Western University

Scholarship@Western

Digitized Theses Digitized Special Collections

1988

Defect Energies And Entropies From Computer
Simulation And Ionic Con uctivity Measurements

Irene Elizabeth Hooton

Follow this and additional works at: https://irlib.uwo.ca/digitizedtheses

Recommended Citation

Hooton, Irene Elizabeth, "Defect Energies And Entropies From Computer Simulation And Ionic Conductivity Measurements"
(1988). Digitized Theses. 1701.
https://irlib.uwo.ca/digitizedtheses/1701

This Dissertation is brought to you for free and open access by the Digitized Special Collections at Scholarship@Western. It has been accepted for
inclusion in Digitized Theses by an authorized administrator of Scholarship@Western. For more information, please contact tadam@uwo.ca,

wlswadmin@uwo.ca.


https://ir.lib.uwo.ca?utm_source=ir.lib.uwo.ca%2Fdigitizedtheses%2F1701&utm_medium=PDF&utm_campaign=PDFCoverPages
https://ir.lib.uwo.ca/digitizedtheses?utm_source=ir.lib.uwo.ca%2Fdigitizedtheses%2F1701&utm_medium=PDF&utm_campaign=PDFCoverPages
https://ir.lib.uwo.ca/disc?utm_source=ir.lib.uwo.ca%2Fdigitizedtheses%2F1701&utm_medium=PDF&utm_campaign=PDFCoverPages
https://ir.lib.uwo.ca/digitizedtheses?utm_source=ir.lib.uwo.ca%2Fdigitizedtheses%2F1701&utm_medium=PDF&utm_campaign=PDFCoverPages
https://ir.lib.uwo.ca/digitizedtheses/1701?utm_source=ir.lib.uwo.ca%2Fdigitizedtheses%2F1701&utm_medium=PDF&utm_campaign=PDFCoverPages
mailto:tadam@uwo.ca,%20wlswadmin@uwo.ca
mailto:tadam@uwo.ca,%20wlswadmin@uwo.ca

[ 4

Natonal Libra
l*. of Canada v du Canada

Bhotheque nationale

Canadian Theses Serve ’ Service des théses canadiennes

COrawa Canada
K1A ON$

NOTICE

The quality of this microform s heavily dependentupon the
qualty of the onginal thesis submitted tor microfilming
Every effort has been made to ensure the highest quality of
reproguction possible .

It pac?es are missing. contact the university which granted
the degree .

Some pages may have indistinct print espec:ang f the
onginal pages were typed with a poor typewriter ribbon or
it the university sent us an inferior photocopy

Previously copyrighted materiats (journal arnicles, pub-
lished tests, etc ) are not ‘hlmed

Re;roduchon infull or n pant of this microform is govemed
by the Canadian Copyrnght Act, RS C 1970, ¢ C-30

-

AVIS

La qualte de cette microforme depend grandement de la
qualité de la thése soumise au microliimage Nous avons
tout fal pour assurer une qualité supéneure de reproduc-
tion .

Sl manque des pages, veullez cdmmuniquer avec
funiversité qui a conlteré le grade

La qualité gimpression de certaines pages peut laisser A
désirer, surtout si les pages onginales ont été dactylogra-
phiées a I'ade d'un ruban usé ou si Funiversité nous a fai
parvenir une photocopie,de qualte inféneure

Les documents qui font deja F'objet d'yp droit d'auteur
(articles de revue, tests publiés, etc) ne sont pas
muceohimés

La reproduction, méme parnielle, de cette microforme est
soumise & Ia Lol canadienne sur le drod d'auteur. SRC
1870, ¢ C-30 :




Defect Energies and Entropies from €omputer Simulation
and lonic Conductivity Measurements

/

b} .
Irene Elizabeth Hooton

Deparrm}nt of Chemustry

Submitted in partial fulfillment
‘of the requirements for the degree of
o Doctor of Philosophy

4 !

Faculty of Graduate Studies
The University of Westerm Ontanio
London. Ontario
January, 1988

© Irene Elizabeth Hooton 1988




. <:\ '
-/

Permission has been granted
to the National brary of
Canada to microfilm ¢this
thesis and to lend or sell
copies of the filnm.

The author (copyright oune})
has reserved other
publication rights, and
neither the thesis nor
extensive extracts from it
may be printed or otherwise
reproduced without his/her
written permission.

e

L'autorisation a &té accordée
sd la Bibliothdque nationale
du Canada de nmicrofilmer
cette thése et de préter ou
de vendre des exemplaires du
film.

L'auteur (titulaire du droit
d'auteur) se réserve les
autres droits de publication:
ni la thése ni de 1longs
extraits de celle-ci ne
doivent @tre imprimés ou
autrement reproduits sana son
autorisation écrite.

\

ISBN 0-315-40775-]

’




Abstract

Ionic conductivity measurements have been made on pure and strontium- and
sulphide-deped sodium chloride and the data analysed by means of a non-linear least
squares fitting routine. The purpose of this investigation was two-fold. First, the
question as to what types of defects occur in NaCl needed to be resolved. Recent work

on KC1'' 2 indicated that a"small concentration of Frenkel defects was present on beth

" sub-laruces in addition to Schortky defects, which have been assumed to prcdominate in
alkali halides. Secondly. a wide variety of vahlxc-s for thé anion vacancy migration energy
“have been 'give;n in the literature and it wés hoped that the present investigatiag would-
Relp to resolve the co:lrcct' value of this defect energy. The aralysis of the indicated
. that Schonky defects dq indeed pmdommate it NaCl._ A value of 0.744 eV was

determined: for the anion mngranan enthalpy

Y

In additon to this, calculations were carried out with new potentials for S!sz and
Na,S using the HADES code. Thc\t main purpose of thcs.c calculations was to develop
potentials to be usec! in defect calculations of NaCl containing S* and §% impurities; (
however l'he availability of these potentials made it possible to carry out additional
Qalculauons on SrCl, and Na.zg Although the problem of low defect migration energics
commonly found in defect calculations of ﬂuontes stul persusted some nmpmvements

were made thh SrClzo No defect calculatiogs on Na.,S had been done.prcv:ousl-y

- -

AR mvesuganon of the quasi-harmonic approxlmauon was can&cd out with a set of

lattice which is strain-free at 0 K is no_longer at egmhbnum at higher tempe
temperature dependent potentials were developed over a wide temperature range by

» - -
fining to the physical properties of the crystal at 50 K intervals and minimizing the bulk

Ianicc'stram;‘_'l'he resulting defect energies were compared to values calCulated using the .




potentials of Catlow, Diller, and Norgett® developed at 0 K. and additional

{ ,
- thermodynamic properties were calculated in the quasi-harmonic approximation.

-~
19
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Chapter One
Introduction
L.1. Statement of Problem
lonic transport in sodium chlonde has been studied by vanous groups, however, the
values tor the thermodynamic properties of the detects have not been completely
resolved The main area of controversy lies in the values for the anion parameters
These +alues havibeen particularly difficult to determune due to the lack of appropriate

anion dopants

-— -

Another area of interest has been the rype of defect occumming in sodium chlonde It
h.‘u been assumed in the past that the detects were of the Schottky type: however. recent
work on KC! has suggested the possibility of the presence of a small concentration of
Frenkel defects as well The following 1s a briet outline of 1onic conductivity in sodium
chloride An excellent account ot the theory of 1onic conducnvuy tn general has been
given by Lidiard® .

1.2. Sodium Chloride Structure and Defects

Sodium chloride possesses the rock salt structure shown in Figure 1-1 The sodium

and chloride 1ons occupy altemate comers of the cubes

Two types of pomt.dcfccts might occur tn such crystals. The tirst, and the one
assumed 1o be the domwnant detfect in NaCl. 1s the Schottky defect. This defect involves

the removal of both a cation and an anion to the surtace of the crystal, leaving behind a

-

cation and anton vacancy of vutual charge -1 and +1 respectively at thewr former sites.

-

(Virtual charge assumes a regular lattice site is neutral and therefore removal of the 1on

‘results in-a charge at that site.) Charge neutrality is conserved. T{Ic second type of defect

is the Frenkel defect which arises through the displacement ot an ion from its regular
lattice site to an interstitial position. This might occur on either the cation or anion

sub-lattice. Diagrams of these defects are given in Figures 1-2a and 1-2b.

1 L]
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In order to determuine the defect parameters to a higher degree of accuracy ut w)ould
be ady antageous to enhance the conductivity of one defect type. for example catiod

. \
vacancies, with respect to another type of defect and in the case of Schottky defects, this
would be the anton vacancies This can be achieved by adding a small amount of
divalent umpunty to the pure crystal In this example, a small addition of divalent canon
impunty would also introduce an equal number of carton vacancies in order to conserve
ain ' 4
charge balance The sagne would be true of the addition of a divalent anion impurnity
‘

Because the divalent cation ympunty has a virtual charge of +1 and the cauon vacancy
. -~ ~ . -

has \'u'ma.l charge &’f -l.\\\hesc two >pec/1cs-~w*ll be attracted to each other and may form
. : . . .

an lmpunty-wc'mcyz',fcomplcx 'n'us§:1mc phcgfomnenon,o’ccurs in the case of antons and

also for cangn-\amc?l vacancy pairs ;‘Wuﬁnty-vac‘mcy or vacancy pair are said to

form a cemplex whéng}‘:_); G’écupy neare st-neighbour positions as shown 1n Fighre 1-3

A divalent impunty with a vacancy in the second nelgr;bour pos‘mon ts also regarded as a

complex defect, but the interactions of defects further apart than the second neighbour

posttion are treated tn the Debye-Huckel approximation

1.3. Tonic Transport : - - -
" lonic transport anses through the motion qf dé;’e'cts through the crystal Vacancies

mugrate through the crystal by direct interchange with an adjacent 1on of the same type.

Intentitials may move in one of two w;sys The first is the nterstutial mechanism

whereby the 1on moves directly fron-1 one interstitial fl/tc té another The second type of

.mo'non 1s the interstitialcy mechanism which mvolvé?l;wﬁ\o»'emcnt of the wterstitial 1on

to a regular lattice site and the dnsplaccd.lﬁnicc 10n to a new interstitial, positton. The

direction of the jump may be either collinear or non-collinear In the alkali halides, the

collinear interstitialcy mechanism has the fowest activation energy and therefore in this

tnvestigation this mechamism was assumed to be the one that would occur if Frenkel

defects were present.

Previous transport work tn sodium chloride can now be exantined. This section wul

LY




" 3
deal with the sation transport and Schottky formation parameters. Section 1.5 deals more
explicitly with the problem of anion transport. lon transport in NaCl has been studied
extensively The Schonf:y formauon and cation migration defect parameters have been

: - f
resolved satisfactorily using several methods. Contributions to this field have been made

by Dreyfus and Novick ', Kanzaki er a/ 8 Kao et al.%, Brown and Hoodless!®, Kirk and

Pra “ . and Nadler and Rosscll' to name but a few 7

— -

More recently Allnan. Pantelis. and Sime!? measured the conductivity of pure and
. P .
Sr**doped NaCl. They were unable t0 determine a single value for the Schottky

formation energy. but their range of values of 24 to 2.5 eV #as in line with previously

determined values They were able to determine a single value for the cation migration

-
-

parameters; however the cation association parameters onee again fell in a short range of
]

values. The final defect parameters determined 1a the experiments are listed in Tabie 1-1

along with other values referred to in the following text. The defect symbols used in this

thests are definéd in Tablés 3-1 and 6-2 and the units used for these quantities are also
S

given there. - ‘ .
B ) |
The ca!ién pfwameters have alsq bc;n de'tcmnncd by dielectrnic relaxation

measnrcmcms by Drydcn and Hcydon“ They dctqnmncd a-value for the cation

~’mlgmuon cnthalpy of 0.678 eV. They suggested that the error introduced by the fact that
3’:' . the impurity and cation do not have thc‘samc radiris only, £0.003 eV. This conclusion
was based on a study of NaCl doped with Mn2*, Ca®*, and Pb?* and indeed their value of
0.678 eV seems reasonabie when compared to the other values determined -

experimentally.t Their migration entropy.was based on the frequency of the transverse

L] g
optic mode measured by Martin!3.
In addition to this conductivity and dielectric loss work, coq‘zbinations of ionic:
conductivity studies and diffusion, using the sectioning technique, have also been
undertaken. Nelson and Friauf!® detefmined the Arrhenius éiiergy for cation diffusion.




Their measurements involved 1onic conductivity experiments on pure crystals and

~ diffusion experiments with nN‘a and 36CI tracers. By applying a field during diffusion
measurements they were able to separate the contributions due to pairs and single
‘yacancies. F'unhcr measurements by Downing and Friauf!? at lower temperarures led to
a slightly lower value for the Arthenius energy. namely 1.784 eV. Rothman ef al. 18
havc also detetmined a value for the Arrhenius energy for Na* dxffuszon Their value of
2. 0-4 eV for the Arthenius cncrgy is in good agreement with the other results. A recent

thorough investigation of diffusion and conductivity for NaCl and NaCl doped with set
has been reported by Béniére. Béniere, and Chemla!®- 20- 21, W diffusion and

conductivity work led to the extensive set of parameters listed in Table 1-1.

Theoretcal calculations have also been carried out to determine the Schottky
formation and cation and anion migration energies for NaCl. The most recent of these
mvolves calculations employing the HADES code. Several potentials have been
developed for NaCl for use in this program; however, the most widely quoted work is
that of Catlow et al >> These values are aiso included in Table 1-1 and arc“im'excellent
a.gr;eZ:nt wu'th the ,cxperin.mntal values.
L.4. Defect Model for Sodium Chloride

It has been assumed in the past that defects in the alkali halides were of the’Schouky
type. Acur’\a and Jacobs '+ ? found that by assuming the presence of a small concentration
of Frenkel defécts on both sub-lattices for KCl they were‘ablc to achieve a Bcncr fit to the
conductivity data. T"hls was especially true at high lémperatur‘cs where potagsium .
chloride exhibits a slightiur;aturc in the Arrhenius plot of the conductivity. The
presence of amon Frenkel defects on the anion sub-lattice also provided a quanmanvc
explanation of the anomalous mcneasc in the diffusiviry of C1" that occurs at high doping
" levels of S2* 23 [f the inclusion of Frenkel defects in the defect model improved the
firting of the conductivity for KCI, it is possible that this model might also lead to a better ~ *

understanding of the defect structure of NaCl. ’ “
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1.5. Anion Transport

As mentioned earlier the anion transport parameters in NaCl have not been
determined previously with certawnty, due to the absence of an appropnate divalent .
dopant The dopung of NaCl with Srzf or another divalent impurity catron leads to an
enhancement of the cation transport due to the Lntroduction. of cation vacancies. This has
not been possibie for the anion transport. Chemha and Béniere~* found that 1t was
possible to dissol:\e up to 36.4 ppm SO_':' in KCl and th«:yzl along with Acunia and
Jacobs!' = were able to make use of this to investigate the anion transport in KCl

Unfortunately the solubiity of SO.':' 1s much less in NaCl. only 2 ppm., and therefore an

appropnate anion dopant was stul required for this substance.

-
~

- Several groups have cammied out diffusion experiments i order to resolve the anion

transport parameters Laurence>> using the sectioning technique and 38C1 determined an

26.27. 28 3nd his group

Arthenius energy of 2. 12eV for anion migration. Momison
>

carmnied out several investigations into anion transpos in the alkali halides using the

isotope exchange technique developed in their laboratory. They found a value of 1.92 eV

for the Arrhenius energy of anion migration.

Allnatt. Pantelis, and Sime!? tried to dct'emu'n'e the anion migration parameters by
fining the conductivity of pure NaCl crystals without success. Problems arose in the
fiting of the dnion parameters to the experimental data of pure NaCl due to the linearity
of the intrinsic region. Divalent anion doping is required to extract these values from

conductivity data.

The most recent measurements are those of Béniére. Béniere, and Chemla?!. They
carried out a combination of conductivity and diffusion (sectioning techniquer
experiments, and determined a value of 0.77 eV for the anion migration activation
energy. which along with their value of 2.44 eV for the Schottky formation energy would

result in an Arrhenwus energy of 1.99 e¢V. Thus 4 fairly consistent set of parameters was




dertved from the cx;:;en.menml data which was also in agreement with the HADES values

of072and 071 V"

Prakash=" 30. and Cook and Drydcn'”' 32 found S°" to be sufficently soluble in NaCl
to be useful 1n anion studies of this crystal. Baba, [keda and Yoshida®? have also carmied

out tonic conductivity and optical absorption expenments on quenched Sz'-dopcd NaCl.

