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The a phase of silver iodide which is stable between 147 and 555°C at normal pressure is
a classical example of a solid electrolyte. In this investigation the temperature and pressure
dependences of the electrical conductivity in a-Agl have been studied for pressures up to
0.9 GPa. This phase is characterized by a large electrical conductivity, a low migration
enthalpy of 0.098 eV, and a low activation volume of 0.8—0.9 cm?mole~". For pressures
between 0.4 and 10 GPa a rocksalt-structure phase fcc Agl is stable at room temperature.
The temperature and pressure dependences of the electrical conductivity in this phase have
been studied for pressures up to 1.0 GPa and for temperatures between room temperature
and 330°C. The electrical conductivity resembles that in AgCl and AgBr, and it is indicat-
ed that Frenkel defects dominate also in fcc Agl. At high temperature and pressure, how-
ever, a gradual increase of the electrical conductivity takes place in fcc Agl, similar to the
gradual transitions that have been reported for many materials with the fluorite structure.
The electrical conductivity in this temperature and pressure range of fcc Agl is approxi-
mately 1Q ~'cm™), i.e., only slightly less than the electrical conductivity in the a phase.
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1. INTRODUCTION

The a phase of silver iodide, which is stable be-
tween 147 and 555°C at normal pressure, is a typi-
cal example of a solid electrolyte.! > As early as
1914, Tubandt and Lorenz® found that the electrical
conductivity in this solid is as high as that for a
molten salt, ranging from 1.3 t0 2.6 Q ~'cm ™! over
a temperature interval of 400 K. The structure of
a-Agl was first studied by Strock,” who found that
the iodide ions form a bec lattice (space group
Im3m). Strock suggested that the silver ions were
distributed over 42 crystallographic sites: 6 (b) oc-
tahedral, 12 (d) tetrahedral, and 24 (h) trigonal.
During the last few years, several studies have been
performed in order to determine the silver positions
in the lattice. X-ray and neutron diffraction,®~'° as
well as extended x-ray-absorption fine-structure in-
vestigations,!!~!3 have shown that the silver ions
are distributed over the tetrahedral sites while the
octahedral sites are not occupied. Thus each silver
ion has six equivalent sites available. This silver
distribution was also suggested from Raman stud-
ies.”* The motion of the silver ions between the
tetrahedral sites has been shown to occur in the
(110) direction, i.e., via the trigonal sites.%%1113
These results are also supported by molecular-
dynamics simulations.!> ¢

At room temperature and normal pressure two
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phases exist in silver iodide, the 8 phase (wurtzite
structure) and the y phase (sphalerite structure),
where the latter is claimed to be metastable.!’—!°
Both these phases have some unusual properties,
e.g., a negative thermal-expansion coefficient.!”»2%2!
At high pressure, an intermediate phase is stable
within a narrow temperature and pressure
range,”*?} but more interesting is the rocksalt-
structure phase fcc Agl, which is stable for pres-
sures between 0.38 and 10 GPa at room tempera-
ture,24=3% since this phase has the same structure as
that of AgCl and AgBr at normal pressure. The
phase diagram for Agl for pressures up to 1 GPa is
shown in Fig. 1.

Measurements of the temperature and pressure
dependence of the electrical conductivity can serve
as a useful tool in the study of ion transport in ionic
crystals if the electronic contribution to the conduc-
tivity is negligible. For electrical conductivity o

due solely to the presence of thermally activated de-
fects,31—34

oT=(0T)gexp] —(3AH;+AH,,)/kT], (1)

where T is the absolute temperature, AH; and AH,,
are the formation and migration enthalpies for the
fundamental defects which permit ionic motion
(usually Frenkel or Schottky defects), and k is the
Boltzmann constant. The preexponential factor
(oT)y is, e.g., for Frenkel defects,
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FIG. 1. Phase diagram of Agl (Ref. 22). The dashed
line indicates the approximate position of the knee in
the conductivity curves separating regions I' and I” in
the fcc phase.
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where q is the ion charge, a the jump distance, a a
geometrical factor, and v the jump-attempt frequen-
cy. N and M are the number of lattice sites and in-
terstitial sites per unit volume, and ASy and AS,,
are the formation and migration entropies for the
defect. The temperature range where Egs. (1) and
(2) are valid is called the intrinsic temperature
range. At lower temperatures, the defects caused by
the presence of aliovalent impurities dominate in-
stead, and in this temperature region, the extrinsic
region, we get

oT=(oT)sexp( —AH,, /kT) . (3)

