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In this paper we calculate the volumes and energies of formation of Schottky defects in the
alkali halides NaCl, NaBr, KCl and KBr. Both the polarisable point-dipole and a simple shell
model are evaluated. The calculation uses a generalised and extended Mott-Littleton approach in
conjunction with results derived previously by the lattice statics method of Kanzaki. The polarisable
point-dipole model, as might be expected, is bad, but the shell model leads to good values for the
Schottky formation energies, which not only compare well with experiment but are insensitive to
the size of the region (‘region I') around the defect for which the lattice displacements are com-
puted explicitly (i.e. as distinct from the outer Mott-Littleton region, ‘region II’). The predicted
volumes of formation of Schottky defects are less than the molecular volume, vy, , i. e. the volumes
of relaxation are negative (NaCl, —0.69 vyy; NaBr, —0.73 vy; KCl, —0.52 vp; KBr, —0,51 vy,
in the static lattice approximation). This is in conflict with the results of experiments on the effect
of pressure upon the ionic conductivity of these crystals although some other experimental data are
consistent with negative relaxation volumes. The disagreement is briefly discussed and the pos-
sibility that temperature effects are greater than is implied by the quasi-harmonic model is noted

as a possible explanation.

§ 1. Introduction

In non-ionic solids, such as metals, valence crys-
tals and solid inert gases, theory and experiment
appear to agree that the elastic relaxation associat-
ed with vacancies is inwards (conventionally nega-
tive), thus leading to a volume of formation less
than the corresponding atomic volume. Another
well-known consequence of this inward relaxation
is that the lattice parameter of such solids contain-
ing vacancies is less than that of the corresponding
perfect solid.

In ionic crystals the situation is not quite so clear.
Thus a number of detailed calculations of the lattice
relaxation and polarisation around ionic vacancies
have been made ! and these agree that the displace-
ments of the nearest neighbours to the vacancy are
generally outwards. It has thus often been assumed
that the presence of vacancies in an ionic lattice
will lead to an increase of volume and an increase
in lattice parameter. However, this outward relaxa-
tion of nearest neighbours is mainly a polarisation

* This paper is published both in Z. Naturforsch. and in the
Proceedings of the Marstrand Conference on Atomic Trans-
port in Solids and Liquids, Verlag der Zeitschrift fiir Natur-
forschung, Tiibingen 1971.

1 See, e. g., the review by L. W. BARR and A. B. LipIARD,
Physical Chemistry, an Advanced Treatise, Vol. X, Aca-
demic Press, New York 1970, p. 151.

effect, the sense of relaxation of an ion being prin-
cipally determined by its charge. It is thus not ob-
vious what the aggregate effect on the lattice para-
meter and lattice volume of these alternating dis-
placements will be.

Experimentally there are indications of both posi-
tive and negative volume and lattice parameter
changes on forming vacancies. Thus some of the
early radiation damage studies on LiF led to the
inference of a net contraction 2. More recent work *
on MgO, agrees with this and sets the associated
volume change per Schottky pair of vacancies in the
range 0.2 to 0.4 of the molecular volume vy . In
addition, Pick and WEBER * had earlier shown by
density measurements that there was a net contrac-
tion of the lattice of KCI on doping with CaCl, and
SrCl, . Of course, in these studies not only cation
vacancies but also divalent cations are added to the
latice, but the effects may be somewhat similar to
those caused by adding anion and cation vacancies
together. The volume changes which the Pick and
WEBER measurements gave were AV = —0.11 v, for

2 See D. S. BiLLiNgTON and J. H. CRawrorD, Radiation
Damage in Solids, University Press, Princeton 1961, p. 290
et seq.

3 B. S. HickmaN and D. G. WALKER, Phil. Mag. 11, 1101
[1965].

4 H. Pick and H. WEBER, Z. Phys. 128, 409 [1950].
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CaCl, and 4V = —0.08 vy, , for SrCl,, per molecule
added. In contrast to these results indicating con-
tractions, experiments on the effect of pressure on
the ionic conductivity of several alkali halides in
both the intrinsic and extrinsic regions3™% yield
volumes of formation of Schottky defects greater
than vy, i. e. a net expansion due to the lattice re-
laxation around the vacancies. This was also in-
ferred to be true for anion vacancies from some ex-
periments studying directly the volume change oc-
curring in U— a colour centre conversions 9.

