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The effect of hydrostatic pressure on the ionic conductivities and phase transitions in PbF,
and SrCl, has been investigated. The cubic to orthorhombic transition in PbF, was studied in
the temperature range of 300 to 850 K for pressures up to 0.55 GPa; the similar transition in
SrCl, was investigated in the range 500 to 1050 K for pressures to 0.45 GPa. The transition
temperature was seen to increase linearly with increasing pressure at higher temperatures in
both materials. There is considerable hysteresis in the transition at lower temperatures. The ac-
tivation volumes were extracted from the effect of pressure on the conductivity. The volumes
are small at all times, and are consistent with the dominance of Frenkel defects in these materials.

I. INTRODUCTION

Lead fluoride and strontium chloride have been the
subjects of a large number of investigations in recent
years. This interest has centered around their unusu-
ally high ionic conductivities at high temperatures,
but they have other interesting physical properties as
well. We sought to investigate the conduction
mechanisms in these materials by the use of hydro-
static pressure—a technique which has been shown to
be valuable in the past."?

The ionic conductivity can be written as
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where # is the density of charge carriers (defects), e
is their charge, k is Boltzmann’s constant, T is the
absolute temperature, « is a geometrical factor of or-
der unity, v is the attempt frequency of the ion to
hop over the Gibbs-free-energy barrier AG,,, and a is
the jump distance. The validity of the Nernst-
Einstein relation and of the reaction-rate theory of
diffusion is presumed in writing Eq. (1). At low tem-
peratures # is nearly constant, with its magnitude
determined by the density of aliovalent impurities.

In this region Eq. (1) describes extrinsic conduction.
At higher temperatures 7 is given by’

n=(NN)"exp(—AG//2kT) , ()

where N is the density of anion lattice sites, N’ is the
density of anion interstitial sites, and AGy is the
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Gibbs free energy of formation of a Frenkel defect.
The existence of Frenkel defects is presumed in the
derivation of Eq. (2). The applicability of the Frenk-
el model is implied from doping experiments,** and
is also justified by the results of the present experi-
ment.

Substitution of Eq. (2) into Eq. (1) and using the
relation AG =AH — TAS yields
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Equation (3) describes the conductivity in the intrin-
sic region where defects are both formed and moved
and there is a single mobile charged defect species.
In the case where more than one species is mobile,
the right-hand side of Eq. (3) should be replaced by a
sum of such terms with the relevant exponents and
prefactors.

The pressure dependence of the conductivity is
contained in the enthalpy: AH=AF +PAV. By us-
ing the definition dG = VdP — SdT
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where AV, is the Frenkel-defect formation volume,
and AV, is the activation volume of motion for the
mobile species (vacancy or interstitial). This can be
simplified to®
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where R is the sample resistance, vy is the Griineisen

parameter for the phonon mode relevant to the diffu-
sion, and K7 is the isothermal compressibility of the

material.

The second term on the right-hand side of Eq. (7)
is generally on the order of 10% or less of the first
term. The values for the compressibility were found
by linearly extrapolating the elastic constant data for
SrCl, (Ref. 7) and PbF, (Ref. 8). The elastic con-
stants give the adiabatic compressibility rather than
the isothermal compressibility, but the difference is
fairly small. There is some evidence® that the
compressibility rises faster than linearly at high tem-
peratures. This effect was not taken into account in
Eq. (7), but, once again, the effect is fairly small. The
Griineisen parameter used is 1.5 for both materials.

While Eq. (7) was derived for the intrinsic region
of the conductivity, the same equation holds for the
extrinsic region, except that the left-hand side of Eq.
(7) would just contain the motion parameter AV,,.
In the case of more than one mobile charged species,
the resulting equations would include similar terms
for each of the charge carriers.

