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Anisotropic electrical conductivity and low-temperature phase transitions
of the solid electrolyte Ag2&I&sW40&s
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Results of measurements of electrical conductivity of single crystals of Ag, 6I„W40„in the temperature
range 473-175 K show the existence of two first-order transitions at 246 and 197 K; the phases are labeled
a, P, y in order of decreasing temperature. Within experimental error, the principal conductivity axes of
the a phase are 4, b, and 8 over its temperature range of existence. At 25'C, the principal conductivities
are 0.120, 0.085, and 0.083 0 'cm ', respectively, and the average conductivity, 0.097 0 'cm ', is 1.6 times
the best value obtained from conductivity measurements on polycrystalline material. It is shown that the
logio(0T) vs T data for the a phase imply that the activation enthalpies of motion are temperature
dependent. It is also likely that very few Ag+ ions are thermally excited from the immobile to the mobile
category. The magnitudes of the activation enthalpies of motion of the P and y phases appear to be
constant, and suggest that there is greater (possibly complete) order in the y than in the P phase and
greater order in the P than in the a phase.

INTRODUCTION

Crystals of Ag~I„W40g6 belong to space group
C2 (C,}, with a=16.76+ 0.03, 5 = 15.52+0.03, c
= 11.81+0.02 A, P= 103.9'+ 0.3 . The unit cell con-
tains 2 Ag„I„W,O„,i.e. , one Ag„I„W,O„per
Primitive unit cell. The crystal structure, includ-
ing the distribution of Ag' ions at room tempera-
ture, has been determined. ' The symmetry is
very low; the crystals belong to the lowest sym-
metry monoclinic point group, namely 2 (C,}.

Measurements of directional conductivity have
been made on very few solid electrolytes: Na P-
alumina, ' (C,H, NH}Ag, I„and(C,H, NH},Ag„l~
[(C,H,NH}' is pyridinium]. ' All these have hex-
agonal symmetry, high, relative to that of
Ag„I„W~O,6; they require measurements in only
two directions (along c and perpendicular to c) for
the determination of the conductivity tensor com-
ponents.

The solid electrolyte Ag&6Ii8W40gp appeared to
be an excellent candidate for investigation of the
directional conductivity of a low-symmetry crys-
tal. There appeared to be a high probability that
crystals of it could be grown from the melt by the
Czochralski technique. The phase diagram re-
ported~ for the "Ag,W04"-AgI system indicated
that the solid electrolyte melts incongruently;
this had been corroborated by us in our earliest
attempts to obtain crystals for the crystal-struc-
ture determination. The incongruent melting pre-
sented difficulty in the growth of the crystals. It
is intended to give details on the crystal growth
elsewhere; suffice it to say here that although the
crystal-growth problem was a formidable one,
crystals of size and quality sufficient for the con-

ductivity measurements were obtained. As far
as we know, nobody else has succeeded in grow-
ing such crystals.

The results of the measurements show unequiv-
ocally two first-order transition at 197 and 246K.
The anisotropy of the conductivity is not as dra-
matic as it is for the hexagonal crystals men-
tioned earlier, but this was to be expected from
the crystal structures. At 25'C, the average con-
ductivity obtained from the crystals is 1.6 times
higher than the highest value obtained for single-
phase polycrystalline material. '

EXPERIMENTAL

Crystals had been grown along the a, b, and c
directions, and it was necessary to cut c di-
rected specimens from these. Cutting was done
with a wire saw. Glycerine was used as a lubri-
cant; it was important not to allow water to be ab-
sorbed by it. The abrasive was 5-pm alumina.
Geoscience's low-melting (40'C) Loc-wax was
used to hold the crystal firmly to a thick glass
slide during cutting. It was necessary to cut the
crystals very slowly to avoid cracking and stepped
surfaces. Warm trichloroethylene was used to
dissolve the wax away from the crystal.

Alignment was carried out by photographing
pieces, sometimes wedge-shaped, with a Buerger
precession x- ray diffraction camera. These
pieces had been indexed on the bulk crystals mak-
ing it possible then to cut the required pieces from
the bulk crystals.