The formation and migration volumes for defects
are defined through

(aAGf/ap)T=AVf s 4)
(3AG,, /dp)r =AV,, , (5)

where AG; and AG,, are the Gibbs free energies for
formation and migration of a defect. It can be
shown that for an ionic conductor the activation
volume AV can be written as’’

iR

AV=AV;/24+AV,, »

+ky , (6)
T

where R is the electrical resistance of the sample, k
the isothermal compressibility, and y the Griineisen
parameter. Equation (6) is valid in the intrinsic
temperature range; for the extrinsic range, we get

AV =AV,,=kT %lnR +Ky . (7)

T

Typical for the crystal structure of a solid elec-
trolyte is that the immobile ions form a regular
space lattice, while the mobile ions are distributed
over many available sites. The mobile ions have
only to surmount a low energy barrier to get from
one site to another, and the sites are interconnected
to allow, in many cases, transport in three dimen-
sions. The high electrical conductivity is thus due
not to a large number of thermally activated Frenk-
el or Schottky defects, but to an inherent property
of the lattice. The number of available sites is not
temperature dependent, and thus for a solid electro-
lyte Egs. (3) and (7) also describe the electrical con-
ductivity at high temperatures. In this paper the
pressure and temperature dependences of the electri-
cal conductivity for the solid electrolyte a-Agl and
for the high-pressure-phase fcc Agl are reported for
the pressure range up to 1 GPa.

II. EXPERIMENTAL

A two-step high-pressure apparatus (Basset-
Bretagne-Loire, Sevres, France) was used in this
work. The pressure-transmitting medium was ar-
gon gas and the maximum pressure 1 GPa (10
kbar). A liquid-nitrogen trap and a hot trap were
used between the first- and second-pressure step to
remove contamination from the gas. The pressure
cell was externally heated, and, in some cases, a
small internal heater was used to supplement the
main external heater. A Manganin pressure gauge
(Somelec, Paris, France) was used to measure the
pressure to +1%.

Polycrystalline pellets of Agl were used, since
single crystals are likely to break in the first-order
transitions to the a or fcc phases. The Agl powder
was pressed in cylindrical dies of 15- or 8-mm di-
ameter using a pelletizing pressure of 200—400
MPa. Two types of pellets were made. Both had
two electrodes consisting of a silver-wire helix im-
mersed in a mixture of silver iodide and silver
powder, see Fig. 2. The first type of sample had a
silver iodide layer of about 6-mm thickness between
the electrodes. The second type of sample had two
additional silver-wire electrodes inside the silver
iodide layer. The central silver electrodes served as
potential terminals in four wire measurements, and
the mixed silver —silver-iodide electrodes served as
the current terminals. This type of sample was used
for measurements in the a phase and for some mea-
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FIG. 2. (a) Two-electrode sample and (b) four-
electrode sample. 1—Electrode of mixed silver and silver
iodide. 2—Pure silver iodide. 3—Potential electrodes for
four-wire measurements.

surements at high temperature in the fcc phase. No
difference could, however, be detected in the results
using two or four electrode samples. In the a phase
the resistance of the samples was very low, typically
0.2 Q for the four-electrode pellets.

