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The pressure dependence of the ionic conductivity of KCl, NaCl, KBr, and NaBr has been
measured to 6 kbar in the intrinsic and extrinsic temperature regions. In the intrinsic region
the conductivity deviates markedly from a simple exponential decrease with pressure. A de-
tailed analysis, including contributions from anions and extrinsic cation vacancies, shows that
pressure can suppress the intrinsic vacancies sufficiently to cause such a deviation. The
analysis also shows that the uncertainties in the estimated activation volumes are greater than
those determined in previous work. For KCl, NaCl, KBr, and NaBr crystals, respectively,
the estimated activation volumes for motion of cation vacancies are 8+ 1, 7+1, 11+1, and
8+ 1 cm3/mole, and the activation volumes for formation of Schottky defects are 61+9, 55+ 9,
54=9, and 44 + 9 cm®/mole. The values for activation volumes of motion agree with predic-
tions of the strain-energy model of Keyes. Schottky-defect-formation volumes are substantially
larger than the molar volumes in KCl and NaCl, but in KBr and NaBr they are approximately

equal.

I. INTRODUCTION

It is fairly well established that ionic conduction
in alkali halides occurs through movement of va-
cancies. From the pressure dependence of the
conductivity o, the activation volumes associated
with vacancy creation and motion can be estimated.
In the extrinsic region the number of cation vacan-
cies is more or less fixed by the polyvalent-cation
impurity content, and the pressure dependence of
o gives the activation volume AV, associated with
motion of cation vacancies. In the intrinsic re-
gion, where Schottky defects are predominant, the
pressure dependence of ¢ is associated with the
sum of formation and motion volumes. Within the
usual assumptions of reaction-rate theory, the
formation volume of Schottky defects can be esti-
mated by subtracting AV}, from the total activation
volume determined in the intrinsic region.

Many theoretical calculations of the activation
energy for vacancies are also concerned with the
activation volume, since they are closely related.
Both atomic and continuum strain-energy models
have been used to calculate the volume of motion.}
In the dynamical theory of diffusion suggested re-
cently by Flynn, ® AV}, does not represent any
physical change of volume during the atomic mi-
gration, but is related to the change of optical-
mode frequencies with pressure.

The activation volume for formation calculated
for Schottky defects is very sensitive to the nature
of the models and approximations used. In several
previous calculations, the degree of lattice relaxa-
tion and its relationship to the formation volume
have not been resolved satisfactorily. In ionic
crystals both electrostatic and elastic forces con-
tribute to the lattice relaxation, and the formation
volume is not related to the relaxation of the near-
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est-neighbor atoms around vacancies in a simple
way. The recent theory of Faux and Lidiard* ap-
pears to represent a significant advance, but

their results do not agree with values deduced from
pressure measurements.

Previously, several experimental investigations
have been made of the pressure dependence of the
ionic conductivity of KC1 and NaCl. Biermann®
measured the pressure dependence of conductivity
of KC1 and NaCl in the intrinsic and extrinsic ranges
to 0.5 kbar. The pressure dependence of the ex-
trinsic conductivity was measured to higher pres-
sures by Pierce® in KC1 and NaCl and by Taylor
et al.” in KC1l. Recently, Beyeler and Lazarus®®
made measurements in the intrinsic and extrinsic
ranges in NaCl to 6kbar. Some previous work has
indicated that, in the intrinsic range, the conduc-
tivity does not, in fact, decrease exponentially
with pressure and this deviation is due to the ex-
trinsic vacancies. ®'!°

In the previous analysis of experimental results,
it was assumed that in the intrinsic region only
cations contribute to the conductivity. Recent re-
sults, however, indicate that the anions contribute
significantly to the intrinsic conduction near the
melting point. In addition, the contribution of the
extrinsic vacancies should be included even in the
intrinsic region, since intrinsic vacancies can be
suppressed by application of high pressure (be-
cause of the large value of AV,). Inclusion of these
effects may indicate that the pressure variation of
the ionic conductivity is not as simple as previously
thought and that the uncertainties in the activation
volumes are greater.

Furthermore, it is desirable to extend the mea-
surements to KBr and NaBr to determine any pos-
sible correlation between the activation volumes
and the type of anion in alkali-halide crystals. In
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FIG. 1. Electrode, thermocouple, and furnace assembly
for conductance measurement.

this paper we present the results of our observa-
tions of the pressure dependence of the ionic con-
ductivity of KCl, NaCl, KBr, and NaBr in the in-
trinsic and extrinsic regions at pressures to 6
kbar. Activation volumes are estimated using a
model which includes contributions of the anion and
the extrinsic vacancies to the conductivity. The
results are compared with various theoretical pre-
dictions.

