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ABSBTRACT

The stabtes of an ordinary Fecenire involved in abéarytian,
emission, and step diffusion ars considered on the basls of
a model which represents ths Fegentre slectron, in the
adiabatic approximation, by & pseudo wave functlion and btreats
the lattlice within the Born-von Kérmdn theory. In caleu=
lating the Fecenire electron-lon interaction the lons ars
treated as point charpges but an ion-slze contribution to the
energy which arises from opblmizing the pseudopotentlial 1s
included, Relaxatlion of the lattlce 1is Included by allowing
all the lons in the vieinity of the defect bto move, using an
adaptation of the Kanzaki® method due to Stoneham,10 Howaver,
elactronic polarlzation 1a omitisd,

The absorption, emlssion and step diffusion metivation
energies were calculated for NaCl and KOl using Bornelaver
and inverse power florms for the repulsive interaction. The
absorption energles agreed well with experiment but the
emigsion energles showed poor agresment. For KC1 the step
diffusion achtivation ensryy, which involves the ensrgy dif-
ference betwesn the relaxed Pw-centre sxelited stute and the
antisymmebric saddle-point state (figure 1), agreed uoderabsly
well with bthe expsrimental value after a corrscltlon was made
to the zeroth order energy caloculatlons. This correction was
arplied beocause the param@t@?g>im the repulsive interactlion,

evaluated from bulk equilibrium data, differ from those

which mast be used when the equilibrium loniec spacing dlffers
7 &




appreclatly from the normal bulk values, us occurs for

geveral ions nsar the saddle~point.
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CHAPTER I

INTRODUCTION

The aim of this work was the calculation of the

activation enorgy for one of the processes responsibls for
the diffusion of Pecenbtres in alkall halide erystals, nanmely
the F-centre step diffusion pwma@&s.l This is the process
by which a (110), second nearsst neighbour, lon to an o
gentre interchanges positions with the Fe-gentre, In ths other
process contributing to Fecentre diffusion an Fweantre
eleotron isvﬁh&rmaily tonized to the conduction band, driflts
through the erystal, and is trapped at a distant anlon
yacancy. ihe caleculation of the setivation energy for Fecentre
step diffusion involves the determination of bthe difference
in energy of the systen, including excess eloctron plus
latitice, in the relaxed ground and excited states of the F-
centre and the energy of the rolsxed system in the saddle-
point configuration (figure 1), In the saddle point, the
electron can be in a.symm@tris‘ow/an anbisrmmetric state}
congsequently it is necessary Lo celoulate the roalaxed energy
af both of these states., Ny treatment of these prollems
shall be described bri@f&y‘@ﬁlmw'and in more detall in the
appropriste sectliona to follow,

Cne of the significant resulls of this work has been
the development of sgmﬁuﬁaﬁ prograng which are saslly adapt-

able to the treatment of F,, Fy, and FC centres which are of

2,3

gonsiderable expsrimental and theorstlical interest.
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Thege centres are modifled Fecentres in tha% the ?g, Fﬁ and
Fg conbres csontain respectively one, two, and three lmpurity
alkall lons aﬁjaséﬂﬁ to the PFe-cenbrs,

Associated with the kaa%ntr@ there are two exoltation
pneprgies, Those urs a reorientation energy and & dilssoclation
eneryy which ars the energies reguired to go from the inltial
configuration given by rigure 2(a) to the configurations in
figures 2(b) and 2(c) respsctively. The reorienbtation enerygy
may be determined in exactly the same way uas the acbivation
enorgy for Fecentre step diffusion was determined,only one
masth t&ke aceount of the faect that an impurity lon 183 pre-
sent (this will modify the ion=ion interaction, the electron-

son inbersctlon and perhaps the symwetry of the wWuve function

of the electron). In the same manner the disspciagtion
energy of ?&ucﬁnt?®a and the sxecitation energies of FE and Fﬁ
centres may be caleulated from the same basic compubter pro-
grams with the appropriute medificatlons

The main problems which are involved in energy galoula-

tions are in the specification of:

(1) the wave [funciion to desepribe the exesss elsctron
{11) the potential describing the interaction between

the sxcess electron and the lon,
{111} the displacemsnis and polarizations of the ions
surrpunding Lhe vacancy.
Gy trestment of these will be described in the following secilons.
Since it was necessary Lo calculatse the reluxed snergy

of the system when the F-centre elesciron was in its ground
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and exclted gstates, as an added feature the absorption and
emiasion sneprples for Fe-centres were cualcoulated, The oxe
perimental values for these quantlties are readlly avail&hlagﬁ
hence one has soms indicabtion of the valldlty of the model,
The energy of the sysbem was alnimized with rsspect to
the displacements of the lons In the orystal and the varis-
tional paraweters. This was dons within the framework of
the pseudopotential th&arem&’g’? which allows one to des=-
cribe the excess Fe~cenbtre electron by a awcoth pseudo wave
function and treat the change in energy of the system when
it relaxes by perturbaticn theory. The crystal was treated
within the Born-ven Kdrmén theory, that is in the harmonic
approximation, and it was assumed that the elsctron obeys
the adiabatliec approximation., This means that the sleciron
follows the motion of the ions instantaneously or in othsy
words the wave funcilon of the sxcess olectron is that which
it would be 1L the ions were static, cccupying bthelr Iin-
stantansous positions. One also assumes in this theory that
the actusl crysial can be replaced by an infinite crystal
with a periodicity of marxroscopic dimensions, %his Introduc~-
tion of cyolie boundary conditions replaces the actual orystal
having a freoe surface by a hypothetlcal crystal where the
distortions are dus Lo a reogular array of defectys — one
defact per unlt cell. This howaver does not aflfect our cale
gulation for ths distoriion of the ﬂry@t&l.%

The intsraciion bebween lons was taken to be & coulowmb
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snteraction between point ions plus & nearast naighbour short
pange repulsive lnteractlion, However, the intsraction be-
twoen bhe sxeess slectron and the lons was asaumsd to ine
volve coulomb interaction with point lons plus & terwm which
arigses from optimizing the pseudopobential and is deascribed
a8 the ilon size a@?y@e%ign‘y

The displacemeonts and polarizatiuns of the iong can be
eaicui&t@ﬁ by an sxiension to the Ranzall m&ﬁhwﬁﬁ due Lo
E&Gﬁ@ham.le In the present work the lons are alleowad to
pslax to new positions from the perflaect bulk latbtics con~
figuration but the electronic nolarization aasociabed with
the defse: in the orystal was not conslidered, Some work was
started on the inclusion of this polarization by means of a
ghell model spscification of ths lons in the erystal, but
his was nob carried through %o a conclusien,

In order bto determine the absorption and amisslion
snergies 1t was negessary bo know the distorbtlon associated
with the ground and exeited stube relaxsd Fegantre, for in the
caleulation of, say, the absorptlon energy, one invokas the
Pranck-Condon prineiple which sbtates that the lattice relaxa=
pion bime 1s long comparad to the tlme asgoclated with the
photon absorptlion procesa and gonssguently one caleulates the
energy of the system in the axelited state in the presencs
of the ground state distortion, Similarly for the Tinal
gstate in emission, ons caleulates the energy of the system

in the zeound state in the presgsence ol the sxoclited state
& ;
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distorblon, Henee it is erucial in ths caleulablon of these
enepglies that the distorbions assoclated with Lhe rolaxed
ground and exclted state Fecontrss be determined agourabtely.

These calcoulatlons were carrisd oub lor KCL and NaCl

for btwo different forms of the repulsive pobential, namsl
E ; 4

] W P o _m 3 ”
a forneMayer vepulsive potential (Re lf) and an inverse

power form (R[a™ ), This latter potential form was Intro-

duced because 1t was suspected that the Born-liayer form might
braak down whon one atbeupted to push i« oo closely tos
gether as alght cceur for the saddles point configuration,

The resulis obbained for the Fecentrs absorption

whils the rssulis

for emisslion for bobh crysitals considersd ave found to be
smaller than the expsrimental values, thus Llmplying a largsr
Stokes shift. The asbiwvation energy for Feceontrs step dif-
fusion does not agres with ths value quotsd by wolft until
one makes a eorrection to the zeroth order energy. Ihis is
motivated by the faet that the repulsive interactlon parae
mebera ussd were bhoss for long separated by thelr crystal
squilibrium spacing, while at the saddle point bthe separa«
tion betwesn lons i3 considervably less than bhis.

Pupthermore, it was found that the splitblng bsbween
the energy levels of the symmetric and entisymmebric states
of the saddlie-point 1s of the sase oeder of magnlitude o8
the splittings glven by &rammll for aplitting betwesn the

gymmetric and antlsymmebtric states ol the ¥, -centre. The
&5




(8) h

FA centre {(in the saddle-pcint configuration) differs from

my saddle=-point configuration only by the substitution of a

neighbour impurlity lon and consequantly order of mugnitude
sgresment In the splitting of thess two cases ls sxpsciad,

The remalinder of the thesls will be divided into throe
chapters labelled 11, IIX, and IV, Chapbter II is intendsd to
provide a background to the paseudopotential theory, the
Kangakl-Stoneham method of treating leattice distortion, and
the shell model treatment of the ions in a crystal., The
presentation of these theories In the llterature is at times
gulite vague and ususlly spread over several papers, It is
hopsed that thls section, although contalining no new theory,
will afford the reader an easler understanding of the
methods,

Chapter III will deal with the caleulstions and dise
cusgsion of the results of the application of this theory to

the Fecentre and saddle polint defect while Chapbter IV will

give a brief summary of the results,
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2,1 PSRUBOPUT

he LHTROGDU

Tt has been found Lhat very cruds models have besen able
to predict the observed properties ol electrons Lo & dogree
which one would not have expected from the pubsst, For
instanes, gocd success has beon obtalned for caleulatlions
bagsed on hydrogenic models for atomic energy level calcula=
tions, point lon models for erystal cauleculations, and nearly
fres electron models for the calculation of the energy of
valence electrons in metals. A common feabture of all thesse
models i1s that the cove electrons of the atoms are either
ignored or treuted in a very silmplified manner, For examnle,
o ealéulat@ the energy bands for the valence elesctrons in &
crystal using the nearly Iree electron model one assumes that
the potential snergy seen by the glectron 1s weak., Physically
this is not true.

However, this model is successful due to the cancellation
betwoen the negative potentlal energy of the slectron near an
stomle nucleus and the positive kinetle enepgy assocliabed
with the papid fluctuations of the wave function in this
vicinity. Mathematically these rapld oscillations urs &
consequence of the reguirement that the wavefuncition of the
valence electron be orthoponal to the occupled core orbllals

(.8, they ave eipgenfunctlions ol the sane hermitian
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Hamiltonlan belonging to differsnt elgenvalues.) —
This cancellation of the potential and kinatle ensyyy
forms the justification for the use of a pseudopotential
and a pseude wave funciion in the caleulatlien of electronic
eneryy 1avals.6 Although this method was orliginally
apolied to band atructure calculations 1t 1s also applicable
to the pressnt problem, namely that of elsctrons trapped by

the potential wells of crystal defects.

DO PO FhL €

mial b

B, THE GEN

The pasudopobential theorem 1s based on thres funda-
monbal avproxinations. Thess are:
{1) the self~consistent fisld approximetion, Thls

amcunts to replacing the interaction betwsen slescirons by a

potential that depends on some average lnteractlon, Howsver,
this potential depends upon the states occupled by the
electrons and these states depend on the potential; con-
secuently a self-consistent calculation is necessary. Debween
electrons the only important lnberaction is the ecoulomb Inter-
action which is divided into three paris,

{a} the Hartree potential which 1s arrived at by
computing the time averags of the slectyon distribution and
then by using Polsson's egquation one can obtain the corres-
ponding wotential.

(b) the correction due to the Faull excluslon
principle which gives rigs to an‘axeh&mga int%rﬁﬁtiﬁﬁ».

{c) the remaining interaction which arises from the
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correlatad motlon of the slsctrong.

{2) 4the separation of the slectronic states into core
and valoncs states and the treatment of the core states as
being iocalized. This small core approximation is used in
thres wavs:

{a) the cores are assumed not to overlap so there is
no direet intersction betwsen ions except for thelr coulomb
interaction.

(v) the variation over the cors of the potential due
to the conduction {or excess) slsctrons and adjacent lons 1s
neglected. As a consequence of this the cors wave functlions
ars the same &8s in the isclaeted ilon, although thelr energles
differ from the energles of the core states of the isclated
iona,

{¢) the integration of products of a smooth functlon
and core funcbions is simplifisd since the variation ol the
former over the ion 1s neglecisd and conseguently is taken
oub 0% the integral and given the value 1t assumes abt the
ionic site.

(3) the applicability of perturbation theory in ecowmputing
the eneprgy levels of the statses.

