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Introduction

The past five years of this project have been devoted to development
of qualitative theories of the fundamental electronic structure of pure and
impure semiconductors. The basic theoretical tools and also conclusions
relating to chiefly photoemission type experiments and to some extent
spectroscopy of pure II-VI and III-V compounds are presented in Chapters 1
and 2 of this report. Basic complete work relating to adsorbates and their
spectra are reported in Chapter 3. Several related studies are being com-
pleted at this point and several articles relating to these studies are

being prepared for publication.
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Intréduction

This investigation has the vurpose of.performing
self-conslistent energy band calculations on some of the II1-VI
compounds, such as cadmiur sulfide, zinc oxide, and zinc sulfide,
- There are many vractical end thecresticzl reasons
for Interest in these moterials.

Tnese raterials have applications as phosphors (Zns

ar. CdS), =2¢ infrared detecvors (ZnS), in photcovolitaic cells (Cas-

!
Cu 3 or Cin-Tdle rebterojunctionn), in vztieries (Znd), as FETs
2
' (CcsS)y, in retsrojunction lasers (Cds), and even as acoustic ;
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irsulators. Trey serve as zz test of calculational methods previously

uszd on the lighter I11..V compounds and cther compounds simpler

tharn trese 111 conpeuads,
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In partlcular} the cccupied d-levels, which lie in energy near the
top of the valence levels, compllcaté the picture. The positions of
the d-bands have not been correctly predicted in previous ab initio

calculations, and in fact some methods fall qualitatively by not

obtaining the proper ordering of the valence s,p and d levels, ' |
The JI-VI compounds have slso been of theoretical interest
as excltonlic systems, High densities of such electron-hole complexes
have been produccd and otserved in CdS. The electron-hole liguid has -
been otserved and studled in CdS as well.
In aeddition, some very interesting mesgnetic properties
in CuCl and CdS hove recently been observed. This 1is ths tackground
of these experimental studies, Anomalous diamagnetism has been
observed in CuCl under rapid pressure and temperature cycling. In

5 some samples, up to 50% of the magnetic flux is excluded. This occurs
k3 : -

at high temperatures (150 k!) and cannot te explained by ordinary

dismagnetism, The only currently known phenomenon that can explain

this 1s superconductivity,.
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It's clear that this would have to be supcrcorductivity
of different origin. Acoustic phonons, the knoan mechanism,

are too low in energy to bind electrons at such high temreratures.

Models using some other form of interaction to pair electrons

seem to be necessary., Some form of excltonic binding is proposed

in many of these models, Cne of the most well-known such models,
the Allender-Bray-Fardeen model, requires a metal and a 1“

semiconductor to exist in very close proximity. Since CuCl can

disproportionate via the reaction 2CuCl Cu + CuCl , this rciel
2
tas anposled +o many. Howver, cadniunm sulfide, which has been

observed to have only one valence stste ard 15 not believed to
disproportionate, has shown similar anomalous dlamagnetism. The
lavw of wvarsimony is, therefore, acainst tne metal-semiconductor
sandwich 1dea. Also, in dboth CuCl and CdS, Jmpuritles clear}y
pley a rajor role, Sufficlently clean samples display no
interesting behsviour at all, And to make life even more
interesting, cadmium sulflide also becomes a ferromagnet under e

kiznh (40 ¥1logauss) applied fleld,




Arotner isciel, proposed by Bishop ard Cverhauser ( ), involves
the interaction mediated by the optical phonons. This mechanism
has deep attractive potential wells, about 10 mev in depth for

a svaclng of 250 angstroms., This suggests the possibility of
bourd states, and the pailring is considerably stronger, around

a factor of ten, than the palring from .acoustic phonons in

tre tyvical Cooper pair in the highest temperature superconductors
¥rorn, at avvrorimately 20 degrees Kelvin. This idez 1is even more
intriguing in the light of the fact that both CdS and CuCl are
Stronzly polar cozpounds, This sugrest that these phenomena

werld not be seen in the less polar 1III-V compounds and in
elerental semiconductors such as Ge and Si. They've been

ivwvestlgated most thoroughly sand indecd, such effects have not

b=ev. observed,

™\
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Chapter Cne

fhe calculations discussed here are bassed on
Hartree-Fock theory, the most common approximation to
the exact non-relativistic theory of a many-c¢lectron systen,
I'11l discuss the theory and its applications to crystalline
solids. Tne speciallzation of EHartrce-Fock theory used
in these calculations, the nethod of local ortitals,

descrves ana gets a chanter of its own,
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he original vrohler is finding solutions
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ger equtation for & many-~-electron systen,
This is impossidble, 1if the universe is as small as we think

it is. Consider the wavefunction, which is 2 3N dimensional

s

function if there¢ are N electrons. Dividing easch axis into,

say, 1C0 unitis, in order to numerically integrate and

6N

differentiate, we need to record 10 entries. The same

problem arises if we try to describe the wavefunction by

~




sets of orthogoral functions, 10 is Jjust too big 2 nunmber.
Quantum mechanics is agalarst us. The upper limit for the

2
rate of informztion flow in a computer of mass } 1is iic /h
(h = Planck's constant, c = speed of light), in bits per
second. 1t’'s not hard Lo see that macroscopic pnhysical
systems cannot be exactly sizmulated by digital oompufers.
I emphasize the word digital, since the electron 1s an
excellent analog of 1tself,

Such 2 digital sirulation would be useless even

if it could b2 done, hAs suzsested, the real solid simulates

ite Y K of physics 1s to explain some
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set of cccurrences in terns of a few, relatively simple

idess, rather than making rodel lsomorphic with the unlverse

0

2nd Just as confusing.

We begin to clear away some conmnplications by

tsling the Ecern-Crpenheirer avproxirkation., This neglects

eny relationshlp between the motion of the electrons and

the motion of thz ruclel. “hnis & valid simplification, since

3 5

tne nucled range from 10 o 10 tires heavier than an electron.

b
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¥ie can express the [N~&¢lectron wevefunction

as a function of the electronic coordinates alone:

q
t};-.l - Y:‘_(X‘)J()),,, KA-) (1.1 |
Here contalns the position and spin coordinestes of the
2
ith electron. iWe wrlite the Schrodinger equation for this
vavefunction:
i

H Z; (jtzx' )= L

L ol H

Toox, 0, ) (1.2) |

here, B is the non-relativistic Hamiltonian exuressed in

2
atoriic units., In this system of units, =1, ¢ = 2, end

the masz of the electiron is one-neli, The unit of distance
15 ocrne bohr (.52% anagstroms) and the unit of energy is the

rydberg (13.6 ev),

H=H ¢ »H (1.3)

. . - 4. 2 .
syryrnnivetion,




The upper case characters refer to nuclear
properties: Z is the atcmic number, R is the nuclear position
( usually assumed to be fixed, like Pimlico) and M is the
nuclear pass. The lower caSe characters describs properties
of the electrons. X .1s the coordinate of the ith elec,ron.

The atomic.numbers of the atoms under consideration

EY

gre relatively low, and since 1in any event it is the valence

electrons that are of primary interest, the non-relativistic

rature of the Zaniltonian may te acceptable,

)
v
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uncdamentzl arproxiration, now ernplied, is the

independent particle wodel, In truth, in the real solution,

the varlables are not serarable. VWe nust assume that they are,

cr more exactly that the true wavefunction can be well-
apprroxinated by this model, The independent particle model 'says
that the electron is acted on by the average of the other
electrons., The XN-electron wavefunction is expressed as a product
of cne~-electron wavefunctions, or s a linear combination of

guch products. A simple example is the ilartree wavefunction:

Vo= 6/{\’,) 2 {)(Q) 5/';/{1/[,) (1.5)




Since clectrons ure fernions. this l-electron wavefunctlon rmust
be antisymmetric. Any irterchange of two rarticles rust reverse
the sigi: of the wavefunction, The sinvlest way to antisymmetrize

is to use the determinant of a matrix whose elements are

]
spinorbitals., @/ [’\(/) Q(X.;) e 1?/);)

9{)‘{‘{,) @ (X.)) L] ‘
-4 >
b= (WDt | |

(1.6)

- SN2 .
ot 21l such S/,arc spin cligenstates, but forturnately we have

rore elesel-siz:h osystens tralt ocam bho expressed a2s single-~
dcterminen woveiunetions,

arbitrary ¢ y we can find the ¢xpectation
N
value of tne iizrziltonian, It is a sun of one- and two- particle

integrals:

é’ .
<$« ////7 f PRy ),_7(‘ 9 11~P)},'J)'>(1.7)

J) <) A'X XA
/,{JD’)"'O(;,C(;) (1.8)

Y i1s « permutaticn operator, constructed so that

)

> = /) A 7 . The Loerrs i3 are not o vroblem since the

els the "soifl-exchange!,

/°
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The expectation value of tue Eiaxniltonian.( "Il.{/ H/ Z), can be

minimized ty varying the spincrbitals, It has been shown that

{¢.) W] % >=F (1.9)
T %D

where E is the enexrgy of the exact ground state.

We vary the orbitals, but.take care to keep them
orthogonal, for convenience and withogt loss of generality. This
is done By using lagrange nultipliers., The objective is to cbtain
the lowest upper tound to tre exact non-relativistic egergy.

we define the functional

L=<V 1)) 2 NAPARP RIS BT

40277

and require that the variation of L = 0 for 1 = 1,2,...N ,

Thls yields a set of I coupled nonlinear

intersrodifferential equations ¥ncwn as the nartree—Fock equations,
{ v’ —f ‘l +22 (J;~&; )} O: (x) -{3 ea)(l 11)
'dt

and Kk have the familiar Coulomb and exchange operator forns.

J J
oy
JcQ;(x) ={ '("f___{. c/&'} 9‘.(x) (1.12)

v -/
K: 000 =i yé‘é'lﬂ &) A 0,(x) JEREY
r o /

Tnesa equations nay be written in ratrix form;

(1.14)
FH = 56
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F is the IIxN matrix of tne rock operator. For closed
snells, it is Hermitlan, so S may be dlagonslized by a unitary
transforrmation. Fortunately, the 11~VI compounds have closed
shells., We may write, F/lJ.) = 6; 14> . (1.15)
Combining this expression with equation 1.7 glves the Hartree-Fcck

ground state cnergy,

N — _ . ,
E = (1/2) ) {E. +(,‘/-f/,4)} . (1.16)
EF K *
The £§,are the single-particle energies, slmost. Koopman's
o
theoren states that glven a variatiorally stationary state

fermed fro~ W sinmuiteneous spinorbitnl (vseudo)eigenfunctions

. .- . 5 . - , . . ’
of the I particle Fock operator 7, the states V end V '

one entry, are statlonary with respect to further variation of
that spinorbital whose occupancy has been altered. If we
neglect relaxation effects, f} is the entive change in sys%em
energy wnen an electron ls sadded or removed.

In order to eaquate the ¢ s with single-particle

A

er.ergles, we must also sssune thot relarxation effects are smell -

trat the otheov oecurled orbilals chanse only slightly when an




[ , .
| There are such changes, since the Fock operator is a furctional
of all of its own solutions, and changing one of them must

change all, The questlon is, how ruch? These ralaxation effects

will be discussed in a later sectlion.

14




The lethod of Local Crbitals

The rpethod of local orbitals is a varlational
technique in which solutions to the Hartree-~Fock equatlions
aré sought for a srall subsystem of the system of interest,
with the caveat that all such solutions found must be contained
within the occuvi=d rock srace of the original system. Sets of
such local orbitzls, which are not orthogonzl, c¢an then
te asslgned to ezcrn subunit of the lzrger systenrr using the
trznslaticrnal irvsrisnce of the Fock-Dlrac density metrix,
tnhus spanning the cccupled Hilbert smace of that system,
A single noniters-tive rotation of the local orbitals within
this occupied spzce then yilelds the exact self-consistent
solutions for tre original Fock opcrator.

Ir {éaj})ﬂlil)i)f"h is the sct of local

orbltals satisfylinis the Hartree-Fock equations for an n-electron

J

systenm, then F @A' = 5 /?‘) 53- - (3.1)

The YVock-Dirac dernsity orvorsitor feor the egquation 1is

e




VRN &
= b. S B. (3.2)
Y 4‘§ A I 4

-]

S is the inverse of the overlap matrix S,
. * /
5. = J 8 606 & x (3.3)
n‘;’; - e

Rho (_Y) is a projection operator (f2=f andy:jr )

chosen such thatfez é; for any orbital Q’in the occupled space
andj)z-:.o for any orbital X in the virtual space., This means
that for any one-electron of:erator I.,, the projection of L

ornto the Hartree-Fock manifold wlll satisfy

KL
\

y L o= . . i

for sny occupied orbital g, and ;. I_j,.f=0 for any virtual orbital J.

Lnother approach, rigorously devclopsd by Gillbert ( ),
tesins by introducing modifled Hartree-Fock egquations of the form
‘

(F +pp 6= 8 (3.5)

A

Ltove, A 1s an as yet unspecified Hermitian operator and rho
is the ‘diazonal' ( x equais x prime) Torm of the Fock-Dirac
dersity operetor ( ), We see that rho is idempotent, Hefmitlan.

eri rrojects onto occupled Fock space. Because of this last

rrenerty, 1t esn te shown trat the occupled elgenfunctions of




trie rodifled Harxtroe~roek cquation lle enlirely withiin the

occupled Fock space of the unmodifled flartrec~Fock equations.

