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ABSTRACT 

The effects of alloy disorder on deep electronic levels pro

duced by point defects in some of the technologically impor

tant ternary semiconductor alloys are investigated using the 

embedded cluster method and the theory of deep levels. Deep 

levels produced by defects both with nearest-neighbor and 

with second-neighbor alloy disorder are studied. The alloy 

host is treated by embedding an ensemble of clusters each of 

which contains five atoms (for nearest-neighbor disorder) or 

seventeen atoms (for second-neighbor disorder) in a virtual 

crystal approximation effective medium. The theory of deep 

levels is then used to find the deep levels in the bandgap 

of the host material for each cluster configuration when the 

central atom is replaced by a point defect. Results are 

presented for the inhomogenously broadened deep level spec

tra due to substitutional impurities on the anion site in 

Al^Ga^.^As, Hgj_^Cd^Te, and GaASj,̂ ?̂̂ ^ as well as due to the 

ideal As vacancy in Al^Gaj_^As. Specifically, the alloy 

composition dependences of the first moment, the component 

deep levels, and the linewidths of the spectra associated 

with these defects are presented. 
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Alĵ Gai j(As: 
Hgi .Cd^Te: 
GaAs; P̂ : 
GaAsJ:;;p^: 

Nitrogen Anion Site Defect 
Oxygen Anion Site Defect 
Anion Site Ideal Vacancy 
Anion Site Defects 

Nitrogen Anion Site Defect 
Oxygen Anion Site Defect 

VI. SUMMARY AND CONCLUSIONS 

97 
117 
123 
129 
151 
158 

169 

REFERENCES 177 

APPENDIX 

A. DETAILS OF THE ONE-DIMENSIONAL MODEL 185 

B. COMPUTER PROGRAMS USED FOR THE 
THREE-DIMENSIONAL CALCULATIONS 190 



LIST OF TABLES 

1. Configurations for Class I Defects 75 

2. Configurations for Class II Defects 77 

3. Labeling Convention for Nearest- and Second-
Neighbors 82 

4. Relationships Between Pairs of Nearest- and 
Second-Neighbor Atoms 83 

5. Summary of Results 172 

VI 



LIST OF FIGURES 

1. The first moment of the alloy broadened 
impurity lineshape as a function of 
alloy composition x for k B-^_^C in 
the case ^Q=-^R=t, e/\=0, N^=6, and 
ej=-0.5t for tne impurity on the 
ordered sublattice. 43 

2. The linewidth (solid curve) and the skew-
ness (dashed curve) of the alloy 
broadened lineshape as functions of x 
for the same parameters as used in 
Figure 1. 47 

3. The first moment of the alloy broadened 
impurity lineshape as a function of 
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CHAPTER I 

INTRODUCTION 

This work investigates the effects of alloy disorder on 

the deep electronic energy levels produced by point defects 

in ternary semiconductor alloys and presents a formalism for 

treating such effects. The motivation for this work is 

three fold. First of all, the technological importance of 

the ternary semiconductor alloy systems investigated makes 

an understanding of the phenomena of alloy broadening neces

sary, as it may be important in affecting semiconductor de

vice performance. In the second place, recent experimental 

data has been published concerning the importance of such 

effects, which are commonly called alloy broadening effects 

(1-9), and this problem needs to be addressed theoretically 

so that a fundamental understanding of the physics involved 

in such phenomenon can be obtained. Finally, the basic 

physics of point defects in semiconductor alloys is unique 

and interesting in itself because it differs considerably 

from the physics of point defects in elemental or compound 

semiconductors. Each of these points will be expounded upon 

in more detail in following paragraphs. The primary aim of 

this work is to predict the chemical trends of these alloy 

broadening effects, especially the variation of such effects 



with different alloy host/defect combinations. On the other 

hand, because the theory developed below and the calcula

tions based upon it were designed to accurately predict such 

trends quickly and economically for numerous host/defect 

systems, some sacrifice in the absolute accuracy of the re

sulting numerical predictions was necessary. Therefore the 

predictions presented in this dissertation for quantities 

which characterize the alloy broadened deep levels (e.g., 

level depths, linewidths, first moments, etc.), are not pur

ported to be of the highest possible accuracy in their abso

lute magnitudes. Instead, more credence should be placed oh 

the chemical trends which are predicted for these quanti

ties. In particular, we hope that our predictions of such 

trends may be helpful in analyzing experimental data and in 

obtaining an understanding of the physics of point defects 

in disordered hosts. We believe that our predictions for 

such trends are accurate, even though the absolute magni

tudes of our numbers may not be. 

The importance of the III-V and the II-VI ternary semi

conductor alloys is well established and has resulted in 

considerable interest in and studies of their properties 

(10-23). For example, two of the more common III-V ternary 

alloys are Al^Ga^.^As, which is used to make solid state 

lasers (24-27) and electronic circuit elements (27,28), and 



GaAs^_^P^, which is an important light emitting diode 

material (27). A prime example of a II-VI ternary alloy is 

Hg^_^Cd^Te (MCT), which is important in the manufacture of 

infrared detectors (29). The review articles and books cit

ed above should serve to convince the reader of the impor

tance of these various III-V and II-V ternary semiconductor 

materials. 

The phenomenon of alloy broadening of deep electronic 

levels in semiconductor alloys has been highlighted by nu

merous experiments. In particular, the alloy broadened lu

minescence spectra for excitons bound to the nitrogen deep 

level in Al Ga^_^As (1), Ga^In^_^P (5,6), and GaASj_^P^ 

(2-4) and to copper in GaAs, P (7) have been studied in 

recent years. The basic physical reasons that alloy disor

der broadens such spectra may be simply explained as fol

lows. It is well known that the local chemical environment 

of a defect in a semiconductor determines its deep level 

properties (30-32). In a compound or elemental semiconduc

tor, defects of the same type at different places in the 

crystal "see" the same local chemical environment, and, 

therefore, if they produce deep levels in the bandgap of the 

host material, they will produce them at the same energy. 

On the other hand, because an alloy is disordered, defects 

of the same type at different places in a semiconductor 



alloy host "see," in general, different local chemical 

environments. Thus, if such defects produce deep levels in 

the bandgap, these levels can occur at different energies, 

one for each distinct local environment. Thus, in addition 

to the technological importance of the semiconductor alloy 

systems studied in this dissertation, the basic physics of 

defect induced deep levels in these materials is unique and 

interesting because it differs so markedly from such deep 

levels in elemental or compound semiconductors. 

As a further example of the importance of this topic, 

experiments by several groups (2-4,33) on excitons bound to 

nitrogen impurities in GaAs, P have shown that the same 

alloy disorder which broadens the nitrogen impurity spectra 

can greatly inhibit the transport of excitons to traps. 

This "self-trapping" of an exciton by alloy potential fluc

tuations was also shown to reduce the exciton diffusion 

length, thereby preventing the exciton from reaching a non-

radiative recombination center. This increases the lumines

cence efficiency of this light-emitting diode material. 

Thus, device performance may be (at least indirectly) af

fected by the effects we study in this dissertation. 

Although a number of partially phenomonological 

theories (8,9,34,35) and a coherent potential approximation 

theory (5) have been proposed to treat the alloy broadening 



of deep levels, although a pseudopotential theory of the 

alloy broadening of shallow levels in MCT has been developed 

(36), and although model calculations of the alloy broaden

ing of deep levels have been put forth (37-39), to our 

knowledge there is not an existing theory of the effect of 

alloy disorder on such deep levels which both utilizes real

istic bandstructures and accounts for local chemical envi

ronment effects in a realistic manner. In this work we de

velop such a theory, starting with a simple, one-dimensional 

model alloy in order to develop the calculational technique, 

and then move on to realistic, three-dimensional, techno

logically important ternary alloy systems. The methods used 

to describe the alloy host and the impurities are the embed

ded cluster method (37,38,40-42) and the Hjalmarson et al. 

deep level theory (30), respectively. 

In order to implement the formalism described in this 

work, it is necessary to make specific choices of alloy host 

bandstructures, effective media for treating the alloy prop

erties, and defect theory for treating the deep levels. For 

the one-dimensional model alloys, discussed in Chapter III, 

we employ a one-state-per-atom nearest-neighbor tightbinding 

approximation for the bandstructure, use a coherent 

potential approximation (CPA) effective medium (16,41,43-49) 

and treat the defects using Koster-Slater defect theory 
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(50,51). To characterize the three-dimensional alloys, we 

use the sp̂ 's semiempirical tightbinding bandstructures of 

Vogl et al. (52) in the virtual crystal approximation (VCA) 

(43,44) and the Hjalmarson et al. theory of deep levels 

(30). However, we emphasize that the formalism presented 

here is general and is not tied to any specific choice of 

bandstructure, effective medium, or defect theory. It is 

possible to use different choices of these three quantities 

within the context of our formalism. Such choices should 

reflect the aim of the investigation (e.g., whether trends 

or very accurate level depths are sought). Our choices 

have, in the past, proven successful in predicting chemical 

trends (14,20,53,54), which, as stated above, is the aim of 

this work. 

The remainder of this dissertation is organized as fol

lows. In Chapter II, some relevant background material is 

discussed. In Chapter III, we examine impurity energy lev

els in one-dimensional model alloy systems. The formalism 

for treating alloy broadening in real semiconductor alloy 

materials is developed in Chapter IV, and some results for 

various III-V and II-VI alloy host/defect systems are 

presented and discussed in Chapter V. Finally, a summary of 

the work, some conclusions, and some possible extensions are 

presented in Chapter VI. Appendix A contains some of the 



relevant equations used in the one-dimensional model 

calculations, while Appendix B lists the two main computer 

codes developed during the investigation of alloy broadening 

of deep electronic levels in semiconductor alloys. 



CHAPTER II 

BACKGROUND 

The problem of alloy broadening of deep electronic en

ergy levels in ternary semiconductor alloys may be broken up 

into two broad problems: 1) the problem of adequately de

scribing the semiconductor alloy host, and 2) the problem of 

treating deep impurity levels in semiconductors. In this 

section, we briefly present some background material on both 

alloy theory and deep level theory in order to qualitatively 

understand the methods used in subsequent chapters and also 

to note other, alternative approaches which may be adopted 

in future studies. Only the briefest sketches of some al

ternative methods will be presented here; more detailed dis

cussions may be found in the numerous references cited. 

Alloy Theory 

Alloys present a unique challenge in solid state theo

ry. Because of disorder in one or more sublattices, the 

translational symmetry of even an ideal (i.e., perfect) al

loy crystal is broken. This is in contrast to perfect 

elemental or compound semiconductor crystals which possess 

translational symmetry. This disorder makes treatment of 

the alloy difficult, since the usual tools of solid state 

8 
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theory (e.g., It-space, Brillouin zones, band theory, etc.) 

rely on unbroken translational symmetry for their implemen

tation (55,56). To overcome this difficulty, three broad 

categories of approaches to the treatment of alloys without 

impurities (i.e., perfect alloy hosts) have been developed 

(43,44). These three approaches are the "exact" numerical 

approach, the effective medium approach, and the embedded 

cluster approach. Within each of these broad categories are 

hierarchies of methods which will now be briefly summarized. 

A member of this category of alloy theories is an exact 

numerical method based on the negative eigenvalue theorem 

(57-59). This is an efficient method of computing the dis

tribution of eigenvalues of a real symmetric matrix which 

has proven effective, especially in one-dimension (41,57), 

and also in three-dimensions (58,59). With the advent of 

modern, high-speed supercomputers such as the Cray and Cyber 

series (60), this method will possibly gain in popularity 

and usefulness for computation of properties of three-dimen

sional alloy systems in the future. The disadvantage of 

this method is that it can only be used to compute densities 

of states. A final example of this class of methods of 

alloy theory is the recursion method due originally to 

Haydock (61). In this method, a finite cluster of atoitis is 

considered and results are extrapolated to infinity (i.e., 
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bulk) (61). By considering large enough cluster sizes, this 

recursion method may be considered to produce "exact" numer

ical results (62). 

In the effective medium approaches, one replaces the 

true, random alloy by a translationally invariant effective 

medium, similar to the Weiss theory of ferromagnetism (63). 

Various choices for the effective medium can be made, and we 

will now briefly examine some of them. In the rigid band 

model (44), it is assumed that a fixed density of states is 

appropriate to an entire class of alloys and that the lower 

lying bands are filled to the appropriate Fermi level, de

termined by the concentration of valence electrons. This is 

an empirical approach, with the density of states function 

usually being chosen with the aid of experimental data. A 

second effective medium commonly used is that obtained by 

the virtual crystal approximation (VCA) (43,44,64). In the 

VCA, the alloy electronic Hamiltonian for the general binary 

alloy A B, is assumed to have the form 
A A ̂  A 

where HA and Hn are the Hamiltonians for materials A and B, 

respectively. Thus, the VCA is a simple average of the 

contributions of the alloy constituents, and it thus 
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completely neglects all alloy disorder effects. While the 

VCA is basically wrong for many applications, it is a rea

sonable approximation for certain alloy systems where the 

alloy constituents do not differ appreciably so that the al

loy disorder is small (16,44). Such alloys are said to be 

in the "weak scattering" limit. In fact, we use the VCA ef

fective medium as the starting point in our treatment of the 

various III-V and II-VI ternary semiconductor alloy systems 

in Chapter IV. The justification for this is that the alloy 

systems we study there, namely, Al^^Ga^.^As, GaAs^^^P^^, and 

Hg2̂ _ĵ Cdĵ Te, all fall into this weak scattering limit 

(16,65). In other cases, however, where the alloy host does 

not fall into the weak scattering limit (e.g., such alloys 

as GaAs^.^Sbj^) (65) other effective media, such as those to 

be described in the following lines, should be chosen over 

the VCA as a starting point. Two other effective media com

monly used in alloy theory are those obtained by making ap

proximations known as the average t-matrix approximation 

(ATA) (66-69) and the coherent potential approximation (CPA) 

(16,41,43-49). In these cases, the effective medium is 

characterized by a non-Hermitian Hamiltonian having complex 

eigenvalues. The imaginary part of the eigenvalues is 

related to the lifetimes of the single electron states. 

These approximations are based upon a scattering theory 
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approach to the alloy problem. The self-energy associated 

with this Hamiltonian, which describes the effect of the in

troduction of alloy disorder into the some translationally 

invariant reference crystal, can be determined either self-

consistently or non-self-consistently. Essentially, this 

self energy accounts for the electrons, which are in eigens-

tates of the reference Hamiltonian, scattering from the al

loy disorder. Furthermore, in their simplest forms, these 

theories consider scattering from a single site (or cell) at 

a time. They are thus called single site (or cell) theo

ries. If this self energy is determined non-self-consis

tently, then the approximation is called the ATA (66-69), 

while if it is determined self-consistently, it is called 

the single-site CPA (16,41,43-49). The CPA is a better 

choice for the effective medium for alloys in the strong 

scattering limit, since the effective medium given by it is 

self-consistently determined. For our one-dimensional model 

alloys, we use the single-cell CPA as the choice for our ef

fective medium. This was done because in one-dimension, the 

CPA self-energy equations can be solved exactly, yielding 

algebraic equations for the self-energy, and because the 

model alloys we consider fall into the strong scattering 

limit. 
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The effective medium approaches briefly mentioned above 

are very useful for describing the global or average proper

ties of alloys. However, local environment effects are com

pletely ignored by such methods, and, thus, much valuable 

physics is lost. The embedded cluster method, developed in

dependently by Gonis and Garland (42) and Myles and Dow 

(40), seeks to recover some of this lost information. The 

basic idea of the embedded cluster method is to model the 

global properties of the alloy by using an effective medium 

approach and then to take account of some of the local ef

fects by embedding a finite cluster of alloy constituents, 

in a specific configuration, in the translationally invari

ant effective medium. If this procedure is repeated for 

every possible combination of alloy constituents in the em

bedded cluster and appropriate averages are taken by weight

ing each cluster's contribution by its probability of occur

rence, then results obtained using this method, (e.g., 

densities of states, linewidths, first moments, etc.) 

should closely approximate the corresponding quantities for 

the true random alloy. There have been several methods used 

to treat the embedded cluster itself, which we will now 

briefly mention. In one approach (39), the embedded cluster 

itself is treated in the VCA, so that, essentially, one 

effective medium is embedded in another effective medium. 
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This approach seems unsatisfactory to us, because by using 

it, one loses the local chemical environment information 

that one is seeking to include by implementing the embedded 

cluster method. Another embedded cluster approach is the 

cluster CPA theories (43,44,70), wherein the embedded clus

ter is included self consistently in the effective medium. 

Many of these theories suffer from non-analycity problems 

and even those which do not (70) are mathematically and com

putationally complicated. For these reasons, we do not use 

such self-consistent embedded cluster theories in our calcu

lations. 

The approach we use is essentially an extension of that 

used by the developers of the embedded cluster method 

(40,42) and subsequent workers in the field (41,42). In our 

approach, we embed a specific configuration of a finite 

cluster of alloy constituents into the effective-medium-mod

eled alloy in such a way that the cluster potential is zero 

outside the cluster and is equal to the difference between 

the cluster Hamiltonian and the effective medium Hamiltonian 

inside the cluster. For our applications, the cluster Ham

iltonian is cast in the tightbinding representation, as is 

the effective medium Hamiltonian. The choice of this 

particular representation is not, however, necessary for the 

implementation of the embedded cluster method. Other 
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workers have used different representations for their 

investigations (42). The choice of the tightbinding repre

sentation made here is in agreement with our aim of identi

fying chemical trends in alloy broadening. In particular, 

the tightbinding Hamiltonian we use has been successful in 

predicting chemical trends in past applications (52). 

In this necessarily brief summary of alloy theory, we 

have discussed qualitatively both of the methods for treat

ing the alloy electronic properties which we have employed 

in this investigation, and we have also described other 

methods which be employed within the formalism to be out

lined, should the need arise. Having discussed methods for 

describing the alloy host, we now turn our attention to de

fect theory and present some background on that aspect of 

this work. 

Defect Theory ^ 

There are two broad categories into which the energy 

levels produced by defects in semiconductors may be divided: 

shallow levels and deep levels (30-32,71). The precise 

meaning of these terms has undergone considerable change and 

redefinition in the last few years. Initially, the terms 

were descriptive in nature, with shallow levels being those 

which lie within about 0.1 eV of either bandedge and with 
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deep levels lying greater than about 0.1 eV from these edges 

(31,71). More modern usage of the two terms is as follows 

(30,32). Shallow levels are those which are characterized 

by the long-ranged Coulomb tail of the defect potential. 

These are well described by effective mass theory, which es

sentially treats the impurity as an effective hydrogen atom 

(31,32,71,72). These are the levels produced by the donors 

and acceptors and which are commonly discussed in most solid 

state physics courses (55). Deep level defects, on the oth

er hand, are those characterized by a short-ranged, central 

cell potential (30-32,71) independent of the energy of the 

defect level in the bandgap (or even independent of whether 

or not it is in the bandgap). Effective mass theory does 

not work well for deep level defects, so other approaches 

have been developed. The purpose of this section is to re

view some of these methods. As with the alloy theory dis

cussion, the present discussion will be both brief and qual

itative. More details may be found in the numerous 

references. As shallow levels are well understood and well 

characterized by effective mass theory, they were not inves

tigated in this work, and the long-ranged Coulomb potential 

which produces them has not been included in the defect 

potentials we have used. Therefore, we will not make 

further mention of them. 
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One method for treating deep levels is the secular 

matrix method (31). In this method, one treats the host-

plus-defect problem in the same way as the host-only problem 

is treated in band theory calculations. Namely, one seeks a 

solution of the Schrodinger equation 

(HQ+U)h^> = Ej^^> , (2) 

where HQ is the perfect crystal Hamiltonian, U is the defect 

potential in a specific representation, E are the eigenva

lues of the equation, and \'^> are the wavefunctions of the 

host plus defect problem. Solution of Eq. (2) yields a qua-

sicontinuum of band states plus bound states in the gap. 

Another class of deep level theories may be classified 

as determinantal methods (30-32,50). Among these are Kost

er-Slater defect theory (50) and the Hjalmarson et al. theo

ry of deep levels (30). The Koster-Slater defect theory in 

its simplest form is really only a one-band one-site ap

proach, and, therefore, its usefulness is very limited. 

There have been one-band multisite extensions of the Koster-

Slater defect theory, but these, too, are of only limited 

importance as semiconductors have more than one band (10). 

On the other hand, the Hjalmarson et al. deep level theory, 

which is an extension of the Koster-Slater approach to many 
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bands, has proven quite successful in predicting the 

chemical trends for numerous host/impurity systems in many 

investigations (20,30,53,54). The usefulness of the Hjal

marson et al. theory, as will be evident later, is that it 

can quickly and accurately predict chemical trends. Thus 

large numbers of defect-host systems, such as various compo

sitions in an alloy, can be treated quickly and inexpensive

ly and general trends established. Another advantage of 

this method is that the determinantal equations resulting 

from its application need only be solved in the subspace of 

the impurity (30). This reduces considerably the size of 

the matrices involved, and, therefore, the computer time re

quired to perform the calculations. For these reasons we 

adopt the Hjalmarson et al. theory of deep levels in this 

dissertation. The major disadvantage of the Hjalmarson et 

al. deep level theory is that the absolute energy level 

depths predicted by it are accurate only to about 0.1 eV 

(30). However, since the aim of this dissertation is to in

vestigate chemical trends of alloy broadening, and since the 

Hjalmarson et al. deep level theory has been shown in the 

past to successfully predict these chemical trends 

(20,30,53,54), we do not think that this inaccuracy of the 

deep energy levels is a problem. In fact, based upon past 

successes of this theory, we believe that our predicted 
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trends will be qualitatively, and in some cases 

quantitatively correct. 

Another class of methods for calculating deep level en

ergies is the cluster methods (31,32). There are two major 

examples of these methods. In one of these methods, called 

the the semiempirical linear combination of atomic orbitals 

(LCAO) method, one examines a small cluster of host-plus-im

purity atoms, choosing a basis set of atomic orbitals for 

the expansion of the eigenfunctions 11' > in Eq. (2) (31). 

Matrix elements of the Hamiltonian are then determined em

pirically by fitting to experimental data. Another member 

of this class of methods is the large free cluster method 

(32,73,74). In this method, one literally builds a solid 

from individual atoms, one of which is a defect, using meth

ods borrowed from quantum chemistry. Problems with these 

cluster methods include large secular equations and a large 

number of surface states, which are unphysical if one is in

terested in bulk deep levels. 

Finally, there is a large class of self-consistent 

methods for determining deep level energies (31,32). These 

methods attempt to accurately determine level depths for 

specific defects. For this reason, and because they are 

self-consistent, they sacrifice the computational simplicity 

of the Hjalmarson et al. theory, for instance, and so are 
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less satisfactory for and less easily capable of examining 

chemical trends in a large number of defect-host systems, 

such as the alloys we consider here. However, for detailed 

comparison with experimental data on a few types of defects 

over a small composition range in a single alloy host, one 

of these methods would be preferred. There are three meth

ods in this class which we will briefly mention. The self-

consistent pseudopotential method (31,75-80) involves taking 

the pseudopotential of the ionic cores to be fixed model po

tentials, determined from fitting to free-atom properties, 

while the valence charge density is determined self-consis

tently. Numerous investigators have successfully applied 

this method to both bulk and surface defect energy levels 

(75-80). A second member of this class of self consistent 

methods is the Xa -scattered wave method (31). In this 

method, the potential is constructed self-consistently for 

the entire system, which is a small collection of atoms, in

cluding the atomic cores using Slater's Xa exchange 

(31,81,82). Solution is then carried out using the methods 

of scattering theory (81,82). A final example of self con

sistent deep level theories is the cushioned-cluster LCAO 

method (31,83-85). The distinguishing feature of this 

method is the use of the Hamiltonian of an infinite crystal, 

but the expansion of the wave functions is done in terms of 



21 

atomic-like orbitals on a small cluster of atoms. To avoid 

a variational collapse into the core orbitals of the sur

rounding atoms, core orbitals are placed on a "cushion" con

sisting of a few additional shells of atoms. 

From the brief discussions of this section and the pre

vious section, the reader can see that many different tools 

have been developed for treating both alloys and deep lev

els. The formalism presented in Chapter IV is completely 

general and any choice of alloy theory or deep level theory 

could, in principle, be made. In order to obtain numerical 

results, we have made specific choices for these theories. 

These choices were made in accordance with the aim of this 

investigation, which, as already stated, is the investiga

tion of chemical trends of alloy broadening. Different 

goals would require the use of different alloy theories and 

different deep level theories. 



CHAPTER III 

ONE DIMENSIONAL MODEL ALLOYS 

For clarity and simplicity, we consider first a model 

alloy system and treat the effects of alloy disorder on im

purity spectra in a one-dimensional, one-state-per-atom, 

ternary alloy in the nearest-neighbor tightbinding approxi

mation. This model contains much of the essential physics 

of such effects in real ternary semiconductor alloys without 

the mathematical and computational complexities inherent in 

a realistic, three-dimensional, multiband, multineighbor 

model. The treatment of such a simple model, while certain

ly not allowing any quantitative statements to be made about 

alloy broadening of defect electronic spectra in real semi

conductor alloys, does enable the development of calcula

tional techniques, allow for testing on a simple system, and 

enable one to obtain a qualitative understanding of such al

loy broadening effects in ternary alloys. 

The technique developed here is based upon a generali

zation of the embedded cluster method, which was originally 

developed by Gonis and Garland (42) and Myles and Dow (40) 

and which has been subsequently applied to a number of alloy 

problems by several workers (22,23,37,38,40-42). Results 

obtained are compared and contrasted with those obtained for 

22 
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an impurity in a one-dimensional, model binary alloy system 

(40). We treat realistic models of semiconductor alloys in 

Chapter IV and subsequent chapters. The reader who is not 

interested in the one-dimensional model and results, but who 

is more interested in the treatment of real materials, may 

proceed directly to that Chapter. 

Model and Notation 

In this chapter, we consider a ternary alloy Â B̂̂ .̂ C 

which serves as the host for an isolated impurity, I. All 

of our calculations are done for a one-dimensional, one-

state-per-atom, nearest-neighbor tightbinding model alloy 

system. The work presented in this chapter is essentially 

an extension of work done by Myles and Dow (40) for a simi

lar model binary alloy system. 

The alloy host one-electron Hamiltonian in the tight-

binding approximation is 

^0 = II"°'>Sa^"°'l'' ^l?^'^^""'^"'^'! ' (3) 
n , a n , n 

a ,a ' 

where |n,a> is the atomic-like orbital of the ath atom (a=l 

or 2) in the nth unit cell and a=l (a=2) refers to the 

sublattice with A or B (C) atoms. Here, we consider 



24 

diagonal disorder and nearest-neighbor interactions only. 

The on-site matrix element thus has the form 

Sa = \.lSl*^.2^C • (̂ ) 

where E^-^ is a random variable which takes on the values 

e^ and Eg with probablities x and 1-x, respectively, and 

^A' ^B' ^^^ Ĉ ^^® *-̂ ® atomic-like energies of the A, B, and 

C atoms. Further, the nearest-neighbor transfer matrix ele

ment is 

t I = t [6 16 , o(<5 . 1+6 . ) + aot ' a,l a' ,2^ n' ,n-l "n,n' ' 

^ o < S i i ( 6 , ^ , + 6 ,)] a,2 a ' , 1' n ,n+l n ,n ' '̂  ' 

where the nearest-neighbor interaction energy t is assumed 

to be the same for the two possible pairs AC and BC and to 

be independent of x. 

The alloy host Green's function matrix is defined as 

(43,44,86) 

GQ(E) = (E-HQ+IO)-^ , (6) 

where E is an energy and iO is a positive imaginary 

infinitesimal. The configuration-averaged alloy density of 

states is defined in the usual manner as (43,44) 
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Do(E) = -i;f:̂ Im(Tr<<GQ>>) , (7) 

where the trace runs over all unit cells in the crystal, N 

is the total number of unit cells, and the double angular 

brackets denote an average over all alloy configurations. 

Inserted in the alloy host at the origin on sublattice 

a is an impurity with on-site matrix elements ej and a near

est-neighbor transfer matrix element which is taken to be t, 

the same as for the rest of the crystal. The Hamiltonian 

for the alloy plus impurity system is thus 

H = HQ+U , (8a) 

where U has the form 

U = |0a>(ei-eQQ^)<0a| , (8b) 

and zr. is defined by Eq. (4) with n=0. The Green's func-
Oa 

tion matrix for the alloy-impurity system is defined as 

G(E) = (E-H+iO)"^ . (9) 



26 

The total density of states of the alloy-impurity system, as 

well as various local densities of states may be obtained 

from this function in the standard manner (43,44). Of most 

interest for the purposes of the present work is the config

uration averaged local density of states at the impurity 

site. For a given alloy configuration, the local density of 

states at this site is 

L Q ^ ( E ) = -j Im<0a|G(E)|0a> , (IQa) 

and its configuration average is thus 

loa(E) = ̂ ^LoJE)» . (10b) 

In this study, we seek this configuration-averaged density 

of states for energies E in the bandgap of the pure alloy, 

that is, where the density of states DQ(E) of the alloy host 

vanishes. In the next section, we develop a formalism for 

approximately calculating this quantity using the coherent 

potential approximation (16,41,43-49) effective medium, the 

embedded cluster method (40,42), and Koster-Slater defect 

theory (50). 
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Method 

We compute the local density of states 1-, (E), Eq. 

(15b), using the embedded cluster method, developed by Gonis 

and Garland (42) and Myles and Dow (40). The basic idea of 

this method is that the host alloy is treated by embedding a 

finite cluster of alloy constituents in a particular ar

rangement in an effective medium, taken here as the CPA 

(16,41,43-49). We perform these calculations using a clus

ter of N unit cells. The host-plus-defect problem is then 

solved by replacing one of the atoms in the central cell of 

the cluster by an impurity and by then applying Koster-Sla

ter defect theory (50). This impurity is responsible for 

the persistent defect level in the bandgap of the alloy 

host. Further, every distinct cluster configuration of the 

N alloy constituent unit cells which surround the impurity 

leads to a defect level at an in principle different energy. 

The number of configurations is given by 

N 

con 

_'A 
N 

N=0^"A Lftj . 

where N=Nft+Nnis the total number of atoms on the disordered 

sublattice in the cluster and N^ and Ng are the number of A 

and B atoms, respectively, in the cluster. The levels 

associated with these cluster configurations are the 
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components of the inhomogenously broadened impurity state 

density or "lineshape." 

For the model alloy considered here, both the CPA and 

the embedded cluster treatment of the alloy host are dis

cussed in detail in previously published papers (38,41). 

For reasons of completeness, however, these methods will be 

briefly summarized below. Further, in the following we at

tempt, where possible, to utilize the notation of the previ

ous papers (38,41). 

With regard to the choice of the embedded cluster meth

od to treat the alloy host, the existence of a number of 

self-consistent cluster theories (i.e., cluster CPA theo

ries) should be noted (43,44,70). These theories could, in 

principle, be applied to this problem, however, as was 

pointed out in Chapter II, many of these theories suffer 

from non-analycity problems, and even those which do not 

(70) are computationally complicated and would be more dif

ficult to carry out than the present theory. 

Coherent Potential Approximation for 
the Alloy Host 

In the single-cell CPA (analogous to the single-site 

CPA for binary alloys), one seeks to approximate the disor

dered alloy by a self-consistently determined, translation-
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ally invariant, effective medium. The effective medium 

Green's function, g^, is defined as the configuration aver

age of the alloy Green's function, G^, 

9o " ^̂ Ô'''̂  • (̂ 2) 

It is well known that because the CPA is a self-consistent 

theory, the final results obtained from it are independent 

of which crystal one chooses as the reference lattice 

(43,44). Nevertheless, for both computational and discus-

sional purposes, it is necessary to make a specific choice 

when implementing this theory. Thus, for convenience, in 

the following discussion we take BC as the reference crystal 

in carrying out the CPA for the ternary alloy Â B̂̂ .̂ Ĉ. This 

also allows contact to be made with and use to be made of 

the notation of Ref. 41. 

