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Ionic conductivity in polycrystaBine Nacl was measured using a dc technique to 35 kbar in a modified

Bridgeman anvil device at ambient temperatures. An analysis was made of the pressure effect on the vacancy-

impurity complexes contribution to ionic conductivity using the Pierce-Lazarus conductivity expression with

an extension of the Lidiard theory of vacancy-impurity association to include pressure efTects. Using a value of
5 cm'/mole for the activation volume of motion of free Na vacancies inferred from this measurement and the

strain energy model of Keyes, this analysis obtained a good fit to the existing data in the "extrinsic" region

obtaining values of 0.43 eV/atom for the free energy of association of complexes and 14 cm'/mole for the

activation volume of reaction. Thermal Schottky disorder was found to be negligible below 600 K, whereas

"extrinsic" vacancy effects are not negligible even at the melting point according to this model. Although this

model suggests a large increase in apparent activation volume near the melting point using Etzel and Maurer's

early results for the concentration and an activation volume of 28 cm'/mole of Schottky defects, the

agreement of this calculation with previously measured results is poor. This suggests that additional

conduction mechanisms may be operable above 900'K in agreement with the conclusions of Martin et al,

INTRODUCTION

At normal pressures and temperatures, elec-
trical conduction in NaCl is accomplished by the
drift of Na cations through the lattice in response
to an electric field. ' In pure crystals, thexmal
Schottky defects, i.e. , pairs of Na and Cl vacan-
cies, provide the mechanism by which diffusion of
the Na ions and conduction occurs.

Mapother, Crooks, and Maurer demonstrated
the validity of the Nernst-Einstein relationship be-
tween the electrical conductivity 0 and the cationic
diffusivity D in NaCl above 850 'K:

a/D=Ne /kT,

where N is the number of sodium ions per unit
volume having a charge e and k T is the usual
Boltzm ann temperature factor.

However, small concentrations of multivalent
cationic impurities have a profound effect on both
the ionic conductivity and cation diffusion below
850 K in the "extrinsic" region. Here Mapother
et al. observed large deviations from the Nernst-
Einstein relation even in the purest crystals avail-
able. They proposed that this deviation was due
to "extrinsic" vacancies introduced in the crystal
by the multivalent cationic impurities and the re-
quirement of electroneutrality. Using the theory
of RssocaRtion of impurity-VRCRncy complexes of
Stasiw and Teltow' and an elementary treatment of
complexes due to Seitz, they proposed that close-
ly bound cationic impurity-vacancy complexes con-
tributed to the diffusivity. However, these com-
plexes, which are electrically neutral, did not
contribute to the measured conductivity. Using
this analysis they were able to account qualita-
tively for the measured discrepancy from Eq. (1)

f /& (1 p)2 & eEg /kr (2)

where n, is the concentration of divalent impurities,
z is the orientation number (e = 12 for NaC1), and

6( is the free-energy change of association. This
result neglected the effect of thermal disorder and
assumed nearest-neighbor interactions only; how-
ever, Lidiard pointed out that "intrinsic" Schottky
defects could be introduced as a separate molec-
ular species without affecting the equilibrium re-
lationship described in Eg. (2). Of course, this
is only strictly correct when there is no interac-
tion between molecular species, i.e. , ideal solu-
tions. Nonideality can be evaluated by the replace-
ment of concentrations with appropriate activity
coefficients.

Lidiard introduced nonideality by applying the
Debye-Huckel screening constant y involved in the
interaction between unassociated defects to the
free energy of association h$ and the related ef-
fects of defect mobilities.

The first measurements of the pressure effect
on conductivity by Lazarus ' Rnd Pierce demon-
strated that the apparent activation volume,
RT(s ina/sP)r was very temperature dependent in
the range of 500-800 K. They found the apparent

and for the variation in diffusivity and conductivity
with divalent impurity concentration.

Lidiard' extended the Stasiw-Teltow association
theory by application of the mass-action law to the
quasichem ical reaction:

(unassociated impurity)+ (unassociated vacancy)

w (impurity-vacancy complex)

to determine the degree of association P of im-
purity-vacancy complexes. He obtained
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activation volume to vary from 9 cm'/mole at the
extremes of this range to a clear maximum of 13
cm /moles near 600 'K. These volumes are sig-
nificantly larger than the ionic volume of 5 cm /
mole for Na in NaCl.

