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ABSTRACT

The "Cluster-Bethe Lattice" method is.extended to
thevstudy of.héteropolar systems. The Bethe Lattice is -
'solved for binary compounds Qf‘arbitréry cootdination-v
.usihg éimple tight binding models. 'Iﬁ pérticular systems
with tetrahedral coordination,.such_as-fhe zinéblende,
 BC-8 and random netwo?k structures are_éxamined in detail.
Thé results are compared with recent experimentalfphotO*_,
emission data on the amorphous phases of binary compoﬁhds.

~and interpreted in terms of topology.

I.  Introduction

i' .The "Ciusﬁer—Bethe Latfiée":l methdd is a particularly’ 
‘useful tool for stﬁdying infinite conﬁéctéd systems, WHich.:
ﬁay be.periodié or ndt; in ﬁerms of the lééal'configuratiéﬁs'
of the atoms in’fheseISystems. 'Thé ﬁethod iﬁvlees

tﬁeating part of the sstem»exactly (as.a cluster) andv
replacing the effects of the rest of the infinite environ-
ment by a Cayley‘Tréé 2v(drvBethe Lattice). Resﬁlts on
~h§m0polar sYstems‘indicate the importahce of local atémic
qoﬁfiéurétiéns aﬁd ring tOpologiés in aetermining strucfuré_

in thevelectromic density of states (DOS). A natural



extension of this_meﬁhod is to heterdpqlar systems. In
this way one can in principle study the alloy problem,.
as well as amorphous binary systems. |
In this paper the methodIWill_be set up for the study |
of infinite connected binary systems Gf afbitiary coordina;-
.tion.v To_do this,.a heteropolér Bethé Laﬁtice.of‘arbitréry
coofdination will be solved in detail. Thié,-in general,
permits a étﬁdy of a large class of problems including 
alloys and amorphous binaryvsystems. The foéus'here,»
~ however, will be to use the "Cluster-Bethe Lattice" method
to study the éffects of topology on the DOS of‘amérphous
tetfahedrally coordinated binary compouﬁds. - In particular
oniy.StructtreS'which can be made with no”like-atom'bonds
 ﬁill be studiédu Specifically, the DOS's of binary'system$ 
constructed using the»atomic.positions of‘thevdiamond;iﬁ
BC-8 3_, énd Connell iandom network'4 struétures Will be
 calculated aﬁd ekaﬁihed in detail. 'These‘systems- |
form a series of structures whose lécal atomic con-
figufations become increasingly more disordered.
; ‘The format of the papef is as follows. iﬁ'section II 
the "Clﬁster-Bethé’Lattice"‘method is discussed; éimple one; .
orbital and four-orbital tight binding Hamiitoniané 3 are

defined, a transformation between the states of a one-orbital



and-four—orbital Hamiltonian is introduced for'heter0polar
systems and an example of the "Cluster-Bethe Lattlce"

method using these Hamiltonians is glven.’ In section III

the Bethe Lattice is solved analytlcally for heteropolar |
'bsystems u51ng the one-orbltal Hamlltonlan.' Local denSLtles‘u
of states for the catlon and anlon are obtalned seoarately
fvand effects of heteropolarlty are studied expllc1tly. In
sectlon Iv'the amorphous phases of III—V compounds'are “
‘discussed and the results for the binary'struCtures-made

from the'diamond, BCe8 and Connell random'netWOrk structureSii
:arebpresented and examined in detaii. Flnally, sectlon v

is concerned with a summary and concludlng remarks.
II. The "Cluster-Bethe Lattice"” Method

~ The purpose of the "Cluster-Bethe Lattlce" method is to .
_provide. a 51mple and phys;cal way of obtalnlng the total
DOS of an 1nf1n1te system of atoms, whlch,may or may not
have per10d1c1ty. .fhe procedure”is.as-folloﬁs." Con51der
an infinite, connected network of atoms of coordlnatlon m;
Any arbitrary atom is plcked as a reference p01nt._ A
~cluster of atoms surroundlng and 1nclud1ng this atom is thenr
removed from theusystem. ' The cluster is chosen sucn that -

every atom in the cluster is part of a ring pa551ng through



- the central or reference atom. A Bethe Lattice2 (ox Cayley
Tree) is then attached to the dangllng bonds so as to