The silver iodide used for the measurements in
the a phase was stated to be better than 98% pure
(KEBO AB, Stockholm, Sweden) or precipitated
from potassium iodide and silver nitrate,’® where
both constituents were of analytical quality (E.
Merck, Darmstadt, Germany). The silver iodide
used for most measurements in the fcc phase was
stated to be 99.9% pure (Riedel-deHaén, Hanover,
Germany). The electrical resistance of the two-
electrode samples was measured by either a Ra-
diometer GB 11a impedance bridge or a Hewlett-
Packard 4261A LCR meter. With the use of the
impedance bridge the frequency range 25 Hz—
100 kHz could be investigated. In order to deter-
mine the resistance of the samples complex im-
pedance plots were used.’ Since the samples had
nonblocking electrodes, the electrical conductivity
was not frequency dependent at low frequencies,
and the resistance measured at 1 kHz was used for
most samples.

The four-electrode samples had the current termi-
nals connected in series with a standard resistor and
a frequency generator. The voltages across the po-
tential electrodes and the standard resistor were
measured by a Solartron 4203 digital voltmeter
connected to a Solartron data transfer unit. In this
case a frequency of 1 kHz could also be used for
most samples. Since the samples did not have
well-defined boundaries between the electrodes and
the electrolyte, it was difficult to determine the celi
constant accurately. The cell constant is, however,
important only for the determination of the prefac-

tor (6T)g. The accuracy of the resistance measure-
ments was +1%.

The temperature was measured by a Chromel-
Alumel thermocouple placed close to the sample.
No correction for the effect of pressure on the ther-
moelectric power was applied since earlier investiga-
tions® =% show that this effect is small for
Chromel-Alumel thermocouples, at least for tem-
peratures below 450°C.* The accuracy of the tem-
perature measurements is estimated to be better
than +2 K.

III. RESULTS

A. a-Agl

The temperature and pressure dependences of the
electrical conductivity were investigated for tem-
peratures up to 350 °C using a maximum pressure of
0.9 GPa. For the constant pressure runs, the mea-
sured electrical conductivity was plotted in In(oT)
vs 1/T diagrams, and the points were least-squares
fitted to a straight line. The migration enthalpy
could then be determined from Eq. (3). In Fig. 3
the electrical conductivity is shown for a constant
pressure run at 0.27 GPa, which is close to the re-
gion where the maximum temperature range could
be obtained.

Very good agreement with a straight line was ob-
tained and the migration enthalpy, for pressures
below 0.5 GPa, was found to be independent of
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FIG. 3. In(oT) vs 1/T for a-Agl at 0.27 GPa.
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pressure, with a mean value of 0.098+0.001 eV.
The mean value for the prefactor (6T), was
(8.0+0.3) 10* KQ ~!'em™!. The errors given here
are the standard deviation of the mean.

The electrical conductivity decreases with in-
creasing pressure, but only by about 1% for a pres-
sure difference of 0.1 GPa. In Fig. 4 some exam-
ples of In(1/R) versus pressure plots are shown.
Straight lines were least-squares fitted to the mea-
sured values, and the migration volume was deter-
mined from Eq. (7). The only compressibility study
known to us for a-Agl (Ref. 41) gives
k=5.56X10""" m?/N and the Griineisen parame-
ter y was calculated using

vy=V,BB/Cy, (8)

where V,, is the molar volume, B the volume
thermal-expansion coefficient, B the bulk modulus,
and Cy the molar specific heat at constant volume.
Cy was, in turn, calculated using

Cy=Cp—TV,B*/x . )

The molar specific heat at constant pressure Cp for
a-Agl has been much discussed in the litera-
ture.’%4>4  In the present study the value*
Cp=57.2 Jmole"'K~! was used, and together
with the values!”*** ¥, =399 cm’mole~!,
B=9.310"° K~!, and the compressibility value
given above,*! we get C;y=54 Jmole !K~! at 500
K. The Griineisen constant could then be calculat-
ed from Eq. (8), since B=1/k, which gives
y=1.24. This value is somewhat lower than that
for “normal ionic crystals,” where a typical value is
1.4—2.0. The migration volumes calculated using
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FIG. 4. Pressure dependence of In(1/R) for three a-
Agl samples.