In the CPA, the effective medium Green's function, gQ, 

is assumed to satisfy 

gQ(E) = (E-<<HQ>>+iO)"^ , (13) 

where the configuration averaged Hamiltonian is written in 

the single-cell approximation as 
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e f f / r \ . . I . n - . n n ' <<Ho» = I | n a > s ^ ' M E ) < n a h I | n a > t " " < n ' a ' | . (14a) 
n , a n ,n ' 

a , a 

nn Here, the transfer energy t ", is defined by Eq. (5) and the 
aa 

effective, complex, energy-dependent, on-site energy e^ 
a 

(E) has the form 

â (̂ ) = ^,1^B[1-'°(^)]^^.2^C (14b) 

and is independent of n. In Eq. (14b), as in Ref. 41, 

a (E) is the (as yet undetermined) complex, energy dependent 

self-energy which describes the single-cell CPA medium. In 

writing that equation, we have assumed a BC reference crys

tal as is discussed above. 

The effective medium described by this self-energy is 

determined by the requirement that its quasiparticles scat-

ter the minimum amount, that is, that the single-cell effec

tive-medium transition matrix is zero when averaged over all 

possible alloy configurations. The relevant equations math

ematically expressing this requirement are included in Ap

pendix A. After much manipulation, this requirement leads 

to the CPA self-consistency equation 

'\> / - \ I \ ' \ j , - \ / i ' ^ 

e g a ( E ) - x ( e ^ - e g ) + e g a ( E ) [ e g ( l - a ( E ) ) - £ ^ ] < n l | g Q | n l > = 0 . (15) 
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where <n,l|gQ|n,l> is the matrix element of the effective 

medium Green's function. When combined with the diagonal 

matrix elements of Eq. (13), Eq. (15) yields a self-consis

tent equation for the self-energy o (E). This equation is a 

cubic algebraic equation having the form 

a3a^+a2a^+a^a+aQ = 0 , (16) 

where the coefficients a^, ao, a-., and aQ have explicit 

forms as shown in Appendix A. 

In order to solve Eq. (15) and obtain the self-energy, 

it is necessary to express the Green's function <n,l|g-|n,l> 

in terms of a (E). Also, for use in the embedded cluster 

method discussed below, it is useful to have a specific form 

for the general CPA Green's functions in the site represen

tation, <n,a|g^|n',6>. These functions can be obtained in a 

straightforward but tedious manner from the present one di

mensional model. The explicit forms for these functions are 

shown in Appendix A. The interested reader is also encour

aged to consult Reference 41 for details of the CPA forma

lism, as the lenghty and tedious nature of the derivation 

precludes the inclusion of all the details in this 

dissertation. 
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Embedded Cluster Theory for the 
Alloy Host 

As in previous papers on alloy broadening of impurity 

spectra in binary alloys (37), in the present theory we 

treat local properties of the alloy host via the embedded 

cluster method (37,40,42). In order to implement this theo

ry, an ensemble of clusters is embedded in a CPA effective 

medium described by the above discussed Green's function, g 

(41). Each particular member of the ensemble contains N 

unit cells with the alloy constituents arranged in a specif

ic configuration. The total number of configurations is 

given by Eq. (11). The probability of occurrence of the ith 

cluster configuration is given by the binomial distribution 

where N« and Ng are the number of A and B atoms, respec

tively, in the ith cluster. Furthermore, following Ref. 37, 

and in contrast to other work whose main thrust was to accu

rately mimic the peaked structure in the alloy-host density 

of states (40,41), Eq. (7), here we include all possible 

configurations for a given cluster size, even those whose 

compositions differ from the average composition, x. It 

should also be noted that, in contrast to the cluster CPA 
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theories (43,44,70), in what follows the cluster is not 

included self-consistently in the medium. That is, we as

sume that the effective medium is not altered to account for 

the effect of the cluster on it. While this approximation 

is not rigorously correct, it makes the method computation

ally tractable, even for reasonably large cluster size, N . 

Furthermore, it has been shown to be accurate in application 

to a variety of alloy problems (37,38,40-42). 

The Green's function for a cluster with a particular 

configuration of alloy constituents then has the general 

form given by Eq. (6) for sites within the cluster. Our ap

proximation for the alloy Green's function is that it be of 

this form inside the cluster and take the form of the effec

tive medium Green's function, Eq. (13), outside the cluster. 

The cluster and effective medium Green's functions are then 

related by the Dyson equation 

So = 90^90^^ • <^^'' 

where V is a scattering potential which may be written as 

V = HQ-<<HQ>> , (18b) 
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for sites within the cluster and which vanishes outside the 

cluster. The 2N x2N matrix equation given by Eq. (18a) may 

be solved numerically to yield 

GQ = (i-go^)"^9o . (19) 

It can be shown that this 2N̂ ,x2N̂  matrix equation can be 

simplified by use of the form of V, so that the largest ma

trices that one need deal with are of size N̂ xN̂ ,. 

The primary approximation of our theory is thus that 

the Green's function given by Eq. (19) is, in fact, the 

Green's function for the random alloy host. For large 

enough cluster size N and if all possible configurations of 

alloy constituents for a given N are considered, the medium 

defined by the configuration dependent Green's function giv

en in Eq. (19) will be an excellent approximation to that 

for the true random alloy. Thus, if an impurity is placed 

at the center of the cluster, as is discussed below, the 

number of local environments sampled by the impurity will 

approach that seen by an impurity in a random alloy. 

It has been shown (41) that the embedded cluster 

approximation to the alloy host Green's function and state 

density, Eqs. (19) and (7), are not changed appreciably if 

one varies the cluster size from N =6 to N =8. Thus, in the 
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calculations discussed below, we have fixed the cluster size 

at Nc=6 unit cells. This enables us to obtain almost the 

same accuracy as one would obtain for N =8 but saves a con-
c 

siderable amount of computational effort due to the factor 

of four difference in the number of cluster configurations 

required for Nj,=6 (64 configurations) and N̂ ,=8 (256 configu

rations) . 

Defect Theory 

As is discussed above, an impurity whose defect poten

tial is described by Eq. (8b) is placed in the alloy host at. 

the origin on sublattice a . with the alloy host modeled by 

the embedded cluster method discussed in the last subsec

tion, this is accomplished for a given cluster configuration 

by replacing one of the atoms in the central cell of the em

bedded cluster by the impurity. Following essentially the 

same procedure as is commonly employed in the theory of deep 

levels in semiconductors (30,50), the persistent defect lev

el which is produced by this impurity for this configuration 

is then found by application of the defect theory due origi

nally to Koster and Slater (50). Every distinct cluster 

configuration for an N unit cell cluster in which an 

impurity is placed in this manner will give rise to a defect 

energy level at an (in principle) different energy. The 



36 

levels which result from following this procedure for all 

possible cluster configurations are the components of the 

alloy broadened local density of states at the impurity 

site, given by Eq. (10b). In the following discussion, this 

local state density will be referred to as the impurity "li

neshape. " 

Within the embedded cluster formalism discussed above 

and for a particular (say the ith) cluster configuration, 

the Green's function for the alloy host plus impurity sys

tem, Eq. (9), is related to the embedded cluster Green's 

function, Eq. (19), by the Dyson equation 

G = GQ+GQUG = (I-GQU)"^GQ . (20) 

where U is the defect potential defined by Eq. (8b) for the 

ith configuration. The bound state energies for that con

figuration, denoted here as E , which are produced by the 

impurity are then solutions of the implicit Fredholm deter

minantal equation 

det[I-GQ(E.)U] = 0 , (21) 

where I is the unit matrix. This is the standard result of 

Koster-Slater defect theory (50). The advantage of using 
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this method is that the determinant in Eq. (21) need only be 

evaluated in the subspace of the defect potential, U. In 

the present case, this yields the scalar equation 

<^-\^i\^^> = <Oa|Go(E^)|Oa> (22a) 

or 

/ i X _ 1 

^^r^oJ - <0a|GQ(E.)|0a> ' (22b) 

where use has been made of Eq. (8b) to obtain Eq. (22b) from 

Eq. (22a) and e\ is the on-site host matrix element in the 

Ua 

cluster on sublattice a for configuration i. If the impuri

ty is on the disordered sublattice, we take a =1 in Eqs. 

(22a) and (22b), while if it is on the ordered sublattice we 

take a =2 in those equations. Results obtained by use of 

this formalism for two selected cases are presented and dis

cussed in the next section. Several other cases, for dif

ferent alloy host parameters as well as different defects, 

were also investigated and found to be qualitatively simi

lar. The interested reader is encouraged to consult 

Reference 38 where more details are presented and where more 

cases are discussed. 
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Results 

The use of the embedded cluster and Koster-Slater for

malisms discussed above results in an impurity lineshape 

spectrum 1Q^(E), Eq. (10b), for energies in the bandgap of 

the host alloy which is a series of delta-function lines, 

one for each distinct configuration of the N atom cluster. 
c 

This may be seen by combining the solution to Eq. (22) with 

Eqs. (20) and (10). For a given cluster size N and compo-

sition X, this function may be written as 

lo^(E) = JP,.6(E-E^) (23). 

with the normalization condition I P-j=l. Here, P. is the 

probability of occurrence of the ith cluster configuration 

given by Eq. (17), the sum goes over all possible configura

tions of the N(> unit cell cluster, and Ê  is the energy in 

the bandgap of the impurity for the ith configuration, ob

tained by finding the solution to Eq. (22). The use of a 

binomial distribution for the probability of occurrence of 

the cluster configurations indicates that we are considering 

a totally random alloy (i.e., no short-range order effects). 

Short-range order effects could be accounted for by 

adjusting the probability distribution to account for such 

effects, thus taking into account the preferred occurrence 



39 

of certain clusters. Because we are interested only in 

persistent impurity spectra in the bandgap, if a particular 

cluster configuration produces an energy which is resonant 

with one of the host alloy bands, that configuration is ex

cluded from the sum and the probability distribution is ap

propriately renormalized. 

Because of the form of Eq. (23), it is of interest to 

characterize the impurity lineshape in terms of its configu

ration averaged moments. The configuration averaged nth mo

ment is easily evaluated and has the form 

Ln = « E " » = /:jo„(E)E"dE , (24a) 

or 

where Eq. (23) has been used in Eq. (24a) to obtain Eq. 

(24b). The nth moment about the mean is often more conven

ient to discuss than the moment defined in Eq. (24). This 

quantity is defined as 

M = <<(E-<<E>>)">> (25a) 
n 

or 
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M^ = <<(E-L^)">> . (25b) 

Of particular interest in the present work are the first mo

ment, or configuration averaged energy, the square root of 

the second moment about the mean, or linewidth, and the cube 

root of the third moment about the mean, or skewness. For 

the latter two quantities we use the symbols 

A = [M2]^/^ = (L2-L^)^/2 (26a) 

and 

a = [M3]^/^ = (L3-3L2Li + 2L^)^/"^ . (26b) 

Results for the Case ep=-en=t and 
e;̂ =0.0 ^ ^ 

This choice of alloy parameters corresponds to the case 

of a ternary alloy in the "amalgamation" limit (47), where 

the band spectra of the unalloyed crystals AC and BC overlap 

and where the alloy band spectra for A^Bj_^C are 

characteristic of the alloy as a whole rather than of any 
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component (41). Most of the technologically important 

semiconductor alloys are expected to have amalgamated elec

tronic spectra (47). This choice of alloy parameters also 

corresponds to the case of a ternary alloy A B,_ C with an-
A X ̂  A 

ion disorder. That is, the constituent atoms A and B which 

randomly occupy the disordered sublattice are both more 

electronegative than atom C which occupies the ordered sub-

lattice. For this (or any) set of parameters, there are two 

cases of interest. These correspond to the case where the 

impurity is on the ordered (a =2) sublattice and to the case 

where the impurity is on the disordered (a =1) sublattice. 

We now discuss results for these two cases in turn. 

£j =-0.5t on the Ordered Sublattice 

Since the impurity is on the ordered sublattice in this 

case, it is obvious that its nearest-neighbors are disor

dered. We thus expect that the primary contribution to the 

alloy broadening will come from this nearest-neighbor disor

der. Further, the atomic-like energy, e,, of the impurity 

has been chosen to be halfway between the atomic-like ener

gies EA and eg of the alloy constituent atoms A and B. That 

is, the impurity I is similar to atoms A and B and very 

dissimilar to atom C. This case corresponds to the case of 

a very electronegative (anion-like) impurity occupying a 
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cation site in a ternary alloy with anion disorder. An 

example of a similar case for a real system would be an As 

or P antisite defect in GaAŝ .ĵ P̂ .̂ 

In Figure 1 we show the results in this case for the 

dependence of the first moment or configuration averaged en

ergy, L-^, on the alloy composition, x. The defect potential 

produces an impurity spectral line in the bandgap of the al

loy. The host energy bands are shaded and the band edges 

are the same as those predicted by the CPA. The conduction 

band is mostly cation-like (C-atom-like) and is so labelled 

in the figure. The conduction band edge is essentially in

dependent of X on the scale of the figure. The valence band 

is mostly anion-like (A and B atom-like) and is so labelled 

in the figure. The first moment varies approximately lin

early with X in the region 1/N <x<l-l/N . For our choice of 

N =6, this region corresponds to 0.167<x<0.833. This is the 

region in which we expect our calculations to be most accu

rate, although we have also performed calculations for x 

outside this range. By performing exact calculations for an 

appropriate isolated impurity in a pure BC or AC lattice, it 

is possible to extrapolate the present results to x ->- 1 and 

X -> 0, respectively. We have done this for the case shown 

in Figure 1 and in that figure the results of the embedded 
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cluster method have been joined smoothly to these isolated 

impurity results. At large (x>0.833) and small (x<0.167) 

compositions, it is clear from the figure that L̂  shows sig

nificant deviations from linear behavior. Finally, it is 

clear from the figure that the impurity line L is not at

tached to either band edge as x is varied. This is charac

teristic of deep levels in general (30). 

In previous work on alloy broadening of impurity spec

tra in model binary alloys (37), it was possible to resolve 

the impurity line into three distinct sets of components, 

corresponding to configurations in which the impurity atom I 

is surrounded by its three possible nearest-neighbor envi

ronments: two A atoms (AIA), two B atoms (BIB), and one A 

and one B atom (AIB or BIA). The present case presents a 

stark contrast to the binary alloy case (37). We find that, 

while it is both formally and computationally possible to 

follow these component lines as a function of x, the spectra 

of the AIA, BIB, and AIB components are sufficiently over

lapping that they have no distinct meaning. This is prima

rily due to the fact that the alloy under consideration here 

is amalgamated (47), with the AC and BC bands overlapping. 

The binary alloy illustrated in Ref. 37 was an alloy in the 

persistence limit (47). Thus, the difference in the atomic 

potentials of the randomly placed A and B atoms which 
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surround the impurity in the various configurations 

considered are not great enough to cause a splitting. In 

addition, the presence of the atom C on the ordered sublat

tice also affects the potential at the impurity site. Be

cause we have chosen SQ >eŷ >ej>eg, the contribution of the 

second neighbor C atom to the potential seen at the impurity 

site will tend to add to the potential due to a nearest-

neighbor A atom and to cancel, at least in part, the poten

tial due to a nearest-neighbor B atom. This effect will 

also tend to reduce the differences in the AIA, BIB, and AIB 

component lines. Thus, in Figure 1 and subsequent figures, 

no reference is made to these component lines and we instead 

concentrate on the overall (total) impurity line. 

In Figure 2, we display the composition dependences of 

the linewidth A and the skewness a of the alloy broadened 

lineshape for the same parameters as were used in Figure 1. 

Since the impurity atomic-like potential lies halfway be

tween the atomic-like potentials of the A and B atoms, this 

should be, at first glance, analogous to the case of the 

"symmetric" impurity discussed in Ref. 37 for the binary al

loy-impurity system. As can be clearly seen from Figure 2, 

our results for this case predict a linewidth and skewness 

which have marked asymmetries about x=0.5, in contrast to 

the symmetric behavior for such quantities in the analogous 
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binary alloy case. The reason for this asymmetry in the 

present case is traceable to the presence of the ordered (C) 

sublattice. The existence of C atoms between each pair of 

disordered sites strongly affects the random potential seen 

by the impurity and causes this asymmetry. Thus, the dif

ferences between the binary and ternary alloy cases should 

not be too surprising because, by this argument, the analogy 

between the two cases is a poor one. 

As a final comment on Figure 2, it is worth noting that 

the linewidth and skewness displayed in that figure both 

show considerable deviations from the (x(l-x)) '^"dependence, 
1 / n 

which would be expected for (M ) ' on the basis of a pertur

bation theory in powers of the minority concentration (37). 

Such deviations are not too surprising since that perturba

tion theory is expected to be strictly valid only in the 

limits X -̂  1 and x ̂  0. Because our embedded cluster calcu

lations are expected to be most accurate in the range 

0.167<x<0.833, in these extreme (x -̂  0, x ->- 1) composition 

limits our results for A and a in Figure 2 have been 

smoothly joined to the perturbation theory results. We now 

examine the effects of alloy disorder on an impurity on the 

disordered sublattice. 
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_^ the Disordered 
SiiblatCTce 
£T Z-^'^^ on the Disordered 

Because the impurity is on the disordered sublattice in 

this case, its nearest-neighbors are all C atoms and the 

disorder is found in the second neighbors of the impurity. 

Thus, the primary contribution to the alloy broadening will 

be expected to come from a second neighbor effect. Further

more, the impurity's atomic-like energy parameter,e,, has 

been chosen to be more electropositive than that of any of 

the alloy constituents. However, the impurity is most simi

lar to atom C and very different than atoms A and B. Thus, 

this case corresponds to the case of a very electropositive 

(cation-like) impurity occupying an anion site in a ternary 

alloy with anion disorder. An example of a similar case for 

a real system would be a Ga antisite defect (i.e., a Ga atom 

on the P site) in GaAs, P . 
X ̂  A A 

The results for our calculations of the dependence of 

the first moment on alloy composition are shown in Figure 3. 

As in the previous case, except for large (x ̂  1) and small 

(x -^ 0) X, this impurity line varies almost linearly with x. 

Furthermore, it is not attached to either bandedge as x is 

varied, again giving it one of the characteristics of a deep 

level (30). The results of the embedded cluster method 

calculations for this case are again expected to be the most 
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accurate in the range 0.167<x<0.833, since they were 

computed for N^=6. Outside of this range, they have been 

smoothly joined to the results for the appropriate isolated 

impurity in a pure BC (x=0) and AC (x=l) lattice. As in the 

previous case and for the same reasons, the component lines 

arising from the three possible second neighbor environments 

(ACICA, BCICB, and ACICB or BCICA) are sufficiently overlap

ping as to have no distinct meaning. They are therefore not 

discussed further. 

The composition dependences of the linewidth and skew

ness of the alloy broadened lineshape are shown in Figure 4. 

Again, marked asymmetries about x=0.5 are obvious. The 

choice of the impurity atomic-like energy in this case would 

not lead one to expect symmetric results, however, since it 

is not halfway between the atomic-like energies for A and B, 

so the results are not too surprising. It is clear that it 

would be difficult to represent these functions as simple 

functions and that usual moment expansions and perturbative 

approaches would be difficult to apply in this case. How

ever, in the extreme composition limits, x ^ 1 and x ^ 0, 

these perturbation theory results are expected to be valid. 

Since the embedded cluster calculations are expected to be 

valid in the range 0.167<x<0.833, the embedded cluster 

results are smoothly joined to the perturbation theory 

results as X ->- 0 and x -> 1. 
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Summary and Conclusions (One-
Dimensional Model) 

Calculations were also performed for impurities on both 

the ordered and disordered sublattices in persistence limit 

ternary alloys (47). Since the results were qualitatively 

the same as those just presented, they are not discussed in 

this dissertation. The interested reader is referred to our 

paper on the subject (38). 

The major conclusions which we draw from the above re

sults are the following. First, we expect second and higher 

neighbor disorder to be a significant broadening mechanism, 

since the linewidths are comparable for the impurity on both 

the disordered and on the ordered sublattice above. Second

ly, even impurities with potentials halfway between those of 

the disordered sublattice component atoms will produce li

newidths which exhibit marked asymmetries about x=0.5, in 

contrast to both simple perturbation theory results and to 

binary alloy results. While extension of these results to 

three-dimensional semiconductor alloys is risky at best, we 

expect that they will hold at least qualitatively. With 

these ideas in mind, we move on to examine some technologic

ally important three-dimensional ternary semiconductor alloy 

systems. As will be seen in the next three chapters, our 

expectation of the qualitative similarity of the results in 

one and three dimensions is realized. 



CHAPTER IV 

SEMICONDUCTOR ALLOYS-FORMALISM 

Having examined the effects of alloy disorder on deep 

levels in a simple one-dimensional model alloy system in the 

previous chapter, we now study such effects for impurities 

in three-dimensional, multiband, technologically important 

ternary semiconductor alloys. As in the previous chapter, 

the technique developed here is based upon a generalization 

of the embedded cluster method originally developed by Gonis 

and Garland (42) and Myles and Dow (40). 

Model and Notation 

In this chapter, we consider a ternary semiconductor 

alloy A B, C which serves as the host for an isolated sub-
^ X 1-x 

stitutional impurity, I. Unlike the previous discussion, 

however, in the present case the atoms A, B, and C are from 

Groups III and V or II and VI of the periodic table of ele

ments (56), and the impurity atom, I, is any atom which pro

duces a deep level in bandgap of the alloy host under con

sideration (30). Calculations of the alloy host properties 

(e.g., density of states, bandstructure, etc.) are done for 

a three-dimensional, five-state-per-atom, nearest-neighbor 

tightbinding alloy system. For all of the alloys considered 

57 
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here, the underlying crystal lattice is the zincblende or 

diamond structure. There is a great similarity between the 

notation of this chapter and that of the previous chapter. 

However, for completeness and generality, the present model 

and notation will be discussed in detail. 

We model the random alloy host in the nearest-neighbor 

tightbinding approximation. Since we will use the Vogl et 

al. sp3s semi-empirical nearest-neighbor tightbinding band-

structure model in our actual numerical calculations, dis

cussed below, we take the Hamiltonian for the random alloy 

to have a similar form as discussed by Vogl et al. (52). 

This Hamiltonian for thus has the form 

H^ = y|iaK>E^'(^)<ia]^|+ T I i a^> V^ ̂' ! (̂ ,̂  ' ) < i ' a ' ̂  ' I , (27) 
1 ,a,K 1,1 

a , a ' 

where the index i runs over the orbitals (s, p^, p , p^, and 

s*), the index takes on the values a (for anion) or c (for 
- > • 

cation), the lattice vector R indicates the lattice position 
- > • 

occupied by the a th atom, and R' is the lattice vector in

dicating the position of the four nearest-neighbors 
— _>. • 

(zincblende structure) to atom a at R. The s orbital is 

an excited s state used by Vogl et al. (52) to produce 

indirect bandgap semiconductor bandstructures without having 
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to go beyond first-neighbor tightbinding theory. Further 

discussion of the inclusion of this orbital may be found in 

Reference 52. Also, in Eq. (27), the variables E^S) and 

i i ' ̂  ^ 
V^^i(R,R') are the on-site and the transfer tightbinding ma
trix elements (52), respectively. In the present case of a 

disordered alloy, E^(^) and V^\(^,ft') are random variables 
a aa 

taking on the proper on-site and transfer values (52) for 

the compound semiconductor AC with probability x and the 

proper on-site and transfer values (52) for the compound 

semiconductor BC with probability (1-x). The alloy host 

Green's function matrix is formally defined as in the previ

ous chapter, Eq. (6), while the configuration averaged alloy 

host density of states is defined in the usual manner as 

(86) 

^0^^' = "NT" I^iC^^^S^"' ' (28) 

where the trace runs over all unit cells in the crystal, N 

is the total number of unit cells, and the double angular 

brackets denote an average over all alloy configurations. 

An impurity characterized by an impurity potential 

matrix U is then placed at the origin on sublattice a of the 

alloy host. The persistent deep level energies produced by 

this impurity are those which are solutions of the 

determinantal equation (30) 
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det[I-GQ(E)U] = 0 , (29) 

where I is the unit matrix, GQ(E) is the perfect crystal 

Green's function, Eq. (6), and U is the impurity potential 

matrix. The energies E satisfying Eq. (29) form the deep 

level spectrum produced by the impurity. In what follows, 

we develop a method for approximately calculating this spec

trum. In this chapter, we find it convenient to concentrate 

on the calculation of the individual deep levels in the 

spectrum rather than on their "lineshape" spectrum as we did 

in our one-dimensional model calculations discussed in the 

previous chapter. The specific forms of GQ(E) and U which 

we use in this investigation and the approximations we make 

to obtain them are discussed in the following sections. 

Method 

As in the previous chapter, we use the embedded cluster 

method (40,42) to describe the alloy host. The basic aim of 

this method is to preserve some information about local 

properties of the alloy by embedding a finite cluster of 

alloy constituents in a particular configuration in an alloy 

host modeled by an effective medium. By taking clusters 
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including all possible configurations of alloy constituents 

and weighting their contributions to alloy properties by 

their probability of occurrence, this method should produce 

results which are close to those which would be obtained for 

the true random alloy. The effective medium which we chose 

for this investigation is the VCA (43,44,64). We perform 

these calculations for anion site defects in such III-V al

loys as Alĵ Gaj_ĵ As, where the alloy disorder is in the 

first-neighbor environment, using a cluster consisting of a 

central anion plus four nearest-neighbor cations, as is 

characteristic of the zincblende structure. On the other 

hand, for anion site defects in GaAs, P^, where the alloy 

disorder is in the second-neighbor environment, we use clus

ters containing a central anion, four nearest-neighbor ca

tions,and 12 second neighbor anions, which is also charac

teristic of the zincblende structure. (Of course, as is 

discussed below, the method we describe below is also valid 

for cation site defects in such alloys. However, we do not 

perform any numerical calculations for such defects here.) 

The host-plus-defect problem is then solved by replacing the 

central atom of the cluster by an impurity and by then 

applying the deep level theory of Hjalmarson et al. (30). 

As in the one-dimensional case, each cluster configuration 

will, in principle, produce a deep level at a different 
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energy. The levels associated with the different 

configurations are our approximation for the components of 

the inhomogenously broadened impurity spectrum. 

We now discuss in some detail the specific bandstruc

tures, effective medium, and deep level theory used in this 

investigation. It should again be stressed, however, that 

the formalism outlined in this chapter is not intrinsically 

tied to the use of the particular choices of bandstructure, 

effective medium, and deep level theory used in our numeri

cal calculations. Other investigators could use other 

choices of these three aspects of the theory to suit their 

needs. 

Virtual Crystal Approximation for 
the Alloy Host 

In order to describe the global properties of the alloy 

host, as is briefly mentioned above, we use the sp s band-

structures of Vogl et al. (52) in the virtual crystal ap

proximation (43,44,64). The VCA Hamiltonian is (52) 

HwrA = y | i a S > r < i a ^ | + I | i a ] ^ > V ^ * ^ ' ! ( f t , l ^ ' ) < i ' a ' f t ' I , ( 3 0 ) 
VCA . ^ ' ^ a •; 1- I O'O' 

1 , a , K 1 » 1 
a , a ' 

* 

where i is the orbital index (s, p̂ ,̂ p^, p^, and s ), 
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indicates anion or cation (a or c), R is the lattice 

vector of the a th atom, and R' is the lattice vector of the 

nearest-neighbors of the th atom. The on-site, E \ and 
a 

nearest-neighbor, V^i!(R,R'), tightbinding parameters are 

those computed in the VCA and thus have the form 

K - 'Khc'^'-^^Khc (31a) 

and 

where the E"" 'S and the V''', (R,R')'s are the Vogl et al. 
ot aa 

tightbinding parameters for the appropriate compound semi

conductor constituent (AC or BC) (52). A table of such pa

rameters for 16 elemental and compound semiconductors may be 

found in Refs. 30 and 52. 

The matrix elements of the density of states in the 

tightbinding representation are (86,87) 

<iaR|D(E) |i'a'S'> = );<iaS|nt><nt|i'a'S'>6(E-E ^) , (32) 

where D(E) is the density of states operator, the 
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|nk> are the VCA Bloch functions, the and E t are the 
n K 

bandstructures of the alloy host under consideration. Here, 

the bandstructures are those of Vogl et al. computed in the 

VCA (52). The matrix elements of Eq. (32) may be used to 

obtain the VCA Green's function matrix elements in the 

tightbinding representation through the use of Eq. (10a), 

Im(<iaS|g(E)|i'a'^'>) = -7T<iaS| D( E ) | 1 ' a'ff' > , (33) 

/y 

where g(E) is the VCA Green's function operator. The real ' 

part of the VCA Green's function matrix element may now be 

obtained by use of the Kramers-Kronig relations (88). Spe

cifically, the real part of the VCA Green's function matrix 

element is given by 

Re(<icRh(E)|i'a'^'>) = ip/3j'"(<i"^[g(E)ji"»'i^'>)dE', ( 34) 

where P indicates the Cauchy principal value. The VCA 

Green's function operator is formally defined as 

g(E) = (E-Hy^^+iO)-^ , (35) 



65 

where E is an energy, Ĥ ŷ̂  is the VCA Hamiltonian, Eq. (30), 

and iO is a positive imaginary infinitesimal. The VCA 

Green's function matrix is obtained by taking tightbinding 

matrix elements of Eq. (35) using Eqs. (32)-(34). The den

sity of states matrix elements are obtained numerically by 

using a method originally due to Lehman and Taut (89) and 

later modified by Hjalmarson (30) and Sankey (90). The VCA 

Green's function matrix contains our description of the 

global properties of the VCA effective medium described al

loy host. 

Some comments concerning our choice of the VCA as the 

effective medium used in this investigation are in order. 

While it is well known that the VCA is unsatisfactory for 

describing many of the properties of alloys (44), in the 

cases under investigation here it is adequate, especially as 

a first approximation and for use with the embedded cluster 

method. As was stated in Chapter II, it has been shown that 

for alloys in the weak scattering limit, such as those exam

ined in this dissertation (16,44,65), the VCA is a suitable 

choice for an effective medium and differs little from the 

self-consistent CPA (43,44,65), especially in its prediction 

of the alloy host state density. The reason for this is 

that, for alloys in the weak scattering limit, the alloy 

constituents do not differ appreciably in their physical and 
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electronic properties, so that a simple average, such as the 

VCA, is adequate (44). For alloys in the strong scattering 

limit (e.g., GaAs^_j^Sb^) (65), other effective media such as 

the ATA (66-69) or the CPA (16,41,43-49) should be used, 

with the CPA being preferred, since it is self-consistent. 

It is also worth reiterating that the CPA effective medium 

could equally well be incorporated into the formalism out

lined below in a straightforward manner. 

Application of the VCA produces an alloy host modeled 

as a translationally invariant effective medium described by 

the VCA Green's function matrix, g. A description of the 

global or average properties of the alloy host is insuffi

cient for obtaining a physical picture of the effect of al

loy disorder on deep levels; local or cluster properties are 

also present and must be accounted for. In fact, they will 

dominate the deep level spectra (30-32). Accounting for 

these local effects is the aim of the discussion in the fol

lowing section. 

Embedded Cluster Method for the 
Alloy Host 

The method described in this section is an extension of 

the embedded cluster method developed by Gonis and Garland 

(42) and Myles and Dow (40). Having described the global 
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properties of the alloy host with the VCA Green's function, 

g, we now seek to describe its local properties in the 

neighborhood of a particular lattice site (which will become 

the defect site in the discussion below) by embedding a 

cluster of a particular configuration of alloy constituent 

atoms in the VCA effective medium. A few comments concern

ing the size of the embedded clusters we use are in order. 