II. EXPERIMENTAL TECHNIQUES AND PROCEDURES

The basic gas-pressure system used in these
measurements consists of commercially available
eq.ipment, and the details have been previously
described.!' Argon gas of 99.995% purity was used
as a pressure medium. The bomb had inside di-
mensions of 13 -in. diameter and 9-in. length.
Thermocouple and electrical leads were brought
out with no discontinuities through U-shaped pres-
sure tubings containing frozen oil. Pressure was
measured with a Heise 100 000 psi bourdon gauge
with an accuracy of better than 1%. The piston in
the separator was designed to ensure complete
separation of gas from oil. The piston was a little
longer than half the inside length of the separator,
and both ends were packed with Bridgman-type “T”
pieces.

A cylindrical platinum-wound alumina furnace
was placed inside the bomb. The furnace core had
uniformly spaced grooves for the heating wires.

At each end of the furnace smaller size wires were
used for a few turns to obtain a flat temperature
region over a 2-in. center zone with about 1 °C per
in. gradient at 700°C.

The electrode and sample assembly is shown in
Fig. 1. The electrodes were made of nickel with
platinum sheets brazed onto their contact faces.
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Two features of this assembly should be noted.
First, there was about a #-in. gap between the in-
ner wall of the furnace core and the electrode
faces, so that any spurious conductance through the
furnace wall or transfer of any contaminant on it to
the specimen would be reduced. Secondly, the
chromel-alumel thermocouple was inserted deeply
into the massive electrode A, and its end was bent
parallel to the electrode contact face. To achieve
this, electrode A was made of two parts. The
thermocouple was insulated with alumina tubing,
and the tip was cemented to the electrode with
Sauereisen cement., These procedures were fol-
lowed in order to ensure a good thermal contact be -
tween the thermocouple and the electrode. Previ-
ous results have shown'®!2 that it is essential to
maintain good thermal contact between the thermo-
couple and a specimen to obtain accurate specimen
temperature measurements. In addition, a tem-
perature calibration was obtained between the mea-
suring thermocouple in electrode A and a second
thermocouple inserted through electrode B and
sandwiched between two halves of a KC1 sample.
The difference between temperatures measured by
these two couples decreased sharply with pressure
from about 3 or 4 °C at low pressures to about 1 °C
at 0.7 kbar !* and remained constant at higher pres-
sures. These small corrections were applied to
the measured ionic conductivity.

The electrode contact faces were ground flat and
smooth. In order to improve the specimen-elec-
trode contact, the electrodes were pressed against
the specimen by spring tension and were heated
close to the melting point of the specimen before
commencing measurements. Although this tech-
nique does not ensure perfect contacts, it was pre-
viously shown'* that errors due to imperfect con-
tacts can be overcome by using a high-frequency
signal in the ac bridge. In this work, conductance
and capacitance were often measured at varying
frequencies to check the possible space-charge ef-
fect arising from imperfect contacts. In general,
frequencies of 5 to 10 kHz were sufficiently high.
A Boonton model No. 750 bridge was used for the
conductivity measurements. Although the accuracy
of this bridge specified by the manufacturer is not
high (about 10%), the values obtained showed about
2% random difference from those measured with a
General Radio No. 716-C bridge (2% rated accu-
racy). Therefore, the absolute error due to the
bridge in the measured conductivity is believed to
be about 4%.

The undoped “pure” specimens were obtained
from the Harshaw Chemical Company. The sam-
ples containing divalent impurities were grown by
the Kyropoulos method with a circulating argon
atmosphere. The grown crystals were slowly
cooled to room temperature. Typical sample di-
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FIG. 2. Observed temperature dependence of conduc-

tivities in “pure” and Sr-doped KBr single crystals;
closed circles indicate initial heating.

mensions were 0,5%X0.5X0.15 cm.,

The most important potential error in this type
of measurement is that arising from spurious con-
ductance. This can arise from impurities, such as
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a carbon deposit across the electrodes or between
the electrical leads coming out of the pressure ves-
sel. In order to check such effects, the conduc-
tance across the electrodes was measured without
any sample and also with a dummy alumina ring
over the entire pressure and temperature range
used in the experiment. The spurious conductance
never exceeded 0.05% at the sample conductance.
During the measurements, samples were some-
times left at high temperature and pressure for long
times to detect possible contamination effects in-
creasing with time. In addition, data were taken
with several cycles of pressure. No systematic in-
crease of the conductance with time was observed
in the high-temperature intrinsic region.

