2(Sl+S3) and  

CR = 1/2 (Sl-S3)' equations (5.4.3) show that the 

coordinates of R, relative to the axes shown in the  

 

If we were given the values of S'll, S'31, S'33, 

we could use the Mohr circle to find the principal  

components Sl and S3·  

Sl =   OC + CP 
 
+ r  

S3 =   OC - CP  
 

(5.4.4) 

    

diagram, are S'll and S'31. This construction, called  

the Mohr circle construction, gives a visual picture  

of the way S'll, S'33, S'31 change as the axes of reference  

are rotated.  
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tan 2Θ =  

2S'31  

(S'11- S'33) 

Sl = 0.1264  

 

S3 = 0.0588 

           
      0.1264       0      0   

     
[σp] =   
           0      0.0624      0  (Ωcm)-1  
      
  
       0         0  0.0588   

tan 2Θ = 

 

2 S'31  

(S'1l- S'33) 

= 3.297297  

(5.4.4) 

           
Sl  =  1/2  (S'll + S'33) +√(1/4 (S'll - S'33)

2 + S'31
2 )  

         
S3  =  1/2 (S'11 + S'33) -√(1/4 (S'll - S'33)

2 +  S'31
2 ) 

                                                                                     
S2  =  S22          
 
                                                          (5.4.5)   

(5.4.6) 

is 36.56°. The angle between a
r
-axis and [101] diagonal is   

δ = 39.49 .  

principal axis, with the highest conductivity of 0.13 (Ωcm)-1, 

 [σp] is the conductivity tensor in the system of   
principal axes. The angle between a

r
-axis and the first  
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5.5. CONCLUSION  

As a conclusion about directional conductivity  

 

1. The average conductivity at room temperature, calculated  

from the conductivity tensor  by integrating over a  

sphere is 0.0825 (Ωcm)-l and in the direction of the highest 

conductivity is 0.130 (Ωcm)-l.  

2. The average conductivity of a monocrystal specimen, σ=0.0825(Ωcm)-l is  

higher than  that of po1ycrystalline material ,   σ = 0.0590 ( Ωcm)-1,  

as expected and contrary to the value obtained by  

Habbal et al. /39/, which was 100 times lower than that of  

polycrystalline material. The conclusion is that their  

electrolyte-electrode contacts were not satisfactory.  

3. We observed two phase-transition temperatures (197 K and  

246 K) in  all direction a,  b, c and c*.  The idea /39/  that  

motion of  Ag  ions  in  yz plane  is  restricted  until  285 

seems  not  to  be correct - since we did not observe "plateau" in 

the conductivity plot between 199  and  285 K.  

The second phase  transition temperature differs from   

Habbal's value by 39 K (246 K - 285 K).  
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4. The values for activation energies in the phase  

above 246 K are: Ea = 0.163 eV, Eb = 0.176 eV, Ec = 0.199 eV,  

and Ec* = 0.189 eV. It should be added that measurements  
 

were performed on relatively short crystals comparing  

length to area, 1/A~5. Longer crystals (1/A>10) were not  

suitable for the low temperature measurements, because  

they broke and we were forced to use shorter crystals  

in order to obtain data in the whole range of temperature.  

The order of magnitudes of activation energies are in  

agreement with those for other solid electrolytes.  

5. Using formula (4.3.4) which connects activation energies  

with the  disorder parameter, we can get for the  

particular directions in crystal n/n'Ag+(a) = 3.4,  

n/n'Ag+(b) = 3.3, n/n'Ag+(c) = 3.15 and n/n'Ag+(c*) = 3.2 in  

the highly conductive phase above 246 K. As was  

discussed in Chapter 4, a solid electrolyte structure has a  

disorder parameter or ratio of available sites to current  

carriers bigger than 3 /7,82/.  Thus, Ag26I18W4016 belongs  

to this group of materials by its structural characteristics.  