Pierce analyzed his results using an explicit
relationship for the conductivity from reaction
rate theory. He obtained

o (& &2&2& /QT) e-(kckL~kr) (3)

where n& is the total concentration of free vacan-
cies, a is the lattice jump distance, vo is the
atomic attempt frequency normally of the order of
the Debye frequency, and b, G is the Gibbs energy
for the motion of the cation over the diffusion
barrier. The activation volume for cation motion
AV is obtained in the usual way,

bV = =kT +2

8 lnvo't 8 lno T

where the last term, the apparent activation vol-
ume, is measured experimentally. Pierce was
able to show that the pressure variation of the
lattice constant and vibrational frequencies were
negligible. By empirically evaluating the vacancy
term from his extensive data, he deduced an es-
sentially constant motional volume hV of 7.0
s 0. 5 cm /mole, which was in good agreement with
the theoretical prediction of 5 cm'/mole obtained
from the strain-energy model of Keyes. The
strain-energy model relates the activation volume
to the appropriate activation energy and elastic
parameters to obtain

bV = —Kg AG (5)

where C is the effective shear modulus and K~ is
the isothermal compressibility. Pierce used
both the Gruneisen model of a solid and an expres-
sion for the average shear modulus due to Brooks'
to evaluate (5).

Several authors have extended the pressure mea-
surements in the temperature region above 800 'K
finding apparent activation volumes approaching 36
cm'/mole near 1000 'K. " " Using an empirical
analysis similar to Pierce's technique to evaluate
Eq. (4), Biermann found n. V to be 9. 5 cm /mole
while Beyeler and Lazarus found AV to be 6. 6
+0. 6 cm /mole for temperatures up to 950 'K.
Yoon and Lazarus" using a similar technique
found b, V to be V. O+1.0 cm'/mole at 993 'K, by
application of a 10% correction to their data. In
order to account for the large apparent activation
volumes in the high-temperature "intrinsic" re-
gion, a large activation volume of formation of

Schottky defects approaching 60 cm'/mole near
1000 'K was inferred. " ' This result is in sharp
disagreement with the recent calculation by Faux
and Lidiard indicating a smaller volume of about
15 cm'/mole at room temperature.

The possibility that anion diffusion contributes
to the measured as discussed by several authors' '6
was effectively eliminated by the tracer diffusion
measurements of Martin et al. '~ They found the
zero-pressure activation volume for the self-dif-
fusion of 2Na in NaC1 to be 37+4 cm'/mole from
which they deduce the formation volume of Schottky
defects to be 60 cm /mole in good agreement with
the experimental conductivity results. "" Thus,
motion of the Na ion is confirmed as the principal
conduction species and Martin et al. '~ suggest
vacancy pair processes as being the more probable
process at high temperatures.

Recently, Kost and Hultsch' measured the pres-
sure effect on the nuclear magnetic resonance
(NMR) rotating frame relaxation time in doped
NaCl at low temperature. Assuming the associa-
tion reaction complete and including the pressure
effect on Schottky defects, they concluded that
6V was about 7. 4 + 1.0 cm'/mole at 385 'K.

Better agreement occurs between Faux and
Lidiard's value of 2. 2 eV for the activation energy
of formation of Schottky defects and the measured
values ranging between 2. 0 to 2. 5 eV. '~ '

Several calculations' and measurements '
indicate that the association energy 6( is near
0.4 eV/atom rather than 0. 3 eV/atom predicted
by the Stasiw-Teltow analysis neglecting Debye-
Huckel effects. It appears that the Debye-Huckel
charge-cloud variation due to interacting defects
makes an important contribution to the binding en-
ergy in NaCl crystals.

It is the purpose of this paper to report on a
measurement of the pressure effect on the conduc-
tivity of polycrystalline NaCl at ambient tempera-
tures, to incorporate the Lidiard association
model into the calculation of activation volumes,
and to compare the results of this calculation with
existing data.

EXPERIMENTAL TECHNIQUE AND RESULTS

Reagent-grade NaC1 crystals from Matheson,
Coleman, and Bell, Chemists, Los Angeles, hav-
ing total impurity content less than 0.4 jo of which
the divalent impurities levels were Ba 0.001%,
Ca 0.005%, and Mg 0.005% by weight were used
in this experiment.