The orginal problem in this work 1s the eglaula%ion'ef

the eigenvalues and elgenfunciions of

H\§m>=em|§m> (1)

%

where B * bthe Hamilionian = [+ V

#

T bhe kinstle snergy operator
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V ® a one slectron potential which 1s not necessuarily
local

n % ¢ denctes a core orbibal

=
it

and n = n” denotes & state of the trapped aleciron,

To solve eguation (1) one considers the following related
gigenvalue problsz (equation (2)) and postulabes that this
gquation has the same snergy elgenvalues i'or the states of the

trapped electron (i.8. for n W),

<H+VR>‘§M>= Em‘§m> (2)
whors Vkl§m>= 5?;5' <F¢,I§M‘>[I’¢_'} (3)

and ths 7y are completely arbiirary functions, This arblirari-
ness in the psoudepobtential can be resoved by placing various
conditions on the potentisl. In our case the condlition th@ﬁl@)
be a8 smoobth as posalble ls invoked, This corresponds to
minimiaigg the kinetlic ensrgy &f\é@h or since the ensrgy of

the syatenm in a glven stalte Iz a fixed value, to maximlizing

the expectation of the pssudopobtsntlal using the psesudc wave
functvlon,

The motivation for considering an slgenvalue esguabion of
this form stems from the work related to the snergy levels of
conduction electrons in wetals whers the wave lfunction of the
conduction eleciron 18 expandsd as a linsar combination of
plane waves which are oyrthogonslized to the core orbitals.’

Conslder now the lorm of the pseude wave functlions
which this dletabes, #Flrst consider the pssude core states

and sxpand them as & linear comblirnation of {Qm} » which




form & complote orthonormal sab,

l§Q>= gdv' ‘@\l‘\> + §ﬂ§.|§¢‘> (4)
N e

Substituting this into eguation (2) one obtains

 EE (B s+ <R} SR
+é‘g°(v' “\‘I’ >‘§e“ +g(t_ ' E )e{v,|§ VP o= (5)

¢
Since the 'I‘m>éﬁi“€§ all linsarly Iindespendent, the o' =0
(a4
providsd there 13 no accidental degeneracy (i.e. Ev'gEe. Je
Hente one 1a left wibh a 3¢t of equations bto delermine the
c e ‘
e, It follows from o' *© that the core pssudo sbtales ’§¢\7

are a linear gombination ol only the actual core states.
[
1§Q>: g c(clt@el> (6)
el

and that these core pasudo states are of no interest in
caleulating the actual core states of the erystal (this will
be shown later),

In a simllar manner consider expanding the states l§v>
a9 & linear combinatlion of tﬁs&‘ l@m >

18,0 = Sl Bed e St lde

Thus

and again substituting into equatlion (2) cne obtains

g{(Ee" EV) St + <F"l§'¢">}°( T2 ““5 <Fc")§;v>°{v | Eer?
+ S g< c."lgv >°(V"§‘-’-"> + (Ev EV> °<v | Ev y

Vigy e” s é‘ (Ev‘ - V>°(v' | @v\> =0

Again unless there is an ac&iﬁemtal éamn@ﬁmy o(V\ =0 for

V'$£V  and honce |§V> = “I,v‘>.+. go{e, lI@} (7)
cl




(14)

o(Zu = <§v\ Ec‘>

whare

v v
and the of,'s have been redefined sc as to make oy =1
™hia may be rewritben as [P = (1"‘P) \§v> (8)

where P = ?}%.)(fg\ is a projection operator which
projects on to the gubespace spanned by the core gtates, 1t
ig bo be noted that the pseudo wave funcilon sc defined ig
not unigue. Une may add to equation {(7) a linear combination
of core states without changing the result. That is

‘§v> e ‘§V> + % "’c‘ l@c"> (9)
and when this is substitutbted inte equation (&) one sses that
the setual wave functlon of the system is not éhamgﬁé. It
should be emphasized that having found‘§§>en@ need only
orthogonalize this to the actual core states to obtain the
actual excess slsctiron wave funetion.

Tt has been stated that this is true if there is no
accidental degeneracy. If an sccidental degeneracy does arise
this Just introduces a further arblibrariness into the wave
fumati&n,l&&%'it may 8bill be chosen in the form glven by
equations (8) and (7).

The pseudopotential which was defined by squation (3)
contains the avbi%rary functicne ¥,. These cen now be [lixed
by optimizing the pﬁ%ﬁﬁ@p@tﬁﬂ%i&l; ihe eriterion which is
used is that|? be thé smoothest possible \@7 , that is the
oscillations in the actual wave functicn at the ion core sBlles,

which result mathematically from the reguirsment that |§\4>
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ve crthogonal to the core orbitals, be sublracted out as well

as possible., Alternately, since ithe energy of the syaten in
a given stete 1s constent, one way apply the variatvlon mathod

to maximize <P N+, l?é\i_
<dld>

7o consider the wvariation of this sxpresslion one introduces

a Lagranglan multiplier A and considers
S(<BINHVRIT Y - 2<BIBD)=o0

CSFINHV B> +<BIVHRIBE> ~ X <SB1E> -<Els8> =0

Since in the general case |®V is complex one may consider the

variation of |§ 7 and \ ®» separately, hence this equation

<SP IVHRIBD> -2 &B1®Y =0 (10)

3ipce vhig is true for arbitrary variations of I§ >

(V+V )18 > - N8> =0
ZPIV+VRI B> LV
D =
. <PlP?

Thus eguation (10) becomes

< sEIVHRIB> -V (SRIRY =0 (11)
3’1"*$§§iﬁ arbltrary we shall choosge \S§> = S l: ‘@c

bgocones

{wo have s%n that the addition of this $P to § does not

change the actual wave function of the system.) Hence

subsbitubling into eguation (11} ons obtains

;g{@@_:wva\@ﬁﬁ CENE S -

Since this is true Ilor arbltirary Bc ‘then

T IN#VRIE D> -V KTl B> =0 (12)

From equation (3)
(Vive) 135 = V&> + §/£,> <F D




Thus btaking the inner product on the left with <§¢_\
(T N+l 3> = <TIVIED> + <RIEY
and substituting for < B IN+Vo | © 7P in equation (12) one

ovtains P [VIE> +LKR(E> =V <EASD
« KEIGY = <L V-V ®> (13)

v

Finally substituting for<EB1$)inte equation (3) one obtains
the opbimum pssudopotential, .
Ve 1§ > = g 1&e > < @g‘\/”v‘§>
€

or Ve 18> = P(V-WIE> (14)

It is necessary to comment further on the core pseudo
elgenvalues and elgenfunctiona., In a pracbical application
of the pseudopotentiasl method one usually smploys & wminiuiza-
tlon procedurs to fix various paramsters in the problsm,
Hence 1v is essenblal that the lowest elpenabates of H forp
the trapped elsciron should corrsapond fto the lowsst eligen-
states of H¥Ng, To see that this is so, consider the
following equation which comes from bthe regulrement that

equation (8) have a non-trivial sclution.

'M\(Eg" ‘gg) Seet  + <Fc,"J Peo? \ =0
o dat | (B -E) Sewr + K Fu V-V Fard| =0
The ofr~dlagonal elements of this mabtrix are swmall since this
invelvaes the mubrix element wf‘vi belwesn core orbltals
centred on different ions. Hence one diagonal element must
be zero (Ec,'"’gc,)"'v - L lVid ) s o

~

B ® v o+ Te

‘e




where Te' i8 the kinetic energy of the electron in the state |Po)
und since for locallzed core statesTe?N hence
E¢'> N+ Ty = Ev where W=<§v‘Tl§v>and
since IQ&):&& the smoothest | B> possible. Hence the core
pseudo states lie above the lowsst elgsnstates of (H*“VEL
Thus to sclve the elgenvalue problem H|Pm? = EnlEm?
one conslders & related sigenvalue problem
(H+VR> | $m? = Em | w?
p—_— Ty = (-P) 13,
Vel @n>= PE-V) 1@n7

and [@,,,) is the smcothest possible wave function.

C. IOH BIZE BPFLCT

In this section we swmarize the trestment of Hariran,
Btonehan, and Gash (%Sﬂ)g ol the I'inits size of the ions of
the crystal., This I'inite slize 1s taken into account in the
interaction batween the trapped electron and the ions within
the framewori of the psoudopotential theory. From equatlicn
(14) one can separate out the peint lon contribution as

Vo= V#Ve = Ver + (NV=Npg) +P (V-V) (15)
Wh@?@'V§I=’ﬁh® point ion potential, that 1s the potential
gnergy operator when the crystal lons are treated as point
Chsrues . ‘Th@ latber btwo bterms in eguation {(16) may be con~
aidared a8 the ion slze corrschtion in the pssudopotentisl
fust &a(V~V$1>ia in the actual potential. As a conseguence
of the sgsumpbion that the loun core orbituls on different lonsg

do not overlap one may write




(18)

P=2R
V= % Ny
and Ver= % Very

where ¥ refers to a particular ion.

Hence =Yy +§[("Pv)(vy‘Vva> - ReVery +R(T-Up))
where Uy = g: Vyr = 2 Very!
Y¥y Yy

where this last approzimation arises from bthe esgumption that
the lon cores orblitals ares highly localized on & particular
aerxtf&h Hence from outside the ion Vp and VPIY appear
approximaetely the same. The assumptlion that the pssudo wave
function is smooth is used to simplify the largs number of
two cenire integralg which are present, That 1s the variation
of @ over the coure orbitals 18 neglected and henes 1t i3
taken out of the intepral and replaced by 1ts value at the
ion centre., Conseguently one may write

@ANIF>=<B NerlBr + S5 G BGAI (16)
whore Cyp = Ap+ Ry (V- VUy) (17)

v = %' Sg Py (R) @e:c:' (R)dzde' (18)
snd Ay = S{ Vy(R) °Vp1v(R)] dz ?{S@ve' (R) Vezr ®) ;;:- (R)dzol2’

- S e WM Ve8] B R) deaer G0

It is bo be nobted that only the sworblitals in Py make & none
vanishing contribution to Cy and moreover Pe pro jscts out
only the sphericelly symueiric part ol Uy wl:iich 15 treeted

as a constant in equation (1€). To see this consider as an
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RO | T wd + 7 -3 1 wd !
axample ?‘ 55 Fre(R) Lyer (R Vere () dzde

! ’
First conalder %xg&nﬁimg\%mx(m%a a linear combination of

spherical harmonles., Now'integrate over thes priusd variables;

o+
o
this gives a zero result unless the £ values for Fye(®ans Very(R)

are the sams and thsn ths result of the Iintegration is a
constant. Hence when the Integration over the unprimed
variables 18 performed a non=-zaro contributlion oseurs only

for the /=0, Hencely projscts out only the sphericsally
gymmetric part of Uy (note that this is a gsonssquencs of the
fact that the variation of‘é)@var the lon sﬁr@s'is neglected),
It should also be noted that Uy depends on the crystal
atruaﬁurag

The coefficients Avand Py have been calculated by 8s0®
for a large number of iong with closed shell sonfigurations,
The Ay and Brare characteristic only of the ions and not of
the crystal as free ilon orbitals were used in the calculation.
Note in thelr calouvlation for the electron-slectiron intere
action that correlation is neglected; that is thev consider
only the Harirse pobentlial and exchangs.

It was found by £56° that in order %o got good agresment
with experiment for the F-band absorption energy it wasg
necessary to reduce Ay by .53, The same value of the
correcbion factor for Avwas found to bé anplicable to §%a@mér@
abgsorption energies in the alkall halldes and alkaline=sarih

fluorides, Consequontly H56 propose that a set of




(20)

ni-gmpirical paseudopotentlal coefficients be used in colour
gentre culeulations which incorporste this factor. It 18 not
apparent what shoricoming of the theoretleal treatment neces-
gitates the introduction of this factor.

Finally 1t should bs noted thal the ecaleulabion of the

ion s8lze effect involves the self-consistent determination

of V=<‘§\VP‘§> which is contained in squation (18).
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{ CALCULATING LAGTICE HULAXAT LUN

Ao GENERLL FOHRSULATION

A great deal of the work on latilce distorticns arcund
defects hasg been @attafn@d after the apprcoach of Mottt and
Littletonl® which combines an atomistic calculation of the
relaxation of the nearest neighbours with & dislectric deaz~-
cription of the long range polarization eflects. In the
pressnt work one expscts that these polarization aff@qtalwill
be small sincs from a distance the defects appear neutral,
Hence an approach based on an adaptation of the Kanzali 8,13

10%&3 uasd which conslders the dig-

mathod due to Stonsham
tortion associated with each ion separately., In such a tresat-
ment of the distortlicon ovne considers a perfect lattice which
has the same distortion field as the defect lattice {only the
defact is not present). The energy ol the lattics is then
corrected to account for the fuol that there actually is a
defect., Thls calculabion is performed within ths [ramework
of the harmonle approximationy thut is it ls assumed that in
a Tavlor expansion of ths energy of the system it lg necessary
to ineclude btesrms up o and including only second order in the
displacements and polarizations of the erystal ions.

To illustrate this method conslider an excess sleciron
defect where the slectron is described by a pasudo wave
funetion @, containing variation paramabters ) . {In peneral 'y

contains all the defsct parameters, and may includs, for exampls,

the zeroth order displacement of an ion, 1f 1t exceeds the




limits of the harmonlic approximation)., PFlrst consider a
lattiaelﬁiﬁh ne deloet present but with the distoption field
which would result 1 the defect werse introduced. The energy
of thia svstem may be written as

E(’&,% U+ = A5
wnere Ug = the energy of the perfect latbice when the

distortion field is zayro,

[ £

fwn

a column matrlx repressenting the resultant dlasbtortion

field of the cryaital

H

and 4 = the force constant matrix for a perfect crystal.