It is first of all worth recalling that the alloys we are 

considering here are of the zincblende or diamond structure, 

where every atom is tetrahedrally bonded to four nearest- -

neighbor and twelve second-neighbor atoms. There are two 

broad categories of defects in the ternary zincblende semi

conductor alloy system A B^ C which we treat in this dis

sertation. The first class, referred to hereafter as Class 

I defects, consists of defects on the ordered (C) sublattice 

of the alloy. Therefore, this class contains anion site de

fects in alloys with cation disorder and cation site defects 

in alloys with anion disorder. The alloy disorder for this 

type of defect clearly occurs in the odd-numbered shells of 

neighbors from the defect site (i.e., first-nearest neigh

bor, third-nearest neighbor, etc.). In our theory, this 

disorder is approximated by embedding an ensemble of five 

atom clusters in the VCA effective medium. That is, for 

cation (anion) disordered zincblende structure alloys, the 
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embedded clusters we utilize consist of a central anion 

(cation) tetrahedrally bonded to four nearest-neighbor ca

tions (anions) in a particular configuration. Higher-neigh

bor alloy disorder is neglected in this approximation. The 

prototype system for Class I defects will be defects on the 

As site in Al^Gai.^As, but results will be presented for de

fects on the Te site in Hgi.^CdxTe also. The second class 

of defects, referred to hereafter as Class II defects, con

sists of defects on the disordered (A or B) sublattice of 

the alloy. Therefore, this class consists of cation site 

defects in alloys with cation disorder and anion site de

fects in alloys with anion disorder. For this type of de

fect, the alloy disorder clearly occurs in the even numbered 

shells of neighbors from the defect site (i.e., second near

est-neighbor, fourth nearest-neighbor, etc.). In our ap

proach, this disorder is approximated by embedding an ensem

ble of 17 atom clusters in the VCA effective medium. That 

is, for cation (anion) disordered zincblende alloys, the em

bedded clusters we utilize consist of a central cation (an

ion) tetrahedrally surrounded by four ordered nearest-neigh

bor anions (cations) and by twelve disordered second 

nearest-neighbor cations (anions) in a particular 

configuration. Higher-neighbor alloy disorder is neglected 

in this approximation. 
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Having obtained the VCA Green's function g in the 

previous section (Eqs. (33) and (34)) the cluster Green's 

function for a particular configuration of the embedded 

cluster is then obtained by solving the Dyson equation 

(37,42) 

GQ = g+gVGQ , (36a) 

where V is a scattering potential which may be written as 

V = H^i-Hyc^ (36b) 

for sites within the cluster and which vanishes outside the 

cluster. For matrix elements between cluster sites and the 

VCA effective medium we take the cluster Hamiltonian matrix 

elements to be those of the VCA so that the scattering po

tential, V, also vanishes in this case. In Eq. (36a), H^^^ 

is the VCA Hamiltonian whose form is given by Eq. (30) and Ĥ ^ 

is the cluster Hamiltonian for a specific cluster configura

tion (52) , 

H n = y'iia^>E^ia^|+ I I i aS> V^^ . (̂  ,^ ' ) < i ' a ' ̂  ' | , (37) 

a , a 
It ,ft ' 
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where the primes on the sums indicate that the sums are 

restricted to being over the cluster sites only and E and a 
I 

V^^,(^,^') are the Vogl et al. tightbinding parameters for 

the specific cluster configuration under consideration 

(30,52). Following Hjalmarson et al. (30) and others 

(20,37,53,54), the excited s states, which were vital in 

the Vogl et al. (52) model for calculating host bandstruc

tures, are neglected in our evaluation of the cluster poten

tial, Eq. (36b). The reason these states can be neglected 

is because Vogl et al. (52) have found that the s states 

for all atoms in columns II to VI of the periodic table lie . 

within a very narrow range of energies with respect to the 

vacuum reference energy (see Table II of Ref. (52)). Thus, 
•k 

in the solid, the excited s states all lie at about the 

same energy (6 to 8 eV), because the solid state environment 

shifts all energies by approximately a constant amount. The 

scattering potential V in Eq. (36b) therefore will, to a 

good approximation, be determined by the s and p orbital en-

ergies of the atoms in the cluster and not by the s ener

gies. That is, the effects of the excited states essential

ly cancel out of Eq. (36b) when the difference is taken 

between the Hamiltonians of Eqs. (30) and (37). In what 

follows, we therefore ignore the effect of these states on 

V. This reduces the size of this matrix from 5N̂ ,x5N̂  (five 
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orbitals per atom) to 4N X4N (four orbitals per atom), 

where N^ is the number of atoms in the cluster. 

For Class I defects, we solve Eq. (36a) exactly to 

yield (86) 

Go(E) = [I-g(E)V]-^g(E) , (38) 

where I is the unit matrix. On the other hand, for Class II 

defects we expand the equation in a series for small V (86) 

and retain only the first two terms. This yields 

GQ(E) = g(E)+g(E)Vg(E) . (39) 

The reason for taking two different approaches for Class I 

and Class II defects is that the sizes of the matrices in

volved as well as the number of cluster configurations which 

it is necessary to consider are drastically different in the 

two cases. Therefore, the amount of central processing unit 

(CPU) time necessary to perform the computations, particu

larly the required matrix inversions, was also drastically 

different for the two cases. To be specific, for Class I 

defects, using a four-state-per-atom description of the 

problem (i.e., s, p^, Py, and p^ orbitals) with a five atom 

cluster yields matrices which are of size 20x20. The CPU 
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time necessary to do the matrix inversions for a significant 

grid of points in the bandgap of the alloy host (about 170 

to 230 points in the bandgap, depending on the alloy compo

sition) averaged about 7 CPU minutes. This did not overly 

tax our computing resources. On the other hand, for Class 

II defects, with a seventeen atom cluster, the size of the 

matrices is 68x68, and the computing resources at our dis

posal could not perform the matrix inversions necessary to 

implement Eq. (38) in the operating environment we were con

strained to work in. In fact, we were unable to obtain a 

complete "run" using Eq. (38) for Class II defects to report 

the amount of CPU time it would take to do computations that 

way. Our estimates are that to calculate Gpj(E) at 200 ener

gy points in the bandgap of an alloy host using Eq. (38) 

would require approximately 4 CPU days within the current 

operating constraints placed on us by Academic Computing 

Services. The use of Eq. (39) to calculate GQ(E) should be 

an adequate approximation, however, since the only Class II 

defects we examine are anion site defects in GaAs. P , an 
X ~ A A 

alloy which falls into the weak scattering limit (16,44). 

This being the case, there will not be much difference 

between the VCA Hamiltonian, Eq. (30), and the cluster 

Hamiltonian, Eq. (37), and the scattering potential, V, will 

be small for this system. 
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The primary approximation of our theory, as far as the 

alloy host properties are concerned, is that the Green's 

functions given in Eq. (38) or (39), depending on the case 

considered, is, in fact, the Green's functions for the ran

dom alloy host. Since we consider all possible distinct 

cluster configurations and since the size of the clusters 

includes the nearest shell of disordered neighbors, this 

should be a good approximation to those for the true random 

alloy. The disorder in the higher-neighbor environments 

should produce smaller broadening effects than those of the-

first- or second-neighbor environments, are included in our 

theory. Also, the computer time involved was again a fac

tor. While it is a straightforward, but tedious, process to 

include higher-neighbor environment effects both computa

tional and "bookkeeping" problems (i.e., keeping track of 

lattice sites) result as one includes more and more higher-

neighbor shells. This will be further discussed below. 

Considering a ternary alloy A^B^_^C, the total number 

» of cluster configurations is given by the sum of binomial 

coefficients 
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where Nĉ Â'*"̂ B ^̂  ^^® total number of atoms in the 

disordered (first- or second-neighbor) shell of the cluster 

and N^ and Ng are the number of A and B atoms, respectively, 

in that shell. 

For example, for a Class I defect such as an anion (As) 

site defect in Al Ga, As, these variables take on the fol-
A X ̂  A 

lowing values: N=4 and N.=N.,. This yields a total of 16 

configurations. Not all configurations are distinct, how

ever. Of the 16 possible configurations for a Class I de

fect, only five are distinct. Shown in Table 1 are the five 

distinct configurations for a Class I defect in the ternary . 

alloy k^B-^_^C along with the degeneracy and probability of 

occurrence of each configuration. 

For Class II defects, we have N=12 and the total number 

of configurations is 4,096. It would be an enormous compu

tational task to attempt to compute the cluster Green's 

function in this case for all possible configurations. If 

we define distinct or unique configurations as those pre

serving various subsets of the T^ symmetry group operations 

(which is the point group to which the zincblende structure 

alloy host belongs) (91), the problem is still enormous. 

The solution which we have adopted to this dilemma which we 

have adopted, while only a first approximation, has 

nevertheless allowed us to complete this investigation in a 
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TABLE 1 

Configurations for Class I Defects 

Configuration Degeneracy Probability 

AAAA 1 x'̂  

BAAA 4 x3(l-x) 

BBAA 6 x2(l-x)2 

BBBA 4 x(l-x)3 

BBBB 1 (l-x)** 
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reasonable manner and within the limits of our computational 

resources. In particular, we assume that only 13 configura

tions are unique. Those 13 unique configurations, their de

generacy, and their probabilities of occurrence for the 

Class II alloy A^Bj_ C are shown in Table 2. One can easily 

see the significance of this approximation by considering 

three different clusters (numbers 1,2, and 3), each having 

nine A atoms and three B atoms and by visualizing the zinc

blende lattice structure (55,56). If configuration #1 has 

the three B atoms all bonded with the same C atom, cluster -

#2 has two B atoms bonded with one C atom and the other B 

atom bonded with a different C atom, and cluster #3 has all 

three B atoms bonded with different C atoms, one can easily 

see that these three possible cluster configurations are 

physically distinct. However, as just discussed, implemen

tation of such a scheme resulted in so many distinct cluster 

configurations that our computing facilities would have been 

unable to do even a fraction of them within a reasonable 

time. Therefore, we have adopted the 13 distinct configura

tion approximation classification scheme where clusters #1, 

#2, and #3 discussed above are classified as degenerate. 

The accuracy of this approximation is unanswered at this 

time. Without other calculations with which to compare our 

results, it is difficult to access the impact of this scheme 
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TABLE 2 

Configurations for Class II Defects 

Configuration 

AAAAAAAAAAAA 

BAAAAAAAAAAA 

BBAAAAAAAAAA 

BBBAAAAAAAAA 

BBBBAAAAAAAA 

BBBBBAAAAAAA 

BBBBBBAAAAAA 

BBBBBBBAAAAA 

BBBBBBBBAAAA 

BBBBBBBBBAAA 

BBBBBBBBBBAA 

BBBBBBBBBBBA 

BBBBBBBBBBBB 

Degeneracy 

1 

12 

66 

220 

495 

792 

924 

792 

495 

220 

66 

12 

1 

Probability 

Xl2 

x^tl-x) 

x^h-x)2 

X5(l-X)3 

X8(l-x)^ 

xMl-x)5 

xMl-x)6 

x5(l-x)7 

xMl-x)8 

x^d-x)^ 

x2(l-x)^° 

x(l-x)^^ 

(l-x)^2 
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on the accuracy of the results. It is our opinion, and the 

opinion of certain other theoretical groups, as well as 

groups who have performed experiments measuring these ef

fects (4,5,8,9), that this approximation is not unreason

able. In fact, other workers (4,5,8,9) have analyzed photo-

luminescence data from excitons bound to N in GaAs, P on 
1-x X 

the basis of this approximation without even acknowledging 

that it is an approximation. As will be seen in the results 

presented in the next chapter, the plethora of levels re

sulting from inclusion of all physically distinct clusters 

would produce a quasicontinuum of levels, filling in the 

spaces between the component levels which our approximation 

produces. Thus, the first moment and width, which charac

terize the impurity spectrum, should not be affected appre

ciably by our approximation. 

Another difficulty encountered when implementing the 

method outlined above merits further discussion. While the 

VCA and cluster Hamiltonians only take into account nearest-

neighbor interactions and thus have only nearest-neighbor 

matrix elements, the VCA and embedded cluster Green's func

tions, in general, have nonzero matrix elements (in the 

tightbinding basis) between every site of the cluster and 

every other site. For Class I defects, this is not a very 

demanding requirement. In this case, because the lattice 



79 

has the zincblende structure, the central anion (cation) has 

four nearest-neighbor cations (anions) which are all second-

neighbors to one another. Thus, for this case, in our ap

proximation, only the on-site, nearest-neighbor, and second-

neighbor matrix elements of the Green's function needs to be 

considered. 

Extension of these considerations to Class II defects 

is not trivial, however. In this case, again because of the 

lattice structure, the central anion (cation) has four near

est-neighbor cations (anions) which, in turn, are all sec

ond-neighbors to each other. In addition, however, the cen

tral anion (cation) has 12 second-neighbor anions (cations). 

These 12 second-neighbor anions (cations) are not all sec

ond-neighbors to each other, nor are they nearest-neighbors 

to each of the four cations (anions), which are nearest-

neighbors to the central anion (cation). From elementary 

crystallography (90,92), we know the lattice positions occu

pied by the 12 second-neighbor atoms (anions or cations) and 

the distances characteristic of first, second, third, and 

higher neighbors. We can use this knowledge to determine 

distances and neighbor relationships between all atoms in 

the 17 atom cluster. That is, we can answer the questions 

what relation does a given second-neighbor have with a given 

first neighbor and with another second neighbor? This will 
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enable us to tell exactly which matrix elements of the VCA 

Green's function are needed to compute the cluster Green's 

function. This is done as follows. Labeling the lattice 

positions of two atoms by 

/K ^ Al. 

t = xa+yb+zc (41a) 

and 

1̂ ' = x'a+y'b+z'c , (41b) 

>N /\ 

where a, b, and c are the primitive lattice vectors for the 

zincblende structure and x, y, z, x', y', and z' denote dis

tances along these axes in the lattice, we compute the dis

tances between all possible pairs of second-neighbor atoms 

and between all possible nearest-neighbor-second-neighbor 

pairs in the 17 atom cluster we used for Class II defects. 

This was done using the usual expression for the distance 

between two points 

d^^i = /(x-x')^+(y-y')^+(z-z')^ . (41c) 

A bookkeeping convention is used for simplicity, wherein the 

atoms are referred to by a number (arbitrarily chosen), with 
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the convention being set forth in Table 3 (92), which shows 

the lattice positions of each atom with respect to the cen

tral atom of the cluster, along with the corresponding la

belling convention we have used. In Table 3, the quantity 

"a" is the lattice constant (55,56). A summary of the re

sults is presented in Table 4, where it is shown that the 

second-neighbor atoms have relationships among themselves 

consisting of second-neighbors, fourth-neighbors, sixth-

neighbors, and eighth-neighbors (92). Also, the nearest-

neighbors and second-neighbors to the central atom have re

lationships between themselves consisting of nearest 

neighbors, third-neighbors, and fifth-neighbors. As in Ta

ble 3, in Table 4, the quantity "a" is the lattice constant 

(55,56). The results of this analysis and its impact upon 

the calculations to be performed are that matrix elements of 

the VCA Green's function between all of these types of 

neighbors must be computed in the tightbinding basis before 

the cluster Green's function, Eq. (39), may be computed. 

This means that additional computer time must be utilized to 

compute these VCA Green's function matrix elements before 

the cluster Green's function may be computed. Details of 

the construction the VCA Green's function matrix may be 

obtained by examining the program GCLNN2 in Appendix B. 
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TABLE 3 

Labeling Convention for Nearest- and Second-Neighbors 

Atom Number 

1 

2 

3 

4 

Atom Number 

5 

6 

7 

8 

9 

10 

11 

12 

13 

- 14 

15 

16 

Nearest-Neighbor Atoms 

Lattice Position 

(lll)a/4 

(ni)a/4 

(lii)a/4 

(ili)a/4 

Second-Neighbor Atoms 

Lattice Position 

(011)a/2 

(101)a/2 

(110)a/2 

(i01)a/2 

(0il)a/2 

(ii0)a/2 

(li0)a/2 

(0ii)a/2 

(10i)a/2 

(il0)a/2 

(i0i)a/2 

(0li)a/2 
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TABLE 4 

Relationships Between Pairs of Nearest 
Second-Neighbor Atoms 

- and 

Nearest- and Second-Neighbor Pairs 

Third-Neighbors 

1 
1 
1 
1 
1 
1 

and 8 
and 9 
and 11 
and 13 
and 14 
and 16 

2 
2 
2 
2 
2 
2 

Fifth-Neighbors 

1 
1 
1 
2 
2 
2 

and 10 
and 12 
and 15 
and 7 
and 13 
and 16 

and 5 
and 6 
and 11 
and 12 
and 14 
and 15 

3 
3 
3 
3 
3 
3 

and 6 
and 7 
and 9 
and 10 
and 15 
and 16 

d^-j=a/ll/4 

4 
4 
4 
4 
4 
4 

and 5 
and 7 
and 8 
and 10 
and 12 
and 13 

dij=a/T9/4 

3 
3 
3 
4 
4 
4 

and 5 
and 8 
and 14 
and 6 
and 9 
and 11 

Second-Neighbor Pairs 

Second-Neighbors 

5 
5 
5 
5 
6 
6 

and 6 
and 7 
and 8 
and 14 
and 7 
and 9 

6 and 11 
7 and 13 
7 and 16 
8 and 9 
8 and 10 
8 and 14 

Fourth-Neighbors 

5 and 9 
5 and 16 
6 and 8 

6 and 13 
7 and 11 
7 and 14 

Sixth-Neighbors 

5 and 10 6 and 14 

9 and 10 
9 and 11 
10 and 12 
10 and 15 
11 and 12 
11 and 13 

8 and 15 
9 and 12 
10 and 11 

d^-j=a/I/2 

12 
12 
13 
14 
14 
15 

and 
and 
and 
and 
and 
and 

d- • =a 
1 J 

13 
15 
16 
15 
16 
16 

8 and 11 

10 and 14 
12 and 16 

13 and 15 

d^-j=a/6/2 

10 and 13 
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1 Table 4: continued 

1 Sixth-Neighbors 

1 5 and 11 6 and 
1 5 and 13 7 and 
1 5 and 15 7 and 
1 6 and 10 7 and 
1 6 and 12 7 and 

1 Eighth-Neighbors 

1 5 and 12 
1 6 and 15 
1 7 and 10 

16 
8 
9 
12 
15 

8 
8 
9 
9 
9 

and 
and 
and 
and 
and 

12 
16 
13 
14 
15 

dij=a/6/2 1 

10 and 16 1 
11 and 15 1 
11 and 16 1 
12 and 14 1 
13 and 14 1 

d^j=a/2 j 

8 and 13 1 
9 and 16 1 
11 and 14 1 
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Defect Theory 

The cluster Green's function GQ, Eq. (38) or (39), 

provides a description of both the global and the local 

properties of the alloy host. An impurity is now placed in 

the alloy host at the center of the embedded cluster, which 

we choose to be the origin, on sublattice a. if it exists 

in the bandgap, the deep level which is produced by this im

purity for this configuration is now found by application of 

the Hjalmarson et al. theory of deep levels (30). It should 

be re-emphasized that other defect theories (31,32) could be 

used in conjunction with this formalism and that different 

quantitative results will be obtained with other theories, 

although we believe that such results will be qualitatively 

similar to those we obtain here. It is well known that the 

Hjalmarson et al. deep level theory is useful for accurately 

predicting chemical trends (30), and, as this is our aim as 

well, we felt that it was appropriate to use the Hjalmarson 

et al. deep level theory in this investigation. Every dis

tinct cluster configuration in which the impurity is placed 

will produce a defect energy level at an, in principle, dif

ferent energy. The energy levels (if they are in the 

bandgap) resulting from application of this procedure for 

all possible cluster configurations are the components of 

the alloy broadened impurity spectrum. 
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For a particular (say the ith) cluster configuration, 

the bound state energies, Ê -, for this cluster configuration 

are solutions to the implicit Fredholm determinantal equa

tion (30) given by Eq. (29). The advantage of using Eq. 

(29) to solve for the deep level E is that the determinant 

needs only to be evaluated in the subspace of the defect po

tential U. This means that for both Class I and Class II 

defects, Eq. (29) reduces to a 4x4 determinantal equation 

(an impurity atom with four orbitals-s, p , p , and p ) with 
X y z 

only the 4x4 block of the cluster Green's function G Q, Eq. 

(38) or (39), which belongs to the central impurity anion or 

cation being included. Expansion of the determinant in Eq. 

(29) will produce the usual U versus E function of the Hjal

marson et al. deep level theory (30). 

We now examine the form of the defect potential matrix, 

U, in Eq. (29). In this investigation, we assume that the 

matrix has the form assumed by Hjalmarson et al. for an 

ideal substitutional impurity (30). In particular, follow

ing Hjalmarson et al., we assume that it is diagonal, having 

the form (30) 

^3 0 0 0 

0 U„ 0 0 

u = I 0 o' Up 0 ' ' (^2) 

0 0 0 u 
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where Û  and U are the, as yet unspecified, diagonal 

impurity potential matrix elements for the s and p orbitals, 

respectively, of the impurity. We have assumed the the ma

trix elements for the p^ , p.,, and p, orbitals are the same, 

and equal to Up. Physically, this means that the p orbital 

potential energy is independent of the orientation of the p 

orbitals. The fact that all off-diagonal matrix elements 

are assumed to be zero indicates that lattice relaxation ef

fects and charge state splittings are neglected in our theo

ry. This is consistent with the numerous previous applica

tions of the Hjalmarson et al. theory (20,30,54). Lattice 

relaxation effects could be included by including nonzero 
_2 

off-diagonal matrix elements which scale as d following 

Harrison (56). Charge state splittings could also be in

cluded using the method of Lee, Dow, and Sankey (93). How

ever, as our primary goal is to obtain chemical trends in 

alloy broadening effects, and both the lattice relaxation 

and charge state splitting effects are known to be relative

ly small, we do not consider them further here. In order to 

solve-the determinantal equation, Eq. (29), and obtain the 

function E(U), we utilize the Hjalmarson empirical rule that 

the p orbital energy is equal to one half the s orbital 

energy, 

U, = ̂ U, . (43) 
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Given Eqs. (42) and (43), expansion of the determinant in 

Eq. (29) yields a quartic algebraic equation for either Û  

or Up as a function of E. The solutions to this equation 

are the Ug(E) or U (E) functions which come out of the Hjal

marson et al. approach (30). Whether one then solves for U, 

or Up is determined by the alloy and impurity under consid

eration. For example, most chemically reasonable anion (As) 

site defects in Alĵ Gâ _ĵ As produce only s-like impurity 

states so that U^ would be the proper choice to use in Eq. 

(29) and one should solve that equation for U5(E) after uti

lizing Eq. (43). On the other hand, most chemically reason

able anion (Te) site impurities in Hĝ .̂ĵ Cdĵ Te produce only 

p-like impurity states so that Up would be the proper choice 

to use in those equations, and one should solve for Up(E). 

In order to study a particular impurity, one specifies a 

specific U_ and/or U_̂ and the persistent defect level energy 

is obtained by interpolation on the Û- versus E curves ob

tained by solving the quartic equation resulting from Eq. 

(29). Since the equation is quartic, four roots are ob

tained, in general, one is s-like and three are p-like. 

There are three methods by which we determine Û- (i=s or p) 

for a specific impurity in this dissertation. 

The first method we use employs an empirical 

relationship developed by Hjalmarson et al. in which Û- is 
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related to the differences in the bare atomic energies of 

the host atom and the impurity atom by (30) 

II _ „ /Impurity Hostx 
U. - 3.(w. J'-w. ) , (44) 

where i=s or p, w^ is the bare atomic energy for the appro

priate (s or p) orbital of the impurity or host atom, and g. 

is an empirical parameter determined by Hjalmarson et al. to 

have the values 0.8 or 0.6 for s-like or p-like impurity 

states, respectively (30). The values of the ŵ- for numer

ous host and impurity atoms are shown in Table III of Refer

ence 52. The potential Û- which results from this procedure 

will be hereafter referred to as the Hjalmarson impurity po

tential. This is the method we employ for most results pre

sented below. The second method we use treats U. as a pa

rameter which is determined by taking the experimental deep 

level energy in one of the compound semiconductor constitu

ents of the alloy (i.e., x=0 or x=l in the alloy) and inter

polating on the E versus Û- curves to find the Û- which will 

theoretically produce a deep level at that energy in that 

particular material. That value of Û  is then used to 

compute the deep levels for all cluster configurations 

throughout the alloy composition range (0<x<l). This second 

method was adopted in a few cases in order to facilitate 



90 

comparison of our results with experiment. In particular, 

the results we find below show that the magnitude of the al

loy broadening depends strongly on the deep level depth. 

Furthermore, it is well known that the level depths predict

ed by the Hjalmarson et al. theory of deep levels, and, 

therefore, any properties which depend on these depths, are 

not always in agreement with experiment (30). Use of this 

second method of determining U. is thus an attempt to reduce 

the depth inaccuracies inherent in the Hjalmarson et al. 

theory so that our results are a better estimate of the ef

fects of alloy disorder on impurity electronic spectra. 

This method should also, at least partially, include lattice 

relaxation effects, since such effects are certainly present 

in the measured level depth. The defect potential Û- deter

mined in this manner will be referred to in what follows as 

the experimental potential. The third method we ues is a 

variation on this second method. A "fake" anion site impur

ity, called the midgap impurity, was constructed in the 

II-VI alloy Kg •^_yfd^e and investigated. More details of 

this particular construction will be presented in the appro

priate section below. 

By applying the above-described embedded cluster plus 

Hjalmarson et al. deep level theory, we obtain the s-like 

and/or p-like defect levels for a particular impurity in a 
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particular configuration of the embedded cluster. This 

procedure is repeated for every distinct cluster configura

tion, as was previously mentioned. In this way, we obtain 

the component deep level energies shown in following sec

tions. 

In addition to studying isolated substitutional impuri

ties in ternary semiconductor alloys, we have also investi

gated the effects of alloy disorder on an isolated ideal an

ion vacancy in Al^Ga^.^As. This vacancy is an extension of 

Class I defects to the vacancy case. Of course, any vacancy 

in any alloy could be studied this way, in particular, ap

plication could also be made to Class II vacancies with sec

ond-neighbor disorder. Lack of time was the only reason 

such an example was not included in this dissertation, but 

such an extension is currently being undertaken. 

To treat the vacancy problem, the alloy host is de

scribed in the same model as for substitutional impurities, 

with the central atom of the embedded cluster being com

pletely removed, rather than simply replaced by another 

atom,-to create the vacancy. Lattice relaxation effects are 

again neglected as a first approximation, and the defect 

potential for the vacancy is taken as infinite. This model 

for the vacancy is commonly known as the ideal vacancy case 

and has been used by several workers to study the effects of 
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a vacancy on numerous electronic properties of semiconductor 

materials (53,73,74,79,80,94-98). The infinite defect po

tential for the vacancy in this model simply means that no 

charge carriers (i.e., electrons or holes) are allowed at 

the vacancy site. This has the same meaning as removing an 

atom from that site and is our approximation in this case. 

While this is not strictly true for vacancies in semiconduc

tor alloy hosts, it is a good first approximation and has 

proven useful in numerous past investigations. In the case 

of the vacancy, we expect lattice relaxation effects to be 

important. As a first approximation, however, we neglect 

such effects, but recommend that any future work on alloy 

broadening of vacancy associated deep levels should include 

them. 

The equations used to obtain the ideal vacancy's deep 

level energies may be obtained from the Hjalmarson et al. 

deep level theory by rearranging the determinantal equation, 

Eq. (29), and letting the defect potential U approach infin

ity (53,73,74,79,80,94-98). This has been done by many 

workers, and the interested reader may consult the refer

ences for details of the derivation (74,94-98). It is 

straightforward to show that the deep level energies for the 

vacancy are those which satisfy the determinantal equation 

det[GQ(E)] = 0 , (45) 
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where GQ(E) is the cluster Green's function, Eq. (38) or 

(39), for a particular cluster configuration. For the only 

case considered here, the As vacancy (VA ) in Al Ga, ̂ As, 

both s-like and p-like vacancy deep levels were found to be 

in the bandgap of the alloy host, and their behavior will be 

discussed in a later section. As with substitutional impur

ities, the above process is repeated for each distinct clus

ter configuration, thereby obtaining the defect energy spec

trum for the ideal vacancy. 



CHAPTER V 

SEMICONDUCTOR ALLOYS-RESULTS 

Use of the embedded cluster method and the Hjalmarson 

et al. deep level theory for impurities or ideal vacancies, 

as applicable, results in a defect induced deep level spec

trum for energies in the bandgap of the alloy host which is 

a series of delta-function lines, one for each distinct con

figuration of the embedded cluster. For a given cluster 

size and composition, x, this function may thus be written 

as 

1(E) = ^Pi6(E-E.) (46a) 

with the normalization condition 

IP. = 1 . (46b) 
i ̂  

Here, E- is the deep level found for the ith cluster config

uration and P. is the probability of occurrence, given by 

the binomial distribution 

P. =(,i)x ' (1-X) B (46c) 

94 
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and the sum in Eq. (46b) goes over all distinct cluster 

configurations. In Eq. (46c) for the probability P-, we 

have implicitly assumed that the alloy under consideration 

is completely random. We emphasize that the method outlined 

above could easily be applied to defects in non-random al

loys as well, merely by replacing Eq. (46c) with a probabil

ity distribution chosen to reflect non-randomness, for exam

ple, preferentially weighting certain preferred 

configurations over others. In this regard, there is some 

recent experimental and theoretical evidence that some of 

the III-V alloys are non-random (99,100). In the sum in Eq. 

(46a), there are five configurations for Class I defects and 

13 for Class II defects. In Eq. (46c), N^ and Ng are the 

number of A and B atoms, respectively, in the ith configura

tion, and N =N^ +Ng is the number of atoms on the disor

dered sublattice in the cluster. Class I defects have N =4, 

while Class II defects have N =12. 

As was the case with the one-dimensional model alloy, 

the defect deep level spectrum is characterized by its con

figuration averaged first moment L^, defined by taking n=l 

in Eq. (24b), and by the square root of the second moment 

about the mean, or linewidth, defined in Eq. (26a). The 

physical meaning of these two quantities warrants some 

discussion. The configuration averaged first moment is the 
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center of the deep level spectrum. Recently, experiments 

cited earlier have resolved individual component deep level 

lines in Ga2_j^In^P:N corresponding to at least two distinct 

cluster configurations using time resolved luminescence 

spectroscopy (9). In less sensitive, earlier measurements 

as well as in experiments on Class II defect systems where 

the levels are so closely spaced that they are unresolvable 

by currently available techniques, the measured impurity 

line corresponds to the first moment calculated here (1,2). 

However, in this regard, it should be noted that the width 

calculated here is not always directly measurable, since, as 

was recently shown by Hjalmarson and Myles (35) dynamical 

and statistical effects can be of primary importance in time 

resolved luminescence experiments. In particular, at very 

short times (<1 nsec.) the exciton population of the compo

nent levels is such that the highest lying level in the 

bandgap has the greatest population, owing to its greater 

capture cross section. Thus, it has the most intense lu

minescence peak at these times. However, at very long times 

(>100_nsec.) the lowest lying component level in the bandgap 

will have the greatest exciton population due to thermal 

relaxation of the carriers to lower energies. Thus, it will 

have the most intense luminescence line for these times. 

The measured width in these experiments is actually the 
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width of a spectrum calculated by convoluting Eq. (46a) with 

a complicated function which depends on temperature and cap

ture cross section (35). The width calculated above, there

fore, represents an upper limit on the alloy broadened width 

actually measured in these time resolved experiments. We 

therefore expect measured alloy broadened linewidths to of

ten be somewhat narrower than those presented here. Further 

detailed discussion of these dynamical effects would take us 

too far afield from the central topic of this work. How

ever, we note that the widths calculated here should be of 

value for indicating for which alloys and for which impuri

ties alloy disorder is a significant broadening mechanism. 

That the chemical trends should be correct is not too sur

prising as it is the aim of the Vogl et al. bandstructures 

(52) and the Hjalmarson et al. deep level theory (30), which 

we use as the basis for our theory, to predict such trends. 

Al Ga, As: Nitrogen Anion Site 
^ ^"^ Defect 

One of the most important III-V ternary semiconductor 

alloys at present is Al Ga, As. This substance is widely 
A X ̂  A 

used in the manufacture of solid state lasers and 

microelectronic circuit elements (24-28). Hence, there is 

much theoretical and experimental interest in its 
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properties. This being the case, we chose to investigate 

the alloy broadening of certain deep levels in this alloy to 

ascertain whether or not such effects are important in this 

material. Early experiments by Wolford et al. (1-2) stimu

lated our interest in this material and the alloy broadening 

phenomenon in general. As a final word of introduction, we 

found, in agreement with earlier work by Hjalmarson (30) for 

deep levels using the VCA, that the relevant impurities in 

this alloy produce only s-like impurity states, so that 

these will be the only ones discussed, and the p-like impur

ity states will be not be mentioned further in connection 

with this alloy system. 