: /7 of 4 . 0
4 _ ¢ »L/‘ (‘L Py c:c-lwao-'/

so, PO S0 (3.6)

('If)‘u r """5(
There is no Koopman's theorem for this modified

equation, and so the £.s cannot be interprcted as teing nearly
4

R the particle encrries, as they can in the regular Hartree-Fock

equations, The toi~l enery sy of the subsystem still has significance

since & unitary troansforratlon within occupled Fock space

lezves the troce of orcrators such s the Hamiltonian

Sermitioe

vary with tne cholce

.
or
-
=

Re
I
o
vo-
bt
j .}

The provoriles of

of 4., Ve are locl iy for furctlons that are localized on specific

-

o

titice sltes of 7. crystnl, I1n order to decide which operator

- +

1 4

'; roest fulfills such & purpose, we need to conslder the

{: .
rivimlzation of ¢ Tunctliennld xé}[ o 0 ., 0 7

. . ) ) Al

vhicet to the varvistionnl coenstraints <.A{y ~{ ! =0;

st

plA)=)ay 0s {Algy - by =0 (3.7)

(3
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rethol} of
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Voooennouse vhe multiplicers,

Jarrang.e
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constraints of equation 3.7 are taken into account by the

——
. ~.
N

raraneters ;Lw » and the constraints that involve exrlicit
“

functions of X 1in equation 3.7 are taken care of by lagrange
. /

functions Q.(x) and :‘L(x).

Wwe obtain

J{ﬁze] «2 LA 13-4, ) g

Kol
T L e dlp ~<.4'}) -5 7L,“<) (pli>-1ir) (3.8)

Vi

J/é«w]“ﬂ)/)h?() ) T o
)=t ﬁV ?/ Z JIJ? %‘{X

¥ultiplying on the left by (1ty)' we see

(1_f) 'j) =0 =1,2,...N (3.9)

and (i-p)%, 9= {(17)’)22 } P =0 for all 7'“ (3.1.0)
7 r

ard so J 1+ 7 (x) = ] Le] —A (= A1

S Per 2l o] 2,6 (3.11)

Suzstituting equation 3,11 into 3.8, we get

7 Y
g4 Hrel = 2 4 1py (a2

et ter e o Arne 5 B e A b ! e

= k)
J/' 2/ .
which may ve rewritten as @/k) = E ,'Z !4 ) (3.13)
oz V73 7
27V {
-7'-
rere [ = e (J 4)} < < | = (3.14)
J‘?/ -1
£ unltery transformation g‘"fs
G , / / ' -
Iy = £ 1w’ (3.15)
Since we now know how to minirmize any chosen Hermitlan




functiaual,é?-. we can now get lack to the true problem. Let

Ah=G~F,sothat [ ¢ Fr A Gl = o (3.16)
For

e can now minizizexghdand solve equation 3.5 at the sare time,

and so may picl,Jlc)to satisfy vhysical reasoning.

Ve choose A so tnat the solutlons arec localized on a site,

usually oy picking £ to be some potential well centered on the

site, The Fock ousrator cazn be separated into F , the atomic
s

)11
o
Q
5

oxerator for the site s, and U , an external potential
s

overator for tio site s, e usually plck the localizing potential,

[ F + UV - vV .l 0 =f & (3.17)
= 3 j)’f s Sa
This icn't an obvicus improvement over the original
Fartree~Pock equzticn, but it allows a systematic avprozximation
that simplifies zreatly thne Zartree-Feck problem without inducing

undue erroxr. Thn left side of equation 3.17 can be analyzed by

the ordcer of trne intersite overlap. The Fock-~Dirac density

(¢}
el
[
e}
pol
ct
o]
+
[
5]
1"
N

-
£ . Y 6 (3.18)
5S¢ ,? R >4)/‘;; /},
with V/ _the interatomlc cverlap matrix,

3 .
4, //,




* “
Y.r. =j é’,(x) é (x) o« (3.19)
a o .
Sy D -,
hs discussed in Lowdin ( ).)/ nay be expanded in a power

y S,)/yy.
sertes in V YV =233 -V o+ .., (3.20)
j‘Jl}.- 5.‘)73 s, 7‘ 5 < "2 .
7 g

Expanding the local orbitals equation and discarding second

order and greater in intersite overlap ( ) glves
[ e - .21
LR .LU — e Y ))5 SA ‘S;J,; 051 (3.21)
v.qore)p = \ [7’ 07 and
9, 7 &, / /
U= 5 {-22 _I +.2 Gy ! (»9}
5 T#s 7Ry IF e

Lts self-consistency is avr-ronched, the last two terms of equation
3.21 terd to cancel, Therefore, the Fock space rotation changes
Eloch wavefunctions into atonic-like wavefunctions that are
eigenfunctions of the atoric Fock operator,

We procede to locallze a physically realistic
nunber of electrcns con each site, In cadmium sulfide, we choose

to have 4§ electrons on the cadmium site and 18 on the sulfur,

epproxirating en lonic charse distrivution ( overiap and diffuse

valence orbitals pocrmit conplete covalency if needed, however),
We have achlievel several advantages. The problem is

corpuatationally sinsplified, since the equetion being iterated

)44




does not have to rortray the full complexities of the solid,
and since the loczl orbitals are recognizably modified atomic
orbiltals and aid in picturing chemical bhonding. This approach
has use as a beginnlag in looking a2t amcrphous substances, which
have only a short-range oxrder,

The local orbitals are calculated using the program
called LGCZAS written by Lunz, A basis function exvansion of
Slater ortitals (57Cs) is used for the radial part of the local

orbital while a &rherical harmionrnic describes the angular behavior.

R N, ‘ . < s 2 , '}, ~ -.—21.»)"
f%.;_(:‘) = /(). N e o 7 (3.22)
RPN £ D J' J 4—;?
we wsually take the oy and 2, . frowm rFagus et al () vhere
N4 £ -~
43 7

optimized basis sels have been computzcd for the atomic or ionle
systen aprropriate to the solid ir question. In many cases, ue
w11l charnge this tazsis set to echicve localizatlicn, considering
at the same time the totsel energy of the subsystem,
_ o nd

The expansion cocfficient (7 is solved by the rmatrix
method cf Hoothezan ().

rquaticr 3,21 is solved repeated)y until the self-

corsisieney i velew some vredetersined value, noramally one part

=4
in 10 for the ch.rse deneity,

o —rm————— e




e

we have only used tlie long-range part of the external potential g
es the locallzing potential. So, for lonlic substances, the
electrostatic potential will be screened while the short-range
effects of the inner shells will change the local orvitals, Some
egnions wlll not locallze in this situation since it is the
Faedelung vart of the potential that stabllizes them. Since 4 1is
essentially arbitrary, we are free to alter it in whatever way

/
trat achieves optimal localizatlon, and we often use—i)% L<‘f3

’
in equation 3.21 instead of 71;% Lé)%,




A

Enerzy Bend Tneory

The Hartree-Fock energy bands are obtainzd by plottirg
the one-electron erergies derived in eguation 1,16 against the
crystal momentum k, Our calculations make use of the symmetries
of the crystal. In the case of these caiculations, it is the
zinc-blende crystal structure,

Bloch's theorem requires that the wavefunctions of the

solid satisfy

Wl ’L‘A—)A:
= . w (F) (2.1)
hk he

) - - -~ —

where AL (vt /( ) - o (F -
rE hE

for any lattice trarslsotion vector #. The crystnl momentum is

cr
ht
2
Ml

ggain ¥ ard n is the band index, vavefunctions satisfy

this conditicn are 2loch wavefunctions,
If we lock at the set of R , we can sece that there

n

is an elenent of R that has ¢ miniwun lengtn, corvesponding to
n

the fundarrrial lattice sracinz, Considerinz this, =nd the fact

that 2 s o cronp under Lranslotior, we can see trat there is
n

gomarico yoynen wWe o LransSorr into romentum srace,




Trerclor2, there is ; finite resjon of nor-equivalent k-nojnts -
the first Brillouin zone.Tnis ray be reduced to sn ' irreducible
viedge' by symmetry considerstions,
The solution to the :artree-Fock equations is lengthy
i for crystals, and the successive approximation nature of the
calculations requires that the equation be soclved several times,
The EHEartree-rock equatio; can be rewritten in terms of the

Fock-Dirac density rmatrix( ):

!"\71'“12_ ; l];-r/ 2) P(XX ol ot ]6‘ {X)

-1
— 5)('("}. é x /: = . .-'.
2 [ RS 6 e £ 60 (2.2)
¥horo (4 47) = E &( ( . (2.3)
}) )2 J : 7 )

If a self-consistent density matrix is available, then

equztlon 2.2 need ounly be solved once to obtain the eigenvalues

end cigenfunctions, fdams { ) and Gilbert( ) have shown that

tiie density matrix  (x,x') is thc same for equations 2.2 and 3.21 .
’ ~-vn f ) Z ’ 21].
)-)Ix))') =LEY) 6 ) A a.. (2.4)
» hd ~

5 /’ )A- ")7} ‘2'

So we have the required densitj matrix, and can ottain

crystanl) wavefunctlons from the slready obtained lccal orbitals

r
~

cnostructing the Fock operater and solving equation 3.21 just

orce, Jnc raivix elenants of ¥ are calecvlated to first order in
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irteretonlc overlap , consistent with the calculaticn ol the
local orbitals,

The Rloch functicns qji(f) are expanded in e basls set

in wnich the tasis functions have the Torm

-
l‘.P —
P -
{ﬁ 'S ?T 4 (}"’/e/l) (2.5)
N 7 TA

This linear combination of basis functions technique is similar
tc the fsrmous linear comblnation of atomic orbitals technique
(L2} excevrt for the Tact that the are not free-aton orbitals,
btut are the loczl orbitals obtained vreviously. Vote, the local
orvitals are occasionaslly erriched for the case of virtual states,

Tire L7TAS oprogram will not indleate uasis functions aoppropriate

for o virtuzl state 1f that virtusl state is of a different

- engulsyr morentun trpe than the occupled states; for instance,

< e cz2s¢ in which the occupied states are 211 s and p-like, while

»

i

i tre first virtual state is d-like. In this case, basis states *

Y .

;i , for trne virtvals a2re added, consisting of svherical harmonics

ultinlied bty single STO's that are chosen to have small overlsp,

N Since the crystal momentur k is a good quantum number,
'

&

’, Lthe Foek sra2e is diagennlized Into scrarnte spaces for each

. recirrocsl lattice vector, fhne inlerrals necessary to verform
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culation ore a-indepur lir

and need only bo perforned

14

once, Multicenter integraztion 15 done by the Lowdin o(~function
exrension rmethod ( ). One of the sites is chosern as center and

211 Tunctions are exranded in terms of spherical harmonics centered
cn that site. The cziculations are performed vsing the programs
HZ:YD 2nd KZOME written by Xunz. The output consists of energies

ard coefficients of the basis functions at 20 selected points

o7 tne Brillouin zore,
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Corralotion Correctlons

LS vreviously rentioned, iHartree-Fock theory does
not give exact solutions to the true many-electron Hamiltonian.
Since we are usinz a single determinental wavefunction, electrons
are affected only by the nesn field., Electrons of the same spin
nave scme of thelr trve palry interactions taken into account,
tut there is no w2ir corrol=ztion at 21l btween two electrons
of cpnosite spin, It is o¥vicus that the Coulomb force between
two electrers is independant of spin, and should keep clectrons
from the nesr neigrbhorhocd o¥ any other electron,

We say that the notion of electrons of opposite

tnhat electrons with like spins are

[a9

spins 1s uncorrelzted, an

+J
%)

ircompletely corrclzted, correlation energy 1s usually

éefined as the difTerence tetween the energy obtainced fron
our mean-Tield Izxrtrece-~TFock theory and the cxact non-relativistic

energy of tne system, This c¢iact energy could in principle be

cdevermined by using & coniiantionnl technligque called configuration

irteraction

ampate/
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In this method, a wavefunction 1s used that is & linear .
combhination of determinants, It's impractical for 211 but the
sprallest molecular and etonic systems, and is far too time-~
consuning to be useful in soclids,

For soiids in general, and specifically in the case
of the 1I-VI compounds under discussion, we attempt to estimate
the correlation corrzction to the Hartree-Fock calculation, The
correlation correction for the one-~-clectron eigenvalue is the
errcr from KOOpmanj' theorew ( ) and from the 1ﬁdependent
rzrticle model,

fccording to Koopmans' theorem, an orbital elgenvalue
is sporoximately tre difference beyvween the lartree-Fock energy
of the N~electron systenr wiih the level cccupled and tne Hartree-
Peck energy of the X-1 electron system with that same level

unoccupled. These iHartree-Fock excltatlion energies are
0 () =1}

{‘ put [ = [E . (4,1)

Iy HE s
for states that are occuplied in the Hartree-Fock ground state
(ﬁ/.’l} { A7) .
ard & =L - £ (4.2)
PR I F H -

for virtvnal stolce of the Fartree-Fock ground state,

e . — & amamag - e




H

L, =

When we attemnt to fnprove the Partrec-ock

apvroximation, we uwish to keeyp the gencral band screne, So

¢ = - (.3)
h

L3

(sre) — )
-

£ = E (4.4)

Oid

.y

]

where the eigenvalues are the cxact cigenvalues of the system.