Cylindrical sample pellets were compacted with
a pressure near 6 kbar to a diameter of 0.43 cm
and height of 0. 115 cm in a clean die and piston
jig. These samples were placed in the sample
holder of a high-pressure cell described elsewhere
by Kendall et al. and given a preliminary cycle
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to 100 kbar. Examining a typical sample indicated
that further compaction had occurred in this pre-
liminary cycle such that the sample height was
now reduced to about 0.090 cm. Density was de-
termined by the gravimetric technique of Voronov
et al. to be within 50 ppm of the density as de-
termined by x-ray analysis. Further cycling of
the samples yielded small additional hysteretic
thinning of less than 1% per cycle, which was at-
tributed to sample spreading. No correction has
been made for this small hysteresis effect which
occurred during the measurement.

Sample resistance was measured using the sys-
tem described in Fig. 1 where a motor-driven
switch reversed the current through the sample
every 30 sec to avoid saturation due to the charge
polarization described in the earlier work. The
specimen resistance was determined at the end of
each cycle for both current directions, and an aver-
aging technique indicated that the polarization
voltage was less than 1% of the voltage drop across
the sample.

Simultaneous ultrasonic measurements were
made of the shear and longitudinal velocities using
a resonance technique to be described elsewhere.
The ultrasonic measurements permitted the moni-
toring of sample dimensions at pressure and yield-
ed a pressure calibration based on the ratio of
longitudinal velocity to shear velocity from pre-
viously available data. 6'

In order to reach pressures in excess of 10 kbar,
a solid high-pressure cell was used, 8 which ne-
cessitated several important changes in experi-
mental procedures from those normally used in
lower-pressure gas hydrostatic systems. First
of all, the ultrasonic technique used to determine
pressures required the elastic isotropy of poly-

crystalline samples. Also, the nonhydrostatjc
pressing of samples inherent in solid systems in-
creased the possibility of introduction of excess
vacancies and dislocation into the samples during
pressurization. Since repeated runs were made
on each sample and in situ heating is not presently
available on our cell, post-pressing annealing was
not performed before runs. However, the mea-
sured resistance ratios were recoverable from run
to run, within a random scatter of about 20%,
whereas the larger random scatter at high pres-
sures may be attributable to either the difficulty
in measuring large resistances or the difficulty in
obtaining "equilibrium" owing to reduced mobility
of defects or both.

Figure 2 represents the resistivity ratio po/p
(or conductivity ratio (T/0'o) where the subscript 0
refers to the room-pressure value, as a function
of pressure at 300 'K. The data shown are one of
the pressure runs made on several of our samples
which fairly indicate the larger scatter inherent
in our technique. A straight-line fit to our total
body of data yields an apparent activation volume
of 4. 5+ l. 5 cm'/mole for polycrystalline NaC1 with
reasonable accuracy, although there appears to be
a trend to a slightly lower volume for pressures
less than 15 kbar. Because of the somewhat
larger random scatter of our data, curvilinear
fits suggested by other investigators were not
made. Typical sample resistances were 13 MQ
and a rough estimate of resistivity of 9. 7 MA cm
was in good agreement with literature values at
300 'K

THEORETICAL

The key step in the calculation of activation
volumes from the measured conductivities lies in

O. OI pF
I I

I

/ /
C ULTRASONIC

EQUIPME N Tl S 4 M PL E DRIVEN
MOTOR

SwITC

1-5 VOLTS

FIG. 1. Schematic of
resistance and ultrasonic
measuring system.

LEEDS f NORTMRUP

K6 POTENTIOMETER

STA N DARD



14 PRESSURE EFFECT ON IONIC CONDUCTIVITY IN NaCl 2675

IO vacancy concentration nz is

n~ =n, (l-p)+nyv,

where n« is the concentration of thermal cation
vacancies defined by

e-( 6Gy y/ 2kT) (8)

yq
I 0
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R

Using Eqs. (2), (7), and (8), one can obtain

kT = —~ AVs—,(8)gP ~„, n~ P+1 ny 2

where the activation volume of reaction hV~ is de-
fined by

M -P
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FIG. 2. Pressure effect on the resistivity ratio po/p
(or the conductivity ratio 0/cro) for several samples.

40

(6)

where DG« is that portion of the Gibbs free energy
required to form anionic-cationic vacancy pairs.

In "doped" crystals, the concentration of unas-
sociated or "free" extrinsic cationic vacancies
introduced by n, cationic impurities is n, (1-p).
The value of the degree of association p is de-
termined from Eq. (2). Thus the total free cation

the accurate estimation of the pressure variation
of the total free vacancy concentration, since the
bound impurity-vacancy complexes do not con-
tribute to the measured conductivity.