In Figure 5 are displayed the component deep levels and 

the first moment for a nitrogen impurity on the anion site 

in Al^Ga^.^As obtained using the Hjalmarson defect poten

tial, Eq. (44), for U . The five component levels shown 

result from the five unique nearest-neighbor cluster config

urations which can surround the impurity. In this figure, 

the abscissa is the alloy composition x, and the ordinate is 

the energy above the valence band edge in electron volts 

(eV). The conduction band edge is marked as shown in the 

figure. Note the direct to indirect crossover of the 

conduction band occuring in the neighborhood of x=0.4. This 

occurs because GaAs is a direct bandgap semiconductor (i.e.. 
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the conduction band minimum and the valence band maximum 

occur at the same point in the Brillouin zone), while AlAs 

is an indirect bandgap semiconductor (i.e., the conduction 

band minimum and the valence band maximum occur at different 

points in the Brillouin zone) (52). Thus, at some point in 

the alloy diagram, in this case about x=0.4, the bandgap 

must change from direct to indirect. The nitrogen impurity 

in GaAs produces a deep level that is resonant with the con

duction band, that is, the deep level energy is greater than 

the energy of the conduction band minimum and thus lies in ' 

the conduction band. Hence, the component deep level ener

gies exit the gap and become conduction band resonant as the 

composition, x, approaches zero. It is clear that the com

ponent deep levels as well as the first moment are indepen

dent of the conduction band edge as x varies, as is charac

teristic of deep levels in general (30). Further, these 

levels vary almost linearly with x, and, in contrast with 

such levels obtained using perturbation theory, they are not 

equally spaced. This unequal spacing is attributable to the 

differences in the off-diagonal matrix elements of the sp^s 

Hamiltonians of AlAs and GaAs, which are included as 

off-diagonal matrix elements of the cluster potential, V, 

Eq. (36b). Such off-diagonal effects are not usually 

included in perturbation theory calculations. 
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The reasons for the order in which the component deep 

levels become conduction band resonant as x decreases from 

unity can be understood qualitatively by using a "defect 

molecule" argument following Hjalmarson et al. (30). In 

particular, consider the all Al cluster and let x decrease 

from unity so that the host acquires more GaAs character. 

For the moment, rather than the true solid state problem, 

consider the deep level problem in terms of "host" and "de

fect molecules" with all the solid state interactions tempo

rarily "turned off." Energy level diagrams for a GaAs "hoŝ t 

molecule" and an AlN "defect molecule" are shown in Figure 

6. The numbers shown and the construction of the "mol

ecules" were obtained by methods discussed in detail by Har

rison (56). Schematically, this figure shows the construc

tion of a "host" and "defect molecule" from isolated atoms. 

The horizontal axis depicts this construction and the re

sulting energy level shifts and splittings as the bonding 

and antibonding levels of the molecules are obtained from 

the sp^ hybrid orbitals and the free atomic energy levels. 

As the GaAs host "molecule" interacts with other host "mol

ecules" to form the solid, the bonding and antibonding 

energy levels will broaden into the valence and conduction 

bands, respectively (30,56). By comparing the relative 

positions of the antibonding energy levels of the host and 
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defect "molecules," one can clearly see that the deep level 

produced by the AlN defect "molecule" lies well above the 

antibonding level of the GaAs host "molecule." This means 

that, as the antibonding level of the host "molecule" broa

dens into the conduction band of the solid, the defect ener

gy level produced by the Al-rich clusters will be conduction 

band resonant as the host becomes more GaAs-like. It is ap

parent from the figure that this is a host related effect, 

rather that an impurity related effect. This is also borne 

out by Hjalmarson et al. who showed that the deep level pro

duced by a defect has a wavefunction which has mostly host

like character and that the defect potential tends to pull 

the antibonding level of the defect "molecule" down below 

that of the host "molecule" (30). Therefore, we conclude 

that differences between the Al and Ga atoms (i.e., host at

oms) are responsible for the order in which the cluster deep 

levels become conduction band resonant, with Al-rich cluster 

deep levels exiting the bandgap at higher alloy compositions 

than the deep levels produced by Ga-rich clusters. 

The behavior of the first moment of the spectrum in 

Figure 5 may be understood by considering the behavior of 

the component levels whose configuration average produce it. 

In particular, as a particular configuration's deep level 

becomes band resonant, the first moment is displaced 
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suddenly deeper into the bandgap (away from the conduction 

band minimum) because the level which has become band reso

nant no longer contributes to this quantity. This is the 

case because band resonant levels "blend in" with the quasi-

continuum of conduction band states and cannot, under ordi

nary circumstances, be observed. In our calculations, such 

band resonant levels are given a weight (probability of oc

currence) of zero. Except at compositions where a component 

deep level becomes band resonant, the first moment in Figure 

5 follows closely the deep level energy computed using the -

VCA effective medium for the alloy host within the error of 

the sp s tightbinding parameters used in our calculations. 

This implies that, at least for Al Ga, As, the center of 
A X ̂  A 

the impurity spectrum is relatively insensitive to the theo

ry used to characterize the host material. 

In Figure 7 we show the computed results for the linew

idth as a function of x for the same case as is shown in 

Figure 5. In that figure, the solid curve indicates the li

newidth computed as described above (i.e., with only the 

component deep levels which lie in the bandgap contribut

ing). This would be the expected observable linewidth, 

within the constraints discussed earlier. The behavior of 

this curve as a function of x may again be understood by 

considering the behavior of the component deep levels shown 
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in Figure 5. In particular, when a component deep level 

becomes conduction band resonant, the linewidth undergoes a 

dip as that level no longer contributes to the computed 

width. On the other hand, the dashed curve in Figure 7 is 

the expected linewidth profile if all component deep levels 

(i.e., both band resonant and non-band resonant) are includ

ed in the calculation. Of perhaps more importance than the 

shape of the linewidth versus x curve is its magnitude, 

which is a measure of the expected magnitude of the alloy 

broadening. For nitrogen in Al Ga, As and for the deep 

levels computed using the Hjalmarson defect potential, the 

present theory predicts that this width is of the order of 

100-155 meV for most compositions. Thus, the broadening of 

the nitrogen deep level due to nearest-neighbor alloy disor

der is a non-negligible and even a potentially important ef

fect. As we shall see below, we also find that this holds 

for other impurities in this and other materials as well. 

It is also important to note that the alloy broadened linew

idth in Figure 7 is not symmetric about x=0.5, which is in 

marked contrast to perturbation theory (35) and model calcu

lation approaches (8,9). 

As was discussed in an earlier section, we have done 

our calculations for an ideal substitutional impurity (30). 

That is, no lattice relaxation effects in the neighborhood 
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of the impurity have been included. Such effects, while 

certainly important (100), will not qualitatively alter the 

results presented here. Our approach is entirely in keeping 

with the spirit of the Hjalmarson et al. theory of deep lev

els, which itself neglects lattice relaxation effects in or

der to quickly evaluate chemical trends (30). Lattice re

laxation should, we believe, merely shift the positions of 

the component deep level energies and the first moment with

out appreciably altering the calculated widths. 

In Figure 8 we show the component deep levels and the ' 

first moment produced by a nitrogen anion site defect in 

Alĵ Gâ .ĵ As. Unlike the results of Figure 5 which were dis

cussed first, however, the results in this case were deter

mined using what we denote as the experimental defect poten

tial, which was empirically determined as follows. 

Experimentally the nitrogen deep level is known to be at 

2.218 eV above the valence band edge in AlAs (30). Using 

this value for the deep level energy, we found the U which 

will, in our theory, produce a deep level at this energy. 

This was accomplished by interpolating on the theoretical U 

(E) curve (obtained as described above) for the all Al 

cluster in Al^Ga^.^As for x=l. This gave us an empirical 

value of U for nitrogen in AlAs which, by construction, 
s 

produces the correct deep level in that material. This 
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defect potential was then used over the whole composition 

range (0<x<l) to find the component deep level energies pro

duced by the five unique nearest-neighbor cluster configura

tions for nitrogen in Al^Ga^_^As. Qualitatively, both the 

first moment and the component deep levels are similar to 

the results obtained using the Hjalmarson defect potential 

and displayed in Figure 5. It is well known that the Hjal

marson et al. theory of deep levels does not accurately pre

dict level depths, but, rather, correctly predicts chemical 

trends (30). Since, as is discussed below, we have found 

that the amount of alloy broadening predicted by our theory 

depends strongly on the depth of the deep level, we feel 

that this approach enables us to obtain an estimate of the 

broadening which is unobscured by inaccuracies in the level 

depth. Similar comments as were made concerning the behav

ior of the component deep levels and the first moment in 

Figure 5 apply also to these quantities in Figure 8. In 

particular, the dips in the first moment can be explained by 

noting the compositions at which the component levels become 

band resonant. The spacing of the component deep levels in 

this case is such that they are resolvable by modern 

spectroscopic techniques (4). We feel that the results 

predicted in Figure 8 are closer to the true situation than 

those predicted in Figure 5 because level depth inaccuracies 

have been removed. 
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Figure 9 shows the alloy broadened linewidth as a 

function of x for the same case as is shown in Figure 8. As 

with Figure 7, the solid line is the linewidth computed such 

that only component levels in the gap contribute, while the 

dashed line is the expected linewidth with all levels con

tributing. Again, the shape of the linewidth curve can be 

understood by noting the compositions at which various clus

ter's deep levels become band resonant. The magnitude of 

broadening computed for this case is of the order of 40-90 

meV. 

It should be noted that a comparison of Figure 5 and 

Figure 8 reveals that the experimental defect potential 

places the nitrogen deep level closer to the conduction band 

edge (shallower) than does the Hjalmarson defect potential. 

Also noteworthy is the fact that the magnitude of the broa

dening for the Hjalmarson defect potential is greater than 

that for the experimental defect potential. This is illus

trative of a general characteristic (chemical trend) which 

has emerged during the course of this investigation and 

which will be further illustrated in following sections. 

Briefly stated, this trend shows that the deeper the level, 

the greater the broadening. For s-like impurity states 

under consideration here, "deeper" means farther away from 

the conduction band minimum, while for p-like impurity 
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States considered in later sections, "deeper" means farther 

from the valence band maximum. This holds only if the lev

els are not deeper than an energy equal to about one half of 

the bandgap energy. As the level depth becomes greater than 

this, we find that the maximum broadening begins to decrease 

again. We will discuss this trend further as we discuss the 

results for other cases. 

Al Ga.. As: Oxygen Anion Site 
^ ^'^ Defect 

Another defect of interest in the Al Ga, As system is 
X 1-x ^ 

the oxygen anion site impurity. Figure 10 shows the results 

of our calculation of the component deep level energies and 

the first moment for Al ̂ Ĝa i_xAs:0 using the Hjalmarson de

fect potential. Unlike nitrogen, oxygen does not become a 

band resonant level in either alloy constituent (GaAs or 

AlAs), so that the first moment and at least one component 

deep level are present in the bandgap over the entire compo

sition range. Qualitatively, the results for the oxygen and 

nitrogen defects in Al^Gaj.xAs are similar, and much of the 

discussion concerning the behavior of the component deep 

levels and the first moment applies to both. In particular, 

a similar "defect molecule" argument as was made for the 

nitrogen impurity will explain why the Al-rich cluster deep 
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levels become conduction band resonant while the Ga-rich 

cluster deep levels remain in the bandgap. This is again a 

host-related rather than an impurity-related phenomena. 

Also, the behavior or the first moment can be understood by 

considering the behavior of the component deep levels, par

ticularly at compositions where a component deep level be

comes conduction band resonant. Finally, the first moment 

computed here follows closely the deep level energy for oxy

gen as computed using the VCA, except at compositions where 

a component deep level becomes conduction band resonant. 

The linewidth as a function of composition for the same 

case as in Figure 10 is shown in Figure 11. The solid curve 

is the linewidth computed using only non-band resonant com

ponents, while the dashed curve is the expected linewidth 

including all cluster configurations. Behavior of the li

newidth versus x curve can again be understood by noting the 

compositions at which component deep levels become conduc

tion band resonant. Also noteworthy is the asymmetry of the 

linewidth about x=0.5. The reason for this behavior has 

been discussed in the preceding section. Of more importance 

than the actual shape of the linewidth is its magnitude. 

For the Hjalmarson defect potential used here for oxygen in 

Al Ga, As, the magnitude of the computed linewidth ranges 
X i — X 

between 125 and 225 meV over most composition ranges. As 
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the oxygen level (or the center of the oxygen deep level 

spectrum) is deeper than the nitrogen deep level, in the 

sense defined earlier, this is more evidence for what we be

lieve to be a general chemical trend: the deeper the level, 

the greater the broadening. 

Use of an experimental defect potential for the oxygen 

anion impurity in Al̂ Ga-̂ .̂ Âs was not made in this investiga

tion. The reasons for this are that data for oxygen in AlAs 

is not available and there was controversy over the exact 

position of the oxygen deep level in GaAs until just recent

ly (101). We expect the results would be similar to those 

just presented using the Hjalmarson defect potential, except 

that the depth of the level would be greater and, hence, the 

broadening should be slightly greater. 

AlyGai „As: Anion Site Ideal 
Vacancy 

As a final example of defects in Al^Ga^_^As, we consid

er an ideal anion site vacancy in this alloy. The ideal va

cancy produces both s-like and p-like deep levels in the 

bandgap of this alloy host. Figure 12 shows the component 

deep level energies and this first moments as functions of x 

for the s-like and p-like deep level states of this defect. 

The s-like deep levels lie closer to the valence band edge 
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than do the p-like states, in general agreement with results 

obtained earlier by other workers (102). As before, the be

havior of the first moment may be understood by considering 

the behavior of the component deep levels whose configura

tion average produce it. Also, the first moments we find 

are very close to results for the vacancy levels obtained by 

other workers (102), using the VCA to characterize the host 

and inputting the same bandstructures we use here. This is 

an indication that the center of the deep level spectrum for 

the vacancy is insensitive to the theory used to character

ize the alloy host. 

The linewidth as a function of x for both the s-like 

and the p-like ideal vacancy states in Al̂ Ĝâ .̂ As are shown 

in Figure 13. The solid curve is the linewidth for the s-

like states, while the dashed curve is the linewidth for the 

p-like states. All of the component levels for both s-like 

and p-like states lie in the bandgap for all alloy composi

tions, so that they all contribute to the linewidth at all 

compositions. Thus, these linewidth versus x curves are 

much smoother than in the previous cases considered, because 

no component levels exit the bandgap as x decreases, as was 

the case for the oxygen and nitrogen impurities. It is also 

clear that, for both s- and p-like states, the width of the 

spectrum shows a marked asymmetry about x=0.5, as has also 
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been found in the other cases considered. The magnitudes of 

alloy broadening of the vacancy produced deep levels are 

20-45 meV for the s-like states and 25-99 meV for the p-like 

states for most configurations. Thus, the inhomogenous al

loy broadening of anion vacancy deep levels in Al̂ Ĝaj.̂ Âs is 

a potentially important effect for understanding such levels 

in this material. 

Hg 1 _yCdyTe: Anion Site Defects 

Another technologically important ternary semiconductor 

alloy is Hg, Cd Te (MCT). This alloy is used in the manu-
X ̂  A A 

facture of infrared detectors and other devices (29). Fur

thermore, the MCT alloy system presents several unique fea

tures. First, HgTe is a semimetal with a "negative" 

bandgap, thus, the bandgap as a function of x for MCT goes 

from a negative value at x=0 to a positive value as x in

creases. (The CdTe bandgap is about 1.6 eV.) In the tech

nologically important composition range 0.2<x<0.3, the band-

gap ranges from about 0.1 to about 0.3 eV. This bandgap 

energy lies in the infrared region of the electromagnetic 

spectrum (27,88), which is the reason for the use of this 

material in infrared detector devices. 

In order to treat the effects of alloy disorder on deep 

levels in this alloy, we have used the Kobayashi et al. 



130 

bandstructures (103) in the VCA and the embedded cluster 

method calculations. This theory is an extension of the 

Vogl et al. bandstructure theory (52) to include spin-orbit 

coupling effects, which are important for describing the 

electronic properties of MCT. The Kobayashi et al. band-

structures (103) have been successfully used in several oth

er investigations of MCT. In particular, Myles et al. (20) 

have successfully used them in a study of the deep levels 

due to vacancy-impurity complexes in this material. The 

narrow bandgap of MCT presents a problem in that the tight--

binding parameters of the Kobayashi et al. (103) theory 

along with the Hjalmarson et al. (30) deep level theory 

produce deep level energies which are only accurate to about 

0.1 eV. In the case of MCT, this is the same order of mag

nitude as the bandgap for 0.1<x<0.3 (30,103). Thus, it is 

even more apparent for MCT than for the previously discussed 

cases that the predictions we make for alloy broadening of 

deep levels using these theories are useful to show chemical 

trends only and that the absolute deep energy level depths 

are often unreliable. That the chemical trends which result 

from the use of the Kobayashi et al. (103) and the 

Hjalmarson et al. (30) theories are accurate has been shown 

to be the case in the above mentioned recent study by Myles 

et al. (20), where the slopes of the theoretical deep levels 
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as a function of x were shown to be well correlated with 

experimental deep level slopes. 

Another feature of the MCT alloy system is the impor

tance of spin-orbit coupling for characterizing both the 

host bandstructures and the defect states. As noted above, 

such effects are included in the Kobayashi et al. bandstruc

tures we use (103). For defect states, spin orbit coupling 

splits the p-like impurity states into spin 1/2 and 3/2 

states (103). We have neglected such effects in our calcu

lations of alloy broadening of deep levels in MCT. That is, 

we ignore the spin orbit splitting in the defect potential 

U. This was done in order to make a quick, initial survey ' 

of alloy broadening of deep levels in this alloy system 

without the necessity of making substantial modification to 

the computer codes used for the studies of defects in the 

III-V alloy systems where spin-orbit coupling is negligible 

(52). Therefore, results presented here are to be taken as 

predictions of trends and estimates of magnitudes rather 

than to be interpreted quantitatively. 

Chemically relevant anion site defects in MCT produce 

only p-like impurity states in the bandgap, according to the 

results obtained by Kobayashi et al. (103) using the 

Hjalmarson et al. (30) deep level theory along with their 

own bandstructures (103) in the VCA. Thus, only p-like 
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states will be considered here, and the s-like states will 

not be discussed further. 

Results will be presented for four cases: a Hg anti-

site defect, a Cd antisite defect, a Zn impurity, and a hy

pothetical "midgap" anion site impurity. To treat the first 

three defects we use the Hjalmarson defect potential, Eq. 

(44). The defect potential for the "midgap" impurity is 

constructed so that the energy of the deep level produced by 

the three Hg plus one Cd cluster configuration lies exactly 

at midgap for x=0.25 (the natural composition for this con

figuration). A deep level at or near midgap has been of ex

perimental interest recently and has been attributed to a 

cation vacancy-anion impurity complex (20,29,104-106). Our 

purpose in simulating this defect complex as a simple sub

stitutional impurity is to examine the importance, if any, 

of alloy disorder effects on such a level. The formalism 

presented in this work may, in principle, be extended to the 

treatment of vacancy-impurity complexes following Myles and 

Sankey (53) and Myles et al. (20) who considered these de

fects in MCT and correlated their results with experiment. 

Such an extension would be necessary to more accurately 

describe the effects of alloy disorder on deep levels. All 

of the cases presented here are qualitatively similar to 

each other and also to the results presented earlier for 
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anion site defects in Al Ga, As. Shown in Figure 14 and in 
A X •" A 

Figure 15 are the component deep levels and first moment and 

the linewidth as functions of alloy composition for the Hg 

antisite defect in MCT, respectively. The component deep 

levels and the first moment for the Cd antisite defect in 

MCT are shown in Figure 16, while the linewidth as a func

tion of x for this same case is shown in Figure 17. Figure 

18 shows the component deep levels and the first moment for 

a Zn anion site defect in MCT. The linewidth versus x for 

the Zn defect in MCT is shown in Figure 19. Finally, the 

component deep levels and the first moment for the "midgap" 

level in MCT are shown in Figure 20, and the linewidth ver-' 

sus X for this case is shown in Figure 21. 

The discussion of the behavior of the first moments and 

of the component deep levels earlier applies to these cases, 

too. In particular, the behavior of the first moment in 

each case is easily understood by considering the behavior 

of the component deep levels as they become conduction band 

resonant as a function of decreasing x, and the order in 

which the component deep levels become band resonant may be 

understood by a "defect molecule" argument similar to that 

discussed above and shown in Figure 6. 

The behavior of the linewidths as functions of x may 

again be understood by considering the behavior of the 
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component deep levels, noting in particular that when a 

component deep level goes band resonant, the linewidth un

dergoes a dip as that level no longer contributes. More im

portant than the actual shape of the linewidth versus x 

curves shown in Figures 15, 17, 19, and 21 are the magni

tudes of the linewidths. For most compositions the linew

idth of the Hg antisite defect is of the order 20-46 meV, 

for the Cd antisite defect 40-53 meV, for the Zn impurity 

40-53 meV, and for the midgap impurity 30-48 meV. Thus, for 

these anion site defects in MCT, the alloy broadening mecha

nism can in some cases be a potentially important, non-neg

ligible effect. Furthermore, examination of the maximum 

width as a function of the depth of the center of the impur

ity spectrum, in the sense defined earlier, presents further 

evidence in support of the chemical trend already noted. 

Alloy broadening effects as measured by the spectrum width 

increase with increasing level depth. The physics behind 

this trend may be briefly stated as follows. The deeper the 

level, the more dissimilar are the impurity and host atoms, 

hence the effects of disorder on the deep levels will be 

greater. This only holds for level depths of about half the 

bandgap, however, since for level depths greater than half 

the bandgap, the impurity atom becomes more similar to the 

alloy constituent atom(s) on the other sublattice (i.e., 
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similar to an antisite defect), and the effects of alloy 

disorder on the deep levels is not as great. This will be 

discussed further in Chapter VI where we give a summary and 

make some conclusions. 

GaAs, „P„: Nitrogen Anion Site 
i-X—X —;r—J— ' ' - r— 

Defect 

The GaAs, P alloy system is another important III-V 
X " A A 

ternary semiconductor alloy. It is used in the manufacture 

of light emitting diodes (LEDs), and deep levels have long 

been known to profoundly affect the performance of devices 

made of this material (27). Anion site defects in GaAs, P 
X ̂  A Â 

are the prototype for the Class II defects. The disorder in 

this type of system is in the second-neighbor shell to the 

central impurity. As was the case with nitrogen in Al^Ga^^^ 

As, the nitrogen defect in GaAŝ .̂ P̂̂ ^ is investigated using 

both the Hjalmarson defect potential and the experimental 

defect potential. The nitrogen impurity is such that it 

produces a band resonant state in GaAs. Therefore, the 

first moment and the component deep levels become conduction 

band resonant as x decreases from unity. Also, only s-like 

deep levels are produced in the bandgap by this impurity in 

this alloy. 
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Figure 22 shows the component deep levels obtained 

using the Hjalmarson defect potential for three of the 13 

distinct cluster configurations of the second-neighbor em

bedded cluster, along with the first moment of this spec

trum. Only three component deep levels are shown for clari

ty. The ten other levels which exist are interspersed 

between those shown. Illustrating them here would only 

serve to crowd the diagram without adding to our understand

ing, so they are not shown here. The three component deep 

levels shown correspond to cluster configurations consisting 

of all As atoms, six As plus six P atoms, and all P atoms. 

As with Class I defects, the first moment and all component' 

levels are almost linear functions of x and are independent 

of the conduction or valence band edge, as is characteristic 

of deep levels in general (30). Further, the behavior of 

the first moment may be understood by considering the behav

ior of the component deep levels as they enter the conduc

tion band as x decreases. (As in previous cases, a deep 

level is dropped from the moment calculation once it enters 

the conduction band.) Finally, the order in which the com

ponent deep levels become conduction band resonant may be 

understood by considering a "defect molecule" argument 

similar to that discussed earlier and shown in Figure 6. 
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The linewidth versus x curve for the nitrogen impurity 

deep levels obtained using the Hjalmarson defect potential 

is shown in Figure 23. The magnitude of the broadening in 

this case is of the order 15-27 meV for most of the alloy 

composition range. This is smaller than the similar case in 

Al Ga, As, as would be expected on intuitive grounds since 
A X ~ A 

the disorder in this case is in the second-neighbor environ

ment of the impurity, whereas it was in the nearest-neighbor 

environment in Al Ga, As. In Figure 23, only those config-
A X ̂  A 

urations which produce levels in the bandgap are included in 

the calculation of the linewidth. 

The deep level spectrum for nitrogen in GaAs, P was 

also computed using the experimental defect potential. This 

is similar to that for previously discussed cases. In par

ticular, the defect potential U^ was empirically adjusted so 

that the theoretical and experimental deep levels for nitro

gen in GaP are in exact agreement. This was accomplished by 

interpolating to the experimental level depth on the U5(E) 

curve for the all P cluster configuration for x=l (corre

sponding to nitrogen in GaP). This defect potential was 

then used for all alloy compositions to compute the deep 

levels for the various components. The experimental defect 

potential is such that the component deep levels and first 

moment are band resonant for most alloy compositions (30). 
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For this reason, no figures are shown for this case. The 

maximum width obtained using the experimental defect poten

tial was found to be 9 meV, significantly less than previous 

widths. This is in accordance with the chemical trend we 

have noted earlier. 

GaAs, P : Oxygen Anion Site Defect 

As a final example, we examine the case of an oxygen 

anion site defect in GaAs, P using both the Hjalmarson de-
X ̂  A A 

feet potential and the experimental defect potential. The 

oxygen impurity produces deep levels in the bandgap in both 

GaAs and GaP so that the first moment and at least one com--

ponent deep level will be present in the bandgap over the 

entire composition range of the alloy host. We show in Fig

ure 24 the three component deep levels mentioned above and 

the first moment obtained using the Hjalmarson defect poten

tial for the oxygen anion site impurity in GaAs^_j^P^. This 

case is qualitatively similar to all previous cases dis

cussed. In particular, the behavior of the first moment may 

be understood by considering the behavior of the component 

deep levels whose configuration average produce it. Also, 

the order in which the component deep levels become band 

resonant may be understood by considering a "defect 

molecule" argument similar to that discussed earlier and 

shown in Figure 6. 



159 



160 

• • m 

Q. C 

« I ' I 
«o <o 75 C 

I I 

CO 

UJ 
O 
Q 
UJ 
Q 

UJ 
O 

(0 

UJ 

< 
CM 

00 

CO 
o< 
d « 

(Ad) A0U3N3 



161 

Figure 25 shows the linewidth as a function of x for 

the oxygen impurity using the Hjalmarson defect potential. 

These results are again qualitatively similar to previously 

discussed linewidth results. In particular, the shape of 

the linewidth function may be understood by considering the 

behavior of the component deep levels, three of which are 

shown in Figure 24. As with the other results presented in 

this dissertation, the magnitude of the linewidth is more 

important than its actual shape, as this gives us an esti

mate of the importance of alloy broadening. For the oxygen 

impurity in GaAsi P using the Hjalmarson defect poten

tial, the linewidth is of the order of 20-47 meV for most 

alloy compositions. This agrees with the chemical trend 

noted earlier. 

In Figure 26 are shown the three component deep levels 

and the first moment as functions of x for an oxygen defect 

in GaASi yPyUsing the experimental defect potential. The 
X ̂  A A 

experimental defect potential was determined by interpolat

ing on the U versus E curve for the all P configuration at 

x=l using the experimentally determined deep level energy 

for oxygen in GaP (30). The defect potential determined in 

this manner is then used throughout the alloy composition 

range. Also shown in Figure 26 are experimental data points 

indicated by crosses for the oxygen deep level in GaAs and 
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GaP. In choosing the experimental defect potential for 

GaP:0, the computed results do not exactly agree with the 

experimental trap depth for GaAs:0. However, there is con

troversy over the exact location of the deep level due to 

oxygen in GaAs, as was noted earlier. Also, the error in 

the tightbinding parameters used as input in our calcula

tions is of the order of 0.1 eV (30). Given these two 

points, the prediction made by our theory compared with ex

periment is reasonable. Further, the slope of the first mo

ment is correct and is similar to the results of Hjalmarson 

et al. who used the VCA to characterize the alloy host (30). 

This is further evidence that the center of the impurity 

line is relatively insensitive to the theory used to charac

terize the alloy host. 

The linewidth as a function of x for the experimental 

defect potential for oxygen is shown in Figure 27. All com

ponent levels lie in the bandgap for this case, so they all 

contribute to the linewidth. The magnitude of the linewidth 

is of the order 20-58 meV for most compositions for this 

case. Thus, the general chemical trend noted earlier is 

further supported by this case. 

In the final chapter, we will briefly summarize the 

main points of this work, draw some conclusions, and 

indicate possible future refinements and extensions of the 

theoretical methods we have developed. 
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CHAPTER VI 

SUMMARY AND CONCLUSIONS 

In summary, we have investigated the phenomenon of the 

alloy broadening of deep electronic levels in ternary semi

conductor alloys and have presented a general formalism for 

describing this effect. The starting point for our work was 

an impurity in a simple, one-dimensional, model alloy sys

tem. This allowed the development of the computational 

methods and gave some qualitative insight into the phenom- ' 

enon. The main portion of this dissertation, however, has 

consisted of a treatment of alloy disorder effects on deep " 

levels produced by defects in technologically important ter

nary semiconductor alloys. In our formalism, the local dis

order in the alloy hosts is treated using the embedded clus

ter method both for the real systems and the one-dimensional 

models. 

To implement our method, the average properties of the 

true random alloy host are modeled by an average effective 

medium, which we have taken to be the CPA for the one-dimen

sional models and the VCA for the three-dimensional alloys. 

To treat alloy disorder in the neighborhood of a defect 

site, a specific cluster of alloy constituent atoms is 

embedded in this effective medium. A defect is then placed 
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at the center of the embedded cluster and its persistent 

deep levels in the bandgap are found using the Hjalmarson et 

al. deep level theory (30). This procedure is repeated for 

each distinct cluster configuration, and the moments charac

terizing the resulting defect spectrum are computed. Re

sults obtained using this formalism were presented for se

lected cases in previous chapters. We again emphasize that 

the method we have presented here is independent of the par

ticular choice of bandstructure, effective medium, and de

fect theory used in implementing it. The choices of these 

quantities are entirely up to the investigator, and care 

should be taken to make wise choices so that the descrip

tions both of the alloy host and of the deep levels are ade

quate for the application intended. In the present work, 

our intent has been to develop a theory of the chemical 

trends in the inhomogenous alloy broadening of deep levels 

and to obtain estimates o the importance of such effects for 

various defects in various alloys. To this end, we have 

computed the host bandstructures using the Vogl et al. sp^s 

semiempirical tightbinding theory (52) (Kobayashi et al. 

for MCT) (103) and have calculated the deep levels using the 

Hjalmarson et al. deep level theory (30). Both of these 

theories have proven successful in predicting chemical 

trends and in making semiquantitative estimates in numerous 
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past investigations (20,22,23,30,38,53,54). On the basis of 

these past successes, we believe that our predicted chemical 

trends should be reliable and that our numerical calcula

tions of the size of the alloy broadening (i.e., linewidths) 

should be upper limit estimates on the order of magnitude of 

these effects. Since it is well known that the bandstruc

ture and deep level theory we use have often given results 

which are in semiquantitative agreement with experiment, we 

believe that our alloy broadening results should be of simi

lar accuracy. 

The results presented in the preceding chapter are sum

marized in Table 5. Presented there are the alloy hosts 

considered, the defects studied, the type of defect poten

tial used, the symmetry of the defect, and the maximum li

newidth of the defect in question. This should serve to 

collect the data presented in one place and allow easier di

gestion and comparison with the conclusions presented in the 

following paragraph. 

We now present the major conclusions of this investiga

tion and point out some extensions and improvements which 

could be made to the formalism presented here. Further, we 

confine our comments in this section to the results of 

implementing our theory for defects in real, three 

dimensional ternary semiconductor alloys. There are four 
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TABLE 5 

Summary of Results 

Alloy 

Al^Ga^.^As 

Hg^.^Cd^Te 

GaAs, „P„ 
1-x X 

Defect 

N 
N 
0 
V 
V 

Hg 
Cd 
Zn 

Midgap 

N 
N 
0 
0 

Symmetry 

s-like 
s-like 
s-like 
s-like 
p-like 

p-like 
p-like 
p-like 
p-like 

s-like 
s-like 
s-like 
s-like 

Defect 
Potential 

H 
E 
H 
— 

— 

H 
H 
H 
E 

H 
E 
H 
E 

Maximum 
Width 
(meV) 

179.2 
92.5 
226.4 
44.6 
98.5 

46.4 
53.3 
53.7 
47.7 

36.0 
9.7 
46.9 
58.8 

H=Hjalmarson Defect Potential 
E=Experimental Defect Potential 
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major conclusions which we may draw from this work. These 

are as follows. 