simulate the effects of the orlglnal infinite environment.
| The Bethe Lattice is an infinite, connected,‘system Qf'atoms
- of eoordination m such that every atom ts-equivalent and
there. are no rings of bonds'in the system.. Once the SOlution'
of the Bethe Lattlce is known the local Green functlon <o[glo>
of the central or reference atom can be obtalned exactly.,
The Bethe Lattlce'therefore serves two useful purposes._ﬁ
Firstly it provides the mathematical convenience of solving
._exactly'an_infinite system without periodicity; Secondly it
 provides the physically-attractiVe characteristic of preser4 =
Ving the connectivity and theféoordinatien of théisYStem( ,
‘vThe Hamiltonians that will be used'eonSist_desimpieu
oneéorbital (h) and four-orbital (H) Hamiltoniahs S_for
systems with‘no liheeatom_bohds.A'These are given in the

orbital representationlby

1\2:|i><i] + V B ) i><i!? : a ' ‘ Lo i -
h DI W

h =
i.'il
i
H= % AZ IlJ><lJ| + V2T |ige<is l+Vz ZL. l13><1 Jl (2)
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h represents;a system where ands—like_localized orbital

li> is placed‘on each‘atom i and only nearest neighbor'i
,interactions V are taken into account. The diagonal terms
'are‘pOSitive_or neéative depending on whether atom i is a
cation'or aniOn respectively.A Slmllarly H represents a
system where four sp3—llke orbltals |lj> are placed on each
latom i with j=1,4. vy represents the 1nteract10n between
different orbitals on the same atom and v, represents the
interaction between orbitals on differentvatoms,vbut along
the Same_bond. Finally, avpositive or negative A;character;‘
"izes a cation or anion_directed'orbltal.' H ispveryauseful;
because it supplies avsimple yetcrelatively good descriptionéi
:of the DOS region everywhere except at the top of the valencef;;
_band.' Here the upper p-llke bondlng states form a flat :
band. or equlvalently a delta functlon peak in the DOS.-(For'v
the purposesnof this investigatiOn,'however,.thislis'not,Very7'v
important since-it wlll'be Shown.in section.IV thatithe'
prlmary concern here is to examine the mlddle peak reglon of

the DOS) If one takes A=A= o,.then the elgenvalves of H

(except those that lie in the delta functlon peak) are related T

by an analytlc transformatlon 3 to the elgenvalves of the much |
31mpler Hamlltonlan h.: This, however, is also true for
A% 0 # A as ‘will now be shown. Consider any 1nf1n1te tetra-

.hedrally connected network of atoms with a basis set {l13> }.
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For any atom i in the system the follow1ng equatlons can be

obtavned as part of the secular equation with H.

i i it -
acC 1 5 3! "2 7] o o (3)
it it i . i |
C =A C. + VvV, I C. + V,C. - . R 4
E ] A J _ljl J! 277 : L { )

where C; represents the coefficient of [ij) in the expansion g
of the one electron wanefunction of the total system. 1In
these eQuations atom i is taken, arbitrarily,gto bé a cation

for 51mp11c1ty the sums over jJj include j'=3 ' Solv1ng for'

s I
C; from (4) and substltutlng into (3) one obtalns
2 2 .2 i i T L
(E= A° - V2.)‘ qj_— (E+A) Vl I Cy, + Vlv2 ;,Cj',(s)

Summing now over all j and defining,ai= L C; ,eQuation (5)
reduces to

(5242 - avE -V

This last equation holds for every atom i and is very similar -

- to the secular equation one would obtain for the same system_:f

using h, i.e.

Ea, = Agi + Vv i'ai,‘ _ ". ] | L (7)



Com?aring'(6) and (7) gives the required transformations

2 L A% 4+ vV

E 2 1V2

]

2V, + (4v12+,v

- and

>
0

AV, /87 | - - - (9)

Thus one can now use the much simpler Hamiltonian h for
,heter0polaiAsystems in order fo calculate eigenvalues ana £é9§£
'bOSﬁs and use the transformations (8) and (Q)Ito givefthe' |
.éorresponAing eigenvalues and lggglfboé's,for the ﬁamiltonianvg$-:i
. To obtain the DOS of any system in a Green fﬁnction forméli;m
| using the Hamiltonianih one muét-first'define |

g = hg. o o

The total DOS n(e) is then given by

oy

‘n(e) = Im [Trg(e)]l S o _ (llf
and one is interested'in'thebdiagonal matrixvelemeﬁts of gl(e).
So that taking matrix elements of (10) between a basis set .