It was also shown by X-ray structure work of Chan and  

Geller /10/.  
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6. The types of transitions are to be solved by X-ray 

structural work on the two lower phases. Our assumption  

is that at least one of them is a  first-order 

structural phase transition. This conclusion is based  

on the shape of curves and also on the experimental fact 

that in the process of cooling crystals broke. Actually, we 

hypothesized on the basis of the high temperature phase 

symmetry (C2) that the crystallographic cell  

doubling at lower temperatures. All these ideas  

are going to be clarified with further investigation by X-

ray analysis. The purpose of our work was to see the 

stability of a highly conductive solid electrolyte  

 Ag26I18W4016 at low and high temperatures (173 K to 473 K).  



 
6. SUMMARY 
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Results obtained by experimental work presented  

in this thesis can be summarized as:  

1. Polarized Raman spectra have been obtained  

on oriented single crystals of Ag8W4016 from 293 K to the 

melting point (893 K) and also of the melt, both  

in air and in oxygen atmosphere.  

2. The temperature dependence of the low-

frequency Ag+-ion vibrations show no anomalies, in  

contrast to those in ionic conductors such as α-AgI.  

3. Polarization versus temperature measure-  

ments have been made on the crystals under the same  

conditions as the Raman measurements.  

4. The results indicate that there is  

decomposition of the crystals in air which produce  

irreversible conducting phase.  

5. The oxygen atmosphere impedes this  

decomposition, and the results in this case confirm  

an earlier prediction that there is no crystallographic  

transformation of the crystals up to the melting point  

and that the (W40l6)
8- ions continue to be noncentro-  

symmetric in the melt.  

6. Pure Ag8W40l6 is not a solid electrolyte, 

electrical and thermal evidence for a conducting phase above 

553 K obtained by Takahashi et al /8/ was shown  
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in our work to result from thermally activated,  

irreversible chemical degradation with a 0.7 kcal/mol  

activation energy.  

7. The polycrystalline specimen of Ag26I18W40l6 cannot 

be prepared by solid state reaction in reducing  

atmosphere. The preparation requires a substantial  

overpressure of oxygen, because at the reaction tempe-  

rature of 553 K the solid electrolyte appears to have  

a relatively high oxygen vapor pressure. We found that  

Ag8W40l6 decomposes on being heated to temperatures  

exceeding 553 K, and thus conditions for  preparing  

Ag26I18W40l6 specimens were given.  

S. Directional measurements of conductivity  

were performed on Ag26I18W4016 in order to explain Raman 

and conductivity data of Habbal et al.  

9. We observed indications for two phase  

transitions at temperatures 245 K and 197 K in all  

 crystallographic directions a
r
, b

r
, c

r
, and ∗c

r
. The con-  

ductivity measurements were performed in the range from  

173 K to 473 K. Our second phase transition temperature  

differs from that of Habbal by 39 K (246 to 285 K). We  

did not observe a "plateau" on the conductivity plot in  

the range from 199 K to 285 K, as they reported. Also, none  

of directions was different to others with respect to  

phase transition temperatures. Thus, our results do not sup-  
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port Habbal's hypothesis that conductivity anomaly  

at 199 K will be much greater along one particular,  

but undetermined axis.  

10. The values for activation energies for  

a, b, c, and c* directions in the phase above 246 K  

are: 0.163, 0.176, 0.199 and 0.189 eV, respectively.  

Average value for disorder parameter, obtained by  

averaging values n/n'Ag+ for a
r
, b

r
 and ∗c

r
 directions is  

3.3. A solid electrolyte structure has disorder parameter  

bigger than 3 and thus we showed that Ag26I18W4016 belongs to 

this group of materials by its structural characteristics. 
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Medju istraživačima postoji podje1jenost obzirom  

na upotrebu termina "čvrsti e1ektro1it" i1i "superionski  

vodič". U ovom radu upotreb1jen je termin "čvrsti e1ektro1it".  

Diskusija je izložena u Odjeljku 1.1.  

Sistem AgI + Ag8W40l6 predmet je opsežnog 

istraživanja za elektrolit u Ag/I2 baterijama. Godine 

1973. Takahashi i dr. izvijestili su /8/ 0 seriji  

mjerenja električne vod1jivosti i 0 difereneijalnoj  

termalnoj analizi iz kojih su konstruirali fazni  

dijagram za AgI + AgSW40l6 sistem. Nekoliko uredjenih 

struktura rezultat je različitih mješavina AgI i  

 

Ovi materijali osnivaju se na osnovnoj strukturi 

AgSW40l6 i imaju karakteristican (W40l6) 
-8   kompleks u kojem je 

volframov ion oktaedarski koordiniran /9/. 