Bow consider introducing a defset into the corystal. The
snergy of the system now becomes
E(s,2)= U+ ¥ 3-A 8 +aE(5,2) (20)
where A ® a c¢olumn matrix representing the varlational parameters
and AE(E)= the change in energy of the distorted lattice due
to the introduction of the defect.
AE(S,)) may be written as
AE(E,2)= T +V(E,3) +VL(8) (21)
where (M= the kinetic energy of the alsctron
V(E))= the slectron-latiice interacticn snergy in the
presence of lattlioe ﬁistmrtimﬁ
and‘VL(§)= the change in lattice esnergy caused by ithe
introduction of the defect,
Hence expanding this energy bto quadratic t@rmaihzg, and »

one obtalng
SE(S)) = U, +AE() ) +3%

IM
w
+
o
IWZ

rL3ES

oy
22 em

+(2 o) A8 + L (rﬁg‘)-/z__\ (2= 2) (22)




(23)

where Agare the values of the varlablion paramebers obtained

——

by ignoring distortion of the crystal and ¥,

-

\ {
F oA, and A

are definsd ag follows

F - QAE(E,_):)
-—° ai .

' = S*AE(S, N\)

- SF af

A = 3T AE(S, ;)1

= NERNIG N Do)
and A = [J‘AE(E,}:’)

- S¥Or-20)

where the o after the derivatives means that they are svaluatsd
with £20 and A=),

The procedure now is to minimize the ensrgy of the system
with respect to the parameters A and distortions § . (It
should be noted that in general f will correspond to the three
components of displacement and three componsnts of the dipole

moment of all the ions).

S ECSE,)) =0

Thus considering 3

one obtains Ahe = (I\ )y AR (23)

since all the matrices involved are symmetrical.
Substituting this rasult of equation (23) back into

equation (22) one obbtalns

E(s))= E(o ) *x3Af +F 5 +1 5 Fs
-z § ‘Q‘(Q'yl‘._’,.“f (24)

where E ( 0

Al
|y
[
(g
n

Us +aE (9, ),)




This i3 now minimized with respect to the distortions of ths
S -
erystal, That is applying S3 E(S.)) =0 equation

{24) becoumes

3h R 3B -5 a(aV a0 ()

"{l N t 3 " oo
gince A, F ,Aand A are symmetrical swmirices {that is the

matrix eguals its transpose).

Now upon operabing on ths right hard side of equation (25)
with'% one can obtain an expression for$-A-$which is then
substituted back intc sguation (24) to obtain an expression
for the reluxed energy of ihe svstem,

E(s,\)= E(@ )+ T R 8 (26)
In this expresslon for the relaxed snergy of the svatam 1t
appoars that there is no contribution from t(he changs In the
variational parameters X to the relaxation, This 13 not trus
since one ocalculates the distortion field from equation (25)
which does involve {\_: amé{\_; whioh are matrices whose elesuesnts
are derivatives of AE(E,L)ﬁ&th respect mﬁ(b'bo).

To caleulate the distorilon field conslder rewriting

squation (£5) us

$A=-F+ EP___ (27)
where ‘=?§”*Q4§Y\é (28)

or from the transpose of squation (27) \
-] / -
§=ﬁ-[-fo+ﬁ=‘§j=“é'f (29)
whoare E= Fo = ='§_ (50)

The actual solutlon of eguation (BY) is based on the

o
-1
fourlier transform of §=-A - F




(25)

which dirsctly involvss bhe dynamlical mairix of ths perfsct

lattice through A. Further detalls will appeur in Chaopter Iil.

It should be mentioned that slsctronic polarization of
the ions may be Included in the caleulation by the inbroductblon
of & shell model representation for the lons. This shell model
will be desocribed in the next sesctlion,.

To see how one introduces the fourier ﬁransfavm and the
dynanical matrix consider rewriting equation (29) aa

D3V
~E (B) = ‘_.\'E]g - 2%:;5 s%.(ca,ﬁ);;,;(w] faire) (31)

e

[#24

where §d(mk) the component of the displacsment or dipols

moment of the K ion in the g ™ unit esll,
whose position la F;i.

U = the energy of a lattles (without a defect)
wnlich has the sanme ﬁiaEQW£;ﬁn fiald us the

defect latties

8

F(AR s SNE SU ) k] x 2 . £% 3 A,
and o\ U which ls defined by

eguation (30).

The solution of equation (31) invelves the sclutlion of a
largs numbmr mf inhomogeneous linear sguations In the lonlc
&iawl&eﬁw@ntg and divole woments. In order to simplify this
problem ope introduces a fourier transiorm by

s D@ AM (55)
wherse i 18 restriets ﬁ:u}zwaﬁa by the periodic boundary
conditions, That 19 the number of aliowed values of Z is
equal bto the number of unit cells in the erystal., Thus

~§t3uut;%a this into equation {31) one oblains




(26)
L..s ?\a"
[ - A
S 6@ Ve g & 3
2,k
L AP L an G5, GE,
k! _A‘-.\\ R";
. ) J.“
whare )_ % @m <3>& b ‘ (35)
ﬁ'
» lv h:
" g <%> - W S RGO ¥R (36)
and E = ths number {33‘2‘ unlt cells ﬁ,m the erystal., Thus
LI SR X _l
rultiplying equation {34) by L"‘? '3 and introducing

the fcllowing fourisr transform
D2y &[22 -3 GERL)
* A TN R AT

ig{ Gu (%>+ 5 D«(s (2) Q@ (Z,)} (37)

Hguation (37) say now be sui vod fopr Qﬁ (%) for sach value of

and
% and then using equation (33) ons wmay solve for the displaca-
mantes ol the ions, In g‘;}mame@ an Ltevative procedure ls
ugad Lo solve Tor the Q@ (1‘) As a Tirst approxization one
chocses ¥ in equation (89) to be F,. That is since lé is &
matrix whose elements are second derivatives of OE (%))
with masp%t o § and (5-'3303 and consequently small, one
considers as a first approximation only the leading term Py
in ¥s One then calculates Qp (‘%) from eguation (&7) and

@.Q i3 5 § cn w ¥ .
hence o mk') from equabtion (33), Then as & second approzl-

e 4 (o) (o) ,

mation one chooses ¥ & F - ﬁ‘ -§ “where 3 correspondas to the
fivet approximation to the distortion fleld., Une then uses

k'
equation (37) agaln to recaleoulais QF’ CZ) and 30 on until




convargense iz ohialined,

Thers are sevoral advantages to such an approsch to the
tlatbioe disbortion caleoulation, Ihess are as [ollows:

(L) In equation (38) the summation over £ may be
postricted since F (RL) decresses with lnereasing distarce
rpom bhe defect, Alsc 1%t 1s vossible to group lons according
to whether ka) ig the same, again cutting down the number
of ions which nsed be considered in the summation in sguation
{3673, |

{i1) Another sdvantage ls that the fourier transiura
procsss nead be sarried through only in the zmeroth order cul-
sculation obbtaining whut I shall call distortion cosffic ients.
Tt is then necessary to multiply these by the Iy R)K) o

. " s (_.\ p
ecaprry cut the iterative procsdure lor the oL\

11} Furthermore thess distortion coeflfllolents depend
only on the lattice confipuration ol the defect. Hence if one
ghanges the wavefunctlon to desscribe say an elsciron trapped
by the defset it is not nscessary to recaleulate thess dla-

3 E] B F (:-‘ ‘9 ) I .. p
tortion coefficisnts; only the falhk) , dhese distortion
soelficlents do %ﬁ%ﬁVﬁw ée@@wé on the crystal through the
dynamical matrices TD«p (%)

{iv) One is not restricted as in moat methods Lo &
songideration of the distortions of only ths nearest ions to
the defect. It i8 pogssible to caleulabte the dlstortion
eosfilcients for Lons as far away from the deflect as you

like. This involves more compublng time, but since the
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calouvlation of all the distortion cosfficlants nesd nolt be

carrisd out on the seme run, several runs can iriple the
mamber of ions considered very easily.

After naving csloulated the disbtortlon field one may

now go back to sguation (83) to ealeulate the change in the
variational paramoters when the latbles is allowesd Lo relaXx,

Ty
55

Aw & starting point for this project 1t was declided o
pest the method of caleulation by vouputing the Pegentrse
a%aarmﬁ*”m and ewmission energles since these guantitles are
well known from @xgﬁyim@nﬁ.4 o saleulate the sbsorption

nergy &n@ muat first detersine the ground state energy of

the rolaxed system, Eg _3,_3). This vorresponds Lo bthse v-cenbtrs
elsctron bolng in 1% ground state, Throughout this dis~
sussion the subseripbs o and sx shall be ussd Lo refer pese
pocltively bto the ground and exelted states ol the sysbtem. IV
should be noted that fg and La then refer to bhe distortion
field and variation paramesters raspectively which minlmlze
the Pwgentrs ground state energy furthermore, throughout
this discussion the bternminology Fecenirs pground stabs ensrgy
shall actually mesn the ensrpy of the syutem when Lhe Feconire
elecktron is in lts ground state. & simii&r beruinology shall
aprly for the excited atale,

Having located Eg(gg,}ga) one then assunmes the Franohe-
Condon prineiple which atates that during a raﬁiaﬁiv@

transition the erystal lons do not have time to rslax, Hence
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\
the energy of the urnrelaxsd excited Fecentre, E-u ( .S_g, Zu.),
is calculated in the pressucs of the ground state distortion
field, iﬂw&x,g.ars the excited Fecentre state variational
parameters which are determined when the distortion field is
§3’ This enersxy lesvel arrangement for absorption and
ewission 1s shown in figure 3. From equation (26) the
grergy of the reluaxed ground state m&y be wrltiten as
Eg (3g,29)= Egle,deg) + 4 Fog- ¥ (38)
where an 18 the matrix Fo of equation (28) corresponding
to the F-conbre ground staie,
Egle,deg)= Us+ <BglHel&y2 +Ve (2)
<§3“"p\§3)°= the sxpectation value of the pssudo~Hamlltonian
H;T"'Vp where T ls the kinetle ansrgy
operator and Vp 18 the pseudopotential
operator, for the ground sbale paseudo wave
funetion §S evaluated for §_3=9 and ->-‘8= }3@3
{boaar& the variabtional parameters found
by minlmlizing E-g (9-, Z‘g))
and Vo (@)= the change in latbtliee enerpgy in an un-
disbtorted labllics when a negatlve lon is
romoved .

To find the snergy of the [lrst excited state of the
Fecgnire slectron in the ?P@%@ﬁ&& of the distertion ield ?a
one consliders first a latblee contalning ne anicon vacancy
but having the distorticon fleld §3’ One then rewmoves an

anion froo ths latties without allewling for any change in




Absorpbion and emission ensrgiss of an ordinary

F=centre. The energy of the unrelaxed excibed state .

i8 caleuluted in the presence of the ground stats

i
distortion. Similarly the unreluxed ground state
energy is calculated in the presence of the excited

state distortion,
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the distortion field and an elsctren 1g placed into this
yacancy in a statve corresponding to the first sxelited state

of an Fegentre., Yhe energy of bthe system may then be written

& ' t { I
4 Ew<§3,zu)= Us +AE(§3,Z‘M—> (39)

i
where U = the ensrgy of a lattlce contalning no vacaney

but the dlstortion field is_fa.

and AE(gs,)\;) = the changs ln the energy of the system
that ocours when &n anlon is ex r@auaﬁ and an
elecitron 1s added in & state corresponding to ths

first exclted gtate describsd by @.w .
But AE;&@;Q\.D"‘ <§;\HP\§M> + L (33)

where the prime on the expscitation value means 1t 1s evaluated
with the distortion fi&hﬂég and variational perameters XQ*
Also Uo = Uo* % 5q°A" 4
where a is as before the force constant matrix for a perfsct
1@1%13@3. Thus ths absorption eneryy Eo‘ is
Ee.(sgx 29,2 w)" Ewkgg,kbﬁ E (?3, 33
LEalfghgodw) = 1 g A4 VL (5g) + LB W, 180,
- <§3 'HPJ§3>, - VL(9> - “5:, E°3‘~—3 ' (40)

But from eguation (87)

S A-So= -Fog 3o- 5o Fy g+ 50 Ay (Ag) 7 Ay 8

Sy R8g=-Fog 297 297 Ly 29 T 2y 2y 0=y =8 =Y (e

thus substituting into equation (40) ons obiains
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E. (Zg é,x ) [<§MIHI§W> { B, |H|§ >]
Qs -voted] - | B +13E g e

SL5 Dy (0g) Ay By ]

In & similay manner ons can alse obtaln an expression

for the emission energy, E,., of an Fecentre
\ 1 i
EMM(.%W.\ 2‘.“)?—‘3) = E (EMJ Z.‘-W->— E (_S.J//.J>\8>

where Em(g-w—,)\#)- the ensrygy of the relaxed F=cantrs
sxclied stats &né_§44 ané.} are the
corresponding values for the distortion
£isld and variablional parasetdrs

and Eé (g PR )é) = the energy vl the unrelaxsd Fecontrs
ground state lmmedlately followling de-
exclitation and the )3 are bhe varia~
tional parameters corresponding to this
shale.