these data are summarized in Table I, together with
the results of Allen and Lazarus.’ For pressures
below about 0.15 GPa, an increase of the electrical
conductivity could be seen in some experiments.
Since this could be due to the difficulties to obtain a
constant temperature in the pressure range below
0.15 GPa with the present equipment, the measured
points for pressures below 0.15 GPa were not in-
cluded in the least-squares fit. The same practice
was followed by Allen and Lazarus,*’ who ignored
points below 0.1 GPa. Table I(a) shows that kTky
is comparable in size to kTd(InR)/dp. The accura-
cy of the migration volumes are thus strongly
dependent on the accuracy of ky. The total error in
the AV,, values is estimated to be about +0.1
cm’ mole™ 1.

B. fcc Agl

The rocksalt-structure phase fcc Agl was investi-
gated in the pressure range 0.48—1.0 GPa and in
the temperature range from room temperature up to
330°C. The temperature dependence of the electri-
cal conductivity was studied at six different pres-
sures between 0.48 and 1.0 GPa. The largest tem-
perature interval, more than 300 K, was covered in
the 0.9-GPa run. The In(cT) vs 1/T plots for some
of the runs are shown in Fig. 5. The formation
enthalpy AHy and the migration enthalpy AH,, can
be determined using Egs. (1) and (3), if the transport
mechanism is assumed to be the same in both
ranges. These enthalpies might be obtained by fit-
ting straight lines to the high- and low-temperature
parts of the conductivity plot. This procedure re-

TABLE 1. (a) Results for the constant temperature
measurements in a-Agl. (b) The migration volume of
a-Agl according to Allen and Lazarus (Ref. 47).

Temperature kT9(InR)/dp kTky AV,
C) (cm*mole™!) (cm?mole~!) (cm®mole™")
(a)
187 0.51 0.26 0.77+0.1
250 0.55 0.30 0.85+0.1
320 0.58 0.34 0.92+0.1
Tempertaure AVm
°C) “(cm® mole™))
(b)
162 0.56+0.1
228 0.65+0.1
283 0.5 +0.1
350 0.8 +0.1
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FIG. 5. Temperature dependence of the electrical
conductivity of fcc Agl at 0.5, 0.7, and 0.9 GPa. The
sudden increase in conductivity for the 0.5 and 0.7 GPa
runs corresponds to the transition to the a-phase.

quires that the straight regions of the conductivity
curve are extended over wide temperature ranges.
From Fig. 5 we can see that this is not the case for
fcc Agl. In the present work, the measured points
were, instead, least-squares fitted to a sum of two
exponentials

oT =aexp(—AE/kT)+ayexp(—AEy /kT)
(10)

by changing the parameters ay, ay, AEy, and AEy,
until a minimum was achieved for the sum

Z [In(0T) g — In( 0'T)calclz ’

where the summation includes all the measured
points in the extrinsic and intrinsic temperature re-
gions, (0T).. is the calculated o T value using a tri-
al set of the parameters ay, ay, AE;, and AEy, and
(0T)ys is the observed value. The resulting
minimum is flat, and the possible presence of local
minima demands extra care in interpreting the re-
sults. Furthermore, the measured points should
also in this case be distributed over a wide tempera-
ture range, and one of the exponents should prefer-
ably be at least twice the other.***! The advantage
of the computer fit is that all points are included in
the calculation and not only the points at the ends
of the interval. However, the conductivity curves

shown in Fig. 5 do not consist of only two tempera-
ture regions. For the 0.7- and 0.9-GPa runs, a
downward deviation of the conductivity curve could
be detected at the highest temperatures (region I1").
The electrical conductivity in this region at a pres-
sure of 1.0 GPa is shown in Fig. 6. Furthermore,
an upward bend of the conductivity curve could be
detected in region I'. For all the computer fits
(0T)qs Was systematically larger than the (0T),, in
this region. The results from the computer fits in
regions I and II are summarized in Table II. The
accuracy of the AE values is estimated to be +0.1
eV for region I and +0.05 eV for region II.