we essume that the correlation energics are a small perturtation

(L)

of the origirnal Hlartree--Fock Londs, and we can then write E as

(L) (1.) (1)
E ) + E ; (4.5)

g
-

i

here, E is the totzl correlstion energy of a system with L

-

elecirons. Equstions 4.3 and 4.% ney row be written as

€ ¢! (:..1)
e = & + (B - I ) (4.6)
nk nk c c

0 () (1)
e = e + (E =~ E ) (4.7)
nk nk c c

A useful approxivation, valid for nonmetals with

valence band widtn lrss than the Hartree-Fock optical band gap,

vas develored by vantelides et al ( ). They showed that eguations

L,% ara L7 may be replaced by

0 (N-1)
E =E + E (n) (+.8)
ny nk nk

1

"
!
—
('\
~—

(4.9)

n¥ ny 1k
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In trese eguations, , E |, (e) is the self-crergy of an electron
nk

that occuples the one-electron Hartree-Fock stzte nk in an

(N-1)
N-electron systenm, E (h) is the total enexrgy change in the

b

nx

rem=ining ¥-1 electrons when the electron occupying the state in

(N-1)
guestion 1s removed. E (h) is the self-energy of a hole.
nk

Pantelides et a1l ( ) have produced some model-

inderendent results concerning these self-energles, They find

trnzt the selfl-enerzgy of holes is always positive, and therefore

Y

trhe vzlence tands from the original Hartree-Fock calculstion

elvzrs move v oa the energy scale upcn correlation., These self-

.pproach: the bottom of the valence tands, so

o
3
It
4
1
‘-D-
@
o\
™
vy
o]
)
n
=
o
g\

orn Talance the valeonce bands are narrvowed, The self-energiles cf
the lower electrons in the conductlion band are negative, so the

coriuctlon tands move down, Tne models used have only small

-

cronie in the amount of shift for the low-lying conduction band,
end so vie use a rigld downward shift for these. We end up

shifting the valence bands higher and rigildly dropring the

coriuctiion tards. This rroduces a smaller optical gap than thzt

onirtirned by the jartrec-Fock calculations,

[}
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we more nearly appreuceh the experinental gap by thls narrowing.
These self-euncrgles were first calculated by
Toyozawa ( ). The theory of this calculation, the electronic-~
rolaron method, was consideradbly further devcloped by A. B. kunz,
so that it now predicts hole self-energics as well,
In the origi=z]) Eartree~Fock theory particles respond
only to the average positicn of the other electrons and ions,
This 1s obvicusly incorrect, or at least inconplete; the .

inderendent charge will prolarize its surrouvndings, especlally if

=y
-n

tote
[¢]
ot
e )
~
ct

vinme to respond. The electronic-

cf
o g
(&)
n
(&)
n
ot
=
L‘
(e}
[
st
8]
bt
6]
&)
—
<4
r
%)
<

poelaron medol dresacs the cenductian bard electrons and valence

tand holes with quania of the polarization field. These quanta are
r

excltons, In the model we sre using, the excited states of the

(N)
crystal are simulated by a dispersionless band of excitons., E (e)
nk
(N-1)
and E (h) are the interacticn energies of a bare electron and
nk

hole with this field, Thesc crergies are called polarizaticn

erergies, This model uses secound-order perturbation theory to

calcevliate the self~onurgies,
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These polarization energlies are calculzated on the

basis of a rodel in which the hole or electron 1s fixed in space,

Tnis method, the Mott-Littleton method, uses a perturbative

approach to find the induced dipole moments on all ions of the

crystal due to the locallized charges. This calculation takes into

account the field from the induced dipoles - it is self-consistent.

Since it takes a finlte time for the crystal to respond to such a

change, roving charges should induce less polarization than the

rodel static chargc, Therefore, this calculation should give an

ound for the polarization energies of actval, mobile

-

et

'3
[¢)]
b
o

clectrons and noles,
Thle electronic-polaron model 1s basically a long-
renge schene, 0Only In the 1liwmit of large distance can we¢ find these

»
-~

chanzes by assuning that they can be described by dipoles.
ror short distances, the shape of the wavefunctions plays a major
role, and quadrupole and higher multipole effects cannot be

ignored., The changes in the central atom and its near neighbors

certslnly cannot te modeled bty a dipole very successfully!

- pErE Revrny R D
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Short-rarze correlation calculates the change of the
nearbty orbitals wher an electron 1s added or removed. To find these
corrections, we do simple atomic calculations of different
jonizatlion states, surplemented by cluster calcilations in the case
of negative lons winere the added electron extends over a significant
reglon of space, In the limit of zero overlap between atoms, the
short range correlsiion correction to the hole energy is

sr
E (h) = -£-Z (4.10)
scf
where {'is the eners: of the level the electron was reroved from
ani ¥ is the fariree-Fock lonizaticn energy. The lonization

- eriergy 1s tne cliferszrnce betwzen the iHartree-Fock energy of the

system with thz level occupiaed and the Hartree~Fock energy with

-~

Z that same level full, The short-range energies so calculated

f{ are again upper bournds, since electrons and holes are not as

o o . : -

ri Jocalized as this rnoiel poitrays them.

4

\.,I

P The Eartrez-Fock calculation and the folliowing

o

e

J correlation correcticons glve 2 set of one-~electron energy tands,
) ’

o

+ They rnust now be corrared to experiment to test the adequacy of

1

) our annroxliration,




CADMIUM SULFID=

At room temperature and standard pressure CdS

crratallizes in the zinc-blende latt

bl

ce with a lsttice constant

tade

of 5.818 angstroms (10,99 atomic uvnits) and in the hexagonal
fcrm with lattice constants of 4,1342 and 6.7234 angstroms (
7.2136 and 12,7054 atomic units), The zinc-blende form, the
sunjiect of these calculations, 1s composed of two interpenetrating
++ -
face-centered cublic sublattices occuplied by Cd and S ions,

distlaced relative to each other by 1/4 of the diagonal of the

uni§ cube. The symmetry properties of the zinc-blende lattice

2 -
( stzce group T ) have teen discusczed bty Parmenter (), and in
d

ti.e follouilng discusisions of the tand strucilure, and natation of

Fausraort, Smoluchowshki and Wigner () willl be used.

ikl adl . R k] IO . B ot s ARENRE e g W ¢ aa
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we first examine the energy ststes at tre Frillouin
10
zone center, the roint. Cadmium ions contribute a fililed (4d)
shell to the valence energy region, and sulfur lons contribute
2 6
a (3s) (3p) configuration. The p and d levels hytridize to
sone extent, since they are separated by less than nine ev; still,
the valence bands are not strongly hybridized. The top valence
band 1s predorminantly p-like ( cver 75%) and the next lower band
is predorinantly d-type, again over 75%. Ve expect the lowest
conduction band to be derived frow: the cadmium 5s levels, as 1is
usvz2l in corgzzunds that have any ilonic character, In the zinc-
blenls structure, the crystal {ield splits the fivelfold degenerate
d levels into a triply degenerate state and & docubly degenerate
ig

state, Trne threefold degernierate p states stay degenerate under
12

this crystal field ard transform 1like « The zinc-~blende lattice

1ls .
has no inversion synietry, so the bands at the gamra point need
not rave a definite parity. The conduction btand contains

- . ~ s K3 e}
cotr: r and d contributions, in fact.

Several rrevious calculaticns have Yeenr done. The valence

Vards, egsreci=lly Lo unper ones, ana the lower conduction bands




T

have been w=ll-described vy various pseudopotential calculaztions.
That 1s, they accord with cur:ent exi. i.cu. ...°7er, Slnce
the pseudorotential method is baslcally a parametrization schene,
in whilch the parameters are determined by experiment, little
critical rnew information can be obtained. If the experimental

evidence has been misunderstcod or misinterpreted, the : R S

pseuvdopotentizl will simply predict the mistakes or misunder-
stardings that it sprang from. A pseudopotential ¢alculation
is an aid to understanding, but 1t tends to not be falsifiable.

Such calculations, such as those by Cohen and Pergstresser ()

also cepend on the validity of the cancellaticn theorem, which
1s not exact and whichn 1ls much less valuable for systems tha;
have localized states that are closely comparable in energy with
the valence states - hefe, the cadmium d states are the ones
not easlly descrited because of theilr local nature.

A related but more theoretilcally rigorous technigue,

the orthogonzlized plane wave method, has some of the same errors.

In tris method, the valence and conduction states are described f

by rlune waves orthozonalized te the core states, taken as constant,

-
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in these previous OFy calculations, as performed Ly pKuwen: and
Stukel ( ), Euwema and Collins <t al ( ) and by Stukel et al ( )
there have bcen errors of up to three ev in the p-like valence

and conductior Yands in compounds made of first-row atoms,

Also, the 44 states are misplaced by about a rydberg - probably
related to their core-like nature. The level ordering of the
cadziuvm Ld and the sulfur s bands scems to be reversed from

that measuvred by photoemission by about 6 ev, Altogether it

is easy tc sce that there 3s 2 need for a first-principles

Therefore, the Tirst all-clectron, selfwcogsiStent
rnonemplrical band calculation usins nonlocal exchange has been
rerforred on CdS., The emthods of calculation are as discussed
earlisr ir this work., It should be menti-ned that a self-consistent

ecn perforred by Zunger and Freeman ()
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using & local density approxinmation for the exchange potential.
Trcelr results, as well as earlier cnhes, will be discussed in the

creulnig rnno2s,

-
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Folarizabilitiecs . "d by Tessman et al () were then used for

+4 -

Cd and S  along with the . +...2 Afelectric : -~*ant of 6.32 !
to calculate the polarization energies usiig .2 ratt-Littleton

rethod. We obtained values of 0.1866 ry and 0.2584 ry were

ovteired as the polarization energies assoclated with the S-“

and Cq4 holes respectively. Being less tightly bound, the

sulfur anlons polarize to a greater extent around & hole at the

vreducing a larger polarizaticn energy for the cation., We also

czlculated short-range relazatlion enerries for the states of
<

sr --
jnterest In the valence regicn; these are (S ) = 0.07824 ry,
3p
Sy e ST 4+
E (S )= 0,06302 vy, ané £ (C& ) = 0.116 ry. These correciicns
3s “Ls

vere added to the Hamiltonlian matrix which was then rediagonalized
to give the correlated valence bvands, Conduction bands were

computed by srnifting the Hartrece-Fock conduction bands by =-,2584 ry,

the rolarization energy of a conduction tand electron on a

+
+

Cd site,.

Shown in fisure L,1 arc the correlated energy bands

of CdS. Tre calculated band strecture shows cadmium sulfide to be




Figure b.1 Correlated energy tands of CdS for tae normal

lattice constent of 5,181 angstroms ( 10,994 a2u),
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rect »'rnd gap senmiconductor witn the gav at the parma volint.

Trhis conclusion is in agreement with the previous ktand calculstions.

>

Tnree rajor non-overleppling regions coenstitute the valence bands

in tnis system. The S 3s derived tand lies 19 eV below the

valence tand edrge end is atout 1.4 eV wide. The next region

++
is rrimarily derived from the Cd L3, end lies 12 eV below the

top of txne valence band., This tand is about one eV wide. The

-

vurrerrost valence tznd is rrimarily derived from S 3n levels,

ard is avout 3.9 eV wide. The lowest conduction band 1s s-like

.:..’. - - —

2rd is derlived from the Cd 5, S 3 and 8 Ls levels,

Tre tand gap is found to te direct and equal to 7.1 ey,

T-e cptical velue of the sap , & = 2.55 eV ( ), cktained fron

g
s exrzrizent, 1s in serious dissgreciient., The correlation model
’) here used,. the electronic-polaron model and 1t limit,
»
Y kott~Littleton theory, 1s adapted to insuvlators and ignores
Y
) shert-ranze volarizetion effects, Such effects shovld be sisll
Ir 2tors and In systems where the local orbitals are only slightly
reriuresid fror the froe ater or forn., but in polar semiconductors
. : , .
; suzn s 2, thare s no suavanitre tnalt the local orbitals ere
4




Figure 4.2 Density of states of CdS
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Figure 4.3 XPS spectrum for CdS according to Ley et al ( ).

I end I describe fine structure of the highest valence-band
1 2

pesk. S 1is a shoulder on the high-binding side of this peak.
1

11 represents the second valence-band peak.
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i
‘that similar to the free ions. In this class of campounds, threre
is sutstantial charge density irn the internuclear reglon.
It ras been arzued that such effects act to rarrov the band gap,
The density of states for CdS as calculsted fron the
original ban§ structure calculation is given in figurc 4.,2. For
comrariszon, figure 4.3 §hows the corrected XPS spectrum obtalned
oy L2y et al ( ). The experimental evidence clearly shows the
two rnesks in the density of states of the upper valence band.
Trne rositions of these peaks are élso in reasonatle agreemant
with evperirmert. The upper peak lies 1,6 eV below the top of

tr

valence tzrnd by Ley's nmeasurements, while our calculastion

O

sives a2 peak at approximately 1.4 eV, Experimentzlly, the second

rez¥ is at 4.1 eV, wnhnile this calculation has a peak at 5.4 eV,
Jt 21lso seems vossible io identify the shouvlder of the upper peak.
rFron our tand calculation; this snoulder seems to be at about.
2.2 €7, while Ley"s measurements put it at 2.1 eV.

The positlon of the d-1like lcvels is also correctly

praiisted In these cnlculations. These levels, prinmarily formed

from codmiun #d states, are found to peak at 9:6% eV btelow

trte Unn of the valencse band exrerimentallly, according to Ley.




Figure 4.y Joint density of states of CdS
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Figure 4.5 Imaginary part of the dielectric constant of CdS

( this calculation)
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Figure 4.6 Exrerimentally derived imaginary part of dielectric

constant in CdS, from Cardona et al ( ).