Najbolje karakteristike za elektrolitski  

matetijal nadjene su u Ag6I4W04. Rendgensku analizu strukture 

izvrsili su Geller i Chan /10/ i dali ispravnu  

formulu Ag26I18W40l6. Ovaj materijal ima manji broj srebrnih 

iona na kubični eentimetar of najčešće proučavanog čvrstog 

elektro1ita RbAg4IS(0,78 x 10
22 cm-3 prema 1,13 x 1022 cm-3), 

ali ima nnogo veci broj mjesta za srebrne ione (većina 

kojih je prazna) u usporedbi sa  RbAg4IS (4,96 x 10
22 cm-3 

prema 3,94 x 10
22 cm-3).  
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Kemijska stabi1nost Ag26I18W4016 je bo1ja nego kod RbAg4I5 u 

okolini koja sadrži jod, a koja je prisutna  

u Ag/I2 baterijama. Ta stabi1nost je uočena kod će1ija tipa 

Ag/Ag26I18W4016/I2 gdje je konstantni otpor održan tokom 

perioda dužeg od dvije godine. Navedena  

kombinacija od1icnih fizičkih svojstava rezu1tira1a je  

odabiranjem Ag26I18W4016 od Sanyo za e1ektrolit u srebrnoj bateriji, 

koja se sastoji od Ag/Ag26018W4016/Ag2Se + Ag3P04· Baterija je izašla na 

tržište pod nazivom "Memoroide"  

i upotrebljava se za odredjivanje vremena, integriranje  

i memorijske primjene.  

Kao prvi korak u sistematskoj optičkoj i  

e1ektričnoj studiji te porodice e1ektro1ita, izmjerili  

smo Raman spektre AgSW4016 od sobne temperature do 

temperature ta1jenja. Raman spektroskopija Ag8W4016  

pokaza1a je slijedece rezu1tate:  

1. čisti AgSW4016 nije čvrsti elektro1it; za e1ektrični i 

terma1ni dokaz 0 vod1jivoj fazi iznad 553 K izmjeren od  

Takahashija i dr./8/pokaza1i smo da nastaje od  

terma1no aktivirane ireverzibilne kemijske degradacije  

s aktivacijskom energijom of 0.7 kcal/mol; 

2. vibracije srebrnih iona u Ag8W4016 jav1jaju se u 

području 40-60 cm-1 i ostaju dobro definirane do  
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temperature taljenja od 893 Ki  

3. kemijska degradacija na oko 550 K može se smanjiti pritiskom 

kisika od nekoliko atmosfera. Mjerenja spontane polarizacije 

kao funkcije temperature učinjena su na nekoliko uzoraka od 

293 do 623 K u svrhu provjere rezultata Raman 

spektroskopije.  

Drugi korak u toj studiji bilo je istraživanje 

Ag26I180l6. Nasa mjerenja vodljivosti u području temperatura od 

173 K do 473 K dala su podatke 0 dinamici prijelaza u 

Ag26I18W40l6. Izvršili smo mjerenja i račune tenzora 

vodljivosti, po prvi puta za tako anizotropni kristal.  

2. RAMAN SPEKTROSKOPIJA Ag8W40l6 NA VISOKIM TEMPERATURAMA  

Uzorci monokristala 2.5 x 2.5 mm u presjeku i 2 

mm debljine zraceni su linijom 514.4 nm ili 488 nm argonskog 

lasera snage nekoliko stotina milivata. Primjenjena je 

geometrija zračenja pod pravim kutem. Uočen je samo mali, 

teorijom grupa predvidjen, broj dugovalnih fonona. Njihove 

frekvencije i vjerojatne simetrije iznesene su u Tablici II.  
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Za geometriju rasprsenja pod pravic kutem u C2v 