An order-of-magnitude estimate of the formation
volume of a Schottky defect can be made by imagin-
ing the removal of one doubly charged cation and
two singly charged anions from the crystal interior
and placing them on the crystal surface. In first ap-
proximation, this would increase the crystal volume
by one molecular volume. If the crystal relaxes
about the vacancies, then the relaxation should be
outward since charged atoms have been removed to
the surface. Thus the formation volume of a
Schottky defect would be expected to be on the order
of magnitude of the molar volume of the crystal or
larger. This expectation is confirmed in the alkali
halides.

The estimation of the formation volume of anion
Frenkel defects can be done similarly. An anion tak-
en from the crystal interior and placed on the surface
increases the volume by one atomic volume. The re-
moval of an anion from the crystal surface and placed
in an interstitial position forms the Frenkel defect
and decreases the crystal volume by one atomic
volume. The net result (to first order) is a formation
volume of zero. If the relaxation of the lattice is
considered about the vacancy and interstitial, then
the formation volume is still expected to be small
compared to the molar volume, and it may be nega-
tive. The interpretation of data is then fairly clear:

Small formation volumes indicate Frenkel defects,
and large formation volumes, comparable to the
molar volume or larger, indicate Schottky defects.

The interpretation of the motion volume AV, is
more obscure. The motion volume is normally inter-
preted as a lattice dilatation associated with a diffu-
sional jump in the reaction-rate model of diffusion,'
or as the pressure derivative of appropriate normal
modes in the dynamical-diffusion model.'!

II. EXPERIMENTAL

The samples used in the atmospheric-pressure
measurements were single crystals. The PbF, was
obtained from Harshaw, and the SrCl, was kindly
provided by A. Chadwick. Typical aliovalent impuri-
ties in the SrCl, were Si, 1500; Al, 700; Na, 200; and
Be, 150 ppm. Impurities in the PbF, were Si, 100;
Al, 50; S, 50; Ta, 40; and Na, 20 ppm. Since the
samples did not cleave readily, they were broken into
usable sizes, and two sides were ground roughly
parallel and then slightly polished on fine grit Car-
borundum paper. Typical sample lengths varied from
about 2 to 12 mm with cross sections around 3.5 X
3.5 mm2.

The electrodes were platinum buttons with a layer
of graphite painted on them for the actual contact
with the sample. These electrodes gave reproducible
results on thermal cycling and were found to yield
frequency-independent resistances for frequencies in
the range of 2 to 20 kHz for sample conductivities up
to approximately 1073 Q@ 'cm™!. At higher tempera-
tures (conductivities) the frequency dependence was
so large (even at 100 kHz) that accurate data could
not be obtained. This effect will be discussed later.
Other electrode materials such as silver paint or eva-
porated platinum were tried, but were not found to
yield reproducible results on thermal cycling.

During preliminary measurements the conductance
measurements were made with a General Radio
model 1608-A impedance bridge. With this bridge it
was possible to observe the frequency dependence of
the conductance from 20 Hz to 20 kHz as well as the
effect of the applied voltage from 50 mV to 1.5 V
(peak to peak). These measurements made it clear
that 10 kHz was a suitable measuring frequency, ex-
cept at high temperatures. It was also found that the
measured resistance was independent of applied vol-
tage in the range mentioned. The bridge has some
drawbacks which make it undesirable for the present
experiments: First, it provides basically only for a
two-wire measurement, so that the lead resistance is
included in the measurement along with the sample
and electrodes (fairly long leads are required to get
into a remote pressure vessel); second, and more
serious, the bridge takes a long time to null. This is
a serious problem in a pressure vessel where the tem-
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perature may drift slowly away while the bridge is be-
ing nulled. These two problems were overcome by
the use of a Hewlett-Packard model 4262A digital
LCR meter. This instrument is a microprocessor-
controlled meter which can make a four-wire resis-
tance measurement, with a digitized output, in ap-
proximately 100 msec at 10 kHz. A separate control
unit was built to provide for recording the tempera-
ture, pressure, and sample resistance on a teletype
for later analysis. This unit allowed data to be taken
automatically at preset time intervals as the sample
was heated or cooled. The effect of heating rate was
checked to see that the sample had sufficient time to
equilibrate. For heating rates from 0.5 to 12 K/min
no effect was observed on SrCl,. The PbF, was rath-
er sluggish in this respect and required the slower
heating rates. Nearly all data were taken for heating
rates less than 6 K/min. The measuring thermocou-
ples also served as the resistance measurement leads,
so that the temperature at each end of the sample
could be monitored directly, and a precise mean tem-
perature for the sample established. Details of the
sample holder will appear elsewhere.'?