Similarly as before

Eay (Soy hpy) = U, + <@ IMp ) By > + V(@) + £ Foun Say
and By (Sar,0y) = Vo 3 Su A Sar Ve (£ay) + <M, 189 2 (43)

where éﬁ =the pseudo wave funcbion of the unrelaxed F-
cenbre ground state,

Agaln frow equation (27) ons ean obtain an sxpressicn for
S A 3w

‘ 1 oy\=!
ébl'a ' SM = ‘“fou'gw - gw_fel#?u + .?M‘QM. Q.}u) !_-\ME-W
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and hence

E o ( 3oy, 5;4,1‘8) = {< Bow 1 Hp 1 B, - <&y IHp) B >]

+ [Va. (2)- Vu(gw\)] + [ Fow Sy ™ x _%M'E;*' Sy

] .
"I..g;w

i>

' (Q»:&)_!_-'}w‘ gw] (44)
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2.9 HUHELL DEL OF TOHS

I shall first gilve a briel historical background to the
treoatment of ilonic polarization in crystal lattice caloula=-

tions. HMany of the properties of alkall hallide crystals such

ag cohesive energy and elasbtlie constanty sre explainsd quite
woell on the basis of a wodsl which asaumes the iona to be
fully lonized and unpolarized and considers the forces bebtween
lena to be electrostatic forees betwssn point charges plus a
short range repulsive Torse beitween closed electron shells.

n ths basis of this wodel Kali@?manl4

caloulated diapersion
curves for HaCl., That is he considersd the Born-von Kirmln
theory of lattice dynamics which describes thes motion of the
nuclei, in the harmonic approxiseilion, by an effective
potential which depends only on the nuclear co-ordinates and
‘describes the electrons in the adiabatie approximation,
Kolleprman was ablé to agcount satlslactorily for the measured
elastic consbants, the infrared absorption freguency, and the
variation of the Dabye © with temperature as deduced from
specific heut measurements, However, when Woods eb al comparedl®
‘ocaleulations based on this Born wmodel with expsrimental
gquantities such as dispersion curvesy which are more sansitive
to the model they found strong disagrsement with asxperie
ment, 4&lso when the rigid ion modsl was used to it the
sxperimental duta for germanium 1t was necsssary to introduce
short range intﬁraatiénﬁ cut bo fifth nesrest neighbours,

However, this involvas Cfifteen arblitrary and independent
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constants 80 that the it loges most ol its physlcal
signifiaama%.16

Furthermore, since the Born modsl treats the ions as
point charges with zsro polarizablility the theory predicts
that the high frequency dielectric constant,®e , be 1 while
In fact €0 13 2.26 for HaCl., To account or the dislsectrle
properties of the orystal Lyddane and Horareld 17 allowed the
ions to b@igﬂlariz@é by introducing polarizabllities ot for
the positive and nepative ifons in the crystal, On the basls
of thls model they calculated dispersion curves but theip
agreement with experlment was worse than that obtalned by
Kellerman,

The difficulties of the rigld ion =wodal can be resclved
by the introduction of the concept of distortion polarization,18,19
This wa s introduced to explain why it was necessary to define
an effective chérga’&nd comproessibility in order to satisfy
the Szlgetl relationships which involve only sxpsrimental
parameters, and which were derived on the basils of the Born
model, where polarization is acsounted for by the introduction
of a pol&riz&ﬁility for each ion, in the Lorentz field
approximation. 7his distortion polarization is in addition
to that considered by Szigetl and 1s due bto the change in
overlap forces bebween lons when bthe slectron clouds of the
ions are distorted by an external eleectric fisld,

Dick and Overnauser<® have snown that the distortion

polarization of an lon which results from the overlap lorces
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may be approximutely reprssented by a mechanlcal model in which
the lon consists of & core and a spherically symmeiric shell,
This shell may be relatively displuced from the cors by sither
the loegal field or the overlap forces, thus producling both
field polavization and dilstortlon polarizatlon of the lon.

Tt is further assumed that the shell remalns spherically
gymmetric when it ls displaced relative to the core. The

core and shell are assumed to be couplsd by an isotpople forae
constant and the short range forces are usssumed to act belwaen
the shells (fig. 4); The shell model in %hié form doubles

the number of degress of freedom of sach lon, That is the
digplacement and polarization of an jon is described by six
co=ordinates, three co~ordinates giving the diasplascement of
the ion core plus thres co~ordinates giving the displace=
ments of the ocuter electron shells,

In lattice caleulations based on this maé&l the harmonie
approximation is retalned and the equivalent of the adiubatlce
approximation is achiav@d by assuming that the mass of the
electron shells 1s negligible (that is the shells occupy
positions of equilibrium at all times).

A generalization of this shsll model is presented by
Ceehran.gl'zg’gs

In the sarliest work by Kellerman only three experimental
quantities were requlired to it the parametsrs which arlise In
sotting up the dynamical matrix, LShess ars the compressi-

bility, the lattice paramoter, and the lonle charge.




Shell swdel vepressntation of an icn pair. The cores
are coupled to ths shells by a spring ol forcs cone

stant ks for (%) ionas. Ya are the numbsr of elect-

ronsg on the outer sphericul shells for () ions.
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However wnen one conslders a shell azodel for the ions there
are further parameters which must be fixed from experimental
data. JThese are the charges on the shells of the anions and
cationg and ths forcs constants for the anions and cations
which specily the interactlion between the core and the shell
of the lon., These added parameters may be determinsd from
the statlc and high frequency dielectric constants, the
infrared absorption frequency, ﬁﬁé the free lon polariz-
abilitlies, HExpressions for theae parameters in terms of the
experlmental guantitiss is glven by Hﬁvinga.24 If other
than nearest nelghbour short pange Interactlons are cone
sidersed one may Iit the added parawmeters by using ths salastic
constants, Lxpressions for these elastic paramebsrs in terms
of the shell model paramster are given by Cawi&y.gs

Some work was done on extending the calculation of the
present work to include electronic polarization but the
resulis appsar suspect sc they will not be reportsd. Ihis
section is added malinly as & guide for extending the present

work bto account for electronic polarizablion.
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The Fecentre was chossn as a starting point in the
application of the method described in the previous sectlon.
Ag an aid in referring bto the different states 1 shall reler
to say the ensrgy of the aystewm when the Pecenire slectiron
i3 in its ground state as the energy of the Fegsnire ground
state (& simlilar nowmenclature will be used for the exclbed
state).

In order to caleulate the absorpiion energy of the
Pegantre it 18 nscessary as a first step to locate the
position of the relaxed ground state of the gystem. This is

givan by equation (26) ,

Ey($50)= EL e + ¥ Eey 3y

wWhers

E (0,397 U r<BglBTIER+ <GV IR + Vo) (g)

ég = the pseudo wave functlon for the ground stalte of

the Pegentre eleciron

-4
#

the kinetic snergy operator

‘VP ® the pseudopobential energy operator
and the e wflter the matrix elsment denotes t%aé they arse
evaluated in an undistorted lattice conbuining a nagaéiv& lon

vacaney { $,50 ). From eguaticn {18) we have that

s

<BglV 1 Bgd, = <By Vel §0, + ig cildy (R (46)




(40)

2T§% vasudo wave funcilon §3 w&s‘aﬁmaam to bs of the form
A\Q““’ whers A4 i deternmined from the normalization condition
and « le a leculization paramater, Such a form for the pseudo
wave function was chosen begguset

(1) It is swmooth whick 13 one of %h@ requirements of
the pseudopoiential wmethod,

(1) It is vacanecy centrsd and hence would be axpscted
to repressnt the charge distribution of the Fegsntrs electron
well,

(111) It 18 svherically symmebtric,

{iv) It is an sasy form to handle in a caleulation as
all matrix selements involved may be sither avaluated explicltly
or represenbted as an error function which 18 easily evaluated
by computer,

The determination of the energles involved in this
problem requlre one to maks exbensive use of a cé%ga&@r since
most of the expressions invelvaed are Qﬁit@-i%ﬂg%hy and 1t
would be foollish to atbempt to caleuluate them by any octher
meuns. fart of this work was carried out at the University

of 8%, Andrews, Seotland, the Atomle Energy Reaearch

Esbablishment (AXRE) at Harwell, Englund, and the University
of Hanitoha, @&ngaquéntly, four different types of couputers
wore used, These were
{1) an IBM 3680/65 at Harwell and Manitoba
{11) an IB¥ 1620 at 5t, Andrews
{(141) an IBY 380/44 at 8%, Andrews

{iv an Atlas compuber which is made avallable
¥t
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to persons at Irltish universitles 1f the avallable computing
facllitiss are inadequats lor the undertaking ss was btho causg
at 3%, Androwas bafore the IR 380/44 became opsrablional.

The first ster in the calouvlation, n m&lﬂ to determine
the relaxed ground state energy, involves the miniuslgation
of E.(o A )wi%h respect to the parsmeter o (whioh stands for
Z}g“‘ in this czse) where Ver (m) 8 gilven by equation (A4} in

appsndlx A and from equation (17)

= gl = S A sl EEACA

It ig to be nét&é that this minimizaticn iﬁVO%g%ﬂ an
band o~

iterative procedurs, %iﬁ&@h\?:(@g\\lp\§8> , Whors é% = the
actual pseudo wave funection for the ground stadte of Lhe
Pegentre slectron. To perfoprm this s&lfwcanaiét@ﬁt calculatdion
ong initially assumes a value f@?\/, completes the ?iﬁiuié&tl
procedurs, rwaalaziaﬁaw‘v and compares 1t to the original
estimate, If the ﬁ@& values 414 not agres to within ,001
ryvdborgs, bthe minimization procedure was repeated usging the
new value af;V.' This process is then reveatad until one
saptisfies tha CONVErgencs e?it%riﬁﬁ; namely that two consscue-
tive estimates of V differ by less than 001 rydbergs

It should be recalled that ‘the interaction betwesn ions
ig between point chargeﬂ with a repulsgive lpteraction botwsen
nearsst nelgkhbour lons, However the Inleraction baﬁwgan'ﬁh@
Fegintrs electron and th&'iaﬁa'ﬁ&k%é account &fliﬁs finite
glze of the crystal ions

i}

Thus In sueh a model
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[

2 @ cf_: A'..L_M/f’

VL(9>= L v

-

A

where sn;a\ﬁu\ and a Sorn-Maysr forw for the papulsive
interaction botwesn nearest nelighbours was chosen {Lhe second
gum ig over nsarest nelighbour ions to the Fecentre while the
first sum Ls over &ll ions of the CF?&@&E};I Since this ex-~
pression for VL(Q)@Q@@ not involve & 1t doss not affect the
first minimization procsdure with respect toe , bub 1t dves
have an effect on the lattlice distortion,

This minimization with respeet to o wag performed by a
subroutine suprlied by AZRE, Harwell, ‘The results are gilven
in table 1. The wvalus of the ﬁtanéa?% f@via@iwm o, for a
normal distribution of the form Ao~  corresponds to the
position wherse bhe wave function has decresased te 206 of
its esntral value of A and hence the probabllity density
—nt|® . ‘ u . 8
| A \bﬁﬁ decrsased to 365 of its central valus of |Al

The standard deviation 18 relabtsd to the localization parameler

o by o~ = ‘

2! &

For the nine crystals considered, une can ses from table 1
that the standard deviation lg sbout .82 of the intericnie
. . ® & e i - ek - p Y . 4 " +3 l§ (“)\L 4
spacing. As an example, for NaCl, the wvalus of 3 N oat
the position of the first nearest nsighbour ionz to the

T X
dafect 1s .0V4 ALY mence it is seen that the wave function

for the pround state of the Fecentrs elactron iz well local-

1zod within the vacaney in the zercoth order approximation, in
3

1
B
1
%%




TABLE 1. F-CENTRE GROUND STATE (ZEROTH ORDER CALCULATION)

crystal NaCl KC1l NaBr KEBr
point ion -.,609 = =-.544 ~-.074 -.518
contr.(VpI) ,
ion size 023 .003 .07 003
contr.(I.9)
I3 oo 5.8% 6% 3.0% 6%
| Vpz |
<§8‘ VP‘§§>0 -, 587 - o041 -,566 -.515
< §ng| §8> . 137 . 107 121 .097
Q
alpha 1.14 1.12 1.13 1.12
-o,449 - o433 -,436 -.417

All energles are in rydbergs and alpha has units of

reciprocal interlonic spacing.
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TABLE 1. continued
crystal NaI KI LiCl LiBr LiI
point ion -.636  -.491  -.664  =,620  ~-,575
contr.(VPI)
ion size .0lé . 007 .030 .022 .020
cont.(I.S.)
L5 & oo 5.00  1.5% 4.5  5.5%  3.5%
IVezl
<E,IVpl B2 -.521  -.484  ~.634  -.508  -,555
< gl TISg% .109 .091 .161 .139 .124
alpha 1.17 1.16 1.13 1.12 1.15
<Bg1Hpl 892 -, 411 -.393 =473 ~.459 =431

All energies are in rydbergs and alpha has units of reciprocal

interionic. spacing.




agresement with other theoretical work on the Fecontre ground
state. Furthermore the lon-glze contribution to ihe
interacbion eunergy bebwesn the Fesenbrs elsctron and the lons
18 poaitive, comparsd to a negstive Interacltlion energy when
the ions are considered to be point lons, 4lso, the pere
gentage of this contributlicon comparsd to ths point lon conbrie

2

bution reanges from about &4 for the potassiuwm hulldes to

oF 2y

4.0 for LiCl.
1% should also be nobsd %hat<(§%YT\§§Zia swall comparsd
to <§3\VP\§8>. which 18 to be expected since §3 wag chossn to

be a amooth pseudo wave functlion.

The next step in the procedure to determine bthe relaxed

ground state energy of the svstem is to allow the lattlece to

roelax. Although the zeroth order caloulation was carrisd out
for nine crystals the relaxed energy was computed for only
two erystals, NaCl and KCl,.