Let us examine the thermal-disorder contribu-
tion to the free vacancy concentration first, since
we have already determined that each contribution
may be evaluated as a separate species. These
defects are introduced in ionic crystals, such as
NaCl, as a condition of thermodynamic equilibrium,
i.e. , the free energy contains a well-defined con-
figurational entropy term. Furthermore, to es-
tablish electroneutrality, it is required that these
thermal vacancies be formed in anionic-cationic
pairs. In "pure" crystals, this is the only con-
tribution to the free vacancy concentration n&. The
pressure effect on a "pure" crystal's conductivity
would then contain an activation volume of forma-
tion of thermal defects, hV«, of

and ~. =n;(1 —P).

Normally, one assumes that the activation vol-
ume of motion and formation' are temperature
independent. ' However, the activation volume of
reaction requires a more careful evaluation. It is
important to note that electroneutrality requires
that the total number of "extrinsic" vacancies be
independent of temperature and pressure and be
determined solely by the concentration of multi-
valent impurities. Hence, the activation volume
of reaction is the pressure effect on the reaction
equilibrium in which the total number of reactants
are constant. This reaction differs from the va-
cancy-impurity reaction in a metal, where the
number of vacancy reactants is pressure and tem-
perature sensitive.

The Gibbs-free-energy change 4$ obtained from
the statistical-mechanical analysis of the equilib-
rium constant does not contain a term for the con-
figurational entropy per ge; it is "the work gained
under conditions of constant temperature and pres-
sure in bringing a vacancy from a particular dis-
tant position to a particular nearest-neighboring
position of the impurity ion. "' We may decompose
this free energy into a heat of association and an
entropy of association in the normal manner.
Then, using the fact that entropy is an extensive
thermodynamic property, we may separate those
entropy-of-association terms we relate to the
movement of the distant vacancy to a particular
nearest-neighbor site AS, and assume that the
pressure variation of all other enthalpy and en-
tropy terms in b, $ cancel, then the activation vol-
ume of reaction is

S, V,

(xo)
where hV, is the change in the volume of the
crystal due to a change in reaction equilibrium.

The volume of the crystal may be expressed as

V= fpn, V&+n&(1-P)V„+(1 -p) n; V, + V',
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&V~=- T — AV,
Py n)

(12)

where the reaction volume 4V is equal to (V„+ V;
—V~), i. e. , "reactant's volume minus product's
volume. "

Using Eqs. (4), (9), and (12), we obtain

kT
BlnvT ~o p T P &V

of + ffg

~ng ~Vf v
ms

f
(13)

from which AV may be determined, parametrized
by the binding energy 6(, the reaction volume 6P',
and the activation volume of formation of thermal
vacancies AV«. It is important to note that this
analysis does not include either electrolytic inter-
actions (Debye-Huckel) or impurity precipitation
effects.

where V~ is the molar volume of a pair, V„is the
molar volume of a free extrinsic vacancy, V, is the
volume of a free impurity, and V' comprises all
other volume terms. Thus, the volume change of
the reaction 4 V, may be written

EVE = b V(1 —p) + V(„

and using (10) we obtain

x T — AV

where

~Vf v
my

f

and

A = To/3(v 2+ 1) T

E= 2[V 2vn;(1 —p) To/T] ~ =ca

The Debye-Huckel theory is complete when the free
energy [Eq. (14)] is used in Eq. (2) to calculate the

degree of association P. The latter correction is
more important in dilute solutions of NaCl which
were investigated here.

ANALYSIS

a hindrance to the mobility due to the Debye-Huckel
charge cloud; however, increasing the pressure in-
creases P due to the decrease in the concentration
of unassociated defects. Thereby, the effective
activation volume of motion is reduced. Using the
above relations we may modify Eq. (13) to include
the Debye-Huckel mobility correction and obtain,

slnoT nf, AE(1 —v 2E )aa, „. , 2((( &2@}((~ E( —Az] )

Debye-Hiickel correction

2(2v~g)«2 [n. (1 P)]»~ (T /T)3('

3(v 2+1) (1+a~) (v 2+2a(() (15)

in which K ls the Debye-Huckel screening constant
defined by

a(( =2[v&2 n, (1 —p) To/T]'~ . (16)

It is interesting to note that this term suggests

The analysis leading to Eq. (13) ignored the

existence of Coulombic interactions between the
unassociated defects. These interactions will af-
fect not only the free energy of association A$ in
the mass action [Eq. (2)], but will affect the mo-
bility of the conduction defect. Following Lidiard,
the corrected free energy h$ is

~T 2(2v((2 )~~ (To/T) ~ [(1-p) n, ] ~~

kT T 1+2(2vW2)' [(1 —p) n(TO/T]~~

assuming negligible thermal disorder and nearest-
neighbor interactions between an impurity and a
vacancy at a distance of &2a, where a is the nor-
mal anion-cation separation. Using pure Coulombic
interactions in the simple Stasiw-Teltow theory
yields a free energy h$ =e /W2ea where e is the
dielectric strength.