prostornoj grupi simetrije krista_a, potpuno odredjenje  

A1 (TO), A1 (LO), A2, B1 (TO), B1 (TO), B1 (LO), B2(TO) i  

B2(LO) longitudina1nih i transverza1nih fonona nije moguće. Mi 

smo označi1i titraje kao A1, A2, B1 i B2 prema tome  

da 1i su u zz, xy, xz i1i yz raspršenju bi1i najinten-  

zivniji. Raman spektri mjereni su na temperaturama od  

293 K do 905 K.  

Prema radu Portoa i Scotta /54/ na asignaciji Raman 

spektara vo1framata, predstavili smo (W04)
-- ion kao manju 

jedinicu u vecem(W4016)
-8 ionu. Rascjep nivoa slobodnih 

tetraedara nastaje zbog prisutnosti četiri  

(WO4)
-- iona u svakom (W4016)

-8   ionu C2v simetrije.  

Krista1no po1je da1je odstranjuje neke od degeneracija zbog 

prisutnosti dva (W4016)-8 iona u jediničnoj ce1iji. Kore1acija 

ionske, položajne i faktor grupe simetrije  

dana je u Tablici III.  

Asignacija promatranih Raman spektara dana  

je u Tab1ici IV. Vibracijski modovi prikazani su u Tab1ici V. 

Opći oblik vibracija W04
-- iona Td simetrije prikazan je na 

Slici 7.  

Dvije grupe vibracija su interesantne s  

obzirom na njihovu temperaturnu ovisnost.  
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Prvo, vibracije koje se mijenjaju od 40 do  

65 cm-1 vrlo su intenzivne i nisu prisutne u drugim  

volframatima kao sto su CaW04, SrW04, BaW04 ili  

ZnW04 /54/. One nastaju zbog gibanja Ag
+ iona. Slika 8. 

prikazuje temperaturnu ovisnost Raman aktivnih Ag+-ion  

vibracija.  

Drugo područje frekveneija od interesa je 

oko 900 cm-1, gdje je energija asigniranih totalno  

simetričnih titraja, koji odgovaraju W-O stretching  

vibracijama, postojećih u volframatima, npr. u seheelitima  

/54/  912 cm-1, 925 cm-1 , 878 cm-1 , 887 cm-1  i 

900 cm-1.  

ZnW04 /54/  

Reprezentativni spektri na 293 K, 759 K i  

905 K prikazani su na Slici 9.  

Ovi Raman podaci dobiveni su u zraku kod  

atmosferskog pritiska. Pokazuju dani broj značajnih  

karakteristika. Prvo, linije se brzo šire pri grijanju  

uzoraka. To se obično uzima kao karakteristika nastanka  

nereda u kristalima. Nisko frekventne linije koje odgo-

varaju gibanju srebrnih iona u 40-65 cm-1 energetskom  

podrucju ne pomiču se in "mekšaju" dizanjem temperature.  

One ne pokazuju anomaliju u području 573 K  

gdje Tahakashi i dr./8/ nalaze anomaliju vodljivosti,  



 

(500 - 800 cm-1)  

 da (W4O16)
-8 ion  

ne mljenjaju se pri taljenju, indicirajući  

u kristalu na sobnoj temperaturi, all njen intenzitet  

rature peći zbog apsorpcije laserskog svijetla. Takahashi i dr. 

/56/ lzmijerili su talište Ag8W4016 kao 993 ± 5 K. Frekvencije 

i intenziteti u području visokih energija  

w-O stretching vlbracija. Na Slici 10. prikazan je 

intenzitet te vibracije relativno prema 44 cm-1 Ag  
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ali naglo nestaju pri taljenju uzorka (gornji spektar na Sl. 

9). To se moze očekivati jer su Ag+ ioni mobilni  

u taljevini. Taljenje je kod nasih uzoraka nastalo  

izmedju 853 i 943 K temperature peći; te vrijednosti  

ovise o uzorku, o laserskoj snazi i valnoj duljinl.  

Uzorci su postajali neprozirni kod grijanja u zraku.  

Stvarna temperatura uzorka moze biti 50 K iznad tempe-  

ostaje nepromljenjen u taljevini, Kao  

sto su prvobitno predvidjeli Skarstad i Geller/9/.  