The "electroding" of the crystals was quite dif-
ficult largely because of their brittleness. After
much experimentation with silver epoxy and silver
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FIG. 1. (a) Device used for conductivity measure-
ments. For high-temperature measurements, it is
placed into a closed-end brass cylinder fitted into a
small furnace. (b) Cooling coQ and power resistor
attached for low-temperature measurements.

ly connected to the brass plate of Fig. 1(a}. Also
connected to the plate is a 40-ohm power resistor.
The whole assembly is then insulated from the at-
mosphere by fitted, thick styrofoam blocks. An
Oxford Instruments DTC2 controller is used; it
supplies power to the resistor when required to
bring the specimen to the preset temperature.
The nitrogen flow is manually controlled.

The conductivity measurements were made with
the vector-impedance meter briefly described
elsewhere. ' The frequency range of the instru-
ment has been expanded to 10 ' Hz to 650 kaz;
originally it was 0.5 Hz to 250 kHz. This instru-
ment enables one to measure the impedance or ad-
mittance' and/or to change the frequency so as to
make the (capacitive} reactance negligible with re-
spect to the resistance. For the results shown in
Figs. 2 and 3, giving eT vs T ', the frequency was
kept as low as possible but sufficiently high to give
negligible reactance.

disks, a technique was developed by which a layer
of silver powder was made to adhere to the appro-
priate surfaces.

First the ends of the crystal were lightly
smoothed on a clean, flat sheet of No. 600 car-
bide paper. Then a small amount of one-micron
silver (99.99%) powder was placed on a section of
the carbide paper. The crystal ends were lightly
rubbed over the silver powder until a thin coating
adhered to the surface. (Adhesion resulted from
surface abrasion. ) The ends were then polished
on No. 4/0 emery paper covered with silver pow-
der until a light, metallic sheen developed over
the entire end surfaces. The crystal was subse-
quently placed between silver disks under spring
tension (Fig. 1). The technique, although tedious,
results in electrodes with good electrical and me-
chanical properties, stable with time and over the
temperature range of measurement.

For the conductivity measurements, the equip-
ment used is shown in Fig. 1(a). For heating, the
device is placed into a brass cylinder, with —,-in.
walls, cl.osed at one end and fitted into a small
resistance furnace, specially made to enclose the
cylinder. The device makes contact at all outer
waBs with the inside of the brass cylinder. The
arrangement ensures temperature uniformity. In-
put power is furnished through a variable auto-
transformer. Temperatures are measured with
a copper-constantan thermocouple and a poten-
tiometer.

For the low-temperature measurements, nitro-
gen is passed through a coil surrounded by liquid
nitrogen, then through a coil [see Fig. 1(b)] solid-
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FIG. 2. Plots of log&0 of the conductivity multiplied
by temperature vs reciprocal temperature in low-tem-
perature range for i- and 8'*-directed crystals with
small length to area ratios. Points taken with decreas-
ing and increasing temperature are distinguished.
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nents in the plane.
The directions in which conductivity was mea-

sured are a, b, c*, c, where c* is the reciprocal-
lattice vector given by (a x b)/(a b x c) and is per-
pendicular to both a and b. Thus a», o», o33 are
taken as the electrical conductivities along a
(II x,), b (II x,), and c*(()x,). To find o„,the rela-
tion'
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o;= Q o,./l, .l/

is used, where o.; is the conductivity along c and

l, , lf are direction cosines of 0; with respect to
the axis x, or x/, i,j =1,2, 3. Because l, =0, (1)
contains only terms with i,j = 1,3. The electrical
conductivity tensor is symmetric, i.e. , O,.f = af,
Thus

0'~~ = (oq —oui~ —(T~~l~ )/2l~ l ~ .
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At room temperature, for Agg6Ig8W Og6 ly cos
103.9' and l, = cos 13.9'.

One can hope that the P angle does not change
significantly with change in temperature. Buerger
precession photographs of a crystal oriented with
the b axis parallel to the x-ray beam were taken
at 110' and 150'C. The P angles at these tempera-
tures are 104.3 and 104.8 (+0.3'), respectively.
These changes do not affect the results of the con-
ductivity measurements significantly.

