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. Chapter I
Description of ihe.Problem f.:zzf

9

In this . thesis we report a-calculation which detggdiges

the relatjve stabilitv of two types of eiéited electron st&tés in

rare gas -solids (RGS) ': the electron bubble and the lowest enerév

conducéion stqtez' < To the author's’ knowledge no theoretical work:

. - . »
has ever been _published concerning this, although there is pub-

-t

a =

lished experimeﬁtal evidence

this problem. The relative stability of one ;taie is deduced from

the measurehent of the negative charge carrier mobility in the
: 4

rare gas solid. These values indicate. that the the conduction

state is the stable one for Neon, Argon and Krvpton solids (these

‘are the rare gas solids which are to be'tréatgd in this thesis).

The same thing holds for the rare gases in liquid form with the .

exception of  1liquid Neon, where the electron bubble is stable.

These expgrimental findings will be used to confirm our results.

L

We shall use a new pseudopotential method of treating

these excited electron states. This one-electron’ Ha}tre;EFock

method has been used for the Rvdberg series of rare'gaé and alkali

atoms and for the self-trapped gxciton bubble in solid Ne with

9,5 , . : )
success, . i

.

of Ehe two stgﬁes, the electron bubble is of thé mdst

~

interest because an atomistic approach is used rather than a con-

tinuum approximation of the solid as in the electron bubble theory:

in liquid rare gases, Conduction bands in RGS have been calcu-

: : 223,44 -
lated by many workers with different methods. ’ Our pseudopoten—

tial, which was initialy developped to treat electronic defects in

-‘1_' , “

which is verv closelv related to .

[N



insulators, can be eésilv extended to calculate conduction bands

for insulators. . ' .

-

our cieétron bubble model is-as follows. Axouqﬁ‘an elec-
tron localized withfn a2 solid ,. the neighbouring atoms will
undergo outward diéplaceméﬁts which form the cavity. ' The electron
is presupabiv lodged on a vacanév site. It is also possible that
the electron places itself on an‘iﬁterstitial.sité, but this is
considered less probable than the former mostly because of the
lhrge concentration of vacancies in RGS at thermal equilibrium at
high temperature. The reason for ‘the ;ebulsio; of the surrounding

atoms is this. The-interaction between the defect electron and

the atoms is two-fold. In ouf Hamiltonian we have a repulsive

&
-

* [ ] ) A ) .
term and an attractive term. The ‘.repulsive term arises from the

orthogonalitv requirement of the- defect electron wavefunction with
respect to all other core electron wévefunctions.. The attractive

part includes the polarization enékqv (defgct"hdé net charge -e),

the short range coulomb 5nd-exchanqe~ energy and, to a lesser

extent, deformation energy. Considering these factors. we expect:

that the repulsion term overpowers the attractive term ih tight

inert gas cases. In the heavier rare gases, the atomic polariz-

abl{jty 1s“huch lérger making the effect of the excess glegé;on on
th§ atoms less repulsive.. In rgferéhce 6 are listed the experi-
mental electroniq affinities of the rare gas atoms. ' The val&es
for Ne, Ar and Kr are, 'res?ectivelﬁ, ' -1.4, ~0.4 and 8.3 eV.
Ignoring for. the moment tﬁat electron Subblés-couid be unstable
this means that the size of the defect's cavity shpu}d increase as

the atomic number of the rare gas decreases. This tencers: sheuld

appear in ocur results,




N

-

To éeégrnine the rélgtive ftabilitv of the two possible
stﬁtgs, we simplv csmpare théir. rbspectiv; thermodynamié free
-energiis,' and the lowest one will bé'that of the stable state.
The energv of ;hé bubble is taken to be the sum 6f the electronic
energy of the defect, the polarization energy and the lattice *
deformation energy. ' The energv of the extended séate will include
the pblarizatioﬁ or correlation energv as calculated bv a method

based on previous works in RGS band calcdlations.

-~

it. seems appropriate to brielfv’ comp&re this thesis's
treatment of ..the sﬁbbilitv pfob}eﬁ as applied to 'RGS with the
treatment érom garlier works (refs 5‘() of éhe stabilitv problem
as applieﬂvtd rare ga§ }iquids {RGL) . These works }eport that the
excess electron state in RGL of atomic number greater thah “that of
Ne éhodld be qﬁasifree {(i.e. a conduction'state) while the.Ne lig-
uid case was found to be unlikelv, or at bést, uncertain, We .
expect qualitativelv the same‘tengencv for the solid case. The
fundameﬁtal difference is.their use of the continuum apprbximation -
of the ilquid. For ‘the liquid this seems to be the practical
approach since an atomistic one would bE'compIicated'bv the éner-
-gétic motion of the atoms, In the continuqn approximation the
: gtébilitv criteria are given in -terms of liquid!densitv, -surface
tension, atomié'polarizabilitv and atomic’ scattering length (witq
polariz?tion effects éxcluded)L In thei; model of thelélectron
model the number density of afomq around the electron makes an

-

abrupt chanée at some radius, the density being .iero inside the
. .- ) ‘.'\
cavity and equal to the equilibrium density outside the cavitv.

ihe_potential enerqv within the spheregls taken to’ bé.a constant
with respect to that of the liquid. This energy 1é.estimated from

-
‘

H . —3—
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oxperimqual séattering.léngth. For the surface tension, expéri-

. mental bulk values is used and .any structure or 'fuzziness' of the

surface of the cavitv is .ignored. To determine the polarization
.;ftebts the quﬁid is approximated bv a continuous medium of a

given dielectric comstant.

"

The main motivation of our calculation was the application
of the new hybrid pseudopotential with 1-s gaussian bases to a

type of electrofiic defect -even though it turns out unstablé.
% . -



cpapter il .

Bubble Calculation

" There are three distinct parts to 'the electron bubble

problem. As mentioned - in the first ch;pter, the electronic
sctructure is combined with. the .polarization.effects and the

atomic digplaéements around the defect. The following sections

- ' contain the general formulation of the theories iﬁvol&ed and also - -

the detéils_?n the aﬁplication to our specific bfoblem.

]

‘Section I 'Electronic Structure - ) i o

A rigorous treatment of the excess electron in an insula-
tor woyld requiré. that all the electron states of the crystal be

determined self-consistentlv;‘ However, it is observed that the

}

.:occupied core eléctron states are much more tightly bound than the

state associated with the defect. . Thus we can assume . that the

excited statg# ‘are determined by the existiné core states while

t

the latter remain unchanged by the presence of the extra electron.

Whatever chahges that inevitablv'oqcur fall .under the heading of

polarization -effects,

'Thé.'above assumption results in a vast simplification.

._Two'_modelsmgxﬁloiting' this are of pérticular interest: the

extended—ion model and the ion-size model, the latter being an

approximation of the farmer. Both models involve solving the
‘one-elctron Haftreea?oék equation of the defect system. " ‘The HF

quiltonian'fs

H-'-a.fv“-p‘vn(-'-‘)*Tﬁ)w‘%ﬂl”) (1)

<



where o --L _Z, | o (2)
h’ Vo F) r[/%zi,'/ » )

- 2% .2 ): Zou e (3)
s %:v‘_‘f' )‘;Ir-ﬁ} * f Pt )
22

e - T (DX R) P R (4)
YA . I 2T .

o=

£x,y
) and'? is the defect electron position uector,uﬁt is the position
of the -f th lattice site, XY,A is the Ath (doublv) occupied
atomic orbital .on the ¥ th atom,--z, is the nuclear charge, E; is
;ﬁe total charge of the Lén or atom. The summation in ¥ includes
all'thé atoms present in the p;qblem. An important po:nt can be
’ ﬁade here.abopt‘the Haéiltoniaq. .In w°od and Joy,'. the coulomb

and exchaﬁge-integrals are originally defined from the Fqck-ﬁirac -

densitv matrix formalism: g . o | ' ' M %
.i
C ‘5{!,2) Z); ?rA('J“Yr.A (JJ | (5)
Y=o

.

| .
The difference with our Hamiltonian is the term j(..(l)jz.”(Z) ;
which is the density of ‘the defect electron itself. w°od and Jov | %
determined that this contribut?on is. exactly zero, and thus thgs

term can be 1qhored in the Hamiltonian. Atomic units fe = h =m =

1) are used thrqughou£; We assume the Xts to be free atomic HF -

10

%
orbitals taken from the Clementi and Roetti wavefunction tables

-

which means that- we neglect any change that actually occur ‘to the )

core wavefunctions as the atoms are brought together

solid and as the atoms are pushed around in the proces of_c;eat—

ing the cavity. Also, aﬁy account of the polarization i%¥ phenome-
nological; the wavefunctions will stay unperturbed in the preseﬁde

-6 -
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of the excess electron. .Since the oberlap between core orbitals
“ : c, .

provided- that it doesn't vanish from symmetry, ‘we will .

at it is Zero. -

ol

The defecﬁ. electron will be a linear‘combinqtfon of an

orthogonalized floating gaussian bases (O

90+ 143 = £ 1 e DS ea 140 (6)
- . : :

where 4; is a ls-type gaussian function. We qualify the’ ?Q 's
as a floating bases because in placing them Jjudiciously on ' or
.atound the defect center, . we can treat as many different svymme-—

tries of excited states we. want,

The energies and the defect wavefunctions may be obtained e}

by solving the secular equation ,
llH;j-Es:j"o. - (7)
where KJ

H;; - <ﬁ94’f*'43>_ i ' ‘ “(,g)

and

=;-< ¥, f'ﬂ-) o o (q)

In other words, the H and S matrices must be diagonalized simulta-

neously because the bases are not mutually orthogonal., Substitut-

ing (6) in (8) and (gf gives M '
. =<¢; 1 Hld;) -Z<¢ Iz.,;)(‘r,., lmqb)
-Z <Xr,A'¢')<49 IHIZyA}
Z<KrA'}¢><¢"2{;)(2{;’“/2’;')& ' . ('0)



<¢ [4;) 12:<¢ lzm><z,.n¢,> |
+Z): <¢lxn><z.,l¢><x,,lx,.,\> - (n)

Y2 A
In rare gas solids, the atoms are neutral (‘2’: u), ‘then V!r‘ g and

SHlnig)- <]t vl 4 +<¢l(v'+,,)i¢_, : (u.)

Rewrite--the operator H in < X,.AIHII,.-‘\o and in < 'xrAIHI é; > as a
sum of two parts: the effective Hamiltonian for the A th orbital

on the Y th atom and the part which remains, ' . >

<‘Xn I HIR’y;\') =< | Hya i'XX'A'> :i-<1’r,a =ty ) 200> (‘3)

but H,’_}l:x,?> =221 XpyD (l‘i)
where £€f is the HF orbital energy taken from Clementi wavefunc-
tion tables, Since the overlap between cdfe electrons is small,

we have :(see Appendix of ref. 9)

S Xpa I Hl 2p5) = Z:'c.fa':.‘ Srar (IS)

and <XnlH-Hul Xpad=o0 : (14)
where we take <x¥)ul ‘xi".\'>= S).)'J;‘y : _ (|7)

Using .the same arguments for < Xy,|H| ¢;> we get

KXyalHIE) = 2K 1)) (19)

The resulting matrix elements look like this:

< (68 ¢ (T Ve +D V)

"Z 5N <4° lszx.«,,sM,) . '(H)

e (I PRCIEERE NN (20)

In the right hand side of equations (19) and (2@) all terms .



-

a
excluding _ th% kinetic ene;gé and:'the gaussian. ontlab are the -
iph-siie correction ﬁerms contributed by all the }atods,present.
In ;ate; expressions V,‘(?) and Vi:(?) ‘will represent thé poten-
-tia;s,produéed bvlafsingle atom. .In;the case whe;e iohsﬂhré pres—
ent in the system their effects will be included as a correction
term added to Ly (i.e. Ly = i},’+a:,,)."

B In thé.above the easy intedfals to 'evaluate‘are'(K.E.)ii
and < +1I +i> since the * 's are ls-type gaussians. ~The other .
inteérals‘ééﬁ.bécome guite cumbersome especially fof defect sys-
tems 'in which lattice relaxations are important and both lattice
éﬁd electronic gnergv_havé-torbe calculated sg}f—consistentlv. To
'simplify.tﬁe electronic calculation, some pseudopotential ;heorieé a
have been pfoposed. Bartram et ai's"(BSG) ion-size theory
-assumes that the pseuddwa;efunction,variés slowly over the région
of an atomic core. Tﬁe atomic pseudopotentials are defined in
‘terms of two - ion-size parameters that are properties' of thé.ioné
(or atoms) alone, BSG have calculated the lowest order‘ion—size
parameters and later Zwicker® e nded their theory to include the
next higher Qrdef parameters, The pseudopoteqtial used by BSG
doesn't permtt.aﬁ easy definition of parameters :of hiqﬁef order;
The straight orthogonalization approach és-'uéed by zwick r, how-
ever, makes it-éimpler to obtain higher ofder parameters. )
I-a) Slow varving Approximation:

Suppose that we must evaluate the overlap integral:

2 (<07 Rl KoalPDI ™ ()

To clearlv shew &'t arproximation we take the simple case where

-

i=] and R{=R;=R, . We expand ¢ about the site R, in a multipolar

- 9 -



- series? - ’ i -

L@ UIER) - Z(.LLH) (r re.) e, (mlzo) -
=2 Z F, (r, g,) Z[ Yo (2._,_)] - (a2)

‘where (rﬂ) f $(I7- Rol) (M-ﬂ)alé.m,ﬁ) ' (3_3)
and jlo is the angle between r and R We write out the overlap
1nteqral placing the core site at the origin and redefininq'ﬁo as

the vector joining the pseudofunction to the core site: ‘62?)

CAOF= R X () <2< Fo Yl (F) Yoo &) + LS Yiot e | Xa ()

The angular part of the above integral can . be readily evaluated.

"For a core state of angular monentum 1* ‘onlv the F 's of 1= 1' will

L

remain non-zero. The rad1a1 part is treated by applving the
slowly varvying approximat}on on gﬂ . This is eqguivalent to savinng
that F, is smooth also. By expandinq Fe(r,Rg) in "a Tavlor's

. series about the core site{r=0}. we obtain: . (ZS)
[Fx (".‘3 )Rr,\ (r) crdr =Z F"“'( Ro)__!_fgn (,-) I_n+1 dr

where Ry, (r}  1s the radial part of the core orbital Xy, and Qé ~)

is the nth derivative of El The first factor depends only on the

pseudofunction wh1le the second e . depends on the core orb1tals

-

and constitutes the 1on size parameters. It is easy to show that

for gaussian-tvpe $¢'s the nonzero terms of the above expression

L - v . : . .
are Fé ), gél*gand-so on, For radial functions which has a dis-
continuity in its derivative at the point Ro, for example, a Sla-

ter function at r=g, this isn't so..:

F

After a little manipulation we obtain the following’

expression for the two lowest order 1ion-size terms of the overlap

. -18 - ¢



at the atomic site :. ' o ‘ . o ) R

>:l<+(|r&n.o|x, (DI =5 1Fulo, )"

+.1F(0R)F?o R.) k'

LA TS Ty S <

.whe.re a :-"g“ ([ );* Jr)l ' . | _  | -(2.7.)' :
K'= ,%., '*( | [ Xy Jr)/ .X,':.r"-af'r') o . (15)
z=” L (Jremomdft 00

For the off-diaqonal element we get

DA E:))z;c.—»( Xs (r)M ur—x,l» (30)

=J—F (0 Rt) (o RJ) B
Tt ' [F;,(O R;) F. )(0 RJ)*‘ m(" Rl)F;J (o, R’)] K'

+E R R Fylo,8;) R; -R; K
where F‘“’ are the expansion terms of 4 and F}J)

AA

iﬁ. The factor R;» R; does not \appear in the diagonal elemenf‘

(equn 26) because R;R.= l. . The derivation of the above terms is

are the ones for

given in kppendix CL The ion-size parameters B, K. K' do not
chanée éince_welarenstill dealing with the same atomic site; it is
only the pseudowavefunction.fhat changes, If the lattice were
cémposed of more than one tvpe of atom we would have to define

additional parameters correspohding to the B, K and K'.