The conductivuy‘c‘xpérmwcms showed a lowenng of the conductance 1n the gxtrinsic
- LY
region of the anion doped crystals with respect to the pure crystals which they attributed

*  tothe lower moba_.f!ty of the anion vacanctes. They also found that this region possessed

no curvutuée and attributed the slope of 1 17 eV to the migration of cation vacancies (0.8
.

eV) and the formation of vacancy paurs, ca'tion'vacancy-impurity complexes, cation-anion

impurity complexes. and anion vacancy-impurity complexes, the magnitude of the

contr.lbuuor{s being in the stated order. Their measurements were made at increasing

temperatures affd hgsteresis was noted. Measuring the conductivity with crystal ageing

revealed a ;Jrop in conductance with time due to the formation of complexes. The optical
1. N

absorption work showed a disappearance of sulphur complexes in as-grown crystals on

heating and their reappearance on ageing of the quenched crystal.

™ . . . .
3. 32 carried out dielectric relaxation experiments on NaCl doped

COOk:-::le Dryden
with $*°. They assumed that the divalent impurity 1on would remain isolated from the
vacancy on, quenchmg and therefore associatiogn would mot need to be mcluded in the
analysis, unllke the dlvalent cation doped crystals. They dctermmed avalueof 1.24eV

for the anion vacancy migration. This value is highcr than those previously determined

and therefore, further investigation is required to resolve this discrepancy.
A
- ~

Cook and Dryden?? have also made dic\kctric absorption measurements and
measurements of thermally stimulated depolarizing currents in an attempt to detect

giivnle'm'anion impurity-vacancy dipoles but were unsuccessful although optical

absorption and emission spectra indicate changes on ageing of the ‘quenchcd.crystals.




which have been artribued to the formation of these complexes. They suggested that
thews lack of success was due to a mechamism which reduces the dipole of the pair by
electron—ekering )

Equations in the follow ing text are numbered from (1) in each individual chapter and
will be referred to as Eq:umon (n) withun a chapter and as Equation (¢-n) outside the

chapter. where ¢ refe‘r.s to the chapter. Tables and Figures are collected at the end of each

Chapter 9

- ' -

-
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Table I-1: Previously determuned defect parameters for NaCl
M ' )
Ref | hg S . Ahu Asu_ Ah”- Asa(- -hd‘ “Sck
2 244 98 069 163 077 138 046 0.48
13 24.258 Q.10 065 ., 17 1.5 10 06-09 24
14 0678 187 .
31 ) 124
Ref E. E‘“
27 1.92
16 210
17 178 , B
§,] 204
Ref ug Aucv [ Au“
N
22 232 068 072

22 254 0 66 071




Figure 1-1:

S\tructure of NaCl
~N
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Figure 1-2: Pownt defects in NaCl structure, (1) Schottky defect. (b) Frenkel defects
on both sub-lattices  Squares denote vacant lattice sites )
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Figure 1-3: Assoctation complexes in NaCl, (a) catnon impunty -vacancy, (b) anion

UMPpUrity -vacancy. (<) vacancy pawr







Chapter Two
Interionic Potentials

2.1. Introduction

Potentials for the alkali halides. NaCl. KBr. and KCl. as well as SrCl, and Na,S,
were derived using the method employed previously by Catlow er a/ 35 The follpw Ing 1s
only a brief summary of the development of these potentials since the method has been
discussed 1n detad in the previously mentioned reference and in the references quoted

therewn

The wnteractions of the ons in a crystal lattice were treated in the pau' potential
approximation, ignonngmany -body u'ueracnons since defccr energy calcutations with
the HADES program are presently limited to two-body potentials. The short-range

component was described by a Buckingham function,

V”(\r) = A, expl=rip, ) - C, r-é . (1)
where the subscripts 1 and j denote 1on types A double exponential form of this equation
was used for the anion-anton interactions and the subscript k ;a&-uscd to specify each

Bom-Mayer term.

Parameters were derived by a combunation of non-empurical calculations and the
fiting of the potential to crystal pfopenics. [nithally the pa:a.n.\eters were calculated using

.

the clectron-gas approximation developed by chcpohl36 and later modified by Gordon

and Kim?’+ 3%

The shell model of Dick and Overhauser’® was used to ensure an adequate
description of the dielectric properties Af the crystalss. In this model. each ion i is
represented by a core and shell of charge X and Y, res;pect'wely. such that the sum of
these charges is equal to the ionic charge. The shell and core are coupled harmonically
by a force constant, K.. The mass of the ion is centred-at the core and the shells are

‘'assumed to have negligible ineria.

£s




These potentials were used wn the PLUTO program™ to calculatesthe elastic and

dielectric properties of the pertect crystal and were modified iteratively to achieve betrer
Jgrccmént with the experumental data  The phonon dispersion was calculated using the
program PHONON This provides a check not only on the frequencies of the
longitudinal and transverse optic medes at [ but also of all the acoustic ard opt;C mode
frcqucncéxes throughout the Brilloutn Zone
2.2. Alkali Halides Y

Several potenuals tor the alkali halides have been developed using shghtly moditied
forms of the Bom-Mayer equation to describe the interactions of the ons™ *13° n ali
previous investigations, potentials were fitted at one temperature only, usu.:.l/ly 0K I[f
these potentials are then utilized at other temperatures. using the quasi-hamonic
upproxm\anon"' 334 the bulk latuce strains will tnevitably not be zero at other
temperatures The present study was undertaken to determine the temperature

Y

dependence of the potenudls in a strain-free crystal

-

A set of temperature dependent potcmials‘(TD) were developed for NaCl, KCl. and
KBr These potentials were denived by varying the repulsive an;i_hardncss terms tn the
nearest-netghbour intefigtion, A5, and py 4 respecgively, the Van der Waals coetficent
in the anion-anion interagtion. C, 5. the shell“and core charges. X, and Y, for the cation.
and X, and Y, for the anion. and ;hc core-shell coupling constants. K| and K,
Potennials were developed for the three alkah halides in the quasi-harmonic
approximation at approximately 50 K intervals from 0 K to their melting pounts, by
varying the lattice constant. a. using the thermal expansion data hsted in Table 2-1 The
final parameters are given in Tables 2-3. 24, and 2-5 for NaCl. KCl. and KBr
respectively; the symbols used for the potential parameters and thetr units are given i
Table 2-2.

The shon«ané?psq of the alkali halide crysfiﬂ potentials was modified to reproduce

]
L

e ' -

/

16




the buu.: modulus and ¢ , using the elastic data of Siagl: and .Nch'msn}"‘5 which is listed
in Table 2-6 The shell-model parameters were used to vary the calculated dielectnic
properties and the frequency of the transverse optic mode  The equation fpr the static
dielectric constant derived by Rao and Smakula® was used for NaCl and 1s givcn-bclow.
. ‘ AT T (2 '._-
Smuth's data*’ were used for KCl and KBr The difference in the calculated and

experuniental values was less than one percent for these properties. The values for the

high f.requency drelectric constant and trans;'erse optic mode frequency were détermmcd

by extrapolating the 2 and 290 K data of Lowndes and Martin*®. The experimental

dielectric data are presented m Tables 2-7 and 2-8. The residual bulk strains in these b
crystals produced by the final potentials were less than one pam in 1o* "L.Jblc 2-9 lists

the 0 K propemes calculated for each potennial. along with the experimental values. and

also the values calculated from the Catlow. Diller, and Norgett (CDN) potentials5 The

DN spline potentials svere used for KCl and KBr The symbols are explained in Tabie

9.9
-

In order to fit the data over the entire temperature range. it was necessary to decrease
A5 and increase p 3, as the temperature was uicreased This resulted in a potential in

which the first-neighbour interaction became more repulsive with increasing temperature
o '

It was also necessary to increase C,, with temperature, so that the second-neighbour
hd .
anion-anion interaction became more attractive with increasing temperature. Plots of the

nearest-neighbour potential energy and the anion-anion Van der Waals coefficent as a

49

)
function of lattice parameter for KCl have been published elsewhere™  These results are

/ typical of ;ﬂ\threc alkali halides.

Phonon dispersion curves werg generated dsing the 80 K potentials for each of the

crystals and the resulting plots compared with those found in the literature The

calculated curves showed good agreement with the experimental results, (NaCl and KCl.




Raunio and Rolandson™?, KBr. Bulz and Kress™ ') as dlustrated n Figures 2-1. 2-2. and

2.3

Some additional interionic potentials were required for the sodwum chlonde system
o ordcr. to calculate the relevent energies for the addition of umpunty 1ons te the pure
crystal , Potentials for the sulphide-chloride and sodium-strontium interacgions were
denved from electron-gas calculations and are listed 1n Table 2-10 The parameters
derived in Sections 2-3 und 24 were used for the sodium-sulphide and strontium-choridef
nteractions

2.3:Sodium Sulphide -

‘ There have been a tew previous attempts to denive potentials for sodium sulphide.
Jamn and Shanker - developed petentials for the alkali chalcogenides to calculate the
cohesive energy. bulk modulus and uts pressure derivatives. These potentials were the
sum of three terms representing the electrostatic. van der Waals and replusive energies
Agnthotrt er af 83 also derived a set of poicntia,ls to calculate the cohesive energy,
second-order elastic constants, and theur pressure derivanves. Their potennials consisted
of long-range Coulomb and three-body interactions and shorn-range dlspc.r,si"e and
repulsive interactions. Neither of these potentials are readily adaptable to defect
calculations. Pandey and Harding™* developed a potential for Na,S when studying

calcium sulphide since the bulk properties of Na,$ are better known than those for CaS.

Since it was not possible to fit simultaneously as many physical properties for
sodium sulphide as for the alkali halides. four potentials were developed which differed
in the emphasis of their fit to the 0 K properties. In Potential 1. the longitudinal and

transverse optic and Raman frequencies®® were fitted preferentially. Potentials 2 and 3

were developed to reproduce the dielectric constants and elastic constants3® 33 the
difference in the two potentials being that ¢, was fitted in Potential 2 and ¢ was fitted

in Potential 3. The optic and Raman frequencies, and the force constants derived from




the phonon dispersion expenments by Buhrer and Bul*7 and the elastic and diclﬁcmc
constants calculated from these values were used to produce Potenuial 4. This was done
in ofder to achieve a better fit to the phonon dispersion curves The short-range potént.ial
was denved by varying A 5. p 5. Psay . and C:.: and the shell parameters were vaned to
fit the dielectiic data. In each case. the potennal produced essentially zero bulk lattice
strains (less than | part in 10%). The lattice constant of Na,S s 3.263 AS® 3t room

temperature and 3 252 A¥ 4t SO K. .

.

€The final potenuials are given in Table 2-11. The calculated properties, excluding
torce constant.;ne listed 1in Table 2-12 along with the expenmental values. The force
constants are given wn Table 2-13. Since Na,S and the fluorites have the same structure
(with anion and cation sub-lattices interchanged). the definition of the force constants s
the same as that given by E.lcombesq' 0 The phonon dispersion curves produced from
Potential 4 are plotted in Figure 2-4 and are in good agréement with experiment. Only
Potential 4 was used for the final defect calculations, for reasons outlinev\m Section 3.2,
and therefore only this set of curves has been included, although the phaaon dispersion

was calculated for all four potentials.

2.4. Strontium Chloride

Bendall and Catlow” have developed a potential to describe the defect properties of |

pure strontium chloride and strontium chloride containing sodium impurnities. This
potential consisted of Buckingham potentials to describe the cation-arffon and
anion-anion interactions, the ionic polarization being treated using the shell model. The
calcula.tcd anion Frenkel formation energy was in good agreement with th€ experimental
value however, the anion interstitial migration energy was low, a common problem with
defect calculations for fluorites. It was therefore decided to develop a new potential

which would also incorporate a strontium-strontium interaction.

It was found not to be possible to devejop a single two-body potential which would




-
reproduce both ¢, or ¢ ., as well as the phonon frequencies and therefore three potentials
were devetoped at O K. Potential A l\ 'mvoi;ed the preferennal fitting of ¢, at the expense

" ®f the phonon frequencies and Potential A2 reversed this emphasis. The third potential,

AX, was a compromise between the other two. The consequences of fimtng ¢, instead of

¢4, were invesngated, but it was found that the compromise potennial gave results for the

*2
defect energies in best agreement with expenmental values A better fit to the elastic
constants resuljed 1n values in closer agreement for the anion Frenkel defect formarion
energy. but at the expense of the anion intentinial migration energy Convetsely. fitting

to the phonon frequencies resulted in a higher value for the anion interstitial migration

energy but also a higher vAlue for the anion Frenkel formation energy

A fourth ;)otentia.l. B1l. was also developed at O K using the lattice parameter quoted
by Bendall and Catlow. The lamice parameter used n the first three potennals was
extrapolated from the values determimed from the neutron scattering experiments of
Dickens er al ¢! and was lower than the value given by Bcn.dallf’2 (Figure 2-5). )
However, this potential was developed tn order to determiine the etfect that fitting to an
dlternate lattice parameter h;s—;n the final defect energies. Since the compromise

potential was the most successful in defect calculations. Potential B1 was fitted to the

experimental data in the same way.
-

The nearest-neighbour repulsive and hardness parameters and the anion-anion
hardness parameter in the elcctr'onlgas potentials were varied to reproduce the
experimental values for these p'ropenies. as indicated above. The dielectric constants
were ﬁtt:}by varying the shell parameters. as deseribed in Section 2.2. The bulk lastice
strain w also. minimuzed. The lattice parameter, a. was interpolated from neutron
scattering studies®! and these values are- given in Figure 2-5. The potential parameters

are given in Table 2-14. The calculated properties and experimental values are listed in

N Table 2-15. The force constants were also calculated and compared to the literature




values® and these results are also given in Table 2-16. The detinitior-ot the force

constants s the same as thag given by Elcombe for CaF,*® and ScF,%.

r

Phonon dispersion curves were plotted and compared to the experimental curves™
Sets of curves calculated from Potentials A3 and Bl are plotted in Figures 2-6'and 2.7.
and the results exhibu goodﬁgré‘emcnt with expenment. These potertials are given since

they were the ones used 1n the majoruty of the defect calculations
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Table 2-1:  Alkah halide lattice parameters

FTemperature K Lattice Parameter \
RC1%6

3

The Iatgce parameter a 1s the nearest-netghbour anion-cation distance—m—the rock salt

stracture.
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Table 2-2: Symbols and unuts for potenuial parameters and
physical properties
5
Symbol Definition L nits
Parameters: .
A‘Jk repulsive parameter eV
Pk hardness parameter - A
C‘j Van der Waals coefficent eV A®
X, core charge ) e
Y, shell charge e
K, . core-shell coupling force constant T eV/A®
\ Properties:
y elastic constants l()'m.\'/r‘n2 ’
B bulk modulus = (¢, +2¢ 1)/3 10" 19N/m*
A B, torce constants e*/2v
d lattice constant (a,)) \ -
v urut cell volume = 247 Al
R €, static dielectric constant
€ - high-trequency dielectric constant R
Wro transverse optic mode frequency cm”!
W o longitudinal optic mode trequency cm’!
wp R.xmu‘n frequency - k - cm’
BLS bulk lattice stran
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TaBle 2-3: Fuinal parameter values for NaCl poteatial .
Temp K Mzt Pi21 Cas Yy K, Y, K,

0 1566 0 304 00 208 203 -2.08 174 )

- 80 1710 0302 00 | 88 160 192 149
200 1643 0 30S 00 212 166 212 189
300 1396 0312 00 225 198 220 204
350 1277 0 316 36 220 209 220 202
400 |16 0320 61 219 188 218 197
450 1062 0325 92 218 221 2218 198
500 rqsa 0 330 137 201 195 213 136
§50 878 0335 164 211 204 211 181
600 798 0 340 210 )07 175 2206 0 172
650 727 0 45 248 \197 132 199 1S 9
700 . 662 0351 293 193 162 -1 95 149
750 599 0 357 359 I 89 146 -1.89 139
800 538 0 363 130 183 143‘ -1 83 128
850 484 0.370 S0 1 L 74 125 -176 LS
900 433 0 373 58 | | 67 110 167 10.2
950 385 0 386 67 3- L 59 107 159 90

1000 340 0 395 77 8 1.48 69 -1 50 7.7

Temperature Independent Values:

Alll' 6714 A‘.’Zl' 1175 A222: 108771
pl“:O.IBO Py 0.255 0222.0‘137 .
C“ :3.14 Cl._,:0.0




»

Table 2-4: Final parameters tor KCl potential

Temph vy, P s Yy, Ky Y, K,
0 2989 0316 180 276 R1 276 kLI
80 2029 0318 187 290 91 2790 377
200 2704 0321™ 191 302 10O 312439
300 2361 0 327 198 313 L10 03 443
350 2143 0332 203 RIS 109 312 438
100 1 2041 0334 210° 125 116 319 358
450 1778 0 341 AL Q16 108 313 440
00 1597 0 346 23 247 109 31S 7
« 550 1426 03si 227 118 110 314 41
600 1277 0 357 234 101 97 310 4238
650 1143 ° 0363 213 311 <105 “3 10 130
700 1020 0 369 251 3099 .3 05 414
750 906 0376 261 3‘02 97 2302 404
200 §10 0383 272 106 {00 306 418
850 713 0390 284 300 95 2301 400
900 628 0 398 297 2.9% 93 -2 9% 191
950 551 0 407 313 294 %0 294 377
1000 490 0416 327 308 96 -2.84 350
Temperature Independent Values: .
Ay, 5155 Ay 1175 Asan. 108772
P, 0262 )  Paay- 0.255 Pary: 0137
C,, - 500 C,,:00




Tabid-5: Funal parameters for KBr potential

-

~

Temp R 3y, P12y
0 3620 0 323

X0 S0 320

200 2380 0 240
a0 1Q22 0 350
350 (705 0355
300 | 5Y% T 360
450 1437 0 365
SO0 1286 0.371

: L/
S50 Lidd 0377

600 1028 0383
650 926 0390
700 8330396
750 748 0403
R00 668 0410
850 S92 0418
900 491 043
950 03 0Hs

Temperature Independent Values.