The pressure dependence of the electrical conduc-
tivity was studied for the four temperature ranges
described above. The activation volume was calcu-
lated from Egs. (6) and (7) using the compressibili-
ty*! 3.27%x10~!"" m?/N and Griineisen constant®’
1.74. The values for kTky are small compared to
the term kT (3InR /dp) and are thus of little impor-
tance in this phase. An example of a In(1/R)
versus pressure plot is shown in Fig. 7. In all these
plots a curvature could be detected if the pressure
range was sufficiently large. This results in a de-
creasing activation volume with increasing pressure,
as observed earlier.’®>! The activation volumes at
0.7 and 0.9 GPa are summarized in Table III for
temperatures up to 256°C. The accuracy of the ac-
tivation volumes in Table III is estimated to be

better than +2 cm>mole~.
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FIG. 6. Temperature dependence of the electrical
conductivity of fcc Agl in the high-temperature region
at a pressure of 1.0 GPa. The transition to a-Agl is
also included.
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TABLE II. The results of least-squares fits to the regions I and II for fcc Agl.

Pressure ar AE; an AEy
(GPa) (KQ 'em™)) eV) (KQ~lecm™1) (eV)
0.48 3.2x 10" 0.92 2.4%10° 0.27
0.5 1.4x 1012 0.90 1.6 10° 0.25
0.6 2.8 10" 0.87 0.32x10° 0.22
0.7 4.1x 10" 0.90 0.30x 10° 0.22
0.8 2.3x10% 0.98
0.9 1.0x 10" 0.89 0.11x10° 0.20

IV. DISCUSSION
A. a-Agl

The present result for the temperature depen-
dence of the electrical conductivity is in good agree-
ment with earlier data; see Table IV. The results of
Tubandt and Lorenz® and Kvist and Josefson®? have
been recalculated, and the values presented in Table
IV are the results of least-squares fits to straight
lines in In(aT) vs 1/T plots for temperatures up to
350°C. Lieser’s> data are presented as activation
energies Q calculated from Q = —kd(lno)/d(1/T).
The migration enthalpy AH,, is obtained from

AH, =Q +kT, (11)

which was used for the recalculation in this case.
The migration enthalpy calculated from tracer-
diffusion measurements,>* 0.095 eV, is in good
agreement with the calculated values from the elec-
trical conductivity measurements. AH,, is thus
only slightly larger than the thermal energy kT,
which means that the silver ions have to surmount
only a very low energy barrier to pass from one
tetrahedral site to another.

The electrical conductivity above 350°C was not
studied in the present work. Josefson et al>® re-
ported a downward bend in the conductivity plot

|
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FIG. 7. In(1/R) vs pressure for fcc Agl at 218°C.

075

for temperatures above about 400°C; i.e., the con-
ductivity was lower than expected from an extrapo-
lation from lower temperatures. They attributed
this to the suggested order-disorder transition at
430°C.>°® The existence of this transition has, how-
ever, been doubted by other authors.*>*” Josefson
et al>® also reported a deviation from linearity in
the Arrhenius plot of their tracer-diffusion data,
but the bend was in this case upward. This meant
that for temperatures over 400°C the apparent ac-
tivation energy increased for diffusion while it de-
creased for electrical conductivity. Our recalcula-
tion of Kvist and Josefson’s data®? shows, however,
that if their conductivity data are plotted as In(cT)
vs 1/T instead of as Ino vs 1/7, the bend is also up-
ward for the conductivity. In fact Tubandt and
Lorenz’s results® at high temperatures show a simi-
lar deviation from linearity when plotted in a
In(oT) vs 1/T diagram. We therefore performed a
differential scanning calorimetry measurement on
Agl, but no indication of an order-disorder transi-
tion was found between the first-order transition at
147°C and the melting point at 555°C, even if the
Agl was precipitated according to the method of
Perrott and Fletcher.3® In contrast to this result in-

TABLE III. Activation volumes for fcc Agl at 0.7
and 0.9 GPa.