First, we have demonstrated that alloy disorder, wheth

er in the nearest-neighbor or second-neighbor environment to 

a defect, can be a non-negligible and, in some cases, an im

portant inhomogenous broadening mechanism for deep electron

ic levels in technologically important III-V and II-VI ter

nary alloys. This point has been repeatedly stressed in 

Chapter IV by noting the order of magnitude of the maximum 

linewidths for the various defects in the various alloys. 

Inspection of the results summarized in Table 5 will rein

force this point. 

Secondly, we find the following chemical trend for the 

dependence of the broadening on the linewidth. We again de

fine "deeper" to mean further away from the conduction band 

minimum for s-like impurity states and further away from the 

valence band maximum for p-like impurity states. We find 

that for level depths of less than about half of the bandgap 

of the host material, the deeper the level, the greater the 

broadening, while for defect levels greater than about half 

the bandgap, the greater the depth, the less the broadening. 

The reason for this chemical trend can be understood as in 

Chapter V, Figure 6 by using a "defect molecule" argument. 

Considering such a molecule, it can be seen that the deeper 
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the level (but not deeper than about half the bandgap of the 

host material), the more dissimilar are the impurity and the 

host atoms producing the antibonding level in the "defect 

molecule" diagram (Figure 6). However, for impurities deep

er than half the bandgap, the impurity again tends to become 

chemically similar to the host atoms producing the bonding 

levels in the "defect molecule" diagram (Figure 6). This 

should also hold qualitatively for the true solid state cal

culation. Specifically, the more the host and defect atoms 

differ, the more profound the effect of alloy disorder on 

the associated deep levels, while if the defect and host at

oms are chemically similar, the effect of disorder will not" 

be so profound. 

A third major conclusion is that for Class I defects, 

the component deep levels are energetically spaced suffi

ciently far apart so as to be resolvable by modern spectro

scopic techniques. In fact, as has already been pointed 

out, at least two component deep levels of the nitrogen an

ion site defect in Ga In, P have already been experimental-
X 1 ~ X 

ly observed (9). Also, such levels for several different 

cluster configurations have been resolved for the Cu anion 

site defect in Al̂ Ĝâ .̂ Âs (7). However, the great number of 

distinct cluster configurations possible in Class II defect 

systems makes it unlikely that the component deep levels 

could be resolved with current experimental techniques. 
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The last major conclusion to be obtained from this work 

is that the alloy broadening due to disorder in the nearest-

neighbor shell of the impurity is greater than the broaden

ing due to second-neighbor disorder. This is not a profound 

revelation, but it is physically reasonable, agreeing with 

our intuition. Thus it lends credence to the other results 

and conclusions presented here. 

In closing, we will briefly mention possible improve

ments and extensions to the method presented here. At least 

three major improvements could be made in the current model 

and method. First, using the CPA as the effective medium 

would be better than the VCA, in general, especially when 

studying such alloys as GaASj_ĵ Sbĵ  which are in the strong 

scattering limit and thus have large disorder parameters 

(16,41). Secondly, the inclusion of lattice relaxation ef

fects, both in the embedded cluster formalism and especially 

in the treatment of the deep levels produced by the impuri

ties and vacancies, would make the calculated results a more 

realistic representation of reality (100). It is, however, 

still our opinion that such effects for the defects in the 

alloys studied here should be small (except, perhaps, for 

the vacancy defect). In fact, recent experimental studies 

have shown that for alloys in the weak scattering limit, 

such as those studied here, lattice relaxation effects in 
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the alloy host (i.e., relaxation of the embedded cluster in 

our theory) are small (99,107). Finally, spin-orbit 

coupling should be included in the study of any defect in 

any alloy in which the host belongs to the II-VI family 

(e.g., MCT). It is well known that such effects are very 

important and cannot be ignored in a detailed study of such 

systems. Thus, these effects should be included in the de

fect potential in these materials. 

Many other possibilities for the extension and general

ization of this work come to mind. Extensions to treat va

cancy-impurity and impurity-impurity complexes would be 

worthwhile in view of the experimental evidence for the ex

istence of such complexes in technologically important ma

terials. The treatment of alloy disorder effects at surfac

es and interfaces (i.e., heterojunctions and Schottky 

barriers) may be done through an extension of this forma

lism. Finally, the calculation of realistic luminescence 

lineshapes and the inclusion of dynamical and statistical 

effects in the calculation of linewidths would be a great 

aid to experimentalists in interpreting their data. Both of 

these ideas may be carried out in the context of the 

formalism presented in this dissertation. 
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APPENDIX A 

DETAILS OF THE ONE-DIMENSIONAL MODEL 

The alloy Green's function, G, may be written in terms 

of the effective medium Green's function, g, as (41) 

(̂  = g + g(V-z)G = g + gTg , (Al) 

where 

^(E) = h^ = j ; | n l>egS(E)<n l | (A2) 

i s the se l f -energy matrix, V i s a scattering potential ma

t r i x defined as 

V = I v ^ = I | n l > ( e ^ j - e g ) < n l | , (A3) 
n n ' 

and the effective medium transition matrix T is 

T = (V-E)[I-g(V-z)]-^ , (̂ 4) 

where I is the unit matrix. In the single-cell CPA, one 

assumes that T is the sum over the unit cell index of single 

cell transition matrices t which have the form 
n 
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\ '- (%-%)(l-9n(%-%)l'^ ' {A5) 

where 1 means the 2x2 unit matrix and q is the Green's 

function given by 

<n|g|n> = <n = 0|g|n = 0> = 5]<n|na>g <n3|n> . (A6) 

The requirement that the effective medium's quasiparticles 

scatter the minimum amount requires that the configuration 

average of t^ be zero, and, after some manipulation, this 

leads to the 2x2 matrix equation 

where v is a 2x2 matrix defined as 

^ 3 = ( ^ A - ^ B ' ^ , 6 ^ , 1 • (AS) 

Use of Eqs. (A5), (A6), and (A2) finally yield a scalar 

equation for the single cell self-energy a (E), Eq. (15) in 

Chapter III. 

The coefficients for the cubic equation, Eq. (16), for 

the self-energy are obtained after much algebraic 

manipulation. They may be written as 



3 = 2cg[A(i.x)(E. ).,2 

1 - ̂ f2t^(E-e3)-c2(x..E-e,), , 

and 

0 - f2^'(E-CB)(e2-2t2) 
6 

The abbreviations 

?^ = (E-eR)(E-s^)-2t2 

and 

^ = ^A-^B 
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(A9) 

'2 = (^-e,)u'~2t^,,,,2_,2 
C^J . (AID) 

B̂ J ' (All) 

(AI2) 

(A13) 

(A14) 

have been used to simplify the above expressions. 

The perfect diatomic chain Green's function matrix ele

ments may be easily derived and written as 

.n IP (fM . 1 C^*('<)[CJ(k)]%ik(n-n') ika(a.3)/2 <najG^(E) n'3> = ̂  y-°L_ 3 ^ 
""kU ^''^Jl^ (A15) 
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where the sum on k is over all wave vectors in the first 

Brillouin zone, the superscript on the Green's function sig

nifies that it is for the ordered diatomic chain, j is the 

band index, E.(k) is the energy band function for the jth 

band, the C (k) are the corresponding orthonormalized ei

genfunctions, and the sum on j goes over all bands. The en

ergy eigenvalues are given by 

E.(k) = e^±[e^+4t^cos^(ka/2)]^ , (A16) 

where 

^C-^B 
S 1 (A17) 

The orthonormalized eigenfunctions then have the form 

o i/. \ 2tcos(ka/2) / A i Q \ 
Cj(k) = [(E.(k)-SB)^4t^cos^(ka/2)]V^ ' '̂ ^̂ ^ 

and 

^2^^^ 2tcos(ka/2) 
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After much manipulation one can write th» m=. • , 

•-an write the matrix elements of 
the CPA Green's funciton, g, as 

where 

^ B ' ^ ^ = (E-ep)(Z-..)-l5 s U7 , wr ,-1 

''«.1^6.2^«6,1^.2 ' ('"l) 

and where Z is given by 

' = ^.^t{E-.J^-(E-e,).3J(E)j^ . ^̂ ^̂ ^ 



APPENDIX B 

COMPUTER PROGRAMS USED FOR THE 
THREE-DIMENSIONAL CALCULATIONS 

C PROGRAM TO CALCULATE THE CLUSTER GREEN'S FUNCTION MATRIX 

GIVEN THE 

C VCA GREEN'S FUNCTION, THE VCA HAMILTONIAN MATRIX 

ELEMENTS, AND THE 

C TIGHT BINDING PARAMETERS FROM DENSPRAB. 

C WILLIAM C. FORD, DEPT. OF PHYS., TEXAS TECH UNIV. (JUNE 

1984) 

C USES AS INPUT THE TIGHTBINDING PARAMETERS FROM TBPRAl OR 

2; 

C OUTPUT FILE GRN FROM DENSPRAB; AND OUTPUT FILE GVC FROM 

C GRNPARAB. 

C 

COMPLEX GCL(20,20),GVCA(20,20),HVCA(20,20),UNIT(20,20) 

COMPLEX T3(9),DUM5(8,8),HCL(20,20),CDUM(8,8),XX(20) 

COMPLEX VSTAR(20,20),B(20,20),C(20,20),CIN(20,20) 

&,T4(11) 

COMPLEX DUMM(20,20),CONE,CZERO,VSNNO,VSNNl,VSNN2,VSNN3 

REAL*4 T,GCL11,GCL22,GCL23,GCL12 

CHARACTER*2 AA(4),GA,AS,AL 

DIMENSION A(20,3),TEMPST(600),E(3000),PARAM(13) 

Sc,QQ(3000) 
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DIMENSION TMP(8,8),T1(13),T2(13),EGR(300),GNR(11,3000) 

DIMENSION DUMl(8,8),DUM2(8,8),DUM3(8,8),DUM4(8,8) 

&,GNI(11,3000) 

DIMENSION GRNR(9,3000),GRNI(9,3000),VSNNO(300) 

&,VSNNl(300),VSNN3(300) 

DIMENSION XC0(5),C0F(5),RTR(4),RTI(4),VSNN2(300) 

C INDXl AND INDX2 CORRESPOND TO INDEX IN TBPRAl OR TBPRA2 

WITH 

C THE UNDERSTANDING THAT INDX1=(1-X) COMPOSITION AND THAT 

C INDX2=X COMPOSITION. ALSO NOTE THAT X IS THE 

COMPOSITION: 

C A(X)B(1-X)C. 

DATA INDXl,INDX2,X/5,13,0.10/ 

DATA FOURTH,ZERO,EIGHTH,HALF/0.25E+00,0.OE+00, 

&0.125E+00,0.5E+00/ 

DATA GA,AL,AS/2HGA,2HAL,2HAS/ 

C NOTE: MUST INPUT THE GAP WIDTH OBTAINED FROM GRNPARAB OR 

DENSPRAB, 

C EGAP. 

DATA NC,EPS1,EGAP,EPS2/5,1.0E-04,1.690,0.001/ 

C PARAMETERS WHICH SHOW SIZE OF MATRICES 

C AND ARE USED IN CSIMUL WHICH INVERTS A COMPLEX MATRIX 

ICOL=20 

IROW=20 

CONE=CMPLX(1.OE+00,ZERO) 
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CZERO=CMPLX(ZERO,ZERO) 

EPS=1.0E-20 

JOB=-ICOL 

M0P=4 

C INITIALIZE ALL MATRICES TO ZERO AT START 

DO 250 1=1,20 

DO 215 J=l,20 

UNIT(I,J)=CZER0 

HVCA(I,J)=CZER0 

GVCA(I,J)=CZER0 

215 CONTINUE 

250 CONTINUE 

C SET UP THE UNIT MATRIX: UNIT 

DO 209 1=1,20 

209 UNIT(I,I)=C0NE 

C READ IN VCA GREEN'S FUNCTION AND VCA HAMILTONIAN FROM 

OTHER FILES 

C FIRST THE VCA HAMILTONIAN 

C 

READ(23,705)(PARAM(II),II=1,9) 

READ(23,710)(PARAM(II),II=10,13) 

READ(23,711)COMP,(A(INDXl,I),I=l,3),(A(INDX2,J),J=l,3) 

READ(23,712)EGRID,EI,EF,EI,EF,NN,IMAX 

WRITE(6,705)(PARAM(II),II=1,9) 
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WRITE(6,710)(PARAM(II),II=10,13) 

WRITE(6,711)C0MP,(A(INDX1,I),I=1,13),(A(INDX2,J),J=1,3) 

WRITE(6,712)EGRID,EI,EF,EI,EF,NN,IMAX 

705 FORMAT(9F8.4) 

710 FORMAT(4F8.4) 

711 FORMAT(F8.4,6A5) 

712 F0RMAT(5F11.5,2I3) 

ILOW=INT((0.-EI)/EGRID) 

IHI=INT((EGAP-EI)/EGRID)-1 

NGAP=IHI-IL0W+1 

WRITE(6,1001)ILOW,IHI,NGAP 

1001 FORMATdX,'ILOW= ',15,' IHI= ',15,' NGAP= ',15) 

NPTS=INT((EF-EI)/EGRID)+1 

NPTS2=NPTS-4 

WRITE(6,1000)NPTS,NPTS2 

1000 F0RMAT(2X,'NPTS= ',110,' NPTS2= ',110) 

C SET UP 8X8 VCA HAMILTONIAN MATRIX USING SUBROUTINE ASSIGN 

CALL ASSIGN(PARAM,TMP) 

DO 216 IDEX=1,8 

DO 217 JDEX=1,8 

CDUM(IDEX,JDEX)=CMPLX(TMP(IDEX,JDEX),ZERO) 

217 CONTINUE 

216 CONTINUE 

C THE VARIABLE HVCA IS THE VCA HAMILTONIAN MATRIX (ARRAY). 
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C EXPAND HVCA MATRIX SO THAT IT WILL BE THE SAME SIZE AS 

THE OTHERS 

CALL EXPAND(CDUM,HVCA) 

7 FORMAT(8F8.4,/,8F8.4,/,8F8.4,/,8F8.4,/,8F8.4) 

C NOW THE VCA GREEN'S FUNCTION 

C 

DO 213 I=1,NPTS2 

READ(24,4)(GRNR(J,I),GRNI(J,I),J=1,9),E(I) 

4 FORMAT(6E11.4,/,6E11.4,/,6E11.4,/,E11.4) 

READ(20,124)(GNR(ISYM,I),GNI(ISYM,I),ISYM=1,11),QQ(I)-

124 FORMAT(6E11.4,/,6E11.4,/,6E11.4,/,5E11.4) 

213 CONTINUE 

C READ IN TIGHTBINDING PARAMETERS FROM TBPRAl TO CONSTRUCT 

HCL 

C USE TEMPST FOR TEMPORARY STORAGE 

IDMAX=AMAXO(INDXl,INDX2) 

DO 202 I=1,IDMAX 

JDEX=(I-1)*13 

READ(37,2) (TEMPST(JDEX+JJ),JJ=1,9) 

READ(37,3) (TEMPST(JDEX+JJ),JJ=10,13),A(I,1), 

&A(I,2),A(I,3) 

2 FORMAT(9F8.4) 

3 FORMAT(4F8.4,3A5) 

202 CONTINUE 
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DO 208 MM=1,13 

NR0W1=(INDX1-1)*13+MM 

NR0W2=(INDX2-1)*13+MM 

Tl(MM)=TEMPST(NROWl) 

208 T2(MM)=TEMPST(NROW2) 

C SET UP A CLUSTER WITH STARTING CONFIGURATION 

C C (1) 

C 

C A (0) 

C 

C C (2) C (3) 

C 

C C (4) 

C 

C THE ABOVE DIAGRAM DENOTES THE ARRANGEMENT FOR GAALAS, WITH 

THE AS 

C ANION SURROUNDED TETRAHEDRALLY BY FOUR GA OR AL CATIONS 

NUMBERED 

C AS SHOWN. 

C INITIAL CONFIGURATION IS: 

AA(1)=GA 

AA(2)=GA 

AA(3)=GA 
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AA(4)=GA 

C START CLUSTER CONFIGURATION LOOP 

DO 232 NC0N=1,NC 

C INITIALIZE CLUSTER HAMILTONIAN MATRIX 

DO 210 1=1,20 

DO 211 J=l,20 

HCL(I,J)=CZER0 

211 CONTINUE 

210 CONTINUE 

C WRITE OUT WHICH CLUSTER CONFIGURATION IS BEING DONE 

WRITE(6,760)(AA(11),11 = 1,4) 

760 FORMAT(4A10) 

C THE VARIABLE HCL IS THE CLUSTER HAMILTONIAN MATRIX 

(ARRAY). 

C SET UP CLUSTER HAMILTONIAN MATRIX FOR A SPECIFIC 

CONFIGURATION 

IF(AA(1).EQ.GA) CALL ASSIGN(T1,DUM1) 

IF(AA(1).EQ.AL) CALL ASSIGN(T2,DUM1) 

IF(AA(2).EQ.GA) CALL ASSIGN(T1,DUM2) 

IF(AA(2).EQ.AL) CALL ASSIGN(T2,DUM2) 

IF(AA(3).EQ.GA) CALL ASSIGN(T1,DUM3) 

IF(AA(3).EQ.AL) CALL ASSIGN(T2,DUM3) 

IF(AA(4).EQ.GA) CALL ASSIGN(T1,DUM4) 

IF(AA(4).EQ.AL) CALL ASSIGN(T2,DUM4) 

DO 212 1=1,4 
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IDUM=I+4 

11 = 1+8 

111=1+12 

1111=1+16 

HCL(IDUM,IDUM)=CMPLX(DUM1(IDUM,IDUM),ZERO) 

HCL(II,II)=CMPLX(DUM2(IDUM,IDUM),ZERO) 

HCL(111,111)=CMPLX(DUM3(IDUM,IDUM),ZERO) 

HCL(1111,1111)=CMPLX(DUM4(IDUM,IDUM),ZERO) 

RHVCA=F0URTH*DUM1(I,I)+F0URTH*DUM2(I,I)+FOURTH* 

&*DUM3(1,1)+F0URTH*DUM4(I,I) 

212 HCL(I,I)=CMPLX(RHVCA,ZER0) 

DO 218 1=1,4 

DO 219 J=l,4 

11=1+4 

JJ=J+4 

111=1+8 

JJJ=J+8 

1111=1+12 

JJJJ=J+12 

11111=1+16 

JJJJJ=J+16 

HCL(I,JJ)=CMPLX(DUM1(I,JJ),ZERO) 

HCL(II,J)=CMPLX(DUM1(II,J),ZER0) 

HCL(I,JJJ)=CMPLX(DUM2(I,JJ),ZER0) 

HCL(III,J)=CMPLX(DUM2(II,J),ZER0) 
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HCL(I,JJJJ)=CMPLX(DUM3(I,JJ),ZERO) 

HCL(IIII,J)=CMPLX(DUM3(II,J),ZER0) 

HCL(I,JJJJJ)=CMPLX(DUM4(I,JJ),ZERO) 

HCL(IIIII,J)=CMPLX(DUM4(II,J),ZERO) 

219 CONTINUE 

218 CONTINUE 

WRITE(6,301) 

301 F0RMAT(/,/,3X,'JEN',5X,'ENERGY',10X,'VSNNO',14X, 

&'VSNNl',14X,'VSNN2',14X,'VSNN3') 

C START ENERGY LOOP 

104 DO 220 IEN=ILOW,IHI 

C THE VARIABLE GCL IS THE CLUSTER GREEN'S FUNCTION MATRIX 

(ARRAY). 

C INITIALIZE GCL FOR EACH ENERGY 

DO 221 1=1,20 

DO 270 J=l,20 

270 GCL(I,J)=CZERO 

221 CONTINUE 

C THE VARIABLE GVCA IS THE VCA GREEN'S FUNCTION MATRIX 

(ARRAY). 

C SET UP GVCA MATRIX FOR A PARTICULAR ENERGY 

C 

DO 206 1=1,9 

T3(I)=CMPLX(GRNR(I,lEN),GRNI(I,lEN)) 
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206 CONTINUE 

DO 207 1 = 1 , 1 1 

T 4 ( I ) = C M P L X ( G N R ( I , l E N ) , G N I ( I , l E N ) ) 

207 CONTINUE 

CALL CASIGN(T3,DUM5) 

CALL GPAND(DUM5,T4,GVCA) 

C NOW SOLVE GCL=(1/(1-GVCA*VSTAR))*GVCA 

C SET UP VSTAR=HCL-HVCA 

CALL MATRST(HCL,HVCA,VSTAR,IROW,ICOL) 

C 

C DO B=GVCA*VSTAR 

C 

CALL MATRMP(GVCA,VSTAR,B,IROW,ICOL,ICOL) 

C 

C DO C=(UNIT-B) 

C 

CALL MATRST(UNIT,B,C,IROW,ICOL) 

C 

C INVERT C TO GET CIN USING FUNCTION CSIMUL 

C 

DO 240 IJ=1,20 

DO 241 IK=1,20 

CIN(IJ,IK)=C(IJ,IK) 
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241 CONTINUE 

240 CONTINUE 

T=CSIMUL(lROW,CIN,XX,EPS,JOB,IROW) 

IF(T.EQ.ZERO) WRITE(6,753) T 

753 F0RMAT(2X,'ERROR MESSAGE IS ',2E20.10) 

C CHECK: C*CIN=UNIT? 

CALL MATRMP(C,CIN,DUMM,IROW,IROW,IROW) 

DO 302 11=1,20 

DO 303 JJ=1,20 

CPARA=CABS(UNIT(II,JJ)-DUMM(II,JJ)) 

CPARB=CABS(UNIT(11,11)-DUMM(11,11)) 

IF(CPARA.GT.EPS2) PRINT800 

IF(CPARB.GT.EPS2) PRINT800 

800 F0RMAT(2X,' ERROR ON INVERSION ') 

IF(CPARA.GT.EPS2.0R.CPARB.GT.EPS2) GO TO 770 

303 CONTINUE 

302 CONTINUE 

GO TO 774 

770 WRITE(6,773)NCON,IEN,II,JJ 

773 F0RMAT(/,'NC0N=',I3,' IEN=',I5,' ROW= ' 

&,I5,' COL= ',15) 

DO 771 IDEX=1,20 

771 WRITE(6,7)(DUMM(IDEX,JDEX),JDEX=1,20) 

774 CONTINUE 
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C GCL=CIN*GVCA 

C 

CALL MATRMP(CIN,GVCA,GCL,IROW,ICOL,ICOL) 

C NOW COMPUTE THE HJALMARSON TABLES FOR S-LIKE OR Al 

C IMPURITIES AND WRITE THEM INTO FILES AND ALSO PRINT 

C THEM OUT 

C NOTE: USE HJALMARSON APPROXIMATION UP=0.5*US TO GET 

QUARTIC 

C EQUATION FOR US(E). 

JEN=IEN-IL0W+1 

EGR(JEN)=E(IEN) 

GCL11=REAL(GCL(1,1)) 

GCL22=REAL(GCL(2,2)) 

GCL 2 3=REAL(GCL(2,3)) 

GCL12=REAL(GCL(1,2)) 

C COEFFICIENTS OF US FROM LOWEST TO HIGHEST POWER OF US: 

C I.E. 

XCO(l)+XCO(2)*US+XCO(3)*US**2+XCO(4)*US**3+XCO(5)*US**4. 

XC0(1)=-1.OE+00 

XCO(2)=(3.*HALF*GCL22+GCL11) 

XCO(3)=-3.*FOURTH*(GCL22*GCL22)+3.*FOURTH*(GCL23*GCL23) 

&-3.*HALF*GCLll*GCL22+3.*HALF*(GCL12*GCL12) 

XCO(4)=-3.*EIGHTH*GCL22*(GCL23*GCL23)+EIGHTH*(GCL22**3) 

&+FOURTH*(GCL23**3)+3.*FOURTH*GCLll*(GCL22*GCL22)-3.* 

&F0URTH*GCL11*(GCL23*GCL23)-3.*HALF*GCL22*(GCL12*GCL12) 
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Sc + 3 . *HALF*GCL23* (GCL12*GCL12 ) 

XC0(5)=-EIGHTH*GCL11*(GCL22**3)+3.*EIGHTH*GCL11*GCL22*( 

ScGCL23*GCL23)-FOURTH*GCLll*(GCL23**3)+3.*EIGHTH*(GCLl2 

&*GCL12)*(GCL22*GCL22)+3.*EIGHTH*(GCL12*GCL12)*(GCL23* 

S(GCL23)-3.*FOURTH*GCL22*GCL23*(GCL12*GCL12) 

C OBTAIN SOLUTIONS BY SUBROUTINE POLRT. 

CALL POLRT(XCO,COF,MOP,RTR,RTI,JER) 

IF(JER.NE.ZERO) WRITE(6,821)JER 

821 FORMAT(3X,'*****ERROR IN POLRT: IER= ',15) 

DO 822 K=l,3 

JJ=4-K 

DO 823 L=1,JJ 

IF(RTR(L).LE.RTR(L+1)) GO TO 823 

TEM=RTR(L) 

TEMI=RTI(L) 

RTR(L)=RTR(L+1) 

RTI(L)=RTI(L+1) 

RTR(L+1)=TEM 

RTI(L+1)=TEMI 

823 CONTINUE 

822 CONTINUE 

C 

C ROOTS ARE STORED IN VSNNO, VSNNl, VSNN2, AND VSNN3 FOR 

EACH 

C ENERGY. 
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VSNNO(JEN)=CMPLX(RTR(1),RTI(1)) 

VSNNl(JEN)=CMPLX(RTR(2),RTI(2)) 

VSNN2(JEN)=CMPLX(RTR(3),RTI(3)) 

VSNN3(JEN)=CMPLX(RTR(4),RTI(4)) 

C WRITE OUT RESULTS TO FILE AND TO PAPER. THEN PICK A 

SPECIFIC 

C IMPURITY AND OBTAIN ITS ENERGY LEVEL IN THE GAP BY USING 

THE 

C PROGRAMS GCLINTRP (FOR THE Al OR S-LIKE LEVELS) OR 

PGCLINTP 

C (FOR THE T2 OR P-LIKE LEVELS). 

WRITE(6,399)JEN,EGR(JEN),VSNNO(JEN),VSNN1(JEN) 

&,VSNN2(JEN),VSNN3(JEN) 

399 F0RMAT(/,1X,I5,1X,E11.4,3X,2E11.4,3X,2E11.4 

Sc,3X,2E11.4,3X,2E11.4) 

300 FORMATdX,5E11.4) 

WRITE(21,300)EGR(JEN),RTR(1),RTR(2),RTR(3),RTR(4) 

WRITE(21,330)RTI(1),RTI(2),RTI(3),RTI(4) 

330 FORMATdX,4E11.4) 

220 CONTINUE 

C CHANGE CLUSTER CONFIGURATION AND GO AGAIN 

WRITE(6,780)NCON 

780 FORMAT(IX,120,'ANOTHER CLUSTER') 

IF(NCON.EQ.l) GO TO 101 

IF(NC0N.EQ.2) GO TO 102 
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IF(NC0N.EQ.3) GO TO 103 

AA(4)=AL 

GO TO 232 

101 AA(1)=AL 

GO TO 232 

102 AA(2)=AL 

GO TO 232 

103 AA(3)=AL 

232 CONTINUE 

STOP 

END 

C MATRIX MULTIPLICATION SUBROUTINE 

C T(M,P)=A(M,N)*U(N,P) 

SUBROUTINE MATRMP(A,U,T,M,N,P) 

COMPLEX A(20,20),U(20,20),T(20,20) 

INTEGER P 

DO 1 1=1,M 

DO 1 J=1,P 

1 T(I,J)=CMPLX(0.0,0.0) 

DO 2 1=1,M 

DO 2 J=1,P 

DO 2 K=1,N 

2 T(I,J)=A(I,K)*U(K,J)+T(I,J) 

RETURN 

END 
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C MATRIX SUBTRACTION SUBROUTINE 

C C(M,N)=A(M,N)-B(M,N) 

SUBROUTINE MATRST(A,B,C,M,N) 

COMPLEX A(20,20),B(20,20),C(20,20) 

DO 4 1=1,M 

DO 4 J=1,N 

4 C(I,J)=A(I,J)-B(I,J) 

RETURN 

END 

C SUBROUTINE ASSIGN TO ASSIGN THE PROPER TIGHT-BINDING 

MATRIX ELEMENTS 

C TO THEIR PROPER PLACE IN THE HAMILTONIAN MATRIX ITSELF 

C B. FORD (JUNE, 1984) 

SUBROUTINE ASSIGN(HMIN,HMOUT) 

REAL*4 HMIN,HMOUT 

DIMENSION HMIN(13),HMOUT(8,8) 

C DIAGONAL ELEMENTS 

HM0UT(1,1)=HMIN(1) 

DO 1 1=2,4 

1 HM0UT(I,I)=HMIN(2) 

HMOUT(5,5)=HMIN(3) 

DO 2 1=6,8 

2 HM0UT(I,I)=HMIN(4) 

HMOUT(l,5)=HMIN(5) 

HMOUT(5,l)=HMIN(5) 
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DO 3 1=6,8 

HM0UT(1,I 

3 HMOUTd 

HMOUT(5 

4 HMOUTd 

HMOUT(2 

HMOUT(6 

HMOUT(3 

HMOUT(7 

HMOUT(4 

HMOUT(8 

HMOUT(7 

HMOUT(2 

HMOUT(2 

HMOUT(8 

HMOUT(3 

HMOUT(6 

HMOUT(3 

HMOUT(8 

HMOUT(4 

HMOUT(7 

HMOUT(4 

HMOUT(6 

dl 
, 1 

2,^ 

,1 

r5 

, 6 

, 2 

,7 

, 3 

r8 

, 4 

, 2 

,7 

r8 

, 2 

, 6 

,3^ 

,81 

, 3 ] 

f 6 ] 

, 4 ] 

, 7 ] 

r 4 ) 

)=HMINI 

)=HMINI 

I 

)=HMIN 

)=HMIN 

)=HMIN 

)=HMIN 

)=HMIN 

)=HMIN 

)=HMIN 

)=HMIN 

)=HMIN 

)=HMIN 

)=HMIN 

)=HMIN 

)=HMIN< 

l=HMINI 

)=HMINI 

l=HMIN< 

>=HMIN< 

l=HMIN< 

=HMINi 

=HMINl 

(8) 

(8) 

(9) 

(9) 

(6) 

(6) 

(6) 

(6) 

(6) 

(6) 

(7) 

(7) 

(7) 

(7) 

(7) 

(7) 

[7) 

[7) 

[7) 

[7) 

:7) 

7) 

RETURN 
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END 

C SUBROUTINE CASSIGN FOR ASSIGNING COMPLEX MATRIX ELEMENTS 

C TO THEIR PROPER PLACES IN VARIOUS COMPLEX MATRICES 

C WRITTEN BY B. FORD (JUNE 84) 

SUBROUTINE CASIGN(CIN,COUT) 

COMPLEX CIN(13),COUT(8,8) 

DO 100 1=1,8 

DO 200 J=l,8 

200 COUT(I,J)=CMPLX(0.0,0.0) 

100 CONTINUE 

C0UT(1,1 

DO 1 1=2 

1 COUT(I,I 

COUT(5,5 

DO 2 1=6 

2 COUT(I,I 

C0UT(1,5 

C0UT(5,1 

DO 3 1=6 

COUTd, I 

3 C0UT(I,1 

DO 4 1=2 

C0UT(5,I 

4 COUTd, 5 

COUT(2,6 

=CIN(1 

4 

=CIN(2 

=CIN(3 

8 

=CIN(4 

=CIN(5 

=CIN(5 

8 

=CIN(7 

=CIN(7 

4 

=CIN(8 

=CIN(8 

=CIN(6 
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COUT(6,2)=CIN(6 

COUT(3,7)=CIN(6 

COUT(7,3)=CIN(6 

COUT(4,8)=CIN(6 

COUT(8,4)=CIN(6 

COUT(7,2)=CIN(9 

COUT(2,7)=CIN(9 

COUT(2,8)=CIN(9 

COUT(8,2)=CIN(9 

COUT(3,6)=CIN(9 

COUT(6,3)=CIN(9 

COUT(3,8)=CIN(9 

COUT(8,3)=CIN(9 

COUT(4,6)=CIN(9 

COUT(6,4)=CIN(9 

COUT(7,4)=CIN(9 

COUT(4,7)=CIN(9 

RETURN 

END 

SUBROUTINE EXPAND(BIN,BOUT) 