A similar treatment can be applied 'to the V;_ .and the Vg

term and to the same order as above, we get: ] A

- 11 -



‘(Vu*-V;-,‘); _ F,'_(o R) o,(o k)ﬂo
+ #[‘Foi (9, RL) o“,(a R)) + F-OJ (0 RJ) (0 R. )_]
& F,ﬁ_:’-to,x;)'r.,- (0, R)Re"R; J5 4 oo (31)

where

Jﬂo”j’(»Gc +1M%x)d*l" . | . ;(32)-
PR

f(V.._ + V;,,) ~rde : (33)

T« frc_ﬂs(v,,_ +v,,)rm9alz' @)

It shoeid be noted that because the.exchange ié a non-local opera-
“tor 3 is ‘not proportional to J as would be the case if onlv ,“
was present inside the integral, Following Zwicker's work, the
-contributibn of the short range potential and the overlap terms

are combined to define the ion-size parameters:

| - A - A._. )'_' £ Ba - Bs)
. . . :r = o ;ﬂ f-.\ k'.\ (3‘)
| ;T_gr,-): s Ky | (37)
. pros

Here B,, Kﬁ. and K, are ind;viduai terms in the-semmation of equns
(LZ), (28) and (21). The total ion;size correctibﬁ of the Hamil-
tonian matrix element is given by ~the right hand,side of equation
- (31) with the parameters Az, J, and Jo replaced by A, J' and Je
A and B are the lowest order terms formulated-by BSG and J and K
are the ones iﬁtfbdueed bv Zwicker. J' and K'. are parameters of
the same order as J and K, as cen be seen from the above defini-
tions (J, K, J° and K centain an extra r* Eaétor in ... Lotey-

rand). The primed parameters were neglected in Zwicker's paper.

-12 -



jﬁresumablv he . retaiheé only the lowest order terms that include

the s- and p-core interaction, as J and K are the . lowest order
parameters which contain the overlap with p-cores.

v

In Table I we presenﬁ the values of the first two.orders -.

of the ion-size parametgré*for-;ﬁe neutrél rare gas atoms Ne, . Ar

and Kr. ' The first line‘éives_tﬁe parameters of ‘the whole atoms

while the next 1line gives the parameters

+

evaluated excluding the

-~

contribution of the outermost s and p shells (minus 8 electrons). .

‘The reason for including these ‘will become apparent  later.

Table I

A B ) J .K' J! K'
Ne 12.63 36.50 27.26 76.82 73.38 | 96.06
7.45 ‘ 025 —.gl g 1056 036
Ar ~ 15.77 \ 93.98 | 116.51 516,32 171.60 549.84
' 26.88 2.55 2.70 , 35 16.53 1.53
Kr 17.61 131.49 | 143.33 | 841.59 | 266.07 961.92
36.87 4.45 6.94 1.22 30.69 3.60

First two order ion-size parameters for WNe, Ar and Kr, ' as
defined in the text. For each atom the first line is for the
entire atom and the second line is excluding the outermost s
and p shells. _ ' :

w

For the slowly varying approximation to work the higher

order terms are expected to contribute less and less, -

lor's series of equn (28) can then be truncated after a few terms

without loss of accuracy. Unﬁorpunatelv we have found that this

is not the case. We have e@éluated_the energies of simple svstems
'buchVas‘the Rydberg series in. aikali.atoms, F-cen;ér in NacCl and

the self-trapped exciton using the ion—siie"parameters evaluated

The Tay-

including all electrons of the atdms; The eﬁergies.were in médio—

- 13 «



ot

cre agreement. Also it was sometimes impossible to find the mini-

mum of ehergy -in a va:iatlonalléalcﬁlation. A’'close 7xaminatibnﬁiwf-

~

'of the Tavlor's series terms revea}edithat the 2nd order tgfms
were larger than the 1st ofdé; terms! - The problem lies in the

fact that the outer shell orbitaﬁs ére not ‘compact' enough com-
pared ;;_ the;pseudofbnction to meet the requirement of the slow
;arving approximasion.' If the dampinq parameter of . the pSeudé—
" functiorn géussiaq were sufficiently 'small (a diffuse pseudofunc-
tion), the Téglor's serié; would converge despite the large o}ba-
tals. For excited statesm iﬁ rafe gas solids of interest the

eipected_optimum damping parameters are not small enough according

to studies of various systems.

M )

Fortunataly , as is spggested bv Table I the deep cores
- can be @ell represented by the first two order ion-size parame-
ters. This leadé us to conclude that the jon-size theorv based on
the SVA is satisfactorv.only in the trgétment of deep éore.orbi—
tals.  All bubble calculations reported in this thesis will use

- the zeroth order expansion terms for the deep core treatment, as

"
-

_the first order terms are relatively small,

I-b) pséudopqtential for outer sheIi élecfrons: - ' -
| In t£é<preqious section it is .statgd‘that the outer shell
of atoms cannot be treated by‘ the Sva eﬁficientiv. That is{. in
principle, the series of equn. (25) will eventually conVerge, but
.only after a large number of terms. | To have a great- number of
terms to deal with is not our aim. ' The obvious alternative is
simply to ‘treat the outer shell - orbitals exactly. We do not

intend to eJéluate all the integrals exactly as one would do in

- 14 -
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' fefffciéjﬁzscﬁeme of'&ﬁke?poiatidn;

A

the extended -ion mo§e1}  ’Rathér,}k:Ie wili'émplqv the following

the ‘use of ls-type gauss1an as the pseudofunction. A ﬁumberaof

exact?.values of the pseudopotential' "various.terms,arezfiifed bv

a set of simple and accurate analytlcal .expressfons.._ The least-

sﬁuares method ' is used for: therfjtéinq.‘ ‘The particular matrix -

elements chosen for the fit are diagonal eléments of gaussians

'whose damping parameter ranges from .0685 to .16 in upits of (bohr

[ad.)ﬁz‘and whose dfétance.to the core orbitals ranges from @ to

15 bohr radii .”In the next three 5ubsections'we'present details

-

_of the treatment for - the three extended-ion terns. .

i) The screened‘Coulomb potential
The screened Coulomh_ggten;ial produced bv' the outermost

shell is represented by a‘éingle term of the form:

- V,.;_ (r) = A, e_..p.rt | ) . (39) :
. - : i

where A,, B, are determined by the least square fitting with the

exact values of the Coulomb integral: for the set of gaussians

briefly described above.‘ 'The matrik element between a pair of

o,y I P :
gaussians, € and e™"v'e, ,WOUld be: .
‘ . A
-, Tyt < sty Rt A oy [ -Brfe) - Ta '
[y ) e g s _A.[e . "(.e;...., AT 13y

_.‘::A. e R ‘.’er- F, [(p +o, +°<)IR. Rl ] ralr-ﬂl

IR ﬁK 1‘0( Rn-‘-“,_R --(P" +“1+“‘)[.(0C.Rngjl'O(,_Rgx,'i'F,Rn:)

+ (. Rgy + %y Rey+ 8. Ray)™ 4 (¢, Roz + ¢ Roz + £ Roz )]

Ro= o.R, + o R, TR F | ;-‘_._l___ ", =)
| :.4-«;:'43-" ’ ) ‘““(I‘?) %(E—)
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The exact'values_ of the Coulomb energy are. obtained by numerical

"integration using the method of multipole.expansion {see Appendix

A). An example of the Fit made for Ne is given in Table 1I. The

;anée‘was determined from_a.prelimihary‘stud#' 6f*tvpica1-sysﬁemsi

&

such as atomic ﬁydberé levels, impurity state in RGS and conduc-

tion band in RGS. We must keep in mind that'the'fitted_exp}éssion

must be accurate in the range that include the Qaussians'»damping

. —

Because of the well-known fact

parameter used in these systems.
that the product of two gaussian functions is a gaussian centered
on another site, the above fit of diagonal elements in fact covers

r

all off-=diagonal elements,

Table II

R{ 0.02 . 6.04 b p.p8 . 0.16
0 .2708 (~1) .7420(-1) | .19807(0) .5072(8)
. S27080(-1) | .7428(-1) | 1986 (o) 5071 (8)
3 | os1esa-1 | .37200-1) 7| .s234(-1) | .4221¢-1)

21897(-1) | .3712(-1) 25223 (-1) "4190(-1)
6 .6622(-2) | .4713(-2) 1027 (~2) .5274(~4)
. .6580(~2) | .4651(-2) |~ .0962(~2) 22702 (~4)
9- | .1141(-2) | .1533(-3) | .2021(-5)
12 | .9746(-4) | .1332(-5) |}
1 l9533(~4) | .1161(-5).

Fit of the screened Coulomb energv (without the negative
contributed by the -2s and

sign)

gaussian damping factor of the

distance between
The first
values respectivelv.

tion.

2p shells of Ne,
pseudofunction and R
a Ne atom and the site of
and second ‘lines are the
The. integer inside the

the decimal exponent. All in atomic units.

& is the
is the
the pseudofunc-
exact and fitted
parentheses is

We tabulated the parameters A, and P' for Ne, Ar and Kr in

- 16 ~ .,
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‘Table V. + As the RMS deviation shows, the £it is.very accurate

within the ;ange'of qaussian'used. 'From -Table II it can be seen

that with very compact gaussian and large distances, the fic dete-'

riorates. Their contribution, however becomes less impdftant at
the same time Qith increasing R. . |
ii) The exchangé‘energv

We have evaluateé the exchange integrals'between a péir of
1s gaussians:-for the same range of o( and R as above. . By acéu_—-
rately"representing the .atomic wavefunctioné bf cleme;ti and
Roetti by a larganumpef of gaﬁssi?ns; these integrals can be read-
ily evalpated analyticall; (see Appendix B). Two different forms

*

-of. interpolation were tried,

The first one could be called the fit of the‘éxchange-in
exact form. The exchange energies due to the outer s- and p—elecé
trops.a;e calculated sepératélv. For each case, the orbitals are
represented by a single s- or.é-tvpe gaussian. The expression for
the integrals can be determinéd aﬁélvticailv and fitted to their
respective ékaet values. Unlike the Coulomb integral the quality
of agreement for unlike pairs ofhgaussianﬁ {off-diagonal métrix

elements) is not garanteed since the exchange energy is a two

electron integral and the gaussians are inteérated in different

'coordinafeé. Thelgaussian product rule does not apply here as it
Qidufor the Coulomb energy. Fortunately, it was found that the
off-diagonal matrix elements as calculated from the interpolat;on
formula agrees with the exact’values to.tbe same accuracy of the

diagoﬁal elements fit.
The second form is referred to as the exchange fit in Sla-

-17 -
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ter form. Here, a 1s gausslan function represents'the'core'charge
densitv. The resulting analvtical form is much simpler than those

of the prevxous one. To our qreat surprise we found this approach

giving a slight}v better fit than the first one, in.spite of the

‘fact that the first one has the non-local form of exchange. Also,

the interpoiation for the cases of unlike-qau§sians agrees with °

the exact values to the same order of accuracy as the fit. k4

Tﬁe above two schemes of interpolation ¢f the exchange
energy are of comparable accuracy. ‘'Finally, we have adopted the

Slater form of exchange since it emplovs simpler expressions.,

The interpolation is done as follows:

;e'-g' & xﬂ(rﬁ)?',-: Xyalr) e'“‘r;'za(r, dr, | (40)
e fen S T Aot

\Bot .+ /

where‘the quantity at the left of the arrew is the exact exchange
contrieution of the outer _shell electrons, the parameters A, and
F,.are optimized by a least square routine and IR is defined as
in the Coulomb integeal. The parameters Az_and P; for Ne, Ar and
Kr are presented in Table V. . It should be emphasized that the
exchange energy employed in this pseuéopotential-is fitted well to
the non—locel exchange. _‘Also, we are not ‘making the substitution
of a non-local operaesilbv a local operator as was aone bv Slater.
It is rather the case of substituting the exact values by an
interpolation forﬁula which happens to be of the Slater form, For
comparison,-we have evaluated thetuseal Slater exchange defined bv
the exact charge density in tﬁe mx‘echemés. The Slater exchange
appears in Table III. As expected,uit overeStimatee the energy at

. - 18 -
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large distances especially for compact gaussians,

Table III
, o
X 0.02 0.04 8.08 0.16
RN . . _
0 <4347 (-1) -1115(08) 42647 (0) - .5584(0)
.4330(-1) .1115 (@) 2654 (0) .5592 ()
’ .4345 (-1) .6944 (D) .1845 (09
3 .2107(-1) | .5023(-1) | .8452(~1) | .7993(-1)
.3092(-1) .5922(=1) .8593(-1) .8764 (-1
.3269(-1) .5752(-1) .8167 (-1) S
6 <1135 (-1) .8923(~2) .2851(=2) |  .3226(=3)
L1126(-1) .| .8882(-2) .2917 (~2) .3374 (=3)
L1416 (-1) -1414(-1) L1057 (-1) '
9 .2124(-2) | .3888{-3) .1285 (-4)
.2892 (-2} .3761 (-3} .1038 (-4)
.3634 (~2) .9540 (-3) .9672(-3)
12 .2839(-3) .5182¢-5) L1440 (=T)
.1981(~3) | '.4495(-5) | ".3875(-8)

'Fit of the exact exchange
contributed bv
second lines

shells,

the 2s and 2p
are the exact
The third line is the Slater
All in atomic units.

The

energv (w1thout the negative 51qn)
shells of Ne.
and fitted.

first and
‘ values respectively.’
exchange from the same electron

iiil) overlap inteq}als

" The fits of the overlap. inteérals are made separatelv - for

the s and p orbitals, “In the beginning, we have tried to fit the

ss0” overlap bv the use of a siane gaussian- _
.'( e % X, (r) o(z' — N( - "f"' alr | (1) -

where N is the normalizatmn factor. for @~ Q}and p is the

parameter to be determ;ned bv fittlng.- The sp0~ integral is fit-

”~—

ted according to _ ™

oy . e R
e ™ X, (dr .-*N'fe.-".r"e B e

CEY)

where we take the z-&gié along the direction of Ry , N' is the

normalization factor for the p-tvype gaussian and @

~ | -19 - -

is the adju-.
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Table Iv-a

R .62 B.04 6.08 0.16-
) .1962(0) - - 713119}9)__ .4735(9) .6705 (0)
21963 (0) - | 3119(8) "*[ .4735(0) - | 6785 (5)
-3 . .1650(m) -2234(0) ~ | .2532(0) | - .2174¢(0) -
1652 (p) .2234 (0) .2531(0) .2170 (0) -
6 .9820 (-1) .8215(-1) '} .3925(-1) .8636 (-2)
: .9834 (~1) .8229 (~1) .3943(-1). | .8842(-2)
9 4137 (-1) 1568 (=1) .1879 (~2) 7753 (=4)
' 4146 (-1) -1566 (~1) 1905 (~2) 7168 (-4) |
12 1235(-1) | J1s44¢-2) | 3227 (-a)
- .1238 (-1) .1555(=2)"|  .3135(-4)
15 | .2613(-2) | .8106(~4)
.2623(-2) | 5148 (-4)

Fit of the overlap integral {ssO) between the 2s shell of Ne
and a gaussian pseudofunction. - The first and second lines

are the exact and fitted values respectzvelv.' All in atomic
units,

We found that theée

stable parameter, formulas could not make a

fit of comparable'accuracv, as the ‘fit of Coulomb and exchange

energies, This ind1cates that a quantity d1rect1v related to- the

core wavefunctlons, such as the overlap, is harder to f1t in' terms

of a single gaussian. We have found that a satisfactorv fit is

- achieved bv using pairs of gaussians The two

.for both overlaps.
gaussian dampfnq“paramete(e are related by a simple ratio. . A _con-
stant factor of 1/4 was found to be reasonable for all atoms stud-

fed. 1In the earlier sirgle gaussian fits we have noticed that the

parameters P‘s and ﬁsp were very close in value. That is what one

might expect as the two'co;f shells belong to the same principal

quantum number,. Given this, we decided to use the: same set of PSS

and ng for both ss@ and sp0@~ ', The number of adjustable parame~

-20 - - .
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Table IV-B
. N
o’
X 0.02 .04 0.08 n.16
3 .3815(-1) .7008 {-1) .1408 (0) .2062(0)
.2650 (~1) 6796 (-1) .1489{0)" .2113(0)
6 ..3399¢(-1) .5392(-1) L4960 (-1) 2295 (-1)
.3170 (~1) .5082(-1) :4588 (~1) .1889 {~1).
9 .2203(-1) 1674 (-1) .4822(-2) | .7413(=3)
L2019 (=1) 1488 (~1) <3568 (-2) <2511 (-3)
12 .9101(-2) .2558 (-2) .2043(=3) .1717 (-4)
.8128 (-2) L2040 (=2) L0847 (-3) L0062 (-4)
15 J2538(=2) | ..2139(-3)
.2181(~2) .1395(-3)

Fit of the overlap integral:(sp@) betwcen the 2p shell of Ne
pseudofunction.
are the exact and fitted values
averlap integral is identicallwv

and a gaussian

The first and
respectively,
zero, All in atomic units.

