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The bond-orbital model (BOM) and the coherent-potential approximation (CPA) are used to study the
valence-band structures of the III-V compound semiconductors GaP, GaAs, GaSb, InP, InAs, and InSb and
their alloys. All the third-neighbor bond interactions are included, but the main outstanding defects in the
BOM found by previous authors remain. However, the model reproduces the major structure of the observed
densities of states. The BOM is especially convenient for alloys because it effectively isolates the important
disorder parameters and facilitates the execution of CPA. The model’s parameters are deduced by fitting to
the photoelectric thresholds and x-ray photoemission spectra. We found that the most interesting CPA
results are not the densities of states usually studied but are the more detailed band properties like energy
shifts, effective masses, alloy scattering, and optical-absorption-line broadening. This work provides a basic
understanding of the effect of alloy disorder on the nonlinear concentration dependence of the energy at the
top of the valence band and line broadening of the fundamental optical gap E,.

I. INTRODUCTION

Because of the importance of semiconductors in
science and technology, there have been extensive
theoretical and experimental investigations of
their electronic structures.’** Consequently, a
quantitative understanding of many important
parts of the band structures has been deduced.
However, the theory of the electronic structure of
disordered semiconductors and substitutional al-
loys is quite rudimentary by comparison. Yet
many modern devices function because of the
special properties of these alloys, e.g., GaAsP
light emitters, GaAs-GaAlAs solar celis, HgCdTe
infrared detectors, etc. This motivated our in-
terest in applying a more advanced alloy theory,
the coherent-potential approximation®~® (CPA), to
study the substitutional zinc-blende alloys. This
paper contains the results for the valence-band
structures of several III-V compound alloys. The
techniques used here are readily extended to the
conduction baids and to other alloys.

Two theoretical models which have been used
frequently to describe the electronic structure in
semiconductor alloys are the virtual-crystal ap-
proximation® (VCA) and the semiempirical di-
electric model (DM) of Van Vechten and Berg-
stresser.” Neither of these methods, including
perturbation-theory extensions,® is sufficiently
general to account for the entire range of impor-
tant band properties that are measurable. On the
other hand, CPA is a method that can do so. It is
a little surprising that since the pioneering work
on the SiGe alloy system by Stroud and Ehren-

reich,® there has been no major effort to apply
CPA to these rather important semiconductor al-
loy systems. This may be partially a consequence
of the level of difficulty and the conclusions drawn
in their work. Since CPA calculations involve
complicated numerical Brillouin-zone (BZ) in-
tegrations, simplifying assumptions were needed
to make the calculation tractable. Furthermore,
their emphasis was on the alloy density of states,
and the potentials of Si and Ge do not differ by
enough so the CPA and VCA results have inter-
esting distinctions. However, there are larger
potential differences among the III-V and the II-VI
compounds. Also, there are physical properties
of the systems that are far more sensitive to alloy
disorder than the density of states, e.g., the
variation with alloy concentration of the band gap,
the effective mass, the mobility, etc. In addi-
tion to these factors, BZ integration methods have
been developed recently'® that are simple and ac-
curate. Finally, since Stroud and Ehrenreich
published their work, considerable progress has
been made in the application of the CPA, parti-
cularly to metal alloys,!! hydrides,'* and phonon
spectra.’*> We believe that CPA will prove to be
equally useful for semiconductor alloys, especi-
ally when it is applied to study properties which
are sensitive to disorder.

CPA has been shown to be the best possible
“single-site” approximation.**® It not only yields
correct results for various limits, e.g., the low-
concentration, weak-scattering, and “atomic”
limits, but also produces semiquantitative an-
swers in the high-concentration and strong-scat-
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tering regimes. The theory also permits a sys-
tematic extension beyond its single-site context
(i.e., the cluster CPA).* However, CPA is
easiest to implement when the disorder is local-
ized. In a substitutional semiconductor alloy like
Ga,In,_.As, the cations (i.e., Ga and In) are ran-
domly distributed on one fcc sublattice and each
of them is bonded tetrahedrally to four As anions
on another fcc sublattice displaced by (3, 1, 3)a
relative to the first. The length a is that of the
cube edge. Clearly, the most important aspect of
disorder in this alloy is the difference between
the GaAs and InAs bonds. This disorder can be
readily treated in CPA starting from a tight-
binding bond-based model referred to as the ‘“bond-
orbital model’s'¢(BOM).

The BOM employed here is similar to that used
by many previous workers.'*"'® The model re-
produces most of the features of the best empiri-
cal-pseudopotential band-structure calculations.?
However, some details are not given properly by
the versions of BOM tried to date. In order to
examine the possibility of correcting some of the
defects noted by previous workers, we have
studied the role of the interaction between third-
nearest bonds. We shall demonstrate that these
higher-order matrix elements do not improve the
situation. In particular, even with these inter-
actions included, there is still no dispersion of
the bands along the Z axis.

The main advantage of the BOM over other tight-~
binding basis sets is that its matrix elements of
the Hamiltonian divide naturally into large dia-
gonal terms and smaller off-diagonal terms. This
facilitates approximations and allows identifica-
tion of the important terms. To gain some insight
into the variation of the BOM parameters from
one material to another, we parametrize them
for six III-V compounds in three different ways.
We found that the large diagonal bond energies
have moderately large systematic variations from
one compound to another for all three fitting meth-
ods. However, the smaller off-diagonal matrix
elements varied by much smaller amounts and the
changes are not systematic. Consequently, the
off-diagonal elements are treated in VCA, while
CPA is reserved for the diagonal elements. This
simplifies the analysis greatly. This study also
emphasizes the need to determine the parameters
from a common experimental source. For this
purpose, our BOM parameters were finally deter-
mined by fitting the broadened| density of states to
the x-ray valence-band spectra measured by
Ley et al.*®

When disorder in the bond energies is treated
in CPA and other parameters are assigned ac-
cording to VCA, the 4 X4 matrix equation for the
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CPA self-energy reduces to a scalar equation.
The only Brillouin-zone integration arises in the
calculation of the VCA Green’s function. A
straightforward iteration procedure®® leads to a
rapidly converging solution. Similar to the pre-
vious CPA result for the SiGe alloy,® our result?!
for the III-V compound alloys shows that the CPA
density of states merely represents an uninterest-
ing smoothing of the VCA result even for the
strongest-scattering case among the six alloys
studied. The smoothing is characterized as un-
interesting because its effects lie just outside the
resolution limits of current experiments. As the
experiments improve, this extra smoothing could
become interesting. However, as noted above,
CPA results that can be compared against experi-
ments do arise. One interesting example is the
concentration variation of the energy levels. CPA
predicts a positive bowing parameter for the
fundamental gap E,.?> The CPA calculation also
predicts that the broadening of the levels at the
top of the valence band will be quite small, which
again is consistent with the lack of alloy broad-
ening in the observed E, spectra.?**® These re-
sults help to resolve some questions about the ef-
fect of disorder on the gap variation in semicon-
ductor alloys.?!

The rest of the paper is arranged in the following
order. In Sec. II, the BOM is defined, including
the expressions for the matrix elements and the
band energies along the symmetry axis. In Sec.
ITI, the procedures for determining the BOM
parameters and the effects of truncation are dis-
cussed. In Sec. IV, a comparative study of the
BOM parameters determined from three differ-
ent experiments is made, and the best of these,

a fit of the broadened BOM density of states to
the x-ray valence-band spectra for six III-V com-
pounds, is presented in detail. The combined
CPA-BOM calculation is formulated in Sec. V.
The results for the III-V compound alloys are
presented and discussed in Sec. VI. The conclu-
sions are summarized in Sec. VIII, and exten-
sions to this project are suggested.