A A e

iy SUss

Py, 0262

G, - 500 C,, 00

161
469
478
488
199

S10

Ay 9037

pzzlzv‘*}j()

~ C > O
— -1 'h Y]
C (] o [V

o“’%
F 5N
A

80 1
88 Q
R7 %
888
89 6
R7 3

8S 3

829

68 4
80.3
SE3

S84

to to
o B &
- <

to
~J
[y}

to

80 .

Assy L7534

Pana. 0203
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Table 2-6: Elastic constants for the alhah hahides

The elastuc constants of NaCl. KCland KBr were determruned trom the tollowing

18
equation”™

R UL N 1, +4 T~ .\:T:...A.‘:T",.'.\J‘]‘l

-3 .6 -9 -.lz
\o v, 10 \, 10 \, 10 \, 10
Nal'l .
<\ ST 3882 0 738 2782 1912
< 1 287 0316 A0 1RT 0 160 .0 145
(Cp =y I 880 -1 871 -} 368 1701 -1 982
N r/
o, 4138 _*q»— 1762 1918 2387
Cyy 0634 012X 0103 0 038 0092
LY
(=2 1 719 1877 -0 840 S 2239 -1 326
" KBr
e 3 540 3567 1620 1349 ' 2986
iy 0511 ) 098 0116 0132 0119
(Cly=ea)2 | 485 .1 487 . -0332 1161 0 544
- 4 -
) [ ]




~ .
Table 2-7: Stauc dlciccmc constant of KCl .;nd KBr*
Temperature K KBr
.
.

0 . 448 443
200 103 166
00 4 85 472
3580 . 484 478

400 492 ' 500 .
450 500 510
; SO0 _ 509 ‘ 520
g S50 T S 18 s 32
* 600 ’ S 30 S :12
650 ' 540 ) 582
7000 s 552 5 64
750 ’ . S 66 Q S 80
200 - hIN S04
850 98 612

HX) 617 62

950 ' 6 37 6 50

1000 ' 6 60 i .




Table 2-8: High frequency dielectne constant and the
) trequency of the transverse optic mode for
the alkali halides™

Property Nacl L S KBr
Em .t
2K 218 220 hJRIY
L2 K . 233 217 214
- o N
% b o .- -
\“‘ro - 1 e
\\ - 2K 178 151 ~ 123
\290 K 164 142 11
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Table 2-10:  Addinonal potentials

Parameter Se3t o\t CIr - s
Al 7196 6 1086 6
-5
plJl 0218 0 235
' 6 141 . 5716
-\‘)‘ 76087 1
P2 0142
5
r 3
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I A Tabhle 2-13: Force constants for Na,S

Potential \, Rl \2 Bz
' 4
1 1S S8 . -1 87 -0.036 0 006 .
* .
2 176 -1 87 6.799 -0 987
3 I8 7 -1 94 1 419 0156
4 _ 157 2214 -0 037 0 006
A 120 116 17 .0 96
[nd
~ally -

A Buhrer and Bill®’

- {

>
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Table 2-16: Force constants tor SrCl:

Potential \l Bl A, B:
Al 137 16 295 -0 300
A2 1% 0 2208 © 33 -0 342
Al 150 1638 254 20283
Bl 173 I 76 202 -0 188
P |
P ASM! 168 <\ -1 26 212 0047
SDALP (73 S —=. 33 | 75 0 280

Non-detomable shell model®?

Shell deformation modcl"'z
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Figure 2-1: Phonon dispersion cunves for NaCl. s expertmental®®, + calculated
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Phonon dispersion curves tor KCl. - expcnmcnt.ﬂ'w. + calculated
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Figure 2-4: Phonon dispersion curves for Na,S, = e_xperuncnialSS: + calculated from
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Figure 2.5: SrCl, lattice parameters
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Chapter Three
Sodium Sulphide Defect Energy Calculatlons

. et

3.1 Introduction
) Sodium sulphide possesses the anti-fluorite structure. The sodium ions occupy the
comers of cubes and sulphur 10ns are pos;nttoned at the centre of every other cube. A
diagram of-the structure is given in Figure 3-1 [nterest in Na,§ arosefrom the fact that if*
15 4 fast-ion conductor A hmited amount of experimental work has be&c.tm’gd out on
this substance but there have been no previous defect calculations on Na,S- The primary
purpose of this investigation was to develop a sodium-sulphide potential for uppunty

calculations in NaCl; however, the avallabiity of this potential meant that additional

calculations on Na,S itself could also be completed.

The 10nic conductivity of sodium iulphidc_has been investigated by Mobius er af o8 .
who carmed out ionic conductix'lfd diffusion cxpc‘nm:nts en pressed pellets of Na,S.
The conductivity was measured dver a temperature range of approximately 1100 K to
600 K on pure Nu,S and on samples doped with sodium chloride. The radioactive
1xotopes *°Na and S were used in the diffusion experiments. The experimental values
of the An’h*uus energies determm?d by Mobius eral are 1.657 eV from ditfusion of

Na* and | 169 eV from diffusion of S

/

The expenmental Arrhenius energy from conductivity measurements is given by,

E=_A‘”"0T \“)
dT1
The corresponding equation from diffuston measurements is.
£=-4 4D ' @
dr-!

The calculated Arrhenius energy tor a particular mechanism involving defect r is one-nth

the formation energy of the.n defects that include r. plus the migration energy tor defect r

" by the specified mechanism.

g

' 52
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The lattice dynamics work gives supporting evidence for the high tonic conductivity
of Na,S. Buhrer and Bul®’ suggested that la.rgé interstitial cavities in the lattice enable . .

the formanion of Frenkel defects with mu"mml distortion to the host lamice They also SR

-

-7
proposed that the large thermal vibrations (the mean square displacement ot Na* being

0 175 A at 1000 K) favours the creation of defects. -

\
—-- -

Detect calculations were camed du:' using the HADES program This psogram has.

» +

been described elsewhere®” and therefore will be discussed only very brietly here  This
program employs the Mort-Littleton procedure to calculate the minumum energy
configuration of the defect and%he surrounding-latice ~ The lattice 1s divided into twg

regions. Region [ s the volume immediately surrounding the defect and 1t consisted of

-

~approximately 100 1ons in the present calculations  The 1on interactions in this region are

~ .

treated explicitly and the position coordinates of these ions are the variables in the  * |

munimization procedure. Region I is the outer region containing approximately
e

LN

1000-1500 10ns and is treated as a di*cmc continuum  Displacements of the tons are '
matched at the boundary between Regions 1 and 1 to ensure continuity. The calculanon.s
were doqe on the Cyber 120/825 and tﬁc Cyber 170/835 m*m-fmme compuxsrsv |
3.2. Sodium Sulphide Defect Calculations SR
Detect calculations were carmied out on all tour potentials at S0 K and roo'm .
temperature (the only two temperatures at thc_;h the lattice consm:t has been ;11c1surcd5

and these values are histed 1n Table 3-2. Definitions of the defect energy symbols and N
‘ . .
their units are given in Table 3-1. Although the absolute migrutude of the detect

>

energies differs for each of the potentials, the relative trends in enetgies are yumilar.

Stince the cation Frenkel formation energy is less than the Schonk‘y formation energy, it

N may be assumed that the pr?:{iominate defects are cation Frenkel defects in agreement

157

with the ceaglusions of Buhrerand Bill”’. These calculations-also indicate that the mamn

“carriers are cation vacancies since this migration energy s lower than that for the cation -

" interstitials. The anion Frenkel fomg-aﬁon energy is significantly higher than either the

- Y

s . L.




Schottky or cation Frenkel migrazion energies. as would be expected considering the
&
relative sizes and charges of the two jons.
The Arrhenius energies were calculated for each of the possible transport

mechanisms in order to compare them with the experimental results of Mobuus er a/ 68

‘* ‘These va.lucg'are listed in Table 3-3. The experimental value for thesArrhenius energy for

the caiton migration agrees most fa‘vourabl_v with the mugration of single cation vacancies
derived from Schottky defects, although the calculated Arrhentus energy for vacancxck}jg
. from Frenkel defects is lower This point i1s discussed below.

The defect formation energy can be determuned from the experimental resubts by
assuming that the Arrhenius energy in the high temperature region is equal to one-thurd -
the Schottky :fom-xation energy or one-half the Frenkei formation energy plus the

. * migration cri;rgy and that the low temperature Arrhenius gnergy is equal to just the ‘

~ migration energy. This procedure assumes a dominant transport mcch&ism:and neglects

association in the extrinsic region. It yield$a value of 1.77 eV for the formation energy
which s in My good agreement with the calculated value of 1.85 &V for the cation
Frenke!l formation energy and much lowc.r than the Schottky defect formation energy of
4.69 eV. This indicates that the difference in the cxpcrimsnta.l and calculated values for |
the Arrhenius ene;)gy lies in the cation vacancy migration energy whieh is 0.772 eV and

" 0.225 -eV fog the experimental and calculatad (Potential 4, 50 K) values respectively.

. » Low calculated migration energies are not uncbmmo_n with the fluorite structu:'e and this
problem aiso exists with the anion vécancy and wnterstitial mi'gration cncrglics for the
fluodites®. The suggestiop that the conductivity mechanism consists of the muigration of
cation vacancies arising thrdugh the formation of cation Frenkel defects may thercforé be
valid, despite the large differences between the calcu]ated and experimental migration

r L4 .
Cb encrgies. The experimental value will include a contribution from the association of

cation vacancies with substitutional C1” ions and so the true experimental migration

energy is somewhat lower than 0.772 eV.
~




)
)

The anion results differ markedly from the expenimental values Theretore,
L 4
additional calculations were camed out tor vacancy complexes in ordetto gan some
insight into a possible migration mechanism  Potential 4 was used tor these calculations

stnce the previous calculations using this potential vielded the results in best agreement
with the hrerature values §

The energy required for jumps into vacancy patrs and triplets ngx calculated Figure
3-2a1s a diagram of a vacancy pair and Figure 3-2b shows the saddle pownt for the anion
'ﬁjump into the pair  The cation jump 1nto the pawr was calculated as well and a diagram of
the ~Mdle pownt ts given in Figure 3-2¢ The vacancy tnplet contiguration 1s shown in
Figure 3-3a and diagrams ;)f the anion and cation saddle pouﬁs are given wn Figures 3-3b
and 3-3c¢ r-¢spccuvely In the calculation for the cation JL};p o the tnplct‘(a). the
moving cation relaxed o vacancy | in (¢), yielding the more stable triplet configuration

shown in Figure 3-3d The calculated defect energies for both configurations are given in

y
Table 3-4 The migration of the tniplet defect requires a senes of cation and anton jumps

These calculations on vacancy clusters did not yield rcs’ults any closer to the
experumental values. The Arthemus energies are listed in Table 3-1 and the defect
energies are given in Table 3-4. The triplet energy was actually significantly higher than
that tor the single vacancy but th.c pair energy was only shightly higher Therefore, it

would not be possible to dlstmgUbh Berween anton conductivity ansing through the

S
.

migration of single vacancies and conductivity arising through anion vacancy jumps nto
,the pairs A vacancy pair mechanism for charge migration in fluorites requires
successive anion and cation jurmnps bu}i Bu,, > Ax, , 50 tﬁat anton jumps will be rate
determuning. It 1s surprising that the ¢xpcru1\§ntal Arrthenius energy for the anion
'

migration would be this low, and in fact lower than that of the cation, since the anion s

significantly larger than the cation and caiies twice the charge and one would therefore

expectit to be less mobile.




3.3. Monovajent Anion lmpuﬁty Calculations
Energies of solution of chloride ions in’ Na,S were also calculated for various
n;cchanisms. Five different modes of solution were investigated. In the first case, the ’
monovalent anion entered as an interstitial accompanied by a sodium interstitial, -
secondl} the impunty anion occupied a substitutional site with charge compensation by
enher a sodium vacancy or a monovalent anion u;tcrsmial. altematively the impurity 1on
mx‘ghx enter as an interstihal with charge compensation by a sulphide vacancy or finally ut
might occupy a substitutional site with sulphide mtcrstm}bchargc compensation. The
energies of solution for each of these mechanisms are given by the following equations:
E\=E(CY+EWNa)—E (NaCD _ 3
EZ-QE(CI:HE(NafH E (Na,S) - E (NaCD : €]
E.=(UDECD+(LIDECT)~E (NaCh +(1/2) E (Na,S) (5)
E,=E(CT)+(H2) E(S™) - E.(NaCD+(1/2) E.(Na,S) (6)
E¢=E(CT) +(LI2)E(S7) - E,(NaC I +(1/2) E (Na,S) N

where the subscripts i, v.and s refer to interstitial, vacancy. and substitutional
respectively and E_ 1s the cohesive energy. Values of the energy of solution, calculated
for each of these mechanisms, using Potential 4 at 0 K and room temperarture, are listed
in Table 3-S5 The 0K TD sodiu:n—chloridc potential and the electron-gas
chloride-sulphide potential were used to describe the interactions bct@ccn the impurity
and the host lattice. The rc;ulls indicate that the mechanism whereby the impurity anion

enters on both substitutional and intersnnial sites is the most favourable energetically.

The binding energies for each of the complexes, shown in Figure 33, formed by the
addition of the monovalent anion were also calculated and these values are listed in Table
3-5. The only significant displacement on relaxation occurred for the (Cl; CI)) <100>

complex. In this case. the complex 1ons moved approximately Q.1 lattice units in the

direction of the empty cell. The binding energies for the complcxés once again favour

the substitutional impurity-interstitial #fipurity nearest-neighbour complex.” - -

86




Mobuus er al &% suggested that chlonde tons would go wnto solution 1 sodium
L

sulphide via the second mechanism whereby the chlonde would substirute for a sulphude

-——

101 and this would be accompanied by the formation of a sodium vacancy. This same
discrepancy tn the mode of solution accurs n the fluorites since 1t was determuned

expernimentally that 2 monovalent cation would occupy a regular cation site in strontium

chloride and this would be accompanied by the formation of an anion vucancym

However, calculations by Bendall and Catlow ! unidicaged that a mechanism corrc:spondmg
to the thud mode above. would occur

Thus discrepancy n the mode of solution between the experumental and calculated

-

results led to an investigation nto an altemare conduction mechanism, thatds the

migration of monovalent anion wnterstinal mpurnities” But. the activation energy for the
migration of chlorine interstitials proved to be too high to be of any consequence, as
ndicated in Table 34, so that this mechanism would not make a significant contribution
to the conductivity The energy requured ta form the (CI Cl;) <100> complex saddle
pouwnt for the reonentation shown n Figure 3-4, 1s much lower: however, this would not
lead to an alternative nugration mechanism. The calculated values are therefore not in
agreement with the results of doping on conductivity. a problem similar to that of |
sodium-doped SrC|33 If the (Cl, C1)) <100> complcx;s do indeed exist then the
reonentation of these complexes would leuad to an ionic thermocurrent (ITC) peak with an

activation energy of about 047 eV

3.4.NaCl:S>" Defect Calculations
Calculatior were also carried out for the xubstllut;on ot a sulphide ion on a regular

chloride ian site in sodium chloride. These calculations had not been attempted

previously and although there are no experimental data w.ith which tq compare the

results, the calculations might give some insight into the migration mechanism by

providing values for the association enefgies.