AV
Temperature p=0.7 GPa p=0.9 GPa
(o) cm’mole~!  cm®mole~!
Region II 25 9.4 8.9%
70 11.6* 10.9*
Region I 158 17.3 16.6
203 242 22.0
Region I’ 211 24.4
218 26.0
225 23.3
235 21.5
Region I" 256 15.3

2From Ref. 51.
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TABLE IV. Migration enthalpy and the preexponential factor for electrical conductivity
measurements in a-Agl for temperatures up to 350°C.

AH,, (0T)o
(eV) (KOQ~'ecm™)
Tubandt and Lorenz (Ref. 6) 0.098 8.2x10°
Lieser (Ref. 53) 0.097—0.099
Kvist and Josefson (Ref. 52) 0.102 9.0x10°
Allen and Lazarus (Ref. 47) 0.10 +0.01
This investigation 0.098+0.001 (8.0+0.3) X 10

dications of changes in the rheological properties,’’
the thermal expansion,*® and in the Raman spec-
trum®® % have been reported at about 400°C.

A liquidlike model for the mobile silver ions has
been suggested to explain the high conductivity in
a-Agl (see, e.g., Funke!). In this model the
residence time in a lattice site is shorter than the
flight time between different sites. However, the
jump-diffusion model has gained support lately.®!
The jump frequency w can be calculated from

a,:_kU_T_ , (12)

ng’a’a

where n equals the number of silver ions per unit
volume and the jump distance a is the distance be-
tween tetrahedral sites. The jump frequencies in
Table V were calculated using the present oT
values, the lattice constant of Cava et al.,® and the
geometrical factor a=%. The jump-attempt fre-
quency v can be determined from

o =vexp(—AH,, /kT +AS,, /k) . (13)

Since in this case AS,, is not known, the attempt
frequency can only be estimated if AS,, is assumed
to be negligible. With the use of this approximation
we get v=5X 10'?2 s—1 at 200°C, which is reason-
able since the expected order of magnitude for such
a vibration frequency is 10'2—10'% 5!,

Allen and Lazarus*’ used pressures up to 0.4 GPa
to determine the activation volume for a-Agl.
Their data are in good agreement with the present
data (see Table I), considering the difficulties in

TABLE V. Calculated jump frequencies for a-Agl.

Temperature [}
C) s
160 3.8x 10"
200 4.7x 10"
250 6.0x 10"
300 7.2x 10"
350 8.5x 10"

detecting the small changes in resistance induced by
the pressure change. Furthermore, Allen and
Lazarus used the bulk modulus and Griineisen con-
stant for RbAguls in calculating the migration
volume, since no other data were available at that
time. The increase in the migration volume with
increasing temperature observed by Allen and
Lazarus is confirmed in the present investigation.
As they pointed out, the migration volume in a-Agl
is unusually small. Only few studies have been per-
formed on the pressure dependence of the electrical
conductivity in other solid electrolytes. The silver-
ion conductor a-RbAg,I5 has been shown to have a
small negative activation volume AV =—0.4+0.2
cm®mole~! at room temperature.*”®* Radzilowski
and Kummer® investigated the effect of pressure
on the electrical conductivity of the ceramic solid
electrolyte sodium fS-alumina as well as potassium-
and lithium-substituted SB-alumina. Their results
show an electrical conductivity independent of pres-
sure for sodium p-alumina. For potassium-
substituted B-alumina the electrical conductivity de-
creases, while for lithium-substituted B-alumina the
electrical conductivity increases with increasing
pressure. The activation volumes were not calculat-
ed in their paper, but they are expected to be about
zero for sodium diffusion, greater than O for potas-
sium diffusion, and less then O for lithium dif-
fusion. Radzilowski and Kummer explained this in
terms of ionic size. The size of the sodium ion
makes it possible to pass the saddle point without
steric hindrance, while the larger potassium ion will
cause lattice dilatation during its passage. The very
small lithium ion does not follow the same path as
the bigger ions; instead it is attracted towards the
walls of the passages. Increasing pressure thus
leads to a better fit of the lithium ion to the pas-
sages and results in higher conductivity. The mea-
surements of Itoh et al.** on sodium B-alumina con-
firmed that the conductivity is pressure independent
up to about 3 GPa but at higher pressures the con-
ductivity decreased. With the use of the arguments
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above this is explained by the diminishing space in-
side the passages forcing the sodium ions to expand
the lattice in passing the saddle point. Thus the low
positive migration volume for a-Agl might indicate
that the silver ions are somewhat larger than the op-
timum size for ion transport (cf. Flygare and Hug-
gins®®). A model that is applicable to molten salts
and to solid electrolytes®® predicts an activation
volume of 0.68 cm® mole~! for a-Agl at 200°C, and
also that the activation volume should increase with
increasing temperature.