The high-pressure measurements were done in an
internally heated vessel made by the Tem-Pres Divi-
sion of Leco Corporation. The vessel is designed to
attain temperatures to 1673 K and hydrostatic pres-
sures to 1 GPa (10 kbar) simultaneously. The pres-
sure medium used in these measurements was argon
gas, which was passed through two cold traps to elim-
inate any residual water or oil. The pressure was
measured to + 1% with a calibrated Harwood man-
ganin gauge or a Heise Bourdon tube gauge. The
vessel was flushed with argon to remove air by rais-
ing the pressure to 0.1 GPa (1 kbar) and releasing it.
This procedure was fairly satisfactory, but clear evi-
dence of oxygen contamination could be observed in
various ways after samples had been heated to high
temperatures. Some PbF, samples were gray on the
surface after removal from the system, and Auger
electron spectroscopy (AES) showed layers of PbO as
thick as 2000 A. (The argon itself has as much as
100 ppm of oxygen; at a few thousand atmospheres
pressure there could be as much as a tenth of an at-
mosphere of oxygen in the "pure" gas.)

Internally heated pressure vessels are notorious for
their temperature gradients. This one is no excep-
tion. Over a distance of 3 or 4 cm, there may be a
temperature difference of as much as 500 K. With
proper sample location, the temperature difference
across the sample can be made small. Across a sam-
ple 8 mm long the temperature difference may still
be as much as 10 K, and it may shift with pressure.
The temperature differences in these measurements
were normally around 3 to S K and could be moni-
tored directly by the two thermocouples/electrodes at
the sample ends.

For activation-volume determinations [cf. Eq. (7)]

resistance was measured for various pressures at con-
stant temperature. Normally, such measurements are
done on decreasing pressure to save time waiting for
sample equilibration. In the present case, measure-
ments were made on both increasing and decreasing
pressure to observe the first-order, cubic to
orthorhombic phase transition. After a sample once
goes through the phase transition, it is no longer a
single crystal.

III. RESULTS AND DISCUSSION
A. Phase transitions

The phase transitions were normally observed by
taking resistance readings at various pressures at con-
stant temperature. Typical data for SrCl; are shown
in Fig. 1 (the data for PbF, are similar). At low tem-
peratures the conductivities of the two phases are
similar, the conductivity of the 8 (cubic) phase being
slightly higher. At higher temperatures the differ-
ence is more than two orders of magnitude.
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FIG. 1. The change in the sample conductance across the
phase transition in SrCl,. Data for PbF, are similar.
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FIG. 2. The transition temperature vs transition pressure
for SrCl,. Note the hysteresis at lower temperatures.

Figures 2 and 3 show the transition temperature
plotted against the transition pressure for SrCl, and
PbF;. The SrCl, data show a large hysteresis at low
temperatures. This effect can also be seen in Fig. 1.
As temperature increases, the hysteresis decreases
until it is practically nonexistent. The critical
temperature-pressure data for PbF, are remarkably
similar, except that the a-PbF, does not convert back
to the B phase on releasing pressure at low tempera-
ture. This behavior of PbF, is well known.® The
conversion is finally attained by reheating the «-PbF,
to around 610 K at atmospheric pressure. While tak-
ing the low-temperature data, we noted that the tran-
sition pressures observed were somewhat higher than
those reported by Samara.® To check this, we an-
nealed one sample at a lower pressure, close to
Samara’s value; after 10 min the sample was still in
the B phase, but after 2 h it had transformed to the «
phase. Undoubtedly, the other low-temperature data
would fall into the lower range if the samples had
been annealed long enough. This effect has also
been noted previously.?
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The phase transition in SrCl, has apparently been
observed only once previously,'? at ambient tempera-
ture and a very high pressure of 5.8 GPa (58 kbar).
Qur data indicate a much lower transition pressure
(~0.1-0.2 GPa) at higher temperatures ( ~ 800 K).
Observation of the transition in PbF, at temperatures
above 450 K had not been reported until after our
work had been completed. The recent results for the
transition at higher temperatures'* generally agree
with ours.