The principal conductivites are the eigenvalues
of the matrix 0&. Because of the initial choice of
axes, one of the eigenvalues is o„=o,and the
others are

FIG. 3. Plots of log&0 of the conductivity multiplied
by temperature vs reciprocal temperature for crystals
with large length to area ratios. (For the sake of
clarity, points taken with decreasing and increasing
temperature are not distinguished. )

CONDUCTIVITY TENSOR

The electrical conductivity tensor of a monoclin-
ic crystal contains a minimum of four components.
That is to say, a minimum of four components is
required to find the principal axes. One principal
axis is along the twofold axis, conventionally taken
as the b axis. The other principal axes lie in the
monoclinic (010}plane. One should know the angles
that the principal axes make with the monoclinic
axes; this is equivalent to the fourth component of
the tensor.

It is most convenient to make the conductivity
measurements along two known perpendicular di-
rections in the monoclinic plane, and any third
known direction in that plane, and, of course,
along the b axis. From the results of the mea-
surements along directions in the monoclinic
plane, one can obtain the required tensor compo-

11 33 g [&(o c )2+ o 2]l/2

(T3

where a, g
~ (T33 The angle 6I that the principal axes

make with the old axes is given by'

(4}

It should be particularly noted that 8 can be quite
sensitive to errors in g» which is derived from
(2}.

RESULTS

It will be demonstrated later that the measure-
ments showed the occurrence of two first-order
transitions at 197 and 246 K. For ease of discus-
sion, the three phases will now be labeled 0(, P, y
in order of decreasing temperature. The 0. phase
is the monoclinic phase, the crystal structure of
which is known', nothing is yet known about the
crystal. structures of the P and y phases.

Two sets of measurements were made on differ-
ent crystals in the temperature range 473-175K.



21 ANISOTROPIC E LECTRICAL CONDUCTIVITY AN D. . . 2509

TABLE I, Lengths, length to area ratios, parabola parameter values, and activation en-
thalpies of motion at 298 and 473 K.

Crystal
direction c

l (cm)
l/A (cm ~)

q
y
S

h (eV) 298 K
h (eV) 473 K

0.850
11.04
-0.043 76
-0.527 8

3.815
0.16
0.14

0.863
9.86

-0.022 35
-0.706 1

4.025
0.17
0.16

0.316
22.7
-0.065 89
-0.544 7

3.960
0.20
0.16

0.602
13.35
-0.03387
-0.710 5

4.166
0.19
0.17

(Not all the crystals were measured to the lowest
temperature. ) After the first set was completed,
there appeared to be inconsistency in the results;
they indicated substantial rotation of the o, and a,
principal axes as a function of temperature. Such
rotation is not precluded for the properties of
monoclinic crystals. However, it has been demon-
strated' that the electrical conductivities of the
halogenide solid electrolytes are so intimately re-
lated to their crystal structures as to make such
rotation unlikely for a-Ag26Ig8%40„. The incon-
sistency of the results for the u phase was attri-
buted to one or more of the following: poor elec-
trode contact, poor crystal quality, insufficient
length to area ratio. These did not affect the ob-
servations of the transition temperatures. All
four crystals gave 246K for the n-P transition,
and three of the four gave 197 K for the P-y transi-
tion; the fourth gave 198K for this transition.
Figure 2 shows these transitions obtained from
measurements of crystals in the a and c* direc-
tions. The l/A ratios for these crystals are 5.1
and 3.9 cm ', respectively. There appeared to be
little hysteresis in the transitions for these crys-
tals as compared with that shown by the results
of measurements on crystals with much larger //A
ratios (see Fig. 3}.

In the second set of measurements, greater care
was taken in the selection of crystals, in the prep-
aration of the silver electrodes put onto the crys-
tals as described earlier, and the l/A ratios'
(Table I}were substantially increased. Crystals
taken through the second transition developed
cracks. This did not occur through the first tran-
sition, indicating perhaps that the O.-P transition
represents a smaller change than the P-y transition.