II. BOND-ORBITAL MODEL

A semiconductor with a zinc-blende structure
such as GaAs consists of two sublattices, the
anion (i.e., As) and the cation (Ga) sublattices,
which are displaced from each other by a vector
F=(4, 1, 1), where a is the lattice constant. Con-
sequently, each anion in the crystal is surrounded
by a tetrahedral arrangement of four cations and
vice versa. A schematic picture of a flattened
network of the structure is shown in Fig. 1. The
recent work by Harrison and his co-workers?®
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d (I/4,3/4,-1/4)
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g (3/4,3/4,1/4)
h (172,1,1/2)

i (-1/4,3/4,-3/4)
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_‘Fz -1/8,-1/8,1/8)
-

T3 (-1/8,1/8,-1/8)

—
T4 (1/8,-1/8,-1/8)

FIG. 1. Schematic flattened diagram for zinc-blende crystals. The open circles represent the anions and the dots
represent the cations. Each atom is surrounded by four bonds. The centers of the bonds are specified by four vectors
72, 172,73, and ;4 from each anion. The location of the atoms in the diagram are labeled with lower-case letters. The
coordinates and the vectors are in units of the lattice constanta. The interactions between bonds are also indicated in

the diagram.

has demonstrated that the systematics of the
bonding and various physical properties can be
reasonably described by a simple molecular
model referred to as the “bond-orbital model.”

In this model, the basis functions are centered on
bonds connecting each anion and the nearest ca-~
tions. These basis functions are constructed from
the combination of the sp® hybrides of the two
atoms adjacent to the bond that diagonalize the
local Hamiltonian.?* This construction results in
bonding and antibonding orbitals. In the bond-
orbital approximation for the valence bands, the
antibonding states are discarded, and Bloch states
are formed from linear combinations of the
bonding states only. The earlier work by Stoker,®
and the more recent studies by Shevchik, Tejida,
‘and Cardona,'” and by Pantelides and Harrison'®
produced BOM predictions for most of the in-
teresting semiconductor electronic properties
including the density of states,’” the expressions
for the various matrix elements, and the

band energies. While the bands agree with
other results in many important structures,
there are some defects associated with the
model. The most noticeable defects, which
directly affect the density of states, are a mis-
sing dip in the upper Z, band and the lack of dis-
persion for the bands along the Z axis.!¢¥7+25

Based on the results of the tight-binding band
structures by Chadi and Cohen,?® Pantelides?®
speculated that these defects were caused by the
omission of the anion-anion interaction in the
BOM calculations. As a consequence, we have in-
cluded all the third-nearest-neighbor bond inter-
actions to see if these extra matrix elements
would lead to a better starting point for the alloy
study. Since the effects of these matrix elements
have not been discussed in the literature and
since they will be used later in the alloy study, we
shall next treat them explicitly.

We begin by establishing the BOM basis set and
our notation. We use one of the fcc sublattices
(for definiteness the anion sublattice) as the refer-
ence lattice in which each lattice point is repre-
sented by a lattice vector J. Then each point  is
surrounded by four bond orbitals {| fa)} centered
at the four displacements 7 +%,(a=1,2,3,4), where
—’Fl = (éy é, %)a7 ;2 = ("é, —%: é)a; ?3 = ("%, %; ‘%)a, and
T,=(4,~%, -%)a (see Fig. 1). Here we assume that
the orbitals {|J «)} are Wannier-type orbitals so
they are orthonormal (Jo|J’a’) =610, In fact,
the bond orbitals are not orthogonal, but most of
the effect of nonorthogonality can be absorbed in-
to the parametrizations.’® When expanded in terms
of the bond basis set {|], @)}, the BOM Hamiltonian
takes the form
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Ho= 2. |J)Gal #ol Far)Ta'l .

i a-]"a'

If the bond-to-bond transition interactions are
truncated at the third nearest-neighbor bonds,
there are eight distinct interactions (Ja| Hy|J a’)
which are defined below (also see Fig. 1):

D: (the bond energy){(Ja|H,|Ta)

y#: the matrix elements between adjacent bonds
with an anion in common,

yf: the matrix element between adjacent bonds
with a cation in common,

D,: the matrix element between parallel second-
nearest bonds, i.e., (Ja|Hol0a) with[j|=a/V2 ,

7, the matrix element between nonparallel
second-nearest bonds,

Dy the matrix element between parallel third-
nearest bonds, '

y#: matrix elements between nonparallel third-
nearest bonds with the closer ends adjacent to
anions,

y$: matrix elements between nonparallel third-
nearest bonds with the closer ends adjacent to
cations.

For later convenience, we further define the sym-
metric matrix elements

ryi=zlyi+y?) andvi=3(y3 +v%),
and the antisymmetric ones
Yi=3(y{-v$) and y§=3(r§ -v9).

The corresponding Bloch basis functions can be
constructed from the bond orbitals by

- el r T

“(Ol);_‘/ll_7 Z‘; e(k-(}+ra)|i’a>, (1)
where N is the total number of anions or cations
in the crystal and k is a wave vector in the
Brillouin zone. These Bloch functions are also
orthonormal, i.e., (Ka|k’ a’)=067%04q+, but they
are not the eigenfunctions of H,. The matrix ele-
ments of H, in terms of these Bloch basis func-
tions are related to the interbond interactions by
the expression

(Fal | Bra’y= o5 2 e=F (e T
]

x(ﬁalHﬁEa’) . (2)

The explicit expressions, with the full third-
nearest bond interactions included, for these ma-
trix elements and for the band energies along the
A and A axes are given in Appendix A. From these
expressions we can write the energies at the sym-
metry points I', X, and L. These energies are:
T)s=D+6D,+6D; -2y~ 4y, — 14y} (3a)
which is threefold degenerate,

Iy=D+6D,+6D, +6y]+12y,+42y5 , (3b)
X5=D—2D2—2D3—2yi+4y2+2y§ (3¢)
which is twofold degenerate,
X3,,=D -2D, - 2D + 2y - 4y,
- 2y3%72Q2y{+6y;), (3d)

Ly;= D+2D,-2Dy=2y5+2y; (3e)
which is twofold degenerate, and

L, =D —2D,+2Dy+2y; -2y}
£2[(2D, = 2Dy +y 5 -y +3(y E -y 9?12
(3f)

We note that, besides having more terms, the
above expressions differ in another way from the
corresponding equations in the previous work.®
Usually, the top of the valence band (i.e., T'j)
was used as the reference level, i.e., I';;=0.
This choice is, of course, not suitable for the al-
loy problem since the TI';; level varies from com-
pound to compound. Thus, the parameters and
the energies that we have discussed so far are all
referred to the vacuum level.