“.'.

second lines
For R = ¢,

the

ters have increased from

'Tablg v
.—i I
Screened Coulomnb Exchange
B A RMSD B+ Ay RMSD
Ne Y.3264 44.0871 «1%x10~3 .5776 -2.6268 £1x10-2
*Kr .5120 ~-5.5420 .2x10-3 .1850 +~1.4291 ,2x10-2
. (ss07) - (sp0)
B Ag RMSD | By . A,  RMSD
Ne ©1.04 0.2482 .2x10-3 1.04 0.2490 .2x10-2
Ar p.58 0.3852 .3x10-2 f1.58. 0.4536 .1X10-2
*Kr p.52 0.5328 .8x10-3 1.52 1.6387 .4x10-3

the exact values of
within the range of o

_Pseudopotential paramcters which fit
various terwms of the Hamiltonian
(0.205 to 0.1G df) and R (00 to 15 a,). Also shown are . the
root mean sguare deviations (RMSD) of the fit for each tern.
All in atomic units. The sign * indicates that the range of
‘o is §.005 to %.08 a;% o
two in

the single gaussian scheme

- 2] -
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three 1n the double gaussian schene- _ ' )
X, - N[A/. e LA w, e-FJ""*] . @3)
X.PV __bN [N' e‘ﬂ}r +ﬂ.P N;l é—lxr /"f'J . z - . (Hl-’)

where N, N, Ni - NL' are the normalization ' constants of -the
individual gaussians and N, N' are the normalization factors of
the combined functions. The parameters A, AP and F3 are 11sted

in Table v, 'Examplcs of the overlap integrals for Ne are shown in

Tables Iva) and 1vb}.

- In summary to the interpo&ation‘ formula séction, we must
restate that it is impqétapt to have the‘ three pseuddpoténtial
terms fitted to sufficiént érecision.‘ The overlap energy term is
about of equal magni£ude of the sum of - the Coulomb and exchange
terms and is of opposite sign, For typical pairs of gaussians the
sum of ghe three térms’'comes to about a few percent inm absolute
- value of the individual terms, The accuracy in absolute value is
of the same order the y dividual fits, but'percentage—wise it
has become more'of le mediocre. S1nce the electron bubble prob-
lem usuallv emplovs gaussiang centered at the origin (where there
is no atom) and atoms at least eighf.bohr radii distaq;, the total
of the ion-size cont}ibution are small* compared to the kinetic
enerév. IF is not that the ion—;ize terms are unimpértant (after
all, they create the bubble); -a change of 5%, say, éf the ion-size
terms Qill not cﬁange the bubble draéticallv. A ;hanqe of that
magnitude increases the first shell displacement by .82 bohr

raduis and that of the fourth .shell, by .81 bohr radius. The

total energy of the svstem increases by .0805 hartree which comes

i

to about 1% of the energv. - This probablv means that the ion-size

- 22 -



corfec;i;n éonstitutés abbﬁf Zq% of fhe tofal energy. The amount
by whicﬁn ﬁhe bupbie radius_ increased is primarily determined bv
the rate of change of the ion-size terms with respect to the dis-
tance between ihe gaﬁss%ans and the atoms. Since thesé tern
behave alnost as an exponential function of the distance, the rate
of change is approximatelv proportional to the value of the terms
themselves, 'fhus making the rate of change relatively small. It
is not surprising that an increase of 5% fof‘the rate doesn't

change the bubble verv much.

-
.




Table VI |

Ion-Size Terms for:Outer Shell of Neon

Exact values

R .02 .04 T .08
@ -.87955 | -.18566 -.46284
#7427 .18778 .43352
' 06373 00212 -.02932
.6 -.01798 ~.B1364 -.(60388
) " .01960 01550 L0507
.00162 00186 08119

values from Interpolation

R .02 .04 .08
e -.07030 —~.18566 -.46397
. 07436 18769 .43257
.00406 .20203 -.031490
6 -.01784 -.01353 © -.00388
. .01951 : .01516 © .00479
00167 .86173 .80091
Diagonal elements. of the ion-size terms for Ne. . The

first line is the sum of the Coulomb and exchange ener-
gies. The second one is the overlap energy which is
almost equal in magnitude to the Coulomb and exchange
Jdntegrals., The total ion-size term of a diagonal element
appears in the third line. The corresponding attractive
terms and repulsive terms from the exact value table and
the interpolated value table agree verv well as indicated
by the root mean square deviations of the individual fits
in Tables IJ, III, 1IVa) and IVb). However when everv-
thing is summed together there is a loss of accurate sig-
-~ nificant figureT‘ﬁor the total,

Section II Polarization Energy

(M

The system of the electron bubble has a net chérge of -e.

.
.

- 24 =

This means that polarization effects will take on an important

role in the problem. pPolarization, being a minor player in most



defect calculations,. is usuallv subject to

.and assumptions.

rough approximations

.

In an attempt to treat: polarization as accu-

rately as possible, we have addpted the Mott-Littleton method'!

4.

Here‘we aésume that all atoms behave as point dipoles whose polar-

jzatlity is the free- atomic polarizability. - This is valid ‘when

the overlap between neighbouring atoms is small.

large displacements do occur

Unfortunatelv,

in the electron bubble, and some

pairs of atoms get 16% closer than thev were in

the perfect crvs-

tal. Since there is no simple wav of estimating the effect of

these situations on the polarizability value,

~unchanged.

Table VII

Polarizability

»

Ne
Ar
Kr

2.646
16.893
16.441

it will be left

Table 1listing the atomic polarizability of the',thnee

elements of interest in this thesis.
erence 15, In atomic units.

The source is ref-

Another approximatioh is that all dipole vectors and elec~

tric field vectors are constrained to be radial. We consider this

_ reasonable because the electron -charge cloud and the atomic dis-

placements are of radial svmmetry. This also

tions easier.

The method is the following., The dipole

_ . '
at site Rris :

A (Ry) =

~where ji is the dipole moment, O is the atomic polarizabilitv and

-

« E (Ry)

- 25 -
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Y ot , A -
E is the 1local electric field. Note that we get Ry, /u. and E
parallel . We divide the lattice in two parts. In one part, the
point dipoles are far énough from the source that the local elec-

tric field can be calculated with negligeable error from continuum

considerations, - o A : ‘
F(Ry) = o Q_(n - _L) Ry (4¢)
H Ha Ko } 4 :

where Q is the charge.eﬁclosed in a éphere'of radius Ry. Here Ry
is large enough and Q = =l.(atomic units) 'K. ié the dielec;ric
constant determined from the Clausius-Mosoti equation: |
o .1(_02)&;_1. | {4
Y\ Y | ko+2 ’

The extra 1/4 comes from the fact that there is 4 atoms per unit

cell ¥h the FCC structure of RGS. In the other part, the dipole

moments ard left unknown and are determined self-consistently in =~

‘the discrete model.
o - . o
/E:(zr)" “(b‘, +£1.-+E3)7 (H") o

where Eﬁ is'the.electric field due to the défect,eleétfon, E;, the
electric field due to the dipoles containéé 'in the part 'of the
“lattice where theQ are determined self-consistentlv and E;, thé
électrig‘field to thé-dipoles that are'determinéd'from the contin-

uum approximation.

Some details concerning the three coﬁtribuﬁions of local
electric field: | |
1) ﬁ;of aefect.électrAn: The electric field due to a sphericallv
svmmetfic cloud of charge is

E (R)= Qy EL B (ya)
R -

where @ is the charge enclosed inside a sphere of radius R{. The.

- 26 -
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dharge densitv of the defect eledf}on isfihst the maqnitude
" squared of the wavefunction.‘ This wavefunction is not necessarily
spherically svmmetric'sinée.it-must be orthogonal to all the core
orbit&ls of thé surrounding atoms, - :To'take' iﬁté account the
oscillations of the chgrge dehsity pfesenﬁ at the core sités,' we

do as follows. Write out the densitv for the wavefunction ¥ .

{J—H’l" N~ [J‘N l):<¢|7fn>zn\‘?+zz <4’1»><Zm'4’>2»7(m]

The electric fleld is a , '.

E, (7)- [ot—‘i:'__).l%‘ | (s1)
_ 7 - rl3 : L
The first term is ’ .
rN [ ot—‘ '“‘a | X

-
il

: -l
For the othe;.terms, welapgroximate the factor r'-:

IF-FD

integrand as being constant over the ffanqe of the core orbitals

in the

'X.y,\an_d XY'A' . Using the fact that <zy}lx¥tx> = »,J;rye get
— . . - -
E.(2) 7 N-‘f S T KX "(_,_L)

| (sz)
In earlier works, ‘the flrst term is usually used as an approxima—

tion for E. - ‘ :_ The second term is
a correction term due td the orthogonality requirement of the
wavefunction, Details about the overlap inteqral are—qiven in the
previous section.  Note that when we put ﬁ -T -+ RV"r we

\& —Fl lﬂ; rl

effectively 'squash' all density variation into a point contact

term. This wavy, only monopolar correctyons are included in E;
The dipolar terms, which arises mostly from orthogonalization with

_ p=core orbitals are neglected.

- 27 -
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In all the bubble calculations- reported in this thesis,
three‘qauééians pseudo—fuﬁbtions wére placed at the origin, the
_vacancy site. The bases coefficients calculated bv the diagonali-
“zation of the- electron Hamiltonian were used in determining the

charge density. Sav that we had . ’
| \l’ <, t[’ "-C-;_LY +'C3“P3 ' ' (53)
and Y. = d’ E(é lxn\>xr,\ |

where Y; are the bases and cj are the coefficiénts;

p= CrY W Hesy +2a e Yot Legey 'ty +2¢, ¢, B Yy
- . | (S—'g) ‘

The squared terms are identical with the previous expression (equn
52} .The'cross—term is : -
=t -1 - l
Y= r- NN, fcl“ Mr)cp,,cr') N'N*Z<¢.lxn><zy,\u>,,> c)!
Rr"r'll
, - (ss)
2)Field produced by dipoles:The field produced at site r, by manv

dipole moments is:

Eak X 14&_&1__,-;: ol Z B ()

&
. rmﬂ

N -t -
where Conn 2 l"....-r'.. -

and where 'thelsqmmation excludes the site m for which ?tnu = Q.
This'exception applies_ for all suBsequen£ summations over dipole
sites, Knowing that the-;:.'s belonqingl;o ‘the same shell are
equél in magnitude, this summation can be reduced to a.summation

over'shells. This results in the equations .
L M= X (Bl Z 68 ;) (s7)

where the set of numbers.SS; are special shell summations which
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depehd on dthe redius Qectors of sites.in shells.i and.Aj.- The
.eleet:ic field conttibutiohh of the exterior>fegion where the
: dioole_yalues are calculated‘txom the continuum model can be of
reiativelv small effect if the inner region is made up of a large
number of shells.,--fhirteen'shell'for_the'inner-lattice was touhd
to be large enough so that the.exterior region's dipoles can be
ignored. More details are given-in . Appendix E. The above 13
simultaneoue .equations can be 501ved bv the standard matrix
method. Though a 13 x 13 matrix can easily be inverted bv com-
puter shbroutine it was decided to use an ‘iterative method to
'save computer tine (these equation have ‘to be solved about a thou-
sand times in the course of a computation since new coefficients

Sslj are calculated every time a shell undergoes a displacement).

The iterative method is very simple. The ‘initial values of a4 is

estimated from the continuum values-

Y allhs o> -Q— ( ko) ‘th _. ‘(q‘)

. . _ ” re _
Inserting this set of ,4;into equn (57), new p;'s are obtained.
.This process is repeated four times to assure a oood convergence

of at least four figures.

l,‘ : Once all dipole moments are known, we obtain the polariza-

. Lo
tion energy expressed in terms of monopole-dipole and dipole-di-

'pole interaction:

Epd =-LT. E...(7) R (7) + dipole-dipsle interaction (se)

‘which becomes simply

Ept =4 L &_r,;).,:(s;-)- N (s9

Ty

as shown in Druger and Knox . when ] > 14 ;othe electric field is
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i
like the one produced by a point charge at the origin and the
dipole ﬁbment is qiven:bv the'céBtAnuum approximation. This part
of the sum goes sinply as 1/tY , and creates nq problem at all in-

- .

the evaluation:
L [ . )
E.{:—'_i . aas o = 2>k (,._.'_).2.0.‘-167 M (Go)
aq E“’f‘ ¢ y44r{ x
where no; is the number of atoms in she11 ;.

Section III Interatomic potential

Ao "

The rare gas solid is usuallv treated as a collection of
atoms interacfing pairwise... In this work we use the 6-12 tvpe
potential'fbr Ne, Ar and Kr as presented in Kittel't Althoﬁéh
otﬁer types -of potential are avaiiabie, ué Qecidbd it would be
better to uée fhe poéential tvpe which is readilv available for

all three atoms. - s -

-~ ) ! . .
one must be careful in the choice of interatomic poteni-

tal. In the-case where the 'latticé is gréafiﬁ compressed in the
neighbo€ﬁood of the bubble, the hard core portion of the botgntial
is of particular imﬁortance. Since the 1/r'* part of the 6-12
poténtial is the least reliable part, its use may be’question;d.
This problem was_'examiﬁed in some de;ail. wWe performed

two static (i.e. no kinetic energy contributioﬁ to the lattice)
bubble calqulation for- Ne_solid, once using the 6-12 potential,
and‘again using a more accurate one proposed by Aziz:q Because
‘both are derived from éroperties of gas, it could be said that
bgth are equivalently valid (or at.most, equfvalehtlv qncertain).
1ﬁ deal#ﬁq with atoms_inte(acting in solids.

-As we can Ssee in;the above Table viII, tﬁaé the hziz potential

—3“,. 'y
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_Table VIII -
6-12 - aziz
‘dispiacemeht of _ ’ .
first shell 2.43 2.31
total emergv of . o .
system _ - . «0519 -0540

"Table comparing the effect of different potential in

static bubble calculation in solid Ne. . Thirteen shells

are allowed to displace. All in atomic units.
which has a stiffer cofe allows‘slightly less conpression of the
laticg than does the 6-1i potential. Most of the difference in
total energy reflects the fact that the neighboring atoms being
closer, the ion-size terms of the electronic Hamiltonian
increases. 1f the exact interactiop potential qf_aéoms in_thgu
30116 were known and were used in our calculation, we would expect
that the difference in total energy .with rgspect to either of ‘the
two listed aSove .will be of the same order as the difference of
the two. Qonsequeﬁtially, an uncertainty of .082 Hartree is
attached td:subsequent'ﬁbubble éaléulations in Ne. In the other
solids,‘the displacements of atoms are substantially ;maller."The
pair separation of the nearest neighbors are closer to normal,

thus making the deformation energy more reliable.

*

The 6-12 potentiai is written in the form:

ar(r)= 4y I)"_- )¢ D)
r e . _
where the parameters ¢ and £ are listed in the table below.

-

The Aziz potential for Ne is:

O ek (F)- 2] o
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Table IX
EEEEEEEE : ‘Ne - Ar'-f' " Kr
£ (o"| 1.147 3.837 5.147
el 5.178 6.425 |  6.898

values of the 6-12 potential parameters for the
rare gases taken from Kittel (ref. 17). :
. -1
n 3+¥((o/r) = 1)
where the constants are ‘ -

¥= S
0= §.8088 ao
1¢ = 1.305- 10" H¢e

III.a) Lattice model: "

‘In a discrete lattice model, the deformation 'energy is"

defined as the difEerenée of'ihteratomic'potential energv.plus the
difference of kingtic’enerqv effécts (lattice‘free energy) between
a given lattice'configuration and the perfect lattice,. The dif-
ference in kinetic energy cén be neglected for solids of heavier
atoms (Ar and Kr). An approxim&te scheme was devised to take into
account the kinetic eﬁergv in so0lid Ne at different temperatures.

we will go ‘into some detail in a later subsection.

our model consists of 13 displéceable shells totalling 248
‘étomg while the rest of the lattice is 'frozen'. Each atom of the
inner shells interacts with its 134 closest neighbors which can
include the frozen atom outside the 13th shells, 134 atoms corre-
sponds to 7 shells, the last oné ha;{ng a radius of about twice

the lattice parameter. In principle, we can extend the range of

- 3 -
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~the potential further, Since we detected no significant change in
bubble size when"the range was enlarged, we opted.to fix the range.
~.at 134 atoms. Also, it was deemed practical to constrain the

-

atoms to displace radialv.  This way the polariéatibﬁ- and the

deformation calculation becomes completely compatible. Shells -

defined bv at . least two symmetry: coordinates dq not ahtuqlly nove
in a radial direction (among the first 13 shells thév are (2115,
(310}, (321), (411), (420i, (332} aﬁd (422)).. For instance when
“the coordinates of an atom in shell (221) éhange, it is mainlv due
to the push pf the atoms of shell 116 and 208¢ moving outwards.