The high-temperature data in Figs. 2 and 3 were
fitted to straight lines. From this fit we obtain
P.=—1(1.49 £0.09) x10'° dyn/cm? +[(2.40 +0.12)
x 1071 T, dyn/cm? for PbF, and P,=—(2.48 +0.35)
x 10° dyn/cm? +[(5.19 £0.40) x 10°] 7. dyn/cm?
for SrCl,. The entropy changes at the phase transi-
tion can be calculated from the Clausius-Clapeyron
equation

dP.  AS
dT. AV’ ®
where AS is the entropy change and AV the volume
change across the phase transition. Since
AV =M/p.— M/po, where M is the molar mass, and
p. and po are the known densities of the cubic and
orthorhombic phases, the entropy change can be
found using the measured densities of SrCl, (Ref.
13) and PbF, (Ref. 15). We find AS(SrCl,)
=0.38k (0.76 cal/g mole K) and AS(PbF,) =0.88%
(1.78 cal/g mole K).

B. Ionic conductivity

The conductivity data of PbF, at atmospheric pres-
sure are shown in Fig. 4. These data support the
description of the conduction mechanisms proposed
by Bonne and Schoonman!® and by Samara®: The
conduction at low temperatures is by extrinsic vacan-
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FIG. 3. The transition temperature vs transition pressure for PbF,.
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FIG. 4. The temperature dependence of the ionic conduc-
tivity of B8-PbF,. Roman numerals are explained in the text.

cies (region I in Fig. 4); in region II conduction is by
intrinsic vacancies; in region IIl conduction is by in-
trinsic interstitials. In region IIIB, a new conduction
mechanism appears. There is an upward curvature of
the data here which may be explained in one of
several ways. The most likely explanation is that it is
due to contamination of the sample with oxygen.
Another possibility is suggested by some recent neu-
tron scattering results.'”'® These results at least sug-
gest that there is more than one type of interstitial
site in PbF,. This curvature may be due to the in-
creasing use of the higher-energy interstitial site by
the ions. A region which would be marked IV, at the
highest temperatures, is not shown in Fig. 4. In re-
gion IV the conductivity data are observed to curve
downward from an extrapolation of region III or
MIB."" 2 As mentioned earlier, a very strong fre-
quency dependence of the resistance was observed at
high temperatures in these materials, as well as other
fluorite-structured materials.!?> This frequency depen-
dence results from the polarization of the sample at
the electrode interface. The size of the effect was
observed by measuring the sample resistance at 100
Hz, 1 kHz, and 10 kHz with the Hewlett-Packard me-
ter. The sample resistance was seen to decrease by
about a factor of 4 in going from 100 Hz to 1 kHz

and by about a factor of 2 in going from 1 to 10 kHz.
To check the possibility that the Hewlett-Packard
measuring current might be too high (1 mA); a sim-
ple measuring circuit was set up using a Princeton
Applied Research HR-8 lock-in amplifier. The
current was set to 50 nA, and the voltage across the
sample was measured using the same phase as mea-
sured across a metal film resistor in series with the
sample. The sample resistance was then calculated
presuming the validity of Ohm’s law. (This "in-
phase" component is not simply the sample resis-
tance, but it is expected to be close at a sufficiently
high frequency.) This was done for frequencies up to
150 kHz—the limit of the HR-8. The same approxi-
mate relation between the resistance and the measur-
ing frequency was observed as with the Hewlett-
Packard meter. The frequency dependence was
present even at 150 kHz; so it was clear that even
higher frequencies were necessary to obtain meaning-
ful data in this high-conductivity region. Unfor-
tunately, we do not have the proper equipment to
conduct such a study. It appears that the conductivi-
ty does indeed tend to fall away at very high tempera-
tures, but it is not clear that the effect is as large as
reported previously since, as the frequency was in-
creased, the conductivity also increased at high tem-
peratures. The neutron scattering data'” '8 also indi-
cate that the concentration of Frenkel defects, which
is related to the conductivity via Eq. (1), reaches a
saturation point at high temperatures.