C SUBROUTINE TO EXPAND THE 8X8 MATIRCES TO 20X20 

C WRITTEN BY B. FORD (JUNE 84) 

COMPLEX BIN(8,8),BOUT(20,20) 

DO 100 1=1,20 

DO 200 J=l,20 
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200 BOUT(I,J)=CMPLX(0.0,0.0) 

100 CONTINUE 

DO 10 1=1,8 

DO 20 J=l,8 

20 B0UT(I,J)=BIN(I,J) 

10 CONTINUE 

DO 1 1=1,4 

IDUM=I+4 

11=1+8 

111=1+12 

1111=1+16 

BOUT(11,11)=BIN(IDUM,IDUM) 

BOUT(111,111)=BIN(IDUM,IDUM) 

1 B0UT(IIII,IIII)=BIN(IDUM,IDUM) 

DO 2 1=1,4 

DO 3 J=l,4 

JDUM=J+4 

JJ=J+8 

JJJ=J+12 

JJJJ=J+16 

BOUT(I,JJ)=BIN(I,JDUM) 

BOUTd , JJJ) =BIN( I, JDUM) 

B0UT(I,JJJJ)=BIN(I,JDUM) 

BOUT(JJ,I)=BIN(JDUM,I) 

BOUT(JJJ,I)=BIN(JDUM,I) 
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B0UT(JJJJ,I)=BIN(JDUM,I) 

3 CONTINUE 

2 CONTINUE 

RETURN 

END 

SUBROUTINE GPAND(BIN,OD,BOUT) 

C SUBROUTINE TO EXPAND THE 8X8 GVCA MATRIX TO 20X20 

C WRITTEN BY B. FORD (JUNE 85) 

COMPLEX BIN(8,8),BOUT(20,20),0D(11) 

DO 100 1=1,20 

DO 200 J=l,20 

200 BOUT(I,J)=CMPLX(0.0,0.0) 

100 CONTINUE 

DO 10 1=1,8 

DO 20 J=l,8 

20 BOUT(I,J)=BIN(I,J) 

10 CONTINUE 

DO 1 1=1,4 

IDUM=I+4 

11=1+8 

111=1+12 

1111=1+16 

BOUTd 1, 11) =BIN( IDUM, IDUM) 

BOUTdll, III )=BIN(IDUM, IDUM) 

1 B0UT(IIII,IIII)=BIN(IDUM,IDUM) 
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DO 2 1=1,4 

DO 3 J=l,4 

JDUM=J+4 

JJ=J+8 

JJJ=J+12 

JJJJ=J+16 

BOUTd , JJ) =BIN( I, JDUM) 

BOUTd ,JJJ) =BIN(I,JDUM) 

BOUTd , JJJJ)=BIN( I, JDUM) 

BOUT(JJ,I)=BIN(JDUM,I) 

BOUT(JJJ,I)=BIN(JDUM,I) 

B0UT(JJJJ,I)=BIN(JDUM,I) 

3 CONTINUE 

2 CONTINUE 

BOUT(5,9)=OD(5) 

BOUT(9,5)=OD(5) 

BOUT(5,13)=OD(5 

BOUT(13,5)=OD(5 

BOUT(5,17)=OD(5 

BOUT(17,5)=OD(5 

BOUT(9,13)=OD(5 

BOUT(13,9)=OD(5 

BOUT(9,17)=OD(5 

BOUT(17,9)=OD(5 

BOUT(13,17)=OD(5) 
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BOUT(17,13)=OD(5) 

BOUT(8,12)=OD(7) 

BOUT(8,16)=OD(7) 

BOUT(8,20)=OD(7) 

BOUT(12,8)=OD(7) 

BOUT(16,8)=OD(7) 

BOUT(20,8)=OD(7) 

BOUT(12,16)=OD(7) 

BOUT(12,20)=OD(7) 

BOUT(16,12)=OD(7) 

BOUT(20,12)=OD(7) 

BOUT(16,20)=OD(7) 

BOUT(20,16)=OD(7) 

BOUT(5,12)=OD(9) 

BOUT(8,9)=OD(9) 

BOUT(5,16)=OD(9) 

BOUT(8,13)=OD(9) 

BOUT(5,20)=OD(9) 

BOUT(8,17)=OD(9) 

BOUT(12,5)=OD(9) 

BOUT(9,8)=OD(9) 

BOUT(16,5)=OD(9) 

BOUT(13,8)=OD(9) 

BOUT(20,5)=OD(9) 

BOUT(17,8)=OD(9) 
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BOUT(9,16)=OD(9) 

BOUT(12,13)=OD(9) 

BOUT(9,20)=OD(9) 

BOUT(12,17)=OD(9) 

BOUT(16,9)=OD(9) 

BOUT(13,12)=OD(9) 

BOUT(20,9)=OD(9) 

BOUT(17,12)=OD(9) 

BOUT(13,20)=OD(9) 

BOUT(16,17)=OD(9) 

BOUT(20,13)=OD(9) 

BOUT(17,16)=OD(9) 

DO 30 1=1,2 

11=5+1 

JJ=9+I 

JJJ=13+I 

JJJJ=17+I 

B0UT(II,JJ)=0D(6) 

B0UT(II,JJJ)=0D(6) 

B0UT(II,JJJJ)=0D(6) 

B0UT(JJ,II)=0D(6) 

B0UT(JJJ,II)=0D(6) 

B0UT(JJJJ,II)=0D(6) 

B0UT(JJ,JJJ)=0D(6) 

BOUT(JJ,JJJJ)=0D(6) 



BOUT 

BOUT 

BOUT 

BOUT 

BOUT 

BOUT 

BOUT 

BOUT 

BOUT 

BOUT 

BOUT 

BOUT 

BOUT 

BOUT 

BOUT 

BOUT 

BOUT 

BOUT 

BOUT 

BOUT 

BOUT 

BOUT 

BOUT 

BOUT 

BOUT 
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JJJ,JJ)=0D(6) 

JJJ,JJJJ)=0D(6) 

JJJJ,JJ)=0D(6) 

JJJJ,JJJ)=0D(6) 

II,9)=-OD(8) 

II,13)=-OD(8) 

II,17)=-OD(8) 

9,II)=-OD(8) 

13,II)=-OD(8) 

17,II)=-OD(8) 

JJ,13)=-OD(8) 

JJ,17)=-OD(8) 

13,JJ)=-OD(8) 

17,JJ)=-OD(8) 

JJJ,17)=-OD(8) 

17,JJJ)=-OD(8) 

5,JJ)=OD(8) 

5,JJJ)=OD(8) 

5,JJJJ)=OD(8) 

JJ,5)=OD(8) 

JJJ,5)=OD(8) 

JJJJ,5)=OD(8) 

9,JJJ)=OD(8) 

9,JJJJ)=OD(8) 

JJJ,9)=OD(8) 
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B0UT(JJJJ,9)=0D(8) 

BOUT(13,JJJJ)=OD(8) 

BOUT(JJJJ,13)=OD(8) 

B0UT(8,JJ)=-0D(11) 

B0UT(8,JJJ)=-0D(11) 

BOUT(8,JJJJ)=-0D(11) 

B0UT(JJ,8)=-0D(11) 

B0UT(JJJ,8)=-0D(11) 

B0UT(JJJJ,8)=-0D(11) 

B0UT(12,JJJ)=-0D(11) 

B0UT(12,JJJJ)=-0D(11) 

B0UT(JJJ,12)=-0D(11) 

B0UT(JJJJ,12)=-0D(11) 

BOUT(JJJJ,16)=-0D(11) 

BOUT(16,JJJJ)=-0D(11) 

B0UT(II,12)=0D(11) 

B0UT(II,16)=0D(11) 

BOUT(II,20)=OD(11) 

B0UT(12,II)=0D(11) 

B0UT(16,II)=0D(11) 

BOUT(20,II)=OD(11) 

B0UT(16,JJ)=0D(11) 

BOUT(20,JJ)=OD(11) 

B0UT(JJ,16)=0D(11) 

BOUT(JJ,20)=OD(11) 
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BOUT(20,JJJ)=OD(11) 

30 BOUT(JJJ,20)=OD(11) 

BOUT(6,11)=OD(10) 

BOUT(7,10)=OD(10) 

BOUT(6,15)=OD(10) 

BOUT(7,14)=OD(10) 

BOUT(6,19)=OD(10) 

BOUT(7,18)=OD(10) 

BOUT(11,6)=OD(10) 

BOUT(10,7)=OD(10) 

BOUT(15,6)=OD(10) 

BOUT(14,7)=OD(10) 

BOUT(19,6)=OD(10) 

BOUT(18,7)=OD(10) 

BOUT(10,15)=OD(10) 

BOUT(11,14)=OD(10) 

BOUT(10,19)=OD(10) 

BOUT(11,18)=OD(10) 

BOUT(15,10)=OD(10) 

BOUT(14,11)=OD(10) 

BOUT(19,10)=OD(10) 

BOUT(18,11)=OD(10) 

BOUT(14,19)=OD(10) 

BOUT(15,18)=OD(10) 

BOUT(19,14)=OD(10) 
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BOUT(18,15)=OD(10) 

RETURN 

END 

C FUNCTION CSIMUL TO COMPUTE THE INVERSE, DET, AND SOLNS OF 

AN NXN 

C COMPLEX MATRIX IN PLACE. 

C MODIFIED BY BILL FORD ON 2 AUG. 84 FROM 

C 'APPLIED NUMERICAL METHODS' BY B. CARNAHAN, ET. AL. 

FUNCTION CSIMUL(N,A,X,EPS,INDIC,NRC) 

C 

C WHEN INDIC IS NEGATIVE CSIMUL COMPUTES THE INVERSE OF THE 

N BY 

C N MATRIX A IN PLACE. WHEN INDIC IS ZERO CSIMUL COMPUTES 

THE 

C N SOLUTIONS X(l),..., X(N) CORRESPONDING TO THE SET OF 

LINEAR 

C EQUATIONS WITH AUGMENTED MATRIX OF COEFFICIENTS IN THE N 

BY 

C N+1 ARRAY A AND IN ADDITION CONPUTES THE INVERSE OF THE 

C COEFFICIENT MATRIX IN PLACE AS ABOVE. IF INDIC IS 

POSITIVE, 

C THE SET OF LINEAR EQUATIONS IS SOLVED BUT THE INVERSE IS 

NOT 

C COMPUTED. THE GAUSS-JORDAN COMPLETE ELIMINATION METHOD IS 

C EMPLOYED WITH THE MAXIMUM PIVOT STRATEGY. ROW AND COLUMN 
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C SUBSCRIPTS OF SUCCESSIVE PIVOT ELEMENTS ARE SAVED IN ORDER 

IN 

C THE IROW AND JCOL ARRAYS RESPECTIVELY. K IS THE PIVOT 

COUNTER, 

C PIVOT THE ALGEBRAIC VALUE OF THE PIVOT ELEMENT, MAX THE 

C NUMBER OF COLUMNS IN A AND DETER THE DETERMINANT OF THE 

C COEFFICIENT MATRIX. THE SOLUTIONS ARE COMPUTED IN THE 

(N+1)TH 

C COLUMN OF A AND THEN UNSCRAMBLED AND PUT IN PROPER ORDER 

IN 

C X(1)...X(N) USING THE PIVOT SUBSCRIPT INFORMATION 

AVAILABLE 

C IN THE IROW AND JCOL ARRAYS. THE SIGN OF THE DETERMINANT 

IS 

C ADJUSTED IF NECESSARY BY DETERMINING IF AN ODD OR EVEN 

NUMBER 

C OF PAIRWISE INTERCHANGES IS REQUIRED TO PUT THE ELEMENTS 

OF THE 

C JORD ARRAY IN ASCENDING SEQUENCE WHERE 

JORDdROWd) )=JC0L(1) . 

C IF THE INVERSE IS REQUIRED, IT IS UNSCRAMBLED IN PLACE 

USING 

C Y(1)...Y(N) AS TEMPORARY STORAGE. THE VALUE OF THE 

DETERMINANT 
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C IS RETURNED AS THE VALUE OF THE FUNCTION. SHOULD THE 

POTENTIAL 

C PIVOT OF LARGEST MAGNITUDE BE SMALLER IN MAGNITUDE THAN 

EPS, 

C THE MATRIX IS CONSIDERED TO BE SINGULAR AND A TRUE ZERO IS 

C RETURNED AS THE VALUE OF THE FUNCTION. 

C 

IMPLICIT COMPLEX(A-H,0-Z) 

COMPLEX A,X,CSIMUL 

REAL*4 EPS 

DIMENSION IROW(20),JCOL(20),JORD(20),Y(20) 

&A(NRC,NRC),X(N) 

MAX=N 

CONE=CMPLX(1.0,0.0) 

IFdNDIC.GE.O) MAX=N+1 

C IS N LARGER THAN 20 

IF (N.LE.20) GO TO 5 

WRITE(6,200) 

CSIMUL=CMPLX(0.,0.) 

RETURN 

C 

Q BEGIN ELIMINATION PROCEDURE 

5 DETER=CMPLX(1.,0.) 
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DO 18 K=1,N 

KM1=K-1 

C 

C SEARCH FOR PIVOT ELEMENT 

PIVOT=CMPLX(0.,0.) 

DO 11 1=1,N 

DO 11 J=1,N 

C SCAN IROW AND JCOL ARRAYS FOR INVALID PIVOT 

SUBSCRIPTS 

IF(K.EQ.l) GO TO 9 

DO 8 ISCAN=1,KM1 

DO 8 JSCAN=1,KM1 

IFd.EQ.IROWdSCAN)) GO TO 11 

IF(J.EQ.JCOL(JSCAN)) GO TO 11 

8 CONTINUE 

9 IF(CABS(A(I,J)).LE.CABS(PIVOT)) GO TO 11 

PIV0T=A(I,J) 

IROW(K)=I 

JCOL(K)=J 

11 CONTINUE 

C INSURE THAT SELECTED PIVOT IS LARGER THAN EPS 

IF(CABS(PIVOT).GT.EPS) GO TO 13 

WRITE(6,300) 

CSIMUL=CMPLX(0.,0.) 



221 

RETURN 

C 

C UPDATE THE DETERMINANT VALUE 

13 IROWK=IROW(K) 

JCOLK=JCOL(K) 

DETER=DETER* PIVOT 

C 

C NORMALIZE PIVOT ROW ELEMENTS 

DO 14 J=1,MAX 

14 A(IR0WK,J)=A(IR0WK,J)/PIV0T 

C 

C CARRY OUT ELIMINATION AND DEVELOP INVERSE 

A(IROWK,JCOLK)=CONE/PIVOT 

DO 18 1=1,N 

AIJCK=A(I,JC0LK) 

IFd.EQ.IROWK) GO TO 18 

A(I,JCOLK)=-AIJCK/PIVOT 

DO 17 J=1,MAX 

17 IF(J.NE.JCOLK) A(l,J)=A(I,J)-AlJCK*A(IR0WK,J) 

18 CONTINUE 

C 

Q ORDER SOLUTION VALUES IF ANY AND CREATE JORD 

ARRAY 

DO 20 1=1,N 

IR0WI=IR0W(I) 
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JC0LI=JC0L(I) 

JORDdROWI )=JCOLI 

20 IFdNDIC.GE.O) X( JCOLI) =A( IROWI ,MAX) 

C 

C ADJUST SIGN OF THE DETERMINANT 

INTCH=0 

NM1=N-1 

DO 22 1=1,NMl 

IP1=I+1 

DO 22 J=IP1,N 

IF(J0RD(J) .GE.JORDd) ) GO TO 22 

JTEMP=JORD(J) 

J0RD(J)=J0RD(I) 

J0RD(I)=JTEMP 

INTCH=INTCH+1 

22 CONTINUE 

IF(INTCH/2*2.NE.INTCH) DETER=-DETER 

C 

C IF INDIC IS POSITIVE RETURN WITH RESULTS 

IFdNDIC.LE.O) GO TO 26 

CSIMUL=DETER 

RETURN 
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^ F̂ INDIC IS NEGATIVE OR ZERO, UNSCRAMBLE THE 

INVERSE 

C FIRST BY ROWS 

26 DO 28 J=1,N 

DO 27 1=1,N 

IROWI=IR0W(I) 

JC0LI=JC0L(I) 

27 Y(JC0LI)=A(IR0WI,J) 

DO 28 1=1,N 

28 A(I,J)=Y(I) 

C THEN BY COLUMNS 

DO 30 1=1,N 

DO 29 J=1,N 

IR0WJ=IR0W(J) 

JC0LJ=JC0L(J) 

29 Y(IROWJ)=A(I,JCOLJ) 

DO 30 J=1,N 

30 A(I,J)=Y(J) 

C 

C RETURN FOR INDIC NEGATIVE OR ZERO 

CSIMUL=DETER 

RETURN 

C 

C FORMAT STATEMENTS 

200 FORMATdOHON TOO BIG) 
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300 FORMATdX,' MATRIX SINGULAR: PIVOT LESS THAN EPS') 

END 

C PROGRAM TO CALCULATE THE CLUSTER GREEN'S FUNCTION MATRIX 

GIVEN THE 

C VCA GREEN'S FUNCTION, THE VCA HAMILTONIAN MATRIX 

ELEMENTS, AND THE 

C TIGHT BINDING PARAMETERS FROM DENSPREV FOR THE SECOND 

NEIGHBOR 

C PROBLEM. 

C WILLIAM C. FORD, DEPT. OF PHYS., TEXAS TECH UNIV. (OCT 

1985) 

C USES AS INPUT THE TIGHTBINDING PARAMETERS FROM TBPRAl OR 

2; 

C OUTPUT FILE GRN FROM DENSPRAB; AND OUTPUT FILES GVC FROM 

C GRNPARAB. 

C NOTE NEED NEAREST NEIGHBOR GREEN'S FUNCTION MATRIX 

ELEMENTS 

C FOR NN=1,2,3,4,5,6, AND 8. 

C 

COMPLEX GCL(68,68),GVCA(68,68),HVCA(68,68),UNIT(68,68) 

COMPLEX T5(11),T3(9),HCL(68,68),XX(68) 

COMPLEX VSTAR(68,68),B(68,68) , 

&C(68,68),CIN(68,68),T4(11) 

COMPLEX DUMM(68,68),CONE,CZERO,VSNNO,VSNNl,VSNN2,VSNN3 

COMPLEX T6(14),T7(8),T8(14),T9(14),T10(11) 
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REAL*4 T,GCL11,GCL22,GCL23,GCL12 

CHARACTER*2 AA(12),AS,PH 

DIMENSION A(68,3),TEMPST(600) 

DIMENSION E(3000),PARAM(13),QQ(3000) 

DIMENSION T1(13),T2(13),EGR(300) 

DIMENSION GA2R(11,3000),GA2I(11,3000) 

DIMENSION GRNR(9,3000),GRNI(9,3000) 

DIMENSION VSNNO(300),VSNNl(300) 

DIMENSION XCO(5),COF(5),RTR(4),RTI(4) 

DIMENSION VSNN2(300),VSNN3(300) 

DIMENSION GC2R(11,3000),GC2I(11,3000) 

DIMENSION G3R(14,3000),G3I(14,3000) 

DIMENSION G4R(8,3000),G4I(8,3000) 

DIMENSION G5R(14,3000),G5I(14,3000) 

DIMENSION G6R(14,3000),G6I(14,3000) 

DIMENSION G8R(11,3000),G8I(11,3000) 

C INDXl AND INDX2 CORRESPOND TO INDEX IN TBPRAl OR TBPRA2 

WITH 

C THE UNDERSTANDING THAT INDX1=(1-X) COMPOSITION AND THAT 

C INDX2=X COMPOSITION. ALSO NOTE THAT X IS THE 

COMPOSITION: 

C A(X)B(1-X)C. 

DATA INDXl,INDX2,X/5,8,0.90/ 

DATA FOURTH,ZERO,EIGHTH,HALF/0.25E+00 

&0.OE+00,0.125E+00,0.5E+00/ 
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DATA AS,PH/2HAS,2HPH/ 

C NOTE: MUST INPUT THE GAP WIDTH OBTAINED FROM GRNPARAB OR 

DENSPRAB, 

C EGAP. 

DATA NC,EPS1,EGAP,EPS2/13,1.0E-04,2.310,0.001/ 

C PARAMETERS WHICH SHOW SIZE OF MATRICES 

C AND ARE USED IN CSIMUL WHICH INVERTS A COMPLEX MATRIX 

ICOL=68 

IROW=68 

CONE=CMPLX(1.OE+00,ZERO) 

CZERO=CMPLX(ZERO,ZERO) 

EPS=1.0E-20 

JOB=-ICOL 

MOP=4 

C INITIALIZE ALL MATRICES TO ZERO AT START 

DO 250 1=1,68 

DO 215 J=l,68 

UNIT(I,J)=CZERO 

HVCA(I,J)=CZERO 

GVCA(I,J)=CZERO 

215 CONTINUE 

250 CONTINUE 

C SET UP THE UNIT MATRIX: UNIT 

DO 209 1=1,68 

209 UNIT(I,I)=CONE 
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C READ IN VCA GREEN'S FUNCTION AND VCA HAMILTONIAN FROM 

OTHER FILES 

C FIRST THE VCA HAMILTONIAN 

C 

READ(23,705)(PARAM(II),11=1,9) 

READ(23,710)(PARAM(II),II=10,13) 

R E A D ( 2 3 , 7 1 1 ) C O M P , ( A ( I N D X 1 , I ) , 1 = 1 , 3 ) , ( A ( I N D X 2 , J ) , J = l , 3 ) 

READ(23 ,712)EGRID,EI ,EF ,EI ,EF ,NN, IMAX 

W R I T E ( 6 , 7 0 5 ) ( P A R A M ( I I ) , I I = 1 , 9 ) 

W R I T E ( 6 , 7 1 0 ) ( P A R A M ( I I ) , 1 1 = 1 0 , 1 3 ) 

WRITE(6,711)COMP, (A( INDX1, I ) , 1 = 1 ,13 ) , (A(INDX2 , J ) , J = l , -3) 

WRITE(6 ,712 )EGRID,EI ,EF ,EI ,EF ,NN, IMAX 

705 FORMAT(9F8.4) 

710 FORMAT(4F8.4) 

711 FORMAT(F8.4,6A5) 

712 F 0 R M A T ( 5 F 1 1 . 5 , 2 I 3 ) 

ILOW=INT( (0 . -E I ) /EGRID) 

I H I = I N T ( ( E G A P - E I ) / E G R I D ) - 1 

NGAP=IHI-IL0W+1 

WRITE(6,1001)ILOW,IHI ,NGAP 

1 0 0 1 F O R M A T d X , ' I LOW= ' , 1 5 , ' IHI= ' , 1 5 , ' NGAP= ' , 1 5 ) 

N P T S = I N T ( ( E F - E I ) / E G R I D ) + 1 

NPTS2=NPTS-4 

WRITE(6,1000)NPTS,NPTS2 
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1000 F0RMAT(2X,'NPTS= ',110,' NPTS2= ',110) 

C SET UP THE 68X68 VCA HAMILTONIAN: 

C THE VARIABLE HVCA IS THE VCA HAMILTONIAN MATRIX (ARRAY). 

CALL HAMVCA(PARAM,HVCA) 

7 FORMAT(8F8.4,/,8F8.4,/,8F8.4,/,8F8.4,/,8F8.4) 

C NOW THE VCA GREEN'S FUNCTION 

DO 213 I=1,NPTS2 

C FIRST THE ON-SITE AND NN=1 ELEMENTS 

READ(24,4)(GRNR(J,I),GRNI(J,I),J=1,9),E(I) 

C NOW THE NN=2 ANION-ANION AND CATION-CATION ELEMENTS 

READ(20,124)(GA2R(lSYM,l),GA2l(lSYM,I),ISYM=l,ll),QQd) 

READ(22,124)(GC2R(JSYM,I),GC2I(JSYM,I),JSYM=1,11),QQ(I) 

C NOW THE NN=3 ELEMENTS 

READ(26,125)(G3R(ISYM,I),G3I(ISYM,I),ISYM=1,14),QQ(I) 

C NOW THE NN=4 ELEMENTS 

READ(28,126)(G4R(ISYM,I),G4I(ISYM,I),ISYM=1,8),QQ(I) 

C NOW THE NN=5 ELEMENTS 

READ(30,125)(G5R(ISYM,I),G5I(ISYM,I),ISYM=1,14),QQ(I) 

C NOW THE NN=6 ELEMENTS 

READ(32,125)(G6R(ISYM,I),G6I(ISYM,I),ISYM=1,14),QQ(I) 

C NOW THE NN=8 ELEMENTS 

READ(34,124)(G8R(ISYM,I),G8I(ISYM,I),ISYM=1,11),QQ(I) 

4 FORMAT(6E11.4,/,6E11.4,/,6E11.4,/,Ell.4) 

124 FORMAT(6E11.4,/,6E11.4,/,6E11.4,/,5E11.4) 
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125 FORMAT(6E11.4,/,6E11.4,/,6E11.4,/,6E11.4,/,5E11.4) 

126 FORMAT(6E11.4,/,6E11.4,/,5E11.4) 

213 CONTINUE 

C READ IN TIGHTBINDING PARAMETERS FROM TBPRAl TO CONSTRUCT 

HCL 

C USE TEMPST FOR TEMPORARY STORAGE 

IDMAX=AMAXO(INDXl,INDX2) 

DO 202 I=1,IDMAX 

JDEX=(I-1)*13 

READ(37,2) (TEMPST(JDEX+JJ),JJ=1,9) 

READ(37,3) (TEMPST(JDEX+JJ),JJ=10,13), 

&A(I,1),A(I,2),A(I,3) 

2 FORMAT(9F8.4) 

3 FORMAT(4F8.4,3A5) 

202 CONTINUE 

DO 208 MM=1,13 

NR0W1=(INDX1-1)*13+MM 

NROW2=(INDX2-l)*13+MM 

Tl(MM)=TEMPST(NROWl) 

208 T2(MM)=TEMPST(NROW2) 

C SET UP A CLUSTER WITH STARTING CONFIGURATION 

C A(5) 

C A(6) A(7) 

C C (1) 
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C 

C 

c 

c 

c 

c 

c 

A(9) A (0) A(13) 

A(8) C (2) 

AdO) C (4) 

C (3) A(12) 

Adl) 

A(14) A(15) 

A(16) 

C THE ABOVE DIAGRAM DENOTES THE ARRANGEMENT FOR GAALAS, WITH 

THE AS 

C ANION SURROUNDED TETRAHEDRALLY BY FOUR GA OR AL CATIONS 

NUMBERED 

C AS SHOWN. 

C INITIAL CONFIGURATION IS: 

AAd 

AA(2 

AA(3 

AA(4 

AA(5 

AA(6 

AA(7 

AA(8 

=AS 

=AS 

=AS 

=AS 

=AS 

=AS 

=AS 

=AS 
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AA(9)=AS 

AA(10)=AS 

AA(11)=AS 

AA(12)=AS 

C START CLUSTER CONFIGURATION LOOP 

DO 232 NC0N=1,NC 

C INITIALIZE CLUSTER HAMILTONIAN MATRIX 

DO 210 1=1,68 

DO 211 J=l,68 

HCL(I,J)=CZERO 

211 CONTINUE 

210 CONTINUE 

C WRITE OUT WHICH CLUSTER CONFIGURATION IS BEING DONE 

WRITE(6,760)(AA(II),I1=1,12) 

760 FORMAT(12A10) 

C THE VARIABLE HCL IS THE CLUSTER HAMILTONIAN MATRIX 

(ARRAY). 

C SET UP CLUSTER HAMILTONIAN MATRIX FOR A SPECIFIC 

CONFIGURATION 

CALL HAMCLS(T1,T2,X,AA,HCL) 

WRITE(6,301) 

301 

F0RMAT(/,/,3X,'JEN',5X,'ENERGY',10X,'VSNNO',14X,'VSNNl',14X, 

&'VSNN2',14X,•VSNN3') 

C START ENERGY LOOP 
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104 DO 220 IEN=ILOW,IHI 

C THE VARIABLE GCL IS THE CLUSTER GREEN'S FUNCTION MATRIX 

(ARRAY). 

C INITIALIZE GCL FOR EACH ENERGY 

DO 221 1=1,68 

DO 270 J=l,68 

270 GCL(I,J)=CZERO 

221 CONTINUE 

C THE VARIABLE GVCA IS THE VCA GREEN'S FUNCTION MATRIX 

(ARRAY). 

C SET UP GVCA MATRIX FOR A PARTICULAR ENERGY 

DO 206 1=1,9 

T3(I)=CMPLX(GRNR(I,lEN),GRNI(I,lEN)) 

206 CONTINUE 

DO 207 1=1,11 

T5(I)=CMPLX(GC2R(I,lEN),GC2I(I,lEN)) 

T4(I)=CMPLX(GA2R(I,lEN),GA2I(I,lEN)) 

TIO(I)=CMPLX(G8R(I,lEN),G8I(I,lEN)) 

207 CONTINUE 

DO 216 1=1,8 

216 T7(I)=CMPLX(G4R(I,lEN),G4I(I,lEN)) 

DO 217 1=1,14 

T6(I)=CMPLX(G3R(I,lEN),G3I(I,lEN)) 
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T8(I)=CMPLX(G5R(I,lEN),G5I(I,lEN)) 

T9(I)=CMPLX(G6R(I,lEN),G6I(l,lEN)) 

217 CONTINUE 

C 

CALL GRNVCA(T3,T4,T5,T6,T7,T8,T9,TIO,GVCA) 

C 

C NOW SOLVE GCL=(1+GVCA*VSTAR)*GVCA 

C 

C SET UP VSTAR=HCL-HVCA 

CALL MATRST(HCL,HVCA,VSTAR,IROW,ICOL) 

C 

C DO B=GVCA*VSTAR 

C 

CALL MATRMP(GVCA,VSTAR,B,IROW,ICOL,ICOL) 

C 

C DO C=(UNIT+B) 

C 

CALL MATRAD(UNIT,B,C,IROW,ICOL) 

C GCL=C*GVCA 

C 

CALL MATRMP(C,GVCA,GCL,IROW,ICOL,ICOL) 

C NOW COMPUTE THE HJALMARSON TABLES FOR S-LIKE OR Al 

C IMPURITIES AND WRITE THEM INTO FILES AND ALSO PRINT 
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C THEM OUT 

C NOTE: USE HJALMARSON APPROXIMATION UP=0.5*US TO GET 

QUARTIC 

C EQUATION FOR US(E). 

JEN=IEN-IL0W+1 

EGR(JEN)=E(IEN) 

GCL11=REAL(GCL(1,1)) 

GCL22=REAL(GCL(2,2) ) 

GCL23=REAL(GCL(2,3)) 

GCL12=REAL(GCL(1,2)) 

C COEFFICIENTS OF US FROM LOWEST TO HIGHEST POWER OF US: 

C XCO(l)+XCO(2)*US+XCO(3)*US**2+XCO(4)*US**3+XCO(5)*US**4. ' 

XC0(1)=-1.OE+00 

XCO(2)=(3.*HALF*GCL22+GCL11) 

XCO(3)=-3.*FOURTH*(GCL22*GCL22)+3.*FOURTH*(GCL23*GCL23) 

&-3.*HALF*GCLll*GCL22+3.*HALF*(GCL12*GCL12) 

XCO(4)=-3.*EIGHTH*GCL22*(GCL23*GCL23)+EIGHTH*(GCL22**3) 

&+FOURTH*(GCL23**3)+3.*FOURTH*GCLll*(GCL22*GCL22)-3.* 

&F0URTH*GCL11*(GCL23*GCL23)-3.*HALF*GCL22*(GCL12*GCL12) 

&+3.*HALF*GCL23*(GCL12*GCL12) 

XC0(5)=-EIGHTH*GCL11*(GCL22**3)+3.*EIGHTH*GCL11*GCL22*( 

&GCL23*GCL23)-FOURTH*GCLll*(GCL23**3)+3.*EIGHTH*(GCL12 

Sc*GCL12)*(GCL22*GCL22)+3.*EIGHTH*(GCL12*GCL12)*(GCL23* 

&GCL23)-3.*FOURTH*GCL22*GCL23*(GCL12*GCL12) 

C OBTAIN SOLUTIONS BY SUBROUTINE POLRT. 
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CALL POLRT(XCO,COF,MOP,RTR,RTI,JER) 

IF(JER.NE.ZERO) WRITE(6,821)JER 

821 F0RMAT(3X,'*****ERROR IN POLRT: IER= ',15) 

DO 822 K=l,3 

JJ=4-K 

DO 823 L=1,JJ 

IF(RTR(L).LE.RTR(L+1)) GO TO 823 

TEM=RTR(L) 

TEMI=RTI(L) 

RTR(L)=RTR(L+1) 

RTI(L)=RTI(L+1) 

RTR(L+1)=TEM 

RTI(L+1)=TEMI 

823 CONTINUE 

822 CONTINUE 

C 

C ROOTS ARE STORED IN VSNNO, VSNNl, VSNN2, AND VSNN3 FOR 

EACH 

C ENERGY. 