Lidiard also applied the Onsager-Pitts correc-
tion to the limiting mobility and obtained the multi-
plicative correction factor g:

The careful experimental measurements on
monocrystalline NaCl by Dreyfus and Nowick
suggest that the dominant conduction defect is the
extrinsic "free" vacancy defect introduced by
polyvalent cationic impurities contained in even
the most pure crystals at ambient temperatures.
They also concluded that precipitation effects are
negligible in samples containing less than 100 ppm
impurities regardless of heat treatment. Below
273 'K, Dreyfus and Nowick found enhanced con-
ductivity owing to quenched-in "free" vacancies
and in heavily doped samples they observed an-
nealing out of this excess conductivity within 2 h

at 267'K. Using their value of the annealing acti-
vation energy indicates that excess vacancies
should be eliminated in less than the time interval
(-30 min) between each pressure increment in our
experiment.

At ambient temperatures, the reaction equilib-
rium is relatively insensitive to both temperature
and pressure; therefore, the pressure effect on
the conductivity is primarily owing to the pressure
effect on vacancy motion for "pure" materials
according to this model. Yoon and Lazarus have
recently reevaluated the motional volume calculated
from the Keyes continuum model and the Brooks
expression for the average shear stress' obtain-
ing a value of 5 cm /mole for (((V . Since our
measurement suggests that aV is 4. 5+ 1.5 cm'/
mole for polycrystalline NaCl in our system, we
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will use a value of ~V„=5 cm/mole for all tem-
peratures in this analysis.

A proper value of the free energy 6( for the
evaluation of the association parameter must be
selected. It is immediately apparent that the
maximum near 550 K observed in the experimen-
tal data for NaCl crystals doped with 10 mole
fraction CaC12 by Lazarus is primarily due to the
impurity effect in Eq. (13), since any reasonable
estimate of the thermal vacancies contribution is
negligible at these temperatures. It is also noted
that the position of the maximum is very sensitive
to the impurity level and the free energy selected.

Using the pure Coulombic interaction in the sim-
ple Sta,siw-Teltow theory yields a free energy b, (
= e'/~2 ea = 0.21 eV, where e is the dielectric
strength. Using this energy yields a maximum
near 400 'K in poor agreement with the Lazarus
data. Instead, the Debye-Huckel correction to the
association energy [Eq. (14)] is used in Eq. (2).
For an impurity level of 10 mole fraction, values
of Tp near 5000'K yield maxima near 550 K for
the first term, the "extrinsic" term, on the right-
hand side of Eq. (13). Throughout this procedure,
the ratio p. /p was assumed to be unity. The val-
ue of the reaction volume is determined by varying
its value to fit the available experimental data up
to 650 'K assuming a negligible thermal vacancy
effect. The best fit to the data is obtained for a
value of Tp= 5000'K corresponding to an energy of
association of 0. 43 eV and a reaction volume 6V
of 14 cm'/mole. A fit to the peak in the Lazarus-
Pierce data for n; =2x10 yields a value of Tp
= 4600 'K.
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FIG. 3. Curves showing the degree of association p
as a function of temperature for four different divalent
impurity concentrations. The association energy 6(
=k To has been determined from Eq. (&4).
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FIG. 4. Curves showing the contribution to the "ap-
parent" activation volume (BlncrT/BP)z due to the "ex-
trinsic" term (n&. /n~) T(Bp/BT)p „DV, and the "intrin-
sic" term, tn~z/n&) (yAV&&), for several different di-
valent impurity concentrations. Parameters used
in this figure are TO=5000'K, DV=14 crn/mole, and

QV&z = 67 crn /mole.

A plot of p versus temperature is shown in Fig.
3 for various impurity concentrations and Tp
= 5000 'K.

Figure 4 illustrates the effect of the variation of
the impurity term in Eq. (13) for To =5000'K and
b, V =14 cm'/mole for several impurity levels.
Clearly the maximum is shifting to lower tempera-
tures and to a larger value as the impurity concen-
tration decreases in contrast to previous data.