Najneobičnija je temperaturna ovisnost Al 

vlbracije na 884 cm-l. To je najintenzivnija linija  

pada dramatično s porastom temperature. Kao što je  

prije navedeno, ta linija je asignirana kao simetrična  

liniji I(884)/I(44), ovisno o temperaturi. Aproksimativno  

1inearni pad u intenzitetu s temperaturom je uočen od  

293 K do 523 K, dok iznad te temperature ne postoje  

mjerive promjene. To može dati ideju o promjeni u  



 

uputile su na kompleksan proces dekompozicije Ag8W4016 na 

temperaturi višoj od 550 K. U atmosferi kisika 
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kristalnoj strukturi na temperaturi uzorka od 573 K.  

Ova temperatura je u dobrom slaganju s temperaturom  

kod koje Tahakashi i dr./76/ nalaze promjene u vodlji-  

vosti za Ag2W04. Pri ponovljenim Raman mjerenjima u 

atmosferi kisika, uočen je manji broj promjena u  

spektru s porastom temperature. Promjena u intenzitetu 

884 cm-1 stretching vibracije nije tako izražena kao u 

prijašnjim mjerenjima. 

Mjerenja polarizacije kao funkcije temperature  

učinjena su od 293 K dO 513 K na nekoliko uzoraka u  

zraku i u atmosferi kisika. Detaljni opis mjerenja dan  

je u Odjeljku 3.2.3.  

Anallze Raman spektara i mjerenja polarizaclje  

dekompozicija je smanjena. Jedna od mogućnosti /58/  

je redukcija valencije volframovog atoma u kompleksu.  

S gubitkom jednog kisikovog atoma ukupna valenclja novog  

kompleksa ostaje ista, npr.:  

 
→ 

 



 

-136-  

Kristalnu strukturu AgI + AgSW4016 u Ag26I18W4016 

odredili su Chan i Geller /10/ pomoću rendgenske analize.  

Priprema polikristaliničnog uzorka nije bila moguća  

reakeijom AgI sa AgSW40l6 u reduciranoj atmosferi kisika.  

Dvije suprotne reakcije nastaju kod niskog tlaka  

kisika: Rekcija AgI i Ag8W4016 u čvrsti elektrolit i 

dekompozieija Ag8W4016 s obzirom na kisik kao što je 

navedeno u gornjoj diskusiji. Problem je riješen  

pripremanjem uzorka u atmosferi kisika. Time je prona-  

laženjem proeesa dekompozicije Ag8W4016 u zraku riješen 

problem rasta kristala Ag26I18W40l6·  

Raman spektre monokristala Ag26I18W40l6 izmjerili 

su Habbal i dr. /39/ kao funkciju temperature  

od 77 do 350 K. Na niskim temperaturama postoje dvije  

vibracije na 20 i 35 cm-1. Na 199 K linija 35 cm-1  

nestaje i to je temperatura prvog faznog prijelaza Tl. 

S porastom temperature druga niskofrekventna linija  

na 20 cm-1 postaje difuzna i nestaje kod 25 K  

definirajuci na taj način temperaturu drugog faznog  

prijelaza. U svrhu provjere Raman podataka, autori /39/  

su izvršili mjerenja vod1jivosti o(T) i kapaciteta C(T)  

u području temperatura od 150 do 300 K. Povezujući  
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Raman i podatke mjerenja vod1jivosti postavili su /39/ 

hipotezu da postoje dvije grupe po1ozaja za Ag+ ione  

i da ioni jedne grupe polozžja postaju mobilni na  

199 K, a drugi na  285 K. Izvršili smo mjerenja  

vod1jivosti u četiri kristalografska smjera a
r
, b

r
, c
r  

 i ∗c
r

 u svrhu provjere njihovih rezu1tata.  