III. PARAMETRIZATION OF THE INTERACTIONS
AND THE EFFECT OF TRUNCATION

As studies on metals®” and semiconductors® have
shown, the only practical means for obtaining
quantitatively accurate band structures is to in-
corporate some experimental data into the calcula-
tion. This is especially true in these alloy
studies where the objective is a practical theory
to correlate with a wide range of experiments.
Thus, we shall also adopt the empirical para-
metrization approach. To facilitate the paramet-
rizations, it is convenient to express the BOM
matrix elements in terms of the following en-
ergy separations:

D, -y, =1(Ls - X;)=5,, (4a)
Yi=-2v,— vi=5 (X, +X; - 2X,)=0,, (4b)
D,-D,— 7t +¥ =%(2Ly-L,~L)=5,, (c)
D,+D,—7,-373=3('5 —X;)=5,, (4d)
Y +27,+ T =35, -T))=5,, (4e)
Yi+375=5(X, - X,) =5, (4f)

(2D, - 2Dy + 73 - 79+ 3(r8 - ¥9)*]*/?

=HL,-L,)=6,. (4g)
Note that except for D, which measures the center
of gravity of the bands, all seven of the other

parameters needed for the band structures are
contained in the above equations. The determina-
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FIG. 2. Comparison of the bands calculated without

third-neighboring interactions (the solid curves) and
those found including D (the dashed curve).

tion of D will be discussed later.

It should be mentioned that in order to produce
dispersion of the A, bands and of the A; bands
(see Fig. 2), at least the second-nearest bond
parameters D, and v, have to be included.'®'"
The numerical results of Pantelides and Harri-
son'® were based on the truncation in which D,
=y3=93=0. Then, the above equations yield the
four parameters

¥ =3(6,+05), (52)
Y8="5g, (5b)
Y =565 —6,), (5¢)
D,=%(55—5,)+ 04, (5d)

plus two sum rules 6, =6, and &; — 35, — 4(5; — 5,)
=0. If D, is added, %3, 7{, and ¥, are still given by
Eqs. (5a)~(5c), respectively, but D, and D, be-
come

D,=8,+%(65-85), (62)

D,=5,-9,, (6b)
and a new sum rules results 7

45, - 35, - 45, ~45,+06,=0. (1)

The four parameters in Egs. (5a)-(5d) only de-
termine the energy levels I';, X, X, X, with re-
spect to the I',; level. The addition of the D,
parameter also fixes the L, level. Figure 2 shows
a comparison between the bands resulting from
these two different procedures, the first includes
D, (the dashed curves) and the other (the solid
curves) has D;=0. The bands along the (100) axis
(i.e., the A axis) derived from both procedures
are identical, but those going from I in other di-
rections are different, particularly those along
the A direction. Three outstanding defects (see-
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Fig. 2) in the BOM band structures have been
pointed out by previous workers: (a) the top bands
at I" are too flat'® (have effective masses at I,
that are too large), ‘(b) compared to more elabor-
ate calculations the dip in the upper Z, band (the
second band from the top along the K direction)
is not deep enough,?26 and (c) more striking,
there is no dispersion along the Z direction (from
X to W).2526 From Fig. 2, it is evident that the
inclusion of D, does not correct these defects.
However, D, does help to pin down the L, level.
The next question is whether the inclusion of
¥s and y§ would improve the situation. Note first
that not all seven equations in Egs. (1) are inde-
pendent. The sum rule in Eq. (7) still holds even
when y3 and y; are included. This means that the
whole set of parameters cannot be determined with-
out additional information. However, we can un-
derstand the effects of these parameters without
actually carrying out the parametrization. First,
examine the effective masses. The dispersion for
the A, band has the general form [see Eq. (A1)
in Appendix A] A+ B cos2x, and the A, band has
the form A’ + B’ cos4x [Eq. (A3)]. This means that
the coefficients A, B, A’, and B’ and, thus, the ef-
fective masses at I'; are fixed once the two ends
of the bands are fitted. Hence, no improvement
in the effective masses is possible within the con-
text of the present model. Also, the bands along
the Z axis remain flat even when v; and 7§ are in-
cluded. Ananalytic proof of this resultis givenin
Appendix B. Numerical experiments, with the ex-
pressiony?/v;=y%/v;used to close the setof equa-
tions, show that the dip in the %, direction is not
affected much by 73, ¥3. These results show that
the inclusion of 73 and ¥§ do not help to correct
the remaining defects of the BOM. Therefore, in
the rest of this work, we shall use the BOM with
75 =73=0 but with all the other parameters defined
in Sec. I included.

1IV. EMPIRICAL BOM PARAMETERS

Now that the model is established, we can obtain
the parameters from any set of band energies by
using the algebraic equations (ba)-(6b). A sys-
tematic parametrization has been carried out for
six M-V compounds: GaP, GaAs, GaSb, InP,
InAs, and InSb. Three sets of band structure re-
sults were studied. They are (i) the nonlocal
pseudopotential calculation by Chelikowsky and
Cohen,? (ii) the valence-band energies determined
from the x-ray photoemission work by Ley et
al.,*® and (iii) the band energies derived from the
uv photoemission spectra by Eastman et al.?®
Table I lists the input energies (relative to I';;)
and the corresponding parameters except for D,
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TABLE 1. Input band energies (in eV with respect to I'y;) and the parameters based on Eqs.

(5a) to (6b).

The labels (b), (c), and (d) refer to the input energies, Refs. 2, 19, and 28, re-

spectively.
y X Xy X L D, Dy i vi Y2
GaP (b) -13.0 -2.7 -7.1 -9.5 -1.1 0.3437 -0.0625 -1.5125 -0.3000 -0.0563
() -13.2 -27 -6.9 -9.6 ~1.2 0.3094 ~0.0375 =-1.5187  —0.3375 =—0.0656
(d) -11.8 -2.7* —6.9 =97 —0.8 0.4562 -0.1375 -1.4375 —0.3500 —0.0188
Gads (b) -12.1 -2.9 -6.9 -9.9 -1.3 0.3656 -0.0375 =1.4437 -0.3750 =-0.0344
(¢) -13.8 -2.5 =7.1 =~10.7 —-1.4 0.2437 0.0375 -1.6625 —0.4500 -0.0313
(d) =12.9 -2.9 2 ~6.9 -10.0 ~0.8 0.4687 —0.1625 —1.5000 —0.3875 —0.0563
GaSb (b) -12.0 -2.5 -6.8 =9.3 —=1.2 0.2969 -0.0125 -1.4437 -0.3125 -0.0219
(¢) -11.6 -2.7 -6.9 -94 -1.3 0.3281 -0.0125 ~1.4062 -0.3125 -0.0219
InP (b) -11.3 -2.0 -=5.9 -8.8 =0.9 0.2562 =0.0250 -1.3750 -0.3625 -—0.0187
(¢) -11.0 -2.0 -5.9 -8.9 -1.0 0.2437 0.0 ~1.3625 —0.3750 -0.0063
InAs (b) -12.5 -2.2 -6.4 -10.0 -0.9 0.3094 -0.0500 -1.5312 =-0.4500 -0.0156
(¢) -12.3 -24 -6.3 =-9.8 —0.9 0.3437 -0.0750 -1.4750 —0.4375 -0.0313
Isb (b) -11.3 -1.9 —6.0 —=8.8 —0.8 0.2656 —0.0375 —1,3937 —0.3500 —0.0094
(¢) =-11.7 -24 —-6.4 =95 —1.4 0.2313 0.0500 -1.,4250 -0.3870 -0.0187
(d) -11.2 -1.9* -6.5 =9.0 —1.05 0.2281 0.0250 -1.4312 -0.3125 0.0156

2 These numbers were not available from the original source.

those in (b).

[The values for D -T',; can be obtained from Eq.
(9)]. Several general results can be observed.