The data above 650 K can now be analyzed to
eva. luate the "intrinsic" vacancy term (nz„/nz)
x 24V~Q The surprising result of our analysis
is that impurity effects played an important role
in the conductivity at temperatures above 650 'K
even when the impurity level was less than 10 '.
This is primarily due to the competition of "ex-
trinsic" and "intrinsic" vacancies to play the role
of diffusion mechanism; i.e. , the "extrinsic"
term is non-negligible at high temperatures.

Using the parameters (TO=5000'K and b, V=14
cm'/mole) obtainedfrom fitting Eq. (13) to the maxi-
mum in the Lazarus data near 550 'K for crystals
having 10 impurity levels, curves of apparent
activation volumes were calculated for different
impurity levels from this model. In this analysis,
both the activation volume of formation and the
concentration of Schottky defects were varied in an
attempt to fit published experimental data. This
fit yielded an absurd value of —,'~ V~v& 100 cm'/
mole; however, the concentration parameters
were in reasonable agreement with published val-
ues.
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In an attempt to determine the possible range of
validity of our model, the experimental data in the

highest temperature range were systematically
excluded in the analysis. This procedure suggests
that a reasonable fit to the data below 950 K could
be obtained with ~ XV«=33. 5 cm /mole and a
concentration of thermal cationic vacancies n&~

given by

0 2 e-(12 500/ 2')

which is shown in Fig. 5 as curve A. Curve A'
was calculated using Eq. (18) and with 2b, V&„=14
cm'/mole for comparison, whereas curves B and
C were calculated to show the effect of impurity
levels on apparent activation volumes according
to this model.

DISCUSSION

The value obtained for the free energy of asso-
ciation is in good agreement with previous mea-
surements ' 3 and calculations' ' once the Debye-
Huckel corrections due to interactions among un-
associated "extrinsic" defects have been made.

There are no previous measurements or calcu-
Lations of the reaction volume 4V to compare with
our results. Essentially, this quantity is the

IOO 200 300 400 500 600 700 800 900
TEMPERATURE ( K )

FIG. 5. Curves showing the temperature dependence of
the "apparent" activation volume (8 lngT/BP)& for sev-
eral different; divalent impurity concentrations; A, 10 6;

B, 10; C, 10 3 mole fraction with T'0=5000'K, AV=14
cm~/mole, and DV&~= 67 cm3/mole. Curve A' is shown
for an impurity concentration of 10 6 mole fraction and

&Vfz ——28 cm~/mole. Data points are 4 (Refs. 6 and 8);
~ {Ref. 11); ~ {Ref. 12); v (Bef. 13b), + (Bef. 133);

(Ref. 14), and a (present). Solid symbols represent
"pure" samples (n& =10 6) whereas the open symbols
represent "doped" samples (n& =10 4).

change in volume due to the formation of impurity-
vacancy pairs in our model. If one makes the
crude assumption that the impurity radius is un-

changed in either the "free" or "bound" state, then
this volume represents the change in the vacancy's
volume going from an environment of singly-
charged Na nearest neighbors to the bound state
in which one of its nearest neighbors is a divalent
impurity. One cannot infer absolute volumes for
either state of the extrinsic Na vacancy, since the
activation volume of formation 4 V«deduced be-
low may contain nonvolumnic terms.

Although this model predicts a maximum in the
activation volume for the 10 impurity level at the

proper temperature, the predicted apparent activa-
tion volume exhibits a broader peak than the I az-
arus —Pierce data suggest. If this is a real ef-
fect, there are several possible causes." the first
problem may be the neglect of higher-order inter-
actions in the Debye-Huckel theory, especially for
higher concentration limits. The second problem
may be the temperature variation of b, V which is
difficult to evaluate. Finally, second-order ef-
fects on d V~ could occur through a pressure varia-
tion in the neglected enthalpy and entropy terms
in Eq. (10).

The shift to higher temperatures for the apparent
activation volume maximum with increasing im-
purity content is contrary to the reported data for
NaCl. 8 Careful evaluation of the theory of as-
sociation has indicated that the maximum in the
zero-pressure activation volume should occur
where 4 Vs or T(&p/sT)~ „, is a maximum. This
discrepancy is puzzling since the experimental
data of KCl appear to support the prediction of
this model. In any event, a clear test of this
model can be made by measuring the apparent
activation volume for NaCL crystals having a 10
divalent impurity Level which should show a clear
maximum near 400'K. Care must be taken in this
measurement since the peak may be extremely
sharp. Unfortunately, the temperature range above
room temperature required to test this hypothesis,
is not presently obtainable in our device.