 

KRISTALOGRAFSKIH OSI a
r
, b

r
, c

r  i ∗c
r

 

Krista1i Ag26I18W40l6 izrašteni su duž a
r
,b
r
i 

c
r  smjerova, a smjer ∗c

r
 dobiven je rezanjem iz  

postojećih uzoraka. Elektrode su učinjene poliranjem  

kristala na finom brusnom papiru. Mala količina srebrnog  

praha stav1jena je na dio brusnog papira. Krajevi kristala  

lagano su trljani kroz srebrni prah dok tanki film srebra  

nije prionuo uz površinu. Nakon toga kristal je postavljen  

izmedju srebrnih diskova pritisnutih spiralom. Mjerenja 

vodljivosti učinjena su u temperaturnom području od  

473 K do 175 K. Uredjaj za mjerenje izradjen je u  

1aboratorijima University of Colorado /17/. Područje 

frekvencija tog uredjaja proteže se od 10-1 Hz do 650 KHz.  

Rezultati mjerenja prikazani su na Slikama  

26. i 27.  



 

 Vod1jivost monokrista1a od σ= 0.0825(Ωcm)-l viša je 

1. Srednja vod1jivost izračunata pomoću tenzora vod1jivosti 

iznosi 0.0825 (Ωcm)-l, a najveća vod1jivost je  

0.130 (Ωcm)-l.  

 

razlika ni u jednoj od temperatura faznih prijelaza za 

odredjeni kristalografski smjer, kao što bi se  

-138-  

Detaljni opis mjerenja dan je u Poglavlju 5.  

Na temelju rezultata ovih mjerenja vodljivosti  

mozemo izvesti zak1jučke:  

2.  

od vod1jivosti za po1ikrista1inični uzorak   

σ = 0.0590 (Ωcm)-l. To je očekivani rezu1tat i  

suprotan vrijednosti dobivenoj radom Habba1a i dr /39/, koja 

je 100 puta niža od vrijednosti za po1ikrista1inični  

materija1. Zak1jučak je da njihov kontakt izmedju  

elektroda i elektrolita nije zadovo1javajući.  

3. Uočili smo dvije temperature faznih prije1aza (197 

K i 246 K) u svim smjerovima a
r
,  b

r
, c

r
 i ∗c

r
. 

Temperatura drugog faznog prijelaza razlikuje se od  

Habbalove za 39 K (246 K prema 285 K). Ne postoji  

očekivalo prema hipotezi Habbala i dr. /39/.  



 
-139-  

4.  Vrijednosti aktivacijskih energija u fazi iznad  

246 K su: Ea = 0.163 eV, Eb = 0.176 eV,  

Ec = 0.199 eV i Ec* = 0.189 eV. Mjerenja su izvršena  
    

na kristalima relativno kratkima usporedjujući  

dužinu l s presjekom A: l/A > 5. Duži su se  

kristali (l/A~10) lomili pri hladjenju ispod  

temperature 246 K. Veličine aktivacijskih energija  

slažu se s vrijednostima aktivacijskih energija  

ostalih čvrstih elektrolita.  
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Polarized Raman spectra have been obtained  

on oriented single crystals of Ag8W40l6 from 293 K  

to the melting point (893 K) and also of the melt, both in  

air in an oxygen atmosphere. The temperature dependences of 

the low-frequency Ag+-ion vibrations show no  

anomalies, in contrast to those in solid electrolytes  

such as α-AgI. Polarization versus temperature measure-  

ments have been made on the crystals under the same  

conditions as the Raman measurements. The results indicate  

that there is decomposition of the crystals in air  

which produces conducting phase irreversibly. The  

oxygen atmosphere impedes this decomposition, and  

the results in this case confirm an earlier prediction  

that there is no crystallographic transformation of  

the crystals up to the melting point and that the 

(W40l6)
8- ions continue to be noncentrosymmetric in  

the melt.  

Results of measurements of electrical  

conductivity of single crystals of Ag26I18W40l6 in the 

temperature range 473-175 K show existence of two first 

order transitions at 246 and 197 K; the phases  

are labeled α, β, γ in order of decreasing temperature. At 

298 K the average conductivity, 0.0825 (Ωcm)-l,  

is 1.4 times the best value obtained from conductivity  
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measurements on po1ycrystalline material. From the log 

(σT) vs. T-l data for the a phase the activation energies 

of motion are of magnitude 10-1 eV as for other solid 

electrolytes. The magnitudes of the  

activation energies of motion of the β and γ 

 

phases appear to be constant, and suggest that there is 

greater order in the lower phases (β and γ) than in 

the α phase.  
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