Ag a Dirst approximation It is assumed that electronic
polarization effscts may be neglected, and hence the caloula=
tion of the relaxatlion involves only the determination of
the displacements ¢f the ions., This is wost likely a good
approximstion for a locallzed stabte bul may not bs so for a
more diffuse state® *%Y, However ths calculatlons of
Oourary and &drian indlcate that polarizabtlion effects for
an Fecentre slectron in 1ts ground and excited states are
26

In oyrder to culeulnte the displacsments of the lons
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gurrounding the defect conslider equation (88). Frowm this
equation one may calculate the fourier transform, Q(i),
of the displacements, §,, f?ﬁ sach i vector, provided
D:;(%) is known, These D:;(%) have been svaluated by
Kallwrm&a,lé (a correction to this caleulation is given
by Dayal and Tripéthiﬁl), for 1000 i vectors in the Beillouin
zone for a Hall«typs lattice. The choice of 13@,@"% vactors
means that one is in effect chocsing a crystal which contains
only 1000 unit cells., \
: KK

The dynawsiocal matria@ssibq@ (§> . which are involvsd
are 6 X & corresponding to the wvalues 1,2,3 which o and ﬁ may
assume and the values 1,2 which K and K‘ may assume. The o
anﬁ ﬁ rafer Lo the ﬁhr&a posgible componsnts of displacemant
while the K and K' refer to the two ions psr unlit cell.

When ssttlng up the dynamical matrix 1t is possible to
gseparate the coulomb and short range contributions. Une
naead noet specify the form of the shorbt range inberaction as
it is only necessary to kaow the first and sscond derivatives
of the interaction which are evaluated from the compressiblility
“and the equilibrlum lattice spacing. For the Fecantrs ground
state, which we have taken to be spherlically s?mm@tria, contrie
butions to the calculation from first, second, third and
fourth neapsst neighbours wér@ consldered, That la, in
asquatior (36) the summution was sxtended oub to fourth nearest
nelghbours and the displacements were caloulated oub to |

fifteench neurest neighbours. The largest dlsplacements wers
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for the nearest nelghbour ions and in the ealoulation of
fia'§a these lons contributed the largest swmount, In appendlx
B I sbow how the lons are grouped for this caleulation and
give the @K:@liait form fop Q("i) for esach group.

Table 2 glves the disgplacements of the lons for the
ground states of the Fecontre for NaCl and XCl. It is seen
that thess displacements are quite small even for the noarsst
neighbours to the Pecentre and in towurds the F-centre. This
i8 to be expected since for a ﬁ@%?&ﬁ%‘éa the Pegantre elsctiron
charge is nearly all within the vacancy, Uonssquently, the
change In the coulomb Interaction when an anlon is removed
and replaced by an electron would be sxzpected Lo be small
and the wmain result of the substitution would be to remove
the ion=-lon nearest neighbour repulsive interaction between
the mlssing anion and the six adjacent cations and raplace 1t
by an intersctlon whioh takes into account the finite size of
the ions in the eryastal far'th@ Fegantre slectron-ion inter=
action, Since the lon sizges intersction ensrgy 1s smallsp
than the repulsive naﬁr&at nelghbour Interaction it sesms
raagonable that sn inward displacement of the ions would
result, Also, there ls closs agroement betwesn ths magni-
tudes of the dlsplacements in both crystals,

Table & shows the correctlong to the ground state energy
of thse syvstenm referred te a zero corresponding to the ensrgy
of a porfect undistorted latbtice (U%), This caleulstion was

periorned considering twoe differsnt forms for the nearest
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TABLE 2. DISPLACEMENT OF IONS: F-CENTRE GROUND STATE

NaCl XC1
ion b4 Yy z X N 2
(IOO) -0.026 0.000 0.000 ~0.025 0.000 0,000
(110) ~0.012 -0.012 0.000 ~-0,013 -0.013 0.000
(111) 0.001 0.001 0,001 0.002 0.002 0.002
(200) -0.011 0.000 0.000 ~0.0L17 0.000 0.000
(210) -0,007 ~0,0056 0.000 -0.007 -0.004 0.000
(211) = -0.002 -0.000 0.000 -0,002 0.000 0.000
(220) | -0.004 =-0.004 0.000 -0.004 -0.004 0,000
(221) ~=0.001 ~0.001 0.000 0.000 0.000 0.000
(300) ~-0.004 0.000 0.000 -0.00¢ 0.000 0,000
(310) ~-0.004 ~-0.001 0.000 -0.005 -0.002 0.000
(311) -0.002 -0.001 ~0.001 -0.003 0.000 0,000
(222) ~0,000 -0.000 0.000 0,000 0.000 0.000
(320) -0.002 -0.002 0.000 -0.003 -0,002 0.000
(321) -0.001 -0,001 0,000 ~0.001 0.000 0.000
(400) -0,002 0.000 0.000 -0.004 -0,000 0.000

All displacements are in units of the interionic distance and
the negative direction is inward toward the vacancy.

The repulsive nn interaction was the Born-Mayer form,
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TABLE 3. RELAXED ENERGY FOR F-CENTRE
BLECTRON IN THE GROUND STATE

crystal
NaCl KC1l
Born- inverse Born- inverse
Mayer power Mayer power
~ \ coulomb 656 .656 . 590 «990
V(o)
repulsgive T =,0%75 -, 086 -,062 -.068
Lo - - - -
‘i" Ecg' gs 0003 0003 0004 0004
<§%‘HP‘ §3>° "0449 "04’49 ”0455 -'455
132 W12 .095 .089
Eq(Q, Nog)- U, el 0 ©
. 129 .118 . 091 . 088
Eg(?ﬁg,}_}_%)'k’o
% relaxation 2.3% 2.5% 4.,4% 4,7%

All energies in rydbergs.

Calculation for two forms of the repulsive interaction.




nelghbour repulsive interaction, namely a Born-Mayer
exponential form(f\‘ lF) and an inverse power form (R lm ).
The calculated displacements and energy changes were almost
exactly the pame; However, this is to be expected since one
determines the two parameters (Al andfb in the first case
and A and n in the second case) by the requirement that
[QU]N%‘ E=VK‘ S;m bra .
where U = the energy of the crystal
K = the compressibility
V = the volume of the crystal

and a = the interionic separation.
That 13, one is determining the two parameters in both cases
by requiring thét their first and second derivatives be equal
to the same quantities at r = a , But in the determination
of the displacements only these derivatives of the repulsive
interaction are used, hence one expects the same result,

Figure 5 shows a comparison of my ground state pseudo
wave func‘tion @% and those considered by Gourary and Adrian®®
for NaCl, It is seen that at a distance of one interionic
spacing (a).from the anion vacancy @?akms decreased to .26
of 1ts central value and is negligibly small at a distance
of 2a from the origin (which 1s the centre of the anion
vacancy). The Gourary-Adrian type I wave function decreased
to abvalue of .15 of its central value at r =a while the
type II and type III decreased to a valﬁe of .27 of their

central value at this same distance, Furthermore all three




FIGURE O,

Ground state PFecentre wave function for NaCl,
Distance is measured from the centre of the anion
vacancy. The Gourary-Adrian (G-i) type II and
vype II1 are very slmilar so only the type II was

plotted. a is the bulk equilibrium interionic

spacing.
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types were neglipibly swall at r = 2a, Although Gourary and
Adrian do not explieltly mention it thelr wave functions are
in effect psoude wave functions sinee they are smooth and
not orthoponalized to the ecore orbitals, Sines the psaudo
wave funetion that ariges Irom bthe caleulation is compact
ﬁhﬁfﬁ is soms Justificabion for using the adiabatilc approxnie
mation, for it 1s believed that electrons in compuct states
move 80 rapldly that the ions can not follow the motion and see
the average slectron distribution. Farthermove, sincs the
pasudo wave function is compact one fesls Justified in
neglocting electronie polarization, at lsast for distant lons
to the defect since they sse a neutral dafact,

ihe next step in the ealeculation of the abgorption
energy 1s to caleulste the unrelazed excited ababe anergy
E;(‘_g'g)?_\;#)fff’am aquation (39). First <§;¢‘HP\§'@¢)‘W&3 avaluated
in the presence of the Fecentre ground state distorbiecn

) —l T

where @,,,, =A ¢ neos © and o« was the variational parumeter,

Agalin this svaluation involved the minimization of
E;(§@EL)= Uc*'%gié'§3+<§mﬁw§w>»
i ! v (Y
+ <§M’VPI|§;¥> + gc; l§m[, (f\u'.), + \ll. (%3)

with respecet Lo « accompanied by an lterabive procadure to
— >~ o~ ) T

calculate V=<§e,,,\\lpl§.w> whars Ewia the sctual wave

funetion for the F-centre elsctron in the excited state (in

the presencs of the distortion field fasz the ground sbate

Fagantre ), \A_(§a)is thre chunge M that results when an
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anion 18 removed from the erystal in the prossnce of the
diastortion fi@lﬁ_§a. The expregslon f@r‘V%I(R) for such a
wave function 18 given by equation (48) in appendix A, YThe
results of this winimization procedurs are glven In tuble 4
and the absorption energies (using equation (£2)) are also
given in this table. It 1s seen that the absorptlion energles
agres quits well with experiment., This is not surprlsing
since the absorption of Fecentrss in alkall halldes was one
of the experimental paramebters used by Barbtram el g}y in the
determination of the senmi~smplrical pseudopotential ion size
coefficlents, It does indicats, however, that a Juussian [its
the Fegentpre eneprgy aboub as well as a Courary-idrlan type of

wave funeblion.

RO

& RPN aT o W
B ° B }, BAHTUH &

The caloulation of the emisgalon energy follows the same
lines as that for the absorption ensrgy. The first step is
to find the energy of the relaxsd system when the Fecentre
slectron is in ibts first exclted state @w, It is important
to be able to locate this level acourately becauss the acile-
vation energy for Fecenitrs step Aiffusion depends on 1¢.9%
That is, it is supposed thab an Feconbtre slectron goss
through the antie-gymmetric state of the saddle-point conligu=
rotlion when step-diffusion coocursg, and henece the differencs
in energy of the aystem betwoen the anti~symmotiric saddle-

point and the relaxed szelited Fecontre will furnish an

estimate of the activabion energy for step diffusion, j
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TABLE 4. F-CENTRE ABSORPTION ENERGIES

crystal
NaCl KC1

coul 679 .601
V. (£g) repul . -.094 -.082
% Foy’ ) -.003 -.004
234 Fq % -.001 -.001
iig-g\%-((‘_\fay! Ay$ .000 .000
el Hol @ > -.252 -.267
EL&(%%,Z}:’#)"UQ 337 .258
Eq (3g,34) Ve .129 .091

Ed - Eq .208’r .16'7*
exp. absorption en., = .204 .170

411 energies are in rydbergs.

A Born-Mayer form for the repulsive
interaction was used,

¥ he experimental values are taken from

reference 4.
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As bofore one minimizes {PuylHp|Bayp +V (o) with respect

to the wave function parameters, The paeudo wave funection

2 2
‘ . = ol “py
was chossn o be of the form A neosba, . The resultis

of the nminimization procedure are shown in table 5,

To caleulate the relaxation of the exclted stabte one
proceeds to caleulate the displacements, as befors, using
equation (37), UYhe main difference in ths galeulatlion from
the Fecsntre ground state is that we no longer have spherical
symmetry and consequently the grouping of the fons in eguation
(36) is different corresponding to the changed ayametry., The
manner in which the ions are grouped is shown in appendix B,
Eﬁgaatien (87) to (P13) glve the contribubtions to Q(i} Trom
each group, The displacements of ions out to tenth nearesat
nelighbours were calculated, cénsidaring ths contributions to
equation (36) from lons out to and including thoss at (200)
and (008). ihese displacements ars shown in sable 3. It can
be seen that the displacements of the (100) lons are gulits
large and outward from the vacancy. This is in qualitative
agroement with the calculation of Wood and J@y.gv Howsver,
they also found a large cubward displacement for the (00L)

lons compared to my values of 008z for NaCl and -.021la fop

%

KCL (the negative sign denotes an inward displacement). For
RaCl Wood and Joy found displacements of ,0008a and .189%a
for the (100) and (00L) ions respectively,

Figure € shows a graph of the Fecanbtrs excited shate
pseudo wave functlone. This ls compuct, peaking at about .fa,

Gourary and Adrian26 found that thelr type I function peaked




TABLE 5, ENERGY LEVELS FOR F~CENTRE EXCITED STATE

NaCl KClL
crystal
inverse inverse
‘power power

coul 656 « 090

vV, (e _
L(2) repul. -.086 -.068

point ion - S

jon size
~ cont. (I.S.) . 048 .015

IS % 100

8.8% 3.1%

Srumg.

V -.499 -,475

{E I TIDuw Y, .251 .202
1.19 o 1.19

"'0248 -0275

Ea (0, Rany ) -y, 322 .248

'%:,EQM.{ $ 0y -.021 -, 017
corrected alpha 1.10

EW(%WJ}}*W)“UQ . 301

% relaxation 6.5%

All energies are in rydbergs.
%™ Aqoy (from zeroth order energy calculation)

alculation for two forms of the repulsive interaction.
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TABLE 6. DISPLACEMENT OF IONS: F~CENTRE EXCITED STATE

crystal
NaCl KCl

X Y z X ¥ z
.081 .000 .000 .068 .000 .000

.000 000 .002 .000 .000  -.021
012,012 .000  -.023 .023 .000
.036  ,000  -,007 .014 .000  -.016
.009  .009 .013  =0.000 . 000 .008
.025 000 .000  .006 .000 .000
.000  .000 .007 .000 .000  -.026

.002 .001 .000 .002 .008 .000
012 .000 .004 .005 .000 .000
.006 .000 -, 001 .000 .000 -.011
.006 .005 .001 .000 .001 .000
.001 . 001 .002  ,000 .000 .000
.000 000 .000 004 .004 .000
.005 .000 .003 .001 .000 -.002
.004 .004 .002 .001 . 001 .001
,004 .00l .002 .001 .000 .000
.008 .000 .000 .002 .000 .000
.000 - .000 -.001 .000 .000 -.013
.004 002 .000 . 002 .000 .000
.007 .000 .003 .002 .000 .000
.002 .000 .000 .001 .000 -, 007

.004 .001  .000 .000 . 000 -.001
113 .000 .000 .000 .000 .000 -.002

Displacements in units of the interionic spacing.