The proposed model involving a simple impuri-
ty-vacancy interaction clearly does not agree with
the measured activation volumes from conductiv-
ity" ' and self-diffusion' experiments above
950 K. Thus, the contribution of single vacancies
as described by this model cannot account for the
large experimental apparent activation volumes
unless unrealistic values for AV«are assumed.
It appears that some other mechanism for the dif-
fusion of Na ions is contributing to the conductivity
above 950 'K. Since Martin et al. '~ have clearly
eliminated anionic motion as a possible mech-
anism, our analysis supports their conclusion that
vacancy pairs may be the most probable conduc-
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tion mechanism. However, detailed experimental
and theoretical work seems necessary in order to
discriminate between the possible candidate mech-
anisms ~

Also shown in Fig. 5 are the calculated appar-
ent activation volumes for less-pure crystals as-
suming a formation volume —,'a V~r = 33. 5 cm'/mole,
which shows the marked decrease of over an order
of magnitude in the "intrinsic" vacancy term due
to a change in impurity level from 10 ~ to 10 4

according to our model. If a volume —,'AV&~=14
cm'/mole is assumed, this decrease is less
marked. Thus, an investigation of the effect of
cationic impurities on the conductivity above
950 K may yield qualitative data on the value of
the formation volume of cationic vacancies.

In comparing our value of hV deduced from
polycrystalline samples with published experimen-
tal resu]. ts, ~'8'~'~'~7 it is necessary to compare the
Pierce analysis with the predictions of th;s model.
The critical assumption of the Pierce analysis was
that the cationic vacancies in crystals containing
10 mole fraction of impurities would be com-
pletely dissociated at 773 'K, i.e. , there would be
no large changes in ~ with pressure at these
temperatures. Although the prediction of our
model is in qualitative agreement with this as-
sumption, we find (s inn~/sP)r „ to be approxi-
mately twice as large as that deduced in the Pierce
analysis. Our result is dependent on the fit to the
maximum in the Lazarus data; thus it appears that
our experimental results and those deduced from
other experiments using the Pierce analysis dif-
fer due to analysis rather than experimental tech-
nique. If the above speculations are valid and
the value deduced from our model for (sinn&/
sP)r „ is used in the Pierce analysis then the val-
ues of 6V, from all presently available data, are
within stated experimental uncertainties. Fur-
thermore, the lower value of d V suggested by
our experiments is in excellent agreement with the
Keyes model as previously mentioned.

The concentration of Schottky defects deduced
from our fit to the experimental data to 900 K is
in good agreement with earlier measurements 9'~'

and the recent calculation of Faux and Lidiard. '

Above that temperature, the "intrinsic" vacancy
term of this model for "pure" crystals becomes
dominant and predicts an increasing apparent
activation volume with increasing temperature for
any reasonable value of &b V«. This increased
volume is unable to explain the measured values,
thus our model supports the conclusion of Mar-
tin et al. that another conduction mechanism is
operable in this high-temperature region. This
component may be responsible for the pressure
"knee" observed in the conductivity" and diffusion"
measurements above 936 'K.

CONCI. USIONS

From our measurements of the pressure effect
on the ionic conductivity of polycrystalline NaCI
at 300 'K, a value of 4, 5 + 1.5 cm'/mole for the
activation volume of motion is obtained. Good
agreement with measured apparent activation
volumes up to 900 'K has been obtained using a
theoretical treatment which includes our measure-
ment of hV, an "extrinsic" vacancy term includ-
ing Debye-Hiickel effects [Eels. (14) and (15)j, and
the "intrinsic" vacancy term [Eq. (18)]. From
this anatysis, values of the free energy of associa-
tion and activation volume of reaction of 0.43 eV/
atom and 14 cm'/mole, respectively, are obtained.
The prediction of this analysis above 900 'K is in
poor agreement with measured apparent activa-
tion volumes and supports the conclusion of Mar-
tin et aL. that an additional defect may be contribut-
ing to the conductivity in this high-temperature re-
gion.