The PbF, data show four fairly well-defined regions
of conductivity, and could be fit to an equation of the
form

Y =Ade B+ Ce™Dx+ Fe=F 4 Ge x| 9)

By suitable choice of the .eight parameters

A, B, C, D, E, F, G, and H, a good fit to the data
was obtained. The values of the parameters are
given in Table I, each pair corresponding to one of
the four regions I, II, III, and IIIB. The uncertainties
given for the activation energies in Table I were ob-
tained by varying the parameters in Eq. (9).

The internal consistency in the activation energies
observed by Samara® is also observed here. Suppose
that the conduction in region II is by intrinsic vacan-
cies, then the activation energy would be
AH;/2 + AH,(vac), where AH, is the formation en-
ergy of Frenkel defects, and AH,,(vac) is the motion
energy of vacancies. Suppose also that the conduc-
tion in region III is by intrinsic interstitials (only),
then the activation energy here would be
AHg/2 +AH (int). If the appropriate motion energies
are subtracted from the activation energies in these
two regions [i.e., AH,(vac) =0.25 eV from region II
and AH,,(int) =0.52 eV® from region III], values of
%AH, of 0.52 £0.04 and 0.59 +0.04 eV are obtained

for regions II and III, respectively. These give values
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TABLE 1. Activation energies and prefactors:

AEy
kT

1

oT=Aexp T

+A"€Xp -

kT

AEy,
+Apexp|— %T

+ Avexp

A'sarein Q 'em™'K; AE'sineV .

Region A AE A AE

B-PbF, (cubic) B-SrCl, (cubic)

I 1.0x10° 0254002 1.5x10' 0.37+0.03
I 9.6x10° 0.75+0.03 1.8x10° 1.62+0.03
11 24x10°  1.1240.03

I11B 1.65x10'° 1.80+0.03 2.2x10° 34102

a-PbF; (orthorhombic) a-SrCl; (orthorhombic)
0.44 £0.02

I s 0.33 £0.03
c ce 1.08 £0.04

of AH;=1.1 eV which are consistent within the un-
certainty.

The activation energy for motion in the orthor-
hombic phase was obtained from data taken while
heating a sample in that phase. A hint of an intrinsic
region was observed, but it did not extend over a suf-
ficiently large temperature region to obtain meaning-
ful data before the sample converted to the cubic
phase.

The exponential prefactors given in Table I are rea-
sonable and agree with those found elsewhere.® !¢
The values found for region IIIB are perhaps too
large, and they may imply the existence of more than
one process.

The values of the parameters obtained for SrCl, are
given in Table I, and some of the data are shown in
Fig. 5, for both the cubic and orthorhombic phases.
Since the orthorhombic phase is not stable at atmos-
pheric pressure, the conductivity was measured at the
pressure shown in the figure. The fact that the curve
for the orthorhombic phase is not smooth is ex-
plained by the fact that the sample was polycrystalline
after going through the phase transition, and the
pressure varied as the temperature was raised. These
data show an activation energy of 0.44 £0.02 eV.
This region is presumably extrinsic, with conduction
via vacancies. This identification is based on the fact
that the sample was contaminated with oxygen by the
time this measurement was made, so we label this re-
gion I with AE,,(vac) =0.44 eV. The intrinsic and
extrinsic regions were observed for the orthorhombic
phase in one other sample. The intrinsic activation

o
T

0.00!1 GPa

o T (ohm~'em™'K)

9 12 15 18 2l
10%/T (K™

FIG. 5. The ionic conductivity of 8-SrCl, and a-SrCl,.
The upper curve is for the cubic phase and the lower curve
is for the orthorhombic phase. Roman numerals are ex-
plained in the text.

energy observed was 1.08 eV, thus, the formation
energy of Frenkel defects in the orthorhombic phase
is 1.32 eV.