Results of the second set of measurements are
plotted" as log„oTvs 10'/T in Fig. 3. It will be
noticed that for the u phase, none of these plots
is a straight line (see Discussion). Parabolic fits
of the form

TABLE II. Values of o«T and 0~ at 25 increments of
temperature. For each temperature, results on the
first line are from parabolic fits, on the second line
either from direct measurements or read from graphs.

(T-0.15) 10sT ~

(K) (K-~)
o22T ~ssT

cm K)

273

298

323

398

423

473

3.661

3.354

3.095

2.872

2.680

2.512

2.363

2.231

2.114

19.8
19.8
35.7
35.2
57.8
57.7
86.7
87.2

122.0
123.1
163.3
164.4
210.6
210.9
262.8
262.2
318.9
316.6

13.8
14.0
25.4
24.0
42.2
42.3
64.9
65.5
93.7
95.0

128.9
130.3
170.4
170.1
217.9
216,3
270.6
267.7

12.1
12.1
24.7
24.8
44.0
44.2
71.1
70.0

106.4
107.6
150.0
151.0
201.8
199.8
261.1
261.9
326.6
323.9

12.9
13.0
25.2
24.6
43.9
44.3
70.1
70.3

104.3
102.8
147.0
148.7
198.5
199.0
258.3
257.6
325.5
323.8

were made to the data. The results are shown in
Table I. Shown in Table II are some values of o,
obtained from the fitted curves for some specific
values of temperature, compared with actual ob-
served values. For the most part the fits are very
good, i.e. , to better than 1$.

Values of o» were calculated from (2} with val-
ues of 0«and o; obtained from the parabolic re-
lations at 25' intervals from -25 to 200'C. Also
the magnitudes of the conductivities along the prin-
cipal axes were calculated. Results are shown in
Table III. Included are the rotation angles calcu-
lated from (4). These angles give a smooth curve
when plotted as radians vs T except for the point
at 200'C. At first glance, the rotation appears to

log„(oT)= qx'+ rx+ s, x = 10'/T (5)
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TABLE III. Values of conductivities (0 cm~) at 25 increments of temperature obtained from the parabolic fits in
columns 2-5„allvalues in subsequent columns calculated from these (see text). Experimental error permits the as-
sumption that the 0~; in columns 2-4 are the principal conductivities.

(T—0.15)
(K)

8

(rad)

273
298
323
348
373
398
423
448
473

0.0724
0.120
0.179
0.249
0.327
0.410
0.497
0.586
0.675

0.0506
0.0853
0.131
0.187
0.251
0.324
0.403
0.486
0.572

0.0443
0.0826
0.136
0.204
0.285
0.377
0.477
0.582
0.691

0.0472
0.0846
0.136
0.201
0.280
0.370
0.469
0.576
0.689

-0.0027
-0.0005

0.0053
0.012
0.016
0.019
0.019
0.013
0.002

-0.095
-0.007

0.061
0.13
0.18
0.26
0.38
0.64

-0.12

0.0558
0.0966
0.149
0.213
0.288
0.370
0.459
0.551
0.646

0.0727
0.120
0.180
0.252
0.332
0.419
0.508
0.597
0.675

0.0440
0.0826
0.135
0.201
0.280
0.368
0.466
0.571
0.691

be substantial. However, it turns out in every
case that a one percent or less change in the pa-
rameters that enter (4), appropriately chosen,
reduce these angles to zero. The substantial sen-
sitivity of the rotation angle to small errors in
measurement is combined with an insensitivity of
the changes in magnitude in the diagonal terms of
the tensor to the principal axis values (labeled o,'

and o,' in Table III). Thus while it is very likely
that the principal conductivity axes in the mono-
clinic plane are always along a and c* in the ~
phase, it is not a certainty.

The log„(oT)vs T ' plots for the ff and y phases
fit very well to straight lines. The slopes give
values of the enthalpies of activation of motion for
the P phase as follows: 0.25, 0.25, 0.32, and 0.33
eV along a, b, c*, and c respectively, and for the
y phase 0.65, 0.46, 0.53, and 0.55 eV along a, b,
c*, and c, respectively.