The authors would like to acknowledge the im-
portant contributions made by Dr. D. Lazarus in
his careful review of the original manuscript. It
is also our pleasure to acknowledge the continued
encouragement and support of Dr. Thomas E.
Davidson in this work and the helpful comments of
our colleagues, especially Mr. Joseph Cox for his
discussion of the reaction volume, and Mr. David
P. Kendall. The authors would like to acknowledge
the technical assistance of Mr. %illiam Korman
and Mr. Joseph Hart.

~Present address: USAF Geophysical Laboratory, Elec-
trical Processes Div. , Hanscom AFB, Bedford, Mass.
01730.
C. Tubandt, H. Reinhold, and G. Liebold, Z. Anorg.
Allg. Chem. 197, 225 (1931).

~D. Mapether, H. N. Crooks, and R. Maurer, J. Chem.
Phys. 18, 1231 (1950}.

30. Stasiw and J. Teltow, Ann, Phys. (N. Y. ) 1, 261
O. 947).

F. Seitz, Modern Theory of Solids (McGraw-Hill, New
York, 1940), p. 548.

A. B. Lidiard, Handbuch der Physi%, edited by S.
Flllgge (Spxinger, Berlin, 1957), Vol. 20, p. 246.

6D. Lazarus, in. Progress in Very High Pressure Re-
search (Wiley, New York, 1961},p. 46.

7C, Pierce an.d D, Lazarus, Bull. Am. Phys. Soc. 5,
200 (1960).

C. Pierce, Phys. Bev. 123, 744 (1961}.
B. Keyes, J. Chem. Phys. 32, 1066 (1960).
H. Brooks, Impurities and Imperfections (American
Society for Metals, Cleveland, 1955).
W. Biermann, Z. Phys. Chem. (Leipz. ) 25, 90 (1960};



C. G. HOMAN, F. J. RICH, AND J. FRANKEL

ibzd. 25, 253 (1960).
~M. Beyeler and D. Lazarus, Soli/ State Commun. 7,
1487 (1969).

' D, Yoon and D. Lazarus, Phys. Rev. B 5, 4935 (1972);
D. Lazarus, D. Yoon, and R. Jeffrey, Z. Naturforsch.
A 26, 56 (1971).
I. Faux and A. Lidiard, Z. Naturforsch. A 26, 62
(1971).
V. C. Nelson and B. J. Friauf, J. Phys. Chem.
Solids 31, 825 (1970).
S. J. Rothman, N. L. Peterson. , A. L. Laskar, and
L. C. Robinson, J. Phys. Chem. Solids, 31, 1061
(1ev2).
Q. Martin, D. Lazarus, and J. Mitchell, Phys. Bev.
B 8, 1V26 (19V3).
R. Kost and B. Hultsch, Phys. Rev. B 10, 3480 (1974).
H. Etzel and R. Maurer, J. Chem. Phys. 18, 1003
(1eso).
J. Eshelby, J. Appl. Phys. 25, 255 (1954).
F. Beniere, M. Beniere, and M. Chemla, J. Phys.
Chem. Solids 31, 1205 (1970).
F. Bassani and F. Fumi, Nuovo Cimento ll, 274
(1954).

~G. Watkins, Phys. Rev. 113, 79 (1959).
R. Dreyfus and B. Laibowitz, Phys. Bev. 135, A1413

(1964).
D. Kendall, P. Dembowski, and T. Davidson, Rev.
Sci. Instrum. 46, 629 (1975).
F. F. Voronov, V. A. Goncharova, and S. B. Gri-
gor'ev, Fiz. Tverd. Tel.a 13, 1353 (1971) fSov. Phys. —

Solid State 13, 1131 (1971}].
J. Frankel, F. J. Rich, and C. G. Homan, J. Geophys.
Bes. (to be publi. shed).
T. J. Ahrens and S. Katz, J. Geophys. Bes. 67,
2935 (1962).
B. Emrick, Phys. Bev. 122, 1720 (1961).
R. P. Huebener and C. G. Homan, Phys. Rev. 129,
1162 {1963).

3~Other work by M. S. Gilder et al. fPhys. Bev. 87,
2261 (1973)j indicates that the activation volumes may
be temperature dependent in some metals.
R„W. Dreyfus and A. S. Nowick, Phys. Bev. 126,
1367 (1962).

33W. H. Taylor, W. B. Daniels, B. S. Royce, and R.
Smoluchowski, J. Phys. Chem. Solids 27, 39 (1966).

3 Other work by I. S. Jacobs et al. fPhys. Rev. 8 4,
3757 (1971) suggests that anionic vacancies and Na' in-
terstitials may be current carriers at high tempera-
tures.