The binding energieqfor complexes involving an impurity ion gnd an anion vacancy
on ne‘ax?st-neighbmu nn <110> or second neighbour nnn <200> sites were calculated.
EPR sn;djcs by Watkins’! on Mn?*-doped NaCl had suggested the po;ssibility’ of the
existence of the analogous cation con;plcxe.s. Calculations on alkaline-earth cations in
sodium chloride. potassium chloride, and potassium bromide have been carried out and

this work confums the possibility of the existence of the cation complexes’?.

The present calculations were camried out using Potential 4 for the sodium-sulphide
interaction and the TD potentials # 0 And 800 K for the sodium chloride potentials. The
clectron-gas potential was used for the sulphidechloride interaction. The binding &

energies are listed in Table 3-6. Diagrams of the complexes are given in Figure 3-5. The

results indicate that the nearest-neighbour complex is the more stable configuration.

The activation energies for the four kinds of vacancy jumps around the impuriry
were also czculaxcd and these values are given in Table 3-6. The w, jump involves the
migration of an anion vacancy from a nearest-neighbour position to another
nearest-neighbour position. the w, jump involves the migration of a vacancy from a
second neighbour site to a nearest-neighbour site and w 4 Jump is the reverse. A w, ump
is the migration of a vacancy into the impurity site. Diagrams of the jumps are given in

Figure 3-5.

«  The activation energy for the w, jump is similar to the values obtained for the

divalent cation‘72

-as would be expected from the structure of sodium chloride and the
similar sizes of the impurity ions. The activation energies for the .other jumps follow the
same trends exhxbned by sodium chloride containing a divalent cation impurity.” Au, tﬂ
the acgyvation energy focr reorientation of the S2"-cation vacancy complexes which
would be observed in ITC or dielectric loss experiments. These experiments are usually
done at relatively low temperatures where the preeipitation of Na,S WM praobably

~ reduce the concentration of the complexes to a negligible amount. Cook and Drydcn32




measured dielectric loss on Sz'-dopcd NaCl but failed to find any evidence for the
complexes, probably for the above reason  The value for Au. corresponds to the

diffusion of §-7 1ons in NaCl, however. no such measurements have been reported as yet

-
F




Table 3-1:Defect energy symbols

e
Defect Eneryy Arrhenius
Energ)
Schottky formation * ug
Anion Frenkel formation Ug,
Cation Frenkel formation Up,
Cauon vacancy migration Au E .
B, <V Cv
Anion vacancy migraton Au E,.
Cation interstial migration Au, E,
Anton interstitial migraton Au E
g u u
Vacancy patr association vp
Cation jump into paur Aucp EL_p ‘
Anion jump into pawr Aqu Eap
Vacancy triplet association u,,
Cation jump into triplet Au, . “t
Anion jump into triplet - Adu E,
Impunty-vacancy nn complex u,
. Impurty-vacancy nnn comptlex U,
w Jjump Au,
W, jump - Au,
. W, jump Au,
W, jJump Auy S

Supersgripts S and F indicate that the mobile vacancy originated from a Scho?tky’ or

Frenkel defect respectively.

-
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Table 3-3:  Arrhenius energies tor Na.S

Energy
e
S
E2,
F
E.

E\.‘I
Ep
E

ot

V alue

367
5.06
578
3.68
4 56



Table 3>4: [Impunty complex and migration energies for
Na,S calculated using Potential 4 at 50 K

Defect . Eneryy
¥ Ugp -1 258
] Auq, J75
.\uw 1 80
u,, -1.80%.-2 064
a
Au -
Au > ! 1 83

5 «

refers to configuration (a) n Figure 3-3

4 refers to configuration (d) in Figure 3-3

b




Table 3-5: Energies of solution, binding energies and
impurity migration energies for Na,S:Cl"

complexes
-«
SOKN Room Temperature
Defect Energies:
.
E(Na) -1.69 , -1 72
. E(Na?) 356 ) 3.57
E(S;) -1398 1404
E(S;) 20 07 \ 19.97
E(CL; ) -3 65 - -3.69
)
E(CL)) 12.66 12.62
Cohesive Energies:
E_(NaCD -8.03 - -7.94
E (Na,S) -22.34 - -22.34
e
v Energies of Solution: )
Vode of Solution
. “
ﬁ E, .. . 2.60 2.53
E, .81 179, |
E, 127 ' 1.23
S
E, 3.15 3.06
E

'
N
1.
'
&

)
'~
]




VA

Binding Enel:gies‘:
CQanle\

(Cl Nah<lli>

(Cl, C1) <100>

(CI, CL) <111>

(Cl; Na“'ﬂ <110>

Migration Energy:
Cly
Reorientational Energy:

(CI; CI}) <100>

T3ble 3-5;

SO

-0.672
-0 865
-0 343

-(0.433

037

cont

Room Temperature

I o4

-0.651
-0.842
-0.336

0419

0.47




Table 3-6: NaClLS™ binding energies and vacancy jump

energies
Defect Energy 0K - 800 K
—
e ———
: u, 0632 -0.475
.-
Us -0 446 -0.371
Aul 0679 .\ 0520
Au, N 0 863 0.856
- — -
Au; ! 0.590 D.4638
Au_‘ - — 0776 0572
-]
3
/
/ N
. J
Vet L )
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Figure 3-1: Structure of N.L:S ‘ -
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Figure 3-2: V.xcund;y paur tn Na,S (a) structure. (b) amon saddle pont. (¢) cation

A saddle point
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Figure 3.3: Vacancy tnplet in Na,S. (a) structure, (b) anion saddle point. (¢) cation
saddle pownt, (d) most stable configuration - .
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Figure 3-4:

4

Na,S.CI" complexes
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¢t Chapter Four
Strontium Chloride Defect Calculations

4.1. Introduction

Strontiym chlonde posesses the fluonte stmémm shown in Figure 4-1. Chlorine ions
occupy the comers of the cubes and strontium ions are located in the centre of alternate
cubes. Strontium chioride exhibits fast-ion conduction at high temperatures and its
conductivity has been investigated by several groups, most recentiy by.Chadwxck et al.7.O

and Jacquet73 @i¥so see references therein). They have carried out tonductivity

experiments on pure and M™*- and M3*’-dopcd SrCl, and defect energies derived from

these results are tabulated in Tab\l:‘t/-l. The conductivity of strontium chloride has been

attributed 1o the motion of anion vacancies which arise through the formation of Frenkel

defects.

L

Defect calculationg have also been ¢arried out on pure and doped SrCl, by Bendall

3

and Catlow~ Their values for defect energies are also listed in Table 4-1. The calculated

value for the anion Frenkel formation energy is in good agreement with Chadwick er

al’® however, their anjon vac‘mcy and interstitial migration energies are lower than the

L
-~

experimental values.

”’
The present investigation was undertaken in order to develop a strontium-chloride

potential for use in calculations on sodium chloride containing strontium ions. Some

defect energies were also calculated in order to test the potentials. These calculations

were not extensive and did not involve an investigation into the fast-ion conduction of
%

strontium chloride’®. The HADES program descrjbed in Section 3.1 was used.
o~ :




- Potentials A3 and Bl and these values are included in Table 4-2

-
3

2. Defect Cculations
Schottky and anion Frenkel defect formation energies. and anion vacancy and
interstitial migrarion energies were calculated for the final potentials at 0 K. Further

calculations were carried out at 900 K and 1100 K wn order to select the best A potenuat.

The defect energies were sensitive to the potennal as can be seen from the results listed in |

Table 4-2. Fitting ¢, resulted in a value for the anion Frenkel formation energy in good
agreement with the experimental valu;. however the migration eneggies were low
Potential A2, which was dem?cd by preferentially fitung the optic and Raman
frequencies. gave good values for the migration energies but the anion Frenkel fom_mtlon
energy was too high. The potential which was a compromuse of these two, A3, was* )
therefore used in the subsequent calculations. The cation Frenkel formation energy and

. v
the cation vacancy and interstinial migration energies were also calculated using

. v
Defect energies were calculated at all three temperatures using Potential Bl in order

that the effect due to a change in lattice constant could be determined. It is best to *
compare the defect energies calculated using potentials A2 fmd Bl since th‘eir fitting
procedures were the most similar. The defect energies were-quite close in valuc;".
however the results from Potential B were actually better since the anion Frenkel
tormation energy is lower than that optained using Potential A3 and the anion vacancy
and fntcrstitial m'igrntion cncrgics are h"rgh::r. [t cannot be stated for certain that this
improved potential is a result o{fm g the potential to a different lattice constant. -The
defect energies are very sensitivétethe potcnml parameters and this may be the cause of
uviproved dcfect energies. Table 2 L5 shows that Rotential Bl gives a better fit te the

physical propcmcs of the crystal.
- B ~

The present results support the model in which the conductivity atises from the

' : ’ -
-presence of anion Frenkel defects with anion vacancies being the mqre mobile species.




T/

.~
~

Y~ The calculated anion Frenkel formation energy was slightly higher than the experimental

value of Chiadwick er a/ 0 and the anion vacancy migration energy was lower. The
anion wnterstitial migration energy was much lower than the value determuned by this
group. but higher thu.r!ﬁt/he value determuned by Bendall and Catlow”. The calculated

73 since his value for the

values were 1n much better agreement with the results ot Jacquet
anion Frenke! formation energy was higher than that of Chadwick er /. and his migration’
energles were lower. However. the calculated value for the amon”interstitial migration
energy was stil lower than the experimental A low value tor the anion interstitial
migration energy is a common problem with calculations on crystals poss¢ssiﬁg the
fluonte structure as mentioned previously in Section 3.2,
4.3. Monvalent Impurity Defect Calculations

Calculations for sodiumYons occupyigg interstitial and substitutional sites in SrClz ’

&by Bendall and Catlow? They detenmined

are also of interest and have been carrie

that the sodium ions would preferentially go into solution by occupying both interstitial

‘and substututional positions contrary to the conclusions of Chadwick er al.’®, who

suggested from their experiments that impunty 1ons would occupy substitutional lattice

. . . . . b}
sites, charge compensation taking the form of chloride vacancies. Jucquet7' also .
-

: \ ’ . -
- suggested that this latter mode of solution would occur and determined an energy of

solution of 1.2+0.1 eV. Bendall and Catlow suggested this difference might be
explained by an equilibrium between the swo modes. Gervais er al.”> had suggested that
an equilibrium bct\.vecn substitutional impurity ions and interstitial umpurities and
strontium vacancies might also be occu‘rring. B; considering a mass action treatment of
th; defect equilibria, Bendall and Catlow dc‘tcrm'mcd the distribution of defects aga
function of dopant concentration and temperature. This leagthem to suggest that at
lower temperatures, the equilibrium between the two modes of solution becomes

L]
important and, charge compensation by impurity interstitials might occur (See Figure b,

Bendall and Catlow?).

79
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Similar calculations have been carried out using potentialg3 and B1 for the SCl,
interactions, the 0 K TD potential for the sodium-chloride interaction, and the ‘
electron-gas potential fon‘; the strontium-sodium interaction. The ene.rgies of solution for
modes analogous to those described in Section 3.3 for sodium sulPhide were calculated at
0and 900K and the results-are tabulated in Table 4-3. Although the energies of solution
differ slightly from the previous calgulations, the sgnc trends were observed. The
binding energies for each of the complcxcs'wcrc also calculated and ence againghe
(Na's" Nal*) <100> complex was thg most stable. These values arg listed in Table 4-3. The
structures of these complexes are the same as the corresponding complexes for Cl .
impurities in Na,S (Figure 3-4). '

The tendency for the ions to move from the starting configuration when the crystal

L

.

was relaxed was more pronounced for SrCl, than Na,S, since it was possible to carry out

»

the SrCl._, calculations at higher temperatures. This was particularly appa.rcrit in the

(Na: Na:) <100> complex. The magnitude of this displaccmerit was temperature '(‘

P

dependent as indicated by Figure 4-2. In fact at room temperature, the substitutional ion

has moved almost to the face of the adjo'm‘uzg empty cell and the interstitial ion is u’y(he
same cell, the distance berween the two ions always being less than the cell length. Local
minima must occur along the potential surlice since the final coordinates were often

dependent on the initial positions of the ions, especially at the intermediate temperatures.

The positions plotted correspond to thdlowest defect energies.

K e

The impurity ion was never located at the centre of the cube, but moved along <100>
\

LY .
toward the adjacent face at a lower temperature when Poteritial Bl was used. The
difference in the results from Potentials A3 and B1 can best be attributed to the difference

L

. /7 i i
irrlattice constant. Bendall's vatue for the 0 K lattice constant and values interpolated

between this 0 K value and the experimental results of Dickens et al.5! were used'in the

—r
P

—

-

calculations emplo.ying B1. This resulted in a very small ci\ange in the lattice constant in P

-




P J | - &

e

\\ -

) - . -
-~ T

this temperarure range. The lattice constants used for A3 ig this tempeTature ringe were

.

somewhat lower and showed a greater temperature dependence (see Figuse 2-S)’ .
. \ L.
. . - <. - . 9 .-
l~ ~ -~ B ‘

The binding energy as a funcuon of dh‘placemem from the cell centre was aiso
L

calculated at K and 900 K usipg both potcnn&é A3 and Bl. This was JLLOIhphbhed by
fixing the substitutional impurity and allowing tﬁc mtcrsnna.l and the othcr 1oms to relax.
These ;sults are gloned in Figure 4-3. The bmdmg energy ncreaves significantly as the

defect approaches the cell centre but 1s\very flat towards the cell face. .The displacements

observed for calculations with Potcnnd.l%l were greater than those using Potennial A3

hawever the sume general shape 1s observed for both potennal plots at a given
~

tcmpemture The ahapc of the plot varl® with temperature as one would expect trom the

rcsuhs of Figure 4-2 The change in potential energy from the centre of the cube to the
face is less at C K than at 900 K. The muinimum binding energy occurrs at approximately

0.2 lattite ‘units towards the cube®ace at 0 K. A1 900 K. the mu:imum 1s located much

closer to the cube fuce at approximately 0 4 lattice units from the cube centre. .

-+ ' .

- \ s .
As tn the case of the calculations of Bcndall .md Cdtlow the results mdnugxc.th.n the

" mode whetihy the tmpurity enters as both a subxmunon.ﬂ and intersutial ion is the most

Pt - -

cncrg\cncally tRourable. n dlsagreenwrﬁt withthe ex'penmcnml results. Addutwnal

calculations were carried out 1o determine whcthcr some of the conducnnty could be thc R

re\ull ot the migration of sodium ion mtcrsmIJJs As can bk seen from the resilrs Tisted
| Cannd | \ ,_,—-—

. in Tablc H,&hc energy of migration of the mtetstmal is too high to Tivake 2 slgmtlun.
comribunon to ‘lhc conductivity. The reofientional éhergy for the (Naf Nuf)<100>

complex is .11!0 ll’sted in Table 4-3 and is.in good agreemtent yith the cxpc.unc‘nul v.ﬂuc
' -

of 0.345 eV ftor the activation energy for Na dapofes determuned by Jacguct

-

’ . g ‘. h . .- -
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4.4.\aCl:Sr=* Defect Caleulatibns
The ettect of divalent impurities n sodium chlonde 1s of interest n thu sgudy and an
particular th’t buinding energies ot the vacancy-impurity complexes and the activation
energy ot @c vacancy jumps around the mpunity  Calculations h:xvc been carried out by
Catlow eral - on alkaline -earth cgyron containing alkali halide systems  They used the
CDN’splmc potentials for the abkali halides and electron-gas potentials 1o descrnibe the
interactions between the mmpurity 1ons and the host  As mentioned tn Section 3 4, these

dipolar complexes have been observed tor .\In:‘-dopcd potassium chloride using EPR!