III. RESULTS

Figure 2 shows the observed temperature depen-
dence of the conductivities for single crystals of
Harshaw “pure” KBr and KBr doped with Sr. These
measurements were made in the pressure vessel
with about 0.5-kbar pressure. Chemical analysis
and comparison with the previous measurements
indicate about 2X10°* mole fraction of Sr in the
doped sample. The conductivity of “pure” samples
at low temperatures showed marked dependence on
the thermal treatment of the sample. During the
initial heating, the conductivity (closed circles) is
low, extending the apparent intrinsic region to low
temperatures. However, once the sample has been
heated to a temperature close to the melting point,
there is a marked increase in conductivity (open
circles) at low temperatures, shifting the knee to
higher temperatures. Similar behavior is found
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for KC1, NaCl, and NaBr. These shifts of the knee
are believed to be caused by the presence of OH -
ions in the crystals, and will be discussed later.
The knee temperature of the Harshaw crystals de-
termined from the temperature dependence of the
conductivity measured after the pressure runs
agreed well with previous results on Harshaw crys-
tals.%!%1® The arrows indicate the temperature at
which pressure measurements were made.

The pressure dependence of the conductivity for
Harshaw KBr, NaBr, KCl, and NaCl crystals is

shown in Figs. 3-6. The temperatures correspond
to the “intrinsic ” region at zero pressure. At low
pressures the open circles and squares represent
values before applying the temperature correction
discussed earlier. One important feature of these
results is that, at high pressures, the rate of de-
crease in conductivity with pressure is reduced, as
indicated by the slight curvatures in these figures.
The pressure range at which the curvature begins
to appear tends to shift to lower pressures as the
temperature is decreased. The dotted lines show
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a numerical fit to the curves based on a model
which will be discussed later.

Figure 7 shows the observed pressure depen-
dence of the conductivity of KBr doped with Sr
(KBr-Sr). KCl1-Sr, NaCl-Ca, and NaBr-Ca showed
similar behavior. A slight deviation from exponen-
tial dependence occurs at low pressures. Such an
effect may be due to the greater contribution from
the intrinsic vacancies at low pressures. There-
fore, the data below 1 kbar were ignored in eval-
uating the activation volumes of motion.

IV. DISCUSSION
A. Comparison with Previous Measurements

Before evaluating the activation volumes and
discussing their significance, it is desirable to
compare our results with the previous measure-
ments on the pressure dependence of the intrinsic
conductivity. Since our Ino-vs-pressureplots show
curvatures at high pressures, we first confine our
attention to the low-pressure regions below 3 kbar

where o follows a simple exponential decrease.

The values of 8lno/8P shown in Table I were ob-
tained from the data at pressures below 3 kbar and
the highest measurement temperatures for each
sample. The errors shown are due to the uncer-
tainty in the temperature correction at low pres-
sures and the standard deviation in evaluating the
slope. Table I also shows the results.of Biermann®
and Beyeler and Lazarus® for comparison. All the
results in this table were obtained at temperatures
between 680 and 720 °C. Although Biermann® does
not indicate his uncertainties, it is possible that
the discrepancy with our results is due to his lim-
ited pressure range (0-0. 5 kbar)and the subsequent
large random error expected in 3lng/3P,

The disagreement between the present results
and that of Beyeler and Lazarus® is more serious,
because it is clear that random errors cannot ac-
count for such a large difference. Moreover,
Beyeler and Lazarus’s results show a linear de-
crease of Ino with pressure for the entire pressure
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range between 0 and 6 kbar, whereas our results
show curvature in the high-pressure region.

One possible reason for the curvature is the
presence of a large amount of divalent cations or
other impurities. However, the “knee” tempera-
ture in Beyeler-Lazarus data for NaCl is ex-
actly the same as ours measured after completing
the pressure measurements, indicating that our
NaCl sample did not contain or gain any more im-
purity than Beyeler and Lazarus’s. In addition, the
larger value for —(3Ing/3P) in our measurements
(at low pressures) is inconsistent with the possi-
bility of larger amounts of impurities in our sam-
ple.

Another possible reason for such a systematic
discrepancy is errors in the temperature measure-
ment. As explained earlier, considerable effort
was taken to reduce the temperature errors in the
present experiment. Therefore, it is unlikely that
the temperature errors in our measurements were
great enough to cause this discrepancy or the cur-
vature at high-pressure regions.