The data for the cubic phase of SrCl, are somewhat
different from the data for cubic PbF;. These data
seem to fit reasonably well to three exponentials in-
stead of the four required for PbF,. While this does
not rule out an interpretation of the data in terms of
a change in conduction mechanism, or at least an in-
creasing contribution by interstitials, it does make
that possibility much less likely. In the lowest-
temperature region (I) conduction is by extrinsic va-
cancies. The activation energies, found for three
samples, were 0.33, 0.38, and 0.41 eV. These values
agree reasonably well with those observed by oth-
ers.*21:22 Region Il is probably dominated by con-
duction by intrinsic vacancies. The average activation
energy found for region Il is 1.62 eV. This leads to a
formation energy of Frenkel defects of 2.50 eV.
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Comparable activation energies were found earlier in
region II: 1.25,211.9,* and 1.8 eV.?? In region IIIB
we obtain an average activation energy of 3.4 eV,
consistent with values previously reported,?"2* and
possibly due to oxygen contamination. The exponen-
tial prefactors in regions I and II are quite reasonable,
but the exponential prefactor in region IIIB is unusu-
ally large, as is the activation energy. The large pre-
factor tends to imply the existence of more than one
activated process in region IIIB. Association regions
were observed in some samples but were not investi-
gated. One SrCl, sample which had been highly con-
taminated showed three regions with activation ener-
gies of 0.13, 0.83, and 2.1 eV. These values are sig-
nificantly lower than those given above, presumably
due to the contamination.

C. Activation Volumes

Obtaining accurate values for the activation volume
is difficult for PbF, and SrCl, because of the phase
transition which limits the pressure range available.
The fact that the samples are polycrystalline after the
phase transition also limits the reliability of the data.
However, since all values measured for activation
volume are much smaller than molar volumes, it is
clear that Frenkel disorder dominates throughout the
temperature range investigated.

The activation volumes for PbF; and SrCl, are
shown in Figs. 6 and 7. Clearly, the value measured
for the activation volume at a given temperature
depends on the history of the sample. If, for exam-
ple, the activation volume is measured at some low
temperature in the intrinsic region, and the sample is
subsequently heated to high temperatures and be-

comes contaminated, then, when the activation
volume is again measured at the low temperature, it
may be an extrinsic value because of the contamina-
tion. Due to equipment limitations, sample resis-
tances above 1 MQ could not be measured accurately
in the pressure vessel, and we could not measure the
extrinsic region in nominally pure samples. In order
to get any data for the extrinsic region, it was neces-
sary to make measurements on deliberately contam-
inated samples.

The data in Fig. 6 for PbF; are typical and illustrate
the history of two different samples. Beginning with
the dashed curve and the open circles and squares at
low temperatures at the lower left of the figure, the
first point corresponds to the activation volume for
motion of vacancies in the cubic phase. This point
was obtained by raising the pressure and temperature
carefully so that the crystal remained in the cubic
phase. The pressure was then raised again along with
the temperature until the crystal was well across the
phase transition into the orthorhombic phase. Then
the five activation volumes shown as open squares in
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FIG. 6. The activation volumes of «- and 8-PbF,. The
solid and dashed curves are explained in the text.

the temperature range 475—675 K were measured,
being careful not to get too close to the transition
back to cubic. The lower-temperature points evident-
ly correspond to the motion volume of vacancies in
the orthorhombic phase, and the other points
represent intermediate values between extrinsic and
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FIG. 7. The activation volumes of a-and 8-SrCl,. The
curves are explained in the text.
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intrinsic. (This was the only sample in which the ex-
trinsic region was observed without prior contamina-
tion at high temperature.) The activation volume has
a fairly sudden rise in the vicinity of 700 K in the
orthorhombic phase, corresponding to entry into the
intrinsic region of the conductivity, where the activa-
tion volume is equal to the sum of the motion
volume and half the formation volume of the Frenk-
el defect. The problem for interpretation here is:
Which of the two open squares at 6.3 and