In this situation it seems important to attempl
a reliable theoretical analysis. Previously published
attempts to evaluate the elastic strengths of vacan-
cies and thus the associated volume changes have
been based on elementary intuitive ideas!®1! and
are, we believe, misleading. As the basis of our cal-
culations we use instead an analysis derived from
the method of KAnzAk1!2. This analysis is a revi-
sion of that given previously by HarRDY and Li-
DIARD 3. We show how the results of this analysis
can be incorporated into an extended Mott-Littleton
calculation to yield both defect energies and volumes
of relaxation. In this paper we present the results
of such detailed calculations for four alkali halides,
viz. NaCl, NaBr, KCl and KBr, for which we use
two different models (a) the polarisable point-dipole
model and (b) a simple shell model. Both agree in
predicting negative relaxation volumes, i. e. contrac-
tion of the lattice, but only the shell model gives
acceptable defect energies. As has been noted be-
fore, the polarisable point-dipole model considerably
overestimates the polarisation energy (a negative
term) and thus leads to Schottky energies which are
far too low. The shell model energies, however,
agree well with experiment. This agreement lends
force to our prediction of negative relaxation vol-
umes for vacancies in these substances.

§ 2. General Theory for an Ionic Crystal

The general theory relating the details of the for-
ces and displacements around a point defect to the

5 W.BIERMANN, Z. Phys. Chem. Frankfurt 25, 90, 253 [1960].

8 M. LALLEMAND, C. R. Acad. Sci. B, 267, 715 [1968].

7 M. BeEYeLER and D. Lazarus, Solid State Comm. 7, 1487
[1969] ; also at this conference.

8 D. Lazarus, D. N. Yoon, and R. N. JEFrery, Z. Natur-
forsch. 26 a, 56 [1971].

9 F.LUTY, S. CosTA RIBEIRO, S. MASCARENHAS, and V. SVER-
zuT, Phys. Rev. 168, 1080 [1968].

macroscopic volume change and lattice parameter
change for an assembly of point defects has been
discussed by a number of authors 2715, A discus-
sion of these relations for vacancies in ionic crystals
in particular was given by HARDY and LiDIARD 13,
but unfortunately was not correct in some particu-
lars. In the present section we correct the omissions
of that previous discussion (hereafter referred to
as H.L.) and show how the results can be incor-
porated into detailed numerical calculations, e. g.,
of the generalised Mott-Littleton kind. It is not ne-
cessary to repeat all the details of the previous deri-
vations and it will be sufficient to limit ourselves
here simply to a statement of corrections and ad-
ditions to the previous arguments.

2.1. Elastic Strengths and Volume Changes

The most important correction is that to the form
assumed for X, the term in the energy of the defect
solid expressing the interaction of the defect with
the (perfect) lattice. It will be recalled that, follow-
ing KaNzaK1!2, the potential energy of the defect
solid was written as

W=X+Y(p)), (1)

where Y (&, 1) is the potential function for the per-
fect lattice (& standing for the ion displacements
and u for the electronic moments) and X stands for
all the remaining terms, i.e. for the defect-lattice
interactions. Explicit expressions for X for the
polarisable point-dipole model, for example, are ob-
tainable from the paper by BoswARVA and Lip1aRD 1.
From these or otherwise it will be seen that the dis-
cussion by HARDY and LiDIARD ! [their Eq. (2.13)
et seq] omits the term in X corresponding to the
electrostatic interaction of the effective charge on
the vacancy with the dipoles, i, on the ions of the
lattice. The correct expression for X is thus

xz_gﬂmm+zmn

e (R +EG)
O RO L EQP =

10 P. BRAUER, Z. Naturforsch. 6 a, 561, 562 [1951].

11 1. M. BoswarvA and A. B. LipiarDp, Phil. Mag. 16, 805
[1967].