(i) The size of the matrix elements for a given
compound decreases very rapidly as the separation
between the connected bonds increases., For
example, D, is about one order of magnitude smal-
ler than D, and ¥, is only about 1% to 3% of 3.

(ii) The variation of the more important larger
hopping matrix elements D,, ¥}, and y{ from one
compound to another is fairly small and not very
systematic.

(iii) The variation of these parameters for the
same compound using different sets of band-struc-
ture data is at least as large as that between dif-
ferent compounds.

(iv) The smaller parameters ¥, and D, seem to
vary in a random fashion. These observations not
only provide some justification for using the CPA
alloy model to be discussed later but also indicate
the importance of determining the parameters
for alloy calculations by fitting to a consistent
data set.

The experimental data of Ley et al.'® furnish a
suitably consistent starting point. Their data
include all six of the Ga and In compounds treated
here. However, if we simply start from the sym-
metry point energies given in their Table I, the
resulting BOM densities of states do not fit their
major peaks. This occurs because their energies
were based on a fit to a more sophisticated band
structure. Consequently, we have refit directly
to their data by adjusting the parameters so that

We used the same values as

the peaks of the calculated broadened density of
states agree with the positions of the experimental
peaks.

The density of states can be calculated efficient-
ly by using a simple Brillouin-zone integration
method recently developed by one of us.’ The un-
broadened densities of states p,(E) for the six.
compounds studied are given by the short dashed
curves in Figs. 3(a)-3(f), while the broadened
p(E) are given by the solid curves. The broaden-
ing was carried out by a convolution of p,(E) with
a Lorentzian of width I'(E): ‘

_irs T(E') .
p(E)_ ﬂ',/;°° I‘z(E')+(E_E;)2 Po(E )dE’ .

A linearly varying I'(E) was used which starts

with a value of 0.35 eV at the highest energy and
ends with a value of 0.5 eV at the lowest energy
shown in the figures. Also in Figs. 3(a)-3(f), the
experimental spectra by Ley et al., the long dashed
curves, are shown for comparison. The peak posi-
tions are accurately reproduced; the line shapes
for the lower two peaks are also approximately
correct, but the distinct low-energy shoulders in
the experimental curves on the top peaks are mis-
sing in the theoretical curves because of the de-
fects of BOM mentioned earlier.

The energies at I'y X, and L, and the corre-~
sponding bond parameters are tabulated in Table
II. Most of these values are close to the corre-
sponding values in Table I, but there are some
differences. The parameters in Table II will be

®

»
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FIG. 3. Comparison of the broadened theoretical density of states (the solid curves) and the experimental x-ray
valence-band spectra (the long dashed curves) in Ref. 19 for six compounds. The unbroadened densities of states

(the short dashed curves) are also shown.

used later in the alloy study.

Finally, we turn to the question of determining
the bond-energy parameter D. From Egs. (3a)-
(3d), the difference D-I',; can be shown to depend
only on symmetry-point energy separations,

D-T, =& X, +X; -2X,)
+%(X5"r15)+11§(r1_ r15)7 (9)

and is independent of the truncations discussed in
Sec. III. Thus, D can be determined empirically
using the band energies in Table II and the experi-
mental values of the photoelectric thresholds. The
values of D - I';; are listed in Table III along with
the thresholds measured by Shevchik et «l.2° and
the values of D. The thresholds used here agree
with previous measurements®® to within 0.05 eV.
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TABLE II. Band energies (in eV) with respect to the top of the valence band and the intra-
bond matrix elements (also in eV) corresponding to the fitted valence~band densities of states

shown in Figs. 3(a)—-3(f).

GaP GaAs GasSb InP InAs InSb
Ty -12.8 -13.9 -11.1 -11.1 -12.2 -11.7
X5 -3.5 -3.8 -3.1 -2.7 -2.8 -2.9
X3 -6.7 -7.3 —-6.2 -6.0 -5.8 -6.3
X, -9.3 =10.7 -9.2 -9.3 -9.9 -9.4
L ~1.5 -2.0 -1.3 -1.5 -1.0 -1.5
L, -17.3 -7.0 -6.7 -5.4 -6.5 -6.0
Ly -10.2 -11.6 -9.7 -9.9 -10.5 -10.1
D, 0.3812 0.3406 0.3906 0.2625 0.3844 0.2937
Dy -0.0625 0.0250 —-0.0625 0.0375 -0.0100 0.0125
'yf -1.3625 -1.5187 -1.2687 -1.3125 -1.3937 -1.3500
i -0.3250 -0.4250 -0.3750 -0.4125 -0.5125 -0.3875
k2 . =0.1188 —0.1094 -0.0594 -0.0375 -0.0656 -0.0563

We see that the energy differences among the D
values are large compared to those among the
parameters in Table II. We note that a measure
of the alloy scattering strength is the ratio of
difference between the interaction parameters of
the constituent compounds to the average band-
width (which is of order of 10 eV in our case). If
these numbers are very small, VCA is a good
approximation. The above results show that the
diagonal bond energies D are the only ones for
which CPA will differ appreciably from VCA.

V. ALLOY MODEL

In this section, we shall define the BOM Hamil -
tonian for the II-V compound alloys and develop
the necessary CPA formalism. The numerical
methods required to implement evaluations of the
CPA equation will also be discussed. The nu-
merical results obtained in the previous section
will guide our definition of the alloy model. Be-
cause the parameters in Table I do not vary sys-
tematically, and the uncertainties in the para-

meters are as large as the variations among the
different compounds, it would be inappropriate in
this early stage of the development to attempt

to treat these parameters beyond the virtual-
crystal approximation. However, as noted before,
the differences between these parameters for

any two compounds is small compared to the band-
widths, so VCA is a good first approximation in
any case. There is still another reason for this
choice. The present model, on one hand, properly
treats the major effects, yet remains simple
enough to be handled efficiently. The parameters
in Tables I and II are off-diagonal in the bond basis
and the treatment of this kind of off-diagonal
randomness® ~* would involve considerable extra
complications.

On the other hand, the bond-diagonal parameter
D has a larger variation from one compound to an-
other and the procedure for obtaining this para-
meter [see Eq. (9) and Table III] is well defined.
Thus, our alloy Hamiltonian takes the form

Hanoy=H+; }’:

(10)

TABLE III. Values of D— I'j; from Eq. (9), the photoelectric thresholds from Ref. 29 and
the resulting bond energies (all in eV) for six III-V compounds.

GaP GaAs InP InAs InSb
D-Ty; ~5.1125 ~5.6687 ~4,7437 -~4.,5750 —4.7562 -4,7625
thresholds 5.7 5.5 5.7 5.3 4.8
D -10.8125 -11.1687 ~9.6437 -10.2750 ~10.0562 -9.5625
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where H is the BOM Hamiltonian in VCA, and the
indicesJ are the lattice vectors that locate the
substitutional atoms on their sublattice sites. We
shall refer to these randomly distributed atoms
on one sublattice as A and B with fractional con-
centrations x and 1 - x, respectively. The random
potential can then be written

4
vi=Y_ [Ja) (07-D)jal, (11)
o=1
where D7 takes the value D, 1f an A atom is located
aty, and Dy if a B atom is at 7, and D is the VCA

bond energy parameter in H.