7.9 cm®/mole is the proper intrinsic value? We did
not observe an intrinsic region in the atmospheric-
pressure measurements in the orthorhombic phase,
nor did it appear under pressure as in the SrCl, data
shown in Fig. 5. It may be that the interpretation
suggested for the cubic phase is also applicable to the
orthorhombic phase: Then, the 6.3-cm? value would
correspond to intrinsic vacancies and the 7.9 cm’ to
intrinsic interstitials. It may also be that the 7.9 cm’
corresponds to the region of contamination, but this
is not clear; so we take the average of these two
values and subtract 2.1 cm? for the motion volume.
This gives a formation volume of Frenkel defects for
the orthorhombic phase of 10 cm?/mole. This forma-
tion volume is small compared to the molar volume
of 29.76 cm?, indicating Frenkel disorder. Continu-
ing to higher temperatures, the sample is allowed to
convert to the cubic phase, represented by the open
circles at around 800 and 820 K. The value of

6.75 cm’/mole is typical of this region for the cubic
phase, but the average of three samples is somewhat
lower—around 6.5 cm?®. This value does not agree
with the value of around 3.5 cm? reported by Samara
for the intrinsic vacancy; so it may be either the

6

value for the intrinsic interstitial or it may be in the
region where contamination of the sample occurred
(region IIIB). It is probably a combination of the
two, but the internal consistency of the data again
shows in the interpretation of the data as a change in
conduction mechanism. If we take the value of

6.5 cm’ and subtract the value by Samara® of 3.5 cm®
for the motion volume of interstitials, then we obtain
the formation volume of Frenkel defects of

AV;=6 cm’ for the cubic phase. If the motion
volume of vacancies of 1.75 cm?/mole (the average
value) is subtracted from the activation volume ob-
tained from the intrinsic vacancy region (4.25 cm?,
observed on other samples), we obtain a formation
volume of 5 cm?/mole, consistent, within errors

( £0.8 cm?/mole) with the first. These data are
summarized in Table II.

The highest-temperature data point shown for the
cubic phase is at 820 K. This point indicates a large
drop in the activation volume down to values typical
of the extrinsic region. This would seem to favor an
interpretation for this high-temperature region
(where the conductivity curve flattens) as a region
where the concentration of intrinsic defects has
reached a saturation level,?’ and the measured activa-
tion energy or activation volume should be similar to
the corresponding motion parameters of whatever de-
fect is the most mobile. This explanation may not be
correct, since this high-conductivity region is where
the large frequency dependence occurs. This sys-
tematic error (the small activation volumes observed
are reproducible if the same frequency is used) prohi-
bited us from obtaining accurate data in this region,
just as for the atmospheric-pressure measurements.

TABLE II. Average activation volumes in cm?/mole.

PbF, SrCl,
Cubic Orthorhombic Cubic Orthorhombic
1.75 £0.25 2104 Extrinsic vacancy 3.5+0.3 43+0.3
4.25+0.35 7.1+04 Intrinsic vacancy 6.5(7) 7.1+0.4
6.5+04 Intrinsic interstitial
6.8(?) 79+0.4 Oxygen contamination 7.8+0.2
35 2.8(7) Extrinsic interstitial®
5.0-6.0 £0.8 10.0£1.0 Formation volume of 6 56109
Frenkel defect
32,0 28.9 Molar volume 511 45.0

2Reference 6.
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When a higher measuring frequency is used,'? the ac-
tivation volumes tended to go to somewhat higher
values in the high-temperature region, larger than the
extrinsic values, but still consistent with the domi-
nance of Frenkel defects. An alternative explanation
for the behavior in region IV is that it is caused by
saturation of the total density of both intrinsic and
extrinsic defects. The extrinsic defects could be due
to loss of fluorine and chlorine, either by replace-
ment with oxygen or by decomposition of the materi-
al. This explanation is also consistent with the iden-
tifications of region III as due to intrinsic interstitials
and region IIIB as contamination. When the contam-
ination by oxygen is severe enough, the additional
vacancies induced could combine with the intrinsic
interstitials, suppressing the interstitial concentration,
and effectively allowing the dominance of vacancy
motion (again). It is not clear that this explanation
will be satisfactory for those materials where conduc-
tion by intrinsic interstitials has not been identified,
but the possibility of reaching a saturation level of
defects, either intrinsic or extrinsic, could be argued
to explain the data.