B. fcc Agl

The electrical conductivity in the fcc phase is
relatively high; at room temperature and a pressure
of 0.4 GPa it is even higher than in y-Agl at nor-
mal pressure. Cation Frenkel defects have been
shown to dominate in AgCl and AgBr,*’ and it is
thus reasonable to assume that cation Frenkel de-
fects dominate also in the isostructural fcc Agl.
The present activation energies in the extrinsic re-
gion AEy; in Table II are in fair agreement with the
ones presented by Baranowski et al.’! Furthermore,
AE}; can be compared to the enthalpies for intersti-
tial and vacancy migration of silver ions in AgCl of
0.15 and 0.32 eV (Ref. 68) and in AgBr of 0.20 and
0.33 eV, respectively.®® It must be pointed out that
the decreasing value of AEy with increasing pres-
sure can indicate an electronic contribution to the
electrical conductivity at low temperatures. If,
however, the electronic contribution is negligible
and the same transport mechanism dominates in
both region I and II, the formation enthalpy AH,
calculated from Egs. (1) and (3) increases only
slightly with increasing pressure from 1.30 to 1.38
eV. This value is comparable to the corresponding
values for AgCl, 1.45 eV, and AgBr, 1.13 eV.¥
Baranowski et al.’! studied the temperature depen-
dence of the electrical conductivity in fcc Agl but
only within a limited temperature range, at most
130 K. Shaw’ used sound-velocity measurements
in fcc Agl to calculate an activation energy at 0.5
GPa. His value for temperatures above about
100°Cis 0.4 eV.

The upward curvature in region I’ could be
caused by several different effects: defect-defect in-
teractions, the influence of another transport
mechanism or of another mobile component, or a
temperature dependence of the formation or migra-
tion enthalpies. In AgCl and AgBr the existence of
an upward curvature in the conductivity plot start-

ing at 100—150°C below the melting point is now
well established. A temperature dependence of the
formation enthalpy for Frenkel defects has been
suggested as a possible explanation.®””’'=7> Hayes
and Boyce’® have suggested that the upward bend in
the conductivity plot in region I' indicates a slow
change in the activation parameters when going
from region I to region I"”. Thus, according to their
arguments, the steep slope in region I’ should not be
interpreted as due to a high activation energy and a
large preexponential factor.

A downward bend in the conductivity plot (re-
gion I") as observed in the present work has not
been detected for the other silver halides. The
present conductivity curves resemble those of ionic
crystals with a gradual transition to a solid electro-
lyte phase.*>7’~7° The electrical conductivity in re-
gion I” of fcc Agl is high, about 1 @ ~'em~! at 1.0
GPa, i.e., only somewhat lower than in the a phase,
and the apparent activation energy is about 0.3 eV.
This shows that the properties in this region are
typical of a solid electrolyte rather than of a normal
ionic crystal with thermally activated defects, and
the apparent activation energy in this region thus
corresponds to a migration enthalpy. The tempera-
ture of the knee between regions I' and I" is shown
by the dashed line in Fig. 1.