12 H. KaNzAkl, J. Phys. Chem. Solids 2, 24, 37 [1957].

13 J. R. HARDY and A. B. Lip1arDp, Phil. Mag. 15, 825 [1967].

14 J. R. HArDY, J. Phys. Chem. Solids 15, 39 [1960]; 29,
2009 [1968].

15 V. K. TEwARY, A.E.R.E. Report TP. 388 [1970].
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where g, is the charge on the ion which was removed
to form the vacancy and § (;) specifies the vector
displacement of the ion originally at the lattice site
R(}). Here [ is the cell index, while k=1, 2 speci-
fies the particular ion in the cell, cation or anion.
It follows that there is an additional term in T': of

the form
‘(R
—VeX=—-¢,V: (ﬁ)

This term must be added to Eqs (2.14) und (3.1)
of H.L.

The analysis for the long-range elastic distortion
around the vacancy then follows the same path as
before (but with the addition of the extra term to
H.L. Eq. (3.3)] and the expression for the elastic
strength of the equivalent point defect becomes

3oy PRO) +EG)
1y 0 umxam+amw

R F N T T T
where, as before, @ (R(}) +§(,)) is the potential
of interaction of the ion at the displaced position
R(%) + E(,) with the ion at the origin which was
removed to form the vacancy. An exactly equivalent
expression holds for the shell model. For defects
other than vacancies — @ would be replaced by the
actual potential of interaction with the defect. How-
ever, in the case of the vacancy a simplification of
the above expression for G is possible, firstly, by ex-
panding in powers of § and, secondly, by making
use of the condition of lattice stability. For a static
lattice ** the necessary condition is that the poten-
tial function Y be minimal at the observed lattice
spacing, ro (zero external pressure). Thus to first
order in &, u

G=lg{R&)ﬁuub)+R@»E@)¢%Rd»}

2q) R 1 ()
3 i R(G)®

To embody the lattice stability condition we separate
@ into Coulombic and non-Coulombic terms (D¢
and Py respectively) and make use of the special
nature of Coulomb forces. The result is that the
zero-order term in (5) becomes

GO =3 {Z® ROE) dxc(RV())
&
— 2@ RD@G) dxe (RD(5))},  (6)
l

(3)

G=2>R()
Lk

=GO 4+ GW, (5)

for a positive ion vacancy (1), with a correspond-
ing expression for G, (= —G;®). The symbol
R(l)(ll) specifies the position of the cation in cell !
relative to a central cation (cell 0) while R® (%) is
the position of the anion in cell [ relative to a cen-
tral anion (cell 0). For Schottky defects in a static
lattice therefore G;® +G,® =0, the analogue of
the result G =0 for a monatomic static lattice in
equilibrium. However, for an ionic crystal G,©® and
G, are not separately zero (although they are very
small) unless the non-Coulombic interactions do not
extend beyond nearest neighbours.

For a quasi-harmonic lattice in thermal equi-
librium at zero pressure and temperature 7 one may
extend the above argument to obtain an additional
term on the r.h.s. of (6) of 6y kT /v, where y is
the average Griineisen constant (~ 1.5 for alkali
halides) and k is Boltzmann’s constant. If the dis-
placements and moments of the ions surrounding
the vacancies are known we may thus calculate their
elastic strengths Gy and G, from (5) and (6).

The corresponding macroscopic volume changes
are simply related to the strengths, G. The argument
is basically that given in H. L. Appendix II. Firstly,
the volume change AV on creating the defect and
allowing the lattice to relax and polarise is

To% X

AV = — -
6 O

(7)
where % is the isothermal compressibility and r, is
the anion-cation lattice constant. This is true for
harmonic lattices, both static and in thermal equi-
librium, provided only that the small changes in x
and y caused by the defect can be neglected. By in-
serting the correct expression for X we then obtain

AVio=nGy 5. (8)

It should be noted that his expression includes the
Eshelby term in the lattice dilatation resulting from
the tractions exerted on the surface of the solid by
the defect 12.