Corrections for thermal expansion have not been
made. In the cases of the P andy phases, we do
not know what the conductivities represent relative
to their conductivity tensors anyway. No low-tern-
perature x-ray diffraction work has been done as
yet. As to the cx phase, the photograph taken at
150'C indicates an approximately one-percent in-
crease in magnitude of a and c relative to the 25 C
values. This implies somewhat less than a two-
percent increase at 200'C. The conductivities are
obtained from o= I/AR where 8 is the measured
resistance. Therefore, errors in the values of
oT from omission of corrections for thermal ex-
pansion are at most less than two percent, and the
curvature of the Iog„(oT}vs T ' curves would
actually be decreased slightly if the corrections
were made.

Equation (I) is actually a general equation for
finding the conductivity in any direction in a crys-
tal if the tensor components are known. The av-
erage conductivity is therefore

(o)= Q o,~(l,l~).

This gives the result that for any crystal

(v)= (E (r„)

that is, for any crystallo;; (=Qo,.) is invariant.
(Here o, designate the principal axis conductivi-
ties. )

The values of Table III have been used for the
plot of Iog»((o)T} vs T ' in Fig. 4. The curve is
expressible by the parabola

logio((o)T) = -0.03'I 44x' —0.6255m+ 3.975,
x=10'/Z .

The values of h, the enthalpy of activation of mo-
tion, are 0.17 and 0.16 eV at 25 and 200'C, re-
spectively (see Discussion).
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A
b lO—V

I I I I

2.0 2.5 3.0 3.5 4.0 4.5
IQOO/T (K ')

FIG. 4. Plot of log&0 of the average conductivity
multiplied by temperature vs reciprocal temperature.
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Considerable emphasis has been given the re-
sults that for the o. phase, the plots of log„(oT)
vs T ' are nonlinear and can be fitted quite well
with parabolas. It has already been shown above
that omission of corrections for expansion does
not account for this curvature. There does not
seem to be any reason to suppose that the small
change in the P angle with increasing temperature
should in itself relate to this curvature.

We can write the relation for the conductivities
of the anisotropic, solid electrolyte containing
Ag+ ions:

o,.=n,ep, , i =1,2, 3 (9)

in which again, i refers to the principal axis. Al-
so h must be considered to be anisotropic; in
fact, as indicated earlier, even in each direction,
it is an average value. For simplicity, however,
the values of n and h will not be subscripted in
the following discussion.

Now in the case of Ag~i„W,O„,it has been
shown' that at room temperature, more than half
the Ag' ions are probably not mobile. It is possi-
ble that when the temperature is increased some
Ag' ions from the "bypass" sites are excited into
the mobile category. Qualitatively, the intensi-

in which the subscript i refers to the ith principal
conductivity axis, n to the carrier concentration,
and p, to the mobility in the x, direction. It
should be emphasized that even for an isotropic
conductor like o-RbAg, i„p,, is an average
mobility because the barriers and potential wells
are not all crystallographically equivalent.

The theory of diffusion in solids is highly sim-
plified, especially relative to Ag„I»%,0„.How-
ever, it appears that it should contain the essence
of the parameters involved in the relation for the
conductivity when the Nernst-Einstein relation is
used. " If the number of mobile cations is con-
stant, one still needs a correlation factor or
Haven ratio, "f, which depends largely on the
crystal structure. This factor might well be in-
cluded as a parameter in n. The factor reduces
the total number of mobile cations mainly as a re-
sult of cation-cation interaction. That is, there
are constraints on the movements of the charge
carriers (see e.g. , Refs. 8, 13-15).

Because the original theoretical work assumes
isotropic diffusion, f is not considered to be an-
isotropic. However, in an anisotropic solid, f
will be anisotropic. If it is taken to be part of n
in the expression for the conductivities, then we
should have

ties on the photographs (mentioned earlier) taken
at 110 and 150'C do not indicate any drastic
change as contrasted with the case of
(C,H, NH)Ag, I, (Ref. 14).