{}]i>} one obtains

e <ilg|i> = 8, .+ z<i{h|1><1|g|j>. , (12)
o A ) .



The local DOS ni(s) of the ith atom is then given by

n, (e) = -,%-Im <i|gli> ‘ o - ‘f .(13)
and L R
n(e) 2{: ag(e) o o ..A g  V(l4)

i
As a simple example of how the “Cluster—Bethe-Lattice"
methed works, consider the cluster of atoms in the diamendm
structure shewn'in Fig. 1. The-reference atom is labelea 5

and from symmetry_many atoms are equivalent and therefore -
labeled w1th the same number. .Thus, there are enlj‘four
1nequ1valent atoms in a cluster of 29 atoms. Furthermore, there_
‘are twelve six-fold rlngs of bonds pa551ng through the central
.atom.'tA "zincblende-Bethe Lattice" system can now be constructed'r
by plaeimg cations or anions on.all the odd or even numberedv |
atomic positions'and attaching a cdrresponding heterepoiar
Bethe Lattice to the dangling bonds of atoms 2 and 3;. The lecelty
‘DQS for atom o of this infinite‘system:can now be solved analyti;
_Caily ﬁsing equation.(lz). One obtains -

(exh) <o|gx|_o% 1 + 4v <1|g¥|o> |

'(stA) <1lg¥]o> = v<o]|gF|o> + 3v<2|g |o>
Slexp <2|g|o> = v<l|gT o> + 2v<3|g’ o> + ¢ <2|gF|o>

2V<2[g;|o> + 2¢ <3]g¥lo>

(exh) <3|gT o>
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wheré Q; and gf:repreéent the Gréen fﬁncti§nsrfor the case

of an anion and Cation'central_atomvrespecﬁively and ¢ and’

¢+ are the_fields'of a hetéropblar-Bethe Lattice actiﬁg, along
one bond, on an:anion and cation respectively,_iThe fieldé 
¢i:éreih>general complex functiohs of energy'apd depena only
on thé properties of the Bethe Lattice. Section iII will be.
devoted to their solution. Aésuming, hd&éver; that thé_q>i qre"'
known the local Green functions <o|g¥|o> can be obtained -
trivially from the linear equations (15). The fésult:is

\ - ,cl-1-1(
exN-4V? [exA-3V2 [exA-¢ -4VZ[exA-2¢6"1 1 1 - (16)

<olgT|o>-

and n_z(a) - %—Im <°lg:F|°> . : - .,(17)
where n;(E) and ng(e) are the local DOS's of an anion or catiqn_i
' central atom respectively. These results will be examined again

) . N + .
in the next section once the solutions for ¢~ are obtained.

III The Heteropolar Bethe Lattice |
This section will be concerned with solving the total and
local Green functions of a heteropolar Bethe Lattice'(with'nbv 

like-atom bonds) using the Hamiltonian h defined in section II.
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This will be accomplished by using a mean field formalism
S0 that fields ¢i will be obtained which can then be used to
attach the heteropolar Bethe lattlce to any cluster of atoms.
Con51der a heteropolar Bethe Lattlce made up of atoms-
‘with coordination m. Choose any atom in the Bethe Lattice and
‘remove it and m-1 of its nearest nelghbors from the system.
Assume now for 51mpllc1ty that- the ‘atom chosen is an anion and
is labeled o. It's nearest neighbors are labeled 1. Atom o-'
~has only one dangling bond‘whereas atoms 1 have m-1 dangling
bonds. If the Bethe Lattice is now attached to the dangllng .
bonds of atoms o and 1 through the fields ¢ one again obtalns,r

a complete Bethe Lattice and the following eqnationsvfrom (12)

f(e+A) <o|g_]o>v = 1 + (m—l)V<1|g—|0>,4.¢~v<01§fl°>

-

(e-h) <1l|g |o> 'V<o|g~|o> + (m-1) ¢F<1|gT|o> - (18) .
Now‘consider again atom o but now remove it and all of itsdmt‘
nearest nelghbors from the Bethe Lattlce system. The Bethe
- Lattice is then attached to the m-1 dangling bonds of atoms l

and one obtains the follow1ng quations from (12)v

H'