2.2. Extension of Mott-Littleton Method

The term (2) which was omitted from X by
HARDY and LIDIARD ! does not affect the expres-
sions which they deduced for the limiting polarisa-
tion of the lattice and which thus confirmed and
extended the Mott-Littleton approach. The reason is

** The changes required for a quasi-harmonic lattice in ther-
mal equilibrium are noted below.
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that the omitted terms in the transformed forces
Fy—F, are O(q) at small q and are thus quite un-
important compared to the dominant Coulomb part
which is O (1/q).

We are therefore now in a position to extend the
Mott-Littleton method so that it provides values for
the volumes AV, , AV, and thus A4Vg, which can be
compared directly with experiment. In this method
we divide the defect lattice into two regions, I and
II. The inner region I contains the defect and a
number of neighbouring ions. The energy function
of the solid is minimised explicitly with respect to
the displacements and polarisation parameters of
the ions in this inner region. The displacements and
the polarisation of ions in the other region II are
assumed to have the limiting forms corresponding
to continuum behaviour. These limiting forms are,
for the polarisation, those obtained in H.L. § 3.2
and, for the elastic component of the displacement,
that appropriate to a point defect of strength G.
Unfortunately, for a cubic solid there is, in general,
no simple expression for this second term, although
for an elastically isotropic solid the well known ex-
pression

G R

gelas = HF (9)

may be used. In general the method of LIE and
KOEHLER 16 could be applied. We can now evidently
proceed to a self-consistent Mott-Littleton calculation
using the M.L. forms, including &, in the ex-
pression for G. This then gives G in terms of the
region I displacement and moments and certain lat-
tice sums over region II. The resulting §,s is then
used in the energy function (for the I—1II inter-
action terms) when it is minimised w.r.t. the region
I parameters.

In practice the major contributions to G come
from the electrical terms in (5). This can be seen
from the terms G in (5). Firstly the electrical
component of displacement, &.j.., and the dipole
moment, W, fall off rather slowly as R™2 and, al-
though § ;¢ alternates in sign as we go from posi-
tive to negative ion so does @¢”, with the result that
the displacement dipole term R-Eqo @ is of ex-
actly the same form as the electronic dipole term.

16 K.-H. C.LIE and J. S. KOEHLER, Adv. Phys. 17, 421 [1968].

17 F. G. Fumr and M. P. Tost, J. Phys. Chem. Solids 25, 31
[1964].

18 M. P. Tost and D. Dovama, Phys. Rev. 151, 642 [1966].

19 M. P. Tosr and F. G. Fumi, J. Phys. Chem. Solids 25, 45
[1964].

Both make negative contributions to G proportional
to the lattice sum = R™* taken over both positive
and negative ions. By contrast R-§.,; @ gives
terms of alternating sign so that this contribution
is much less. Although far from accurate for the al-
kali halides we have therefore used (9) to express
E.1.s in terms of G and R. In practice, it makes little
difference to G if we omit § .}, altogether.

§ 3. The Model and Method of Computation

We have used both a polarisable point-dipole
model and a simple shell model (anions only polar-
isable) fitted to empirical room temperature data.
For both, the detailed calculations have been carried
out in the static lattice approximation, although as
we show below the correction for thermal motion
is easily incorporated in the quasi-harmonic ap-
proximation. For the polarisable point-dipole model
we have fitted to the lattice parameter (nearest
neighbour separation, ry) and the compressibility x
in the usual way. (The data we used was that com-
piled by Fumi and Tos1'?, the first set in their
Table 1.) As in other Mott-Littleton calculations
(e. g. Tost and Doyama !® and BoswaRrvA and Li-
DIARD ! the ions are assumed to interact through
(i) Coulomb forces, (ii) closed-shell overlap repul-
sions and (iii) dipole-dipole and dipole-quadrupole
Van der Waals terms. For (ii) we have taken the
expression

bcij-exp{ri+r;—r)/o} (10)

where ¢;; is the conventional Pauling factor and r;
is the radius of ion i. For ionic radii we use the
values given by Tos1 and Fumi!? in their Table 4
(“generalised Huggins-Mayer form”). The parame-
ters b and o are determined by using the lattice
stability condition at ry, and fitting the compressi-
bility, ». The coefficients of the Van der Waals in-
teractions are those given by MAYER 20. To repre-
sent the electronic polarisation of the ions we have
used the polarisabilities determined by TESSMAN,
KAHN and SHOCKLEY ! and to evaluate the Mott-
Littleton polarisation and displacement coefficients
we have additionally used the (room temperature)
dielectric constants given by HAUSSUHL 22.