The excess electron ha; a,small effect at that distance. Now, the

atoms of shells 116 and 286 1lie in mirror planes containing the

origin.  This remains true even after the correct lattice relaxa-

tion has occured. The atom on site 211 does not lie on a mirror

plane similar to the ones of atoms  of shells 110 and 208. The

geometry of the contacts between that atom and .the neighboring

I

atoms belonqing.to:the first two Sheils is such that atom 221 will
be pushed along a direction. not A;cessarily the radial direction.
The new coordinates of *the (221) shell atoms. will be a permutation
of the numbers (2+44;) (14 &) and (1+4d). The values of J,' and dy

are unrelated in general. The appréxim&tibn of radial displace-

ments for all shells proposes, in particular{. that Jl= zn‘g for

shell 211. Similar conditions are implied for the other shells;r

~

Bieng a fully consistent system, the approximtaion. must have an
effect on the shells .of single symmétr? coordinate (they are
S (11e), (200), (22#), (222).  {(338) 'aﬁd (400)) . This effect is
ekpected to be small because the radial approximation,i§ reason-—

_able.
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III.b) Minimizatipn methed - : . S l

b

ohly a few comments are required concerning ‘the minimization

method.. The direct method is used: one svstem parameter is varled

at a t1me, the parameters being the radial atomic dxsplacements..

Other methods are available but requ1re the evaluat1on of functlon

grad1ents and possibly .second derivatives. Fok these methods to

converge correctly to the equilibrium configuration, the initial’

displacement values must be ver?\glosé to the final values, other-

wise the second derivative matriX would not 'be positive definite

and the method wodld become invalid,

‘The shells which contain atpmék along the (ilﬂ) direction

are coupled very stronqu with each other. . To assure a faster

converqence to equ111br1um the (11¢), (220) and (330) shells are .

the first one to.move and the others follow 1n order of 1ncres:ng

radius, Starting from a perfect lattice where all displacements

‘are zero, the Ne electron bubble reaches equilibrium in about 15

iterations, that is, 15 cycles of optimization of the 13 shells in

the order given above. _Equilibrium is attained when the change'in,

the first shell dlsplacement is smaller than .01 bohr rad. in con-

secutive iterations.’

Section IV Lattice Free Energy

) This section can easily be included as-'a subsection in the
deformation energy seqtion. Although this facet éf the electron
bubble problem.applies only td Ne solid, much éttention was
devoted to it. what is about to be presente; below is a very
crude scheme to take into account the chénqes in vibrat{qnal
eneréy of_the atoms due to the changes of rthéir locél cdnfiéura-

-34 -
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tion. The underlving idea is that when a particular atém's neigh-
; bors get closer, atomic force constants increases thus‘raising.the
atom's Einstein proper frequencies and at the same time, ‘the
vibration energy. Another way of looking at this is to imagine a
particle confined ih‘a box or cell. From the uncertaintv princi-
-ple, as the cell decrease in volupe thé.'zero-point' momentum or
energy increases, The analogy to the cfvstai is that the twelve

-
nearest neighbors around an atom serves as the confining walls

which the atom cannot pass through.

-

We shall use the Einstein.quel of atoms behaQing as har-
monic os?illators. Eaéh oscillator has a private frequency_heterw
mined bv‘tgg'g:?ﬁaturé of the potential well prdduced bv the sur-
rounding atoms fixed at their average postions. " In a perfect
crystal all aﬁoms have the same frequency. Around a defect thé
atoms belonging to the same shell would havg the sdme frequencv.
We also take the oscillations as being isotropic (i.e. the three
degrees of freedom for each oscillatér are identical). This con-
cerns the compressed first shell atoms the mést, for the oscilla-
tion in the (110) direction is- supposed to be stiffer than the
ones of the two othpr.directions. We are noé bothered in adding
this approximation, for this is és_ qrosé an approximation as the

Einstein model is.

\

The temperature has an imbortant role to play in the lat-
tice vibrations,‘ The energy 6f the oscillators will .be apropri-
ately expressed in'térms of Helmholtz'.free energy. From ﬁow on,
it is the wvibrational free energy that'wﬁdl. be minimized instead

of simplv the kinetic energy which is. only a part of the free
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eherqv. The free enefqy of an atom posifioned.at.site ilis

Fir 4 X ar(R) #3KT (n [2 sinh (£5)] (63
where an(ﬂ) is the energy due to the pairwise potentiall.' ) 9‘ is.
~ the Einstein frequencv of each of tﬁéndegreés of freedom for atom
i. ©
of the nearest neighbor distances :

s 9;'—’- Co + C|(q|oc—a-) + C.-L(Q lec a—-)t (6‘1)

¢ is in turn exprgssed as a function of the average , Rpy,

»

-,

where a is the lattice parameter at temperature T, The c, ,‘c(

and c, are parameters fitted to various properties of Ehe solid
Ne, These may. vary with temprature. a loe. is the local lattice
parameter (Ran=2j0. A 2). This tvpe of expansion in terms of local
lattice parémeter connects ' the oscillator’s frequencv directlyv
with the immediate environment. Also, this puts the change in
free energy as a function of the 13 ‘shell displacements. There is
no additional variables to éhe bubble problem.  For a given lat-
tice configuration, each atom of tﬁe fisrt 13 shells has a f;ee

energy relative to that of the perfect lattice:

5[4 D=5 Tt +97 [ins)] faioo )]
| (¢s)
where R® depotes the perféct latticé sites and Ceo 1is the perfect
lattice frequency. The atoms outside the 13 éhells fall info tw§
catéqories. fn one, the atoﬁs are in direct contact with:atomsof
the 13 shells such Ehat boeﬁ the changes in interatomic potential
and in vibrational free energy are calculated. 1In the other, onlv

the interatomic potential energy is ‘affeétcted.

The parameters .o, ¢, and C, are fitted as follows,. In thé
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pérfect lattice, the local lattice parameter is uniform. Thus all

9 are equal to c,-. The free. energv of each atom is then .
f, = § T (R) +3KT L2 sim bl /a7)] (6¢)
We use the experxnental 1atent heat of subllmatlon as the value or

f,since it is defined as --L r)F/,jN F/A/ F D (67)

Co is solved using the inverse function of sinh:

c,,:rr(m[ x + («?H)"‘] . L (89)
# 7 #tffsir (Fo = Eora)]
1’-(((—'., -.5_'-an(x))' L (¢9)"

c, ks fitted using the fact that éFVg\/ = ¢ (pressure at equilib-

when T=3,

rium is negligeable). Since V = N a>/4, we then obtain the condi-

tion (JF/‘)&)Q-qu o : " -» | (?o)

& ‘LZ%—“’R,;“[“’*“%)];QI -

o= AT r

ol wereel,] 6

The derivative of the potential can be easilv determined. First,

i Zz_v( R%) =25 [_” ft(—,i':—“)lt? .'ﬂ" (Jﬁ ‘] (73)

where A, and Ag are lattice sums of the type

A —gom . (7‘1)

~and miR) is the ratio of the maqnltude of the Bravais lattice vec-

tor to the nearest neighbor separation. We have A = 14.45 and
Agg = 12.13 .
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1

The third p_aramet_er. is related to the bulk modulus Ky'in the fol-

lowing way: _
k7 = VOUF = L{(c’_‘“ 2 )ﬁ{ o 26)
?‘tL '&&1 . o 9:‘: &.:qr (
but o)F = O ' . - 670)

o)& m’kr

-

o SE| A [wew] esf(2L)

‘ez z?) 181‘\,%] | ()

AR T ]

2T simh® (Q/zr)s G9)
FOr TsOKJIL_._:!K[—;k - IZQ’;AL{GFQT] (77)

Cana LT ) —zz[eaetfﬁ.xcr"—s?»émo*‘] (80)

L7 davlara, o
The experimental data and the parameter used in the kinetic energy

and

R

L 40
C_ =
T2 dar
C-.

treatment of solid Ne aregiven in Table X.

It is difficult to attach physical significance to the
temperature dependency of the expans'ion coefficients. For exam-
ple, why does Cg decreaée as the temperature .increase? On one
hand, each oscillator vibrates more vigorouslv as the temperature
rises, 6; on the other hand the lattice spacing increases thus

- 38 -
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Table X
* T=0K . ., T = 24 K{tr. pt) \
'Sublimation_
Epergy 226 R 255 K
o . , . :
Bu}k %odulus 11,2 19 dv/cm™ 6.17 10 dy/cm™
K7 o

Ce °* i 40.63 K 30.51 K

e, ~ -59.74 K/a. -35.98 K/a,

cq 46.64 K/a} 3.0 k/aY’

Table of experimental data and frequency expansion coef-
ficients of solid Ne. The sublimation energv data is
from ref., 9 and the Bulk Modulus is from ref, 20. At T
= 24K, the buik modulus according to the table on page
B0P of ref. 20 extrapolates to a verv small value such

that the constant ¢, become negative. At the triple
point temperature, the crvstal is verv soft indeed. The
value of bulk mocdulus at 20X was adopted as the one for
24K because it was the lowest value listed in the table
and because it gave a positive ¢y, though it does not
make the expansion of theta. anv more reliable for the

first three shell atoms (see text). -a4 iIs the Bohr
radius. To convert .’k units into Hartree unit multiplv
. by 3.16816 10-6. '

sliqptly reducing the - force conétants_ and the dscillator fre-
quency. The ‘misunaéfstanding stems from the fact that kinetic
energy and free energy are two different things. As kinetic
energy may increase, sSo does the entropyv wh?ch help&reduéinq the
free energy. our formalism is based cgmpleielv on the changes.of
"oscillator. free energy rather than changes in vibratipn internal

energyv.

One word about the inclusion of the quadratic term for
9 . It was made necessary bécause without it the 9 would
become negative at relativelv small pesitive changes in local lat-

tice parameter. At T = 0 K, the coefficient c, is large enough to
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avoid this, but at T = 24 K, it is too swall,  and the Ereqhencv
becomes negative quickly. The expansion seens to break-down onlv

'for the f}rst three shells'near the defect where the local lattice
paraneter can be éﬁe bohr radius greater than in the no}mal-Iattice. Preg-
ently, we-haveTno simple‘wav of dealing withqéhe oscillator.energy
for these‘étoms, Rather than guessing the.behavior of these com- -
preé;ed atoms; we simpiv neqlected-to account'for‘the free energv
changes and included onlv the pair interaction energy, Table XI
-presents three cases which shows the effect of including the
change in crvstal free energvl(at T =0 K, .it is 56met§me§ refer-
red to as the zero-point eﬁérgv‘change). It is £found that peg-
lecting this effect for all atgms 'softens' the crystal: the bub-
ble ‘is larger and the total energy is smaller. The lattice energﬁ
is also the smallest among the three. Dropping the zero-point
energy éhange for onlv the first three-Shel}s apparentlv deoes not
change the bubble size significantly. The differeﬁce,in d, for %2
and 3 is .04 a, while the difference between #1 and #3 is .12 a,.
The jump in lattice energy from cases £2 to case |3 i#.dué to the
fact that the zero-point energy caiculatin of the'firsg she11§.ofi>

case §2 is simplv’inaccurate.

&

It is worth mentioning a calculation of vacancy free ener-
gies in rare gas solids by ledeti‘ ﬂe usés a self-consistent har-
monic approximation of the Einstein oscillator suirdﬁndiﬁg the
defect., The poténtial used is a M;rse.poﬁentiq}-which is reliable
only near the minimuﬁ. For a vacancy célculatibn this is correct
lsince the displacemenﬁs are.small. The free energv of.the system
" is minimized with respect to.the shellidisplaceménts and also with

respect to the Einstein frequency of the oscillators, Here the
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Table XI

\. Ne bubble at T = 0 K
"N 1 12 23
' a. \\§‘43 2,27 2.31
d'. -22 079 ' .76
d, .85 .63 .62
dy | 1.54 1.42 | 1.44
d'. -72 067 ¢68
1 - 4 089 . 085 087
4 -10 .82 .75 .76
10-17 .72 .67 .68 -
Eal .8554 .0588 ' .0585
E pol -.8131 -, 0138 -.0138
Ejutt . .0096 .0187 .0128
Eyot - .0519 " 0557 L8575

Table which demonstrates the effect of including the crvs-
tal free energv. Case 3} is the one where the zero-point
change is not taken into account. In case %2 the oscilla-
tor free energy treatment is applied to all atoms. Case 23
is considered the 1less doubtful because the change in
zero-point energy is calculated onlv for shells farther .
than the third. 1In all cases the first thirteen shells are
allowed to relax. onlv a few displacements are listed here.
Below the displacement values are the compression values
for pairs of stronglv coupled shells. Eg 1is the energv of
.the electron obtained from diagonalizing the flamiltonian
matrix. FEum is the change in lattice energy which include
atomic vibration effects. Egel is the polarization energy.
The sum of these quantities is the total energy, Es. , of
the bubble system. Al} in atomic units.

atomic displacements and the freqﬁencies are independent vari-
ables. This formulation allows-the opt%pization of the potential
well in which atoms vibrate. "Eor'thfs complicated approach more
variable; are needed. There |is ﬁo'“doubt'that this method is
supetior, to the one presented in this thesis. The reason it
wasn't uéed is that” the integ?als involved are more difficult fer
a 6-12 poténtiallthan for a Morse potential. We did not attempt

to obtain a Morse potential for Ne because it isn't &s reliable as
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the 6-12 potential in large displacement situations. That is,. the
hard core LFf the Morse potential is not as stiff as the !6-12
potential (this is due to the nature gf expdnentiél functions), ang

is finite at r=g.

Section Vv Results

Below is ;epresentéd a sample output for thé Ne
bubble in equilibrium at 0 K showing the shell displacements and
soﬁe“values.pertaining to the polarization energy compdtation.

. . < )

The first thing to potice is that fhe displacenment of the
sﬁells does not follow a 1l/r law as would be the case for a con-
tinuous elastic medium . In the elastic medium the deformation of
an infinitesimal portion of solid depends only on the fofce
exerted by the infinitesimal portions ‘of material surrounding it.
“The interatomic potential is not involved diréct}v though qualité—
- tively, it acts through the experimeﬁta] bulk modulus appearing in

the eiastic th;;ry. To justify the applicatidﬁ of this theory to
V'a problem, the charééteristic.lengths or distaﬁces involved must
be greater than the atomic spacing.. The structuré of the crystal
would then appear 'smodthed'.out. From the atomistic treatment we
seé that the displacements are damped very quicklv as the shell
ﬁumber increases, giving a lepgtﬁ parameter of the order of a.
‘This also implies a iarge compression o¢f the atoms ne;r the
defect. The compression is about 15% of the lattice spacing, and
this is out of the range of simple e¢lastic theoryv, Although the
rest of the solid outside theffi?st 13 shells can be made.;o relax

according te elastic theory, the energy contribution is considered
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JTa@le XII
shell no. distance to ‘radial E; E{ M M
i -defect displ. : - 5 :

1 - (110) 177 a 2.31 0.0140 0.0146 | 0.0343 G’.0733‘6 |
2 - (200) . a .76 | 08.0117 o0.6118 | 0.0278 0.0373 [ |
3 - (211) {372 a .62 | 6.0084 ©.0083 | 0.0190 0.0192‘
4 4 (220 7 a 1.44 0.0056 0.0056 | 6.0136 0.0329"
5 — (310) ﬁ?ia .12 @.0655 ©.8655 | 0.0126 0.0127
6 - (222) A3 a © .16 8.064G 9.0046 | 6.0105 0©.0106
7 - (321) {777 -a .28 | ©2.8839 0.0039 | 0.0089 0.0089
8 - (400) 2 a .82 8.06035 ©£.8035 | 0.0080. 0.0081
9 = (411) 577 a .04 6.0031 ¢.8031 | 6.0072 0.0072
18- (330) J972 a .68 | .0029 '3.0929' 0.6070 ©0.0067
11- (4209 V5 a .03 0.0628 ©0.0828 | 0.8066 0.08G5
12-7(332) | {1172 a .89 9.0025 0.0025 | 6.0060 0.0058
13-, (422) T a .11 | 0.8023 " 0.802318.0057 0.00S3

Sample output of the minimization routine which determines the
lattice configuration of the Ne electron bubble in equilibrium
at T = OK. The lattice parameter a for Ne at T = 0 K is 8.435
"apg . The radial dislacement are in bohr radius-. Shells fur-
ther than the 13th are held fixed. The negative signs for the.
electric field and the dipole "moments are dropped. All in
atomic units, ' ]

too small to be of significance.