In the Beyeler-Lazarus®® experiment there was
a large pressure-dependent discrepancy between
the temperature measured by their measuring
thermocouple and that indicated by a second ther-
mocouple buried inside their (considerably thicker)
specimen. Fairly large corrections were thus re-
quired, particularly in the low-pressure ranges
where the discrepancy is greatest. On the other
hand, Beyeler and Lazarus repeated their measure-
ments in the low-pressure range (0-0.8 kbar) at
temperatures up to 670 °C using an externally
heated pressure vessel, where uncertainties in
temperature should have been minimized. They
found the same value of 8lng/dP for this case, but
there is some possibility that these later samples
may have been slightly contaminated by impurities
diffusing in from the hot pressure vessel. In addi-
tion, the maximum temperature for this case
(943 °K) was considerably lower than in the present
measurement on NaCl (993 °K). As shown in Figs.
3 and 4 for KBr and NaBr, the average slopes of
the Ino-vs-pressure plots decrease significantly
with decreasing temperature, so the curvature may
well have been obviated in the Beyeler-Lazarus ex-
periment with the externally heated vessel.

Spurious conductivity is another possible source
of error. In our measurements, as explained ear-
lier, the spurious conductivity was shown to be
negligibly small. In addition, curvatures of about
the same degree were found in all our specimens in
spite of the order-of-magnitude difference between
the conductivities in the sodium and potassium
halides at the same temperature. This observation
provides further indirect evidence that spurious
conductivity was not the cause of the curvature.

We have, therefore, no obvious reasons for
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doubting our results and believe that the curvatures
in thelno-vs-pressure plots represent real effects
in these samples. As discussed later, such curva-
ture is expected for specimens containing even quite
small concentrations of polyvalent impurities,

B. Calculation of Activation Volumes

Following the usual procedure, the activation
volumes associated with motion and creation of va-
cancies can be calculated from the observed pres-
sure dependence of the ionic conductivity. In the
extrinsic region where the conduction is due solely
to the cation motion, the reaction-rate theory
gives!?

dn'ela®y gt
_ n eAGm/kT (1)

kT ’
where e is the electronic charge, a is the lattice
parameter, v is an atomic vibration frequency of
the order of the Debye frequency, k is Boltzmann’s
constant, 7 is the absolute temperature, and AG;,
is the change in Gibbs free energy associated with
the motion of a cation. »”*is the concentration of
cation vacancies, which is fixed by the concentra-
tion of the divalent impurities if divalent impurity-
vacancy complexes are negligible. The activation
volume for motion is given by

9AG?
oreo(885)

. dlna® dlno
avrr (55, -(5F).)

where AV, is the activation volume associated with
the motion of a cation. The term (3lna?/8P); can
be estimated from the compressibility’*=# and the
pressure dependence of the elastic constants, 2=
Its contribution to AV7 is quite small, of the order
of 2 to 5%.

Table II shows the estimated activation volumes
for motion, along with the results of previous mea-
surements on KCl and NaCl. Since our samples
contained about the same amount of divalent ions as
Pierce’s, ® about 10% correction was applied to ac-
count for divalent impurity-vacancy complexes in
accordance with Pierce’s analysis. Our values of
AV, for KC1 and NaCl agree well with those of
Pierce.®

(2

TABLE 1. Observed pressure dependence of conductivity
8lno/aP, in KCL and NaCl from various measurements.

NaCl (kbar™!) KCl (kbar™!)
Present work —-0.43+0.02 -0.49+0.02
Biermann (Ref. 5) -0.39 -0.55
Beyeler and
Lazarus (Ref.8) —0.33
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In the “intrinsic” region for “pure” crystals, the
calculation of the activation volume is simplified if
the following assumptions are made: First, the
contribution of the extrinsic vacancies to the con-
duction is negligible, and second, only cations
contribute to the conductivity. With these assump-
tions, the conductivity is given by'’

:4e2azv  AGR+3 AG, 3)
kT © BT ’

where AG; is the Gibbs free energy associated with
formation of an isolated pair of cation and anion
vacancies (Schottky defect). The pressure depen-
dence of ¢ is purely exponential and gives

2
AV =AV+3 AV;=kT[<alg; - )T —(%)T] )

(4)
where AV, is the activation volume associated with
formation of an isolated pair of cation and anion
vacancies. Therefore, AV, can be estimated by
subtracting AV;, from AV,.