In the CPA formalism, the configuration-aver-
aged one-electron Green’s function (G(z)) is re-
placed by an effective Green’s function Geg
=(z = Hey) ™!, where the effective Hamiltonian has

the form
Herf=f_1+'zzj* (12)
i

with the self-energy Z7 satisfying the self-con-
sistent condition (¢7)=0, where the atomic ¢
matrix is

tr=(V1-Z7)[1 - Gex (VT-27)] . (13)

We can understand the more detailed structure
of Eq. (13) by thinking of the operators as matrices
in the basis set {|Ta)}. The self-energy is block
diagonal with each block identified by aj. More-
over, each block has the identical 4Xx4 matrix
structure

0O A XA
Szxohx. (14)
AXNC A
XA AO

Thus, in the matrix representation, Eq. (13).can
be cast into the form

F=_[D,-D=3]-F-[(Dy-D)I-], (15)

where F has the matrix elements

1 ife(F =g
___.2 e a~T8
N 7

XgaB(E;Z)y (16)

Fop(2)=(TalG e 3B =

with

gas(az)E[Z—Hefr(E)];%- (17)
The matrix element [Hqr (K)] is similar to Haﬂ(E)
defined in Appendix A except that D is replaced

by D+0 and either y{ is replaced by )7f’ +X or
y{ by ¢+ depending on whether the random
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atoms are anions or cations.

The numerical solution for A and ¢ in Eq. (15)
encounters the BZ integrations [Eq. (16)], which
for an extensive study is quite costly to compute
even though we are equipped with a powerful BZ
method.® However, the effect of a nonvanishing A
is to modify the effective hopping among bonds
adjacent to the random sités. From the numeri-
cal results of Sec. IV, we have just concluded that
at this stage, we should not treat these interac-
tions beyond VCA. Furthermore, the size of A is
only a small fraction of o because | A/o| is scaled
by the ratio |F,./Fs| which is small. This can
be understood from Eq. (16) where the phase factor
exp[ik - (T, - T5)] for @ #p will result in some
cancellation in the BZ integrations. Numerical
evidence supporting this argument can be found in
the work of Wolfram and Callaway3* for simple-
cubic crystals. Thus we expect that to the same
level of approximation as our alloy model [Eq.
10] we can take

Ty Zl]a>0(]a| (18)

This result can also be obtained if one assumes
that each bond is an independent scattering center
and the “single-bond” CPA is applied to our mod-
el. We shall adopt Eq. (18) for our later discus-
sion.

A consequence of Eq. (18) is a tremendous re-
duction of the formidable BZ integrations. Eq.
(15) now reduces to a scalar equation

-(DA_I—)"O)f(Z—O)(DB —'-D-—‘U); (19)

where

flz-0)=(Jal G,
2: (Jal Gogel To)

Gogel J0)

1
44

2 (Jol Gl T
Jjo
1
= ZJ-\F TrGeﬁ

1 1
‘?ﬁ%z—o—enuﬂ

1 (e) 1 s 1

N (N) @7 Z,,:f,,zd ke —a®
1 f 1
T 4q de Z~-0—€

X[z% Ty 2 fdgké(e—e(k)]

_lf _p
T4 dez—o-—e (20)
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and p(e) is the VCA density of states per unit cell.
Thus, the CPA equation becomes very easy to
evaluate once p(e) is calculated. The iteration
procedure?® based on the average-f-matrix (ATA)
equation will be used to solve Eq. (19).

Before discussing the numerical results, we
should point out that.the parameters in the VCA
H can have different forms depending on which
averaging procedure is used.”?® The simplest
procedure is a straightforward average, i.e., H
=xH 4 +yHpg, of the two Hamiltonians for the pure
constituent compounds. This averaging procedure
yields band energies with a linear concentration
dependence. However, more elaborate averaging
procedures could be adopted. These procedures
are intended to account for renormalization of
the potentials in the alloy that occur because of
charge shifts in the disordered system and changes
in the lattice parameter. These effects will in-
troduce nonlinear concentration dependences™?3
into the energies even in VCA. The matrix ele-
ments probably will not be just simple mean values
or even quantities rigidly scaled by a simple pow-
er law of the lattice spacing.’® A more sophisti-
cated averaging procedure may have to be con-
sidered to complete the analysis. However, since
our primary goal at this stage of the alloy work
is to examine the nonlinear modifications to VCA
introduced by CPA, we shall adopt the simple
averaging procedure for I .

VI. NUMERICAL RESULTS FOR THE ALLOYS

The CPA and VCA calculations have been car-
ried out for the six III-V compound alloys listed
in Table IV in the manner described in Sec. V.
The table also contains the scattering strength,
6=D4~Dpg, for each alloy. As we are most in-
terested in the difference between the CPA and
the VCA results, we shall examine in detail the
results for the alloy Ga,In, _,As which has the
largest | 5| and, for comparison, another alloy
InAs,Sb, _, with a smaller |§|. The results for
the other alloys will be presented as needed.

TABLE IV. Semiconductor alloy systems A;By-x
studied in this work. The scattering strengths 6 are in
evV.

A B 6 =Dy~Dp
GaP GaAs 0.3562
GaP . InP -0.5375
GaAs ’ InAs -1.1125
GasSb InSbh -0.0812
InP InAs —-0.2188

—0.4937

InAs InSb

3
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FIG. 4. Comparison between the densities of states
resulting from VCA (the dashed curve) and CPA (the
solid curve) for the Ga, gIn;_sAs alloy.

Figure 4 compares the CPA (the solid curves)
and the VCA (the dashed curves) densities of states
p for the alloy Ga, ;In, ;As. The CPA density of
states merely represents a smeared version of
that from VCA. The difference would be unde-
tectable if both were broadened following the pro-
cedure used to compare the pure crystal densities
to experiment in Figs. 3(a)-3(f). While they are
not shown here, the p of Ga,In, _,As for x=0.1, 0.3,
0.5, 0.7, and 0.9 have also been studied. In no
cases did we find any unusual structures such as
virtual bound states or impurity bands. The CPA
density of states is even closer to the VCA result
for the other alloys listed in Table IV because
the scattering strengths in these cases are small-
er. Until experimental resolutions are improved,
it is clear that VCA and CPA are equally good for
describing broadened spectra, like the photoemis-
sion energy distribution curves.

However, as mentioned before, there are more
detailed features of the CPA results which are
more interesting and can be tested by experiment.
Below we shall examine the energy-level shifts,
the related effective masses, and the scattering
lifetimes. We have shown that these results pro-
vide a fundamental understanding®' of the concen-
tration variation of the E, gap and the lack of
broadening in the measured E, spectra.??3-38
Since the basis for discussing these quantities
are the self-energies o(E +i0)=n(E) - #y(E) and
the function F(E +1i0)=4f(E +i0) =ReF - inp(E),
where f is defined in Eq. (20) and p(E) is the CPA
density of states. We plot 0 and F in Figs. 5 and
6, respectively, for Ga,In, _,As and InAs,Sb, _,
with x=0.1, 0.3, 0.5, 0.7, and 0.9.