The large displacement of the first shell isn't surprising
since it is the shell closest to the excess electron.
diﬁplacemenﬁé of the fourth and‘tenth shell can be easily under-
'étood. Atoms on the three ghells“meﬁtioned above occupv the siteé
(110{, (220) .and (338). An atom in postion (110) has a nearest
neighbor in\shell (22¢), and that neighbor, in turn, has a nearest
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neighbor in shell (330), ' ahd so on for all shéll of tvpe (NND).

. Thé vectors joining the pairs of nearest neighbors are purélv

radial." Consequently, the atoms of the first, fourth and tenth
shells are strongly'coupled, as can be demonstrated by the abbve
table. Thelfact that the next strongly coupled sheli,i{daﬂ); is
held fixed may affect the results slightly. One expéqfs that
allowing the (440) to relax outwards;toﬁ&rds“tﬁe (550) shell, the
lattice energy will decrease. At'the same time the whéle' 13
shells will" expand a little thus reaucing ion-size terms and eiéc—
tronic energy, Below is a table wﬁich compares three runs of the
same Ne ,T = § K bubble program. They each have a different num-’

ber of directly coupled shells that are allowed to move.

Table XIII
displacement run ne. M
of shells :
. 1 2 -3
d. 1.83 / .94 2.31 / .87 .| 2.40 / .86
dy . .89 / .89 1.44 / .76 1.55 / .74
die .68 / .68 .81 / .50
diy : i B .30 /7 .30
lattice : .. -
energy .0596 .B575 .0573
total o
energy .0095 _ -n128 .0135

In run &1 the shells 1 to 8 move, keeping shells 10 and 17
rigid, In run 32 shells ] to 13 are allowed tc displace.
This is the case for all é6ther bubble calculations in this
thesis. The run #3 is the same as 3#2 except that a single
shell, (449}, is added. The change in lattice free energv
of shells further than the third one is included in these
calculations, The number to the left of the slash is the

/gjsplacement, and the number to the right is the <@isplace-
ment of that shell relative to the next shell's displace-
ment, in other words, the compression between two succes-
sive stronglv coupled shells., All in atomic units,
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As the number of moveable shells: increases, the shell dis-

placements obviéusly_ become iarger. Though the sheli displace-
ments for the three cases in Table XIII are significantlv differ-
ent, the coﬁprgssion changes much “less. _In‘particular, qoiﬁq Erom
‘case #2 to case %3, the ‘compression betweea‘the first and fourth
shélls ahd the one befween the fourth aAd tenth hardlv change
while their Gisplacements‘are nén-pegligéablg. . In a stability
: é;lculation only the energy is iﬁ%ortant; the éccufacy of the caﬁ—
iéy size 1is secondary. The fact that the difference in total
energy between cases 2 and 3 is .Uﬂdé'ﬂr (.3%) demons;rates.that
the inclusion of anv strongly coupled shells after the (338) shell
is unnecessafy.. In the otﬁer solids,. the éiect%on resides in a
sﬁaller cavity. Furthermore the compression of theashglls. is
dampened more quickl%. Tﬁis indicates that "additional moveable
shells will have a lesser effect in these cases than in the Ne

~

case.

»

‘Table X1V summarizes _the bubble calculations for Ne, Ar

and Kr.,

_SOﬁé aspects . of ihe polarization resﬁlts are worth men-
tioning. Table XII 'lists-quantities related to polaiization in
the case of Ne at T = OK. . E; are the electric fields due to the
defeFt electron, ‘and Mi are the dipole moments used in the actual
polarizatipn.‘caICUIa;ién'(seev.equn 60) .. E:l are the electric
fields due to a point,chargé  at the origin (i.e. . tha vacanc?
site), and m?® are the dipole moments CEICulated from continuum

consideration (0th order M.-L.). *

~

The E:'s agree well with the Ei's at almost all distances. -
' - i ‘ :

- 45 =

:
Lt bt




@ - . ) .
Table XIV ' *
Ne _ Ar . Kr
T=0K T=24K " P=0K T=83K T=0% T=115X
R . .
lattice| 8.435 8.559° | 10.037 16.329 | 10.669 11.023
spacing '
d, 2.31 2.57 .74 1.16 - .34 .70
dy .76 © .89 .08 .24 .00 .07
ds .62 .19 .22 .37 .09 .21
dy 1.44 1.64 .33 .59 | .12 .31
d,o .68 .79 .11 .22 .04 .10
1 -4 .87 1.23 | .41 .57 .22 .40
4 -10 .76 .85 .22 .37 .89 .21
10-17 .68 .79 .11 .22 .04 .10
Fel .0585  .8537 .0710 .0584 | .0786  .0646
E pol -.p138 =.0127 | -.0361 -.0295 | -.0481 -.0383
Eiatt .0128  .0119 .AC55  .8656 |  .0024 _ .0030
E ot L6575  .0529 .0404  .0345°|" .0329 .0295

The temperatures 24K, 83K and 115K are the triple point temp-—
eratures of Ne, Ar and Kr, respectively. The experimental
lattice parameters are listed so that one can appreciate the
extent of the deformation in some cases. The first thirteen-
shells are allowed to relax. Onlv a few displacements' are
listed here, - Below the displacement values are the compres-—
sion values for pairs of stronglv coupled shells. Eef is the
energy of the electron obtained from diagonalizing the Hamil-

tonian matrix. Ene is the change in lattice energv which
include atomic wvibration effects. Epe, is the polarization
energy. The sum of these quantities is the total energy,

Eyor ¢+ ©f the bubble system, All in atomic units.
The largest difference occurs for the first shell where the
orthoqonaliza}ion of the_havefunction éffect is more pronpuncéd.
~The m;'s don't agree as well at large distances. The éeason for
‘ this is that the outer shell aipole field contribution is neg-
lected. Since the last inner shells are closef to the oute? sheils
these are affectgd’the most, Supposing that the M's were the
‘true' value of the four last shell dipole moments, the difference
in polarization energy is calculatéé to be 2.10-5 Hr or .23% of the
energ?, which is ébviouslv negligeable. At smaller distances, the
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_M's and the u's are not verv different especially for the first
" shell where the discrete character of the material should have
more effect. This can be attributed to . the relativelv small
réolarizabilitv of the Ne atom. The, Kr atom, on thé oﬁher hand;
has 1arqér polérizabilit? (seerTabie VIiI). A similqr table (Table

XV) for Kr is presented.

L)

Table Xv

shell no. |. E; S? M M
:
1 - (110) U.0181 0.816)1 0.2290 (3.1819
2 - (208) Iﬂ.ﬂﬂgq 0.0088 06.0916 6.6993
3 - (211) | ©.0058 0.6058 @.0633 ©.8653 :
4 - (226) | 0.0043 0.6043 0.8555 0.0489
5 - (310) | 0.0635 ©.0035 P.6380 0.0397
6 - (222) 0.0029 .6029  06.8333 £.0330
7 - (321) | @.8025 0.0025 0.8283 6.0283
8 - (480) | 2.0822 0.0022 0.0231 6.0248.
9 - (411) 0.0020 0.06020 0.6219 @.6221
18- (330) | 9.0019 0.0019 0.6233 ©6.0220
11- (420) | 0.e018 0.0018 0.8213 ©.0199
: 12- (332) .} 0.0016 0.06016 0.6198 0.0180
13- (422) | 0.0815 0.0015 0.6196 0.0165
- Polarization data for Kr electron bubble at T = 0K.

Here, the atomic displacements are not listed because
they are not at issue. Shells further than the 13th are
held fixed. The negative signs for the electric field ang’
the dipole moments are dropped. All in atomic units.

Right away, we sSee that orthogonalization effects are a
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little more important in. Kr than in Ne: E, and E® are different

by 10% and Eg and E: . bv 5%, compared to 4% and 1%, respec-

tively, for Ne,

-

There is an obvious difference between p; and_;d’near'the

defect. There is no doubt it is due to the strength of the dipole

.field. produced by the neighboring atoms,  The jump of the dipole

moment value at shell 10 is ékplained-in terms of the special
cogpling between the first, fourth and teafh shell, In these
shells the vectors ére all aligned in a (11¢) directdion. On-aver;
age, the field lines of dipoles'r;duces the magnitude of the local
electric,field on atoms (hence, Ko >1); 1In the cases of the three
strongly aoupled shellg, the field lines c;mbine such that they
reinforce each others local electric field to some extent. This
phenomenon is also observable for the first and fourth shell where
the dipoles calculated are substantially larger than the ones-fr

a continuum model.
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Chapter II1I

‘ Band Calculation

. In this Ehapter we propose a wav to calculate conduction
~ band states.uéinq the same ion-size ‘parameters of thé defect cal-
cylation. Originally the aim was to evaluate the free conduction
electron state with the same !{amiltonian as for the electron buh-

ble state. It turns out that the present approach with floating

l1-s basis has verv significant potential even in a energv bhan‘
calculation. BRecause a pseudopotential is used, we note that only

excited states are accessible to the theorv. The valence bands

1l

are considered flat, wvhich is a good &pproximation since mere pre-

cise self-consistent calculations demonstrate rather flat valence

bands. )

Section I Hvbrid Pseudopotential for Externded States

The orthogonalizeq,floating gaussian basis are {ormed from
a Bloch sum: ‘ .
’ .= - VEWT — —
$:°N %e _C,-L-(r-f- q,;) (31)
where Giié the normalized gaussian of damping parameter o and is

1 8

centered at a; relative to the center of each unit cell. I? is

- .
the conduction electron wavevector, The 1l's are atomic sites, and

-' . - -
N f is the normalization.facter of the Bloch sum. This nust be

made orthogonal to the valence orbitals: ‘ '
| \fc': §i -‘-§<XA!§.'>XA | (92')

where

Ky N ZTTAGE) Al Keal -1

The conduction electron energv at wavevector X s obtained bv
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solving the secular determinant:. o
| H:; -ES;]=0 o - (sw)

where : : - " .

;= (01D "
S = <Yy (@

The hamiltonian matrix element ié written.out as: |

Hi= Ty r (Ve # Ver). Za@ |5;><;gf 5y @7

<L 8 e

Vi; :<.§;| \ |. 5y - ' (8‘1)

' Because the wavefunctions are Bloch suns, all the indivicuel

L

matrix elements " will be expressed in terns of a sum and sometimes

double sum over lattice sites. For instance, the kinetic energv

tern becomes:

N<Z fro(anQITD: ELL (270 (o)
. “‘N _%._%.’e_.k-fc,?-f <G; (F-I’:i)l T Cr-)' (r‘—i -*a.,‘))

since T operates on the coordimates onlwv, The kinetic energv

operator inteqral is:
<:(};(F-n§:Ef5)\7’{Cﬁj(?

where

o<0<R

J)> (3 e )
iot-feg ) °< +X,
- _ X |
v l(f+—a})—(r'+-aj)l | L
The overlap matrix terms 1s worked éut below so that thev

are expressed in terms of the ion-size parameters and the interpo--
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lation formulas when they applv.\\ns in the dcfect calculation the

ion-size parameters are us to treat the dee core_orbitals, “and

the outer shell electrons are treated exactlv.

The S mat-rix eiement is exp.anded as so: (—\
CEFEY = CEIEY ~25 K EIXKX1E)

(12) *
PIRC A e NE HTS AN Y

Xy Xy = 5 . . (43
<1PIKF> <4, lé) Z<§ IX-R><X}I‘£> (éﬁ)

(8.18,)- rd"zz PP T PIE SR

where ¢, IC") w(—x +-°(J Ri) | | (‘15)
and where “l(.€+a) (.T aj)*

For outer shells,

<E1X\ =N -'f‘?'<o (F2-2)] 5 e ®F X gy ()

- -1 _.'E'[ -
N ZZ 1- <G (r'—i-'q_ )I 2’6 )\("))

= _.‘E’ﬁ
Ze <G (7 -t a) | Xop (r)y (1¢)
wLere-‘u‘=1f‘11;.. | |

Vhen A = ns, where n is tha value of the principal quasfum number

of the last shell, the integral is jhst.the ss0" overlap that was

- 5] -



“

'

" defined in the defect cal;u}ation; when A = np,, npy of npy, we
get the SpU~ overlap integral as defined earlier multiplied bv the

suitable direction cosine, For example X =‘n;:x,

<G (F-R) 1 Xy, (F)):SPoV (R) Ry — (37)
| | - IR |
The npy and the np; cases are sinilar. For inner cores, we make

the first order multipole expansion of

<G';(r"‘-f,;)f'xo)\(r)>‘= —13: F",-o (o,R; I'X,;, AT + i F:')(o R; f—x» .

h)( R: [mf?lor xdt ¢ f;(of ydr +__sz2'on 74)]

(38)
When A is an s-state onlv the two first terms survive while when
A is either a py ., Py or a pz state onlv one the last three terms

- J " -~
remains, This expression is substituted in B

2 edl‘zt‘<0'; (?'ﬁ()l:_(o}(r)/\ k t

The above will ve multiplied bv a similar term:

> " & Koy (P} G5 Ry))

to form the matrix element < $; I}( > <X, § > and then the gumma—

tion is made over >\ of inper cores,

E
‘.

For k = s-state,

CEIXD<K, 18y [ -"f’?('a,c n)fx»ﬁu_r"(oal)[xwmfj
% %s”)ﬁm r+'r—',o(oa)f7<o)rot;]

-5 L e LR o) X0 m)[fz,,\ k]

=
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+ : -.k(ﬂ-'l:') . 6) ) g
% ';’ e’ 'é_ F-l‘o(al Ri)FjO (o’ RJ) + Ffo (0, R‘.)Fjo (OJR')) Z’A A."' {XM rIIf‘.J
' ) (79)
_For another s-state belonging to the inner core, the factors are
the same e#cept for the integfal inside the square brackets, The

s-states contributions are easily sumned together:

BN R = (F o Rem (T e™nen)] €

_ER B @y,
+ _LF'O(G,{ Ze’ 'I"Fo (OIR)
[{%‘c 7 S ¥ooq Ui

iZ "rtL{F‘,(o,R)}{ T F (0,R;) }] K (100)

where B and K' are the same parameters defined in chapter II.

N

The p-state contribution becomes a little more complicated
sinee the BRloch sum terms include the direction cosines, different
for each lattice sites 1 or 1' , in general. We start bv grouping

the 3 p-states which belong to the same principal quantua number:

_.r(r.' t:)

Z <& [X, ><X 13)- ZS_. F:(0,8)F; (0, 8;)

p(,,, xk) Rafe o (%o, y(rr) _y_,m([x,,,, 247 | Relic]
R: R: R
| (101)
If vou 'wish to add p-states which belong to another principal
quantum nunmber, vou onlv need to replace -the integral squared bv a

. sum of squared integrals. Since the three np states are equiva-

"lent, the expression simplifies to: ]
SE(R-B) g 0) ol A
% % © g’- F;J (ol Rl)}i"l (o, R)) Rl“ R)‘ K (!ol)
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where K is the same parameter defind in chapter II. Because there
exists a cross-term in B and_T:' implicit in T%'RJ (R.-o'ﬁ_" = _(Tl' +
- =)

a; Jelh' + a') ), the double sum above cannot ‘be reduced to a prod—

uct of sxngle sums as was done for s~-state contrlbutlon. ’

The matrix element -of .the short range potential (i.e. the

.coulonb and exchange 'combined) is:

CAlrlagy =<, l): VT8>

| —N<flV&H§> -
- =y ¥ ekl -2« c(F-T-a ) vdle, (F-fi&’)-»
\ o e | @o3)

The integral can be divided ' into a deep core part and an ocuter
shell part as in the defect calcuiation. The déep core contribu-

tion is written the same way as in chapter two.
| <cq-(r—l<;)lVCr]lé,-Cr«R;D-'gr:,,,(o,m) )ﬂ
) +J_[r: (o,R:) -if’(a,_x;)+ F;“’( Ri)F;o (0, R )J 3,
T R R) R (OR)R.R I, Gy

Now we want the term —? £A< §, IX > <_X‘\I I > to be incorporated.