Anticipating that the first assumption of purely
intrinsic conduction would be more applicable at
low pressures and high temperatures, Eq. (4) was
applied to the data (Figs. 3—6) at the highest tem-
peratures and at pressures below 3 kbar, where o
shows a purely exponential decrease with pres-
sure. In Table III, the third column [AV,(1)]shows
the values of AV, calculated in this manner. Our
derived values of AV, were used. The uncertain-
ties noted for AV, include the effects of the random
errors in determining the slopes of the Ing-vs-
pressure plots, the uncertainty in temperature
calibration discussed earlier, and the uncertain-
ties in AV,

A more accurate estimate of the activation vol-
ume in the intrinsic region must include contribu-
tions from anion motion and the presence of ex-
trinsic cation vacancies. It has been shown re-
cently®~%® that in these alkali-cation halides the
anion contribution to the conduction at high tem-
peratures is significant. The extrinsic cation va-
cancies also cannot be ignored at high pressures,
because increasing pressure would have a similar
effect as decreasing temperature, in sharply sup-
pressing the concentration of intrinsic Schottky de-
fects.

An expression for ionic conductivity which in-
cludes the anion and extrinsic vacancy contribu-
tions can be obtained by a simple extension of the
reaction-rate theory. In this more general case,
o is given by'”

o=Ne(X*'u'+X"p), (5)

where N is the number of ions per unit value, X*
and X~ are the mole fractions of cation and anion
vacancies, and p* and p” are their mobilities. The
pressure and temperature dependences are given
by

X*=3c[1+4x2/c®)2+1],
X =3c[(1+4X%/c?)V2-1],

XO= e-AGf/ZkT , (6)

2
+_ 4a ev e'AG:n/"T
kT ’

-_ 4azev e'AG:n/kT
kT ’
where ¢ is the mole fraction of divalent cation
impurity. These relationships are based on the
assumption that divalent impurities do not form
complexes or precipitates with other species such
as the cation vacancies or OH~ ions which might
be present. In particular, Egs. (5) and (6) allow
the possibility that at extremely high pressures the
intrinsic vacancies are suppressed by pressure
and the systems reach the “extrinsic” region with
a decreasing slope in thelno-vs-pressure relation-
ship.

Assuming further that AV, decreases with pres-
sure in the same way as the total bulk volume, the
pressure dependence of ¢ is easily shown to be de-
rivable from the following equations:

o=A(1 =KP)*3y(P)

x((B+ 1) PAVAAT (B ~1) Ky e-PAV,';,/kT) ,
Ko
(7

4X® _pav axpar )2
B=(1 -Pavy
(i )

Here A is an adjustable constant determined from
the observed value of o at zero pressure and a

TABLE II. Observed activation volumes for motion of cations in alkali halides (in cm®/mole).

Present Pierce Biermann Taylor et al. Beyeler and

work (Ref. 6) (Ref. 5) Ref. 7) Lazarus (Ref. 8)
KCl1 8+1 7.7+0.5 8.6
NacCl T+1 7.0+0.5 9.5 6.6+0.6
KBr 11+1 cee cee cee

NaBr 8+1
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specific temperature, X is the value of X, at zero
pressure, pugand pjare mobilities at zero pres-
sure, and K is the isothermal compressibility.
Using Eq. (7), the pressure dependence of ¢ was
calculated, assuming various values of AV, (in-
creasing in increments of 0.5 cm3/mole), and the
value which gave the best fit to the data obtained
at the highest temperature at pressures below 5
kbar was chosen. Above 5 kbar the curvatures
become prominent, and the pressure dependence
of o is strongly influenced by several factors whose
values are not accurately known. Therefore, in
evaluating AV, the low-pressure data are still
more significant.

The pressure dependence of o calculated in this
manner is shown in Figs. 3-6 along with the ob-
served data. The calculated values of AV, are
shown in the fourth column of Table III [AV,(2)].
These values are close to those [AV,(I)] deter-
mined from a simpler model which neglects the
contributions of anions and extrinsic vacancies to
the conductivity, The major difference is in the
larger uncertainty in AV,(2). In addition, as shown
in Figs. 3-6, thelno-vs-pressure plots calculated
by Eq. (7) show curvature at high pressures.

The large uncertainty in this analysis based on
Eq. (7) arises because the values of many of the
parameters in Eq. (7) are not accurately known.
Therefore, a systematic computer calculation was
carried out to determine the influence of each term
in Eq. (7) on the curvature and the uncertainty in
AvV,.