The present measurements of the pressure depen-
dence of the electrical conductivity in fcc Agl con-
firm the deviation from linearity in the In(1/R)
versus pressure plots reported by Baranowski
et al’! Their measurements that were performed
for pressures up to 2.8 GPa, and for temperatures
up to 70°C, gave a decreasing activation volume
with increasing pressure. A similar pressure depen-
dence has been reported for the intrinsic tempera-
ture range of some alkali halides.’®®! Many ex-
planations can be suggested for this effect, and in
the present case an onset of electronic conductivity
cannot be excluded. The activation volume in the
extrinsic temperature range is larger than the mi-
gration volume found for other silver halides. The
migration volumes for interstitials and vacancies in
AgCl (Ref. 68) are 3.2 cm’mole™! and 4.7
cm3mole™!, and in AgBr,® 3.6 cm®mole~! and 5.5
cm®mole™!, respectively. If, however, we assume
that the electronic contribution is small and that the
same transport mechanism is operative in the ex-
trinsic and intrinsic ranges, the formation volume
can be calculated from Egs. (6) and (7). If the ac-
tivation volumes at 25 and 158°C (Table III) are
used, we get the formation volume AVy=15.4
cm®mole~! at 0.9 GPa. This value is close to the
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formation volumes for AgCl (Ref. 68) of 16.7
cm®mole~! and AgBr (Ref. 69) of 14 cm*mole™".
The magnitude of the formation volume compared
to the molar volume ¥, can be used as an indicator
of whether Frenkel or Schottky defects dominate in
an ionic crystal. It has been shown from experi-
ments and recently also from theoretical calcula-
tions that AV is less than V,, for Frenkel defects
and larger than V,, for Schottky defects.®>~35 For
fcc Agl, AVy is less than the molar volume?’ 33.4
cm®mole™!, which indicates the dominance of
Frenkel defects.

At temperatures corresponding to region I’ in fcc
Agl, the AV values increase up to a maximum of
26.0 cm®mole™! (see Table III). This might imply
an onset of Schottky disorder at high temperatures,
but as mentioned earlier the conduction mechanism
in this region is not completely understood. The
only other measurement of the pressure dependence
of the electrical conductivity in region I' for the
silver halides reports a higher activation volume for
AgBr in this region than in region 1.%® Theoretical
calculations also indicate an increasing formation
volume with increasing temperature for AgCl.%’

" Table III shows that the activation volume de-
creases rapidly after the maximum, giving a consid-
erably lower value for the activation volume in re-
gion I”. The activation volume in this range is
probably even lower than the value reported at
256 °C, but the determination at these high tempera-
tures is difficult due to the restricted pressure inter-
val; see Fig. 1. The activation volume at the highest
temperatures thus seems to be of the order of a mi-
gration volume, as expected for a solid electrolyte-
like material. Thus there are two solid electrolyte
phases in Agl: the a phase and the high-
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temperature part of the fcc phase. The main differ-
ence between the two is that the iodide sublattice is
body-centered cubic for the a phase, while it is
face-centered cubic for the fcc phase. The conduc-
tivity is somewhat lower in the fcc phase than in
the bce phase and, in fact, most solid electrolytes
that have the fcc structure have lower conductivi-
ties than those that have the bce structure.’ The
high-electrical conductivity, low-activation energy,
and low-activation volume in region I' can be ex-
plained by an increasing concentration of cation in-
terstitials in region I', saturating in region I”. An
estimate of the difference in disorder between two
phases can be obtained from the magnitude of the
transition entropy. Such calculations have been
performed for the B«>a transition in Agl at normal
pressure.?® The entropy for the fcc«>a transition
at 0.74 GPa is 4.4 Jmole ™! K~! calculated from the
transition enthalpy and the transition temperature.??
The corresponding value for the 8 /y<«>a transition
at normal pressure? is 14.4 Jmole 'K~!. The
lower value of the transition entropy for the fcc
<> transition might indicate a considerable disor-
der among the silver ions in fcc Agl at high tem-
peratures since the properties of a-Agl have only a
slight pressure dependence.
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