For the )\-= s-state, there is no special Gifficulty,
[g -.-Er' F(DR)}{Z e-lr; F (0 KJ)} Zz fxosd—‘] +olo

.For A\ = p state, we get a term similar to the overlap:

ﬁz‘ é' .E'(R"’g)q l')(o R‘)F (o,ﬂj) K{ '_Rjng[fz"f’zsz-Jz

As we can see this sum cannot be reduced to a product of single
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sums, The overlap eneer-tgrms_indolviﬁg é-'and p- states are
easilv ifcorporated with the short rahge potential terms, The
 familiar ion-$ize terms are obtained when factorizing sinilar pseu--
dopotential terms, The total ion-size correction for a Hamilto—

,n1an matrix element is:

Feo (0,R:)F o COK)H

ol F;,(o,n,~)FJ-E"[a,R,-)+ £, R ) NADRE |
r3 R k) R 0R) RRs o S

'>The treatmeht of outer shells is hardly different from the defect

proble. The matrix element for the short range potential is:

'-.E(I 1") OUTER
2 2 € Lo; BRIV ¢ (F-R;))
Tz _ ‘ .
The interpolation formulas for V., .and Vv, are used in this irre- n
ducible double suml The computing time required for the execution \
of these double sums can be drasticallv reduced if the gaussians

are symnetrically placed in the unit cell, preoviding that & is a

special symmetry vector of the Brillouin zone.

The overlap encrgy terms is easily calculated once the

outer shell overlaps are e\:'aluated for the overlap matrix:
> 5x <& IXOKKE) = -
(3 e ssovi ))(Z e ¥ ssov; (R ))
£ _a-gt A I-Et R"
+ r(ge SPoov, (&;) )(;e SPaoV; (R)i‘;)
R LP(% e"tts Prov,-(R ) XZ e,'n". s Pd"ov (R: )-R—V)
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+ Lf(ze“iﬁsPravi(Ri)%Xze.‘if'sm.ov,.m;)%{:‘:)‘ (104)
R { B : ] .
)

Section II Conduction State Energv

The ab9ve hvbrid pscudopotential 'procedufe allows the
energy calculation of the excited electron éf any . e are
interested in the lowest posible energv of the excited state, a n
state (ﬁ = {I). This greatly si@plifies the exprésions in that all
the phase factors are equal to one, The next step'in the pfoblem
is choosing and ~placing the flpating gaussians in the unit cell,
In our prelgpinarv work, we used onlv one basis centered on an
interstice, at the border of a cell. The damping parameter is
varied until a minimum in-energy is reached.” This single gaussian
calcqlation can give a good estimate of+the damping paranéters
that should be used in the ﬁany gaugsian‘baées calculation, and it

also give a first estimate of the n energv. It is worth noting

that no mininum is attained when the single gaussian is.placed on

an atom instead of the interstice. It was observed though, that

the tendency was to make the gaussian as flat as possible,

-

‘Indeed, the maximum electron density 1isn't located on the atomic

sites themselves but mostly in the interstice, between the atoms.

~

-

ffo obtain a more accurate energv, we used a set of 19
bases-of the same parameter vqiye as that in the corresponding

single gaussian. calculation for the rare gas in question, One
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Table XVI

T = OK T = tr. pt
Ne 0.1036 (.120) 0.0982 (.115).
0.0888 0.0845
0.0836 0.0800
Ar 0.0691 (.095) 6.0626 {.099) .
Kr 0.0783 (.095) | ©.0690 (.¢85)

N energies for Ne, Ar and Kr. The first column gives the
energies when the lattice parameter at T = 0K of each solid
'is used, The second column is the same except the lattice
spacing at the triple point temperature is used. Refer to
Table XIV for triple point tewmperatures and lattice spac-
ings. The first row for each element is the single gaussian
energy with the value of the optimum gaussian parameter

- appearing -in—parenthesis, For Ne, two additional calcul-
tions are presented. . The seécond row emplovs two optimized
bases: one on the interstice { o = ,068) and one on the atom

(X = ,120). The third row is the 19 es calculation also
used to determine the energies of hi tates, Actuallv,
.for the state. the gaussians are grouped| into three, syane-
trized bases. Practicallv, it is a three-bases calculaticen.
In atomic units. :

basis is placed at the center, six along the cubic axes and
12 on the face &iagonal axes, With these bases, notAonlv the n

symetry states are obtained.bdt'also the é-like [ symmetrv and
the d-like ﬁa and E: svmmetries, This denonstrates in a'partic;
ularly striking wav the versatility of the floating basis
‘approach. These states are of no concern in the bubble stabilitvl
preblem, ﬁpt are ihterestinq enough to compéfe with band calcula-
tions of other authors ka paper on our band calculation for Ne and

" Ar is to be published).

For Ar and Kr, multibases calculations gives energies
that are too low for r: . However the relative distances
between higher conduction states are in good agreement. The prob-
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lem can be traced to inadequacies of the fit of the individual
pseudopotential terms for the Ar and Kr atoms ip the compact yaus-
sian region (i.e. o > .08 a ) (bee Table V EorlRMé deviations).
'.For in8¥ance, the attractive terms involve a large number of inte-
grals because.of the double summation, Anv svstematiC'ﬁﬁderesti*
mation or overestimation in the evaluation of all these intedrals
will surely show its effects.in the total. The same applies for
the overlap integrals sums. Svséematic aéviations de occur in all
fits. Iﬁ Ne (see Tables I, III and IV), if ié observable to a
smaller extent. This sort of thing is inherent to our inferpolation

scheme. The best wav of dealing with this is to improve the indi-
vidual fit when needed. Thn;cante dxé bv using a lérger number of
gaussians to répresent the varioug pseudopotential terﬁs. Time
wasg't available to determine the most efficient wav of refitting
the terms. The single optimized gaussian‘;nergies will therefore
be thé ones that will be compared to’ the electron bubble energies,
since thev have been determined for all three solids. Multibases

calculation of f? for Ne are also reported because they are con-

sidered more accurate in thé case of Neon.

Below are breifly described Fhe methods uéed bv the sev-
eral ‘authors which have published band structure calculationsib?tyl
Only values which are readily comparable to ours are listed in
Table XVviI. values that are not shown are the ones which are cal-
culated with a method that eﬁplovs a statisticél exchange instead
‘of the non-local HF exXchange. The statistica} exchange probablv.

includes some correlation éffects, but these can certainlv be

taken into account as a pertubation once the band structure is

- 58 -



£

-

‘Table XVII

:ﬁe Qf” : “Kr

Present work ’ p.104 110.069 . 0.078
: 0.089
v © g.084

KKR (ref. 41) | 0.092 )
OPW (refs 22 and 24) R 0.083 -,_ 0.081
Mixed Basis (ref. 26) : 0.089
OPW with GTO - - - R o
{refs 33 and 34) - ‘0.073 ©.118
APW (réf.,zs) o 0.008 0.122
APW (refs 38 and 31) ° p.092 _ |~ e.oéé
LCLFB (refs 27 and 28) . 9.08) 0.103 (.098
LCLFB vith GTO (ref. 29)|  0.105 '

Hartree-fock conduction band energy (lir) for I} in Neon, Argon
and Krypton. No polarization or correlation are included in
these values, The three values presented for Ne ot the top of
the table are the same that appear in Table XVI.

o

" known (see ref. 27). 1In one cof the works that did not have the HF
exchange (ref. 23), the KKR method is used. The constant poten-
tial outside the mnuffin-tin spﬁere was adjusted to give thé cor-

rect gap energv, thus making .it impossible to determine absolute

energies (i.e, energv with respect to the yacﬁum). Reference 41

also presents a KXR calculation on Ne, but here, the absolute

energies of the conduction .band states are given. The authors
' »

used a thedretica; calculation of the isclated Neon atéem phase
shifts in the .HF approximation. L..ipat'iaL and , Lipari and Fowler®”
used the OPW method with free-atom wévefunctions and eigenvalues’
for the core state. 1In ref. 26 Lipari reported results of a mixed

t
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basis calculation in Ar. Mixed basis means ghat bothvthé Slater
_tvpe valence orbital§;and the plane waves are determined self-con-
siséentlv. Dagens and Perrot used-a modified APW methoq for Ne
and Ar. The same thing was done ‘in refs 30 and 31 except that the
required logarithmic derivatives are obtained from static-exchange
electron—-atom scattering phgse shifts. fhe authors of; ref. 41'

L

used the same theore;icai“phase.shifts. Not surprisingly, ref. 41
and ref. 31 report almost identical results for the conduction
states of points I, X and. L. - References 26 and 27 combihe to
give resdlts for Ne, Ar and Xr using tie linear combination §f
local basis functions with Slater tvpe functions, Here, the term.
local functions fefe; to functions centered onlv on the atomic
sites. The author of ref. 29 di¢ essentiallv the same thing
except that he used gaussians instead of exponentials. The.values
from ref, 32 are not included'ip the table because the c&rrelatidn
is alreadv inco}pofated in the difﬁerénf local tvpe eiéhanqe terms
thev compared. - References 32 and 33 presents results for Ne and
Ar, respectivelv.  The authors use the OPW method with gaussian
type orbitals for the core states. Onlyvy in the Ar case, the outer
orbitals are determined self-consistentlv, similarly to the mixed
basisrmethod where the orbitals are of Slater tvpe. Iﬁ the aone
there are‘methods which have a self-consistent character and ‘some
which don't. The ones that hé;e are the mixed basis method of
ref, 26, the LCLBF mefhod of refs 27 and 28, the local gaussian

a

method of ref. 29 and the OPW method of ref. 34 (for Ar).
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Section III Correlation and Polarization

In the above, the c&lculatidns'do'not include correlation
between the extra electron-and the other electrons, In the oné—e—
lectron HF théofv'particles (electron or holes) - are tréated as
béing influencgd onlv bv the average field produced bv the nuclei
and other electrons. In general, .thié approximation is nst cor-
rect; for one expects that the excess charge, especiallv if ig is
méving slowly compared to the other bound electrons, will polarize
the surrounding étoms’to some degree. The two methods whiéh were
used in brevious works  are based on a classical approach and a

quantum mechanical one,.

I111.a}) Classical Formulatien

Theﬂclassical'problem as forﬁulatedAfv, Fowle?‘ is thi§: Giﬁen an
extra point 'charqe located oﬁ. a particular site, calculate the
induced dipole moment on each atom due tobboth the extra electron
and the indnéed woments on the other atoms. This‘can be done eas-
ilv using the Mott-Littleton scheaeT' The value obtained for
polarization'eherQVIin- this static approximation should serve as
the upper limit to the.true value, since allowing the parficle to
move will decrease the magnitude of ‘the pelarization, " In the
extreme éase where tﬁé extra elecfron moves verv',rapidlv; the
electrons of the crvstal yqqld'pérceive this electron as a 'blur’
that covers the whole solid. This charge distribution produces no-

electric field on the atoms, and no polarizatien will result.

The polarization energv for the electron in some insula-
tors has been calculated bv Fowler using the @th order Mott-Lit-—
tleton approximation, It was assumed that the point charge is

.
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b
locatéd at the'centér af a cell and bolarizes “the sﬁfro;ndiné.
Dagens and Perrotzspo;nted out that Fowler did not include the
.electronic correlation between the electfoﬁ and the glecfrons of
the same unit cell. This is dug-to the fact that the Mott~Littlej
ton is ; strictlv classical theorv. Since the electron is cen-
~tered on an atom there is no electric field at that site, and
there is no wav to include a classical contribution for that atom.
From experimental optical band gap data, Dagens and Perrot esti-
mated 'in reverse' how big this contribution should be, For the
Ne case they found a value of -.0386 Hr, and for Ar, it is -.0676
Hr. They aisd}calqu]ated thése valuesténotherfway with the help of
a crude scaling law and the first pfinciples calculation of the
polariéation'potentiai for the ions Na+ and K+ (thev are isoelec=
‘tronic with Ne and Ar) performed by Callaway (a ;eference is given

in their paper). They get -.0461 Hr and -.0643 Hr for Ne and Ar,

respectively, which is a quite good agreement,

. In our '6wn calculation we use a method .whiéh not onlv
takes into account the contribution of all atoms but also is com-
pletelv clasgical. It is réally the same one as Fowler's excepﬁ
that the charge - is centered on an interstice instead of an atom,
The main advantage here is that we don't have to rely onlestimates
of the’ tvpe D.-P. made f;r the central atom. Another modification
" is that we 5ubstitutedﬂthe point charge by a gauséian charge gdis-
tribution. Making this lasfméhange is equivalent to allowing the
charge to hove_in the léttice. The next step is to choose the
gaussian's damping parameter. There is very litﬁle that guides us

'

in determining the suitable damping factor. ALacking any alternatives,
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the gaussian which minimizes the f: energv .in a -singlé gaussian

variational calculation is used., Also the effect of orthogonaliz-
. o .

ing the gaussian' is neglected. Table'XVIII lists the polarization
& S
energv correction according to this method for the extended state

in the rare gas solids.

Table XVIII

Ne ; AT Inr
T=0x T=24K T=0K . T=83X T=0K T=115%k
gauscian L1207 - =115 095 .90 .095 ° -.08S
- damping -
factor | . ) .
Epar .037 L35 LA6E6 060 .075 067
fF3s .
Epel 025 . .040 .040
t 4
E;:F‘ 058 .NG2 ) oLes)
Valueé of polarization energv corrections for the I conduction
state. The correction changes for differcnt tempreratures b
virtue of the expansion of the lattice. The correletion eneragv
from ref. 3% is Fowler's, and the one from ref. 28 is Kunz's.

All ip atomic units.:

"IIT.D) Quanthm Hechanical Approach

In more recent work, simple vertubation theorv is enploved to cal-

culate the correlatdion energyv associeted with a lone electron in

. ] ' 18,37 . .
the conduction %Yand. Kunz defined approximate cxpressions for cor-

relation which are cvaluatec using the electron polaron technique

of Tovozawa bv 2nd order pertubatiopn. ”‘Kunzavand Inoue et al?6

- r

arrive at the same final expression for the correlation energv:

AEU)(E) = ..-Z l Vﬁ,(o)ll ) | .
3— E(K‘B.)"Z -Efk) | - -(105)

where
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E(R) are the HF tand energies, z:(ﬁﬁ is the summation over the .lst

brillouin_ zone, £ is the exciton energv assumed constant for-all

P 4 () is the localized function which forms the Bloch function

of the electron in guestion and Ke is the cielectric constant. .Irn

5: (G) the sumnation extends,. in principle, te higher concuction !
level but we shall neglect them since thev are expected to.ilve a
small contribution. Ongv levels that are close in energies Lo the

E(R) are necded in the surmation. The expressicn is sinplificd if

-

v
v

gaussians are used and

B e L el e

o JE(k)+5-E(k-2

where

\ +

e f""" e FAR = arp [227]

To evaluate this we must know E (%) for the whole érillouin zénc.
.