First, as mentioned earlier, it was assumed
that under compression AV, decreases with pres-
sure in the same way as the total or molar volume.
Inclusion of this effect causes only about 2% change
in AV, from the value estimated at zero pressure.
However, the contribution to the curvature in the
Ino-vs-pressure relationship is significant because
of the fairly high compressibility of alkali halides
at high temperature, #-2

Secondly, the ratios between the anion and cation
mobilities pg/ug have not been accurately deter-
mined. Since in the high-temperature intrinsic re-
gion the number of anion and cation vacancies are
almost equal, pg/ugis almost equal to #7/¢*, where
" and t* are the transport numbers. However,
values of ¢7/t* vary greatly from one measurement
to another. ! #-26 Hence, the uncertainties in uj/
Ko are quite large and cause about 2% uncertainty
in AV,,

Third, the values of AV ; have not yet been de-
termined experimentally. In the absence of an ac-
cepted theory for AV, we assume that AV;, /AV?,
would fall between unity and (» */»*)%, where »- and
»* are the ionic radii. For these estimates the
values suggested by Tosi and Fumi were used®’;
this uncertainty in values for AV causes about a
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4% uncertainty in AV,. With these values for AV,
inclusion of the anion contribution to the conductivi-
ty causes a negligible curvature in the Ino-vs-P
plots. However, if values of AV}, are much larger
than those assumed here, the anion contribution
will cause a larger curvature and reduce the esti-
mated values for AV,

The final and most important term is the ratio of
the number of intrinsic vacancies to divalent (ex-
trinsic) vacancies, X'o/c. A reasonable first esti-
mate of this term in the intrinsic region can be
made by extrapolating the extrinsic conductivity to
higher temperatures as shown in Fig. 2. Since the
product of mobility and temperature is expected to
show an exponential temperature dependence, X 6/0
will be equal to the ratio of the intrinsic conductiv-
ity to the extrapolated value of the extrinsic con-
ductivity, if only the cations contribute to conduc-
tion.

The estimate of X/c, however, is expected to
be too large (or the estimated number of extrinsic
vacancies too small) for two reasons. First, the
anion contribution to the intrinsic conduction is
significant. Secondly, the presence of OH" ions
strongly suppresses the number of extrinsic vacan-
cies present at low temperatures by forming com-
plexes with the divalent cations. Fritz, Luty, and
Anger® have shown that the extrinsic conductivity
of KCl1 crystals doped with KOH depends very
strongly on annealing and treatment with chlorine.
It was suggested that OH " ions form a precipitate
with Ca, effectively neutralizing the Ca ions. The
difference between the extrinsic conductivities in
quenched and annealed samples indicates that at
high temperatures near the melting point these
OH " and Ca complexes break up, restoring the full
effect of the divalent impurities. Therefore, if
OH" ions were introduced into the crystal during
growth or exposure to the atmosphere, the number
of extrinsic vacancies in the intrinsic region would
be much higher, by a factor of 2 or 3, than the
value obtained by extrapolation of the observed low-
temperature extrinsic conductivity. Since the anion
contribution and the effect of OH " ions cannot be
accurately estimated, we assumed that X 'O/c would
fall between one and three times the ratio of the
observed intrinsic and extrapolated extrinsic con-
ductivities. The large uncertainty in X} /c, how-
ever, causes only 4% uncertainty in AV, since
only our low-pressure data were fitted to the nu-
merical results of Eq. (7).

As expected, introduction of the X} /c term ac-
counting for the contribution of extrinsic vacancies
greatly affects the curvature at high pressures. In
fact, the curvatures indicated by the dotted lines in
Figs. 3-6 were due mostly to the effect of the ex-
trinsic vacancies. A smaller contribution to the
curvature results from AV, itself decreasing with
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TABLE III. Activation volumes for formation of Schottky defects compared to the molar volumes V, at 700 °C
(in cm®/mole).
Present work Biermann (Ref. 5) Beyeler and Lazarus (Ref. 8)

Material Vy AV4(1) AV4(2) AV42)/VE AV AV/V, N AVy/V,,

KCl1 41.4 64+ 5 61+9 1.5+0.2 67 1.6 soe

NaCl 29.7 56+5 559 1.9+0.3 43 1.5 39+3 1.3+0.1

KBr 47.6 54+5 549 1.1+0.2

NaBr 35.4 46+ 5 44+ 9 1.2+0.3

pressure, as discussed earlier.