Another set of data are shown by the solid curve
and solid symbols in Fig. 6. No data were obtainable
at low temperatures on this sample, so it was heated
until the resistance read on scale. The temperature
was then high enough that the sample would convert
to orthorhombic if the pressure were raised to obtain
data over a reasonable pressure range. The pressure
was then raised, and the sample converted to
orthorhombic. The activation volumes shown by the
solid 'squares were then obtained for the orthorhom-
bic phase. As can be seen from the figure, the
lower-temperature points fall in the range 3.75 cm® to
4.75 cm’/mole. These values are evidently in the
range between extrinsic and intrinsic. At higher tem-
peratures, there is an increase in the activation
volume corresponding to entry into the intrinsic re-
gion. The next value was taken at a still higher tem-
perature, where the sample converted back to the cu-
bic phase, and the low value of the activation volume
shown by the solid circle at 770 K is associated with a
frequency dependence of the resistance. The sample
was then left in the cubic phase, and the temperature
was lowered. The two points shown at the left side
of the figure as a solid circle and solid triangle were
then taken. The solid circle shows a value typical of
the contaminated solid, close to the extrinsic value.
The sample was then again converted to orthorhom-
bic, and the solid-triangle value was taken. Again,
this is near the extrinsic value for the orthorhombic
phase, consistent with contamination occurring at
high temperatures. If the sample is contaminated

further, then these near-extrinsic values come down
further.

The data for SrCl,, shown in Fig. 7, are interpreted
in a similar way. We observe a group of activation
volumes in the range of 6.5 to 7.5 cm®. By consider-
ing the evolution of the activation volume from
lower temperatures, it is clear that the intrinsic ac-
tivation volume [%A Vi+AV,(vac)] is about

7.1 cm?/mole for the orthorhombic phase. These
data are shown by the open squares and the solid tri-
angles for two cases. One case, shown by the open
squares, is a sample which apparently showed intrin-
sic behavior (or nearly intrinsic) throughout the tem-
perature range 650 to 820 K. The other sample,
shown by solid triangles, exhibited activation
volumes typical of the region between extrinsic and
intrinsic, with values approaching the intrinsic value.
One point, shown by an open triangle, appears at 925
K. This value of 7.8 cm?/mole is somewhat higher
than the intrinsic activation volume and also occurs
in the temperature range where the oxygen contami-
nation becomes significant. The increase in the ac-
tivation volume is therefore presumably due to a
contribution from mobile oxygen. After one sample
had become significantly contaminated, the activation
volumes for the extrinsic region of both the
orthorhombic and cubic phases were measured. The
value for the orthorhombic phase shown by the solid
square and those for the cubic phase are shown by
the solid circles. These values of 4.3 and 3.5 cm’ are
the activation volumes for motion of vacancies in the
orthorhombic and cubic phases, respectively. The
open circles at 500 and 545 K are activation volumes
for the cubic phase. They are presumably in the re-
gion between the extrinsic and intrinsic conduction
values, since there is a change between the two
values. At higher temperatures and pressures, the
phase transition interfered too much to obtain rea-
sonably consistent activation volumes for the intrinsic
region in cubic SrCl,. It would appear that the intrin-
sic value is in the range 6—7 cm®/mole. These data
are summarized in Table II. It is clear that Frenkel
defects are dominant in these two materials
throughout the temperature range 300 to 950 K for
PbF, and 400 to 1100 K for SrCl,.
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