'ASs an approximation, we can put E(K) as being constant for all ?,

and convert the brillouin zone integral to & sphere of equal vel-

ume{ To 'simpAifv further we ;ut £ 4greater phan the bendwigth

such that the rightmcst factor ir the integral bhecomes practiéé?lv

unitwv, we have done this onlv to obtain a ball-park figure for

the correlation.
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For Ne, a tvpical case, O = .12 a,, a = 8.435 a,,. K,= 1.23¢7,
and the correlation correction is .M378 Hr. This agrees with the
value of .C37 Hr ot:ainéé'JsiAq_:our classical model. af coufse,
it is coincidents]l "that beth values are verv close, éecause we

are not in a pcuticn of maring precise calculations of the inte=-

.o . . . ) N
gral ip 3 we decised teo use the Fowler method.
) ‘ .
‘_.Table Xix
T = '¥ T = tr.gt
e F.0F7 v.0C58 r.063 L4535
-{. ’ o.nca fr.rcen
B.047 0.C45
AT g.um3 TL.040 p.ree O.35%
Kr L. 0,033 r.0rz .p3°

ﬂ enerzies with cerrelation of the, cresent worw ccm-
parccé to the clectron oLutrtle enerav., The first colunn
for each tempercture 1s the conduction state enerdv, anc
is

the second one 15 the electron bubble enercwv., The three
valdwgs for the conduction state in Ne are explailined in
Table3xXvI. In atomlc units, :

Section IV Stabilitv of electron states
Table XIX presents the final results o% the thesis. Con-
”.

sidering onlv the conduction state calculation which used an opti-

nized gaussian, .one would conclude that the electron bubblé is

" stable in solid Ne. This isn't true experimentallv, In the

introduction, it was mentioned that electron bubble occured in
Neon onlv in the liquid fornm. This obviouslv suggest-to us that
the single optimized gaussian calculation of the lowest conduction

!
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- Table XX

Ne Ar Kr
present work C.057 J.003 0.03
: : 0.054 )
0.047 - -
.
ref, 2&/ c.c13 t.eal 8.047
) ref. 41 0.047 \\ .
ret. 24 . \U.“ﬂ}
C enerclcs  with correlation r;}xrtcd rv sotie authors,
Keference 77 uses the electron polaeron techniqgue for the
pertubative correction for correlcticn effects  (sce
text). _ ieference 4] usec cxperimental phase sniils to
calculate rnew conduction states. The manv-hodv eflecgts
are thus irplicitly taken Into account. Fowler's nethod
is used in ref., Z4. .
. state is neot good enoujh. The two other calculations (whilch uses

a larger number cf gaussian bases), however, give sufficiently leow

enercles for the agreernent., An interesting thing tc observe is

that golng fror. the absolute zero to the trijpie point temperature,
* L4

the difference in energv of the localized state and the extended

.

state decreases. This makes the clectron hubble stable in solics

of sufficientlv low densitv. These low densitv selids don't occur

since thev expand toc little before thev welt. If a rere gas lig-
*
uid can be roughlv regarded as a solid of lower densitv than

usual, then our theorv suggests that the electron bubble could bLe

. ’

stable in liquid Neon, This can be tested bv simuiating a ligyuid
bv a solid of lattice parameter that would give the solid the same

densitv as that of the liguid. Some attempts have been made to

——

calculate the clectron bubble and the 'conduction state' encrgies

in this solid of liquid densitv, " The major obstacle encountered

T, - 66 -
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is the verv large lattice deformation around the excess electron.

. -~

Here, not onlv ‘our lattice freé energv treatrment becomes diffi-
cult, but also the thirteen shell displacements do not converge as
SR _
fast as in the nermal solicé case. FMore movable shells are needed.

The above onlv shows that the treatment of liquids is more comple

.

than that of sclicds, As far as the other two rare gasecs are con-
cerned, it is clear that cven if the band calculation isn't up te

par, the difference in energiecs between the two {vpes of states is

-~

so large that there is little doubt that the ‘conduction state is
- .

the stuble state,

Glancing st Table XX, we sec a wide dispersion of conduc-
t .

tion state cnergv. Tt is odd to see that in ref. 28 the consiuc—

tion state energv with cor}elation is ]ower.gn'neon than in Argor
aﬁd rviton. This goes aé;inst out initial beliefs. One woul:i
-tufnk‘that ghe crdering would be reversed ip view of the experi-
iiental electron affinitv dﬁﬁa (ref;‘é). Iﬁéreovqr, using their C
encergies for Ne and Ar, we would-obtain an electron bubthble marqgi-
nallQ stable in the Ar solid while it would be definitelv nonexis-
tant in solid Ne! As for the ordering of conduction state ener-
gies without correlation of the prusen£ work, it shouldn;t be
surprising that cthe I energv of Kr turned out higher than the
Ar's since the pseudopotential térms for Kr were difficult to fit
for gaussian factor above .Ca.' The ordering of the [T ecnergies
with correlation for the rare gas sglids is what was exbected.

That is, at least the Ar conduction Band minimurn doesn't lie lower
' .

than ¥r's (thev are the same).
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?“ R Chapter IV

Conclusion

The ainm of this work was to deternine the stabilitv of the

electron bubble 'in rare gas solids with respect to the lowest

. energv conduction state, A hvbrid pseudopotential was used to

“treat both tvpes of excited {electron states.’ Qur results agreed
with exﬁerimental evidence that excess electrons occupv extended
states. Theﬁdiffercnce, in energv of the tvo states in UGS
increases slightlv as the temperature apbroaches zero. This den—
sity related tendencv suggests the fpossibilitv of stable eluectron

bubble in the trare j5as liguids, rost prgbablv in Neon sinhce the

electron bubble in solid wNeon is marginallv unstable.

‘ -

In the band celculation part of this work we intreoduced an
application of off-center gaussian functions. I carlicf papers
.on band calculations the functions, of exponential ‘or gaussian
tvpe, wvere invariablv placed on atomic sites. It is a weil Knoun
fact thet electrons in a conduction state spend most of its tiue
betwween atoms rather thar on them, This is why é gaussian ;as_
placed on the interstice in ou} S}nqle optimized gaussian calcula-
tien cof n. Perhaps it is impractical fo do so in a self-consis-
tent KF band calculatioe because it “would eﬁtail a slowv conver-
gence for the valence bands. The valence orbitals are indeec very
well described bv funct}dns centered on puclei. on ‘the ther
hand, a pseudonotential calculation does not compute valence orki-
tals. Therefore these off-center Lases seems to be the ideazl tvpe

-

to use here,

The work also showed that the slaw—varving'approx@mation
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for the pseudowavefunction, an idea initiated bv BSG, can onlv be
applied té compact core orb;tals. The other larger orQiEals are
treated exactlv. with the u§e of interpolétion ‘fornmulae. These
formulae can be as accurate as onc would like; it is onlv a ques-—
tion of how manv more parancters onc wants to introduce. For Ar
and especiallv ¥r, better interpolation [ormulée are required to
obtain betﬁer cénduction band energies. Some attention is pres-
ently being given to this subject. Jther than that, the hvbrid

nethod is verv efficient té_applv.

-

Sone important comments should pe restated concerning the

electron bubble™ calculation. It was shown in the interatonic
potential seétion of chapter II that the relativelv large compres-
sion between atoms close to the dcfect makes the deformation
.-energv value ungurtain, as no interatomic potential. is aécurate
"for large compreﬁsions. In a potential derived from the proper-
ties bf the solic onlvk the neighbiourhood of its ﬁ;nimun ;s the
reliable part. Since nothing short of a sélf;consistent HF'Elusf
ter calculation is available to determine accuratelv the shape of
the patential curve for'larqe compressions, we were ohbliged to use
interatonic potentials from gas cata. "An approxination that can
be questioned 1is the point dipole approxination of the atonms in
the prescnce of a net charqe. This approximation is widelv used,
but oﬁl& in cases vhere atomic displacements are small or- zero.
In the bukbble case compressions of about 15% is expected to modifv
the electronic wavefunctions and the atomic polarizabilitw, The
extent of the changes $re unknown ana can't :be evaluated easilv.
Tﬂe atonic polarizabilitv are simplv left constant throuqﬁout the

lattice relaxation process, Improvenent- on the” two topics above

- 6 -




is really a matter of obtaining better data or additional data
‘that are not available. . The last remark on the bubble;calcglation
is about the formalism developped to treat the lattice free encrgv
for the Ne solid, It was onlv intended as an approxima:ién of the.
. ,effects of displa@eé atoms on the free enerqv. It turns out that
there are problems related to the large displacéments. As it is,
the schene cannot be iéproved further. The next best method is to
calcblate theldéfbrncd lattice's new normai ﬁode frequencies, -but
this is much 5ore cdnplicated. One could possihblv trv to conbine
these twé schemes so that each would be applied to the atoms with
which the applicatig; is e;siest. Qur own methéd would calculate
the chénqe in free energv for the - toms of shells further than the
3rd, as we have i; alreadv' and the normal mode calculation would

applv to the first three sheli atoms.,

Related work on the self-trapred exciton (STE) and the

}rﬁre gas' inpurity states in Neon is worth meﬁtioninq here. .Thesc
célculaﬁions are verv similar to the one 'on electrdn bukble. Thé
on}; differcence is ihe prese;ce of .an atom at the vacancv site,
The theoretical values which can be rcadilv tested bv experiuent
are the transition energies, The calculated absorption upérqv of
the sTe for I, to IT, (atonic 3s to 3p) is 2.13 éV hile the
experimental value_ig 2.13 eV, which is a good agreenent. The
bubble of the exciton is just a little émaller than that of- the
excess electron (d' = 2.31 éofor electron and d, = 2.24 a;for
exciton). This is because the attraction between the hole and the
electron renders-the electron wavefunction more compact, thus
exerting less force 'on the surrounding atoms. For the impurity
states, we want to compare experimental aﬁd theorctical transition

290 -
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e

energics for the absorption and emission, The ground state of the
svstemgis'the np hole state.. Here, it is not .necessarv to gnow
the absolute hole state energv because it is assumed unaffected bv
“the atoms nearbv. This is not reallv true since there is.sliqht
overlap between the impuritv np state and the nearbv Xe atons,
naking the hole state eneryyv higher than estimated. Our pseudojo-
tential theorv cannot treat hole states anywavs;J The next
state is the (n+1)s- inpuritvy state, Tﬁis state 'is calculated
using our hvbrid pseuacpotcntial nethod. The time for the
absorption and emission transition is verv short sucﬂ that thé
lattice can be coﬁsidercd.rfqid during the ;rocess. Because én
inpuritv atom and the hosé matrix atoms are of different bsize
there is sone defornagion of the lattice in" the neighbourhood of
the defect. £11 the atom, though, are in close.bontact with each
other. Once the absorption is conjplete, the lattice begins to
relax tu form a bubble arqund the defect, and éhg' energyv of thc
{(n+1}s state is lowered.  After cquilibriuh is- reacheﬁ kaftgr a
few atomic vibrations) the impuritv emits a 'pﬁotoﬁ; .Since fhc_
transition occurs with a different lattice confiquration the tran-
sition cnergvy is expected to be different. The difference is
called the Stokes' shift. The caiculated Stokes' shift for Ar, K}
ﬁnd e i&purites in solid Ne are 1.21, 1.2} and 1.33 eV, respec-
tivelv. The experimental values are .81, .5¢ and .45 eV in the
same order. tor comparison's sake the same thing can be done for
the Neon atom in Néon solid; the Ne atom is-tfeated as an impur-

<

itv. The calculated and experimental Stokes) shifts are .99 and
o 1 N

.72, respectivelv, Thke ovcrall\3§recmept is satisfactorv in view

‘0f the approxinations that were nade. For instance, . the hole

’
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state energv is Supposéd to be higher for the slightlv deforned
lattice th;p for the iattice when the bubble is formed. This is
because the hole state has practicallv zero overlap with the atoms
~ that have been greatlv displaced while in the‘other’case }he over-
~ lap is 'small but. probablv non-negligable,  Underestimatinq the
enerﬁv of the intial étate of Ehe absportion transition will nake
'thé calculated Stokes' shift”aeviéte the wév it doeg. work on the

alkali atonm injuritv is presentlv in progress.



Appendix A »

Calculation of Coulomb Integral
’ ) - “ ' .
In general this is a three center integral. The following

expression is the contribution of one atom to the short range Cou~

lomb matrix element between two gaussians at position R; and Rj.

e it
<o Vs:.,_v' fj'>=-N_,‘ N(.f‘e—“lr‘ Viey 6'“'6 A7 (A')

Vie,v = .__)'__+.ZZ(|1;~,\( R AR (A
Ir- % F 7l

wL\ere r'_r R and r—

In the hvbrid scheme we treat onlv the outer electrons exactlwy.
For neutral rare qss atoms, the above inteérdl involve eight elec-
trons. To keep the iptegral in T from diverging we take the
nuclear charge in \3‘(?) &¢s being +8. The rest of the nuclear
charge is .included in the calculation of the ion-size pararneters,
A, J' anc . Since \Q‘ r?) is a fuction cf radial svmnetrv:about
- — .o -

Ry, we take Ry as a new origin and r as the position vector rela-
tive to the new origin, This integral is determined analvticallv
for values of r ranging from 8 to 200 a, with an interval of .uP
a,.  The gaussian factors in the integrand are. not radial func-

tions of r. Their sphericallv svmnetric compounent is extracted as

follows: The two jaussians can be cxpressed as-~a single gaussian
casilv;
T L =l I
—o, F,T_—ex - - —(x +q)r
e [l e PR 'b%f’ - . 0(' R)[
where = -Re and Ry =(«:R; +-'u<JR)-) (43)
' «; + di )

The next step is to expand this gqaussian in a Fourier-Legendre
series and to conscrve the first term (the other higher order
teras integrate to zero bv svmmetrv),
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-art ‘ : |
o :%L%ﬁdi(r"ﬁ,‘) AN (A4)
where Fl(,-’ Rn..)=’ e,'“'r—“ Pz(mﬂg)a{ (u:n.-)lg) anfmﬂk = . Rk .
The first term is:f o r
LF,(r R =.'_{' - (r* ¥Ry -2¢ R, coe )
2 (r, ) pa "e o - ¢ a((co«r.JZ,)
! T -—
1 e==(T+Ry) ezrk,tx]"‘ J '
2

-lr‘ R.,QL Xz -
- (rt g
= £ . ( ‘l’Rt‘.) SVV\"(lO(I'Rk) (AS)
ll‘"Rlx .
when = {i.e. when the gapssian is'centered on the aton),
(1/2)F, (r,Ry) reduces to 'e“‘Rl, as expected. Roth factors in

the r integral being radial functions, the integration is written:

HrrNN e,zf»( /ﬁ; 'F“ )_@;;"_R_ “r;;nL(zm-Rk) Ve (F)rdr
dl 4‘"() 2w R“ .
(As)

which can be calculated numericallv by the Simpsen's method..

I1f the X s were expressed in gaussians instead of Slater
tvoe functions, the conputation of the double integral can be per-
foermed analvticallv using the fornulae 3Jiven bv Shavitt in refer-

ence 4C.

g -




Appendix B

Calculaticon of Exchange Energv
This integral is special in that <t is a ‘two-electron integral;
the gaussian factrs are functions integrated in different coordi-

: . b

nates. The contribution of an atom at site Rp to the matrix ele-

o - -

vent between a gaussian on R; &nd another on Rj 1S

N —a i (F =Rt =7 e A VT T1S. 0 13 R Ty N
N,ngfe Rk X,A(";-R-,)l‘ X,y (F-Ri)e iRy dr. [d7
' |7a- 7 |
(81)

| . - N + ') :
where the subscript 1 refers to the gaussian on R; and the subr

script j refers to the gaussian on ﬁ}. Begause'the X 's aré
expressed }n Sla;er tvpe funbtioqs,?l the integrals are just abput
hopeless to calculate exactlv. ‘However, converting the Slater
radial functions to a set of gaussian functions allows ap analvt-
ical gvaluation of the inteqrais. In our,hvbr;d ;cheme, ve have

onlv one s-tvpe and one p-tvpe orbital to fit. We will ‘examine a

particular case in detail. Take the MNe 2s radial function:
L . . . ! “'fslz, )
Ri(r) =2 ¢ Nyrm e j N, = (lx) : _ (81) _
o - ‘ i [{_in‘l’?_-)!]

where —
i C; - ng- di
1| -£.23003 A4 ©.48486 -
2 -0.00535 0 15.56590
31 ©.l8G52¢ 1 1.961814
4 0.60099 1 2.86423 |-
5 a,3nall 1 A.32%30- -
5 ~-0,13871 1 7.79242

The Ne 2p orbital is s{milar where we have
Re(r) =2 ¢;Njrmie™" (83
; E

lHére tﬁe.c;'s, the ni's{ the m;'s. and even the number of ba;es
mav be different. - Note that the lowest possible power of the fac-
tor r in .the s orbiial is‘ﬂ thle for égerp orbital it is 1. The
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QSGssian tvpe orbi;al we want for thé Ne 25 is -written
. ey . T
' R(psﬂUSS (r)____ E(_‘ e-—K-l"’ | ‘ _ _- (Bq)
g . _ -

where c; and u; are the adjustable parameters, As was éuggested
bv R. Stewart?i'onlv ls tvpe gaussians are used in this expansion.
Functions 'such as r exp(—Okr1), rtexp(—txr‘) and so on are not
needed to obtain Joo¢ accuracy.  There are two wavs to proceea.
from here. Oone is to use-a small number of bases‘(sqv, the same
number as in the oriqinal'sla;er functioﬂ; G);, Both set of param-
eters c¢. and O; are to be optimized, The c;'s can. be easilv
determined bv least squares method and fhe o; 's must be found bv
the direct nethod of varxat;on to search for a local minimum. The
alterna;xve is to enlarge the number of bases, sav N=15, and to

use the same. bases gaussians for all applications. The gaussian's
. t

dahpin parameter remain fixed at o e

1 lln-l)
The large number of bases makes up for the fact that the 's
are not ,optimized, The same procedure is used for the outer p

~radial function except that-
G—RUSS

(r)= Zc r'e"“‘rL | u (8s)

The of;'s are the same ds before.