Since the magnitude of y, even in the strongest-
scattering case Ga,In, _,As, is small compared to
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FIG. 5. Real part 7 (the solid curves) and the imaginary part y (the dashed curves) of (a) the self-energy and (b)
the F function defined in the text (ReF solid curve, ~-ImF =mp dashed curve) as a function of energy, for Ga,In,.,As,
with concentrations x=0.1, 0.3, 0.5, 0.7, and 0.9. The zero of the abscissa is the energy at the top of the valence

band of InAs.

the bandwidth, the usual relation among the CPA
band energies E, the VCA band energies ¢,(k), and
the real part of the self-energy n(E) is valid,

E —¢,(K)~n(E)=0. (21)

Figure 7 shows a comparison between the VCA
bands (the solid curves) and the CPA bands (the
dashed curves) for the x =0.5 alloy. More quan-
titative examples of the energy changes are shown
in Table V, where both the CPA and the VCA band
energies at I', X, and L for Ga,,,In'1 _yAs for five
concentrations are listed. A general pattern can
be observed: the higher energies of a subband
are shifted upward while the lower energies move
downward. This is a general feature of the CPA
solution. This feature is clearly borne out in Fig.
5(a) where for.each concentration the real part

of 0, n=Reo, is positive at the top of the band
and negative at the lower end and varies in a
systematic fashion in between. The energy shifts
for the other alloys (e.g., see Fig. 6 for
InAs,Sb, _,) studied are qualitatively similar but
are quantitatively smaller because they have
smaller scattering strengths 5.

As mentioned before, our VCA energies are
linear functions of x. The CPA energies are seen
to deviate from the linear x dependence, but these
deviations are different for different levels. We
note that the solutionto Eq. (21) with €,(K) = €nax,
at the top of the VCA valence band yields the con-
centration dependence of the photoelectric thresh-
old. This along with the variation of the E gap
has been discussed in detail elsewhere.?

Before passing onto other matters, we note that
the variation of the effective mass at the valence~
band edge is also easily determined from n(E).
Since our present empirical BOM band structure
predicts effective masses that are too large,'® a
detailed analysis of the variation m* with concen-
tration is unwarranted. However, it is interesting
nonetheless to examine how such an analysis pro-
ceeds and at least look at the trends it produces.
The effective mass mJ, at the top of the VCA
bands along a given direction relates the energy
variation 6€, to an infinitesimal 0k in that direction
by 6€,=~7*6k*/2m%,,. The corresponding SE at
the top energy E in CPA using Eq. (21) becomes
8E = ~Ii26k?/[ (1 — dn/dE)mi¥,], which implies the
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relation between the two masses:

d
Moa =m¢CA(1 - d—%) , (22)

where m¥ca=(x/m%) +(y/m%)] ~*. Thus, the quan-
tity —dn/dE measures the differential ratio (m%,,
-my, A)/n'z","cl,‘, which from the numerical output

is always positive at the I';; point for Ga,In, _,As
alloys with values ranging from 1% to 5%. How-
ever, from the shape of the n curves in Fig. 5(a)
just below the top of the valence band, it is evident
that dn/dE changes sign from x=0.1 to x=0.9.
From the slopes of the straight-line portions of

71 one finds —dn/dE =0.01, 0.02, 0.05, 0.005, and
-0.005, respectively, for x=0.1, 0.3, 0.5, 0.7,
and 0.9. This behavior will influence hot-hole
phenomena slightly. It is evident from Fig. 7,

that for the Ga, ;In, ;As alloy, mg, is larger than
m}.,, since the CPA bands have a lower curvature
at the I',; point than the VCA bands.

As mentioned earlier, the alloy broadening y
is sensitive to energy (see Figs. 5 and 6). Table
VI lists the y values at the same energies listed
in Table V for five Ga,In, _,As alloys. One inter-
esting point to note is that y for the I';; levels are

quite small, consistent with the experimental find-
ing??+36-38 that alloying has very little effect on

the broadening of the E, spectra. Previously,

this lack of alloy broadening has been used as
evidence against the existence of any alloy dis-
order®® contribution to the observed nonlinear
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FIG. 7. Comparison of the band structures of
Gay, 5Ing, sAs calculated from VCA (the solid curves)
and from CPA (the dashed curves) as given by Eq. (21).
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TABLE V. Comparison between the CPA valence-band energies (the E defined in Eq. 21)
and the corresponding VCA values at the symmetry points for five Ga,In;_,As alloys. The

first number for each state is the CPA result and the second number is the VCA result. All
the energies are in eV with respect to the top of the valence band (I'y;) of the pure InAs com-

pound.
Concentration (x) 0.1 0.3 0.5 0.7 0.9

Ty 0.007 0.034 0.021 —-0.024 -0.121
-0.020 -0.060 -0.100 -0.140 -0.180

Ty —12.443 -12.865 -13.239 -~13.597 -13.935
-12.389 -12.769 ~13.100 -13.530 -13.910

X5 -2.913 -3.235 -3.514 -3.744 -3.925
-2.920 -3.166 -3.400 —3.640 —3.880

X, -5.939 -6.397 -6.816 -7.116 -7.875
-5.970 -6.310 -6.650 -6.990 -7.330

X, —-9.956 -10.117 - =10.290 ~10.504 ~10.760
-10.000 —10.200 -10.400 -10.600 -10.800

Ly -1.072 -1.274 -1.460 —-1.751 -2.084
-1.162 ~1.360 -1.600 -1.840 —1.080

L, —-6.676 ~6.896 ~7.075 -7.178 -7.221
-6.632 -6.793 -6.934 —7.065 -7.179

Ly -10.590 ~10.863 -11.159 ~11.447 -11.716
-10.598 -10.847 -11,113 ~11.395 -11.691

concentration dependence of E,. These results
demonstrate that such an argument is unjustified.

While even the largest width y at the I' ; point
is small compared to the resolution of optical ex-
periments (including modulation spectroscopy) it
does reach a value of y=0.008 eV for the
Ga, ;In, ;As alloy. The width is related to the
mean time between collisions 7 by the equation
T =//2y. Thus, in this case 7 24x10-'* sec, which
is quite short. For states deep in the valence
bands, y can be as large as 0.2 eV corresponding
to a 7#10-'% sec. Although the scattering lifetime
7, strictly speaking, is not the same as the mo-
mentum transfer time 7,, that appears in the mo-
bility calculation, they are closely related. In
view of such a large 7, it is unlikely that hot holes
will have a large mobility in concentrated
Ga,In, . As alloys.

The energy dependences of both n and y discus~
sed above can be qualitatively understood from
the CPA equation [Eq. (19)]. A lower-order ap-
proximation to ¢ can be obtained by substituting
0 =0 on the right-hand side of the equation. Then
the solution is

0=xy6°f(z =0). (23)

An alternative expression to Eq. (20) for f(E -0)
can be written in the form?

_1 ,_PE)
FE-0)=7 de E+i0-E’

where p(E) is the CPA density of states. It is easy
to see that the Ref(E —0) is always positive at the

(24)

top of the valence band and always negative at the
bottom. It is also evident that the Imf(E —~0)
=—;7np(E) is zero outside the CPA-broadened band.
If the same argument is applied to the conduction
band, then it will shift, because of disorder, down
toward the valence band. Hence, as we have
already concluded from prior arguments, disorder
tends to narrow the band gap.?!

While the lower-order approximation in Eq. (23)
is qualitatively correct in relating o to F and, in
particular, yields the correct sign of n and the
smallness of y at the band top, no detailed agree-
ment between the shapes of p and y should be ex-
pected for the scattering strengths in the III-V
compound alloys. A comparison between Figs.
5(a) and 5(b) and between 6(a) and 6(b) shows that
for x =0.5 the shapes of the curves for o and F
are remarkably similar, but they have marked

TABLE VI. Imaginary part of the self-energy (in eV),
vy =Imo(E +%0), at the CPA band energies listed in Table
V for five Ga, In;_,As alloys.