VSNN0(JEN)=CMPLX(RTR(1),RTI(1)) 

VSNN1(JEN)=CMPLX(RTR(2),RTI(2)) 

VSNN2(JEN)=CMPLX(RTR(3),RTI(3)) 

VSNN3(JEN)=CMPLX(RTR(4),RTI(4)) 
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C WRITE OUT RESULTS TO FILE AND TO PAPER. THEN PICK A 

SPECIFIC 

C IMPURITY AND OBTAIN ITS ENERGY LEVEL IN THE GAP BY USING 

THE 

C PROGRAMS GCLINTRP (FOR THE Al OR S-LIKE LEVELS) OR 

PGCLINTP 

C (FOR THE T2 OR P-LIKE LEVELS). 

WRITE(6,399)JEN,EGR(JEN),VSNNO(JEN),VSNN1(JEN),VSNN2(JEN) 

&,VSNN3(JEN) 

399 F0RMAT(/,1X,I5,1X,E11.4,3X,2E11.4,3X, 

&2E11.1,3X,2E11.4,3X,2E11.4) 

300 F0RMAT(1X,5E11.4) 

WRITE(21,300)EGR(JEN),RTR(1),RTR(2),RTR(3),RTR(4) 

WRITE(21,330)RTI(1),RTI(2),RTI(3),RTI(4) 

330 F0RMAT(1X,4E11.4) 

220 CONTINUE 

C CHANGE CLUSTER CONFIGURATION AND GO AGAIN 

WRITE(6,780)NCON 

780 FORMAT(IX,120,'ANOTHER CLUSTER') 

IF(NCON.EQ.l) THEN 

AA(1)=PH 

GO TO 232 

END IF 

IF(NC0N.EQ.2) THEN 

AA(2)=PH 
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GO TO 232 

END IF 

IF(NC0N.EQ.3) THEN 

AA(3)=PH 

GO TO 232 

END IF 

IF(NC0N.EQ.4) THEN 

AA(4)=PH 

GO TO 232 

END IF 

IF(NC0N.EQ.5) THEN 

AA(5)=PH 

GO TO 232 

END IF 

IF(NC0N.EQ.6) THEN 

AA(6)=PH 

GO TO 232 

END IF 

IF(NC0N.EQ.7) THEN 

AA(7)=PH 

GO TO 232 

END IF 

IF(NC0N.EQ.8) THEN 

AA(8)=PH 

GO TO 232 



238 

END IF 

IF(NC0N.EQ.9) THEN 

AA(9)=PH 

GO TO 232 

END IF 

IF(NCON.EQ.IO) THEN 

AA(10)=PH 

GO TO 232 

END IF 

IF(NCON.EQ.ll) THEN 

AA(11)=PH 

GO TO 232 

ELSE 

AA(12)=PH 

GO TO 232 

END IF 

232 CONTINUE 

STOP 

END 

C MATRIX MULTIPLICATION SUBROUTINE 

C T(M,P)=A(M,N)*U(N,P) 

SUBROUTINE MATRMP(A,U,T,M,N,P) 

COMPLEX A(68,68),U(68,68),T(68,68) 

INTEGER P 

DO 1 1=1,M 
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DO 1 J=1,P 

1 T(I,J)=CMPLX(0.0,0.0) 

DO 2 1=1,M 

DO 2 J=1,P 

DO 2 K=1,N 

2 T(I,J)=A(I,K)*U(K,J)+T(I,J) 

RETURN 

END 

SUBROUTINE MATRAD(A,B,C,M) 

COMPLEX A(68,68),B(68,68),C(68,68) 

DO 6 1=1,M 

DO 6 J=1,M 

6 C(I,J)=A(I,J)+B(I,J) 

RETURN 

END 

C MATRIX SUBTRACTION SUBROUTINE 

C C(M,N)=A(M,N)-B(M,N) 

SUBROUTINE MATRST(A,B,C,M,N) 

COMPLEX A(68,68),B(68,68),C(68,68) 

DO 4 1=1,M 

DO 4 J=1,N 

4 C(I,J)=A(I,J)-B(I,J) 

RETURN 

END 

SUBROUTINE HAMVCA(TB,TOUT) 
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C SUBROUTINE HAMVCA TO ASSIGN THE VCA TIGHTBINDING MATRIX 

ELEMENTS 

C TO THEIR PROPER PLACE IN THE 68X68 VCA HAMILTONIAN MATRIX 

FOR 

C THE SECOND NEIGHBOR PROBLEM. WILLIAM C. FORD TEXAS TECH 

UNIVERSITY 

C 2 OCTOBER 1985. 

IMPLICIT INTEGER (I-R) 

DIMENSION TB(13) 

COMPLEX TOUT(68,68),A(4,4),B(4,4),C(4,4),CP(4,4),CZERO 

DATA ZERO/0.OE+00/ 

CZERO=CMPLX(ZERO,ZERO) 

C INITIALIZE ALL MATRICES AT START 

DO 1 1=1,68 

DO 2 J=l,68 

2 T0UT(I,J)=CZER0 

1 CONTINUE 

DO 3 1=1,4 

DO 4 J=l,4 

A(I,J)=CZERO 

B(I,J)=CZERO 

C(I,J)=CZERO 

4 CP(I,J)=CZER0 

3 CONTINUE 

C SET UP 4X4 BLOCKS OF TOUT 
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C FIRST THE ON SITE ANION BLOCK 

A(1,1)=CMPLX(TB(1),ZERO) 

DO 5 1=2,4 

5 A(I,I)=CMPLX(TB(2),ZERO) 

C NOW THE ON SITE CATION BLOCK 

B(1,1)=CMPLX(TB(3),ZERO) 

DO 6 1=2,4 

6 B(I,I)=CMPLX(TB(4),ZERO) 

C NOW THE OFF SITE CATION-ANION BLOCK 

CP(1,1)=CMPLX(TB(5),ZERO) 

DO 7 I 

CP(I,I 

CP(1,I 

7 CP(I,1 

CP(2,3 

CP(2,4 

CP(3,2 

CP(3,4 

CP(4,2 

CP(4,3 

= 2,4 

=CMPLX(TB(6),ZERO) 

=CMPLX(TB(9),ZERO) 

=CMPLX(TB(8),ZERO) 

=CMPLX(TB(7),ZER0) 

=CMPLX(TB(7),ZERO) 

=CMPLX(TB(7),ZERO) 

=CMPLX(TB(7),ZERO) 

=CMPLX(TB(7),ZERO) 

=CMPLX(TB(7),ZERO) 

C FINALLY THE OFF SITE ANION-CATION BLOCK 

C(1,1)=CMPLX(TB(5),ZERO) 

DO 8 1=2,4 

C(I,I)=CMPLX(TB(6),ZERO) 
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C(1,I)=CMPLX(TB(8 

8 C(I,1)=CMPLX(TB(9 

C(2,3)=CMPLX(TB(7 

C(2,4)=CMPLX(TB(7 

C(3,2)=CMPLX(TB(7 

C(3,4)=CMPLX(TB(7 

C(4,2)=CMPLX(TB(7 

C(4,3)=CMPLX(TB(7 

,ZERO) 

,ZERO) 

,ZERO) 

,ZERO) 

,ZERO) 

,ZERO) 

,ZERO) 

,ZERO) 

C NOW ASSIGN THE 4X4 BLOCKS TO THEIR PROPER PLACES IN THE 

68X68 

C MATRIX 

DO 9 1=1,4 

DO 10 J=l,4 

11=1+4 

JJ=J+4 

111=1+8 

JJJ=J+8 

1111=1+12 

JJJJ=J+12 

K=I + 16. 

L=J+16 

KK=I+20 

LL=J+20 

KKK=I+24 

LLL=J+24 



KKKK=I+28 

LLLL=J+28 

M=I+32 

N=J+32 

MM=I+36 

NN=J+36 

MMM=I+40 

NNN=J+40 

MMMM=I+44 

NNNN=J+44 

0=1+48 

P=J+48 

00=1+52 

PP=J+52 

000=1+56 

PPP=J+56 

0000=1+60 

PPPP=J+60 

Q=I+64 

R=J+64. 

T0UT(I,J)=A(I,J) 

TOUT(l,Jj)=cd,J) 

T0UT(I,LL)=C(I,J) 

T0UT(I,NN)=C(I,J) 

T0UT(I,PP)=C(I,J) 

243 
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T O U T d l , J ) = C P ( l , J ) 

T 0 U T ( I I , J J ) = B ( I , J ) 

T 0 U T ( I I , J J J ) = C P ( I , J ) 

T 0 U T ( I I , J J J J ) = C P ( I , J ) 

T 0 U T ( I I , L ) = C P ( I , J ) 

T 0 U T ( I I I , J J ) = C ( I , J ) 

T 0 U T ( I I I , J J J ) = A ( I , J ) 

T 0 U T ( I I I I , J J J J ) = A ( I , J ) 

T 0 U T ( I I I I , J J ) = C ( I , J ) 

T 0 U T ( K , J J ) = C ( I , J ) 

T0UT(K,L)=A(I , J ) 

T0UT(KK,J)=CP(I , J ) 

T0UT(KK,LL)=B(I,J) 

TOUT(KK,LLL)=CP(l,J) 

TOUT(KK,LLLL)=CP(l,J) 

T0UT(KK,N)=CP(I,J) 

T0UT(KKK,LL)=C(I,J) 

TOUT(KKK,LLL)=A(l,J) 

TOUT(KKKK,LL)=C(l,J) 

TOUT(KKKK,LLLL)=A(l,J) 

T0UT(M,LL)=C(I ,J) 

T0UT(M,N)=A(I,J) 

T0UT(MM,J)=CP(I,J) 

T0UT(MM,NN)=B(I,J) 

TOUT(MM,NNN)=CP(l,J) 
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TOUT(MM,NNNN)=CP(l,J) 

T0UT(MM,P)=CP(I,J) 

T0UT(MMM,NN)=C(I,J) 

TOUT(MMM,NNN)=A(l,J) 

TOUT(MMMM,NN)=C(l,J) 

TOUT(MMMM,NNNN)=A(I,J) 

T0UT(0,NN)=C(I,J) 

T0UT(0,P)=A(I,J) 

T0UT(00,J)=CP(I,J) 

T0UT(00,PP)=B(I,J) 

T0UT(00,PPP)=CP(I,J) 

TOUT(00,PPPP)=CPd,J) 

T0UT(00,R)=CP(I,J) 

T0UT(000,PP)=C(I,J) 

T0UT(000,PPP)=A(I,J) 

T0UT(0000,PP)=C(I,J) 

TOUT(0000,PPPP)=A(I,J) 

TOUT(Q,PP)=C(I,J) 

10 TOUT(Q,R)=A(I,J) 

9 CONTINUE 

RETURN 

END 

SUBROUTINE HAMCLS(TB1,TB2,C,CLS,TOUT) 
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C SUBROUTINE HAMCLS TO SET UP THE 68X68 CLUSTER HAMILTONIAN 

FOR THE 

C SECOND NEIGHBOR PROBLEM. WILLIAM C. FORD TEXAS TECH 

UNIVERSITY 

C 3 OCTOBER 1985. 

COMPLEX TOUT(68,68),Al(4,4),A2(4,4),Cl(4,4),C2(4,4) 

COMPLEX CP1(4,4),CP2(4,4) 

DIMENSION TB1(13),TB2(13) 

CHARACTER* 2 CLS(12),AS 

DATA AS/2HAS/ 

DATA THIRD,ZERO/0.33333333333E+00,0.OE+00/ 

CZERO=CMPLX(ZERO,ZERO) 

C INITIALIZE EVERYTHING TO ZERO AT START 

DO 1 1=1,68 

DO 2 J=l,68 

2 T0UT(I,J)=CZER0 

1 CONTINUE 

DO 1000 1=1,4 

DO 1001 J=l,4 

A1(I,J.)=CZER0 

A2(I,J)=CZER0 

C1(I,J)=CZER0 

C2(I,J)=CZER0 

CP1(I,J)=CZER0 

1001 CP2(I,J)=CZER0 
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1000 CONTINUE 

C TAKE THE CENTRAL ANION TO BE THE VCA AVERAGE 

DUM1=C*TB2(1)+(1-C)*TB1(1) 

DUM2=C*TB2(2)+(1-C)*TB1(2) 

TOUT(1,1)=CMPLX(DUMl,ZERO) 

DO 3 1=2,4 

3 T0UT(I,I)=CMPLX(DUM2,ZER0) 

DUM1=C*TB2(5)+(1-C)*TB1(5) 

TOUT(1,5)=CMPLX(DUMl,ZERO) 

TOUT(5,1)=CMPLX(DUMl,ZERO) 

TOUT(1,21)=CMPLX(DUMl,ZERO) 

TOUT(21,1)=CMPLX(DUMl,ZERO) 

TOUT(1,37)=CMPLX(DUMl,ZERO) 

TOUT(37,1)=CMPLX(DUMl,ZERO) 

TOUT(1,53)=CMPLX(DUMl,ZERO) 

TOUT(53,1)=CMPLX(DUMl,ZERO) 

C XX MATRIX ELEMENTS 

DUM1=C*TB2(6)+(1-C)*TB1(6) 

C SC,PA MATRIX ELEMENTS 

DUM2=C*TB2(9)+(1-C)*TB1(9) 

C SA,PC MATRIX ELEMENTS 

DUM3=C*TB2(8)+(1-C)*TB1(8) 

C XY MATRIX ELEMENTS 

DUM4=C*TB2(7)+(1-C)*TB1(7) 

C ASSIGN REST OF OFF SITE MATRIX ELEMENTS 
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DO 4 1=2,4 

J=I+4 

JJ=I+20 

JJJ=I+36 

JJJJ=I+52 

C DO XX'S FIRST 

TOUT(I,J)=CMPLX(DUMl,ZERO) 

TOUT(J,I)=CMPLX(DUMl,ZERO) 

TOUT(I,JJ)=CMPLX(DUMl,ZERO) 

TOUT(JJ,I)=CMPLX(DUMl,ZERO) 

TOUT(I,JJJ)=CMPLX(DUMl,ZERO) 

TOUT(JJJ,I)=CMPLX(DUMl,ZERO) 

TOUT(I,JJJJ)=CMPLX(DUMl,ZERO) 

TOUT(JJJJ,I)=CMPLX(DUMl,ZERO) 

C NOW DO SC,PA AND SA,PC'S 

TOUT(1,J)=CMPLX(DUM3,ZERO) 

TOUT(J,1)=CMPLX(DUM3,ZERO) 

TOUT(1,JJ)=CMPLX(DUM3,ZERO) 

TOUT(JJ,1)=CMPLX(DUM3,ZERO) 

TOUT(I,JJJ)=CMPLX(DUM3,ZERO) 

TOUT(JJJ,1)=CMPLX(DUM3,ZERO) 

TOUT(1,JJJJ)=CMPLX(DUM3,ZERO) 

TOUT(JJJJ,1)=CMPLX(DUM3,ZERO) 

TOUT(5,1)=CMPLX(DUM2,ZERO) 

TOUT(1,5)=CMPLX(DUM2,ZERO) 
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TOUT(21,1)=CMPLX(DUM2,ZERO) 

TOUT(1,21)=CMPLX(DUM2,ZERO) 

TOUT(37,1)=CMPLX(DUM2,ZERO) 

TOUT(1,37)=CMPLX(DUM2,ZERO) 

TOUT(53,1)=CMPLX(DUM2,ZERO) 

4 T0UT(I,53)=CMPLX(DUM2,ZER0) 

C FINALLY ASSIGN THE XY'S 

TOUT(2,7)=CMPLX(DUM4,ZERO) 

TOUT(2,8)=CMPLX(DUM4,ZERO) 

TOUT(3,6)=CMPLX(DUM4,ZERO) 

TOUT(3,8)=CMPLX(DUM4,ZERO) 

TOUT(4,6)=CMPLX(DUM4,ZERO) 

TOUT(4,7)=CMPLX(DUM4,ZERO) 

TOUT(7,2)=CMPLX(DUM4,ZERO) 

TOUT(8,2)=CMPLX(DUM4,ZERO) 

TOUT(6,3)=CMPLX(DUM4,ZERO) 

TOUT(8,3)=CMPLX(DUM4,ZERO) 

TOUT(6,4)=CMPLX(DUM4,ZERO) 

TOUT(7,4)=CMPLX(DUM4,ZERO) 

TOUT(2,23)=CMPLX(DUM4,ZERO) 

TOUT(2,24)=CMPLX(DUM4,ZERO) 

TOUT(3,22)=CMPLX(DUM4,ZERO) 

TOUT(3,24)=CMPLX(DUM4,ZERO) 

TOUT(4,22)=CMPLX(DUM4,ZERO) 

TOUT(4,23)=CMPLX(DUM4,ZERO) 
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TOUT(23,2 

TOUT(24,2 

TOUT(22,3 

TOUT(24,3 

TOUT(22,4 

TOUT(23,4 

TOUT(2,39 

TOUT(2,40 

TOUT(3,38 

TOUT(3,40 

TOUT(4,38 

TOUT(4,39 

TOUT(39,2 

TOUT(40,2 

TOUT(38,3 

TOUT(40,3 

TOUT(38,4 

TOUT(39,4 

TOUT(2,55 

T0UT(2., 56 

TOUT(3,54 

TOUT(3,56 

TOUT(4,54 

TOUT(4,55 

TOUT(55,2 

=CMPLX(DUM4,ZER0) 

=CMPLX(DUM4 

=CMPLX(DUM4 

=CMPLX(DUM4 

=CMPLX(DUM4 

=CMPLX(DUM4 

=CMPLX(DUM4 

=CMPLX(DUM4 

=CMPLX(DUM4 

=CMPLX(DUM4 

=CMPLX(DUM4 

=CMPLX(DUM4 

=CMPLX(DUM4 

=CMPLX(DUM4 

=CMPLX(DUM4 

=CMPLX(DUM4 

=CMPLX(DUM4 

=CMPLX(DUM4 

=CMPLX(DUM4 

=CMPLX(DUM4 

=CMPLX(DUM4 

=CMPLX(DUM4 

=CMPLX(DUM4 

=CMPLX(DUM4 

=CMPLX(DUM4 

ZERO) 

ZERO) 

ZERO) 

ZERO) 

ZERO) 

ZERO) 

ZERO) 

ZERO) 

ZERO) 

ZERO) 

ZERO) 

ZERO) 

ZERO) 

ZERO) 

ZERO) 

ZERO) 

ZERO) 

ZERO) 

ZERO) 

ZERO) 

ZERO) 

ZERO) 

ZERO) 

ZERO) 



251 

TOUT(56,2)=CMPLX(DUM4,ZERO) 

TOUT(54,3)=CMPLX(DUM4,ZERO) 

TOUT(56,3)=CMPLX(DUM4,ZERO) 

TOUT(54,4)=CMPLX(DUM4,ZERO) 

TOUT(55,4)=CMPLX(DUM4,ZERO) 

C 1 MEANS GAAS AND 2 MEANS ALAS PARAMETERS 

Al(1,1)=CMPLX(TBI(1),ZERO) 

A2(1,1)=CMPLX(TB2(1),ZERO) 

C1(1,1)=CMPLX(TB1(5),ZER0) 

C2(1,1)=CMPLX(TB2(5),ZERO) 

CP1(1,1)=CMPLX(TBI(5),ZERO) 

CP2(1,1)=CMPLX(TB2(5),ZERO) 

DO 7 1=2,4 

A1(I,I)=CMPLX(TB1(2),ZERO) 

A2(I,I)=CMPLX(TB2(2),ZERO) 

CI(I,I)=CMPLX(TBI(6),ZERO) 

C2(I,I)=CMPLX(TB2(6),ZERO) 

CPl(1,1)=CMPLX(TB1(6),ZERO) 

CP2(I,I)=CMPLX(TB2(6),ZERO) 

CI(1,I)=CMPLX(TBI(8),ZERO) 

C2(1,I)=CMPLX(TB2(8),ZERO) 

CPld, I)=CMPLX(TB1(9) ,ZERO) 

CP2(1,I)=CMPLX(TB2(9),ZERO) 

CI(I,1)=CMPLX(TBI(9),ZERO) 

C2(I,1)=CMPLX(TB2(9),ZERO) 
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CPl(I,1)=CMPLX(TBI(8 

7 CP2(I,1)=CMPLX(TB2(8 

C1(2,3)=CMPLX(TB1(7) 

C2(2,3)=CMPLX(TB2(7) 

CP1(2,3)=CMPLX(TBI(7 

CP2(2,3)=CMPLX(TB2(7 

CP1(3,2)=CMPLX(TB1(7 

CP2(3,2)=CMPLX(TB2(7 

C1(3,2)=CMPLX(TB1(7) 

C2(3,2)=CMPLX(TB2(7) 

C1(2,4)=CMPLX(TB1(7) 

C2(2,4)=CMPLX(TB2(7) 

CP1(2,4)=CMPLX(TB1(7 

CP2(2,4)=CMPLX(TB2(7 

C1(4,2)=CMPLX(TB1(7) 

C2(4,2)=CMPLX(TB2(7) 

CP1(4,2)=CMPLX(TB1(7 

CP2(4,2)=CMPLX(TB2(7 

C1(3,4)=CMPLX(TB1(7) 

C2(3,4)=CMPLX(TB2(7) 

CP1(3,4)=CMPLX(TB1(7 

CP2(3,4)=CMPLX(TB2(7 

C1(4,3)=CMPLX(TB1(7) 

C2(4,3)=CMPLX(TB2(7) 

CP1(4,3)=CMPLX(TB1(7 

,ZERO) 

,ZERO) 

ZERO) 

ZERO) 

,ZERO) 

,ZERO) 

,ZERO) 

,ZERO) 

ZERO) 

ZERO) 

ZERO) 

ZERO) 

,ZERO) 

,ZERO) 

ZERO) 

ZERO) 

,ZERO) 

,ZERO) 

ZERO) 

ZERO) 

,ZERO) 

,ZERO) 

ZERO) 

ZERO) 

,ZERO) 
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CP2(4,3)=CMPLX(TB2(7),ZERO) 

C ANALYZE CLUSTER AND ASSIGN PROPER ELEMENTS TO TOUT 

IF(CLS(1).EQ.AS) THEN 

TOUT(5,5)=THIRD*CMPLX(TB1(3),ZERO)+TOUT(5 , 5) 

DO 9 1=6,8 

9 TOUTd,I)=THIRD*CMPLX(TB1(4),ZERO)+TOUT(1,1) 

DO 10 1=1,4 

DO 11 J=l,4 

11=1+8 

JJ=J+8 

111=1+4 

T0UT(II,JJ)=A1(I,J) 

T0UT(III,JJ)=CP1(I,J) 

11 T0UT(JJ,III)=C1(J,I) 

10 CONTINUE 

ELSE 

TOUT(5,5)=THIRD*CMPLX(TB2(3),ZERO)+TOUT(5,5) 

DO 12 1=6,8 

12 TOUTd,I )=THIRD*CMPLX(TB2(4) ,ZERO)+TOUT(1,1) 

DO 13 .1 = 1 ,4 

DO 14 J = l , 4 

11=1+8 

J J = J + 8 

111=1+4 

T 0 U T ( I I , J J ) = A 2 ( I , J ) 
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T 0 U T ( I I I , J J ) = C P 2 ( I , J ) 

14 T0UT(JJ,III)=C2(J,I) 

13 CONTINUE 

END IF 

IF (CLS(2).EQ.AS) THEN 

TOUT(5,5)=THIRD*CMPLX(TB1(3),ZERO)+TOUT(5,5) 

DO 15 1=6,8 

15 TOUTd,I )=THIRD*CMPLX(TB1(4) ,ZERO)+TOUT(1,1) 

DO 16 1 = 1 , 4 

DO 17 J = l , 4 

11=1+12 

J J = J + 1 2 

111=1+4 

T 0 U T ( I I , J J ) = A 1 ( I , J ) 

T 0 U T ( I I I , J J ) = C P 1 ( I , J ) 

17 T 0 U T ( J J , I I I ) = C 1 ( J , I ) 

16 CONTINUE 

ELSE 

TOUT(5,5)=THIRD*CMPLX(TB2(3),ZERO)+TOUT(5,5) 

DO 18 1=6,8 

18 TOUTd,I)=THIRD*CMPLX(TB2(4),ZERO)+TOUT(1,1) 

DO 19 1=1,4 

DO 20 J=l,4 

11=1+12 

JJ=J+12 
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111=1+4 

T 0 U T ( I I , J J ) = A 2 ( I , J ) 

T 0 U T ( I I I , J J ) = C P 2 ( I , J ) 

20 T0UT(JJ,III)=C2(J,I) 

19 CONTINUE 

END IF 

IF (CLS(3).EQ.AS) THEN 

TOUT(5,5)=THIRD*CMPLX(TBI(3),ZERO)+TOUT(5,5) 

DO 21 1=6,8 

21 TOUT(1,1)=THIRD*CMPLX(TB1(4),ZERO)+TOUT(1,1) 

DO 22 1=1,4 

DO 23 J=l,4 

11=1+16 

JJ=J+16 

111=1+4 

T0UT(II,JJ)=A1(I,J) 

T0UT(III,JJ)=CP1(I,J) 

23 T0UT(JJ,III)=C1(J,I) 

22 CONTINUE 

ELSE 

TOUT(5,5)=THIRD*CMPLX(TB2(3),ZERO)+TOUT(5,5) 

DO 24 1=6,8 

24 TOUTd,I)=THIRD*CMPLX(TB2(4),ZERO)+TOUT(I,I) 

DO 25 1=1,4 

DO 26 J=l,4 



256 

11=1+16 

JJ=J+16 

111 = 1 + 4 

T0UT(II,JJ)=A2(I,J) 

T0UT(III,JJ)=CP2(I,J) 

26 T0UT(JJ,III)=C2(J,I) 

25 CONTINUE 

END IF 

IF (CLS(4).EQ.AS) THEN 

TOUT(21,21)=THIRD*CMPLX(TB1(3),ZERO)+TOUT(21, 21) 

DO 27 1=22,24 

27 TOUT(1,1)=THIRD*CMPLX(TB1(4),ZERO)+TOUT(1,1) 

DO 28 1=1,4 

DO 29 J=l,4 

11=1+24 

JJ=J+24 

111=1+20 

T0UT(II,JJ)=A1(I,J) 

T0UT(III,JJ)=CP1(I,J) 

29 T0UT(JJ,III)=C1(J,I) 

28 CONTINUE 

ELSE 

TOUT(21,21)=THIRD*CMPLX(TB2(3),ZERO)+TOUT(21,21) 

DO 30 1=22,24 

30 TOUTd,I)=THIRD*CMPLX(TB2(4),ZERO)+TOUT(1,1) 
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DO 31 1=1,4 

DO 32 J=l,4 

11 = 1 + 24 

JJ=J+24 

111=1+20 

T0UT(II,JJ)=A2(I,J) 

T0UT(III,JJ)=CP2(I,J) 

32 T0UT(JJ,III)=C2(J,I) 

31 CONTINUE 

ENDIF 

IF (CLS(5).EQ.AS) THEN 

T0UT(21,21)=THIRD*CMPLX(TB1(3),ZERO)+TOUT( 21, 21) 

DO 33 1=22,24 

33 TOUTd,I)=THIRD*CMPLX(TB1(4),ZERO)+TOUT(1,1) 

DO 34 1=1,4 

DO 35 J=l,4 

11=1+28 

JJ=J+28 

111=1+20 

T0UT(I.I,JJ)=A1(I,J) 

T0UT(III,JJ)=CP1(I,J) 

35 T0UT(JJ,III)=C1(J,I) 

34 CONTINUE 

ELSE 

TOUT(21,21)=THIRD*CMPLX(TB2(3),ZERO)+TOUT(21,21) 
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DO 36 1=22,24 

36 TOUTd,I)=THIRD*CMPLX(TB2(4),ZERO)+TOUT(1,1) 

DO 37 1=1,4 

DO 38 J=l,4 

11=1+28 

JJ=J+28 

111=1+20 

T0UT(II,JJ)=A2(I,J) 

TOUT(III,JJ)=CP2(I,J) 

38 T0UT(JJ,III)=C2(J,I) 

37 CONTINUE 

ENDIF 

IF (CLS(6).EQ.AS) THEN 

T0UT(21,21)=THIRD*CMPLX(TB1(3),ZERO)+TOUT( 21, 21) 

DO 39 1=22,24 

39 TOUT(1,1)=THIRD*CMPLX(TB1(4),ZERO)+TOUT(I,I) 

DO 40 1=1,4 

DO 41 J=l,4 

11=1+32 

JJ=J+32 

111=1+20 

T0UT(II,JJ)=A1(I,J) 

T0UT(III,JJ)=CP1(I,J) 

41 T0UT(JJ,III)=C1(J,I) 

40 CONTINUE 
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ELSE 

TOUT(21,21)=THIRD*CMPLX(TB2(3),ZERO)+TOUT(21,21) 

DO 42 1=22,24 

42 TOUT(1,1)=THIRD*CMPLX(TB2(4),ZERO)+TOUT(I,I) 

DO 43 1=1,4 

DO 44 J=l,4 

11=1+32 

JJ=J+32 

111=1+20 

T0UT(II,JJ)=A2(I,J) 

T0UT(III,JJ)=CP2(I,J) 

44 T0UT(JJ,III)=C2(J,I) 

43 CONTINUE 

ENDIF 

IF (CLS(7).EQ.AS) THEN 

TOUT(37,37)=THIRD*CMPLX(TBl(3),ZERO)+TOUT(37,37) 

DO 45 1=38,40 

45 TOUT(1,1)=THIRD*CMPLX(TB1(4),ZERO)+TOUT(I, I) 

DO 46 1=1,4 

DO 47 J=l,4 

11=1+40 

JJ=J+40 

111=1+36 

T0UT(II,JJ)=A1(I,J) 

T0UT(III,JJ)=CP1(I,J) 



260 

47 T0UT(JJ,III)=C1(J,I) 

46 CONTINUE 

ELSE 

TOUT(37,37)=THIRD*CMPLX(TB2(3),ZERO)+TOUT(37,37) 

DO 48 1=38,40 

48 TOUTd, I )=THIRD*CMPLX(TB2(4) ,ZERO)+TOUT(I , I ) 

DO 49 1 = 1 , 4 

DO 50 J = l , 4 

11=1+40 

J J = J + 4 0 

111=1+36 

T 0 U T ( I I , J J ) = A 2 ( I , J ) 

T 0 U T ( I I I , J J ) = C P 2 ( I , J ) 

50 T 0 U T ( J J , I I I ) = C 2 ( J , I ) 

49 CONTINUE 

ENDIF 

IF (CLS(8).EQ.AS) THEN 

TOUT(37,37)=THIRD*CMPLX(TB1(3),ZERO)+TOUT(37 , 37) 

DO 51 1=38,40 

51 TOUT(I,I)=THIRD*CMPLX(TB1(4),ZERO)+TOUT(1,1) 

DO 52 1=1,4 

DO 53 J=l,4 

11=1+44 

JJ=J+44 

111=1+36 
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T 0 U T ( I I , J J ) = A 1 ( I , J ) 

T 0 U T ( I I I , J J ) = C P 1 ( I , J ) 