20 J. E. MAYER, J. Chem. Phys. 1, 270, 327 [1933].

21 J, R. TessMAN, A. H. KaHN, and W. SHOCKLEY, Phys. Rev.

92, 890 [1953].
22 S, HAussUHL, Z. Naturforsch. 12 a, 445 [1957].
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For the shell model we assumed that the non-
Coulombic interactions between different ions were
via shell-shell interactions only and in addition to
first-neighbour (cation-anion) interactions we as-
sumed second neighbour interactions between the
anions (but not between cations). Both these inter-
actions were assumed to have the simple Born-
Mayer form, 4, _ exp{ —r/o} and 4_ _ exp{ —r/o}
respectively. The ions were assumed to have the full
net ionic charge of (*e), but, in addition, the an-
ions were allowed to be polarisable by assigning
them a shell charge, and an internal core-shell
spring constant. The cation polarisability was ne-
glected. These five parameters 4, _, A__, o the
shell charge and the core-shell spring constant were
obtained by fitting the model to r, (Ref. 17), the
static dielectric constant, &, (Ref. ?2), the limiting
high frequency dielectric constant ¢, (Ref. 2!) and
the elastic constants ¢;; and ¢;, (Ref. 23, Table VI).
Although this is a rather simplified shell model, it
should be noted that SzIGETI effective charges 2 cal-
culated from it are in most cases *** in good agree-
ment (~2%) with empirical values obtained from
€9 » €~ and the Restrahlen frequency o, .

The equilibrium distortion of the lattice around
the  vacancy was determined by minimising the ap-
propriate energy function. For the polarisable point-
dipole model we used the general expression (2.3)
of BoswarvA and LiDIARD ! which gives the en-
ergy as a function of the displacements, X, of the
inner region I — the electronic moments, m, in re-
gion I and the moments, W, and displacements, §,
in the outer region II having been determined (for
each z). Of course, for region Il @ and § are taken
from the generalised Mott-Littleton approach pro-
posed in § 2. We note that the energy function there-
by depends on the elastic strength, G, of the defect
through the polarisation energy of region II [term 4
on the r.hs. of Eq. (2.3) of Boswarva and Li-
DIARD '] and through the non-Coulombic inter-
action energy between regions I and II (terms 5
and 6). In addition the moments m on the region I
ions are very slightly dependent on G through the
field which the region II displacements generate.
The computational procedure is therefore as fol-

23 H. B. HUNTINGTON, Solid State Physics 7, 213 [1958].
24 B. SziGeTI, Proc. Roy. Soc. London A 204, 51 [1950].
*** Excepting NaF. KF and Rb halides where since the po-
larisabilities a are such that a. > a_, it is obviously wrong
to set a, =0.

lows. For specified region I displacements x, we
first find m by solving the field equations (except
for the small perturbation of m by G which we
evaluate separately). Having obtained m and know-
ing and & in region Il we evaluate G by (5) and
hence the remaining terms in the energy. The mini-
misation of the energy, W, with respect to X was
carried out by a direct search procedure due to
PowgLL %5, W is minimised along directions which
are progressively updated until they form a set of
mutually orthogonal directions with respect to the
matrix of second derivatives of W.

The program used in this work can be simply
modified so as to evaluate defect energies in the
usual Mott-Littleton approach (§¢,s=0) and was,
in fact, so applied in order to check it against an-
other program developed by NORGETT 26 in another
connection. In Norgett’s program the energy func-
tion is minimised with respect to the region I para-
meters X and M before the (presumed) equilibrium
values of § and ® are inserted, but the two proce-
dures are exactly equivalent when & and g are
known accurately. In addition, the minimisation is
obtained by a modified Newton-Raphson technique
which is faster (~10 times faster) but requires
more core storage and is thus not suitable for smal-
ler computers. For the sizes of region I investigated
[all ions out to (3,0,0) r,] the two predicted
Schottky energies were always within 0.05 eV of
one another. This good agreement thus supplies an
independent check on the program.

