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Pressure and temperature dependences of the ionic conductivity of CsC1
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Measurements of the pressure and temperature dependences of the ionic conductivity of CsCl combined with

earlier diffusion and/or ionic conductivity measurements at atmospheric pressure have allowed determination of
energies and volume relaxations associated with the formation and motion of Schottky defects in this crystal. An

important result is that the lattice relaxation associated with vacancy formation is large and outward, the formation

volume for Schottky pairs being 1.8—2.0 times the molar volume. The association energy of Cs vacancies and

divalent cation impurities is estimated to be 0.36 eV.

In this paper we present and. discuss the effects
of temperature and hydrostatic pressure on the
ionic conductivity of cesium chloride (CsCI). The
results have allowed determination of the energies
and volume relaxations associated with the forma-
tion and motion of Schottky defects in this crystal.
The association energy of Cs' vacancies and diva-
lent cation impurities was also determined.

Earlier diffusion and/or ionic conductivity stud-
ies on CsC1 at atmospheric pressure have led to
the following conclusions". (1) the conductivity is
essentially completely ionic; (2) Schottky defects
are dominant; (3) diffusive jumps are predominant-
ly single vacancy near neighbor jumps, but with a
small additional contribution from some more
complex neutral species, possibly vacancy pairs;
and (4) the mobility of the Cl ion vacancy is much
larger than that of the Cs' ion vacancy.

There appear to be no earlier studies of the ef-
fects of pressure on ionic transport processes in
CsCl. ' In the study of ionic transport there is
considerable interest in the investigation of the
elastic relaxation of ions around defects. The de-
termination of the activation volume for the forma-
tion and motion of lattice defects from pressure
studies of diffusion and/or conductivity is one of
the most direct means for studying this relaxation.
Earlier pressure studies on alkali halides having
the NaC1 structure have shown that the relaxation
of the lattice associated with vacancy formation ie
outsvard (i.e., the formation volume is larger than
the molar volume). » This result has been in dis-
agreement with theoretical calculations which show
that the relaxation should be inua»'d (i.e. , the for-
mation volume is smaller than the molar volume)
for all models of ionic vacancies investigated. '
This disagreement has not been understood. We
thus felt it desirable to examine the situation for
other ionic crystal types. This factor motivated
our present pressure studies on CsC1 and also on
the thallous halides' all of which have the simple
cubic CsCl structure.

The experimental details and data analysis are
similar to those described earlier" and will not be
repeated here. The ac conductivity measurements
were made on CsC1 samples cut from small single
crystals obtained from the Harshaw Chemical
Company (Solon, Ohio, U.S.A. ). Measurements
were made along one of the cubic axes (usually
[100]).

Figure 1 shows the temperature dependence of
the ionic conductivity, o, expresseP as logypoT vs
1/T, at atmospheric pressure (P =0) and at 0.40
GPa (=4.0 kbars) Ove. r the temperature range of
the measurements the conductivity at atmospheric
pressure exhibited two regimes. In regime I
the conduction is known to be intrinsic, and our
value of the activation energy. E~ =1.33+ 0.02 eV is
in good agreement with earlier results. '*' Since
the mobility of the Cl ion is known to be much
higher than that of the Cs' ion, E, is given by

p hPf + 'hH where hHf is the formation en-

thalpy for Schottky defects in CsCl and hP is the
mobility enthalpy for the Cl ion. In regime 0 the
conduction is extrinsic and the magnitude of 0 is
sample dependent. 'The P=0 data in Fig. 1 are on
two samples which apparently have somewhat dif-
ferent impurity content. For both samples E«
=0.62+0.02 eV, a value that is in good agreement
with the enthalpy of motion for the Cs' vacancy
(4H„') in CsCl." This is compatible with the
presence of divalent (especially Ca) cation impuri-
ties in our samples. The enthalpy for Cl vacancy
motion (~ ) has been estimated to be of the order
0.2-0.3 eV." For sample A1 in Fig. 1 we ob-
served a third conduction regime (regime II'?)
below 400 Eat P=0 with E=0.19 eV. This E may
correspond to hH, but this is not certain. Using
the value hH =0.2-0.3 eV with the above value of
E, in the intrinsic regime (1.33 eV) yields AH&