 (e+A) <olg”|o> l + my <llg” [o>

(e <tlgTlor = veolgTlox + tmd) ¢ <llgTlo>  19)
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Comparing equations (18) and (19) and using the plus and minus
" symmetry of the system gives
P 5 | o o
4T = —Y o D (20)
efh—(m—l)¢* | B |

.Solvingv(20) for ¢i gives

dre

R
b= by + 1 ¢I o1
| with
gt _eFh , o e
T T g (2
and: ‘ o o ' i;;/z
of o qpy 1AlmoL)VE (ef-AF) —f(e&Az)'j .
R V 2(m—1)(€iA)'. ' (23)

The‘cﬁoice of sign in the brackets [t] in (23) dépends'qnly on'“;.
“the value of € and nét onvwhether the coﬁnecting atom ié an "
.anion or -cation. The minus sign must be taken when €$A_énd the
‘plus.sign when.é<-A | | _ |

N The loca1 Green function for the hetéropolar Bethe Lattice )
ié now given by | | | ”

<°|g:l°>»?'{€iA-m¢$}'1 o - - (24)
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and the local DOS of the Bethe Latticevmg(e) from

¢

nF (&) = - imcolgFlo> . (25)
B T , , . -
therefore
T
1 e ’
rﬁi (e) = - = . (26)

(exh -~ moT )2 + w2 (4D

The bond edges can be obtained from (23) and occur at

™
|

=+ (A%*+ 4(m-1)V2) 72 N SO (27)
and-

P o N P T

An examination of (26) shows that n, (g) and»ng (e) have squarev
root»singularities_at EV=V—A and's'= +A.respecti§ely.f These
sinéularities are_actually a general feature of the.h and H
Hamiltonians énd will occur for all structural systems with :
noAlike;atqm boﬁds. Furthermore,_althouﬁh n;(e) is.singular '
at € = FA, it is zero'at € = xA. 'This indicates.that'the stateS'.
océuring aijthe.singularities € = +A and € = -A represént éggg'i
» cation‘and pure anion states respectively. ng(e)vandxlg (g) are
plotted in Fig. 2(a) aé a‘dotted'and dashed_liné respectively R

- with V = 1 and A = 2V. -The sum'of'these_twovcurves'(which-is'
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not shown) is of course the total DOS of the heteropolar .
Bethe Lattice.5 This is very similar to that of-a-hom0pola£,
Bethe Lattice except that there is nowrabgap between ('and
singularities at) € = *A. The local DOS‘n;(e) for an'anicn
Eis clearly_concentrated at low energies with a small amount
o Qf states at high energies. The catiOn’local ﬁQS“is”of_"
course just the mirror image of ng(e) about g=.o;l |

In Fig. 2{(a) is also shown (as a sclid line) the DOS of
- the 21ncolende Bethe Lattlce" system obtalned by addlng .
ng (e) and ng (e) from equation (17). The cluster in this
system was described in section II andbdrawn:in Fig,hl. It
containsrz9 atoms in a zincblende configuration.. The peaks-
around i 2.5 V arise from the twelve 51x—fold rlngs of bondsi
- passing through the central atom of thls cluster. In Flg 2
(b), the separate contrlbutlons of n (e) (solid llne) and
ng (s) (dashed llne) for the anion and cation respectlvely are
shown.. Again the spectra are mixror»images_of each other
about e=o with the anion and cation having considerably mcre:
States at low and high energies respectively. vFurthermore,
the singularitieS'of the local DOS's nz(e) at s%izv occnx alond
Wlth nz(e) = 0 at € $2V. This implies thatathe electronx
| states at ¢ = -2V and € = +2V have wavefunctlons which have -
zero coeff1c1entsfor the orbitals |i> locallzed on all the

cation and anion atoms respectively. These states therefore
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represent pure}cation or anion states occuring at:the
._energies for isolated atoms.v |

~ As an example of a transformatlon from the states of h
'to H, consider a comparison of Flgs. 2(b) and 3(a) | In
Flg 3(a),‘the fllled valence bands of the local DOS s of