53 T0UT(JJ,III)=C1(J,I) 

52 CONTINUE 

ELSE 

TOUT(37,37)=THIRD*CMPLX(TB2(3),ZERO)+TOUT(37,37) 

DO 54 1=38,40 

54 TOUT(1,1)=THIRD*CMPLX(TB2(4),ZERO)+TOUT(I,I) 

DO 55 1=1,4 

DO 56 J=l,4 

11=1+44 

JJ=J+44 

111=1+36 

T0UT(II,JJ)=A2(I,J) 

T0UT(III,JJ)=CP2(I,J) 

56 T0UT(JJ,III)=C2(J,I) 

55 CONTINUE 

ENDIF 

IF (CLS(9).EQ.AS) THEN 

TOUT(37,37)=THIRD*CMPLX(TB1(3),ZERO)+TOUT(37,37) 

DO 57 1=38,40 

57 TOUTd,I)=THIRD*CMPLX(TB1(4),ZERO)+TOUT(1,1) 

DO 58 1=1,4 

DO 59 J=l,4 

11=1+48 
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JJ=J+48 

111=1+36 

T0UT(II,JJ)=A1(I,J) 

T0UT(III,JJ)=CP1(I,J) 

59 T0UT(JJ,III)=C1(J,I) 

58 CONTINUE 

ELSE 

TOUT(37,37)=THIRD*CMPLX(TB2(3),ZERO)+TOUT(37,37) 

DO 60 1=38,40 

60 T0UT(I,I)=THIRD*CMPLX(TB2(4),ZER0)+T0UT(I,I) 

DO 61 1=1,4 

DO 62 J=l,4 

11=1+48 

JJ=J+48 

111=1+36 

T0UT(II,JJ)=A2(I,J) 

T0UT(III,JJ)=CP2(I,J) 

62 T0UT(JJ,III)=C2(J,I) 

61 CONTINUE 

ENDIF 

IF (CLSdO).EQ.AS) THEN 

TOUT(53,53)=THIRD*CMPLX(TB1(3),ZERO)+TOUT(53,53) 

DO 63 1=54,56 

63 TOUTd,I)=THIRD*CMPLX(TB1(4),ZERO)+TOUT(1,1) 

DO 64 1=1,4 
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DO 65 J=l,4 

11=1+56 

JJ=J+56 

111=1+52 

T0UT(II,JJ)=A1(I,J) 

T0UT(III,JJ)=CP1(I,J) 

65 T0UT(JJ,III)=C1(J,I) 

64 CONTINUE 

ELSE 

TOUT(53,53)=THIRD*CMPLX(TB2(3),ZERO)+TOUT(53,53) 

DO 66 1 = 5 4 , 5 6 

66 TOUTd,I)=THIRD*CMPLX(TB2(4) , ZERO)+T0UT(I , I ) 

DO 67 1 = 1 , 4 

DO 68 J = l , 4 

11=1+56 

J J = J + 5 6 

111=1+52 

T 0 U T ( I I , J J ) = A 2 ( I , J ) 

T 0 U T ( I I I , J J ) = C P 2 ( I , J ) 

68 T 0 U T ( J J , I I I ) = C 2 ( J , I ) 

67 CONTINUE 

ENDIF 

IF (CLSdl) .EQ.AS) THEN 

TOUT(53,53)=THIRD*CMPLX(TB1(3),ZERO)+TOUT(53,53) 

DO 69 1=54,56 
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69 TOUTd, I )=THIRD*CMPLX(TB1(4) ,ZERO)+TOUT(I , I ) 

DO 70 1 = 1 , 4 

DO 71 J = l , 4 

11=1+60 

J J = J + 6 0 

111=1+52 

T 0 U T ( I I , J J ) = A 1 ( I , J ) 

T 0 U T ( I I I , J J ) = C P 1 ( I , J ) 

71 T 0 U T ( J J , I I I ) = C 1 ( J , I ) 

70 CONTINUE 

ELSE 

TOUT(53,53)=THIRD*CMPLX(TB2(3),ZERO)+TOUT(53,53) 

DO 72 1=54,56 

72 TOUT(1,1)=THIRD*CMPLX(TB2(4),ZERO)+TOUT(1,1) 

DO 73 1=1,4 

DO 74 J=l,4 

11=1+60 

JJ=J+60 

111=1+52 

T0UT(II,JJ)=A2(I,J) 

T0UT(III,JJ)=CP2(I,J) 

74 T0UT(JJ,III)=C2(J,I) 

73 CONTINUE 

ENDIF 

IF (CLS(12).EQ.AS) THEN 
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T0UT(53,53)=THIRD*CMPLX(TB1(3),ZERO)+TOUT(53,53) 

DO 75 1=54,56 

75 TOUT(I,I)=THIRD*CMPLX(TB1(4),ZER0)+T0UT(I,I) 

DO 76 1=1,4 

DO 77 J=l,4 

11=1+64 

JJ=J+64 

111=1+52 

T0UT(II,JJ)=A1(I,J) 

T0UT(III,JJ)=CP1(I,J) 

77 T0UT(JJ,III)=C1(J,I) 

76 CONTINUE 

ELSE 

TOUT(53,53)=THIRD*CMPLX(TB2(3),ZERO)+TOUT(53,53) 

DO 78 1=54,56 

78 TOUTd, I )=THIRD*CMPLX(TB2(4) ,ZERO)+T0UT(I , I ) 

DO 79 1=1,4 

DO 80 J=l,4 

11=1+64 

JJ=J+64 

111=1+52 

T0UT(II,JJ)=A2(I,J) 

T0UT(III,JJ)=CP2(I,J) 

80 T0UT(JJ,III)=C2(J,I) 

79 CONTINUE 
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ENDIF 

RETURN 

END 

SUBROUTINE 

GRNVCA(TNI,TN2,SN2,TN3,TN4,TN5,TN6,TN8,TOUT) 

C SUBROUTINE GRNVCA TO ASSIGN THE VCA GREEN'S FUNCTION 

MATRIX ELEMENTS 

C TO THEIR PROPER PLACE IN THE 68X68 SECOND NEIGHBOR GVCA 

MATRIX. 

C WRITTEN BY WILLIAM C. FORD 2 OCTOBER 1985 AT TEXAS TECH 

UNIVERSITY. 

IMPLICIT INTEGER (l-R) 

COMPLEX TNI(14),TN2(14),SN2(14),TN3(14) , 

&TN4(14),TN5(14),TN6(14) 

COMPLEX TN8(14),TOUT(68,68),A(4,4), 

&B(4,4),C(4,4),CP(4,4) 

COMPLEX CZERO,D(4,4),DP(4,4),E(4,4), 

&EP(4,4),F(4,4),FP(4,4) 

COMPLEX G(4,4),H(4,4),HP(4,4),S(4,4), 

ScSP(4,4.),T(4,4),TP(4,4) 

DATA ZERO/0.OE+00/ 

CZERO=CMPLX(ZERO,ZERO) 

C INITIALIZE EVERYTHING TO ZERO AT START 

DO 1 1=1,68 

DO 2 J=l,68 
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2 T0UT(I,J)=CZER0 

1 CONTINUE 

DO 3 1=1,4 

DO 4 J=l,4 

A(I,J)=CZER0 

B(I,J)=CZER0 

C(I,J)=CZER0 

CP(I,J)=CZER0 

D(I,J)=CZER0 

DP(I,J)=CZER0 

E(I,J)=CZER0 

EP(I,J)=CZER0 

F(I,J)=CZER0 

FP(I,J)=CZER0 

G(I,J)=CZER0 

HP(I,J)=CZER0 

H(I,J)=CZER0 

S(I,J)=CZERO 

SP(I,J)=CZERO 

T(I,J)=CZERO 

4 TP(I,J)=CZERO 

3 CONTINUE 

C 

C SET UP 4X4 COMPONENT BLOCKS OF TOUT 
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C FIRST THE ON SITE ANION AND CATION BLOCKS 

A(1,1)=TN1(1) 

B(1,1)=TN1(3) 

DO 5 1=2,4 

A(I,I)=TN1(2) 

5 B(I,I)=TN1(4) 

C NOW FIRST N.N. OFF-SITE BLOCKS 

C PRIME MEANS CATION-ANION BLOCK 

C UNPRIMED MEANS ANION-CATION BLOCK 

C(1,1)=TN1(5) 

CP(1,1)=TN1(5) 

DO 6 1=2,4 

C(I,I)=TN1(6) 

CP(I,I)=TN1(6) 

C(1,I)=TN1(7) 

CP(1,I)=TN1(8) 

C(I,1)=TN1(8) 

6 CP(I,1)=TN1(7) 

C(2,3)=TN1(9) 

CP(2,3)=TN1(9) 

C(2,4)=TN1(9) 

CP(2,4)=TN1(9) 

C(3,2)=TN1(9) 

CP(3,2)=TN1(9) 

C(3,4)=TN1(9) 
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CP(3,4)=TN1(9) 

C(4,2)=TN1(9) 

CP(4,2)=TN1(9) 

C(4,3)=TN1(9) 

CP(4,3)=TN1(9) 

C NOW THE SECOND N.N. ANION-ANION AND CATION-CATION BLOCKS 

C PRIMED MEANS LOWER TRIANGLE OF TOUT 

C UNPRIMED MEANS UPPER TRIANGLE OF TOUT 

D(1,1)=SN2(5) 

DP(1,1)=SN2(5) 

E(1,1)=TN2(5) 

EP(1,1)=TN2(5) 

D(4,4)=SN2(7) 

DP(4,4)=SN2(7) 

E(4,4)=TN2(7) 

EP(4,4)=TN2(7) 

DO 7 1=2,3 

D(I,I)=SN2(6) 

DP(I,I)=SN2(6) 

E(I,I)=TN2(6) 

EP(I,I)=TN2(6) 

D(1,I)=SN2(8) 

DP(1,I)=-SN2(8) 

E(1,I)=TN2(8) 

EP(1,I)=-TN2(8) 
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D ( I , 1 ) = - S N 2 ( 8 ) 

D P ( I , 1 ) = S N 2 ( 8 ) 

E ( I , 1 ) = - T N 2 ( 8 ) 

E P ( I , 1 ) = T N 2 ( 8 ) 

D ( 4 , I ) = - S N 2 ( 1 1 ) 

D P ( 4 , I ) = S N 2 ( 1 1 ) 

E ( 4 , I ) = - T N 2 ( 1 1 ) 

E P ( 4 , I ) = T N 2 ( 1 1 ) 

D ( I , 4 ) = S N 2 ( 1 1 ) 

D P ( I , 4 ) = - S N 2 ( 1 1 ) 

E ( I , 4 ) = T N 2 ( 1 1 ) 

7 E P ( I , 4 ) = - T N 2 ( 1 1 ) 

D ( 1 , 4 ) = S N 2 ( 9 ) 

D P ( 1 , 4 ) = S N 2 ( 9 ) 

E ( 1 , 4 ) = T N 2 ( 9 ) 

E P ( 1 , 4 ) = T N 2 ( 9 ) 

D ( 4 , 1 ) = S N 2 ( 9 ) 

D P ( 4 , 1 ) = S N 2 ( 9 ) 

E ( 4 , 1 ) = T N 2 ( 9 ) 

E P ( 4 , 1 ) = T N 2 ( 9 ) 

D ( 2 , 3 ) = S N 2 ( 1 0 ) 

D P ( 2 , 3 ) = S N 2 ( 1 0 ) 

E ( 2 , 3 ) = T N 2 ( 1 0 ) 

E P ( 2 , 3 ) = T N 2 ( 1 0 ) 

D ( 3 , 2 ) = S N 2 ( 1 0 ) 
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DP(3,2)=SN2(10) 

E(3,2)=TN2(10) 

EP(3,2)=TN2(10) 

C NOW THE FOURTH N.N. ANION-ANION BLOCK 

C PRIMED IS IN UPPER TRIANGLE OF TOUT 

C UNPRIMED IS IN LOWER TRIANGLE OF TOUT 

F(1,1)=TN4(5) 

FP(1,1)=TN4(5) 

F(2,2)=TN4(6) 

FP(2,2)=TN4(6) 

DO 8 1=3,4 

F(I,I)=TN4(7) 

8 FPd,I)=TN4(7) 

F(1,2)=TN4(8) 

FP(1,2)=-TN4(8) 

F(2,1)=-TN4(8) 

FP(2,1)=TN4(8) 

C NOW THE SIXTH N.N. ANION-ANION BLOCK 

G(1,1)=TN6(5) 

G(2,2)=TN6(6) 

DO 9 1=3,4 

G(I,I)=TN6(7) 

G(1,I)=TN6(10) 

G(I,1)=TN6(11) 

G(2,I)=TN6(12) 
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9 G(I,2)=TN6(13) 

G(2,1)=TN6(9) 

G(1,2)=TN6(8) 

G(4,3)=TN6(14) 

G(3,4)=TN6(14) 

C NOW DO EIGHTH N.N. ANION-ANION BLOCK 

C PRIMED IS IN LOWER TRIANGLE OF TOUT 

C UNPRIMED IS IN UPPER TRIANGLE OF TOUT 

H(1,1)=TN8(5) 

HP(1,1)=TN8(5) 

H(4,4)=TN8(7) 

HP(4,4)=TN8(7) 

DO 10 1=2,3 

H(I,I)=TN8(6) 

HP(I,I)=TN8(6) 

H(1,I)=TN8(8) 

HP(1,I)=-TN8(8) 

H(I,1)=-TN8(8) 

HP(I,1)=TN8(8) 

H(4,I)=-TN8(11) 

HP(4,I)=TN8(11) 

H(I,4)=TN8(11) 

10 HP(I,4)=-TN8(11) 

H(1,4)=TN8(9) 

HP(1,4)=TN8(9) 
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H(4,1)=TN8(9) 

HP(4,1)=TN8(9) 

H(2,3)=TN8(10) 

HP(2,3)=TN8(10) 

H(3,2)=TN8(10) 

HP(3,2)=TN8(10) 

C NOW DO THE THIRD N.N. CATION-ANION BLOCK 

C PRIMED IS CATION-ANION 

C UNPRIMED IS ANION-CATION 

S(1,1)=TN3(5) 

SP(1,1)=TN3(5) 

S(2,2)=TN3(6) 

SP(2,2)=TN3(6) 

DO 11 1=3,4 

S(I,I)=TN3(7) 

11 SP(I,I)=TN3(7) 

S(1,2)=TN3(8) 

SP(1,2)=TN3(9) 

S(1,3)=TN3(10) 

SP(1,3.)=TN3(11) 

S(1,4)=-TN3(10) 

SP(1,4)=-TN3(11) 

S(2,1)=TN3(9) 

SP(2,1)=TN3(8) 

S(3,1)=TN3(11) 
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SP(3,1)=TN3(10) 

S(4,1)=-TN3(11) 

SP(4,1)=-TN3(10) 

S(4,2)=-TN3(13) 

SP(4,2)=-TN3(12) 

S(2,4)=-TN3(12) 

SP(2,4)=-TN3(13) 

S(3,4)=TN3(14) 

SP(3,4)=TN3(14) 

S(4,3)=TN3(14) 

SP(4,3)=TN3(14) 

S(2,3)=TN3(12) 

SP(2,3)=TN3(13) 

S(3,2)=TN3(13) 

SP(3,2)=TN3(12) 

C NOW THE FIFTH N.N. CATION-ANION BLOCK 

C PRIMED IS CATION-ANION 

C UNPRIMED IS ANION-CATION 

T(1,1)=TN5(5) 

TP(1,1.)=TN5(5) 

DO 12 1=2,3 

T(I,I)=TN5(6) 

TP(I,I)=TN5(6) 

T(1,I)=TN5(8) 

TP(1,I)=TN5(9) 
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T(I,1)=TN5(9) 

TP(I,1)=TN5(8) 

T(4,I)=TN5(14) 

TP(4,I)=TN5(13) 

T(I,4)=TN5(13) 

12 TP(I,4)=TN5(14) 

T(1,4)=TN5(10) 

TP(1,4)=TN5(11) 

T(4,1)=TN5(11) 

TP(4,1)=TN5(10) 

T(2,3)=TN5(12) 

TP(2,3)=TN5(12) 

T(3,2)=TN5(12) 

TP(3,2)=TN5(12) 

T(4,4)=TN5(7) 

TP(4,4)=TN5(7) 

C 

C NOW ASSIGN THE 4X4 BLOCKS TO THEIR PROPER PLACE IN TOUT 

DO 13 1=1,4 

DO 14 J=l,4 

11=1+4 

JJ=J+4 

111=1+8 

JJJ=J+8 



276 
1111=1+12 

JJJJ=J+12 

K=I+16 

L=J+16 

KK=I+20 

LL=J+20 

KKK=I+24 

LLL=J+24 

KKKK=I+28 

LLLL=J+28 

M=I+32 

N=J+32 

MM=I+36 

NN=J+36 

MMM=I+40 

NNN=J+40 

MMMM=I+44 

NNNN=J+44 

0=1+48 

P=J+48 

00=1+52 

PP=J+52 

000=1+56 

PPP=J+56 

0000=1+60 
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PPPP=J+60 

Q=I+64 

R=J+64 

TOUT 

TOUT 

TOUT 

TOUT 

TOUT 

TOUT 

TOUT 

TOUT 

TOUT 

TOUT 

TOUT 

TOUT 

TOUT 

TOUT 

TOUT 

TOUT 

TOUT 

TOUT 

TOUT 

TOUT 

TOUT 

TOUT 

J)=A(I,J) 

JJ)=C(I,J) 

JJJ)=E(I,J) 

JJJJ)=E(I,J) 

L)=E(I,J) 

LL)=C(I,J) 

LLL)=E(I,J) 

LLLL)=E(I,J) 

N)=E(I,J) 

NN)=C(I,J) 

NNN)=E(I,J) 

NNNN)=E(I,J) 

P)=E(I,J) 

PP)=C(I,J) 

PPP)=E(I,J) 

PPPP)=E(I,J) 

R)=E(I,J) 

II,J)=CP(I,J) 

II,JJ)=B(I,J) 

II,JJJ)=CP(I,J) 

II,JJJJ)=CP(I,J) 

II,L)=CP(I,J) 
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TOUT( 

TOUT( 

TOUT( 

TOUT( 

TOUTi 

TOUTI 

TOUT! 

TOUTi 

TOUTi 

TOUTi 

TOUTi 

TOUTI 

TOUTi 

TOUTi 

TOUTi 

TOUTi 

TOUTi 

TOUTi 

TOUTi 

TOUT( 

TOUT( 

TOUT( 

TOUT( 

TOUT( 

TOUT( 

II,LL)=D(I,J) 

II,LLL)=SP(I,J) 

II,LLLL)=SP(I,J) 

II,N)=TP(I,J) 

II,NN)=D(I,J) 

II,NNN)=SP(I,J) 

II,NNNN)=TP(I,J) 

II,P)=SP(I,J) 

:iI,PP)=D(l,J) 

:iI,PPP)=SP(l,J) 

:iI,PPPP)=TP(l,J) 

: i i , R ) = s p ( i , j ) 

'III,J)=EP(I,J) 

III,JJ)=C(I,J) 

III,JJJ)=A(I,J) 

III,JJJJ)=E(I,J) 

III,L)=E(I,J) 

III,LL)=S(I,J) 

III,LLL)=E(I,J) 

III,LLLL)=F(I,J) 

III,N)=G(I,J) 

III,NN)=T(I,J) 

III,NNN)=G(I,J) 

III,NNNN)=H(I,J) 

III,P)=G(I,J) 
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TOUT 

TOUT 

TOUT 

TOUT 

TOUT 

TOUT 

TOUT 

TOUT 

TOUT 

TOUT 

TOUT 

TOUT 

TOUT 

TOUT 

TOUT 

TOUT 

TOUT 

TOUT 

TOUT 

TOUT 

TOUT 

TOUT 

TOUT 

TOUT 

TOUT 

III,PP)=S(I,J) 

III,PPP)=E(I,J) 

III,PPPP)=G( 

III,R)=F(I,J 

IIII,J)=EP(I 

IIII,JJ)=C(I 

IIII,JJJ)=EP 

IIII,JJJJ)=A 

IIII,L)=E(I,, 

IIII,LL)=S(I 

IIII,LLL)=F( 

IIII,LLLL)=E 

IIII,N)=G(I,J) 

IIII,NN)=S(I 

IIII,NNN)=E( 

IIII,NNNN)=G 

,J) 

J) 

J) 

I,J) 

I,J) 

) 

J) 

,J) 

I,J) 

J) 

,J) 

I,J) 

IIII,P)=F(I,J) 

IIII,PP)=T(I,J) 

IIII,PPP)=G(I,J) 

1III,PPPP)=H(I,J) 

IIII,R)=G(I,J) 

K,J)=EP(I,J) 

K,JJ)=C(I,J) 

K,JJJ)=EP(I,J) 

K,JJJJ)=EP(I,J) 
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TOUT 

TOUT 

TOUT 

TOUT 

TOUT 

TOUT 

TOUT 

TOUT 

TOUT 

TOUT 

TOUT 

TOUT 

TOUT 

TOUT 

TOUT 

TOUT 

TOUT 

TOUT 

TOUT 

TOUT 

TOUT 

TOUT 

TOUT 

TOUT 

TOUT 

K,L)=A(I,J) 

K,LL)=T(I,J) 

K,LLL)=G(I,J) 

K,LLLL)=G(I,J) 

K,N)=H(I,J) 

K,NN)=S(I,J) 

K,NNN)=F(I,J) 

K,NNNN)=G(I,J) 

K,P)=E(I,J) 

K,PP)=S(I,J) 

K,PPP)=F(I,J) 

K,PPPP)=G(I,J) 

K,R)=E(I,J) 

KK,J)=CP(I,J) 

KK,JJ)=DP(I,J) 

KK,JJJ)=SP(I,J) 

KK,JJJJ)=SP(I,J) 

KK,L)=TP(I,J) 

KK,LL)=B(I,J) 

KK,LLL)=CP(I,J) 

KK,LLLL)=CP(I,J) 

KK,N)=CP(I,J) 

KK,NN)=D(I,J) 

KK,NNN)=SP(I,J) 

KK,NNNN)=SP(I,J) 
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T0UT(KK,P)=TP(I ,J ) 

T0UT(KK,PP)=D(I ,J) 

TOUT(KK,PPP)=SP(l ,J) 

TOUT(KK,PPPP)=SP(l,J) 

T0UT(KK,R)=TP(I ,J) 

T0UT(KKK,J)=EP(I ,J) 

T0UT(KKK,JJ )=S(I , J ) 

TOUT(KKK,JJJ)=EP(l ,J ) 

TOUT(KKK,JJJJ)=FP(I , J ) 

T0UT(KKK,L)=G(I,J) 

T0UT(KKK,LL)=C(I,J) 

TOUT(KKK,LLL)=A(l,J) 

TOUT(KKK,LLLL)=E(l,J) 

T0UT(KKK,N)=E(I,J) 

T0UT(KKK,NN)=T(I,J) 

TOUT(KKK,NNN)=G(l,J) 

TOUT(KKK,NNNN)=G(l,J) 

T0UT(KKK,P)=H(I,J) 

T0UT(KKK,PP)=S(I ,J) 

TOUT(KKK,PPP)=E(I,J) 

TOUT(KKK,PPPP)=F(l,J) 

T0UT(KKK,R)=G(I,J) 

TOUT(KKKK,J)=EP(l,J) 

TOUT(KKKK,JJ)=S(l ,J) 

TOUT(KKKK,JJJ)=FP(l ,J) 
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TOUT(KKKK,JJJJ)=EP(I,J) 

T0UT(KKKK,L)=G(I,J) 

T0UT(KKKK,LL)=C(I,J) 

TOUT(KKKK,LLL)=EP(I,J) 

TOUT(KKKK,LLLL)=A(I,J) 

T0UT(KKKK,N)=E(I,J) 

TOUT(KKKK,NN)=S(l,J) 

TOUT(KKKK,NNN)=E(l,J) 

TOUT(KKKK,NNNN)=F(I,J) 

T0UT(KKKK,P)=G(I,J) 

TOUT(KKKK,PP)=T(l,J) 

TOUT(KKKK,PPP)=G(l,J) 

TOUT(KKKK,PPPP)=G(I,J) 

T0UT(KKKK,R)=H(I,J) 

T0UT(M,J)=EP(I,J) 

T0UT(M,JJ)=T(I,J) 

T0UT(M,JJJ)=G(I,J) 

T0UT(M,JJJJ)=G(I,J) 

TOUT(M,L)=HP(I,J) 

T0UT(M,LL)=C(I,J) 

T0UT(M,LLL)=EP(I,J) 

TOUT(M,LLLL)=EP(I,J) 

T0UT(M,N)=A(I,J) 

T0UT(M,NN)=S(I,J) 

T0UT(M,NNN)=F(I,J) 
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TOUT 

TOUT 

TOUT 

TOUT 

TOUT 

TOUT 

TOUT 

TOUT 

TOUT 

TOUT 

TOUT 

TOUT 

TOUT 

TOUT 

TOUT 

TOUT 

TOUT 

TOUT 

TOUT 

TOUT 

TOUT 

TOUT 

TOUT 

TOUT 

TOUT 

M,NNNN)=E(I,J) 

M,P)=G(I,J) 

M,PP)=S(I,J) 

M,PPP)=F(I,J) 

M,PPPP)=E(I,J) 

M,R)=G(I,J) 

MM,J)=CP(I,J) 

MM,JJ)=DP(I,J) 

MM,JJJ)=TP(I,J) 

MM,JJJJ)=SP(I,J) 

MM,L)=SP(I,J) 

MM,LL)=DP(I,J) 

MM,LLL)=TP(I,J) 

MM,LLLL)=SP(I,J) 

MM,N)=SP(I,J) 

MM,NN)=B(I,J) 

MM,NNN)=CP(I,J) 

MM,NNNN)=CP(I,J) 

MM,P)=CP(I,J) 

MM,PP)=D(I,J) 

MM,PPP)=TP(I,J) 

MM,PPPP)=SP(I,J) 

MM,R)=SP(I,J) 

MMM,J)=EP(I,J) 

MMM,JJ)=S(I,J) 
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TOUT 

TOUT 

TOUT 

TOUT 

TOUT 

TOUT 

TOUT 

TOUT 

TOUT 

TOUT 

TOUT 

TOUT 

TOUT 

TOUT 

TOUT 

TOUT 

TOUT 

TOUT 

TOUT 

TOUT 

TOUT 

TOUT 

TOUT 

TOUT 

TOUT 

MMM,JJJ)=G(I,J) 

MMM,JJJJ)=EP(I,J) 

MMM,L)=FP(I,J) 

MMM,LL)=S(I,J) 

MMM,LLL)=G(I,J) 

MMM,LLLL)=EP(I,J) 

MMM,N)=FP(I,J) 

MMM,NN)=C(I,J) 

MMM,NNN)=A(I,J) 

MMM,NNNN)=E(I,J) 

MMM,P)=E(I,J) 

MMM,PP)=T(I,J) 

MMM,PPP)=H(I,J) 

MMM,PPPP)=G(I,J) 

MMM,R)=G(I,J) 

MMMM,J)=EP(I,J) 

MMMM,JJ)=T(I,J) 

MMMM,JJJ)=HP(I,J) 

MMMM,JJJJ)=G(I,J) 

MMMM,L)=G(I,J) 

MMMM,LL)=S(I,J) 

MMMM,LLL)=G(I,J) 

MMMM,LLLL)=FP(I,J) 

MMMM,N)=EP(I,J) 

MMMM,NN)=C(I,J) 
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TOUT 

TOUT 

TOUT 

TOUT 

TOUT 

TOUT 

TOUT 

TOUT 

TOUT 

TOUT 

TOUT 

TOUT 

TOUT 

TOUT 

TOUT 

TOUTI 

TOUTI 

TOUTi 

TOUTi 

TOUTi 

TOUTi 

TOUTi 

TOUTi 

TOUT( 

TOUT( 

(MMMM,NNN)=EP(I,J) 

(MMMM,NNNN)=A(I,J) 

(MMMM,P)=E(I,J) 

(MMMM,PP)=S(I,J) 

(MMMM,PPP)=G(I,J) 

(MMMM,PPPP)=E(I,J) 

(MMMM,R)=F(I,J) 

(0,J)=EP(I,J) 

(0,JJ)=S(I,J) 

(0,JJJ)=G(I,J) 

(0,JJJJ)=FP(I,J) 

(0,L)=EP(I,J) 

(0,LL)=T(I,J) 

(0,LLL)=HP(I,J) 

(0,LLLL)=G(I,J) 

[0,N)=G(I,J) 

[0,NN)=C(I,J) 

[0,NNN)=EP(I,J) 

:0,NNNN)=EP(I,J) 

Q,P)=A(I,J) 

0,PP)=S(I,J) 

0,PPP)=G(I,J) ̂  

0,PPPP)=F(I,J) 

0,R)=E(I,J) 

00,J)=CP(I,J) 
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T0UT(00,JJ)=DP(I ,J) 

TOUT(00,JJJ)=SP(I ,J ) 

T0UT(00 , J J J J )=TP( I , J ) 

T0UT(00,L)=SP(I ,J) 

T0UT(00,LL)=DP(I,J) 

T0UT(00,LLL)=SP(I,J) 

T0UT(00,LLLL)=TP(I,J) 

T0UT(00,N)=SP(I,J) 

T0UT(00,NN)=DP(I,J) 

T0UT(00,NNN)=TP(I,J) 

T0UT(00,NNNN)=SP(I,J) 

T0UT(00,P)=SP(I ,J) 

T0UT(00,PP)=B(I,J) 

T0UT(00,PPP)=CP(I,J) 

T0UT(00,PPPP)=CP(I,J) 

TOUT(00,R)=CP(I,J) 

T0UT(000,J)=EP(I ,J ) 

TOUT(000,JJ)=S(I , J ) 

TOUT(000,JJJ)=EP(I ,J) 

T0UT(0P0,JJJJ )=G(I , J ) 

T0UT(000,L)=FP(I ,J) 

T0UT(000,LL)=S(I,J) 

TOUT(000,LLL)=EP(I,J) 

T0UT(000,LLLL)=G(I,J) 

T0UT(000,N)=FP(I,J) 
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TOUT 

TOUT 

TOUT 

TOUT 

TOUT 

TOUT 

TOUT 

TOUT 

TOUT 

TOUT 

TOUT 

TOUT 

TOUT 

TOUT 

TOUT 

TOUT 

TOUT 

TOUT 

TOUT 

TOUT 

TOUT 

TOUT 

TOUT 

TOUT 

TOUT 

000,NN)=T(I,J) 

000,NNN)=HP(I,J) 

000,NNNN)=G(I,J) 

000,P)=G(I,J) 

000,PP)=C(I,J) 

000,PPP)=A(I,J) 

000,PPPP)=E(I,J) 

000,R)=E(I,J) 

0000,J)=EP(I,J) 

0000,JJ)=T(I,J) 

0000,JJJ)=G(I,J) 

0000,JJJJ)=HP(I,J) 

0000,L)=G(I,J) 

0000,LL)=S(I,J) 

0000,LLL)=FP(I,J) 

0000,LLLL)=G(I,J) 

0000,N)=EP(I,J) 

0000,NN)=S(I,J) 

0000,NNN)=G(I,J) 

0000,NNNN)=EP(I,J) 

0000,P)=FP(I,J) 

0000,PP)=C(I,J) 

0000,PPP)=EP(I,J) 

0000,PPPP)=A(I,J) 

0000,R)=E(I,J) 
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TOUT(Q,J)=EP(I,J) 

T0UT(Q,JJ)=S(I,J) 

T0UT(Q,JJJ)=FP(I,J) 

T0UT(Q,JJJJ)=G(I,J) 

T0UT(Q,L)=EP(I,J) 

T0UT(Q,LL)=T(I,J) 

T0UT(Q,LLL)=G(I,J) 

T0UT(Q,LLLL)=HP(I,J) 

T0UT(Q,N)=G(I,J) 

T0UT(Q,NN)=S(I,J) 

T0UT(Q,NNN)=G(I,J) 

TOUT(Q,NNNN)=FP(l,J) 

T0UT(Q,P)=EP(I,J) 

T0UT(Q,PP)=C(I,J) 

T0UT(Q,PPP)=EP(I,J) 

TOUT(Q,PPPP)=EP(l,J) 

14 T0UT(Q,R)=A(I,J) 

13 CONTINUE 

RETURN 

END 