The contributions of the two types of orbitals are calcu-

lated separatelv. For the s orbital, we have:

. = B L T - P s |
M N § CMC f- _e(i(r," R‘)e._“mr: [{e ‘“nr-‘_e (_r“’_ )'Lo‘__‘l]cl_r_;’
.”y ‘ _ ‘ _ I?i _‘Fil 7 |

Each term of the double sum is - ‘ (BL>‘

Ce»x,o( UR - VR )F[wPa]
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'and P

- to zero. The orbitals p

" where ) -

= 2m¥
(o(‘ +—o<m)(ov. e—uc..)(oct o +o<n+o¢m2—\

W= X V= o
(“;**x~9_ ’- , dif-qn ?
) u) = (3 +0tm)‘Lo('-+—"X) o, ({—):i(.ﬁ’.)ﬂerp (\rz_T)

L (a(t{-o( + 0, +0n) £

1T
“h

I(“‘ *“;““) («; +;>L-.)

This is & special case of the four-center-integral with two gaus-

sians cuntered at the origin, The more general expression is a
little more conplicated and can ge found in ref, 4¢. The refer-
ence aisé gilves fhelmethod Eo determine &hc i orbital céntéiﬁu—
Fiqn. The method relies En the fact that a p orbital centercd on

— N
Rg Can ke written:

(z_zo)e-oc(?'—_ﬁ:):_, J e—«('r‘-'ﬁl)‘ (87)
- 22 JZ,

The pz_,orbital contribution is then obtained bv diffcerentiating

|
the gencral exﬁression twice with Ecspect to the Z, coordinate_of
the_anSSians n and.ﬁ~(thev are centcféL on the sghe sitel \Ihe
oriqgn), and bv (1v1d1nq the result/ bv 4 &, Xm. | Of-éburse,” this,
does not work on cguation (Pé) ,sincé it_}s a special <case of.a
general expressiop. The double di[férentiatipn results in a coti-
pli&ated expression which sinplifies a little. when Ro is puﬁ‘equal

X and py are treated jdenticallv, and the

~ sum is:

cwp(-uk UR; ) { F.Lwf]’] L/xmxngpa
| : . 4« Xy X : (KF+*wJ(“ *004'
. : ((“ "'°‘-) o +—ncm( ))
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&\) ' o ‘ ‘Appendix C - E _ . ?hé
. .ﬁ;//) ;:;::::\ngrix Element in SVA

wé wish to derive the off-diagonel element for the overlap
'according'to the slow varving approximatioh of the pseudowavefunc-

tion. 'we write the overlap contribution of a core;
\ .§§< 6 UP-R ) X, (D<) ] 4, (I7-R; 1))

" N - ) . A- - »
Ry and ii; are thc'posnt:? relative to the core site of the pseu-

dofﬁnctiéns i and j. e of the factors zre expanded up to the 4
first order terns: ‘ . - . -//
CF-Ri) XAl = 271 { Fia (0, &) Yoo () Yor (Ri)+ Fo, “lok; ) Yo (7) >c,’2(r< )
)
+F,-_, (OlRl:)r-[le( :o(R)+yxl( )YH(R +Y”(r')y,,(ﬂ )] ZA(F)>
' (<)
For the moment let's restrict ourselves to a single principal -
cquantun 6umber. " The sum over A \ﬁl consist of one s orbital and
three L orbitals. D ortitals do not participate in first order
terms, For each A, different expansion terms Qanisu from SVINE—
trv. When A = 5, 'the surv1v1ng terms are : .
{'l'_rr F,:,(?;Ri)< Yoo(f')’xs>yoo (RL')'PZTT Fio (O R )< Yo IZS>Y00 CR )}X
£7-TT Fjo (Ur R))<-xslyoo(-?)> Yao(i‘j) + 2 F (0 R )< XSIYDD r > y"o (RJ)}

L. . - . '6. o P
since Xo(r) = Yoo CR;): yoo (ﬁ“’) (‘-IIT :
we get ' ’

1 t ) 1}
-{7}:60 F}o(‘fx'sdr) + [FI.D Jol ,,‘a‘,:'

. where the ‘SQIG?J Ts-dropped because it becon@s'a 2nd order term.

For arp orbltal,'sav the one w1th Yio-svnmettv, onlv ohe term sSur-=

b

kY s
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. -

vives: o R T _ -
- (1) . ~ . ax o) o N :
Fo (0,R) < Yo BV [ Rpa Y Vi (R:) * 21 F1 (0, Ry Ko | s (7)€DY, (R;)
substituting = . "y ’
Y (E)=(_:»_) coa
to =1 qr

we get - o : :

SRR 0 " ' . 2
3 EOEY Y (gt-)y,,,(x,-)(fr—mex,,, ol-c)_
Forhthe two lother p orbitals, similar egpreésions'arc obtained,.
with ali the factors bieng the same cxcept the sgherical harmonic

product, Sunmming the three cxpressions, one gets,

.‘.?7. F.'f.‘) ij.) [ F’{'\L ‘ §JJ ([rw&G ;}Zf dr)z .

where the spherical harmonic addition thgorem was used:

£
O NI )Y, ()= @) £y (77).

| aatd -1

.The s and p orbitals.-of different principal quantum “number are

"easilv included since their contributions are sinplv sumned

together, The factorization of these terms results in the ion-

size paramters B, K' and ¥ exactlv as defined in eguations (27),

{28) and (29). The whole procedure can be repeated for the .hatrix

elements of the Coulomd and exgchange inteqgrals, giving the parane-

ters A , J' end J .



Appendix D

..'Slow varving Approxination Expansion Terms

A gaussian, exp(-:xl?Lﬁ.I‘) is expanded about an atonic

site which we will take as the origin:

t .

o—*7-R, ZJ_iH £, (r, Ro) Py (w-rz.ﬂ.o) . (o1)

Felr R = c-*"' “R)vp (ma)ousz) (02)

-t

’ . : : - = . C
- where _fl,is the angle between r and KR,. This appendix is con-

cerned with the first few Eﬁ's and their derivatives. F,(r,R,) 1is

easv to evaluate:

Folr, Ro): f ot +R‘-1rRo'x)A¢

_1 -OL(r"-}- R})SWL'(Z—“FR) (03)
| (2«r R, '

’ .

" and ‘ F;(Q;Ro)-:le_x'g:j - AW (D'-f)

. . . ‘ ‘
The first derivative of F, (r,R,} with respect to r evaluatec at r

~

= & is zere, which isdyshown here:

F R) ﬁl— "e',&f"'%ﬂa‘_-lr"\v%) '1 :
e~ '. ‘ )
d -KUJ+Ro"er“x
f < or (ps).
w
_,o((_r' +Ro_2-"'R°’x)
L (:LvtRo’X lxﬁ} N _, dx -

-

The second terin is A s

M - 1 v
- -lo< r)[.?. e “_(r +R )Sauv\l'\ (.20«'20) A
- “‘ (l ) L -
wthh d1aappears when r tends to zero. Lt first term is - -° .

ze-«trwo)( qu(zm-Rs)_ cnbliack))
TS (2 Ro) ¢
' ) f 81 - 82 -

"

i
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! - T _ '
. = ‘ 1_9 —x{(rt+Re=2LrRox)
| [_' (Lx R, x -2 & rx)e, , | [ (03)

We have seen that the sccond term becomes zero as r =06, and the

-

first term is the sane as the third term of egquation (DG} apart
from a factor of 20(R4,. Then, . .

O)
IR (o,R,,):%LaRoe_“"

v ) -
R,

)
As a finmal notd®, it nust be stated that the éimpleAanalvticél

forms encountered here are attributable to the fact that the gaus-

’

sian function is a function of distance squared.

L



Appendix E -

Electric Field Due to Atomic Point Dipoles

The field produced bv manv dipole moments is

Fap (7)=F 3B Bor) P = e pw (1)
A R |
\:MLC-I"& - = -F:nn F:m = Fn .

We are in a cubxc environment with the electron wavefunction hav-

k]

"~ ing full-cubic svmmetrv (the clectron state is"an s-state centered

at the oriqin); I1f there are anv aéomic displacements thev will
be such ‘that thev don't -destrov the svimnetrv. Atons wpo have the
same svmmetqv_coordiﬁates'(ite; at;ms of the same shell) share the
samé magnitude of dipole moment. We will assume that the nmowent
vector of each atom is pérallel to thé postion vector of the atomn,
This is equivalent to saving that the eclectric fields sproduced bv
éll the other dipoleéncombine at a lattice site s¢o that the vecto-
;ial sum's onlv componeﬁt is radial. This is true for atoms of
shellé consistjng of onlv one svmmetrv coordinate (e.g. ({110 Y4
(200), (2200), (222), etc...). This is onlv an approximap]on for

the other atoms. The approximatidn, which is probably a good one,

was adopted because it simplifies the expressions about to be pre-

: . — -t
--sented. Putting Edq_llr » we have

'l?d.}a(ﬁ.),;*' Eaip (F) - S |
E 3 (/“‘"'m Ffmn)(an i 4\) rﬂm /‘A"" 7:

Goim

Z-JM»LJ-Ln +r2) e = r, (3-(- (.ab."‘g' ('E'-’L)

(f"., + Oy =2 M Cn m9)sh

wiTh _' Coa D= 'f“.. . r.m |
Now we>group the unknown ,Aﬂs into shells:
;o ] . .
- 84 — . . “. -



~

F o (7o) = : L{rt+r2 Yo ~ o (34 cov.,‘&)‘
d:P” N .Z MJ Z (f"n"-i;'l'j\'—lf‘._-"' c.an.&)‘)"'

)} e 3 J
shells q%:ff -
ll"l 5
- . 3 _ (£3)
WlTLI (.0'0.93 [ rJJ j‘nﬁlr .[rJ l
- —

: The double =sum excludes the case wvherc cos @ = 1 and T - r:-a,
sinultancouslv. Thelattice is divided into two _réyions. The
) . . . ] ™~ : . '1
" inner region, consisting of the first thirteen sheclls (248 atowms),
N is alloted the dipole roments which are left unknuin, Thie wlpole

[ S -

motents of the outer region ({shells farther thean the thirteenth)
are deterwined by the continuum model of the dielectric, This.

nives: . -

13 ‘
Eahp ()= Z M E l(r'(.-.r- a -‘) C.ongl—"r-, - (3 g)cr:/:;‘9)
+ r - & Lo

' ' 3
area( '"L‘)Z 5 ALY r (3 + contd)
1T, » -
_ e 3 ( M+ f' -2r, l" r_cmB)S/’-
—~ . | (1)
This can b% rcwritten Ca

By, (7)) Z/U, SS) -+ (Ls), (£3)

where the ahell sunnatlon nunberd, (SS)

’

, are defined

(ss), = 5 2leemleas®Z Geoe)

7 v+ Ve loary com-9) * -
where, again, the suignation excludes the term cos § =1 if n = Jj.
Notefthé;- . , ) . "

(), = (s)ja 0o = €D
_ X J_ Non ' b
because the definition - is symmetric in, r; and 1. The calcula-
tions aré almost cut bv half. (LS)-utands for lsttlce sum: : -
(_LS)‘ Z 2. 2 (r2 +r)c.ou.9-—r' s (3+cm’~8') '
I L A rt(r v -2y co«Q)S/" = ko)
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- each shell displacewent, The dipole electric field will therefore

g

wWhile the (SS)'s are easvy to evaluate, the ILSk'S are a little ¥

-

more'difficult owing to the'slow-convergence of .the sum. (LS) of -

the shells of sraller radius are generallv slower to converge to
the correct values., If the site where the electric field is to be

calculated is close to the origin, there will be large cancella-

wtion between electric fields produced bv dipoles opposite each

i

. other, At the origin, the extreme case, the field is exactlv

zero. For the fiTst shell, at distarce a/J2 from the origin, Byna

atoms are needed for the sum to converge ' to at least 2 correct

figures. -On the other hand, shells closer to the outside regibn .

receive 4 stronger influence from the exterior shell dipoles.

There is hardlv anv cancellation for the first fcw shells of the
exterior region, since the distances to dipoles of opposite direc-

tion are much more disparate. Indeed, to obtain three significant

figures for (LS) of the ninth shell throuyh to the thirteenth_

shell, onlv 1000 atoms are needed in the sumwation,

All in all, it is not practical to calculate the (LS)'s in
the bubble program since ecach one of then involve'a_summation over

at least a. thousand atomgmand they have to be recalculated after

. include,onlv-the inner shell contribdtion} the (SS)_i terms. This

is a reasonable approximation.since the dipole moments of the

inner regiop are much greater ‘than those of the outer region. The
e
(LS)'s are expected to bring, at best, a small contribution to the

electric field from dipoles. - To check this aproximation, onpe can
calculate the' (LS)'s once the fiﬁal'configuration‘ of an electron

bubble is knbwn, and put them back into equation (E5). The Mott-

A%

o ' V . . . o -— ,86 - . ) - .‘ . . J
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Littleton ﬁrocedure is then carried through. If there is no
significant change in_polarizdtion energv, fhen the approximation
is"gqqd. A{ternati&clv, one suspects _th;t neglecting ﬁhe outer
fegioﬁ dipole moments, will mostlv affect the accuracy of the
dipole moments calculated for the inner shells iyinq.closer EQ the
outer region.  This is dgmdnstrated in Tablés XI and XIV of the
seéohd chapter. Usina ihe.contjnuum madel values for these shells
"sholuld give a diffeﬂence'in rolarization energv that ts tvpical of
- [ 4 : .
the precision of the appqo?ima;iqpi For the Ne electron bubhle at

T = (K, the difference is verv swall: 2 x 10-5 Hr. For %r ,

r

which is much more polarizable, it is 3 x 10-4 Hr, fifteer tiues
greater than in Ne but is, nonctheless, less than 1% of the pola-

rization encryv of 4,60 x 10-2,
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v . Abstract

The relative stabilitv of the'_loca}izéa eleétron ' state
talectron bubHTR{ with féépéct to the delocaliied staté (conduc-
fion band minimpﬁ) in the ?are.éas solids §e, .Ar:énd‘Kr is.deter-j
mined theoreticallv. " - The method oé ‘the hvbrid pseudopo-

tential is used to calculate the energies of the electrom bubble

. and the conduction band State. The method has two'basic compo-

nénts. one is‘the exélusive'use of f%oétinq 1s gaussian basis
Eunc;ions‘ri.e.  the function are - not necessa?iiv centered on the
atomic sitesi. The other is the hvbrid schehé-of reﬁresenting the
effects of the og¢cupied electron orbitals. The ;ééep Qoré elécﬁ
trons are représented bv the first two ordefslgf ion—size'paréﬁe-
ters, Cfirst introduéea bv Bartram et al., while the outer s and p
shells a}e treaﬁed exactlv as in the extended ion modél. ﬁ.set.of
efficient and accurate. interpolation fornglae are proposqa to rep-

resent the Coulomb, exchange and overlap integrals between the
‘ r '

outer shells and the excited electron expressed bv a linear conbi-

nation of floating ls gaussians. The efficiencv of the formulae

is attributable to the fact that the basis funQ@ions are qpuifians.

The polarization energies for bofh tvpes of excited states are
calculated bv the Mott-Littleton method. For the conduction state
a slight modification of Fewler's application of the above classi-

cal method is made so that the correlation effects from all atoms

are taken into account. A guantum mechanical approach used bv XKunz
. . [42] . P

was investigated, and was dropﬁéd in favor of the much less com-

plex classical method. -The electron bubble's electronic structure

was determined self-consistently with the atbmic displacenents.

-



The solid was considered as a collection . of atoms interacting
. P .

.pairwise via standard interatomic potential dérived from gaé Jata.

. .

For the case of solid Ne’onlv, a simple scheme was developped to
approximate- the lattice free energvy changes once the bubble

formed,

Qur results for Neon, Argon and Krvpton solids agree with

experimental evidence that the conductioa—state is the most stable

for these rare gases, our calculations also suggest that amongx

-

the rare gases in liquid form, onlv liquig Ne could support ' the

existence of electron bubbles. , °~ = - i
. . : 1
e