Derived from ultraviolet reflection measurements,
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Cur calcul: *ion gpives a value of 10.2 ¢7 helow the tor of the
valence tand, In very good n~greement with experirient. This is
ir sharn cont}ast with previous pseudopotential and OFV
calculatlons, which mlisplaced this band as much as 12 eV below
its actual position, It should be mentioned that ley's
photoamission studies were done on CdS in the hexazonal form,
ut since the first two shelils around the central atom are
identical in the hexnzonal and zinc-blende structure, the atom

is expnosed to a very similar rotential, and no substantial change

(=
-
ﬁ
o
6
o
0]
P‘
wm
-~
-+
o]
h]
w
cr
(&4
[¢e]
n
—
1
0]

3
0
o
ot
o
&7

in firsvre B4 the joiant denslity of states as calculated
fror. our band structure is shown, In fizure b.5, the iraginary
rart of the dielectric function is calctvlated from the same
theoretical bhand structure. In figure 4.6, Cardons et al extract
the imaginsry nart of the dietlectric constant from ultraviolet
reflection ressuremsnts on zinc-blende €4S ( ). There 1s clear
qualitative ezreement, esrecinlily 43th the central peak and the
two sub-nenvs approximately 2 =und 5 eV above that central peak.
Tre tall belew the central resk in enerey 3s exsaspcorated due to

L overeastitisn

3.
(¥

e of the bard zap in our calculntions, )




55

{

To sum up: these calculations correctly ypredict the
ra jor features of the energy bvands In CdS, as deterrined frcm
optical and other measurements. Insofar, this first all-electron,
sell-consistent non-emnirical method has succeeded. The d-1like
levels zre correctly predicted, ss wa§ not the case with earlier
calculations., Nothing in the rure bulk egergy bénds suggests |
an exriaration of the anomalous diszmagnetism, and it would seen
trat the effect 1s not an intrinsic one. It may be hoped that

tris better understarnding of the electronic structure of the

solid %ill 23d in the understarnding of the anorzlous

3
<
4
(3]

diav=zretic state, perhaps by acting as necessary first step in L
the exarination of the properties of defects and impurities in

cainiur sulfide.,
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ZIXNC OXIDE

At room temperature and standard pressure ZnoO

crystallizes in the hexagonal ( wurtzite) form with lattice constants

of 3.249 angstroms (6.480 atomic units) and 5.193 anastroms (9.324 L

atoric units)., Tne zinc-blende form with identical nearest-neighbor
distence hss 2 lsttice constant of 4,555 angstroms (3.634 atomic

uriss) and is tnz subject of these crlculations, It is composed of

(&)
=
D

two interp trating face-certered cublic sublattices occupled by

<L ——

Zn and © jor.s, displaced relative to each other by 1/4 of the
disgoral of tre unit cube,

Wwe tegin sgain by examining the energy stztes at the
10
Eriilouin zore center, Zinc ions contribute s filled (34)
shiell to the valence energy ragion, and oxygen ions contribute a

2 6

(2s) (2p) configuration, In tnis crystal structure, the threefold

derenarate p states sisy Gesencrate and transform like ' .




;
g

The crystal field splits the fivefold degsenerate dlevels into a
triply degenerate ’ state and a doubly degernrate f' state,
15 12

The zinc 3@ levels snd the oxygen 2p levels lie quite close,
and this calcul~ticn shows snous all eignt velence bands lying
within a five eV region. The zinc-blende lattice hes no inversion
symmetry, 50 the bands at the gamma point need not have any
definite parity. This calcuvlatlion showus thaf this upper valence
regzion exhibits strong p-d hybridizetion. The band lying
benezth this upper valence region lies nearly 24 eV below the
top ¢ the valence vtand, and is primsrily derived Trom oxygen
2s sui=tes,.

In general, in ionic compounds such as Zn0O we would expect
ths lowest concduction band to be primarily formed from the
zinc Ls level. The actusl calculation shows that although the
zinc Ls states nlay s me jor role, oxygen 2s and 3s states actually
pley = lavrger role in this first conduction bhand. The‘next‘
conduction. tand, - triply degenerate at the ~one center, sre formed
sluost entirely from zinc Up states . Tnls 1s suggested merely

by co raring zinc with its Successor in the periodic table, sfallium,




Several previous calculations have been performed on
zinc oxide, Attempts using local pseudopotential theory, such as
those by Rossler ( ) and Bloom and Ortenburger ( ) have not
been entirély successful. Since the pseudovotentinl theory deperds
upor. & cancellation ¢f the strong core part of the potential by
the usual requirement that the valence electrons be orthogonal
to the core electrons, first-row elements ﬁould seem to be
vnsuitzable for this approach., The volnt is that valence p-states
for first row elements are not required to be orthogonal to any
p-core states. Investigators have atternpted to alleviate this
rrotler by ennirical edjustments to the pseudopotentials, but
it rkesn't vworked well, When nonlocal pseudopotantials were used,
as in the calculations of fhelikowsky ( ), a better agreenent
witr exrariment 1s achieved. Even so, much of the value of the
pseuicrotential aprroach is 10st, There is not the same confidence
that the pseudonotential will retain its preditctive nowers in
different comrounds, because the physical rationale is weakened.
Tre ~=d31fled end ronloecal c2lculations still suffer fron all the

oriviral wenkness of pscudopotertials: reliance on experiment.
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: ) ( TARLE §7.
STC FASIS FUN

CTIONS FOR ZINC AND JLOCAL O3BITAL CCEFFICIENTS

s Basis ~ p Lasils d Pesis
3 n Z n Z n Z
0J 0J 1] 1] 2} 2]
i 1 1 31,07 2 27.00 3 13,10
f 2 2 26.50 2 16.42 3 7.01
' 3 3 21,00 2 11,39 3 3.72
j I 2 12,01 3 6.34 3 1.92
: ) L 13.30 3 3.33
; 6 3 6.24 L 2,67
7 3 L)1y
! 8 L 2.30
R 9 b 3.30
10 2 - 9.00
10 20 30 Lo 50 21
J C C C o C C
' J J J J J h|
i ~-.93261 -,28821 ~.,1087G -.0033% 0,.00155 0.01564
2 ~.03561  ~,18143 -.09532 -,01824 ~,0145G6 0.26792
3 0.01250 0.015637 -.04519 ~,04G73 «,00k%03 0,73076
L -, GL0L2 1,13346 0.32320 0.134kg 0.10?61 0.01326
5 0.00293 -.01389 (.014L5%6 ~,(3220 03373 -.00223
: 5 06191 -.01219 -.69944 . 67L30 -.67032 0.060105%
- 7 0.00035 0.00378 -,42738 0©,432C07 0©.L3cec2 :
3 0.060C3  €.C00L3 ~,0047L 0.298L43 0,150%"
9 ~.00031  -,00074 0,01893 =-.33905 =-.3%1C3
. ie 0.00120 ¢£,02540 -,05712 ©€.36535 0,35957
. )| L3 32 L2
¥ 3 Cc Cc C C
! ; 3 J 3 J
N
1 -.00891  0.,00896 0,03704 -.035608
2 -.05590 -,c6742 ©.36525 0,00c70
3 -.36510 0,00324 C0.518665 =-.52505
4 0.731C5 -,00187 0.24958 0.81007
5 0.49766 0,.49513
& -. 02303 . ,8€6439
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Therefore, we perform an ail-electron. self-congistent
nonerpirical band celculation on ZnC. The methods of calculation
are the same as used previously on CdS,

The calculation was begun by calecula*inz local ortitals
fer zince oxide with the normal lattice constant., The zinc and
oxyzen basis sets of Bagus et al ( ) were vsed and were modified
for this cazlculation. Two additional diffuse STOs were added to the
s tzsis on zinc. The results of the local orbitals celculation
ere listed in tables 5,1 and 5.2 for zinc and oxygen icns,
resnzctively.

Hartree-Fock bands were calculated for 20 k points H
in the irreducible wedge of the Brillouln zone, The usual
evzzxzerated band gap appears; we proceed to apply the éorrelation ;

| |
netrsds previously discussed,

Polerizabilities listed by Tessman et 21 ( ) were then

+4+ -~ | :
usei for Zn end O along with the optical dielectric constant
ef %.0356 to calculate the polarization energlies using the Hott-
Litti=ton nethnod, We obtained values of 0.2172 ry and 0,.2864 ry

- ~ ++
s ti~ polerizeatlion energles associated with the Q and Zn

roles respectively, YWe also cnlculated short-rance relaxatlon




Figure 5.1 Correlated energy bands of ZnG for the normal

lattice constant of L,.595 angstroms ( 8.684 au),
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ener-ies for the state of Intercsst in the velerice rezion: thls

Sr 4+ ,
4s E (zn ) = 0.31402 ry. These corrections werc added to the

3ad
Hamiltonian matrix which was then rediagonalized to give the
correlated valence bands, Conductlion tands were computed by shifting
the Zartree'Fock conduction tands by -.2864 ry, the vpolarization
++

enersy of a conduction tand electron on a Zn slte,.

Shown in figure 5.1 are the cérrelated energy bands
of Zn0. The calculated band structure shows zinc oxlde tec be
a direct band gap semiconductor with the gap at the gamma point.
Tnis conclusion is in agreement with previous tand calculations,
Two s jor non-overlapping reglons constitute the valence bands in
this system, The highrest region is sbout 4 ev in width, end is
divided Into two subregions with almost no overlap. The higher
pnd wider of these subregions is , approximately 3 eV in width,

- ++
is composed of O 2p and Zn 34 levels, while the lower subbtand

++
is almost dispersionless and 3s of almost pure Zn 34 character.

The lowest valence band is ebout 2.3 eV in width and is composed
-- ++
of O 2p and Zn 34 levels.

Tre band gan 1s found tc bte direct and egual to 1C.86 ev,

Since the gap iIs expcrimentally found to be 3.3 ev, it nust te r




Figure 5.2 Density of states of ZnoO
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Flzure 5.3 Corrected Xps spectrum for Zn

O accordinz to Ley et al( ).
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that the corduction band structuie here predicted is seriously
i error. Treviously menticned potential problems in our correlation
rneciel may exnlsin this discrerancy, but it seems rost likely thzt

there is some flau in the estimate of the polarization energles.

The density of states for ZnO as calculated from our
terd structure is given in figure 5.2. For comparison, figure 5.3
shows the corrected experimental density of stateg, derived
frcm X-ray photoemiséion experiments conducted by Ley et al ( ).
The d~1like levels have been subtracted out from the experimentsl

éatz, since tney dominate the spectra. The double peak in the

dersity of stztes of the upnerrcest band is clezrly shown in
exreriment and in our calculation. The d-like levels in our
E + celculation have some structure, are not smoothed into a single

.pe2X as In the experiment, The experimental peak is centered

-

c .
8.21 eV below the top of the valence band, according to Ley.

;. ur d-comrlex is situated approximately 5 eV below the top,

o

vt the gualitative plcture, that of a double-reaked valence

tani with a very sharp d-«band about 3 eV below, corresponds

. closely with experiment,




".

Qur calculationc z#2lso give a band derived from'o 2s
staites (not shown on figure 5.2) centered around 24 eV below
tre top of the valence band - this corresponds to the lowest
peak in figure 5.3

In eddition, we have calculated the jolnt density of

states ( figure 5.4) and the imsginary part of the dielectric

constent ( figure 5.5) for zinc oxide.
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igure 5..’/ Joint Density of &states of. Zno

’
>




000'2
_

o ————

8eh' 1

N vy
o .m.ﬂ. Ve’

S ere s beiee e

(Xd) Xouaxz

291t 58"
_ _




73

Figure 5.§Imagir.ary part of the dielectric constant of Zno
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CONCLUSIONS

We've used ab Initio Hartree-Fock theory, as well as
relaxation and polarization correlation corrections to that theory,
to calculate the electronic tand structures of cadmium sulfide and
zinc oxide. In the calculstion of cadmiun sulfide, hybridization
of the Cd %35, S 33 and S Ls is @& major factor in the lowest
conduction tand., The calculeticon shows that CdS is a direct gap
semicorductor with e gap of 7.1 eV at the gemma polnt. This tends

to show that the mechanism rroposed by Abrikosov to explain the
enomalous diaragnetisr originzally seen in CuCl ( and discredited
there by Weildman ( ) ) is not 2pplicable to CdS, since 1t requires
a small indirect gap.

The calculated ore-~electron energy bands'are com?ared
with the published ouniical date. The valence tands esre in excellent

egreement with photoenission 2nd reflection data, and, in particular




tne rosition of the d-like band is correctly predicted, in contrast
with vrevious calculations,
The calculetion for zinc oxide shows that there 1is
very slgnificant mixing in the uvper valence btands between the
-~ ++

C 2p and 4n 34 levels. It seems clear that vrevious pseudopotentisl
calculations that could not correctly take into account the zine

d levels ware incavzble of explaing the valence bands. The calculation
gives a band gav of 10.86 ev, and predicts Zn0 to be a direct gap
semicorductor with the gap at the gamma point. In the cass of both

Cd3 2nd ZnC, it should te recalled that we are essentlially just solving
Dyscn's equation, and thaet higher order diagrams are quite capable

of accounting for the difference retween the (exaggerated) gavs

fro- our celculations and the mezsured experimental gaps. The fact
rerains that these calculations predict the valence structure;

tne one electron tands for zinc oxlide also accord well with published
optical exwveriments. LAg2in, the vposition of the d-liXe basnds is
correctly predicted.

The snomzlous diamagnetism observed in CdS rerains

unaxnleined., It scewms to be an extrinsic phenomenon

b




-

The observation of ferromagnetism upon an applied

field, as well as the anomzlous diamagnetism, is intriguing.

It suzzests that the vairing mechraism may favor a state with a

spin of one, as opposed to the Cooper pair, with a net spin of zero.
Each nair would have an intrinslc magnetic moment. Thls possibility
has veen discussed for classical phonon-mediated suverconductivity
by . W. Anderson and P, Vorel( ) but seems not to have been
obssrvad, except possibly at extremely low temperatures ( ).

An exciton-mediated pairing right well favor the 1=1
or higner state. The superfluid state in He 1is suggestive,

As yet the details of the interactions are not know,
altrncuzn it does seerm that chemicel impurities play a role, It may
sti1ll te possible to test some of these ideas by a phenomenological
theory like the Ginzturg-Landau theory. One posslbllity seems
interesting;: 1n the Ginzhurg -Iandau theory, two characteristic
lengths appear, the coherence length and the penetration length,

In sucnh a model revised for s p-wave system, a third lepgth arises,
the characteristic lenzth for the change in spin direction,

The two lengths of Ginzburg-lLandau theory allow the

exlsterce of a distinctive surface, which may have a lower energy




trar. the bulk state, which leads to the interesting and
technologically useful type II superconductors. This stlll exlsts
wiltn three characteristic lerzths, but another effect. becomes possible.
4 second surface layer 1s introduced; we may compare this to the
earth, with crust, mantle and core. If the mantle 1s energetically
favored, bubbles of a certain size would be energetically favored.