Positive direction is outward from the F-centre.




FIQURE 6,

Excited state F-centre wave function for NaCl.

Distancs

VaCarcy.

18 measured from the centre of the anlion
The Gourary=-Adrian (G=-2) type II and

nilar so only the type II was

type 111 are very s

plotted.

gspacing.

is the bulk eguilibrium interionic



§~A(TYPE i)

\ PSEUDO WAVE F'N

2]
o
=3
b
o
a.
=
g
o

B

f ] 2 8 ) [ )
0.2 0.4 0.6 0.8 10 12 14 16
DISTANCE (UNITS OF d)




(59)
at about .4a while their type iI peaked at about .6a.
This 1s in contrast to the pesulis ol W. Beall Fowle?,
who uses a seni-continuum model, and obiains a 4lffuss vwave

function, Hewsvser hlgs caleulabtlon lnvolves several parvansters

guch ag R, the radius of bvhe pobential well ssen by the

* bl i *
elacbron, a , the festlive nmass, and Lgep, an effective
dlelsotric constant, which are fixed at valuss whlch would

visld a diffuge wave funcitlon,

Tne next step is to ecaleulate Eg(gm A )fzf om eguabtion
{(43). Yor sush a caleulation @avmg shosean to be of the [foram
AL‘*“’ (the same [lorm s @a). The results of this calcula~
tion and the smission enerples are given in table 7,

One can see that the agreement with sxperiment lor ths
emission energlies ls worse than for the absorption ensrgles.
Une explanation of this way lile in the suggestion that the
Franck-Condon princivle does not hold In emisgsion. If this
were the case then the lattice would relux some from the
configuration corresponding to the relaxed exclted I-coentrs
towards the configuratiocn ol the rslaxed ground state Fegentre
during the smission, hence lowering ths levels to which
emission oocurs, This would lnerease my emission snergies
and bring them nearer to the experimental valuss, Alsgo
elsctronic polarizaetion effects have not besen considered.

Thev way be important in the Fecenirs exclited gtabte In view
of the lact that the pssudo wave [unction iw poaks at avproxli-
mately .Ba and henece the probabllity that the Fecenbrs electiron

will ba very near ths slectrens of ths nelghbouring lons is
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TABLE 7. F-CENTRE EMISSION ENERGIES

crystal
NaCl KCL
Born- inverse Born-~- inverse
Mayer power Mayer power
coul .656 .656 590 .580
\/..(;;M){
repul -,049 -,061 -.049 -,054
alpha for 1.10 1.10 1.11 1.11
emlssion
] [ - - - -
<§%|HP|§%> =357 . 357 « D349 . 549
T Fosy §ay --021 -.021 -.017 -, 017
T Su Fu- S, -.004 -.004 -,003 -.003
{ Ut
&§M'Q%'@M>‘Am‘§&¢ .004 .004 .002 .002
! i o
Eg(%wlz\ab_UO 0279 .26‘7 .214 020
Ew(éwhb%o'ue «311 -.301 . 237 231
emigsion en. . 032 054 .023 022
experimental 072 ore Los9” 089"

emigsion en.

All'energies in rydbergs.
#* The experimental values are taken from reference 4 .

Calculation for two forms of the repulsive interaction.
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i
o

very high., Yhis could lead bteo polarization effects whic

are not negligible,

L
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In order to caleulate the sctivation enerpy lor step
diffusion one must locate the sneprgy of the system In the

saddle~polint conliguration., In t&is saddle=-point the system

5

#

may exist in two possible quasleststic statss, & symmetric

and an antisymmetric, the antisvmmeltrie belng the higher in

eneryy. Ihe [irst step in the locatlon of these enwrgy

2,

levels 18 to calculate the zercth order snergy whiech does

*‘ﬁt‘ﬁ
o

not take secount of the relaxation of the lattles. That

ong mininlzes
Ele as)= Uo+ <3l 1BgY, +Vi(o)

Elo,xs)= U+ <Ps/TI®g) +<351Ve B30 +V (@)
+ %’Cc\@%(?{;)r (47)

with respsct bo the wave funcitlion parameters, where @ ia

the pseudo wave unction of the gy

ebtric gtate and @A is

the pseudo wave luncbtlon for the antlsyaumelric stabted i&
N % R

, =l - N ‘
was chogen Lo be of the f‘f’;r%Aw cos © & = A 32 and @5
% LA
i N i —g{zh) k'S =l v .
was chosen to be A *wm'®g = A3 2 whers the co-

ordinate swai am wged was g defact orisntated coordinate

system {coordinate svebem labelled IT in £ 1Y. These

particulay foras for §s&¢@ §AIW%?@ chosen bagause they iy
the charge distribution of the defect, namely they both huve
charge densibty lobes in the "half vacsncies" straddling the
saddle=point.

Kote that V(o) is now the change in lattlce energy

that reasults frowm extructing two svions from positlons 8




and 3 of figure 1 and introducing an anlon at position 4
when the distortion fleld 1s zero,

It was found thet when equation (47) was minimized with
reapect to the wave Tuncbion parameter and the lonic dia-
placemsnts were calculated, the aisyl&a@mant of the cations
nearest the migrating anicn (lons labslled by 1 in figurse 1}
were btoo large to be tresbed within the harmonlc approximation
of the Kanzaki m%ﬁhad, Conssquently this problem was con-
sidered as a two-paramster type of problem., That is,
egquation (47) wag aminimized with respect to the wave function
parameter o and the positions of the nearsst nelgbbour
cations {(proup 1 ions) to the saddle-point anions, Thus, in
eguation {23) the positlons of the group 1 ions were cone~
aldered to be one component of », rather than cne component
of §. This also changes V_(g) , since Vu(@)must now take
into account the fact that the group 1 ions have besn dige
placed in minimizing esquation {(47). It was found that by
allowing the group 1l lons to relax in such s panner that the
gguilibrium energy was substantlially changed frowm the case
where the group 1 lons were rigidly clamped at their perfect
lattice sites, In other words the equllibrium snergy is
guite sensitive to the positions of the group 1 iaﬁa.

This minimlzation was carried outl using 8 progran {rom
the 1ibrary of asubroutinss at ARRE, Harw&ll$3. in order to
caleulate the energy expression glven by eqguation (47} 1

used for Vpr (FD '
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(1) equation (A7) from appendix 4 when considering @n
and (i1} eguation (48) frowm appendlx & when consldering
2 %
@ el 3 5 :
§5=A3 2 since @5 may be written a&s a lineur comblnatlon

of £ = 0 and £ = 2 sphepicsl harmonlcs, nawmely

&, = ‘“” ‘EP:(W@>+ 'L:"P:(me\)j
4 sscond form for §s wu8 also considered, numely
@s= AL_dm (L + 1) to see i the resulbanit energy was much
improved by including ‘the paramns ter B It was Tound %ha%
the initlal mininmization process gave almost the same zeroth
opder energy for boith forms of §s‘ It should be noted that
for és;A;“‘“’ ( L+ 31> the minimlzation process now
involves three paramnsters, o , é and 8' , the ¥ coordinate of
the group 1 lons, Sincs theses ensrgles for the two differant
forms of §s game cut approximately the same further calcula=
tions involving the prelaxetion of the lattlics were sayvigﬁ vutb
only for the simplier form, mms@ly §S=A3 .L"LN .

These caleulations were performsd using the two different
forms, nentionsd previocusly, for the short rangse repulsive
interasction between lona, Flrst a Born-Hayer form ~ A‘_q, lf’
w@s used, but it was thought that for lavge deviatlions of
the ions Irom thelr equilibrium gpacing, perhaps a repulsive
interaction of the form A;]m would be mors suliable. In
both cases the wuluse used lor the constantis {é’awlo) or (hom)
wora those derived frowm bulk macroscopic duta, There is no
Justification in using z»:w 88 values when the gpacing bebween

iong differs greatly rom the squilibrium spacling.




(65)

Some werk is presently belng dons on the corrsction of these
parameters using experimental results for the activatlon
snergy for diffusion of anicn vaecancles in alksli hallde
orystals. The results of this zeroth order enerpy caleulae
tion are shown in tables & and &,

It can be geen from these tables that Vi, in the zsproth
oprder approxlimatlion, 1s approximuadtely the sume, squal to
about .0bs, This is a displacswent of aboub .l4a from the
value 1t would have 11 the group 1 lons were not allowed to

move in this first minimisation, or a disclacsmuent of about

28

205

Une now allows the ions surrounding the saddle-point to
voelaxe, Uhis 1s carrisd out as before by the Kanzakli method,
The eccordinate syetem that one must use for this caleulsation
is that labelled by I in figure 1 and then one must perform
the appropriute rotation to give the displescements in the
defect orlentated coordinate system. In doing thls relaxaw
tilon culeulation, 40 groups of ilons wore allowed to relax
about the defset, This ineludes relaxabion out to fourtasnth
nearest nelghbours to the defsct or about 214 ions. In

equation (88) the sum cver £ included 12 groups of ions

,,,,,

{included eight nearest nsighbours to the defeet or 54 ions).
The order of the grouping ol the lons and the subsegquant
gontribution to Q(i) from sach group sre shown in appsndix B,
The results of thls caleulation, the reluxed snergy levels
and the corrected variationul parameters ave shown in tables

Coand Y.
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TABLE 8. SADDLE-POINT ENERGY LEVELS FOR NaCl
symmetry antisymmetric symmetric
2 RS
pseudo wave - -ol - n =l
function @A" Ag‘fb ~@S” A’é L
form of Born- inverse Born- inverse
rep. int. Mayer power Mayer power
point ion T - - -
cont. (VP1) 01)85 0383 .457 04‘35
ion size
Contc (IoSa) 0051 0052 '042 .045
I.S.
X100 y
IVerl 13.2% 13.6% 9.6% 9.9%
O(Q 0836 .851 n978 09'77
e . .829 .839 832 841
{RINGIE >, - B354 - 331 -.395 -.392
kinetic
energy .122 122 146 .146
<BIHS -.212 -.210 -.249 -.247
E(o,he)-U,  .361 .364 324 326
+Fo§ -.042 -.041 -.023 -.014
001‘1’80(9?9@ 1.02 1.06 1.00 1.01
corrected .516 .825 .851 .840
J1
relaxed 319 323 .301 312
energy

All energies are in rydbergéo

°%,%m“ Mo (from zeroth order energy calculation)
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TABLE 9, SADDLE*POINTIENERGIES (KCl)

symmetry antisymmetric syrnmetric

udo wave Lo an oL
pse - - . 2z - - - o) T

function éa‘ A}Q. @-_{Ag LR 53 ﬂ(l: +3 ).&.
repulsive Born- inverse Born~ 1inverse DPBorn- inverse

interaction  Mayer power Mayer power Mayer power

point ion

cont., (Vﬂg -,339 ~.338 -,386 @ -,385 -.,3%62 ~-,360
ion size

oconjtf (1.8) <07 .028 .018 .018 .014 .0Ll4
IS oo )

8.0% 8.3% 4.7% 4,7% 3.9% 3.9%
olo .810 .810 .961 .960 .940 .939

b, - - - - . 491 .492

Yeo .845 .850 847  .852 .844 .850
(B W B> -312 -.310  -.368  -.367 -.348  -.346
kinetic o _
<BIH: 187, =218  =.217  =.249  -.247 -.262 -.261

E(O,h)-U, -314 315 277 278 .270 .27l

LE,-8 -.038 -.037 -.022 -.023 - -
corrected 086 59
alohs 1.04 1,04 . .991 - -

corrected 832 827 .846 ,848 - -
¥y

relaxed 276 .278 ;255  ,255 - -
energy

All energlies are 1In rydbergs.

<“hL%%:§JITom zeroth order energy .calculation)



FIGURE 7.

Symmetric and antisymmetric saddle-point wave
funectlons for NaCl. Distance measured fron position
of migréting anion at the saddle-point., a 1s the

bulk equilibrium interionic spacing.
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It can bs seen that the relaxation of thes antls
stute is considerably wmore than the relazation of the syme-

pasudo wave

metrle state, Filgure 7 shows a plobt of the
K™
s - 2 —el T . - = ol to
mmtwma és-A 2 . and @A“Agb . It ean be seen
that th éA poaka at about J7a while és poalts at aboubt &.

Bt
Fac
B

ot
g‘va
&

o
s

w gynuetric pseude wave [unctlion tends to locutbe

;1 while

the slsctron's charge wmors in ths "hall vacancies
the antlisysmetric pseudo wave [unction tends (o wmove the

electronic charge nearer the mlgrating anlon.