-

In the present invesjjgation the TD potentials for sodium chlonde at 0 K and 300 K
were used along with the strontium-chlonde Poténn.ﬂs Al and Bl developed for the
SrCl, structure and the strontium-sodium clcctror;-gas potcnful The tinad results are
listed in Table 44 The structures of the complexes and the jump saddle pounts are
analogous to those for the sulphide impurnities (Figure 3-5) Considerable care was taken
n determining the path for the w, | jump at 0 K using Potential B1 The lowest energy
pathway was found to arc -sllghtly aw ay from the compl;x The path at 800 K also
deviated from 4 straight hine  There was no significant dispacement whin Potential A}

s - -
was usedw Catlow er a/ 7> had found that out-of-plane calculations for the w, jump
A4 -

resulted n higher saddle point energies and theretore this was not re-investigated

()

The binding energies for the complexes are close to those of Catlow ¢f uf '~ The

_umpurity -vacancy nearest-neighbour cy@plcx tv the most energetically tavourable
although the energy difference 15 not substantial enough to rule out the presence of

second neighbour complexes  The binding energies are in genegally good agreement with

3 . ) )
221 If the binding energies for nn and nnn complexes are

. h)
the expernimental results!= !
stmdar, both species will exist in equilibnum. Transpont measurements do not

y

distinguish between the type of complex and so yield an intermediate value for the

-’

binding energy. .



The value for the w | jump 1s shightly lower than the expenmentally determined
v.uuc'b_ The activation energies tor the w, ard w J:umps are fower than the other two
jumps as would be expected since these represent the megranon of the vacaricy wnto the
more stable complex configuration The w, jump s higher bccau‘x 1t involves the

¢
migraton of a targer, doubly-charged impurity 100

/

ar

N

€3



/ . Table 3-1: Expenmental and previously calculated detect ’
. values for SrCl,

L d

Defect Fiperimental® [-j\poeriment.:lb ’ Calculated®
b
U, 202 220 200
Ug. - * - S RS
uS . * . <+ 00
»
du 0 3% 030 024
N Au 086 076 0 46
..  J

4 Chadwick eral " --

b Jacquet 3

N~

 ‘Bendall and Catlow*

D -«
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« Table 4-3:
umpunty migration energies for SrCI:.Na"

1
b

<0

Defect Energies:
ECl)
ECL)
E(Sr™)
ESeEN)
E(Na5)

E(NJ:)

Cohesive Energies:
éc(.\hClr
E (SrCly)
-«
. Enecgies of Solution:

Mode of Solution

¥

Energies of solution, binding energies and

complexes

LS

I

-7 93

21 4S8

90 K 0 K
127 139
t
3 35 361
-12 70\ 1242
18 31 19 00
A8 25
1151 172
-7 88 -7 -93
2141 -21 63
258 2.58
133 1 63
0.92 099
230 265
234

2.63

-7 88

-21.60




Binding Energies:
Complen
{Na‘:'CT\)d 11>
(NafNa’ <100>
(NaJNa’) <l 11>

(NJTCI;) <l 10>

= Migration Enerpy:

Ct

»
Reorientational Energy: -

(Na] Na) <100>

Table 4-3:

L/()K

046

cont

AY .

9 KW

0.53

0N

064
-0 75
-032

-0 38

0.49

Bt
90 K

-0 50
073
029

-0 27

tJ
(2]
~2

1O N

-0 42
074
-0.27

-0.22

0.60

e



Defect

~

Table 4-4:

- - - - . e
activation energies for vacancy jumps for NaCl:Sr-*

Impunty-sacancy binding energies and

»

0K

B1

,-066
046
067

0 86
0.66

0 36

Al

-0 4%

037

—

—~—t
N
'h

=
oC
>

0 51

062

9 K

Bl

-0.49
-0 36
0.56
084
044

057
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Figure 4-1:

Structure of SrCl2
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Fipure 4-2: Displacement of NJ: from the cube centre to the face of the empty cube

as 4 function of remperature for the (Na: .\iar).< 100> complex
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Chapter Five
Ionic Conductivity Experimental

3.1, Sample Preparation
All the experiments were camed out on Harshaw NaCl. with the exception of a
crystal giventous By J S Drvden Samples for the expenments were cleaved trom
single crwstals of NaCl into dumnenstons of approximately 3mn x [0mm x 10mm  The
large faces of the samples were roughened by microtomuing so that graphite would adhere
to the surtace  Graphute (Alpha. -325 mesh, t2N5) was rubbed-on 10 the arfaces to
provide a continuouy ;lecmc.u contact. The crystal edges were th[en freed of graphite by
mn.crmommg until clean or by remoxing the entire edge by cleaving The cell constant 1s
the ratio ot the crystal height to the electrode area and was determuned by measuring the
cell dumensions using a Mitutoyo Protile Projector Type PJ-230 This measurement was

repeated at the end of the experunent  The samples were also weighed before and after

- 13
the experuments and the difference was never greater than two percent.

5.1.1. Preparation of Sr=*-Doped Crystals

| Harshaw NaCl was doped wath Se* in th‘c {ollowing way A 9x 10~ M solution of
SrCl, (anhydrous, Cerac/pure. 40 mesh, 99 5% pure) in methanol (analytical grade) way’
Jppled CE freshly cleaved crystal surtace. The solution was applied 1n smail amounts
and allowed to dl’}’f befofe the next addition. The total amount of solution was varied

resulting.in g range of dppant concentrations. This procedure was carried out under an

atmosphere of argon.

The crystals were then placed in a graphite boat and inserted into a quartz tube. in the
centre of the tummace. The graphite boat was milled from a UF-4S grade graphite rod

The boat was then souked in two gGncentrated mitric acid baths to remove any

contamination and rinsed in thfee baths of triply distilled water. The residual water was
L}

removed by heating the boat td 200 °C under a slow stream of argon gas. The boat used

) 85




tor the diffusion dopwng had been used previously for groming NaCl on stals thefeby
leaching any soluble impurities out of the graphute The fumace consisted of Jixmgh:
zone and w as built from Lindberg windings  The quartz tube was flushed with argon and
the crystals were slowly heated to Jpproxwﬁﬂ C Argon was allowed to tflow
through the tube at a ven slow rate during the annealing  The crystals remuained i the

-

tumace t@e two weeks ]

Upon removal trom the fumace. the crystal surfaces were no longer smootH. and
requured more extensive microtoming than was necessary tor the pure crystals This
procedure aiso removed any SrCl, which remuained on the surtace of the sampie  The

coystads all appeared clear  Further sample preparation was camed out as outlined in

Section 53 |

5.1.2. Preparation of SZ‘-[)uped Crystals

Initnatly ! S:'-dopcd Cl:_\.\‘t.ll\ were prepared as outlined tor the Sr:*'ﬂ-doped crystals
However. this did not result in high dopant concentrations  Subsequently, a slurry ot
Na,S (anhydrous. Alpha) m methanol was prepared under argon and applied to the
sample sartuace  The procedure then followed that outhined tor Srl"-dopcd cry.smlx
Some of t/hc crystals appe.wred muilky or yellow 1n areas when removed from the furnace
5.2, Electrodes .

The electrode system varied depending on whether one or two crystals were beng
measured [n the fimt case. the crystal was positioned between two platinum electrodes
Platinum leads were welded to the side ot each clcctm:jc and Pr- l,.?‘x’: Rh wjres were
spot-welded to the centre of the electrode. These Pt-13%Rh leads were ivolated trom the
platinum electrode by alumina discs  The Pt-139% Rh wires weré threaded through a hole
in the alumina disc  Shits in the quartz and alumina discs prevented the wires protruding
and so deforming the crystal at high temperatures. These Pt/Rh wires, along. with the

. .

platinum wires. formed a Type R thermocouple. The Pt-13%Rh wire was welded to the

electrode at the centre to ensure that the temperature was measured tn the middle of the

crystal. A diagram is given tn Figure 5-la.




87

[n the double crystal configuranion, another electrode. which separated the two
cnvstals. was placed between the two electrodes descnibed previousty \Fxgure S-iby Thrs
electrode consisted of a prece of platinum folded in halt A Pr-13%Rh wure was
spot-welded to the centre of one fage of the platinum toil and a Pt.\nre was welded to one
stde  Mica isolated the Pt-13¢Rh wure from the platinum electrode  The double cell was
used when measunng S:'-dopcd crvstals It 1> not possible to,achxe.ve high dop..m"t—’
concentranions 1n these crystals and the change i conductivany dgc,(o doping 1s more
clearty seen in plots of 6/0, where G 15 the conductivity of the doped crystal and 6 15 the
conductivity of the pure crystal at the same tempcr.nurc“

3.3, Sample Holder

The vamples and electrodes were mounted in the quartz holderahown in Floure 5-2
The bottom of the holder extended far enough out of the funace to ensure that ut
remained cold throughout the experiment. thereby maxumizing its cresistance. [t was held
in place by a stainless steel holder welded nto a flange J his holder also ;upponcd the '
quartz tubes which wére used to guide the electrade leads to the bortom of the sample
holder The height of the sample holder was such that the crystal was positioned in the

centre ot the fumace
) |

. The crystal and electrode system were held in place by two quanz discs  The bottom
dise was attached to a quaaz rod  This rod sat on a spring in an aluminum cupawell out
ot the fumace. and the distance between the discs was varied by d linear dnve

mechanism The spring reduced the force exerted on the crystal. This 1s especially

critical at high temperatures where the crystal s soft and prone to detormation.

- ¢
The thermocouple wires extended to the bottom of the holder through quartz tubing

and connected to thermocouple feed-throughs welded into the ffange. Copper wires
connected the leads from the teed-through to a high resistance switch (Centralab Power

Rotary Switch). An Omega ice-point compensator was used to correct the thermocouple

. Wy



L

emf [0 room temperature The thcrrﬁocouplc emt was measured by a Keithley
multumeter with microvolt resolution  The platinum wires were used to measure the
conductance of the crystal, as described i Section § 8
5.4, Vacuum Line ' -
The sample holder flange was bolted to the vacuum line using a copper gashet seal
[t fited o an outer q;J.mz Jacket sealed to a stainless steel flange  The rest of the
vacuum line was metal and enabled the evacution of the cell and the mtmductmﬁ of
argon  An Edw ards.drfusion pump using Fomblin o1l and a Leybold-Heraus roughing
pump were used to evacuate the syatem Expenments were carmied out under an
atmosphere of pre-punfied argon The gas was p.nscci through an Oxiclear Gas Puntier
to remove oxygen and water A leak valve and several feet of stawnless steel caputlary
tubing were placed between the puntier and the rest of the line to enable a slow flow of
argon to be passed through the cell  The gas entered at the top of the outer jacket through
a quantz tube and exited at the bottom through a system of molecular steves. charcoul,

and finally through a bubbler containing SantovacS pump ol A diagram of the vacuum

line s given in Figure 5-3.

The cvell jacket was surrounded by a three-zone fumace built from Lindberg
windings The temperature of the fumace was regukated by a Trirect MK 2 temperature
controtler. which enabled separate control of each of the three zones
5.5, Conductivity Vleasurements

After mounting the crystal, the vacuum line was pumped down to a pressure of
approximately 1 x 10~3 torr. measured using an Edwards Penning 8 gauge of a
Granvule-Phillips Series 260 ion gauge, and the cell was then heated to approximately
200 °C in order to dry the system The following day. the cell was filled with argon and
the crystal was heated to 600 °C and allowed to anneal overmight. This annealing period
allowed the impurity ions to dissolve in the crystal and the-crystal to equilibrate. During

this time, the contact between the graphite and platinum electrodes also improved. Argon
' \

[} ]




was flowed at a slow rase through the system during the experunent  The crvstal was
then cycled between 600 °C and 630 °C and measurements of the conductiv ity made at
the low er and upper temperatures selected These measurements were checji®d tor

reproducibiity and. if found sausfactory. the expenment was started the next day
H

-

The measurements were camed out in the following way  The tcmpcr.armc\(as set
and allowed to stabithze  This usually required thirty minutes and this wating period also
adlowed the crystal to equdibrate. Readings of temperature-conducuvity -temperature -
conducfnm -temperature were then taken  The temperature gradrent across the crystal
was generdly not greater than O 2 °C The only lu;ae this requirement w as not :,trlcti_\
met-w s 4t the mmaJAlgh temperatures r'or.the S:'~dopcd crystals in the‘doublc cell
uf;ﬂwur.mon It v.}»dltﬁg.ult to adjust the gradxcnt when the temperarure increments o
were large. a8 Was &:eces&ary for these crg3als (see below ). and the tune requured to
clu‘mnatc this grad[knt would have::syltid/y! additionalgrystal sublimation The
dnttcrcmcgn tcrﬁycmmre_ tro]n the smn to the tinish-ot a measurement was never greater
than 0® °C At thé‘ﬁ&oti reading the temperaturg was changed and the procedure
repeated  The conductance was measured py a Wayne-Kerr Autobalance Bridge Model

B 109 and checked occasionally with a GenRad 1689 RLC Digibridge The lead

resistances were measured and found to be neghigible even at high temperatures

Th:.order of the mcaaumments over the destred temperature range was carried out in

—~—

one of two ways. 'ﬂwc prcfcrred method was to increase the crystal temperature to 680 *C

and take measurements at decreasing temperatures untu the impurmes tn the crystal N

precipitated. This phenomenon was recognized by ghe associated sudden drop in
cqn'ducnvity. The crystal was then heated to 600 °€ .md annealed. The measurements
were then continued at increasing temperatures. This method minimized effects due to

crystal sublimation.

Expenence with Sl'-dopcd crystals indicated that unless the crystal was heated tc; the
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maximum tempérarure initially, all the sulphide would not go into solution. It was

e measurements

therefore necessary to heat the crystals to approximately 780 °
at decreasing temperarures Measurements were continued until the impurities

precxpuatcd‘

Plots of log 6T v{rsus 1/T were plotted each moming and sometimes throughout the
day un order to follow the prégr;ss of the experiment. In this way, it was 'unmcd%atcly
apparent when the unpuﬁucs in the crystal had precipitated. The raw data were enfered
on aPDP [1/24 computer and plots of log oT versus 1/T obtained using a

Hewlett-?ack_ardeZSB Plotter -

At the end of an experument, the crystal wagemoved fpom the cell and examined for

cracks and damage. although none of the results had to be rejected for this reason. The |

crystal was re-mca.surcd and the new cell constant calculated as described in Section 5 1

The change in the cell constant was never grea{cr than one percent.
5.6. Data Analvsls

The conductivity of the crysta.l was calculatcd using Equation (1).

&= G‘-—Dhup S o )

where G(T) is.the measured condbctivity, A(T) is the area of the crystal in contact with

-~

the electrode, and R(TY is the thickness %€ the crystal.

»

. .,"\ [ . : -
hghc data were fitted to the theoretical expgession for the conductivity using a,

. fron-lifiear feast squares fitting routine. The BMDP algorithm P3R Nonlinear Regression

~

was used’®. This minimizes the weifited sum of squares of the deviations between

cxpet:imemal and calculated values of 6. The conductivity of the crystal in units of

Siemans per metre was calculated at each temperature (in Kelvin) and the residual sum of

squares RSS gwen by Equation (2) mmumzcd
' RSS-Z (g Geat) 19 2
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A list of thermodynamic properties calculated in the fitting procedure is given in
Table 6-2. Values for the cation and anion Frenkel formation enthalpies and the cation
and anion interstitial migration e;'xthalpics remained fixed at the Values determined in the
HADES 2 calculations. [t was assumed, based on the work of Acufia’’, that if Frenkel
defects existed on one or both sub-lattices, their concentrations would be low and
thetefore the fitting should be relatively insensitive to slight variations in these

-~

thermodynamuc values.