. the 21ncblende-Bethe Lattice" system mentloned above u51ng

o the_Hamlltonlan H is plotted. These curves were obtained

" by using the transformation equatlons (8) and (9) derived _
in'section II with Vy ==2.2eV and Vé = ~6. 2eV. To'compiete
:_the fllled valence bond in Flg 3 a delta functlon of pure
* p-like bonding states must be introduced near -2 7eV.v This
- delta function, (containing 2 states/atom) is only a pro--
perty of H and 1ndeoendent of the- structure of a system as -
long-as no like-atom bonds are present. It w1ll always occur -
near -2.7 eV and w111 therefore - not be shown expllcltly in
any of the flgures. The effects on'the valence kand by
‘transforming from h to H are rather small. The most important
differences, as seen.by compaxring Fiés. 2(b) and 2(a), are
a narrowing of the low energy aniOneband and.a'widening of
'the high energy or cation bana. | |

_Figure 3(b) shows (as a solid line) the_sum}of'the'two
local DOS's shown in Fig.v3(a5;. This isICOmpared with‘the

total DOS of the zincbiende structure {(dashed line) as
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obtained from a band structure calculation using the
Hamiltonian H. The agreement between the two curves in Flg.'
3(b) is very good considering that the 21ncblende—Bethe

' Lattice" system has only 29 atoms in a 21ncblende conflguraé :t
tion. This again empha51zes the 1mportance of local atomic

conflguratlons in determlnlng the structure in the DOS.

IV Discussion of Amorphous Phases -

Experimentally information about.the'DQS can be~obtained
from‘x—ray,(XPS) and'ultraviolet (ups) photoemissioh_spectra-‘;
scopy . . XPS 6dand ﬁfs 7"spectra‘ox.'xvcx:ystalline and amorphous )
III-V compounds reveal DOS's that are rather 51m11ar. The '

most easily resolved dlfferences between the crystalllne and

amorphous spectra occur in the dlp region between the middle =~

peak and the.upper p—likevbonding peak at the'top of.the
valence band _(The upper p-like bondlng peak is analogous to
the delta function peak obtalned using H) In the amorphous
phase states seem to shift from the mlddle peak into thls-v
dip, thereby fllllng it in partially and maklng 1t less |
. prominent than in the crystalline phase. 7
Theoretlcally, effects of dlsorder_on.the DOS of amorphous
bihary systems have been studied by Joannopouiospand'COhensand

by Kramer and Treusch ? . In the former study specific types -
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Of dlsorder (e g. bond - length bond and dihedral angle
dlstortlons, dlfferences in topology,. effects of llke atom
bonds, etc.) are examined by_calculatlng the DOS, using
pseudopotentials, of various complex binary crystals made.
sPeciflcally by using the atomic positions of polytypes and
polymorphs 3 of Ge andei;“ Since the systems studied are
stoichiometric crystals with large unit cells this method
 leads to angexpliCit examination of short-range disorder.

. The results:of Joannopoulos and Cohen'8 can be.used to draw
lxtwo.main conclusions.  First that the presence'of like—atom

:bonds w1ll tend to decrease the gap, fill up the dlp reglon y"
and also ‘form a shoulder or peak at the lower ~energy and .
of the s-like region of the DOS spectrum. VThlS last effort'

does not seem to be observed experimentally. Secondly that

- systems without like~atom bonds but with bond—angle distoxr-

.tions of about *10% and some varlatlons in dlhedral angle and
topology will produce relatlvely small dlfferences from the‘

- zincblende DOS. | ”
| In the‘work of Xramer and Treusch 2 an attempt is made to

deal with homopolar systems and heteropolar systems with no

‘ llke -atom bonds, and to understand the effects of varlatlons

in dlhedral angles. Thelr method is most easily and con-~

venlently described using only a hom0polar system.' The exten-.

510n to heteropolar systems is stralght forward. Thelr method
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involves taking a finite cluster'df atoms (in a diaménd.
.structure configufation) consistinélof four tetrahedral'uﬁits
connected to a common central atqm. The tefrahédral units
can then be rotated by arbitrary amquhﬁs to_yield.changes_'
'in dihedral angle. An ?effecti&e".éotential:Gv(3) ié then
defined as a weighted averagé ovef”the’potenfialé G(E).ofi‘

the atoms in the cluster with

il
2l

v (@ Z otk vi@ (29

where N is the total number of atoms in the ciustéf and Ki-_“.
represents thévdifferénce in position between an'atom in the"m
cluster and in a diamond structﬁre; As a.first apﬁroximatiQn
this "effective" potential is then introduced at the atomic
pqsiiions of a diamond étructure creating an'éffectifé.total 

potential given by

¥

g

o "‘._)
v (a) = ;(3) et T 4 (E)* e 1q"