F: These superconducting domains might explain the very high but finite
conductivity seen in the anorzlous states of CuCl and CdS, and ]

alignnent of these dozains mizht explalin the feriromagnetism seen

in CdS under nicgh applied field. At thz moment, this 1s all speculatlon.

“e awzlt furtner experiments.
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Ab Initio Energy Sands and Ionization Energies
for AlP, GaP, and Gals

J. C. Beettger and A. Barry Kunz

Department of Pnysics and Materials Research Laboratory
University of Illinois at Urbana-Chanpzign

Urbzna, Iilinois 61801 U.S.A.

ABSTRACT

.- Energy bands and ionizzticn energies for electrons in AlP, GaP, and H

Cals are obtzined using a new rmethod preoposed by Kunz, et 31.1 The valence

bands and ionization energies cotained are found to be in good agreement

z with experiment. The conduciion bands vary substantially from experirert.

'Finally, a maethod for obtzinins better conduction hands is proposed.




1. INTRODUCTION

A new ab initio nethod for obtaining correlated energy bands vwes

1

recently proposed by Kunz, et 2al. The need for a nev method beconss

1)

apparent wvhen the irherent prcblems associated with current ab initi

methods are considered. Existing methcﬁs can be broken irto two classes,
those which use the ncnloczl rHartree-Fock (H-F) exchange potential and
those which use some local density approxirmation to the excharnge or
exchange-correlaticn potential, The former class of nethods requires
calculations which re btotn lengthy and complicated. Once such a H-F
calculation has been perfor-od, there is still a2 need to obtain correlation
corrections. Thesz correcitions are poorly understocd for covalent
semiconductors like tne III-V compounds. Cn the cther hand, local density

approximation calculations give results which are highnly dependent cn the

choice of the exchurpe-corralztion notential, No single potential has been
found to give gLod resuits for all clasces of compou.ss. For example,

Herman, et gl-z, feurd that in using both the Slater3 and the Kohn-Snz=z¥
exchange potentials or sev:ira! seniconduczters, the Slater potential agrecd
nore closely with exroerimert  for II-VI scﬁiconductors, while Kohn-3hznm
excilange gave better results for the III-V compounds. Evern in cases vhcre
a given potentizl vyields tre correct valence and conduction baznd
structures, such calculaticrs have not alvays been able to place the core
levels ir their correct locations relative to the valence bands., Firally,
local density calculations tave not been  successful  in obtaining the
ionization cnergies for elcctrons in most conmpounds., Ve believe that nany
of these difficulties arr =2 result of using a Hartrece potential which
inclucdes 2 self-repulsion terr, on the assumption that the potential from

one  cicctren in an infinite erystzl will be rerslipible.  As has been shoun

& =

5,0
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by Kunz, et 91.1, this ascumption is not correct in many cases and is a
source of significant error for insulators.

The new rethod, which will be referred to as the Hartree-plus method,
uses the correct Hartree potential, i.e. with the self-repulsion removed,
along with a lcczl exchange-correlation potential. The Hartree-plus method
was applied Dy Xurz, et §£.1, to the solid rare gases and NaCl yieldingx
bands wnich are in good agreewment with both experiment and previous H-F
plus correlation calculations. Tne II1I-V semiconductors provide a good
test of the range of applicability for the Hartrezo-plus method since they
are wide band semiconductors, as opposed to the rare gases and NaCl which
are narrow bard insulators.

In Sec.2, H-F theory is developed and correlation is discussed. The

%)

Hartree-plus theory and detzils of the calculaticns are presented in Sec.3
and Sec.l rsspuctively. in Sce.H, the results of Hartree-plus band
cealculaticns Ter AlP, Ca¥, zrd Gals are presented and compared to
experirent and previous thecreticel calculations.
2. BASIC THEIWY

Tne syster of interest contains n electrons and N nuclei. Using the
Born-Oppenheirer approxin:tions, and neglecting relativistic effects, the
Hamiltonian is:

H™ = ;i £+ 4 ;f .. (1]

where:

The energy is in Rydbergs, 02=2, uppercase letters refer to nuclei,

lovercase letters denote e¢lectrons, and the prime on the sun indicates that

the self-repulsion term, iz=j, is excluded. The problen now is to solve the
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Sehrodinger equation:

R (e Ra) = KR ()
where 7 is the exact n-electron wavefurction for the ith excited state,
and the ;:’i are tzken to irclude both space and spin cocordinates.

To simplify this problen, we 2pproximate the exact wavefunction "/,’-""

with a single Slater <determinant formed from a set of one-electren

,%(-‘)0(;‘;’ , “;”) —_ (,4';) ”/2J¢37“// ¢, (Z/)U

The expectation value of H”, for the trial function % will be a

orbitals, (9;(¥;)), i=1,°**,n and j=1,"**,n:

rigorcus upper bound to the exact ground state erergy if the resulting
e . . s . .

energy E, is stable apainst variation in the r'ﬁi- Performirg such a

variation, subiect to the constraint that the ¢i be crthonormal, yields zn

equation for the s

[

Fzfw(din 2 [P0 = PR T Pl2,1)] (3)
v = s AT bE
p(x, i) = Z.. & ().',)c,)/ )

P(2,1)3,07) = & (%)
In ¢q.(3), P(2,1) is an exchange operator, the ’,»’ﬁ,ﬁf nay be used as
operators, and ID(>:“1,§.°2) is the Fock-Dirac density matrix. The second tern
is krown as the direct or iiartree term, and the last term is the exchange
tern., Kote thzt the prime is ro longer necesczry since the Eartree
self-encrgy is exactly cancelled by the self-excharge. Diagonalizing the
matrix )\ij fiives the stancdzrd hHzrtree-Focok equation:
Feih)= € (7)) (4)
Tne eigenvaiues of eg.(h) are given neanineg by Koopmans! theore:-*.s,

Labelling occupied states with i=1,°°¢ n and virtual states with z=n+1,***
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the eigenvalues are:

€8 = FFo— T2 (s

& = E-:wr/)o___ Emo

aQ < &

wiere E:f’is the energy of the single Slater determinant approximation to
the total m-electron wavefunction obtained by adding or removing the octh

orbital to the n orbitals used to form the H-F ground state. Thus, €:° and

6f are the enrergies that an electron would have if its instantaneous
location'were independent of the instantaneous locations of the other
electrons, and if no relaxation were allowed. To improve on the H-F
eigenvélues while retaining the independent orbitals, one defires
correlated energies by replacing the zpproximate energies in eq.(5) with
the exact energies:

€ = gt E;.’vf—l) (6)

2

e TED__ gmt)
Ea = Za —‘Eﬁ

Tne energies €&, and €« ars qussiparticle excitation energies. The

quasiparticles =associated with these energies are referred to as holes ard

conduction electrons respectively.

- There are two basic approaches to findinz the quasiparticle energies.
. The better understood of the two is the H-F plus ccrrelation method, which
¢!
T ) is essentially a perturbative approacn. In this method, eq.(l) is solved
3? first, and thren the correlation effects are added in as a small number of
2
.."‘

corrections. Tnis approach to obtaining correlated bands was revieved and
developed in a formal way by Pantelides, et 51.7 The correlation
correcticns are fairly well understood for both metals and narrow-band
wide-gzp materials, Unfortunately the III-V compouﬁds do not fall into

either of thesec classes. The other approach is to use an equation,

analogous to the H-F equation, which somehow incorporates correlation into
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tiie potential. Tnis is the approach taken vy the Hartree-plus mcthod.
3. THEZ HARTREE-PLUS METHOD
In the past, band calculations using local exchange-correlaticn

potentials have solved an equation of the form:

Osp. $05) = € & (X;) o)

Osp = £+ Selks Fiz PURRL) + Yee Lo (72 ]
is a single particla operator which replaces the ronlocal exchange in the
Fock operator with a function, V,, , of the local density,/CKF). Unlive
the Fock operator, eq.(7) no longer has an exact cancellation of the
self-repulsion by a self-exchange. It has generally been assumed that the
self-repulsion is regligible since it comes from one electron in zn
infinite crystal. This 1is in fact true for an electron in a totally
:3ized Rleoh state. However, what is actually desired is the energy
reguired to add one quasiparticle to the rround state system. For all
insulators, and mn=ny semiconductors, these quasiparticle orbitals are
lozal. In this cuse it is reasonable to work in the local Heitler-Londcen
- representation. For such local orbitels, thé self-energy is not in fact
. srmall and should be removed explicitly.
Ir the local representation, let @u(¥) be the ith 1local orbital =t
site #. Tne corrected botential then is:
Ht= £ + V(5 + Ve [p07)] (2)
vhere: +
VH’(,;;) — j:j?nrjl;/()()"(;)a_) —_ .(Jt:q_ db;”(f’;.)ﬂbm(&)
is the ronlocal Hartree potential. Although the Hartree potential is

nonlocal, the nonlocality is easy to deal with by using a single Hartres

potential for all orbitals of the forn:

X Y, (¥ ) = (%, D= PURK,) — 2 )r’?/«>2,*(5,5)<¢&.~// (7)
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vnere:
ZsE) = 2 ()2 M1 4utF))* 15 - B |
Here the bra-ket notation is used to emphasize the operator nature of the
self-repulsion term.
For Vye We have used the local exchange potential of Kohn-Shan" 2and
the dielectric screening function of Robinson, Bassani, Knox, and

Schrieffer(kBxS)8. Thus:

Y. [P T = V(7)) F750) o)

where:
W) = - [() o) ]
)= 1= LacTans HE) +dec a1+ 2, ) = d < *[1 -3 ¢ 7 2n (14
Fc)=1- 4 P
and:

o =.648 [ pcF)] ™"

Although it right seem inconsistent rnot to remove the self-exchange in
eq.(11), one can argue that the self-exchange will only be a significant
fraction of the total exchange potential in regicns of low density where
F(«<) approczches zero.
4§, THE CALCULATIONS

To calculzte the Hartree-plus bands shown in Figs. 1-3, we [first
performed an LCAO calculation using H-F atomic wavefunctions obtained by
Bagus, Gilbert, and Roothaang. In this calculation lesbet's symmetry ard
equivalence restrictions!® were applied. Also, the crystal potential was

approximated by the first term of its expansion in Yy,, i.e. 1=0. Tre

. next term in the potential would be 1=3 and should not have a large effect

on the s, p, and d orbitals, which are all that are of interest here. The

potential and ratrix elements are evaluated usingz 10 shells about the

central site. Ye represent the remainder of the crystal by a residual
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Madelung potential. To obtain this potential, we used effective charges
given by Phillips“. This LCAO calculation can not be expected to give
good results for the conduction 1levels due to the use of Nesbet's
restrictions'0, Tne self-energies of the atcmic orbitals have been removed
for both the occupied and the unoccupied parts of the orbitals. This means
that the conduction encrgies have been obtained as though the conducticn
electrons felt the potential from n-1 electrens, instead of all n valence
electrons. To renedy this the self—energies'are explicitly reinserted for
. the virtual states. At this point the Hartree-plus matrix is no longer
diagonal. Hoviever the couplirs between the occupied and virtual states is
very weak and a sccond diagenalization produces new valence bands which,
for GaP, differ in energy from the previous bands by at most U%. Takirg
all this into consideratiorn, we believe that the final Hartree-plu
operator sc odtained is censistent with the configuration used. Finally we |

(]

form a Hartree-plus natrix usirg atcmic orbitals for the core states and §9

. planevaves for the conduction znd valence states, and diagonalize it to

obtain the finz)l band structure. For AlP, ve repeated this calculaticn

using 27, 51, and 65 plancwaves.

5. RESULTS

In all the band calculations performed here, energy levels 'were
- obtained at 21 nonequivalent points in the Brillouin zone for an f.c.c.
lattice. The bands are drawn zlong axes of high symmetry which connect the
points of high symmetry in the Brillouin zone. The symrmetry labels used
_are consistent with Parmenter'?, In all cases the origin has been chosen
to be the cation site. In addition, the orbitals and their energies are
superscripted to indicate whether they are valernce (v) or conduction (c)

states.
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The valence band structures for AlP obtaired using 27, 51, 65, and 89
planewaves/ are summarized in Table 1, No experimental or theoretical
values were available for comparison. The *ands obtained with &9

planewaves are shown in Fig.1. By comparinz the results for several

numbers of planewaves, we can estimate the size of the errors due to
inconmplete convergence. For the top two p-derived Sands, our results
appear to be converged to within 0.1 eV. The third p-like band is
converged to within about 0.3 eV, and the separation of the s~band and the
g™ . p-bands is converged to within roughly 0.4 eV. On the otherhand, the basic
structure 1is stable, as is the width of the s-band. We assume that this
convergence information is also valid for our other calculations.

In Tables 2a and 2b, the valence band structures for GaP and Gahs
shoun in Figs.2 and 3 are compared to experirents and previous theoretical
calculations. It is particularly interesting to ccmpare the Hartree-plus
resuits with the two first prirciples OPY czlculations. For both GaP and
GaAs, the Hartree-plus method gives valence bznd wicths which are in better
agreement with experiment than those obtainsd ir the first principles OPY
R calculations, and are comparable in quality to the empirically adjusted
calculations, especially wvhen the 1lack of convergence is taken into
consideration. All of the other calculations give better results than-this
‘ work for the separation of the s-band from the p-bands. This error in the
.g - Hartree-plus results, 1.0 to 2.0 eV, is probably due to incomplete
f; convergence and relaxation effects that have not been included. Nene of

the other calculations listed give the position of the d-bands relative to
the top of the valence bands., For the Hartrce-plus }esults, we beliecve

that the errors in the d-bands, which are less than 15%, are a result of

L relaxation effects, which would be expected to shift the d-bands up
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relative to the top of the valence bands.