Ccncentration (x) 0.1 0.3 0.5 0.7 0.9

Ty 0.002 0.005 0.008 0.007 0.004
T, 0.004 0.007 0.005 0.004 0.001
X5 0.094 0.173 0.155 0.101 0.034
X 0.074 0.169 0.127 0.038 0.012
X, 0.011  0.038 0.051 0.052 0.037
Ly 0.027 0.086 0.145 0.179 0.095
Ly 0.006 0.013 0.014 0.009 0.028
Ly 0.061 0.121 0.123 0.087 0.030
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differences for the lower concentrations. For
Ga,In, _.As in Fig. (5), while the peaks of p(E) for
the top band shift from higher to lower energy as
x increases the corresponding peaks of y shift
in the other direction. Similar variations of the
peak positions of y are also found in Fig. (6) for
InAs,Sb, _,. Although the density-of-states curves
show no evidence of virtual bound states, the y
curves display precursors to such features for
the low-concentration alloys. The peak of y at
x=0.1 for Ga,In, _,As (GaAs as an impurity in
InAs) is around 3 eV, which is a remnant of the
center of the peak position of the GaAs density
of states |see Fig. 3(b)]. Similarly, the peak of
y at 2 eV for Ga, ¢In, ;As (InAs as the impurity)
coincides with center of the peak position of the
pure InAs density of states |see Fig. 3(e)]. Sim-
ilar findings also apply to InAs,Sb, _, alloys.
These features can be understood, along with
some others, in terms of the following physical
model. For moderate scattering strengths (well
away from the split band limit), y(E) tends to be
large in energy regions where two conditions are
satisfied: (a) there is overlap between the den-
sities of states p,(E) and pg(E) of the pure con-
stituents, and (b) the alloy density of states p(E)
is large. The first condition arises because res-
onant scattering (or a large amount of state mix-
ing) can occur. The second condition enters be-
cause in that case there is a large density of final
states into which scattering can take place. Now
it is easier to understand the shape of the y(E)
curves. Near the band edges, p(E) goes to zero;
hence, y(E) also is small there. In the GalnAs
alloy, the GaAs valence bands are generally at
lower energies than the corresponding bands in
InAs (see Table IV). Focus attention on the upper-
most large feature in y(E) in Fig. 5 at the various
concentrations. On the InAs-rich side (x=0.1)
this feature peaks around -3 eV. This is because
the GaAs as an impurity in InAs has states in this
region which strongly scatter the holes. At the
other end of the concentration range (x=0.9),
where the InAs is the impurity in GaAs, the peak
of y is at a higher energy ~-2 eV. An important
consequence of this shift in the peak of y is that
alloy scattering is stronger near the top of the
valence band in the GaAs-rich side than in the
opposite case. For example, at -1 eV, the self-
energies are y =0.1 eV for x=0.9 but only ~0.005
eV for x=0.1. This should have important con-
sequences on hot-hole phenomena. Based on these
arguments, we can speculate about the trends
that will be found when the conduction-band cal-
culation is done. GaAs has a much larger band
gap than InAs. Thus, while the GaAs levels in
the valence band are at lower energies than those

of InAs, the reverse will be true in the conduction
bands. Hence, once again impurity scattering
near the conduction-band edge should be stronger
on the GaAs-rich side.

Thus, while there are similarities between mp
and y in all the alloys, they never have exactly
the same shape as can be seen from Figs. 5 and
6. Hence, it is essential to use the complete C PA
Eq. (19) rather than the approximate expression
Eq. (23) if details are to be given properly. This
reemphasizes the need for using CPA rather than
VCA since Eq. (23) is, after all, an improvement
over the lowest-order correction to VCA,*® and it
is still inadequate.

VII. SUMMARY AND DISCUSSION

There are two major subdivisions to this work:
the critical reexamination of BOM as it applies
to band structures, and the CPA calculation of the
properties of the III-V compound alloys from BOM.
There are two reasons for using BOM. First,
BOM provides a physical picture of the bonding
in zinc-blende compounds. Second, the model
effectively identifies the important alloy disorder
parameters which it turns out can be incorporated
into the framework of CPA.

However, BOM has intrinsic defects which pre-
vent it from attaining high accuracy for all fea-
tures of the band structures. It does not predict
the correct effective masses nor the correct ener-
gy dispersion along Z or X axis. Moreover, we
found that this lack of dispersion along the Z axis
cannot be remedied either by including the third-
nearest bond interactions nor by including the
antibounding basis functions (see Appendix B).
Based on the conclusions of Chadi,*° the inclusion
of some d-state character into the basis set, and
an explicit accounting of the nonorthogonality of
the basis functions may remedy these faults. How-
ever, we note that the usual linear-combination-
of-atomic-orbitals (LCAO) results?® show that
this dispersion along Z exists if the matrix ele-
ments, in the terminology of Slater and Koster,*
like E,(110) and E,(011) are different and are in-
cluded. Since the bond bases (including the anti-
bonding state) and the LCAO bases are related
to each other by a unitary transformation, the two
descriptions should be completely equivalent. The
LCAOQO matrix elements E,(110) and E,(011) in
terms of the bond bases involve the second-,
third-, and fourth-nearest bond interactions. To
understand the cause of the defects in BOM, the
symmetry of the matrix elements and the higher-
order terms have to be carefully reexamined.
Despite these problems, the broadened density of
states based on the present BOM fit the gross
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features of the experimental spectra reasonably
well. Therefore, one expects the BOM param-
eters derived by fitting this data to be at least
qualitatively correct.

A calculation based on the “single-bond” CPA is
shown to be easily implemented. The only BZ in-
tegration needed is the calculation of the VCA den-
sity of states, and this can be effectively carried
out using the new BZ integration method.® While
the CPA and the VCA densities of states differ,
the differences in the alloys studied would be dif-_
ficult to resolve experimentally at present. The
more useful CPA results involve detailed features
such as band-level shifts, effective masses, scat-
tering lifetimes, etc. .

While the explicit results found for the six III-V
compound alloys are informative, the most im-
portant consequence of this study is the develop-
ment of the procedures to obtain detailed informa-
tion about semiconductor alloys using CPA. More-~
over, when it is improved as suggested below,
the theory will be sufficiently broad to encompass
the full range of experiments conducted on these
materials. Then it will be possible to interrelate
the results of many experiments through a single
formalism. The improvements and extensions
needed to make this a quantitative method include:

-B. CHEN.AND A. SHER 7

(i) improvement of the pure constituent’s band
structures by including (a) the conduction bands,
(b) the spin-orbit interactions,?®'*? and (c) some
d-state character and nonorthogonality in the basis
set*?; (ii) a systematic study of the best paramet-
rization method*? with emphasis placed on isolating
the important variations from one compound to
another; (iii) incorporation of alloy potential re-
normalizations to account for charge shifts and
lattice-constant changes”; (iv) examination of the
need to treat the off-diagonal elements in a cluster
CPA333:34 (v) calculation of the transport prop-
erties,*>* e.g., the mobility, the frequency-de-
pendent dielectric constant, etc. While a good
start has been made, it is fairly obvious that much
remains to be done in this field.
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APPENDIX A

The matrix elements H,,, = (ka|H,|ka’) for the
BOM described in Sec. I are listed below. The
symbols x, ¥, and z stand for $k.a, tkya, and
ik,a, respectively.