= 2.1 —2.3 eV for the formation enthalpy of Schottky
defects in CsCl. This compares favorably with
hHf's of 2.0 and 1.9 eV for CsBr and CsI, respec-
tively. ~ ' Table I summarizes the hH's for CsCl.
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FIG. 1. Temperature dependence of the ionic con-
ductivity of CsC1 at 0 and 0.40 GPa showing the various
conduction regimes. Also shown at atmospheric pressure
is the change in conductivity at the structural transition
to the NaC1 structure. The inset shows the pressure
dependence of the ionic conductivity at constant temper-
ature in regimes I and II.

placed the latter outside the range of the apparatus
used.

Pressure causes a large suppression of the con-
ductivity as shown in Fig. 1. This is associated
with increases in the activation energies with pres-
sure. Measurements at different pressures up to
8 kbars yielded d&, /dP = (37.5+ 1.5) && 10 ' eV/Gpa
and dEtt/dP = (7+2) && 10 ' eV/GPa. The large in-
crease in &, with pressure is due mainly to the in-
crease in Schottky-defect-formation enthalpy. Note
that the 0.4 GPa isobar in Fig. 1 exhibits a third
conduction regime (III) in which o decreases with
decreasing T faster than it does in regime II.
Regime III was observed in several isobars and we
believe that it is due to association of Cs' vacan-
cies and divalent cation impurities to form neutral
bound pairs which do not contribute to the conduc-
tivity. On this basis and from the activation ener-
gy in regime III (E„,= 0.80 eV) we estimate this
association energy to be 48, = 0.36 eV from the ex-
pression E~~~=2~, + ~'. This appears to be the
first evaluation of this quantity in CsC1.

At constant T, log„a decreases linearly with
pressure. this is illustrated in the inset in Fig. 1.
The 500- and 670-K data correspond to the pres-
sure dependences of o in the extrinsic (II) and ex-
trinsic (I) regimes, respectively, whereas the
570-K data show the pressure-induced transition
from intrinsic (regime I) to extrinsic conduction
(regime II). From the measured pressure depen-
dences of o' as determined from both o' vs I' iso-
therms and o vs T isobars we can calculate the
activation volumes, &V, for regimes I and II from
the expression~" '

At atmospheric pressure GsC1 transforms from
the CsCl structure to the lower density NaC1
structure at 740 K.' The transition is first order
and is accompanied by a factor of 10' decrease in
conductivity (Fig. 1). Since pressure favors the
CsCl phase the transition temperature is expected
to increase with pressure. %e did not investigate
the pressure dependence of this transition because
the expected increase in transition temperature
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In Eq. (1) N is the number of ions (sites) per unit
volume, v is the vibrational (or attempt) frequency
of the mobile species in the direction which car-
ries it over the energy barrier, and r is the jump

TABLE I. Values of the enthalpies, &H, and activation volumes, b V, for the motion and
formation of SchottkJJ defects in CsC1. The ratio of the formation volume to the molar volume

(&V~/Vz) is also given. The &V's are nearly temperature independent.

(eV)
AV

(cm3/mole) 4Vg/V~

Motion of Cs' vacancies
Motion of Cl vacancies
Formation of Schottky pairs

0.62 + 0.02
0.2-0.3
201—203

18.0 + 2.0
5.5-9.0
80-87 1.8-2.0

~Estimated range taken from Hef. 2.
"See text.
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distance. From the known values of the isothermal
compressibility' and Gruneisen parameter" of
CsCl, and following earlier procedures, "we ob-
tain the activation volumes shown in Fig. 2. These
volumes are nearly temperature independent over
the temperature ranges covered. The width of the
shaded bands of &V values in Fig. 2 represents the
estimated uncertainties in the various quantities in
Eg. (l).