In Table 2c, the ionization energies for the cation d-levels of GaP
and Gads are compared to experimental values. This inforration is not
given by any of the previous band calculations mentioned. The differcnces
tetween theory and experirent are easiiy accounted for by relaxation and
surface polarization effects.

In Table 3, the lowest transition energies are compared to experiment.
Clearly the Hartree-plus conduction bands are in very poor agreement witn
expsrirent. To test for errors in the treatment of the self-energies, vwe
performed a calculation for AlP with the self-energiecs set equal to zerc.

Tnis ¢

€N

leculation yielded corduction bands which differ from those with
nerzero selt-energy by no riore than 0.2 eV, VWe therefore conclude that the
errors in  the conducticn bands are due to the choice of the
exechzrre~cerrelation potential, V

- L is not really surprising that cur

cr

! - - o .~ o~ —~ - <~ 4 oy <. oy ey ey e -
choice of cxerange-correlation poloential gives good

-esults for the valence

o~

bards buz not for the conduction bards. Az was sh

-~

nn by Pantelides, el

.7, for both insulators ard wide gap cermicon

o,

uctors, correlation effzets

in wvalence bdands are a result of virtuzl scattering of holes, whils

correlation of the ceonducticen bands conmes prinmarily from virtual scattering
of electrons, Since the nrechanjisms for correlation in  valence ang
conduction bands are different, it is unreasonable to expect ore
excharge-correlation potential to be valid for both cases. Ve sugrgest that
ir future Hartree-plus caleculations, it should be possible to obtain better

results Dby using two separate potentials for the valence and conduction

6. (ONLLUSION

Based upon tre results given by Xunz, et al.’, for the rare gases and
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the results for III-V semiconductors reported here, we conclude that the
Hartree-plus method should give good results for the valence bands of both
insulators and semiconductors when used with the RBKS screened Kohn-Shan
exchznge. This method not only gives good results for the valence band
widths, it also gives reasonable values for the core d levels and the

ionization potentials. Based upon the calculations given, we suggest that

it might be possible to find a single exchange-correlation potential that
could be used to obtain gcod conduction bands for insulators and
seniconductors in a two-potential band calculation. Such a calculaticn
would use one potential for valence states and a second potential for
conduction states. This type of calculation not only would te expected to

give bstter Hartree-plus band structures, but would also be more consistent

with what we know about correlation in semiccnductors and insulators.
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CHAPTER 1
INTRODUCTION
The electronic structure of surfaces is important in many
scientific and technological fields, such as corrosion, semiconductor
;.f devices, and catalysis. However, the understanding of fundamental solid

surface properties has lagged behind the progress in understanding of
bulk properties. This situation has been a result of the 1lack of

experimental methods for the quantitative characterization of the

surface structure, and the theoretical complexities resulting from both
the loss of symmetry at the surface and any possible reconstruction
occuring at the surface. Recently developed experimental techniques
such as electron energy loss spectroscopy (ELS) ( ), two photon
picosecond spectroscopy ( ), surface extended x-ray absorption fine
structure  (EXAFS)  ( ), and extendecd appearancé potential fine
structure (EAPFS) ( ) have made accessible the experimental study of

the structural and electronic properties of real surfaces. The

Se e ,S‘LLP;’C""{ Lrow AM3F-DMR— 77-2358 pn Fhis werk as well
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development of powerful computational methods has made possible the

theoretical study of these systens.

1.1 THE INITIAL ADSORPTION OF OXYGEN ONTO THE ALUMINUM (100) SURFACE

Aluminum surfaces oxidize readily upon exposure to molecular
oxygen. Several experimental studies have been performed on the initial
oxidation of aluminum surfaces ( ). Ultraviolet photoemission
spectroscopy (UPS) ( ) and Auger spectroscopy ( ) studies have been
reported for many crystzl orientations of aluminum, including the (100)

surface. LEED ( ), EXAFS ( ), and EAPFS ( ) studies have been reported.

Ultraviolet photoemission experiments ( ) have reported a valence
band resonance at 1.5 eV below the Fermi level for low oxygen exposure.
This resonance is attributed to the oxygen 2p band. The shift of the
aluminum 2p core level has also been measured for both low and high
oxygen exposures. This shift toward lower erergy is due to the dipole
moment arising from the charge transfer from the aluminum substrate to
the adsorbed oxygen. Work function measurements have also been reported
( ), with the work function found to decrease with increasing oxygen
exposure. This decrease has been interpreted as being a result of
incorporation of the electronegative oxygen adatoms beneath the aluminum

surface.

- = e ————— e Pl
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LEED, EXAFS, and EAPFS techniques are able to probe the surface
geometry of tne aluminum plus oxygen adsorbate system, and thus these
studies are of special interest as they will help to differentiate
between various theoretical models. For low oxygen coverage, the
reported Al-0 bond length is 1.98 K ( ), in agreement with previous
theoretical calculations ( ). For higher exposures, a value of 1.88 i
H:: is reported ( ), which correspondsto the nearest-neighbor distance in

For theoretical studies the (100) surface is ideal: calculated i
electronic properties can be compared to existing Auger and UPS results,
and calculated bond positions and lengths can be compared with LEED,

EXAFS, and EAPFS results.

-3 Lang and Williams (4) have studied theoretically the adsorption of
oxygen onto a jellium surface. While jellium is a good approximation to
bulk aluminum, it is not adequate to describe the 1local adsorption

process. For this reason, cluster studies, which are particularly well

;ﬁ suited to describe such local phenomena ( ), have been performed.
; . Harris and Painter ( ) and Messmer and Salahub ( ), have studied the
:; adsorption of atomic oxygen onto the hole site of the Al (100} surface,

{j reporting electronic structures which agree with existing UPS data for
‘

the initial adsorption of oxygen onto this alimunum surface. Studies of
the adsorption of oxygen at the remaining two high-symmetry sites of
this surface have not previously been reported. An accepted explanation

of the incorporation of oxygen atoms beneath the aluminum surface does

not yet exist: the calculated electronic structure and binding




-

( ; ]
Page ¢/

potential curves for the on-top and bridge sites presented here should

shed light on this problem.

In this study, the interaction betweeu adsorbate atoms (in this
case oxygen) and the aluminum (100) surface is theoretically
investigated by modeling the surface with a small number of atoms and
then using the unrestricted Hartree-Fock approximation to calculate the

electronic structure and potential energy curves. From these potential
t-.
energy curves the binding energy, bond distance, and force constants of
the interaction are determined. The calculated one-electron orbitals
give added insight into the chemisorption process, and calculated
densities of states are compzred with photoemission data. This
calculational procedure is able to accurately describe the localized
bonding of an adsorbate onto z surface site, the aspect of chemisorpticn

considered most important ( ).

The localized nature of the chenmisorptive bond is indicated by
several kinds of experimental evidence. An adsorbed atom or molecule

can be observed to hop from one localized site to another ( ).

Infrared spectroscopy studies have found that the vibrational spectra of
intermediates on surfaces are often very similar to the spectra of
isolated moleéules « ). These experimental results reinforce the
intuitive notion that the chemisorptive bond is similar in nature to the

familiar, localized chemical bond.

L . A At vt ¢ = e s o e % R ek i e
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In general, the loss of symmetry in the direction perpendicular to
the surface 1leads to the choice between two drastic approximations in
theoretically modeling the surface-adsorbate interaction. The
maintenance of translational symmetry in the plane parallel to the
surface greatly simplifies the computational difficulties and allows for
the use of the powerful methods developed for bulk band structure

9 calculations. The alternative approximation, simulating a small section

’
3

of the surface by a cluster of atoms, can more effectively describe the

localized interaction c¢f thne surface with a single atom.

Numerous calculations of the electronic structure of surfaces using
the approximation of a semi-infinite surface have been reported ( ).
The major drawback of this approach is that, in general, a semi-infinite
menolayer of adsorbed atoms nmust be considered in a chemisorption
calculation. This 1liritation is a direct result of the symmetry
assumed, and therefore only qualitative calculations can treat a single

adatom on & semi-infinite surface.

By relaxing the syrmmetry requirements of the semi-infinite surface,
one gains increased flexibility and freedom. For instance, atoms can be
brought down over a variety of possible bonding sites. Roughened and
stepped surfaces, exposed corners, and small particles, which
experimental work indicates are often sites favored for chemisorption,
can easily be simulated by the cluster approach. Use of the
semi-infinite surface, by contrast, is limited to studies of the perfect

surface.
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Once the appropriate cluster has been chosen to simulate the
surface, the electronic structure of the cluster-adsorbate systen must
be calculated. The method used here is the unrestricted Hartree-Fock
approximation, from which electronic wavefunctions, electron energy
eigenfunctions, and the total electronic energy are calculated. This '
calculation is repeated at varying adsorbate-surface separations, and

the potential energy curve can be generated from the differences in ]

15

- total electronic energy.

The Hartree-Fock approximation as the method of calculation is
attractive due to two important advantages. The method is a convenient
first step towards an ab initio solution of the nony-particle !
‘ Schrodinger equation for a fernion system, and .gives a useful
zeroth-ordar wavefunction for a perturbztion calculation of the
many-body problem. Second, it is the most advanced calculational rethod

in which elementary physical intuition is applicable. In more complete

calculations, there 1is no longer a one-to-one correspondence between

»
—— .

particles and one-particle wavefunctions, and the independent particle

ORY

L7 r,
™ _hews DS oLl L

approximation is no longer applicable. 4

1.2 THE ELECTRONIC PROPERTIES OF THE SILICA SURFACE j

The electronic structure of crystalline silica (Si0y) is of

technological interest in, for example, the manufacture of solid state

electronic devices. Consequently, there has been considerable
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experimental effort in this area. In a recent review of experimental
and theoretical results, Griscom ( ) has compiled much of the existing
data on the bulk properties of silica. The band gap has been found to
be about 8.9 eV, with a valence band width of approximately 11 eV.
Ultra-violet photo emission spectroscopy (UPS) studies by Ibach and Rowe
( ) have detected no cccupied surface states within the band gap.
Williams ( ) has studied silica surfaces grown on crystalline Si and
:; found traps at 2 eV below the bulk silica conduction band edge. These
traps act 1like Coulomb centers with a positive charge. It is with the

silica surface and its defects that the current investigation is

concerned.

Several recent experimental studies have investigated surface

'

stztes of silica ( Y. Sohwict=z) () has found a radiation-induced

feature at S1 eV on the high-energy side of the Si Lp3z VV (V=zvalence)
transition ir the Auger electron spectrum (AES), and suggests that it is
due to an Si L23 VD (D=cefect) transition. He further suggests that
this defect 1is the E; center, wnich is a dangling singly-occupied sp3
orbital of silicon. 1Ibzch and Rowe ( ), Fujiwara and Ogata ( ),
Lieske and Hezel ( ), and Bermudez and Ritz ( ) have measured electron
energy loss spesctra (ELS) and found peaks in the second derivative
spectrum at about 3.5, 5.0, and 7.4 eV (Fig. 1). Ibach and Rowe have
attributed trnese transitions to a partially oxidized surface region,
Si0,, where 1¢x<2. Fujiwara and Ogata ( ) have shoun the states

associated with these transitions to be at the surface, and concluded

they vere due to metastadble SiO,. Lieske and Hezel ( ) have associated
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the final states with 8i-Si bonds found in S5i0,. Most recently,
Bermudez and Ritz ( ) have studied this transition, and found the final
state to be due to "a chemically stable species formed after rupture of
the silica network,”" and attributed these properties to a surface Si=0
double bond. For this bond to exist, the silica surface must undergo
reconstruction. Evidence for such reconstruction from 1low energy
electron diffraction (LEZD) measurements is due to Janossy and Menyhard
« . Also, Hochstrasser and Antonini ( ) have observed what they
believe to be recombination luminescence due to the rearranging of the
surface Si-0 bonds immediately after cleaving. They measured the

lifetime of this luminescence to be less than 10’6 seconds.

Thecretical studies of the silica bulk electronic properties have

been perfcromed  ( )}, &nd tne calculated densities of states are in

good agreement with experiment, except for the AES peak at 91 eV and the

ELS peaks at 3.3, 5.0, and 6.8 eV. BEcth of these discrepancies can be
accounted fo» by allowirg for the existence of islands of silicon in the
bulk S5i0,. Eennett and Roth ( ) have calculated, u-ing the Huckel
approximation, the electronic properties of many clusters - which
approximate silica, and in particular gave attention to defects. These
calculations were performed in the bulk; however, the clusters were
sufficiently small that they can be interpreted in terms of surface
defects, or in terms of a surface SiO, region. For oxygen deficient
clusters with a relaxation of the silicon atoms near the defect, the
calculated energy levels showed transitions at approximately the same

energy values. These are, however, probably due to small clusters (2-3
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atoms) of silicon in the SiO,. Laughlin, et al. { ), using a tight
binding method, have calculated similar defects and have also found
states which appear in the gap, at about 5 eV above the valence band
edge. They have also studied the E' center, and found a level lying
just below the bulk conduction band. Pollmann and Pantelides ( ) have
performed a calculation using a Green's function formulation on the
ideal terminated cubic gé-cristobalite) surface. Using an admittedly

crude model for the surface, they found no states in the band gap.

The purpose of the current investigation is to study the silica
surface, giving particular attention to the three ELS peaks observed at
3.5, 5, and 7 e¥. The cluster model is again employed, for the same
reascns given in section 1.1. 0f thke three models proposed by
experirentzlists to account for these transitions, the only one which
has previously been calculated theoretically is theSiO, model. In
chapter 4 are presented calculations of the one-electron energy levels
for the remz2ining two models, the E; center, and the Si=0 surface

double bond. A comparison is then made between the three models and

experiment.