>
T

- (30)

where i? represent the positions of the basis atoms in the

diamond structure. For the case where the tetfahedral units

are not rotated all the Ki:= o and one returns to v(q) ='v(§).;:'  ;»

In general,therefore,the "effective" diamond structure>(30)

can be solved using conventional band structure ﬁethod54: The_ 
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resulfs of kramer énd Treusch uéing an "effectiVe"-diamondb

' and'zincblende structure indicaﬁe that dihedrél.aﬁgle varia-
tions will cause a brpadehing of'the'DOS'spectrum and‘a decreaée
“in the fundamental gap. Care;'hOWever, should'be téken in

. interpreting these results, because they'are»not caused éxpli—
citly‘by dihedfal angle rotatiéﬁs.-.This.is'cléarisince sub-

stituting (29) into (30) gives

o N s s K e e
v = %Z v (d) elq'(TfKi)w’(?;) et (_T_+Zi_)' (31)
et | |

 vwhich reveals that V() is just the.average potehtial ﬁf‘a
system of N f.c.c. structures with basis'atdms ét positiéﬁs
+ (?'+Zi). This chénge'in_baSis positions will in géneral
créaté diamond and zincblende:structures with both bond-angle'
and bond 1eng#h distortions. Such distortions may;bé quite
large and unphysical. . | | }

In this section the "Cluster-Bethe Lattice" method will
be used to study the effedis of topology éhd.éhoxt raﬁge dis%
order'oﬁ the DOS‘of a series of strucfures whqse.tdtal atomic';
arrangements become incréésingly more.disbrdered;“fhése
structﬁres will not-be'périodic, Wil1 contain no liké—atom Boﬁds
and will include the'lOCal'atomicICOnfigurations‘fbund'in the -

diamond, BC-8 3 , ‘and Connell random network 4 structures. _The:
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Connell model is of particular interest since it is a random.
network model with a radial distribution function that:agrees -
very well with experiments. In addition, it containshonly'
even-numbered rings of bonds and therefore offers the possibility
of hauing a random network structure with only like-atom bonds.i
The clusters that will be taken from the dlanond BC-8 -
and Connell random network structures to be used as "Cluster—.
Bethe Lattlce" systems will be chosen SO that'they 1nclude"n
ail ten fold rings of bonds passing through the central atom.
This is the condition 1 on the size of a cluster that guaran—_
.tees Very_good convergence. Thls is partlcularly true for
amorphous systems. For the dlamond and- BC- 8 structures all
‘the atoms are}equivalent so that the‘total DOS's are equal to
the local DOS's. For the-Conneli'model:all the'atoms are‘_'“‘.
'1nequ1valent S0 that 1n principle one would need to average
over the local DOS of every atom to obtaln the total DOS., In -
thls model, however, the local DOS of various atoms studledli
were very similar. Therefore, in these calculations as inithose:_ﬂf

for homopolar systems 1

only an'average over 5 central atomsf'_:’

is taken. | | -
The'results of the DOS's for the aforementioned three

"CiUSter-Bethe Lattice* structures are shown in Figs. 4 to Sit.

using the Hamiltonian H. (As it has already been mentioned the puren.f

p-like delta function'near -2.7eV is not shown) .- In-Fig.;4(a),”



the local DOS's Qf the anion (solid line) and cation (dashed -

" line) are shown for the "zincblende-Bethe Lattice" system.