The mobility contains a Boltzmann factor
exp(-k /kT) and if we are to accept the possibil-
ity that n is not constant in Ag„I„W,O„,it should
also contain a Boltzmann factor. However, it
must be recognized that there is a temperature-
independent concentration of mobile charge car-
riers, so that the factor should look like"
[1+exp(-hz/2kT)]. We then have that

oT= C[1+exp(-kz/2kT)] exp( h/k-T), (10)

in which C contains a number of parameters es-
sential. ly independent of temperature. The slope

din(oT)/d(T ') = —(k + hz/2[1+ exp(kz/2kT)]]/k,

(11)

from which it is seen that as the temperature is
increased, a contribution from the promotion of
silver ions from the "bypass" sites into the mo-
bile category should increase the steepness of the
slope. Thus, this is not the source of the down-
ward concavity with increase in temperature.

It appears that there is only one remaining pos-
sibility, namely that for the o,'phase, the enthal-
pies of activation of motion of the charge carriers
are temperature dependent with the possible form
k = 2qx+r (x =—1000/T). This is an empirical con-
clusion resulting from the parabolic fits to the ob-
served data [see Eq. (5)].

Because of the experimental error discussed
earlier, we suggest tentatively that the principal
axes are along a, b, and c*. Therefore we can
set o, , of the second, third, and fourth columns of
Table III equal to o,. which refer to the principal
axis components of the conductivity tensor. Be-
cause the structure of G-Agg6Ig8W Og6 is complex,
all that can be said about the magnitudes of the o,-
is that they are compatible with the structure at
room temperature. Table III shows that o, de-
creases from a value slightly greater than that of
o, to the lowest value at 4'73 K. Also o, decreases
from a value more than 1.5 times that of o, to a
value smaller than that of o, at 473K. Both these
are anticipated by the relative slopes of log„oT
VSTi

At first glance, an argument that a lower con-
ductivity may imply "easier" conduction appears
to be contradictory. However, "easier" conduc-
tion is implied by lower k„(seefor example, Ref.
I I) and the structure suggests that the "hardest"
conduction direction is c~ because of the "walls"
described in Ref. 1. This is the direction of high-
est h . In any case, the differences in h are not
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really large (Table I).
It should be noted that the conductivities shown

in Table III are substantial. Furthermore, the
parabolic equations predict values of 1.01, 0.93,
1.12, and 1.02 0 ' cm ' for o;, o„o„and(o),
respectively, at 300'C which is just below the
melting point.

The plot of log»(o )T vs T ' still shows a slight
concavity, which is not shown by the original plot
based on polycrystalline material. The values of
h range from 0.1'7 eV at 25' to 0.16 eV at 200 C.
These values are not far from the value 0.18 eV
tound from the measurements on the polycrystal-
line material. ' However, the values of (o) ob-
tained from measurements on the single crystals
are substantially higher than those obtained from
the polycrystalline material. At 25'C, the ratio
is 1.6. We can only infer from the deviation of
the bulk density of the polycrystalline specimen
from the x-ray density by only 4% (see Ref. 1)
that particle contact was insufficient to give ac-
curate values of the conductivity.

Although an x-ray diffraction investigation of
the low-temperature phases has not been done, we

offer some speculations on their nature. First,
the h values are rather high for the P phase and
very high for the y phase. This implies in-
creased order of the Ag' ions in the P phase and
possibly, but not necessarily, complete order
in the y phase.

If a compound or element has more than one
crystal structure, it is usual (but not always) that
the high-temperature structure has a higher sym-
metry, and also it happens often that the lower-
symmetry structures have larger primitive cells.
If the P phase has lower symmetry than the e
phase, it must belong to the lowest-symmetry
point group 1 (C,) and therefore the lowest sym-
metry space group P1 (C,'). In such a case, the
symmetry of the (W,O„}'entity would be reduced
to identity symmetry and the unit cell would be
closely related to the primitive cell of the 0. phase.
The y phase is also very likely triclinic with a
larger cell than that of the P phase.
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