1 . ) .
The ortler of the finting procedure was as follows. The Schottky parameters were

determined by firting the data for a pure crystal, with the cation and anion vacancy

parameters held constant. The cation vacancy and anion vacancy migration and

association parameters were then calculated by fitting the dara for cation-doped and

arnuon-doped crystals, respectively, with the Schottky pa.rameicrs held constant at the

values détermined by fitting the pure crystal dafa. This procedure was cycl.cd through
several times until the change in values during the fitting became_small. Then, more’ | )
parameters were allowed to vary at each stage of the least squares procedure.. This ;was
continued until a self-consistent set of thermodynamic parameters was achieved. The

final parameter set was determined by taking the average for the individual runs. Values

, for the diffusion coefficents of each of the defects were also calculated us'u';g the final

par}-neter sets. The calculations were carried out on the Cyber 170/825 and Cyber

170/835 after da‘ta transfer from the PDP 11/24. -

-
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Figure 5-1. Electrode system, (2) single cel. (b) double cell
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Figuge 5-2i° | Sample holder. TF ;\thcnnocouple feedthrough. F = flange, and SSH =

stainless steel holder
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Figure 5-3: Vacuum line, CP = controller probe. F = tumace, C = ce|l. SW =

-

switching box. P.= pumps. IG = 10n gauge. CT = capillary tubing. LV =eak valve, GP =

gas puritier, MS&z molecular sieves, C = carbon, O ='oul
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Chapter Six
[onic Conductivity Results and Analysis
6.1. Conductivity E\perim'ents ' '
Conductivity measurements were made on nomually pure NaCl and on erystals

doped with divalent cations or anions  These results ware plonted in the Arrhens form.
as the log of the product of conductivity md temperature versus the .rec1procal of the
temperature  The resulting plots may be divided into two distinct regions separated by a
Anee as seen in Figure 6-1  The upper portion o't' the plot. the intrinsic region, 1v a
property of the host crystal The lower portion, the extrinsic region, 13 dependent on the
im;):mtms in the crystal - A slight curvature 1s often observed in the extrinsic region ot
doped crystals due to the formation of impurity-vacancy-complexes  This feature can be
seen in Figure 6-2 )
6.1.1. Pure Crystals

The analysis of the nominally, pure crystals was based on two Harshaw cry stals
measured in the _smglc:_;cll configuration. These crystals were used because they covered
4 much wider temperature range than the pure crystals measured 1in the double cell
configuration The latter experiments were termnated when precipitation occurred in the
doped crystal The condyctivity results tor the pure crystals were very sunilar and
theretore the results trom only one cx.pcnment are plotted in Figure 641 This plot
includes data mkvcn dunng the cooling and heating cycles (Section 5 §) and o
demonstrates that thermal equilibrium was established prior to each measurement It also

shows the good reproducibility of the measurements. The intrinsic regron did not exhibnt

the curvature observed in the KC1 plots of Acufia and Jacobs ! - . -
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6.1.2. Srz’-l)nped Crystals -

Three strontium-Joped crystals were measured  The most heavidy ‘doped sanple
exhibited no intrinsic region . The hightest doped crystal had o long extrinsic region and
the downw ard cun ature 1 this region suggested the tormation of cation umpurity -
vacancy complexes  The sudden drop in conductiv ity at the léwnt temperatures 1y due to
precipiation of stronttum chlonde  The doping level of the third crystal lay
uppm.\uﬁawl_\ mud-way between the other nmo It theretfore possessed both intrinsic and
extrinaic regrons and showed the same downward cur ature 1n the extrinsic region Thus
grystal was measured in the double-cell configuration. The conductivity results for the

three crystals are plotted in Figure 6-2

6.1.3. S""-l)uped Crystals

Six sutphude-doped crystals were measured, all but one (Figure 6-4) 1n the double
cell contiguranion  The temperature ranges were not as wide as those tor the
catron-doped crystals since the sulphide precipitated at higher temperatures  The ‘

P
precipitation generally took the torm ot several small drops in conductvity in contrast to

-

the ~strontium-doped crystals which tended to precipitate large amounts of the impurity
- .

but at lower temperatures  The results from four experumgnts are plotted in Figures 6-3,

6-4.6-5. and 6-6 respectively Ihrce of these figures contain’the data tor the pure crystal

which was measured sunultaneously  Data for the other crystals were not plotted because

thetr concentrations were sumilar to others already given and did not exhibat any
additional fearures This includes the crystal given tous by Dr. J. S Dryden which

R - .w_ ’ A , “
contained 7 | ppm’'S-7 (detenimined during data analysis) and exhibited 1onic conductivity

simlar td the crystal doped with 8 6 ppm S~
. : . [ J

anurc>:6-7 arndt 6-8 are plots of the ratio of the conductivities of the doped-and pure
crystals for thé heaviest doped and a medium doped crystal. These plots emphasize the

citference in the conductivities of the pure and doped crystals  This plotting techmique 1s

-
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extremely useful for the lightly doped crystals since it accentuates the small changes in

N

conductiv ity due to the presence of the dopant

The conductn ity of the heaviest doped cnvatal (60 ppm) (Figures 6-3 and 6-7) i the
same as the pure crystal in the intrinsic region and becomes higher than the pure in the
extrinsic regron, much like the behaviour of divalent cation-doped crystals  This crvstal
exhibits some assocuation in the extnnsic region, but the curvature in the lower extnnsic
region of the plot 1s tar 1oo great to be due to the assoctation of the impurnity 1ons and
vacancies aone and 15 probably a result of the onset of precipitanion. The points in this
temperature range were therefore excluded in the fitting  In general, regions ot the plots #
which showed obvious precipitation or ¢crystal deformation were removed betore the

titing was started  Other less obvious regions wete removed after the residuals were

examined

] - b

The conductivity of the hghtly doped ¢ryvstals has a lower value than that ot a4 pute
\crysml in the intnnsic region. approaches the same values in the knee area and then drops
- &
below the pure cryvtal in the extrinsic region The intrinsic behaviour s probably a result
. - v . )
ot the lower mobuity of the anion vacancies compared to the cation vacancies  As the
concentration of anton vacancies 1y increased compared to the cation vagancies, the
conductivity will be depressed However, as the concentration of the anion vacancies 1

.

further increased. the conductivity of the doped crystal will be higher than the pure

crystal, as winessed in the eXrNSIC region of the most heavily doped crystal  The lower
- conductivity 1n the extrinsic region might be attributed to the@recipitation of CaS (Figure
6-5) Thl\ would result in the removal of both anion and cation divalent dopants and
therefore the conductivity of the crystal would be less than t.hut ot the nomnally pure

’

Harshaw crystal
I d

.

Corish er al 7 found the same lowering of the conductiviy in thallous chloride doped

.

with divalent cation impurities. The cation vacancy migration energy was significantly
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. —
lower than that of the anion tn thallous chlonde and this resulted tn an appreciable
lowering of the conductivity  They were unable to achieve high enough dopuing tevels to
see the incrgase in conductiviy in the extrinsic region but suggested that this would occur

for the reasons outlined above v

~.
Chemla and Béniere=* noted in thewr work invols ing SO_':'-doped KCl cnyvstals thar

the conductivity of the doped crystal was less than that of the pure crystal at low
temperatures  They also assumed that this was due to t;\c interaction of the dopant with
background divalent catuon umpunties
6.2. Calculation of Defect Energies Held Constant during the Fitting
Procedure
The c.;’non and anion Frenkel defect formanon energies and the canon and anion
interstitial mugration energies were calculated using thc‘HADES program and the TD
potentials at 0 K [t was also necessary to caltulate the vacancy paur association energy
and the activation energy for canion and anion jumps wnto the pawrs, in order to determine

.

the diffusion coetficents  The values obtained win these calculations are listed in Table
6-1 —
6.3. Conductivity Vlodel

Four models for the condhctmty ot sodium chlonde were tested These took into
decount the possibility of-ondy Sc&oﬂky detects. Schottky plus cation Frenkel detects.,
Schottkwplus anion Frenkel detects. and Schottky pltU:'renkcl defects on both
sub-lattices. A particular model was cho>ef1 at the start of the fitting procedure In the
tollowng analysis, the most general r;u_)dci 15 used and the other models may be selected
by stmply setting the relevant cquilnbnu‘m constants to zero.

Each of the models also assumed that association of cation umpunties with cation

vacancies occurred and that a smail amount of divalent cation impurity was present tn the

pure crystats. It was also assumed that the anion impurities would form impurity-

A}

-
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vacancy complexes. The amount of cation impurity in the a.n.xon-doped crystals was held
at the concentration determined for the pure crystals (1.2ppm).

.
-

The values for the anion and cation Fre.dkcl formation energies and the anion and
cation interstitial mugration energies were held constant at the values determined in the
HADES calculations since it was assumed, based on the KCl work of Aéuﬁa”. that if
Frenkel defects were present. their concentration would be low and therefore insensitive
to the firing procedure.

6.4. Analysis of the Data
The purpose of the analysis was to determine the thermodynamic propcr'tics of the
. defects given in Table 6-2. The conductivity data was analysed according to the method
outlined by Acufia and Jacobs!: 2 for KC1. Initial estimates of the thermodynamic
properties were-made and the equilibrium constants were calcullted in terms of the

acuivities, a, of each of the species, r, and the Gibbs energy of defects, g, =h -Ts, |

N Ks=a  a, =exp(-gs kD) =K f  f. (hH
K, =a,.0,, = expl=¢p, kD = Kp, [, £, (2)
ro=a.,a =exp(=gc kD=Kc f f. 3)
r . N -
Firstly, association was neglected and the mole fractions n, given by,
n,=a,lf, : - (+)

where f_1s the acuvity coefficent of species r. were substituted from Equations (1). (2).
v . ‘
and (3) into the expression for charggneutrality,

"l""na“"("“:n‘"*‘n(‘,"{; X . X (5)

with all the activity coefficients set &qual to un'ity initially. The term Cpm 'S the
concentration of divalent cation imé.nrity and cy is the concentration of divalent anion
impurity. The resulting quadratic ufn_, was solved to give an witial estimate of the

concentration of cation vacancies which was then used in calculating the activity

coefficents. The Sz'-doped crystals were insensitive to the fitting in terms of ion

vacancy concentration and therefore a second set of equations, solved for n_ . were used

for these crystals.




The association terms were then calculated as a function of the concentration of
cation impurity-vacancy complexes, p. and anion impurity-vacancy complexes, p’, using
Equations (6) and (7),

= P =12exp(-g, kD =K, f f. (8)
({-p)fuc‘_‘fn gf ok .“ (3 4 »

K

4

p ! ’ .
" =126Xp(—gak/ln=K kv’fxfm, ‘ (7)
“"P )fxca\fa» ?

Acuvity coefficents for nqutral complexes are unity in the Debye-Huckel approximation

K;*=

The Debye-Huckel screening constant x was calculated from the formula.
8ngn
xl= ™ (3)
ve kT
In the above equation. q is the charge on the 1ons. v is the unit cell volume, €_ 15 the static

dielectnic constant, k 1s the Boltzmann constant and T is the temperature in Kelvin. The

static dielectric constant and unit cell volume were calculated at each !cmpcramre“" 63,

The activity coefficents, f , could then be calculated using Equation (9).
L

logf =- (9
8/ 2e kT (1 +xR,)
where Rr is the distance below which the defects are assumed to be associated to form an

impurity-vacancy complex or vacancy parr.

Once the activity coefficents were determmuned, the unprimed equilibnurr& constants
were calculated from equations (1) to (3). (6), and (7). These values were then

substituted into the ation for the conservation of mass, charge. and lattce sites

. A
(conservation of virtual charge),

Ry =R TR, =R ¥ Oy = Cx—Cy 0y ' (10
- d
The resulting fourth order equation was solved using Newton's method in terms of either

the cation or anion vacancies. Both of these equations are given below,

183
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) Koo (Ks+Ke, o, . : (1)

+ (K1 + K (o + Ky (Kg+ K, N+ Kp o,

. + (K5 (K5 (K=K ) = Kp Ky + Kpy Ky + cg =y,
(K (Kp + K (1 + Ky (e + K (Kg+ K DD,
- K KK+ Kg,)
=0

K, (Kg+Kp n', : () -

+

+(Ks(1+ K,y (y + K (Ks+ Kp )+ Kpom,

+ (K5 (Ks (K p =K, )~ K Ky + Ke K+ oy —cy g,

—Ko (K (L + K (K, (Kg+ K Y+ N+ Ke n

- KK, (K5 +Kg,)

=0
The concentration of the other defect species«could-then be calculated using the >
equilibrium expressions. |

Once the conccn’trz;tlons of the defects were known, it was possible to calculate their
mobilities and consequently their contributions to the total conductivity. The mobilities,
u,. were calculated using the following expression.

u,=a$,lq, la* w, IkT ‘ (13)

Here 4 1s the Onsager-Pints correction factor and is given by Equation (14), S, is the
number of equivalent sites into which the defect can jumé. .su;:h that S =4 for vacancies
and S =2 for interstitials, a_ is the component of the jump distance along the electric field,
and w_ is the frequency with which the defect surmounts the.energy barrier separating the
initial and final equilibrium positions (Equation (15)), in which v, is the Debye
frequency. ’ '
_ _ el

3¢, KT(V2 + 1 (V2 + kR X1 + KR,)

a=1 (14)
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w,=vyexp=Ag kD , (15
The total conductivity 1s then the sum of the conwnbutions from each of the species and
can be calculated according to Equation ( 16):
=Y 0, =N nu gl . (16)
6.5, Results of the Non-linear Least Squares Fitting
The pardmeters from fitting the idividual crystal data are given in Table 6-3 The
final parameters were determuned by averaging the values from the separate fitiings .
These v iues are histed in Table 6-4  The cation-doped crystals were sometumes
maensitive to the vanation of the anion parameters and vice versa. and therefore 1t was
often necessary to fix these values during the munimization procedure  These parameters

° 4

are i parentheses and were not incfuded in the averaging

The impurity concentration was also determuned n the fitting and the values for the
" individual crystals were included in Table 6-3  Setting the cation umpunty coﬁccntranon
to zero resulted in .1 small decrease (2 ppm) in the sulphide concentration when tested in
the crystal contam_;;g 32 ppm S*" The two values for the cation association enthaipy and
entropy reflect the influence of the unpurity type on these parameters The divalent
cation tmi)unty in the pure crystals was likely Ca~*, however, Sr=* was used as the cation
dopant
- -
.
The root mean square of the residuals. used as the fitting cniterion, 1s also given in
Table 6-3 The square roor of this quantity was generally less than two percent and never
greater than three percent. The number of sign changes was also.maximized and these
are also included n this table. The temperature range over which the conductivity data
was fitted is given for each of the crystals. It was often necessary to limit this -

- [
temperature range due to the precipitation of impunties at low temperatures and

defonmation of the crystal at high temperatures. -

Examples of the residuals for the final individual fittings are plotted in Figures 6-9.
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6-10. and 6-11 for pure, cation-doped, and anion-doped crystals respectively. The
tittings for the amon-doped crystals were generally not as good .n the others. This could
be due wn part o the experimental dufficulties at high temperatures, low dopant
concentrations compared to the strontium-doped crystals. and problems with precipitation
at low temperatures .
6.53.1. Discussion of the Model Type

Attempts were made to fit the data with all four defect models, Schottky, Schottky
plus cation Iérenkel. Schottky plus anton Frenkel. and Schottky plus Frenkel defects on
both sub-lantices Better results were achieved 1if anion Frenkel defects were excluded

There was very little difference in the results 1f canion Frenkel defects were included

»

! Allnatt antelis®? included Ft:cnkcl defects 1n thetr analysis but it was realized
later that the‘satisfactory fitting with the Schottky'model was'due to the slow
convergence of the steepest-descent algorithm. Nelson and Friauf'® found thug the

~ inclusion of cation Frenkel defects produéed unrealistic values for the anion activation
enthalpy determined tromt rﬁe titting of the conducfivny data. The inclusion of cation
Frenkel defects wn the diffusion analysis resulted in a larger contribution for cation
diffusion by vacancy pairs compared to the anion diffusion through pairs. Since this was
already at the maximum himit determined by the correlation factor, thcy‘concludcd that

thete was no appreciable contribution from cation Frenkel defects. This 1s in marked

contrast to KC1 which exhibited an improvement i the conducitivity fitting when

L

Frenkel defects were included on both sub-lattices ! 2

The correct model for the d'cfcct structure of sodium chlonde ca{ﬂm be stated
unequivocally. The fining improved when anion Frenkel defects were excluded and
therefore these defects are probably not present. It was not possible to determine whether
or not cation Frenkel defects were present since the firting was no better or no worse if

they were included in the model. However, merely including four more parameters

IO . a - - a L . . -



‘Would be expected to effect a slight improvement in the fitting. so that probably the

cation Frenkel defect concentration is very small.

'6.5.2. Discussion of Conductivity Parameters

The Schonk:y and cation energy parameters are in good agreement with the
previously determined experimental values of 2.44 ¢V and 0.691£0.01 eV dctc—rmincd by
Bénidre er al.2! and 2.4-2.5 eV and 0.65 eV determined by Allnart, Pantelis, and Sime!?
a's well as the HADES caiculated values of 2.32 and 2.54 ¢V and 0.66 and 0.67 e V=2 (see

also Table 1-1).

The maig controversy in this field however lies in the anion vacancy parameters. As

mentioned in Section 1.5, a broad range in values exists due to the difficulty in

determining these parameters. The values obtained from the present experiments were in

agrecmcnt with the value of 0.77 eV dctermmcd from diffusion cxpenmcnts by Béniére

139

etal Thc Arrhenius enetrgy is also glose to the value of 1.92 eV detcnmncd by Barrer -

al.?8, since from the present parameters (h1/2) + Ak, = 1.95¢V. The values determined in
the HADES calculations (Table 1-1) are also in agreement with this lower value. The
small difference in migrationenergies is consistent with the linearlty of the high

temperature region of the plot.