}
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METHOD OF CALCULATION

An exact solution to the wave equation for a large cluster of atoms
is not at present attainable. 1In fact, such a solution, while nice in a
mathematical sanse, would be difficult to interpret physically. The ab
initio Hartree-Fock theory provides an approximate nethod of solution to
determine the electronic structure of a large cluster of atoms which is
both easily handled by contemporary computers and well suited for

straightforward interpretation,

2.1 HARTREE-FOCK THEORY

Ab initio Hartree-Fock theory is used to calculate the electronic
wavefunctions and energies for the finite clusters studied in this work.
The solids studied contain atoms of 1low atomic number; therefore

relativistic effects are small and will be ignored. Using the
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nonrelativistic Schrodinger theory, the many-body wavefunction 4; which

is a function of electronic and nuclear space-spin coordinates, is

determined by the equation
e I, T A s >
H\E(.("l:["'—)?“):é_ ‘:6('(//’;/.--)’1-) (’21/)
where H is the many-body Hamiltonian
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| Here we have used atomic units, whereh, me, and e=1, the unit of length

is the bohr (1 bohr = 0.5295), and the energy is given in Hartree (1 Hy

;; % 27.2 eV). Upper case letters refer to nuclear properties: *ﬁl is the

;f position of the 1Ith nucleus, and My is its mass. Lower case letters

;5 ) refer to electronic properties: 'Yﬁ is the coordinate of the ith

ij electron. The four-vector—;g denotes both the spatial coordinates and y
; " the spin of the ith electron.

The Schrodinger equation is simplified by employing the

Born-Oppenheimer approximation ( ) to separate the nuclear and

electronic coordinates. The total wavefunction is assumed to be




separable:
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The nuclear wavefunction ?(i3, is now a solution of the equation

{ 3
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while the electronic wavefunction, “¢(x,X), is a solution of the equation
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A solution of this electronic Schrodinger equation depends on the
-~
nuclear coordinates R and in turn defines a potential energy function of
the coordinates: _
—  Ez
R -
. TS e (_2‘4}
i g W;"k‘y\
Y
which determines the motion of the nuclei. The problem is now reduced
to solving the electronic Schrodinger equation for a particular set of
nuclear coordinates. This equation cannot in general be solved exactly;

one therefore takes refuge in the independent particle model for a

method of obtaining an approximate solution.

This approach is mathematically equivalent to a separation of
variables technique. The many-electron wavefunction, which is a
functional of the space-spin coordinates of all of the electrons, is
assumed to be a product of orbitals which are functions of one-electron
space-spin coordinates. However, the Pauli principle requires that the
many-electron wavefunction be antisymmetric under the exchange of any

two electrons. Therefore, the total electronic wavefunction is

approximated by an antisymmetrized product of one-electron orbitals:
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( 2.9)

where (}’Lis the antisymmetrizer. Since the Schrédinger equation is still

- - = i .. .
qj (&l )"al“‘;i‘) = \/:o_ & ‘Pl (“) (tl(x&) M <#r\ ((n)

not in general solvable analytically, the variational prineciple is
introduced to obtain approximate solutions. The variational principle
states that the normalized expectation value of the Hamiltonian using
approximate wavefunctions is a rigorous upper bound to the exact energy.
The approximate wavefunction can then be varied to minimize the energy
and thereby be the best approximation to the exact wavefunction.
- Applying the variational principle to the electronic Schrddinger
equation, and using an antisymmetrized product of one-electron orbitals,

we obtain the Hartree-Fock equations:
Fo.@=2 A, ¢
) .

where ¥ is the Fock operator:

r_'_ L5 " .
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- The matrix elements J);; are Lagrange multipliers, and have been

introduced to insure the orthonormality of the one-electron orbitals.

In general, a unitary transformation can be performed on the orbital
space which diagonalizes this matrix. The Hartree-Fock equations can

then be written in the standard form:

-

Fé.»cﬁ = & ) C:z.u)

These integro-differential equations are normally solved via an

Bl Rttt S A A
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iterative procedure. Thus, the electron orbitals are determined in the
average field of all the other electrons. The only constraints imposed
on the wavefunction are that the orbitals be orthonormal and be
functions of the space-spin coordinates of only one electron. This
level of approximation is called generalized Hartree-Fock (GHF) and has
yet to be solved, so further constraints are imposed to simplify the
calculation. The simplest constraint which can be imposed is to require
that the orbitals be eigenfunctions of S,, i.e., the orbitals be of the

#:; form:

By (F) %

1

P =

{ (-> .
?.ﬁ.()r.

/’\\b\f\\

£

where ffr) is the spatial part of the orbital, and « and /7 are the
spin-up and spin-down eigenfunctions of S,, respectively. fhe form of
the Hartree-Fock eguations is unaffected by this constraint, and this
level of approximation is known as the unrestricted Hartree-Fock (UHF).
The UHF method has been used for numerous practical calculations of
atoms, molecules, and solids ( ), and is the method used in this

study.

Additional restrictions may be placed upon the one-electron
orbitals in order to further simplify the calculations. The spatial
parts of the orbitals may be required to be symmetry eigenfunctions of
the cluster under consideration, i.e., each orbital must transform as an
irreducible representation of the space group of the cluster. Finally,

for doubly occupied orbitals the spin-up and spin-down spatial orbitals

may be assumed to be equivalent. This level of approximation is ecalled
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the restricted Hartree-Fock method (RHF). One advantage of RHF is that
the one-eleciron orbitals are eigenfunctions of both spatial symmetry
and spin. However, for singly occupied orbitals complications arise in
that the Fock operator differs for open and closed shells of the same
symmetry, thus not allowing the single determinant to properly describe
the wavefunction. The URHF method, while not necessarily obtaining a
wavefunction which 1is an eigenfunction of spin and spatial symmetry,
does give a lower (i.e., better) eigenfunction of energy. Since the
%‘ "best" solution to equation 2.6 is the wavefunction which gives the
) lowest energy, the UHF method has therefore been used in this

calculation.

2.2 CLUSTER MODEL

Localized phenomena in solids, such as point defects or surface
adsorbates, can be modeled effectively by using a finite cluster of

atoms ( ). Since the cluster is intended to represent a much larger

oy )

system, one must apply appropriate boundary conditions for the cluster
; to simulate the effects of the environment. These have been discussed

by Kunz and Xlein ( ), and will be briefly reviewed here.

# The solution to the Hartree-Fock equation (2.11) is sought for a
finite cluster. Suppose the region of the cluster is termed A, and the
remainder of the system, the environment of A, is termed E. The problen
is to partition the system rigorously into a cluster and an environment.

Let us considar the method of local orbitals of Adams, Gilbert, and
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Kunz( ). Here the Fock operator, F, of the entire system is divided
into a part which includes the kinetic energy, nuclear attraction of the
electrons and nuclei inside A, along with the electron-electron
potential for the electrons assigned to A, Fp; and another part which
is the potential in A due to the environment, UA:

e ~ 'l i
Tow T ¢ L b <*~<". b)
3

It is desired to study only part of the system, so instead of the normal

Hartree-Fock equation (2.11), consider instead the 1local orbitals

equation:
rr

[ ?&:; “f(,l\q ‘f’\"v’/} ('(l < 'n'( I,PI <,‘:'(y

where W is an arbitrary Hermitian operator. Consider now an ionic
system. The potential due to the eavironnent, U,, may be divided into
two parts: Vi is an ionic (Madelung) contribution and is 1long range,
and Vz is the remainder and is short range. Let W = Vi. Making use
of the projector properties of fﬁ (’f;"i( s and solving for the occupied
orbitals, equation (2.14) becomes

Considering only the orbitals of equation (2.15) which 1lie in A, the
solutions should penetrate only weakly into E. Because Vi does not
appreciably penetrate A, and because Vi i is cancelled by Vi i in the

limit of self-consistency, the approximate equation for the cluster,

including the interaction with the remainder of the system, is then
- )

| £ove \g = o (2.0)
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This approximate equation is simply the equation for the wavefunction in
the cluster of interest imbedded in the Madelung field of the remainder
of the solid. The eigenvalues'ﬁk of equation (2.14) or the approximate
equation (2.16) represent the eigenvalues £; of the infinite solid only

in the limit that the orbitals +i are localized in the region A.

A basis function expansion is used to determine the unrestricted
Hartree-Fock orbitals. Here gaussian type orbitals have been used for
this expansion. This type of function offers the advantage of having
analytiec solutions for the required integrals; however, many such
functions are required to achieve the desired accuracy. Cartesian
gaussian functions have been used. The spatial part of these functions

has the forn:

-~
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The determination of the gaussian exponents, wﬁ, for atoms and ions has
been the subject of considerable study, and tabulated sets exist in the
literature. An all-electron calculation including the core electrons of
aluminum and silicon would be impractical, so the ab initio effective
potential of Topiol, et al. ( ) is used to replace these core
electrons. The integrals are performed using the standard POLYATOM
integrals program, and the unrestricted Hartree-Fock calculations are

done with the G. T. Surratt program UHFONE.




THE INITIAL ADSORPTION OF OXYGEN ONTO THE

ALUMINUM (100) SURFACE

Alumirum crystalizes in the FCC form, with a lattice constant of
4.05 f. Aluninum is a metal, and the bulk electronic structure is
approximated very well by the "jellium" nodel. However, attempts to
enploy this model to describe the local chemisorption process (10) have
produced results which are not consistent with experiment (6). Cluster
techniques have been used to study the chenisorption process (11,12,40),

with results wnich agree well with experiment if care is taken in

choosing the cluster.

Chemisorption is a localized process, and as such the cluster model
should provide an accurate description. The difficulties that one
encounters here are resultant from the fact that aluminum is a mnetal,

and as such 1is not well described by a small cluster of atoms (fig.

3.1). One rust, therefore, take into account the size of the cluster
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used to describe the substrate. These effects will be discussed, along
with the binding energy of the oxygen atom for each surface site
considered. Calculated one-electron energy levels for these binding

sites are compared with the results of photoemission experimemts.

3.1 RESULTS OF CALCULATIONS

The positions of the aluminum centers in the clusters are chosen to
reproduce the unreconstructed structure of the aluminum (100) surface.
It has been assumed here that the lattice does not undergo signifigant
distortions at the surface. This has been shown to be true from
cormparison of experimental and theoretical LEED studies of clean

aluminun surfaces (44).

As possible surface sites for the adsorbed oxygen atom, considered
here are the three high-symmetry points of the (100) surface (fig.
3.2). These are a position directly above an aluminum center of the
first substrate 1layer (on-top position); the position central to four
aluzinum atoms of the first layer, above a second layer atom (hole
position); and above (or below) the midpoint of a line conneéting two

nearest neighbor aluminum centers (bridge position).

The interaction of oxygen with the aluminum surface at the on-top
position has been modeled here using two clusters: Al0, with a single

aluminum atom representing the surface; and A190, with five first layer
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atoms and four second layer atoms modeling the surface. The binding
energy of the oxygen atom to the aluminum surface is shown as a function
of its distance above the surface in figure 3.3. For both surface
clusters, the equilibrium distance is about 3.5 bohr. The binding
energies differ between the two clusters; this energy is 2.25 eV for
the A10 cluster, and 1.36 eV for the Algo cluster. The charge transfer
from the aluminum surface to the oxygen atom is about 0.7 electron in

both cases.

For the nole site, the aluminum surface is modeled with two
clusters: Al50, which has four aluminum centers in the first surface
layer, and the central alusinum in the second layer; and Algo, which is
tne A150 cluster, to wnich four additional second layer aluminum centers
are added. Tne importance of including the second layer atoms at this
site has been shown by previous theoretical studies of the interaction
of oxygen with metal surfaces (45). Tne oxygen binding energies as a
function of the distance above the surface plane are shown for these
clusters in figure 3.4, Both clusters have a minimum total energy
(maximum binding energy) when the oxygen center is about 0.2 bohr below
the plane of the first surface layer. The cluster with only one second
layer aluminum atom is found to bind the oxygen adsorbate by 5.4 eV,
with a charge transfer to the oxygen of 1.4 electrons. The larger
cluster is found to bind the oxygen by 4.8 eV, with a charge transfer of

1.3 electrons to the adsorbed oxygen.

B
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The binding energies computed for this site, as well as those for
the bridpge site, must be carefully extracted from the calculated total
energies. Since the oxygen atom penetrates into the cluster of aluainum
centers, the basis functions used to describe the electronic
wavefunctions associated with the oxygen adorbate may improve the
description of the substrate electronic structure, thus lowering its
total energy. This improvement in the substrate wavefunction can be
integrated into the caculation of the binding energy by simply including
the basis functions of the oxygen atom when calculating the total energy

of the substrate cluster.

The bridge site bhas been mnodeled here with three different
clusters. The first cluster consists of two nearest neighbor aluminun
centers of the surface, and an oxyzen atcen above the midpoint of the
line connecting these centers. The second cluster contains these two
centers, as well as two additional centers beneath them from the second
aluminum layer. For the final cluster, two aluminum centers from the
third layer are added. The inclusion of the deeper layer aluminum
centers at this bonding site is necessary because the oxygen atom
penetrates the surface, and can move vertically in a “tunnel" between
pairs of aluminum centers (see fig. 3.2). The binding energies of an
oxygen atom interacting with these aluminum clusters are shown in figure
3.5. For the cluster with two a2luminum centers, the oxygen adsorbate is
bound 1.3 bohr above the plane of the surface. A charge of 1.25
electrons is transfered to the oxygen atom, which is bound by 3.1 eV.

With the inclusion of the two second layer aluminum centers in the

o v
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cluster, the equilibrium position of the oxygen center moves to 1.65
bohr beneath the surface, which is just above halfway between the two
aluminum layers. The binding energy is found to be 3.8 eV, with a
charge transfer of 1.4 electrons to the oxygen. Inclusion of the third
aluminun  layer produces no signifigant change in these results;
however, this cluster does show that the oxygen center does not want to
move deeper into the bulk material, as the total energy of the system is
found to be lowest for an oxygen center position just below the first

surface layer.