For the shell model the expressions for the energy
function [Eq. (2.3) of BoswArRvA and LIDIARD]
and the elastic strength [Eq. (5) et seq] are modi-
fied but as these generalisations are fairly obvious
we shall not give them explicitly here. In this case
we took an analogous approach and minimised the
energy function with respect to core displacements,
X, and shell displacements, Y, again using Powell’s
method.

§ 4. Results

Tables 1 —4 gives the results obtained for both
the Schottky formation energies W and the corre-
sponding volumes of relaxation 4V on formation of

25 M. J. D. PoweLL, Computer Journal 7, 155 [1964].

26 M. J. NorGeTT, A.E.R.E. Report TP. 412 [1970] ; J. Phys.
C. (in press) ; also M. J. NorRGETT and R. FLETCHER, J.
Phys. C. 3, L 190 [1970].
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Table 1. Values of the Schottky formation energy, Ws, and vacancy relaxation volumes (both separately, AV . and AV _,
and together AVs) for four alkali halides as calculated from the polarisable point-dipole model using a region I containing
only the nearest neighbours of the vacancies. Corresponding cxperimental values are obtained from the references given.

Substance Ws(eV) Ws(expt) (eV) AV+[vm AV [vm AVs/vm AVs(expt)/vm
NaCl 1.560 2.18 — 2.50 (Ref. 1- 28) — 0.526 — 0.423 — 0.949 0.45 — 0.8 (Ref.5 7:8)
NaBr 1.368 1.72 (Ref. 1) — 0.555 —0.432 —0.987 02 (Ref. 1)
KCl 1.869 2.26 — 2.59 (Ref. 1,28:29) — (0.404 — 0.297 — 0.701 0.5 — 0.6 (Ref.5 8)
KBr 1.757 2.30 — 2.53—(Ref. 1) — 0.399 — 0.275 — 0.674 0.1 (Ref. 1)

Table 2. Values of the Schottky formation energy, W, and of

relaxation volumes for a polarisable point-dipole model of

NaCl, showing the effect on the calculated values of enlarging

region I to include successively more shells of neighbours of
the vacancy.

Shells included Ws(eV) AV+*/vm AV-jvm AVs/om
in region I

(100) 1.560 — 0.526 — 0.423 — 0.949
(100), (110) 1.651 — 0.538 — 0.449 — 0.987
(100), (110), (111) 1.640 —0.542 — 0.448 — 0.990
(100), (110), (200) 1.393 —0.63¢ —0.401 —1.035
(100), (110), (200) 1.189 —0.675 —0.394 — 1.069
(300)
(100), (110), (200) 1.082 —0.694 —0.395 — 1.089
(300), (400)

NaCl, NaBr, KCI and KBr when region I includes
only the nearest neighbours of the vacancies. All the
calculated Wy are ~ 25% lower than the experimen-
tal values — a feature which has been noted in pre-
vious calculations with this model!. However this
error in W becomes even larger when region I is
expanded as shown by the results in Table 2 for
NaCl. The reason seems fairly obvious. The polar-
isable point-dipole model predicts too large a static
dielectric constant !+ 2* and thus too large a polarisa-
tion in region I. (In the Mott-Littleton region II, ¢,
is, of course, given its empirical value.) Thus, as
region I increases in size, the calculated energy falls

Table 3. Values of the Schottky formation energy, W5, and vacancy relaxation volumes for four alkali halides as calculated

from the simple shell model described in § 3. We note the good agreement between calculated and observed values of Wy.

Only the nearest neighbours of the vacancy are included in region I but for this model the results are very insensitive to the
size of this region (Table 4).