The current values do disagree with the results of Cook and Drydcn3 L.32 Their

experiments were carried out on quenched crystals and it'was assumed that neither

ass;)ciation nor precipitation were occurring. If the concentration of S ions is not
constant the slope of the conductivjty plot will be too high as can be-seen in the lower
extrinsic reglon of lhc most heavdy amon-dopcd crystal (excluded in the analysis). In
addition, the final values found here for h and s, indicate a high degree of association

and this would also increase the slope of the conductivity plot.

A«)npt‘s were made to fit the conductivity data with the higher anion migration

value of Cook and Dryden3 I This was done by fixing the anion migration enthalpy and

t
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varying the other parameters  Association was included in one trial but not in the other
since 1t had been excluded in thewr work. In both instances. 1t was found necessary to
decrease the Schottky formation enthalpy to unacceptably low values in order to fit the

data.

Ve

6.6. Transport Numbers and Complex Concentrations -
Transpott numbers. t . were calculated for all of the samples as the ratio of the
conductivity of a given species to the total conductivity  Several examples of these

results from the individual crystal fittings are given in Figure 6-12.

The transport numbers for the pure crystal indicate that the cation 1s o:nlahghtly
more mobile than the anion. At high temperatures. the transport number tor the cation
vacances approaches 0 5, with very little temperature’ dependence above 840 K, which

\
would account for the line3rity of the conductivity plots in the intnnsic region. The value
for t., approaches .0 at lower temperatures as the conductivity becomes extrinsic. The
value at 800 K 15 in good agreement with a value determined by Béntére. Béniere, and

Chemla~" for pure NaCl. ¢ .

Iy

The cation vacancy transport number was also plotted for the Sr"’-dopcd crystals.
The heavier dopéd crystal has no intrinsic conductivity and the transport is almost

entirely by cation\lvacancics. The lightest doped crystal approachies ntrinsic conductivity

at huigh temperatures

Sumilar calculations were carmed out for the Sz'-dopetkcrysmls The heaviest doped

.

crystal was measured over a lunﬁed temperature range due to sulphide precipitation,
however the increase in the anion vacancy transport can be observed. The lighter doped
crystals indicate that cation vacancy transport still dominates at high temperatures
(intrinsic region); however its contril;mion to the conductivity drops and approaches zero

wn the extrinsic region. The variation in t_, in the intrinsic regidn is a measure of the

- sensitivity of this quantity to small variations in defect parameters.

-~




-

The concentration of vacancy-umpurity complexes was also calculated and these
values were plotted as the fraction of complexes to free UMPUrities p versus emperature,
for both the cation and anion-doped crystals (Figures 6-13 and 6-134) The plots for the
cation complexes show the gxpected increase i association with decreasing temperature
and an increase n the degree of association with increasing umpurity concentration The
anion complexes exhibit the same trends. however there 1s some crossing of the curves at
high temperature resulting in less assoctarion of the 32 ppm crystal than the 8 6 ppm  ~

crystal at higher temperatures  The muinuma obsen ed are due to the fact that, at high

temperatures, the increase 1n p due to the nsing vacancy concentration trom the Schottky

_ equilibium outweighs the decrease in p due to the temperature dependence of the

equihibrium constant K | - At higher impunty conccnt‘ranons. the muinumum theretore
occurs at increasingly higher temperaturds. The same etfect 1s in fact evident in Figure
©6-13, although only for the lowest concentration 1s the minimum reached. These plots
also support the suggestion that even at 600 °C, the temperature at which Cook and
Dryden quenched their samples, the heavier doped samples are showing appreciable

410N assocation.

The association was also extrapolated to lower temperatures using the parameters
tfrom the individual tittings. This gave an approxumation of the anion impurity-vacancy
association at lower temperatures and although the association tor the 32 ppm sample 15
less than that for the 8.6 ppm sample at high temperatures. the relative concentrations of
complexes are as one would expect at lower temperatures.

6.7. Diffusion Coefficent Catculations

Th;:/thcory of 1onic diffusion has been given by several authors8!- 19- L6 The
diffusion coefficcn-t of u species r, which 1s diffusing by a random walk. 1s given by,

D =T r16 _ (17)
The quantity e is the mean square dlspiaccment and I is tﬁe Jump frequency. However,

difﬁfsion in crystals is not necessarily random. In the case of tracer diffusion. D°. when




the tracer ion jumps into a nearby vacancy, the next jump of the vacancy is random but
the tracer ion is most likely to jump back into its original position. The relationship
between the tracer (Db and self-diffusion (D) coefficents can be expressed in terms of
the correlation factor, f .

f.=D.ID, e (18)

The self-diffusion coefficent may be calculated from the conductivity data using the
Nemst-Einstein relation,

D = k_T, c, (19
ne<
where n is the number of ions per unit volumc//

Assuming that Schottky defects domunate, the jump frequencies, v, can be
calculated from the defect parameters dct;:rm'med. in the conductivity firting using the
following equation,

v, =VyexptAs, /kyexp(-Ah kT (20)

TH’; jump rate is then the product of the jump frequency and the number of equivalent

sites.
[,=12n_vyexp(-Ag, /kT) (2bH
These equations can then be substituted into Equation (17) for the diffusion coefficents

for the free cation and anion vacancies resulting in the following equations,
Dn‘v=4azf3 nL‘\'v‘v (22)
D, =d4a’f;n, v (23)

av

where fg is the geometrical correlation factor and is’equal to 0 78146 for alkali halides.

The presence of vacancies pairs also contributes to the diffusion; however, since the
pairs are neutral, they do not contribute to the conductivity. Lidiard® proposed that
diffusion through excess transport found when compaﬁng ionic ;onductivity and

‘diffusion cxperim&n& Subsequent experimental investigations found this mechanism to

be true!9 20.21.17.16.18
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The concentration of vaca:ncy pairs is given by the following expression,
¢, =6 exp(=g,/kT) . 24)
The factor 6 arises from the onentational entropy and g, = g5 +8,, 1.€. the pair formation
Gibbs energy is equal to that for the formation of a Schottky defect plus the change in

Gibbs energy on formation of the pair. The expresstons for the jump frequencies are

similar to those for the single vacancies,
Ve =Vo e.rp(-Ag‘,P 'kT) 25
Vap =Vo exp(=Ag,,, kT (26)

and the mean square displacement 18 the same as that for the single vacancies. Inthis
case however, the correlation factor is not constant and is a funcm ratio of the
jump frequencies. 1.e. f, =@ (v, /v ) and f, =6 (v /v ). The migration through

vacancy pairs can then be expressed as.

- 2 9
D ,=&af,c,v, (27)
D,,=(4/3)a”

L4

ap Cp Vup -

The defect energies determined in the HADES calculations were used for the
enthalpy of v‘acancy pair association and the enshalpy of the cation and anion jumps into
the pair. The entropy terms were determined by setting them equal to -1.0 k for the
associatign and 1.0 K for the jumps, and then varying these values to fit the experimental
results of Béniere er a/.2% 2! and Rothman er al '3. Varying the entropies merely shifts
the calculated diffusion curve up or down the ordinate and so ﬁoun(s to fitting the
experimental data at one temperature. The ggrccmem between the calculated and
experumental D over the whole temperature range is an excellent test of the final
parameter sets. Since the correlation coefficents had been set equal initially to the ratio

. ' of the jump frequencies, the entropies were then in error by a scaling factor. The actual

differences s, - s, and s, , — 5, and therefore the value for S,p Was set somewhat Y

arbitrarily; however on a simple Einstein model \it should be approximale;ly ole-sixth the

value of the Schottky formation entropy (see Mott and Gumney®, page 26).




6.8. Diffusion CoefTicent Results

Diffusion coefficents were calculated using each of the individual parameter sets and
the average parameter set. The 'mdiviclua.l< contributions from the vacancies and vacancy
pairs as well as the total cation and anion diffusion coefficents were calculatéd. Three
sets of values were plotted in Figures 6-15 through 6-32. These correspond to values
calculated from the average parameter set with the impunty concentration of a nominally
pure crystal, the parameter set for NaCl doped with 27 ppm Sr**. and the parameter set
for the sampie doped with 19 RpM S The experimental values of ééniérc et al 292!

118 Bet

and Rothman er a/.'® were also plotted for comparison.

The total cation diffusion for the strantium-doped crystal agrees with the
experimental data in both the intrinsic an;i extrinsic regions (Figures 6-15 and 6-16
respectively). The curve for the contribution f?hm the vacancy pairs is actually higher
than Béniere's. The cation vacancy pair contribution would be difficuit to determine

'experimentally since none of the crystals were doped with divalent anion impurities. The
slope of the total anion diffusion coefficent differs from the experimental one due to the
difference n the single vacancy pair parameters asﬂ can be Yeen by comparing the .

individual contributions of the single vacancies and the pairs to the diffusion data.

The parameters for the anion doped crystal reproduce the total cation diffusion fairly
well but give values for the total anion diffusion which are higher than the experimental.
The difference in the cation diffusion lies prumarily in the vacancy pair diffusion since
the single vacancy diffusion is very close to the expenimental curve. The opposite is true

for the anion diffusion where the agreement with the experimental curve is very good.

The average parameters produce diffusiorf coefficent curves with the same overall
results as the individual fits. The values for the total cation diffusion are quite good, the
difference in the results lying in the contribution from vacancy pairs. Attempts were

made to improve this situation by varying e entropies but they were unsuccessful. The.

188
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Table 6-1: Calculated Frenkel and VACANCY palr energies

for NaClt
Symbol Energy U nits Description
*

UE, 332 eV cation Frenkel formation energy

v
Ug, RIE ) eV anion Frenkel formation energy
Au 0t~ eV cation wnterstitial migration energy

[
Au, 017 eV anion mterstitial migration energy
Uyp -0.86 eV Vacancy pair association energy
_\ucp 098 eV cation jJump INto vacancy pair
Audp 093 eV anion jJump Lo vacancy pawu

»
L
8
\\\ \: o
S~ 4 ~




Thermmodynamic properties determuned dunng

fitting of temperature dependence ot conductivity

AN
Table 6-2:
Symbol L nits
hg eV
g Kk
Ah | c\"
Ah ey,
A K
h;k eV
) - Kk
" hy eV-
| Sk k
S ppm
___ ppm~-
hp eV
“op k
_\h¥p eV
Ast k
Ah.:p eV
Ao k
! h»p =uy, (0 K) (fixed)
Pah = du (0K dfided)
¢ Ah.lp = Au_lp (0 K) (fixed)

Description

Schottky tformation enthalpy
-

Schottky formarton entropy
cation vacancy migration enthalpy
Cation vacancy migration entropy
anion vacancy migratnon enthalpy
ANIoN Vacancy migration entropy
catton impurity-vacancy association enthalpy
Cation UMPUrity -VICANCY d$30C1ation entropy
ANION UMPpUrity -vacancy assoctation enthalpy
4n1on IMpPUrity-vacancy association entropy

cation umpurity mole fraction .

anion unpurity mole fraction -

vacancy pair association enthalpy?®

»
VICAMNCY PALT ass0CHation entropy

€ation jump Nto pair ¢nthalpyh
CAtIon Jump Nto pair cntr°

anion jump nto pair enthalpy*

anion jump iNto pair entropy
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Property

Sk

. _RSSx10*

T. upper

T. lower

Table 6-3:

3

0 609

2.680

0817

10311

6299

8936
0632
1010

0741

1464
1004 6
608 8

Crystals

370
0
2420
9 036
0 635

1 Q22

V74D

| 877
369 ¥

667 7

Final defect parameters tor each crystal

064+

% . ot
R JAUN v 4 :m}

-

0518
10229

699 S

27

0
2478
9778
0621 -
1 079
074
(22427

0647

() 465

10261

o

h 4
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Table 6-3: cont
Property Crystals -
Cyyle ol (I (I (12 (12
cg: 60 ‘ 32 19 86 71
hg 2347 2 285 2429 2305 2533
N 7 931 7404 9221 7179 10 391
Ah 0621 0619 0620 0620 0621
O | 047 1 050 1 052 1 055 1.033
» _0.718 0756 0768 0743 07{24
As 2367 2251 2282 2184 2310
hoy (0 641 (0 641 (()644)' (0 6;44) 0.6+
S (2224 (2224 (2229 )(th24) | (2224
hy, 0750 0716 0,775 0.782 0733
N 1339 1619 1 086 1616 [ 429
RSSx10? 5429 2496 5712 1 232 0.856
T. upper 964 8 998 2 1036 6 1021 8 979.7
T. lower 8425 80187 © 6838 7575 750 2
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Table 6-4: Funal average defect parameters

\\\
Parameter Value
LS
hg 2410
3g 8. 896
_\.hu 0.626 .
Y
Asc\ 1 068
_lh_“ 0744
As 2272
Jdv
h 0643 0612
-
-5 2.326%, 2.508°
vk
-th . 0.751 .
-s 1418
- 2k - ’
0 863
\“p 8
' . p 1 200
Ah 0976
cp .
_\scp 2850
Ah_lp 0.923
_\sdp 2.968

. -
' Association parameters for Sr* doped crystals
b Association parameters for naturally -occurnng umpurity:.

probably Ca™*
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Figure 6-1: Artfienius plot for pur‘e NaCl
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Figure 6-2: Arrhenius plot for three NaCl crystals doped with 360. 190, and 27 ppm

strontium
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Figure 6-3: Arthenius plots of pure NaCl and NaCl doped with 60 ppm S
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Figure 6-4: Arrhenus plot of NaCl doped with 32 ppn{ S
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Figure 6-6:

Arrhenius plots of pure SJCI and NaCl doped with 8 6 ppm S-
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Figure 6-7:

and pure NgCh

a

.

Plot of the ratio of the conducuvities of NaCl doped with 60 ppm S
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Figure 6-8: Plot of the ratio of the conductivities of NaCl doped with 19 ppm s

and pure NaCl
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Figure 6-9: Residuals from fiting of pure NaCl crystal
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Figure 6-10: Residuals trom fitting of NaCl crystal doped with 27 ppﬁ1 Sr*




148

-
B°1-

L J

i

(L3 S '13°N

I

T

81 20
¢ 1oy /s Lo))Beo1 o1

\



'

Figure 6-11:

v

Residuals from firming of NaCl crystal doped with 8.6 ppm S
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Figure 6-13: Fraction of comptlexed impurity tn Sr:‘-doped NaCl crystals
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Figure 6-14: Fraction ot complexed impurity 1n S:‘-doped NaCl crys‘tals‘ The

broken line represents values calculated from the final parameters.
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Figure 6-15: Total cation diffusion 1n NaCl doped with 27 ppm Sr=*  The evenly
broken lne rc‘:pn:s«:nIS'Bc’mér::'szl data and the unevenly broken iine represents

- Rothman's'® data. for pure NaCl. The diffusion coetficents calculated from the results of

the present investigation are given by the solid I]Qe () .
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Figure 6-16: Cation diffusion via single vacancies in NaCl.doped with 27 ppm Sr°

+

The evenly broken line represents Béniere's>! data for a pure erystal and the unevenly

broken represents his data for a strontium-doped crystal. The diffusion coefficents

calculated from the results of the present investigation are given by the solid line.
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Figure 6-17:- Cation diffusion via vacancy pairs in NaCl doped with 27 ppm S+,

The broken line represents Bémere's~0 data and the solid line rc;,;)resents the diffusion

coefficents calculated from the results of the present invesngation.
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Figure 6-18: Total anion diffusion in NaCt doped with 27 ppm Sr=*. The broken
line represents Bénidre ! data for pure NaCl and the diffusion coefficents calculated

from the results of the present investigation are given by the solid line.
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Figure 6-19: Anién diffusion via single vacancies in NaCl doped with 27 ppm Sr-+.
Béniere s data for pure NaCl are represented by the broken line and the diffusion
» ©. : coefficents calculated from the results of the present investigation are gn(:x?by the solid
' line. . ; * Sy . l
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Figure 6-20: Anion diffusion via vacancy paurs in NaCl doped with 27 ppm S+

) . T .
Bénmiere 's=Y data are represented by the broken line and the diffusion coefficents

calculared trom the results of the present investiganon are given by the solid line
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Filzure 6-21: Total cation diffusion in NaCl doped with 19 ppm S=". The evenly
broken line rcpresc}ls Bénidre's~' data and the unevenly broken line represents

Rothman's!® data. t'or'purc NaCl. The diffusion coefficents calculated from the results of

the present investigatién are giverfby the solid hine.
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Figure 6-22: - Canon diffusion via single vacancies in NaCl deped with 19 ppm S*

The broken line represents Béniere's>! data for pure NaCl and the solid line represents

the duffusiom coefticents calcutated from the results of the present investigation
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Figure 6-23: ation diffusion via vacancy pawrs in NuaCl doped with 19 ppm S-
The broken line rfpresents Béniere's>Y data for pure NaCl and the solid line represents

diffusion cvefficents calculated from the results of the present mvesnfginon,
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Figure 6-24:  Total anion diffusion in NaCl doped with 19 ppm S*° The broken line
rc:prcscnts.Béniére's,u data for pure NaCl and the solid line represents diffusion

coefficents calculated from the results ofghe present tnvestigation.
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Figure 6-25: Anion diffusion via single vacancies in NaCl doped with 19 ppm S
The broken line represents Bénigre's”! data for pure NaCl and the solid line represents

diffusion coefficents calculated from the results of the present investigation.
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Figure 6-26: Anion ditfusion via vacancy patrs tn NaCl doped with 19 ppm S°°

The broken line represents Bémere's=” data and the sohid line represents the diffusion

coetticents calcplated from the results of the present investgation
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Figure 6-27: Totul canon diffusion in nomunally pure NaCl calculated using the

L 4
averageé parameter set. The evenly broken line represents Bémare 's- " data and the
P

unevenly broken line represents Rothman's'® darta, for pure NaCl The diffusion

coefficents calculated from the results af the present investigation are given by the solid

' hine.
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Figure 6-238: (—\Cmon diffusion via single vacancies in nomunally pure NaCl
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F iguu're 6-30: Total anéon-diffusion in nominally pure NaCl calculated using the

average parameter set. Béniere's”! data for pure NaCl are represented by the broken line _

’

and the diffusion coefficents calculated from the results of the ptcsént_ investig‘atior'i are

given by the sotid line.  +, -
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Anion diffusion via single vacancies in nommnally pure NaCl calculated
L] . -
. ’ . . ~ . Ry ~
ustng the average parameter set The broken line represents Bénere 5= data for pure
. . .