H,, =D+ 2D,[ cos(2x +2y) + cos(2x + 22) + cos(2z + 2y)] + 2D,[ cos(2x — 2y) + cos(2y — 22) + cos(2x - 22)] ,

H,,=D+2D,[ cos(2x +2y) +cos(2y — 2z) + cos(2x — 22)] + 2D,[ cos(2x — 2y) + cos (2y + 2z) +cos(2x +22)] ,

H,, =D +2D,[ cos(2x — 2y) + cos(2y — 22) + cos(2x +2z)] + 2D,[ cos(2x + 2y) + cos(2y + 2z) + cos(2x — 22)] ,

H,,=D+2D,[ cos(2x — 2y) + cos(2y +22) + cos(2x — 2z)] + 2D,[ cos(2x + 2y) + cos(2y - 2z) + cos(2x + 2z)]

H,=2{y$cos(x +y)+2y,cos(x — y)cos2z +y5[ cos(3x +y +2z) + cos(3x — ¥) + cos(3x + 3y) + cos(x + 3y - 2z)

+cos(3x +y ~ 22) +cos(x + 3y +2z) +cos(3y — x)] }

- 2 {y¢sin(x +y) —y¥ sin(3x +y + 2z) + sin(3y — 2) +sin(3x +3p) + sin(x + 3y — 22) +sin(3x +y — 2z)

+sin(x + 3y +22) +sin(3y - x)]} ,

H  =2{y{cos(x+z)+2y,cos(x - z) cos2y +v 5[ cos(3x +3z) +cos(3x - 2y +2)

+cos(x -2y +32z)+cos(3x+2y +2)

+c08(3x — 2) + cos(x + 2y + 3z) + cos(3z - x)] }

- 2i{y¥sin(x +2) — y¥ sin(3x + 32) + sin(3x — 2y +2)

+sin(x ~ 2y +32) +sin(3x + 2y + 2) + sin(3x — z) + sin(x + 29 + 32) +sin(3z - x)]},

H,=2{y{cos(y +2)+2y,cos2x cos(y — z)+y $[cos(2x+y +32) +cos(3z — y) +cos(2x + 3y + z) + cos(3y - z)

+c0s(32 +9 — 2x) + cos(3y +3z) + cos(3y +z - 2x)]}

- 2i{y #sin(y+2) - y 4 [ sin(2x +y + 32) + sin(3z — y) + sin(2x + 3y + 2) + sin(3y - 2) + sin(y + 3z - 2%)
L4 .

+sin(3y +32) +sin(3y +z - 2%)]} ,
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H,,=2{y$cos(y —z)+2y,cos2x cos(y +2) +v $[ cos(z — 3y — 2x) + cos(3y +2) + cos(3z — 3y) + cos(2x — y + 32)

+¢08(2x — 3y +2) + cos(3z — 2x — y) + cos(3z +y)] }

+2i{y ¢sin(y - 2) +7 [ sin(z ~ 2x - 3y) — sin(3y + 2) +sin(3z - 3y) + sin(2x + 3z — y) + sin(2x - 3y +2)

+8in(3z - 2x — y) +sin(3z+9)]} ,

H, =2{y$cos(x - z)+ 2y,c082y cos(x+2)+y £[ cos(z - 3x ~ 2y) + cos(3x +2) + cos(3z — x — 2y) + cos(x + 32)

+cos(2y+z —3%)+ cos(3z — 3x)+cos(2y +3z - x)]}

+2i {y?sin(x - 2) +¥ %[ sin(z - 3x - 29) - sin(3x +2) +sin(3z - x — 2y) + sin(x + 3z) + sin(2y + z - 3x)

+sin(3z - 3x) +sin(2y + 3z - x)]} ,

Hy,=2{y{cos(x -~ y)+2y,co82z cos(x +y)+y$ [cos(3x+y)+cos(y - 3x— 22)+ cos(x +3y) + cos(3y — x — 22)

+c08(3y — x +22) + cos(2z - 3x +¥) + cos(3y - 3x)]}

+2 {y9sin(x -y)+y4[sin(y - 3x - 22) - sin(3x +9) +sin(x+3y) +sin(3y - x — 22) + sin(3y — x + 22)

+8in(2z - 3x +y) +sin(3y - 3x)] }

We note that, except for the additional terms in-
volving v § and y §, the above results appear in the
appendix of Ref. 15. There the indices 2 and 3 are
interchanged. It turns out that these additional
terms do not affect the relations between the band
energies and the Block matrix elements along the
[100] and [111] directions. These relations (in
the twofold degenerate case) for the A axis are

Ay=H,, ~H,, B8, ,=H+H +2 I~H12| s
and for the A axis are
Ay=Hyp—Hy,
A =3{Hyy + Hypp+ 2Hy 2 [ (H,y, — Hyp - 2H,)?
+12[H,, |?]* 2} .

The explicit expressions for the energies for these
two axes are

A,=D+2D,+2D, - 2y; - 6v;
+4(D, + Dy + v, + 2v3) cos2x , (A1)
Ay =D +2D, + 2Dy + 2y§ + 6v3
+4(D,+ D, +7v,+ 2y3) cos2x
+{[(27§ + 4y, + 673) cosx + 8y cos3x]?
+[(2v8 —272) sinx — 8y$ sin3x]%}Y/2  (A2)
Ay=D+4D,+2D, — 2y _ 2y, — 6y3
+(2D, +4D, - 2y, - 8y3) cosdx , (A3)
A,,1=D+2D,+4Dy+2y5 + 27, + 6735
+ (4D, + 2D, + 2y, + 873) cosdx
+{4[D, =D, +7} +7,+37S
~(D, =Dy -7, +4v%) cosdx]?
+12[(v§ + 27, +473) cos2x + 3y§ cosbx]?
+12[(y? -4y?) sin2x - 3y% sinbx]2}/2.  (A4)

APPENDIX B

Here we show that there is no dispersion of the
BOM bands along the Z axis even with the whole
set of parameters in Sec. II included. We start
with the H matrix at the symmetry point X in
terms of the four Bloch bases |X1) s |X2) s |X3) R

and |X4):
i is is -7
-is h -v -is
Hy= -is —-v h -is |’ (B1)
-¥ is is h
where
h=D -2D, -2D,,
=2y +4y,+2v;
and

s=-2vf —6v5.

Let us define a unitary transformation which
transforms the set { |Xa) ,a=1,4} into a new set:

|z1y = |x1) ,
| Zz2)= cosy |x2) -siny |x4),
|z3) = |x3),

and

IZ4) = siny |X2) +cosy IX4) .

This transformation changes the matrix Hy into
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/3 7 siny +1is cosy -7 cosy +is siny
7 siny —is cosy h -7 cosy —1is siny —-is
A, = —-is -7 cosy +1§ siny —r cosy —issiny |’ (B2)
7 coSy —is siny is —7 cosy +is siny h

This matrix can be shown to be identical to the
Hamiltonian matrix at k= (1, k,,0)(21/a) along Z
with &, related to y by y=%k,a. Thus, the eigen-
values of H, are identical to those of Hy and there
is no dispersion, i.e., E(E) is a constant, along
the Z axis.

The above argument can be extended to include
the antibonding orbitals. In that case, the H,
and H, are 8 X 8 matrices having the form:

H, Hgy
Hyc Hy

where H,, H;y, and H, are 4 X 4 matrices having
similar forms to (B1) and (B2). Thus, Hy and H,
can be transformed into each other by a similar
unitary transform. Once again, there is no dxs—
persion along the Z axis.
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