Substance Ws(eV) Ws(expt) (eV) AV+[vm AV—[vm AVs[vm AV (expt)/vm
NaCl 2.227 2.18 — 2.50 (Ref. 1. 27) — 0.382 — 0.304 — 0.686 0.45 — 0.8 (Ref.5 7 8)
NaBr 2.001 1.72 (Ref. 1) — 0.429 — 0.300 — 0.729 0.2 (Ref. 8)
KCl 2.341 2.26 — 2.59 (Ref.1:28,29) — (.344 — 0.176 —0.520 0.5 — 0.6 (Ref.538)
KBr 2.247 2.30 — 2.53 (Ref. 1) —0.324 — 0.181 — 0.505 0.1 (Ref. 8)

Table 4. Values of the Schottky formation energy, W, and of
relaxation volumes for the simple shell model of NaCl, show-
ing the insensitivity of the predictions to the size of region I.

Shells included Ws(eV) AV+tjom AV-jom AV-[tm
in region I

(100) 2.227 —0.382 —0.304 — 0.686
(100), (110) 2254 —0.399 —0.312 —0.711
(100), (110), (111) 2.259 —0.397 —0.316 —0.713
(100), (110), ( 00) 2270 —0.391 —0.283 —0.674
(100), (110), (200) 2.236 — 0.396 — 0.277 — 0.673
(300)
(100), (110), (200) 2.235 —0.391 —0.277 — 0.668
(300), (400)

the vacancies. The volume of formation of Schottky
defects is obtained by adding v,, to the values of
AV given, corresponding to putting the extracted
ions back on the surface of the crystal. Table 1 gives
results for the polarisable point-dipole model of

towards a limit which corresponds to a crystal with
a much higher dielectric constant than the real sub-
stance. We would thus not expect the volumes pre-
dicted by this model to have more than a qualitative
significance.

However, when we turn to the shell model the
picture is rather different. Firstly, not only are the
values of Wy calculated for a region I containing
just first neighbours in quite fair agreement with
experiment (Table 3) but, secondly, these values
appear to be quite stable against the enlargement of
region I (Table 4). This second feature is, of course,
what we would expect since the shell model is fitted
to the dielectric constant — as long as our method
of calculation is accurate. Which it thus appears to
be. Thus we believe that the values of AV g predicted
by this model are physically significant.
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§ 5. Discussion

As we have previously commented the negative
values of G and thus AV g result from the long range
of the Coulomb field of the vacancy acting on the
ions of the lattice, coupled with the equally slow
decrease in induced moments (both ¢& and ) with
distance. Thus the negative values of AVg appear
to be a rather general consequence of all models of
ionic vacancies. (The same conclusion would not
follow for interstitials since for them the lattice sta-
bility condition does not lead to the cancellation of
the zero order terms, G° which in that case would
be large and positive.) Although this conclusion is
in agreement with some experimental results®~* it
disagrees with the, in principle, more direct deter-
minations of AV g obtained from measuring the ef-
fect of pressure upon ionic conductivity, as is shown
in Tables 1 and 2. We are puzzled by this conflict,
especially since, in the case of the shell model, all the
other indications are that the calculations and the
model describe the defect solid well. The gap be-
tween the theoretical and experimental values of
AV« is narrowed a little if we correct the static lat-
tice values given above for thermal motion using the

27 F. BENIERE, M. BENIERE, and M. CHEMLA, J. Phys. Chem.
Solids 31, 1205 [1970]. Also F. BENIERE, Z. Naturforsch.
26a [1971].

Griineisen approximation. This leads to the additio-
nal term in 4Vg/vy, of 12y k T /v, or, since we have
fitted our static model to room temperature, data,
129 k(T —T,+) [vm. For T—T,; =700 °K we then
get additional positive terms in AVs/v,, as follows:
NaCl, 0.154; NaBr, 0.169; KCIl, 0.143 and KBr,
0.156. It is possible, though perhaps not very likely
that the quasi-harmonic approximation substantially
underestimates this temperature term. However, if
this were the case it might remove some of the con-
flict between the positive relaxation volumes infer-
red from high temperature conductivity measure-
ments 78 and the negative relaxation volumes in-
ferred from room temperature measurements on ir-
radiated and annealed LiF? and MgO3. It is clearly
necessary to make further calculations of other de-
fect volumes by the present methods in order to test
the validity of the models further.
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