.

NaCl and the solid line represents the diffusion coetficents calculated using the results

Figure 6-31:

trom the present investigation. < .
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Figure 6-32: Anton diffusion via vacancy pairs in nomunally pure NaCl calculated

. - ~ - B
using the average parameter set. The broken line represents Béniere 5= data and the

. solid line gives the ditfusion coetficents calculated us\ugg the results from the present
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Chapter Seven
Alkali Halide Quasi-harmonic Calculations

.7.1. Introduction
The defect parameters determined in the conductivity analysis were assumed to be
temperature independent however, it has been suggested that this might not be the true
for l&Clﬂ' 1.2 and therct;ore. by analogy, similar B.rgurr‘ms would be expected to hold for
NaCl. It has been demonstrated by means of HADES calculations that an increase of 1%
in the lartice constant of KCl resulted in a decrease of 1.6% in the Schottky formation
energy of KC1?2. It should be kept in mind that the calculated defect energies are

determined at constant volume whereas the experimental values are determined at

.
=~

<,
constant pressare.

The effect of temperature dependent defect parameters is more pronounced in AgCl
where the free energy of Frenkel pair formation decreases more rapidly than would be
predicted using a temperature independent enthalpy and entropy >Through a combination
of static lattice simulations and the fitting of ionic conductivity data, it has been
discovered that while the enthalpy of defect formation, hP -increases with increasing
tcm;;eratunc, the energy at constant volume, u" decreases®3-86- 43 Thys at the mel ing
point, kP is approximately 50% higher than u¥. Catlow eral/ 8 found that by using the

quasi-harmonic approximation,
u(V.H=uv(m) ' (h
they were able Yo describe the temperature depcnslcnce of the defect formation ¢energies
of AgCl. As implied by Equation (1), defect energies were calculated by assuming that
the temperature and volume changes could be introduced by including the temperature
dependence of the lattice parameter. ' >

.2

The-success with AgCl led Corish, Catlow, and Jacabs? 1o carry out similar
. calculations on NaCl and KC1. They calculated the enthalpy of formation of Scﬁot{ky
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defects and the vacancy migration energies at constant volume over a wide temperature
range. The CDN spline potentials, derived at 0 K by a combination of 'thcoretical
calculations and the simultaneous fitting of all the alkali halides to their 0 K properties,
were used and the defect energies were calculated using the HADES program and the
quasi-harmonic approximation. They found that the values of u¥ decreased by 19 and
21% for KCl and NaCl‘respcchely and hP increased by 10 and 9% over the same

temperature range.

P

s
Temperature dependent defect’ energies have in general been calculated at various

temperatures by using potentials derived at 0 K and introducing the change in lattice
parameter due to thc thermal expansion of the crystal. The following investigation was
undertaken in order to determine the tcmpcran.;rc depeadence of the p'otcr‘l'tia.ls tpcmsclvcs
by fitting the potentials to the physical properties of the crystal over a wide temperature
range.
7.2. Comparison of Results Using Tempegature Depend‘ent and
Temperature Independent Potentials
The crystal properties were calculated for NaCl, KCl, and KBr from 0 K to their
mglting points using both the temperatuge dependent (TD) potentials derived in Sccrit;n
2.2 and the Catlow, Diller, and Norgett (EDN)5 potentials derived at 0 K. The unsplined

_potential was used for NaCl and the splined potentials were used for KCl and KBr.

~

Since the results are similar for each of the alkali halides investigated only the‘results
for NaCl have been included. The most dramatic difference in the two potentials is the
calculated bulk strains. The bulk strain for the TD potential was less than 1 part in 10*
over the entire temperature range since this requirement was,fncorporatcd into the fitting
procedure. The CDN potentials produced bulk strains which reached 7% a;t the highest
temperatures (Figure 7-1) which is not surprising since the' potential was derived at 0
K. The elastic properties have also been plotted in Figures 7-2 and 7-3. The values
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determined using the TD potential agree with the experimental data; however, the CDN

L)
values are slightly lower in the case of the bulk modulus and higher in the case of ¢ .
The values for ¢, calculated using the CDN potential show very little temperarure

dependence. The values for the static dielectric constant are much higher than the

" experimental at high temperatures when a temperature independent potential is used

(Figure 7-;1). Only two experimental values were available for the high frequency
dielectric constant and therefore considerable scarter resulted for the values calculated
ustng the temperature dependent potentials (Figure 7-5). The C[')aN potential produced
smoothly vaxymg values however they are much lower at high temperatures than would
be expected from a linear extrapolation of the rwo available experimenral points. The
same-sigyation arises for the q':nsvcrse optic mode; however, in this case the.valu'cs
produced by the TD potentials are also smoothly varying and lie below the two
experimental points. The CDN potential pfoduced values lower than the TD potentials

(Figure 7-6).

g

The Schottky formation and cation and anion migration energies have been

calculated for each of the alkali halides using both sets of potentials. Once again only the

NaCl results gre given (Figures 7-7 to 7-9). The TD potentials in general produce
energies lower than those calculated using the tempcratu;'e independent potential. The
only instance for which this is not invariably tx;ue is in the case of the vacancy migration
energies for NaCl. The defect energies are also closer in value for NaCl than for kCl or
KBr. The results indicate that th; effect of using a 0 K potential to calculate defect

energies over a wide temperature range, and thereby introducing lattice strain, is not as

~ great as might perhaps have been expected. The difference in migration energies and

L} ’
Schottky formation energy resulting from the two sets of potentials for KEI and KBr is
somewhat larger, approximately 0.3-0.4 eV and 0.6 eV respectively. '

t
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7.3. Calculation of Thermodynamic Properties
The ﬂwmmnd ;ampemes have been calculated according to the equations set
out by Catlow eral.*}. It was necessary to'begin by equating the Gibg energy and
Hembholtz energy.
| gr =f : L 2)
a relation which follows from the quasi-harmonic approximation. The,valkcs for gP were
calculated from the individual values of hP and sP determined by experment for the

" Schottky formation and the cation and anton migration energies (NaCl, Béniére er al=!;

KCl, Acudia and Jacobs®; KBr, Dawson8!)

“The unit c:{[ volume v(T) was then calculated from the fattice parameter a(T), v=Za3.

and hence the egpansiviry determired from, v N

-

) (v )(8&/87') . 3
From t‘" and .dt*’/dv ang}aé &?{ollowin‘g thermodynamic properties were

.calculatcd / i}ﬁ‘ ;/" L4 . .
PR w’ Kpv (3 1v) g CY
1S W=y +(P(TBP/Kr)_ L. ' : 5y
P =5 +vP(BPKy) - ) , (6)

Here Ky is the isothermal 'co:npressibiliry87 and s¥ was calculated from (u*%*)/T. While
this is not-a completely theoretical method of cahculatih-g sV it was the only way available
sincé defect entropy calculations are not ygt routine and are very elaborate38. (n tug iy

L

the volume, enthalpy. and entropy at const'am'-pressu‘re can be calculated. Note that the

calculation of vP is independent of u".

The quasi-harmonic resylts were plotted in,Eig\ires 7-10-to 7-15 for NaCl and
Figures 7-16 to 7-21 for KBr. The results foJ(KCl have been published elsewhere??.
These calculations were carried out for the Schonky formation and cation and anion Cat
migration energies. Values for the Gibbs energy, the enthalpy, ‘the ‘energy, the entropies Ix‘\

at constant volume and constant pressure, and the volume of formation were plotted.

S e e



. The Schottky defect formation enengy &nd Gtbs energy for NaCHhowed a decrease -
of 18 and 25% respectively with mcrenmg témperature. The enthalpy increased

graduau??wim temperature by 6%. Both the enfropy at ¢ volume and the entropy
at constant pressure increased asym;-xotiéally with temperature. The volume of formation
dccrcaged with increasing tempe.rature but levelled off at a fairly low temp.eramre The
energy, Gibbs egergy. and cnthalpy for the cation and a.mon vacancy rmgranon alt
decreased with mcmasmg :cmperarurc This effect was most pronounced for. the energy.
23 and 28% for the cation and armion respectively, however, the decrease of 6-and 14% for

" the cation and anion migration c-mhalpics should bewnoted. The éntropy at constant
pressurg, the entropy at constant volume, and the volume of formation for the cation
vacancy migration exhibited the same trends as the corresponding pfopemes for Schottky

. -
" defect formation. The anion vacancy mlgranon behaved differently i m that the volume of -

formation increased asymptotically with teraperaturt. The values for the entropy at
constant volume for the cation vacancy m'igx:ation’md the entropy at constant pressure for
the anion Vac'g;}cy.migration were negative. - . :'\

The enefgy‘at constant. Columc and the Gibbs energy for the Schottky defect
fon:matiqn for KBr decr'ease(.i'(Zl and 17% respectively) with increasing temperat@re and
the cnthalpy increased by 3% There was some scatter in the gntropies howcver they d:d
mcrcase shghtly\wuhtemperature\whdc the volume of formation decreased slightly.. Tho

ene;gy a,nﬂ Gibbs energy, for the cation vacanecy migration decreased with increasing
7 -

e tgmperaturc by 27 and 20% respectivély and the cnthalpy increased vcty shghtly (2%).

- The entropxes mcreased asymploncal!y with tempcramrc and the volume of formauon
decreased gradually Thc values for thc en!ropy a constant volume were neganve The
energy and Gibbs energy for the anion vacancy migration decreased with increasing
temperature and the enthalpy increased slightly. The entropies again increased and were

ﬁegaiive'eicept"u\ the case of the enfropy at constant pressure at high temperatures. The

volume of formation was almost temperature indepdendent.




The energy and Gibbs energy for Schottky formation for KCl decreased with
increasing temperature by 18 and 17% respectively but the enthalpy remained constant
The entropy at constant volume decreased with increasing-temperature however the

. entropy ar constant pressure and the volume of formation exhibited no temperature

dependence. The eperéy and Gibbs energy for the cation vacancy migration decreased
with increasing temperature (21 and 20%) and the enthalpy increased slightly. Both
entr‘opies increased asymptotically with temperature and the volume of fo‘rma;ion
decreased and then increased again. The energy and'Gib-bs energy for anion vacancy
migration ag:;.i.n increased with decreasing temperature ;s}expect'ed (24 and 29%):
however, the enthalpy was independent of temperature. The entropy at consta;-lt volume,

entropy at constant pressure, and the volume of formation decreased slightly with

- increasing temperature. The values for the entropy at constant volume for the catien

vaCcancy migration were again negative.
»

In general, the enthalpy changed less with increasing fermnperature than the'energy at
constant volume. It is also interesting to note that as in’the case of the silver halides and

the alkali halide calculations of Catlow er al.*, the Schottky formation energy decreased
while the en'dialpy increased for NaCl and KBr but was temperature 'Lndependcnt for KCI. . "

' Th:s is a]so true for the mlgrauon energies and enthalpaes of KBr but 'the enthalpies

decreased wuh mcreasmg temperanu'e for the vacancy-migration m NaCl and were. elther

temperature mdependem or increased slightly #ith temperature for KCI._ »

-

The Schonky defect formation enthalpy and entropy at constant pressare are in fau-ly -

. o

. good’agreement thh the'expenmemally determined values for NaCl. The expenmema}. v,

values are sbown in the figures as horizontal lines through the temperature range ove;
which they were determmed The enthalpy of cation vacancy tmgranon also agrees wnh

~ the expenmentally determinéd value however the entropy is low. The comparison of the

. experimnental and calculated values for the anion migration parameters is the least - -

mnchtory,bm_nog entirely unacceptable. L - .

.
. ~ - ~
Y -
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7.4. Temperature Dependence of Conductivity Parameters ’ . -_
ftis possible'th:;t the modification of the conductivity analysis to mcLudQ temperature -
dependcnt'guametcrs would improve the Tit to the conductivity data. It 1s €xpected ;.A

though th;u)unhke the silver halides this correction would be small®. This prbcedunc is
- not Teasibl® however until a better understanding of the temperature dependence of the

defect parameters 1s achieved. . - by -
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Figure 7-2: Experimental®” values of the bulk modulus for NaCl and values

-

calculated using the TD and CDN potentials
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Figure 7-3: E.v«pa:rum:m.xl"5 values of the elastic constant ¢, tor NaCl and values

~

calculated usnﬁg.mc TD and CDN potentials
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Ficure 7-5: Experimental® v alues for the hugh trequency dielectne constant tor

-~ NaCland values caleulated using the TD and CDN potentals
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Figure 7-6: Experumental®’ values for the transverse optic mode for NaCl and

values calculated using the TD and CDN potentials
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Figure 7-7: Vilues of ug for NaCl calculated using the TD and CDN potentials
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Figure 7-9: Values of Au, - for NaCt caleulated using the TD and CDIN potentials
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Figure 7-11: Values or"zg. sgeand VB for NaCl caleulated using the TD potentials
e EN
R B

B = 3 . -
The sohd line representvihé¥alie of vg determined experimentally over the indicated
o

temperature range
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Figure 7-12; Values of AgPARP and Au’ tor NaCl caleulated using the TD
potentials  The solud line represents the v alue of Ah  detenmuned expenumentally over

the mdxc{d temperature range
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Figure 7-13:; Values of A\p\. _\s:\. and Av:fv/\ for RaCl calculated uswing the TD

potentials  The solid line represents the value of Ay | determuféd experumentally over the

indicated temperature range
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Figure 7-14: - Values of Agg\ Ahg‘. and ._\u:'lv tor NaCl calculated using the TD

»
potentials  The solid line represgnts the value of Ah | determuned expenumentally over

T,
the indicated temperaturé range
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Figure 7-15: Values of AsP - AsY and AvP /v for NaCl calculated using the TD
potentials  The sohid hine represents the value of As detemuned experimentally over the

indicated temperature range
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Figure 7-16: | Values of gE. hg, and u‘S tor KBr calculated using the TD potentials




.

SVAURN A R

awn > 0 Qawn
- = o
x| 0O D O
S
0 > O
O D @)
Sk o >
(T
O o)
N
O S o)
/ —_
O O
S © > O
. 0 >
D D
0O > O
| -
-m /
§ @ Qg > O y
| 1 .‘{. |
s N N N ,‘N L ad

76 77

75

o~
8
~
= >
o
e~
o~
e~
quute
e~

a3t




A\

e
'y

4

/
s
"
.
L
N s
>
4
.-
) -

Figure 7-17:

Vatueh of 5€. ¢ and vE/4 for KBr calculated using the TD potentials
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Figlire 7-18:

potentials
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Figure 7-19:

potentials

Values of A.\P\, .3.\:‘, and Ay E\/‘ tor KBr calculated using the TD
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Figure 7-20: Values of AgP -AhP and Au} | for KBr calculated using the TD

-

potentials
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Figure 7-21: Values of 3P L As* Land AvP /v for KBr calculated using the TD

potentials
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