The calculated ~V's in regime II simply repre-
sent the motional activation volumes for the Cs'
vacancy (&V„') since transport in this regime is
dominated by the mobility of this vacancy. " In
regime I the conductivity is intrinsic and domi-
nated by the mobility of the Cl vacancies so that
the calculated &V's represent "

(—,&V&+ &V ),
where ~V& is the formation volume for Schottky
pairs and ~V is the motional activation volume
for Cl vacancies.

To obtain &V& we need to know ~V . Unfortu-
nately, the available samples did not allow us to
measure inequivocally o(P) in an extrinsic regime
where the motion of the Cl vacancy was dominant.
Thus we do not have a direct measure of ~V .
However, we can estimate &V in the following
way. Flynn" has presented a dynamical theory of
diffusion which leads to the prediction that

hV /b V' = bG /EG'.

The known values of ~V' and the &G"s for CsC1
lead to the conclusion that &V =5.5 —9.0 cm'/
mole, the spread being largely due to the spread
in ~ which is estimated to fall in the range
0.2 —0.3 eV. This range of &V 's leads to ~V&
=80 —87 cm'/mole. The activation volumes are
summarized in Table I.

The most important feature of the results in
Table I is the large value of the formation volume
(&Vz) for Schottky defects in CsCl. This value is
about 80 —100% larger than the molar volume V„.
One can very readily confirm that this conclusion
is not materially affected by any realistic uncer-
tainties in the estimated value of ~V discussed
above. %e have recently found a qualitatively sim-
ilar result (i.e., &V& & V„) for the two crystals
TlC1 and TlBr which have the CsC1 structure. "
Thus the relaxation of the lattice associated with
vacancy formation for these CsCl-type materials
is outward as is true of alkali halides having the
NaCl structure. " These results are in qualitative
disagreement with conclusions deduced from ear-
lier detailed model calculations on the NaCl struc-
ture which yielded inward volume relaxation. ' The
model calculations indicate that the inward relax-
ation is a general consequence of all models of
ionic vacancies and is a manifestation of the long
range of the Coulomb field of the vacancy acting on
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FIG. 2. Activation volume of CsCl in the intrinsic (I)
regime and in the extrinsic (II) regime dominated by Cs'
vacancy motion. Also depicted (dashed lines) is the
estimated activation volume for Cl vacancy motion.
The width of the shaded bands represents the estimated
uncertainties.

the ions of the lattice coupled with the also slow
decrease in induced moments with distance. '

Two very recent model calculations appear to
have resolved the above discrepancy between theo-
ry and experiments. Both calculations yield
outward volume relaxation on vacancy formation in
agreement with the experimental results. Although
the calculations were specifically performed on the
NaCI structure, they are expected to hold for other
ionic crystal types. In one of these calculations
Lidiard" added a correction to the earlier lattice
statics calculations' of ~V&. The need for this
correction arises because the earlier calculations
assumed that the force constants which describe
the distorted lattice around the vacancy were in-
dependent of volume. The correction removes this
assumption and this in turn leads to an additional
positive ~V which makes ~V& & V„, as required.

In the second calculation Gillan" uses the so-
called volume derivative method to calculate &Vz.
This method, which implicitly includes anharmonic
contributions neglected in earlier treatments,
makes use of the relation between &Vf and the de-
rivative with respect to volume of the energy of
formation. The latter is obtained from detailed
computer calculations .in which the initial positions
of the ions are specified, and the ions are allowed
to interact through specified interionic potentials.
The system is then allowed to relax to the configu-
ration of minimum energy.

Finally, reference to Table I shows that ~ and
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~V for Cl vacancies are considerably smaller
than the corresponding values for Cs' vacancies.
Two factors contribute to this difference. First,
the polarizability of the Cs' ion is larger than that
of the Cl ion (3.34 A.' vs 2.96 L')," and it is known

that the polarization contributes a positive term to
4H, and thereby also to ~V ." Second, the Cl
ion is larger than the Cs' ion (1.81 A vs 1,.69 A in

radius). Reference to the CsC1 structure shows
that this size difference allows less space for
near-neighbor Cs' ion jumps than it does for near-

neighbor Cl ion jumps, and this leads to larger
AH and &V for Cs' ion motion.
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