* 3.2 DISCUSSIO:N OF RESULTS

;j For the initial stages of adsorption, the oxygen adsorbate is
clearly bound below tne aluminum surface. The binding is strongest at
the hole site. An electric charge of about 1.35 electrons is also

> transfered to the adsorbed oxygen. These results are in agreement with

'S previously reported work function studies, in which a reported decrease

S in the work function of the aluminum surface with increasing oxygen

|
| exposure (up to one monolayer of coverage) has been attributed to the
t

N penetration of negative oxygen ions beneath the aluminum surface (6).

Tne ultra-violet photoemission spectrum has been reported for 1low
r 3 oxygen coverage on the aluminum (100) surface (5); this spectrum is

shown in figure 3.6. Also shown is the projected density of states for

(]
i the oxyzen adsorbate previously calculated by Messmer and Salahud (12)
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for an oxygen position at the aluminum surface at the hole site. These
authors did not calculate the electronic structure for an oxygen
position below the surface, nor did they study the interaction of an
oxygen adsorbate with any of the other high-symmetry (100) surface

sites.

As reported elsewhere (40), the one-electron energy levels of this
calculation are in agreement with experiment and previous theory. These
energy levels are shown in figure 3.6 for both the hole and bridge
sites, with the oXygen position corresponding to the minimum total
energy for the cluster. For both sites, the energy levels reported here

are those of the largest cluster calculated.

Pnotosmission experiments studying the aluminum core levels at low
oxygen exposures have been reported, with a reported shift in the
aluminum 2p energy of 1.3eV toward lower energy (5). In the present
calculation, the shift of the aluminm core levels is found to be 1.1 eV
in the same direction. The cause of this core levei shift is the
electric dipole produced by the charge transfer from the aluminum
substrate to the oxygen atom upon adsorption. It has been noted by
Flodstrom, et al. that the aluminum core level shift increases to a
value of 2.6 eV at higher oxygen exposurc {(about one monolayer of
coverage), thus 1lowering these orbital energies to the values found in
A1203. These results are evidence for a two stage _oxidation process,

with the first step being chemisorption at the hole site, and the second

step being incorporation of oxygen bencath the aluminum surface.
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The agreement between the calculated one-electron energies for the
hole site presented here, along with those of Messmer and Salahub, and
reported experimental UPS spectra tend to support the idea that the
initial chemisorption of oxygen occurs at the hole site, as one would

expect from the binding energies reported in section 3.1.

The hole site is also favored by extended appearance potential fine
structure (EAPFS) measurements. Using this technique, den Boer, et al.
(4) have reported a nearest neighbor oxygen-aluminum distance of 1.98 £,
or 3.74 bohr. Messmer and Salahub have reported a value of 2.02 & (3.82
bohr), and the results of the calculations presented here place the
oxygen at 1.92 & (3.63 bohr) from the nearest aluminum center for the
hole site. For higher oxygen exposure, den Boer)gg al. have reported
an experimerntzal value of this nearest neighbor distance of 1.91 £. Tnis
figure is probably an average of the two nearest neighbor spacings found
in  Al,03; these being 1.8 R (3.51 bohr) and 1.97 & (3.72 bohr). The
longer of these spacings corresponds to oxygen binding at the hole site,
while the shorter corresponds to oxygen adsorption at the slightly less
energetically favorable bridge site. Tne present calculation places the

nearest neighbor distance at the bridge site at 1.71 K, or 3.25 bohr.

Tne results presented above, along with previous theoretical and
experimental results, show that for the initial interaction of oxygen
with the aluminum (100) surface, chemisorption takes place at the hole
site. The present studies have extended previous theoretical

understanding of the interaction of oxygen with this surface to include

the two additional high-symetry (100) sites. Work function, UPS, and

i
1
|
:
1
i
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EAPFS studies nave reported that the nature of this interaction changes
when the oxygen coverage approaches one monolayer; the theoretical
results presented here lead one to conclude that at this coverage,
oxygen begins to adsorb at the bridge site, since the energitically nore
favorable hole sites zre already occupied. The chemisorption of oxygen
at the bridge site allows for the incorporation of the oxygen adatoms
beneatn the aluminum surface at high levels of oxygen exposure, leading

to the formation of the oxide A1203.

j
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THE ELECRONIC PROPERTIES OF THE SILICA SURFACE

Silica ccecurs in six different crystalline forms, as well as the
amorphous form. All forns of 8102 are based on the Siou tetrahedron,
and differ in the Si-0-Si bonding angle. The crystalline form most
often studied experimentally is «-quartz, and it is this form which we
have used here. o&{-quartz is hexagonal in structure, with three 8102

molecules in each unit cell. The Si-0-Si bond angle is 1““0.

The silica surface may be described accurately using a cluster of a
small number of atoms. Indeed, calculations on the bulk material ( )
have used the cluster approach. To take into account the effect of the
neighboring bulk, appropriate boundary conditions are imposed, as has
been discussed in chapter 2. 1In the case of silica, the cluster is
embedded in a point charge erray, with the charge transfer determined in
a self-consistent manner. This gives the proper electrostatic potential

in the region of the surface cluster, and also provides for charge

A2
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neutrality. Previous calculations have either employed a free space
termination, or imposed periodic boundary conditions which require

defects to be present in 2ll unit cells of the crystal.

The clusters used here for the bulk calculations were an SiOy
tetrahedron, and an Si-0-Si molecule. Both clusters were embedded in a
point charge array of 3%3%3 unit cells in size. The calculations of the
surface were done using a cluster consisting of the surface silicon
aton, its two neighboring oxysen atoms, and the two adjacent silicon
atons to form two joined Si-0-Si molecules. This cluster was embedded
in a point charge array of 3%3%2 wunit cells. The position of the
surface silicon atom was adjusted in order to minimize the total energy.
An cxyzen aton was then piaced above the surface silicon in order to

study the surface bonding state.

The orne-electron energy levels calculated for the bulk 8102 are in
good agreement with experiment and previous theory (fig. 4.1). The
calculated band gap is 9.4 eV, as compared to 8.9 eV for experiment.
Tne valence band width is calculated to be 9.2 eV, while experimental
measurenents give about 11 eV. The oxygen 2s band is found at 30.3 eV
below the conduction band, while experiment places it 28 eV below. The
valence bands are found to be mostly oxygen 2p, with some silicon 3s and
3p character mixed -in. This is expected, and agrees with the charge
transfer of nearly one-hz2lf of an electron from each éilicon to each of
4 oxygen atoms, or a configuration of Siz+o', as determined by a
Mulliken population analysis. This agrees with the observation that

silica has both ionic 2nd covalent properties.
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For the unreconstructed surface, the E; center is found to have a2
singly occupied energy 1level 1.7 eV above the top of the bulk valence
band (fig. U4.2). Stephenson and Binkowski ( ) have observed, usirg
XPS, an occupied energy level at 0.75 eV above the bulk valence bar:
edge for samples cleaved in vacuum. They believed this level to be an
intrinsic feature of the bulk S5i0,. However, their sampling depth is
only about 30 A, so it is probable that this level is an E' center at or
near the surface ( ). The method of sample preparation which they have
used (grinding) could easily have caused these broken bonds to be formed
¢ ). It is energetically favorable for an oxygen atom to bind to this
surface silicon atom, with a binding energy of 5.1 eV, which is
considerably greater than the 2.6 eV per oxygen atom necessary to
dissociate molecular oxygen. Ve shall now turn our attention to this

configuration, which is the Siz0 surface double bond.

The occupied one-electron energy levels of the surface state are

all below the top of the bulk valence band. This is consistent with
optical studies, which have found no occupied surface states in the bard
gap ( ). The lowering of the valence band can be attributed to the
0-5i-0 bond angle at the surface being greater than the perfect
tetrahedral 105, angle. The bottom of the conduction band for the
surface is found to be 4.6 cV below the bulk conduction band edge. The
occupied valence surface states can be described' as bonding and
non-bonding states between the adsorbed oxygen and the surface silicon
atom (fig. i.3a,b). Yhen a surface electron is excited out of the

valence band, an anti-bonding orbital (fig. 4.3c) drops out of the
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conduction band and is singly occupied. Its energy lowers considerably
due to relaxation, and is fcund at 1.4 eV above the top of the bulk
valence band (fig. U.2). The position of the oxygen atom is 0.1 a. u.
fartner out from the surface silicon atom for this excited state,
relative to its ground state position. This energy difference is in
good agreement with Berrudez and Ritz ( ), and the transition from a
non-bonding to an anti-bonding orbital of the surface bond is as they
- have described. The energy change associated with this transition is
6.1 eV, which is in agreezent with the experimental value of 5.0 eV if
correlation effects are considered. The 7.4 eV transition can be

understood in terms of wvalence band structure, with transitions from

levels in the bonding part sf the valence band to the same anti-bonding

orbital.

It is noted that this model, the Siz0 surface bond, does not
redict the surface electronic transition at 3.5 eV that is seen in the
second derivative ELS spsctra. It has been shown by Gallon and
Underwood ( ) that this peak is in fact an artifact of the second
derivative mode of detection, and it is not seen in the non-derivative
ELS spectrurn. They argue that the 3.5 eV peak.is produced by the
overlap of the "wings" of the primary and the 5.0 eV peaks. The

calculations presented here agree with this interpretation.

One reraining point of controversy is the difference between XPS
and UPS in discribing the top of the valence bands of Sio2 (rig. 4.4)
Tnere exists at this time no agreement as to the cause of this

discrepancy. The calculations presented here do, however, favor one
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explaination. The two spectra are spatially sensitive to different
parts of the sample: XPS is sensitive to the bulk for initial states
with small binding energy, while 40.8 eV UPS is surface sensitive. In
botn the XPS and UPS techniques, the kinetic energy of the photoelectron
is sufficiently large that the final state may be approximated by a
plane wave. Therefore the difference between the XPS and the UPS
spectra must reflect the difference between the bulk and surface valence
band densities of states. Comparison between the XPS spectrum and the
calculated bulk density of states, and between the UPS spectrum and the
calculated surface density of states (for the reconstructed surface)
shows that such an explanation doss indeed account for the difference in

the two spesectra (fig. L.4),

The reconstructed silica surface has bean studied in order to
determine the nature of the low energy loss ELS peaks. We have found
agreement between the theoretically calculated one-electron energy
levels presented here and previous experimental results. Of the three
models which can account for the peaks, namely a partly oxidized surface
region SiOx, the E; center, and the Si=0 double bond, we conclude that

the last is most likely. Support for this conclusion comes from

experimental evidence for reconstruction, and from the large binding

energy of the oxygen atom to the surface.
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CONCLUSIONS

In this study, the gb initio unrestricted hartree-Fock method has
been used to calculate the bulk and surface electronice structure of of

silica, and to study the initial interaction of oxygen with the aluminun

(100) surface. In both of these materials, the cluster model has been

shown to be a wuseful tool in the calculation of the electronic

structures.

In studying the interaction af oxygen with the aluminum (100)
surface, the size of the aluminum cluster used had a considerable effect
on the results. Since aluminum is a metal, a fairly large cluster of
atonts is needed to describe the substrate accurately. That the cluster
model worked at all for this calculation is due to the fact that

chenisorption is a local process.
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It has been shown that an oxygen adsorbate is bound most strongly
at the hole site of the clean aluminum surface. The equilibriun
position of the adsorbed atom is about 0.2 bohr below the plane of the
surface. A charge of 1.3 electrons is transfered from the aluminum
substrate to the oxygen adsorbate. This charge transfer creates an
electric dipole which causes the aluminum core levels to be shifted
downward in energy by 1.1 eV. Previous experiments studying the work
function, UPS spectrum, and the EAPFS have reported results for the
initial adscrption of oxygen onto this surface which are in agreement

with the results of the calculations presented here.

These experimental results have also shown that the nature of the
adsorption process changes at =about one momolayer of coverage. The
theoretical studies reported here lead one to conzlude that at this
coverage the energetically most favored sites for chemisorption, the
hole sites, become fully occupied, and adsorption continues at the
bridge site. It is adsorption of oxygen at this site which allows for
incorporation of oxygen beneath the aluminum surface, and leads to the

formation of the oxide A1203.

Also reported here is a study of the bulk and surface electronic
structure of silica (A-quartz). The cluster model was again used. The
bulk solid and the surface were both modeled with clusters of a few
atoms, plus the appropriate boundary conditions.: In this case, the
boundary condition imposed was a point ion array to provide for charge

neutrality ard to provide the correct Madelung field.

e M ety =
e e e A yrw—— e VA - o
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For the silica bulk, the calculated one-electron energy levels were
compared with experirental XPS spectra, and the agreerment was found to
be excellent, as reported in chapter 4. For the reconstructed silica
surface, the structure of the Si=0 double bond was found to be the
energetically rost favorable surface configuration. The electronic
structure of this surface bond is able to explain the low energy ELS
peaks seen experimentally. This calculations reports a value of 6.1 eV
for the 1lowest energy transition, as compared to 5.0 eV for the

experimental result.

Finally, the difference in the reported valence band structures as

measured in XPS and UPS experiments is explained. Tne XPS method is
sensitive to the bulx material, while UPS 1is surface sensitive.

Comparisen of these spsctira with the calculated valence band energy

levels shouws good agreement between the theory presented here and the

experimenal spectra.

The ab initio unrestricted Hartree-Fock method, along with the
cluster rodel, has bcen shown to accurately describe the 1local
electronic properties ¢f many systems. In this report, this method has
been shown to be successful in describing the adsorption of oxygen onto
the aluminum surface, and in deseribing the bulk and surface electronic
structure of Si0,. Tnis technique has also been used to successfully
calculate the electronic structure of semiconducting polymers, including
defects and impurities (46), and in the description of the excitonic

structure of crystalline silicon (47).
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