The dlsplacement {leld that ls ussociated with

relaxsations conformsto this pleture as the two {lelds {for

L

the symmetrlic and antisyemetric stabe) are gqualitabtively

the same but the displacements assoclated with the antie
symmetric state are larger,

Figures &-1l1 show the snergy level disgrams for two

':rm-«.

crystals considersd In deball, namely HNall and KCL, for the

two previously wentioned repulsive interaction forms., The

b

separation betwesn the symmebtric and antlisyumetric state was

28eV im@ EGL for both forma of ths repulsive interaction,

This may be compared Lo a valus ol .48eV whieh was found

11 for the ¥,-ganbtre, Our saddle=

%

srperimentally by Uramm

S

voint defeet differs from that considered by Grasnm in that

e

e has ons of the group 1 lons replaced by an lmpurlity cation,

nt

&

Howsver one w&ulé 503111 expect order of magnitude agrs
in the separablion bstwsen the symmebric and antlsvmmetiric

gtates which 18 the cuse,




Energy level diagram for NaCl for Bor &y

naarest nel and

i3
m

are the Fecenbrs sorpbion and emlssion

ensrgles respectivaly and B ig ths activation

round and excited state gpectively.

igymmatric and symmetric
from the {irst calculation

hege snargles corrscitsd by

; ey BYY . A ) a ]
replacing ﬁLf“(g}va“(g} by the experimental

activation ensrgy for vacancy diffusion.




E,=0.319
Eg=0.30I




r

@

L o

d}{\ a

o F

B B g o
GO

3

=

1

oy
e 59 o

a3




EA=0.398

Es=0.387
E'ex=0.326 Eac=0.097 En=0.323
)\ | / |
_Eex=0.301 Es =0.312
i Egm30.034 '
E 45=0.208 Es=0.267 3

Eg=0.118




ram for

g

dig

o
Y

]

2

PEREE ¢ O

rac

SR ]
A T

ir

ilsive

¥4
&
X

rep

S0

o
L

;
elgh

n




EA=0.342

. E4=0.32
' EA%O.Z?G f
'EEX=O§58 — | Eg=0.255 .
Egy=0.237 ,
| | i Egn=0.023 - i
Eag=0.67 Eg=0.214 - ‘

(34)

Ee =0.09I




Gnergy level diagram for KC1 for an inversse power

nearest neighbour rsepulsive intsrs 93 The
explanation of the various energls

the caption for figure 8,




E=0.085

| E',=0.338
. E4=0.3I5

Ea=0.278 '

E=0.257

7 E§X=O‘.23l
Eg%30.022 '
: 3
Eg=0.209 2
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The activatlon energy for Fecentrs step diffusion

{differsnce in eneryy betwesn the reluxsd antisymmetrie
gaddlie-point state and the relaxed Feconlre oxeited statse)
dgoes not agres well with the value guoted by volrl of
1.6%,26V for KCl. It has besn determined®® that peorisnta-

tion of an Fy-csntrs occurs from the exclted ¥, -centre

23

sbtate, Bince an VP, -cenbtre 1s just an P=consre with an

£

impurity cation at ons of the nearest neighbour sites and

Brn

reorientation corresponds to oupr atep diffusion process it
has been sssumed that the step diffusion process also
originates from the exclited Pecentre stats. 10 wasg felt
that sines the repulasive paramebers of the overlap potential
are in doubt {(the repulsive energy is evaluated atb dlstances
winleh differ greatly from bthe bulk equilibrium nearest
nelghbour distance) it may be betier to replace V:'P'(g) —\j:_’ (9)
whero \Jiﬂ(g) is the change In energy of a perfect undisborted
lattice by the introduction of & saddla-point defect and
VC’(Q) i3 the change in oenergy of a perfect undistorted
lattice by the introduction of an anion vacaney, by the
expsrimental valus for vacancy diffusion., This quantity
\/E‘P‘(Q) _\I: (9) is not the actual theorstical actlvation
energy bub only an a?g@&xim&ti@ﬁ because the distorticn fleld
must be taken into asccount, 'That is the labiice is continu=
cusly relaxing, «s the anlon moves from its perfeet lattlce
position to a nelghbouring wvacancy through the saddls~pointg

configuration, so as to ksep the crysial in 1ts lowsst




energy configuration,. '“%é experimental values for the
activation energles for vacancy diffusion arve glven by

Re O Fuliargg for KC1 and H. Laurance®® ror ¥all. fhe
rasulting corrected valuss for the energy levels of the
saddle-point configuration are glven in bables 10 and 11 and
figures B=11,

It can be sesn that tﬁis correction ralses the energy
lavels of the symmetric and antisymmetric states o the
saddle~point considerably. The ensrgy differsnce b@thaﬂ
the relaxed F-coentre execited state and the antlsymmetric
state now agress qulte closely with sxpesriment, ?h@ﬁ@ are
?éa§ﬁa%iVﬁly l.426V and L.45eV for the Born-iayer and inverse
gﬁwér forms of the repulsive interaction conmpured to a %aidﬁ

£ 1.6%.20V quoted by Wolf.* his corrsction to the saddle-
point energy levels did not however change the separation
bebtween the syrmetric and antisymmetric states which ramalined
2ueV,

A8 before polarization effscits were not considered in
this caloulstion, The inclusion of polarization would
nrobably regqiire a threo-parameter minimization in the zeroth

rder calculation as one would llikely have to rogard the

dipole moment on the group 1 ions as one eonponent of the A

rather than a componsnt of th@_g .
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TAELE 10. CORRECTED SADDLE POINT ENERGIES (NaCl)

symmetry antisymmetric symmetric
type of repulsive Born- inverse Born=~ inverse
interaction Mayer power Mayer power
S.P,

Vo (o) .573 573 .573 5753

VO (o) .582 .570 581 .570

VET (o) =N (o) -.018 .003 -.019 .003
activation energy * * * +
for vacancy diffusion -078 -078 -078 078
ECE M) -4, .319 .523 .301 .512
corrected E(g,))-U, . 416 .398 .398 387

All energies are in rydbergs.

* values from reference 36,
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TABLE 11. CORRECTED SADDLE=POINT ENERGIES (XCl)

symme try antisymmetric symmetric
type of repulsive Born=- inverse Born- inverse
interaction Mayer power Mayer power
VAR .532 .532 0532 .532
\o (o) . 527 .522 527 .52l
VERo) = VY (o) .004 .010 .004 .010
activation energy for .070" .070% 070" ,070*
vacancy diffusion
E(§ )\) -Ue 276 .278 0255 255
corrected [E(§ %) ~Us 542 038 021 °0l1ld

All energies are in rydbergs.

# values from reference 35 (uncertainty in value is ,007)
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CHAPIER IV

Uaing a gaussian for the chﬁﬁtra ground state pseudo
wave functlon 1t was found that the Fecentre electron was
woell locallized within the anion vacancy end leitice relaxa-
tion, ignoring lonle polarization, was small. The Pecentre
oxcited state pasudo wave function was likewise compact,
peaking at a distunce of about .8a from the centre of the
defect (a = equilibrium interionie spacing). These excited
state functions were very similar to ithose found by Gourary
and Adrian®® but differed substantlally from that found by
%, Beall Fowler.2®

The caloulated absorption ensrgies for the ordinary P-
centre agrsed well with experiment, based on semieempirical
pgeudopotential lon sizé paramsters derived {rom the absorp-
tion ensrgy with Gourary-Adrisn wave functiong., This does
show that a gaussian pseudoc wave function is a valid form to
use in an F-centre ground stale energy calculation., My cal-
culated values for the absorption snergy were 2.53eV and
E.Q%QV‘f&r HaCl and ECLl reapectively compared to the experie
montal values of 2.,77eV and 2,308V, * Ky ealeculutsd emiaslon

snerglies were lower t&&n the experimental valuﬁs, belng .46sV
and ,3leV for NaCl and KCL respectively compared to the ex-
perinental values of ,B8eV and l‘%l@Q*é

The imn’aiga contribution to ths interaction betwssn the

P-=centre slectron and the crvsbtal was positive in all cases




{compared to a negative value for the interaction energy
considering the ions as point charges) and ranged from .69
to 3.8% of the point ion contribuiion for the ground state
and from 3.1% to 8,84 for the excited state, Hence this ion
slgs offect is none-negligible,

It is falt that relaxation of the Franck~CUondon principle
and the Inclusion of elscbtronie polarization may improve the
agreesment between my emission energles and experiment, To
my knowledge there has been no fully satisfactory theoretical
troatment of the emlission process.

For the saddle-point configuration the system may exlst
in either a symmebrlic or an antisymmetric state, whers the
BXCess elegfron is deseribed by pseudo wave functions

T B

§S= Agﬂ,—*m and 5; ABL*IN raspectively. {(the symmetric
state is lowsr in enerpy). §A was found to pesk at r = ,7u
from the migrating anion while @s peaked at about r *= a, Ths
Aistortion flelds associated with the relaxation of these
two stabtes were gualltatively the ssme but a little larger
for the sntlaymmetrlie state, resulting In a larger change in
energy upon relaxation of the energy of the state., As bsfore,
ion slze effects were nonwnegligible, ranging from 3.9% to
1%.6% of the point ion contribution,

This ealculation was initially nérriﬁd out for a Born~
Mayer nearest neighbour repulslve inbteraction, but 1t was
folt that this form may break down when the ions are pushed

too closs togebher, as could be the case at the saddle~point,
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80 an inverse powoer form for this interaction was also used,
The results using the twe different forms wers very similar.
The separation between symmetric and anblisyometric
states was L2UeV compared to an expsrimental wvalue of ,@63V11

for E% emission, Howsver bthe physical picturs for 5&
emission s slightly differsent from that considerad in wmy
calculation in thai ona of the nearest neighbour cations to
the migrating anion 1s an impurity ion, and also, the final
state would bs unrelaxed, |

The activation ensrpy for Pecentre sten diffusion is
assumed to corregpond to the differencs in energy bebtwsen
the relaxed antisyamebric sﬁat@ of the éaddl@~gciﬁt and the
relaxed Fecentre cxcited state,9% Ky wvalue for this ensrgy
difference did not agree with experiment until & correcbion
was made to the zeroth order energy of the svstem. Thisa
correction was motivated by the fact that the varamshbers of
the nearest nelighbour repulgive interaction were caleulated
Tor ions having thes bulk sguilibrium lattice syacing, while
near the migrating anlon the separation of ilons may differ
substantlally Irom this value, That is \/L_'P‘(g) _\/: (9)
where " (o) is the change in energy of an undistorted
lattics by the Introduction of & saddle=point defeect and
\AY<9) 18 the change in snergy of an mndﬁatmg%ad lattics by
the introduectlion of an anion vacancy, is replaced by the
axperimental valve Tor the vacancy diffuaion actiwvation

energy. (This theoretlical sxprsssion is only an approximstion
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because one has not taken proper account of the changling
latitice relaxatlion). ¥Vhan this correcitlion was anpglind, the

calvoulated activation enrgles for Fecentrs step diffusion

g

becames 1.42eV and 1,488V for ECL for the Horn<HMaver and

o

inverse power foramsg of the repulsive inbteraction respectively,
comparsd to an experimental value of 1.6¥.2sV, This core
rection did not change the separabion betwean the gynme tric
and antlsymmeobtric states, ﬁlé&, polarization was not taken
into account in this saddle-point caleulation,

The disagresment with experiment of wy emisslon energies
Tor the ordinary Fecentre emphasize the need to investigate
the effect that ionic polarization has on the energy states
and to rsview the various asssumpblions involved such as the
adiabatic approximation and the Franck«Clondon princinle.

The results of the saddle-point calculations point out
the need to redstermine the nearest nelighbour repulsive lone

fon interaction pursmeters when defect configurations are

examined which do no® involve small perturbations of the
perfsct lattice structure., However the results do indlcate
that correcting lor this repulsive interactiocn a good des-
cription of the saddle-point configuratlion results which wmay

be adaptad to other studies such as §ﬁ, Fry and P, dafact

B* ¢

gentres,
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APPENDIX A

EXPECTATION VALUE OF <®|Vprl®>

The potential energy of an electron in the presence of

an assembly of point charges may be written as

Ver (&) =
‘ TU m i !

where energy is expressed 1n rydbergs (hence the factor 2),
charge Qi is in units of le| and length is in units of the

N
first Bohr orbit @, where Q.= L g"a.Ql"I?._XlQ-QC/m.

-y -
.ty &
and ,*m&is the electronic mass.

This may be rewritten as

| o -
Ver R)=-2 S 6, = — X' ’”‘l 2 (eeow,)
< Lzo0 [Ny P

) larger S
where My, is the | gpa1ier( ofifland 7]

©
and FL(Q&@EQ) are spherical harmonics where ¥, is the
angle between 7{. and ;:\L °

VPI(A = -2 5 2 O m,, P;(mb’;) - 2@,

0
=

(m,,<m) A+1 N
(ry;%0) v
o £ )
a2 5 2: Qu (o | B (o) (A1)
. £ Lzo L+
(vg#o)

where Q, 1s the charge on the ion at }tf“é .
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In order to put this second term into a form which is

eagsier to handle consider adding to and subtracting from

a0
3 2 °
equation (Al) the term 2 S 2 @il P,q_(e'%&;)

(Pu.,’#(b) m;.
60
R £ )

+;z§®,;2 v s | B (eso¥)

£ - L4\ L+ (Az)

£‘-O m m

(N;_(N) «

(hg%o)
- 2,

fu

It is now necessary to find the relationship between Y. ana

the sphericai polar angle © which is used in this problem.