Fig. 4 (b) shows the DOS of theb"zincblende—Bethe Lattice”
‘ eystem'bbtained by adding'the two curves in’Fig.'é(a). vThe
_cluster in this "zineblenae Bethe Lattice" system (as we have
mentioned) containe all.teh~feld rings of bonds passihg through'f
the cential atom. 'Therefore, it ie interesting'to compare |
:Fig; 4 with Figf.B, which contains the crystalline zinebiende
- DOS and a.“zincblende Bethe Lattice" eystem with a.iincblehde '
cluster containing only all sixeféld rings of bonds paSsihg
.through the central atom. Fig 4 shows  the correet.trend of
shlftlng ‘states closer to the 51ngular1t1es. Furthermore thej
shoulder near -5.2eV appears to be developing although the
sharpness of»thls shoulder in the crystalllne DOS 1S~a_conse—‘“
Qﬁence of periodicity. - In Fig. 5(a);*the'loca1 DOS's_ofithe
vanion (solid_line) and cation {dashed lihe)'are shoﬁh for a
binary system conettucted from the atomie poSitionslof a "BC-8
Bethe Lattice" system. Flg 5(b) shows the DOS of thls blnary
"BC 8 Bethe Lattlce" system as obtalned by addlng the two
-curves in Flg S(a) The BC-8 structure (w1th 8 atoms in a
' prlmltlve cell) is. more compllcated topologlcally than the dlamond
a_or zincblende structure. . Furthermore, the ring statlstlcs of the
atoms in these two strﬁdtures are qﬁite different.,.Fot instance,

diamond has 12 six-fold and 24 eight-fold rings of bonds passing



-22-

through a given atom while the BC—8>structure'has 9 six—fold
and 36‘eight—fold,rings of bond. This smaller number of |
six-fold rings of bonds and larger number of eightefold ringsrf
of bonds is responsible 1 for'the noticeable'shift of’states |
chosen to the srngularltles in Fig. 5 as compared wrth Fig. 4." T
Moreover the binary "BC-8 Bethe Lattice" system also seemsn |
- to have srlghtly more states 1n;the dlp region between the
.middie p-like peak (near —éevj andbthe upper p-like bonding
states (delta function_near'-2.7ev), This rathér_small effect
was also‘ohserved 8 using pseuaopotentialsvon-a crystalline :
binary BC-8 structure; ' | |

‘Finallybin Fig. 6(a), the local DOS's of the anion.(solid
line) and cation.(dashed line) are shoWn for a binary'system -
constructed from the atomlc positions of a "Connell Cluster—
_Bethe Lattice" system. These local DOS S, however, are onlv ;
for one atom in the'Connell,random network structure located.'
‘near the center of the network. The anion peak near —lOeV
.Aactually goes sllghtly off the scale. The DOS of an averaged
(over 5 atoms) binary "Connell Cluster Bethe Lattice” system 1s
hshown in Flg, 6(b) As it was mentloned earller the average DOS.
is very similar to 1nd1v1dual local atomic DOS's. There 1s, |
however,»a very 1nterest1ng dlfference between F;é; 6 (b) andm

Figs'”s(b)'andA4(b)' The peak near -6 eV is now very sharp'a,irhh



and étrong.and a comparison of this spectrum with the crystalline‘
results. in Fig. 3(b) does hot reveal aﬁy filliné up_ofrthe dip
region as it is observed experimentally for the amdrphOué phase.
poologically this strong peak observed‘in the Connell model is |
a direct result of the rather large numbér of six~-fold rings |

~ of bdnds present inAthis netwoxk. .Specifically‘there ate 6n an
aﬁerage aboutA16'sixffold rings of'bonds paséiné through a éiven
étom. Thevdifferences.in bond anglesfand.dihedral angles have

of course been omitted in this study, however judging from the .
pseudopotential results 8 on the BC-8 structureiwhere they were"

included, one would expect their effects to be rather small.

V. SUMMARY AND .CONCLUSI_ONS

The "Cluster-Bethe Lattice" method has been eXtended to_thé.
the study of-heteropélaf.systems; This‘is adcomplished by_solﬁihg
a binary "Bethe Lattice".df arbitrary coordination-using_ |
simple tight binding models. From these solutions éffective
biﬁary_Bethe Latticé fields bi(s)are obtainédehich_attach the
Bethe Lattice to any'dluster system of atoms of arbitiary coordina-
tion. The tight bindiﬁg models used include a one-orbital and
four orbital Hamiltonian. A'transf¢rmation between the eigenvalués»

of the simple one orbital Hamiltonian to those of the more realistic
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four orbltal Hamlltonlan was also obtalned