The terms (1 -KP)¥? and v(P) were treated in the
same way as discussed earlier and have negligible
effect on the uncertainties in AV, or the curvature.
The remaining contributions to the uncertainty in
AV, came from the random errors in fitting the ob-
served data and the uncertainties in the tempera-
ture correction. These last effects contribute only
about half the total uncertainty. We thus believe
that our indicated limits of error shown in Table III
[AV,(Z)] are far more realistic estimates of the
total experimental and theoretical uncertainties in-
volved in deducing values for the Schottky defect
formation volume than the smaller limits suggested
by earlier workers.

V. COMPARISON WITH THEORY

In the reaction-rate theory, which is based on the
assumption of thermodynamic equilibrium through-
out the diffusional process, the activation volume
for motion, AV, represents a real change in the
crystal volume due to the presence of diffusing
atoms at the energy saddlepoint. In this theory,
calculations of AV, have been based either on atom-
ic or continuum models.! In the atomic model the
defect properties are calculated from assumed
forms for the interatomic potentials. It has been
previously pointed out! that in KC1 and NaCl the
values for AV}, predicted by the atomic-model cal-
culations are only about half the observed values.

The continuum model of Zener?® and Keyes! as-
sumes that the defect properties can be represented
by the distortion of the macroscopic-crystal contin-
uum. In this “strain-energy” model, AV, is given
by

o [E5), ]

where K is the isothermal compressibility and
AG,, is the Gibbs free energy for motion. C is the
effective shear modulus, which is related to the
usual elastic constants by®°

C=%Cyu+%(Cy=-Cyy) .

Using the most recent experimental data for Ky,'*~#
AG, * and (8InC/8P)r, 2-% values of AV}, were

calculated from Eq. (8). The results are shown in
the third column of Table IV. Since the relevant
temperature is around 500 °C rather than room
temperature, values of Ky at 500 °C were used.
Only room-temperature values of (8lnC/8P), are
available. As shown in Table IV, these calculated
values of AV,, agree well with our observed values.
It appears, therefore, that the stain-energy model
provides a satisfactory calculation of AV}, in these
alkali halides.

On the other hand, Keyes' previously concluded
that Eq. (8) is not quite satisfied for the alkali
halides. He used the Griineisen relation rather
than the directly measured values of (8InC/8P).
Therefore, his calculated values for AV, were
smaller than those given in the present and
Pierce’s® analysis. In addition, Biermann’s® ex-
perimental values of AV} quoted by Keyes are
larger than those of more recent measurements, as
shown in Table II. Keyes’s conclusion, therefore,
appears to have been based on questionable data.

A different interpretation of AV, is provided by
the dynamic theory of diffusion suggested by Rice
and others, 3 and more recently expanded by
Flynn. %3 In this model the activation volume for
motion is a useful parameter to represent the pres-
sure change of migration rates, but it does not cor-
respond to any real volume change during a diffu-
sion jump. Rather, AV, is closely related to the
effect of pressure on the optical-mcde lattice vibra-
tions. Flynn obtains® the expression

AGn=zw?,

TABLE IV. Comparison between experimental and
calculated values for activation volumes of motion (in
cm?/mole).

AV, (expt) AV, (calc)* AV, (cale)®
NaCl Tx1 5+1 s
KC1 8x1 61 23+ 2
NaBr 8+1 9+ 1 see
KBr 11+1 9x1 24+ 2

*Calculated from the strain-energy model using Eq.
(8). (See text.)

®Calculated from Eq. (9) based on the dynamic theory.
(See text.)
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9
AVm= 2(“18—12}>A6m’ (9)
where w is the optical-mode frequency and ¢ is a
critical fluctuation parameter. For monatomic
crystals, using the Debye approximation, Flynn
regains the result of the strain-energy model Eq.
8).
( )Values of AV}, were calculated from Eq. (9)
using the experimentally determined pressure change
of long-wavelength transverse-optic -mode fre-
quencies.?® The results, shown in the fourth column of
Table IV, do not agree with our observation. It
cannot be concluded, however, that Flynn’s theory
gives an incorrect result, since only the long-
wavelength transverse mode was considered in our
analysis, whereas the short-wavelength longitudi-
nal-optic modes should dominate in the diffusion
process.

Theoretical calculations of the volume of forma-
tion of the Schottky defects in ionic crystals have
been previously performed along with calculations
of the defect energy.? While the predicted defect
energies show some agreement with experiment,
the volumes of formation of defects are very sensi-
tive to the nature of the models and approxima-
tions and in general do not agree with the observed
pressure dependence of the conductivity.