Prom reference 37

o L
B (eoot,) = S éf'"éff’—")—)—% R (e000) B (e 0) con[om (64 |

where €, =1
em-z fOPM=2,3,4,....-

Thus substituting into equation (42) one obtains

oo, X, :
Ver R = -2 2 S é\' @ i Epn (L=m) | P (eos e )

I, (,Q-{-/m)l

R (ce00)eo0 [om(b-4:) ¢ = 200
IAY;




2 .

+ 2, 5 2(2 @ o .’Q .. - | vn

£ Loo mvo) | T — D G S’f_._;”i,)__ B (ees )
(<) ro;, A (£ +pm)!

(rvi%o)
R (e0©) eoo Lom (- ;) | (43)

It is possible to simplify this expression considerably
in the calculation of (@\\/P:\§> due to the orthogonality
of the spherical harmonics, provided @ is a simple linsar

combination of spherical harmontes.

A, F-CENTRE GROQUND STATE

In this spherically symmetric case the pseudo wave
function §‘was chosen to contain only an f = 0 term. Hence
only the terms from equation (A3) corresponding to 4 =0
contribute to <§Npﬂ§>_, Hence, we may use an effective
VPE(F{;) given by

\/pr(f:)=-2§ (.‘9& 25 q.|d-L »
(ni¥o) s (o< ) A e

(wy®o)

since Q. = 0 for an ordinary F-centre.

Thus

TP

<§’VPII§> = T2 g' @

(g %*0)

e 2.
AL I R L

(np¥0) 1
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B, F~CENTRE EXCITED STATE

The wave function for the Fécentre excited state has
f = 1 dependence and hence the £ = 0 and £ =2 terms of Vpi(ﬁJ
given by equation (43) contribute to<&|Vprl®> since I@IL
may be written as a linear combination of £ = 0 and £ = 2
terms. Furthermore the terms in Vpr(R) for myodo not
contribute to <§Npﬂk§>if @ is assumed to have no dependence

on the azimuthal angle ¢. Hence from equation (A3)

Ver(R)= -2 3, () -2 @uf n ) B (e000) P (e0n0;)
(wgro) ¥ (ni%o) Q’f

+25@;*‘1~'
Z

[V v
(ne%o)
(pvidv)

2. kN
2 ROY \ °
+ 5 YoM P (w0 Bo(we©)  (A6)
(ruoFo) N JUB z

(rvs<m)

where again Q_ is zero for the F-centre.

C. SADDLE-POINT CASE

l. ANTI-SYMMETRIC STATE

The pseudo wave function @Ais assumed to have £ = 1
dependence., Hence the expression for \/p:c (T\:)is the same as
equation (A6) only one more term, namely ("' %%) is added
which takes account of the contribution to the potential of

the ion at the origin. Note however, that a different co-

ordinate system is used for the saddle-point case, hence




different values of p, and ©; will be used from those in

equation (A6) for the ordinary F-centre. Thus

. w'" LS o ©
V@)= -2 S (%) =25 0| R ene) B (i)
A . T ,
(weko) \ TUx (ny#0o) g
+2 2 ORI R - R,
: “~
(m‘:<m) VN Y} N

(v, #*0)

2 © °
2 E o n Rl Bene)
(me<w) LS p°
ng*e)

2. SYMUETRIC CASE

In this case @shas L = 0 and £ = 2 dependence hence
may be written as a linear combination or b = 0, 2, and 4
terms, hence Vpr (?C) must include the { = 0, 2 and 4 contri-
butions. Thus for the symmetric saddle-point state the
effective VPI(R,)which must be used to calculate(él\/pﬂ§>is

Vr(R) = =2 5 Q) 1 4+ v B (00l R (eos8;)
4,
(n;%0) Mg, Nf ‘
+ Ei }RYW@) P:(Q@Q.QJ - 2@,

N L
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APPENDIX B

GROUPING OF TIONS IN CALCULATION OF

DISTORTION COEFFICIENTS AND DISPLACEMENTS

Ia order fo facilitate the calculation for the distortion
coéfficierlts one can group the ions which make equal contri-
butions to the sum in equation (36) and hence reduce the

number of terms which arise in the expansion., That is

cas =
L E S RRE) T
O T . 3 %
Gﬁ(%) N ; T EL((\;K L (B1)
where the sum over i1 is now a sum over groups. In practice

one casts this equation into a sim?lier form by noting that

Yy

£ ] . oy o
_ E( R K =_E %K since there is inversion synmmetry
through the origin for all the defects considered in this
work. Hence
o —en \ I .Joeh‘ . = < ‘!l:
Gm(%)"' AL Sé E((NK>M< Z‘fbk (B2)
N * & :

where the sum over /. is now only over inversion pairs (that
1s in considering the contribution from the ion at say (xy,2)
one also includes the contribution from the ion at (~x,-y,-z)).

A, TP-CENTRE GROUND STATE

For this spherically symmetrical case the summation
over i ranges from one to four where one denotes the nearest
ﬁeighbour pontribution, two the second nearest neighbour and
so on. The explicii expressions for %(i)are given below,
@(i)iﬁ a 8ix combonent column vector where the first three
components refer to x,‘y, z components of the cations and the

next three components refer to the x, y, z components of the
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anions. The nearest neighbour contribution to _@("ti) is

Aty 2&‘1
6@ 2chlioo) | o 950 (83)
N O
Q
o

where Fx(100) is defined following equation (31) where

A8
Mg = m(lmo). The contribution from second nearest neighbours

is ' o
| o
O

G (g = 2< Fy (o) M(?xaa)(%‘\’ 9y Rt gsa.)

N (G @) (w00 Jea + <09 95)

M(zg@,)(fw@ gxa-*v@@'@ ;g“«) |

Similarly the contribution due to third mand fourth nearest
neighbours are
| M“j""’"’?é"‘*is"“)"& M(ﬁzxa”%am-i-?ﬁm)
b (G o Jaod b oo (GG e g5
M(me%am-@ggm) -~ pim (%&Q."" Qye + 95
) = 2. B (,1,0) +oim (g0 +23a,~§3q,)-ﬁ;m\(§xcv§éa.,~zaq)
N

¢ Py
Qi (%xcu ggafz»ggq) + ,Q.,w«. (czxa,?ﬁgou *+9s a)
‘W(‘ixﬁd'?g%*?g&) = prn (%xch“ 19 23“)

8]

o

(B4
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@)
and

»)

' 0

S - . ; 2

_@_(%)_;9 = 9. F"(ZOS_}. Ay ( gxcl.) (56)
N Rt (323%) '
Pl (azgﬁ)‘.
B, F-CENTRE EXCITED STATE

When the F~-centre electron is in an excited state _—
-l N

described by a pseudo wave function of the form @M"- Awm o ®a
there is symmetry about the polar axis. Now it is not
possible to group the ions simply according to their distance
%, - from the defect for one must also acecount for the fact that

’ there 1is no longer the same invérsion symme try through all
thrée co-ordinate planes. In calculating the dis%drtions

for the F-centre excited state the sum in equation (36) was
8plit into seven groups as follows (the full group will
include also the ions arrived ét by inversion of these

through the origin).

group 1 (1,0,0), (0,1,0)
~group 2 (0,0,1)

group 3 (1,1,0), (1,1,0)

group 4  (1,0,1), (0,1,1), (1,0,1), (0,1,1)
group 5 (1,1,1), (1,1,1), (l,l,i); (l,i,i)
group 6 (2,0,0), (0,2,0)

group 7

(0,0,2)
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Actually the extent of the sum in equation (BZ)which was
considered (that is the number of lons considered) for the
spherically symmetric and this case was the same, only due
to less symmetry in this latter case the number of terms in
the calculation is greater. The explicit expressions for

@(;i) due to these different groups are

oo 2;(0,,
g(ag)l = 2. F, lioo) A %39" (B7)
, N o
o
o)
o
o
§(§>7J = 3 Floor) | o
N R %SQ,
o
o
©
| o
G ("25')7;7 = R (o) o
- N o | (B9)
M(ZK&‘Fg:jQ)‘*“M(ng‘ggQ)
Rean, (%&09 +%3Q.)"' /M‘w (‘ZXG«" (2%0\.)
&)
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o
O

@
| RloD]anlge rg) Heinlgee - g5 (B10
SOED | A ) |
BE R | Rl eyt ) mio (- g 0]
Fa Ltonain(gye o)+ oo o+ 452
*M(‘ixa‘“"%so”) P i (2xm~<§30»)]

Fx (»u)[@w(@x@ﬁa“ig@ + @i (3"@“%“‘4"230‘)
+oun (%xa+§3q-§3a)+m(§m%a,- ‘25“0]
ﬁ(nt)[m;w (%xu +23q.+§§q,) + A (gan%w"-gg&{
228 g e Gagerg ] |
3 2x<¢+%m+?3&)+w(%m—§3% *’33‘*') _
= R (gxcw—??a»;,?gcu) - AU (?x‘l"?g&; ~§§m)
O]

I

o
G (3) .
glg = A co
= N (200 y (B12)
N M(QZ&Q’)
M(Q‘gg&)
o
Q
() = auF (0@2.) N
z L9 /v < o (B13)
0
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In the actual calculation one can save machine time by
computing the contributions from various groups at the same
time. For instance I calculated the contributions from groups
I and IV, groupsII and ITII, and groupsV, VI and VII at the
same time., This is possible because upon adding the SQ(%)
for these groups one doesn't add two finite components
together. That is where one @(i); has a finlte component
the others added to it have zeros. However one must be
careful when using such an approach that the algebraic factors
Fx(200), etc. are now brought inside the column vector since
in general each componeht is multiplied by a different factor.

C. SADDLE=-POINT CASE

In order to use the f vectors as tabulated by Kellermanlo

1t is necessary to do the calculation in the co-ordinate
systém labelled I in fig. 1. Then one transforms the result
back to co=-ordinate system II so as to express the displace-
‘ment in the defect orientated co-ordinate system.  As an
illustration of the transformaﬁions involved consider the
contribution to §<§g from the ions in group 2. This group
consists of catlons at (1, 1/2, 1/2) and (1,-1/2,-1/2) and an-
ions at (1,1/2,-1/2) and (1,-1/2,1/2) plus the ions arrived

at by inversion through the origin. Hence @(%)ﬁ due to
-this group is
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/ 1) snlgrd (00 B) 2o () - i (352) i (32|
FI(14,2) eodguad 2o ) 20m (35%) + 2oo(ga) ain (G52 ]
( ) m(@m)b‘"‘“@é 2) 429 (f5) + oo (32 rin( 32 )]
G4) 1B aont AQ)[W (398) eoa (338) + min(B1%) i (3:3) |
| B 48) solgen) [ (0 3) 202 (33) - 20 (1) om (89
F (ha:z)m(@x&)b’“@a )""@"’@33 oo (Y% W(‘iso‘”ﬂ

where F,1(1,1/2,1/2) is defined following equation (31)
1
where §g is the displacement in co-ordinate system I. The

relationship between the two co-ordinate systems of fig. 1

is given by -
[ I
g:_(_ | o o] S;x
%é = o e -'In g;; (B15)
g; o l/ﬁ', l/ﬁ- %3
Hence FI = F u
% X
S i ol
T I
3%, 3%,

- N FI-FEI
and Fé V—E[ 3 g

One uses this approach because 1t is easier to calculate the

— sl
coefficients h,,\(ﬁk> in the defect orientated co=-ordinate system.
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If one now carries through the calculation to obtain
A -~
QH(%A&fbr each.%,q and ion and then fourier transforms again

to get back to configuration space, one arrives at an equation

of the form §I= -T-F

ree——

where the components of F are given by the factors which are
present in the 9(39&'3 for the different contributions. One
now applies the transformation matrix given by equation (B1s)
to get the displacements of the ilons in the defect orientated
co~ordinate system,

In this calculation I considered eight groups as contri-
buting to the displacements. This includes all the lons of
the crystal which are less than or equal to a distance of
approximately 2.5 lattice spacings from the migrating ion at
the saddle point. This includes eight nearest neighbours to

the migrating ion or 54 lons.

The division of the ions inbto groups for the saddle-
point case was as shown pelow. It should be noted that one
must add to these the ions which are got by inversion through
the origin and that the co-ordinates of the ions are given
in co~ordinate system II of figure 1.

group 1 (O,Y?Eto)

group 2 (1,0,{8/2), (1,0,-]2/2), (1x{2/2,0),
(1,-{2/2,0)

group 34 (0,{E/2,(2), (0,{2, {2/2)

group 3B (0, {2/2,-{2), (0,-[2,{2/2)
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Cgroup 4a (1,[B){2)2), (1,-[F,-1FV2), (,[3/s,[D),
(1,-{2/2,-{2)
group 48 (1,[2,-12/2), ,-8, {E/2), 1,-[2Ve,[3),
(1,{2/2,-2)
group 5 (0,3(2/2,0), (0,0,3{2/2)
group 6 (2,[2/2,0), (2,-{2/2,0), (2,0,[2/2),
| (2,0,-{2/2)

group 7 (1,0,3{2/2), (1,0,-3{2/2), (1,3/2/2,0),
(1,»,5[5'/2,0)

The expressions for the contributions of these different

groups to Qa(?og) are as follows
_ 0]
a
FL(O )M(@‘éa& + 3 Ii)

Q(‘%‘)W 20 Fl 0,8 1) ain (% + %) (B16)
o

FI(Q?;-;),M(Z‘J% - jot)
(Q;z, 3 ) A (‘%ﬁ%“?g%)/

|
|

o
Fy (m 3)-&)M( 9% - 253(”)

(o"”"'"-)mw(" Jak-To %

Nl

3l
i
29

s = 2 (B17)
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