The "Cluster-Bethe Lattice" method was then used to.study
amorphous tetrahedrally coordinated binary compounds.l To do
this the atomic positions of a series of StruCtures-were |
Chosen to build binary "Cluster—Bethe Lattice"_systems;n These:
structures 1ncluded the dlamond BC 8 and Connell random |
network 4 structures and represent materlals whose local
4atomic configurations are respectlvely 1ncrea51ngly more dis-
ordered. The Connell‘ranaom network structure ishparticularly.i-h
interesting since'it has a radial distribution function which:h
agrees very well w1th that of the amorphous phase 10. _inx
addition, 1t only has even numbered rings of bonds and con~
sequently.can be constructed as a blnary_system-w1th no l;ke—'
atom honds. However, using only topological considerations'fr’h
the results here show that this random networhvmodel aoes not
seem to'reproduce featuresvin_the'DOS as observed“experi— |
mentally 6"71?0.1' the amorphous binary compounds. -These”resultstf'
are explalned in terms of the very large number of 51x-fold '
rings of bonds passing through the atoms in this network.

This work was done in part under the auspices of the U. S.'Atomic'Energy'
. Commission. ’ o
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FIGURE CAPTIONS

Figure 1 Cluster of atoms in the diamond structure. The
central of_teference,atom is labeled 0.‘AA11.
v equivalent'atoms are labeled Qith'the same ntmber.
The Bethe Lattice is connected_to.the-one andftWor

dangling bonds of‘atoms 2 and 3»respective1y.

Figure 2 Den31t1es of states us1ng the one-orbltal Hamll— R

| | tonian (a) local anion (dotted llne) and catlon
(dashed line) denSLt;es.of states for a»blnary f»;*d
Bethe Lattice ‘and the_density'ef stateS»(solid
line) of a "zincblende Bethe Lattice" system
with the cluster of atoms shoWn in Figure:l. (B)
The 1oca1 den51t1es of states for the - anlon (solid
line) and. catlon (dashed llne) for the same "zxnc—,
blende Bethe Lattice" system " The energy 1s»1n-i

~ - units of_the one orbital interaction '~ parameter V.

‘Figure 3 vDenSLtles of states u51ng the four orbltal Hamll—
tonlam (a) local anion (SOlld llne) and catlon_
(dashed llne) den51t1es of states for a "21ncblende 7
Bethe Lattlce" system w1th the cluster of atoms .
shown in Flgure 1. (b) The den31ty of states-

(solid line) for this "zincblende Bethe Lattlce":



Figure 4

”Figure 5

system'as obtained by adding the local anidn'and
cation denéitites'of states and the density of
states (dashed_line) for a normal crystalline
zincblende structure.. Thé energy“is in units of
eV ‘and the p-like delta function peak'néar -2.7eV-
is not shown. |

Densities of sﬁates using the four,orbital.Hémil?
tonian. (a) local anion (solid line) and cationb
(dashed line) densities of states for a "zinc-
blende Bethe Lattice"‘systemrwith a cluster con-

ltaining all ten fold rings of bonds passing through

the central atom. (b) The density of states for

this system as obtained by adding the anion andv

cation local densities of states. The energy is

in units of eV and the p-like delta function peakl

near -2.7 eV is not shown.

Densities of states using the four orbital Hamil-

tonian (a) local anion (solid line) and cation

(dashed Iine) densities of states for a‘binary

"BC-8 Bethe Lattice" system with a cluster con-

" taining all ten fold rings of bonds passing through :

the central atom. (b) the density of states for

this system as obtained by adding the anion and -

cation local densities of states. The energy is in



Figure 6
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(units of eV and the p-like delta function near

-2.7 eV is not shown.

Densities of states using the four Qrbital Hamil-
tonian (a) local anion (véélidkline) and cation
(daéhea line) densities of states fé::one étdmv
in the "Connell Cluster-Bethe Lattice“,syétem:;‘.
with a cluster containing all ten4foldvrings of: 
bbnds passing through the central atom. _(b)_ﬁhe
density of stateébfor.ﬁhe "Connell Cluster-Bethe
Lattice" éystém as obtained by averaging over the
local anion and cation-densities of states of 5,_ .
atoms near the center of the ConnelliIAndom net?

work model.
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LEGAL NOTICE

This report was prepared as an account of work sponsored by the
United States Government. Neither the United States nor the United
States Atomic Energy Commission, nor any of their employees, nor
any of their contractors, subcontractors, or their employees, makes
any warranty, express or implied, or assumes any legal liability or
responsibility for the accuracy, completeness or usefulness of any
information, apparatus, product or process disclosed, or represents
that its use would not infringe privately owned rights.
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