A significant result of recent theoretical analysis
is that the activation volume associated with forma-
tion of Schottky defects is not simply related to the
relaxation of the nearest-neighbor atoms around
vacancies. Rather, the relaxation of atoms far
away from the defect has to be considered. There-
fore, one cannot simply conclude that the nearest-
neighbor atoms around vacancies relax outward if
AV, is larger than V.

The most recent calculation by Faux and Lidiard*
predicts that AV, (calculated at room temperature)
is considerably smaller (AV,/V, ~0.5) than the
molar volume Vy. This is in conflict with the re-
sults of our measurements, which show that AV, is
greater than V,, in these alkali halides. Although
it has been suggested® * that anharmonic effects
may cause the formation volume to increase with
temperature, it is not presently obvious how such
an effect will be great enough to resolve the dis-
crepancy.

It should be noted that the experimentally deter-
mined values for AV, /V, are considerably greater
in the chlorides than in the bromides. Although the
current theories cannot explain this difference, it
may be related to the larger size of the bromide
ions. It would be desirable to make similar mea-
surements in the fluorides and iodides to determine
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if this trend persists.
VI. CONCLUSIONS

The ionic conductivities of “pure” Harshaw KCI,
NaCl, KBr, and NaBr in the “intrinsic” tempera-
ture range do not show a simple exponential de-
crease with pressure between 0 and 6 kbar. The
observed Ino-vs-pressure graphs show curvatures
at high pressures. This curvature is most probably
due to the presence of divalent cation impurities;
the intrinsic Schottky defects are suppressed by
pressure, and at higher pressures the relative
contribution of the extrinsic cation vacancies to
conduction will be increased. Thus the observed
“pressure-knee” effect is apparently analogous to
the “temperature knee” which separates the intrin-
sic from the extrinsic conduction region. At pres-
sures beyond 6 kbar, one should approach the “ex-
trinsic” region, and the pressure dependence of
the conductivity will be further reduced. Our anal-
ysis also shows that the curvature can be caused
partly by the decrease of AV, with pressure. An
additional contribution to the curvature could arise
from the anion, especially if the activation volume
for motion of anions, AV}, is much greater than
that for cations. It would be desirable to measure
AV, for these systems. Such a measurement will
also provide a test for Flynn’s prediction® that
AV /AV ;= AG, /AG,.

The observed activation volumes for motion of
cations agree well with predictions of the strain-
energy model of Keyes' and the dynamical theory of
Flynn, %3 if the observed pressure dependence of
the effective shear modulus is used. The observed
pressure dependence of the long-wavelength trans-
verse-optical-mode frequencies shows a poor cor-
relation with the observed AV, possibly because
the contributions of other more important optic
modes have not been included.

The uncertainty in the estimated formation vol-
ume AV, of Schottky defects is high in the present
analysis. Although the experimental errors are no
higher than those in previous measurements, the
inclusion of anion and extrinsic vacancy contribu-
tions causes large uncertainties. However, despite
these larger uncertainties, the values deduced for
AV, are still appreciably larger than those calcu-
lated by atomic models.
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Substitutional monovalent sodium ions in MgO and SrO trap holes when exposed to ionizing
radiation at 77 K. The [Na]’ centers thus formed have (100) axial symmetry at 4.2 K and

their spin-Hamiltonian parameters are reported.

The isotropic part of the hyperfine inter-

action for [Na)’, which has opposite sign to the anisotropic term, is larger than that observed
for [Li]? in these hosts. Optical absorption bands have been correlated with the [Na]’ centers,
and their peaks occur at 1.58 eV for MgO and 1.34 eV for SrO. Decay temperatures have been

determined to be approximately 190 K for MgO and 160 K for SrO.

The EPR, optical, and

thermal properties of these centers resemble those of the V- and [Li]° centers.

INTRODUCTION

During irradiation a cation vacancy in the alkaline
earth oxides can trap a hole and form the paramag-
netic V center.'”% The center has been identified
by EPR studies to have axial symmetry along the
(100) direction, with the hole preferentially located
at one of the neighboring oxygen sites, forming an

O” 10n, at any given time. In the case of MgO, an
optical absorption band peaking at 2.3 eV has been
correlated with the V" center.*® The half-width of
the band, ~1 eV, is exceptionally large and the os-
cillator strength of ~0.1 reflects neither a purely
allowed nor a purely forbidden transition.
A monovalent alkali ion placed at a cation vacancy

can also capture a hole during irradiation to form



