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ELECTRONIC STRUCTURE AND MAGNETIC INTERACTIONS
IN DILUTED MAGNETIC SEMICONDUCTORS

H. Ehrenreich, K.C. Hass,* N.F. Johnson, B.E. Larson, and R.J Lempert

Division of Applied Sciences and Department of Physics
Harvard University, Cambridge, Massachusetts 02138
USA

*Also at: Dept. of Physics, MIT, Cambridge, MA 02139

We summarize recent calculations of the electronic structure and exchange
interactions in Cd;_,Mn_ Te and related alloys.

Mn-substituted II-VI diluted magnetic semiconductors (DMS) (e.g. Cd;_,Mn,Te}
exhibit a variety of interesting phenomena‘) of potential technological significance.
This paper summarizes recent theoretical progressz“‘) made in understanding the elec-
tronic structure and magnetic interactions in these materials. The problem is compli-
cated by the facts that DMS:Y) (1) are random alloys exhibiting both compositional
and structural disorder, (2) contain local moments due to narrow, strongly correlated
Mn d bands, (3) are magnetically disordered due to the formation of a low temperature
spin glass phase, and (4) have experimentally inaccessible z =1 tetrahedral limiting
crystals. The work described here overcomes these difficulties by combining a number
of techniques developed previously for other transition metal and semiconductor alloys.

Figure 1 presents an overview of the emerging theoretical picture. We begin our
discussion near the bottom to emphasize the chronological development of the subject.
Most early theoretical studies!) of DMS were based on the phenomenological Hamiltoni-
ans Hy and Hg. The former is 2 spin 5/2 Heisenberg Hamiltonian which has been
used extensively to examine the magnetic properties and phase diagrams of DMS. The
Mn-Mn exchange constants J®~? have been determined empiricallyl's) for most II-VI
DMS and are known to be antiferromagnetic (AF) and of the order of ~10 K for
nearest neighbors (assuming a total interaction between two spins of ——2J""‘TS’,~~3',~).
The Kondo-like Hamiltonian Hy describes Mn d-—sp band exchange. This has been
combined!) with a % P-virtual crystal approximation (VCA) treatment of the sp
bands to describe the unique magneto-optical and magneto-transport properties of
DMS. Typical values®?) for the =0 conduction and valence band edge exchange
constants ate N, = J? 9~ 02eV and N,8 = JP %=~ —1.0 eV, respectively.

Our work has focused on the development of a detailed electronic structure
model designed to provide a more fundamental understanding of DMS. The starung
point, in principle, is the many body Hamiltonian shown at the top of Fig. 1. For most
purposes it is sufficient, and simpler, t~ consider an effective one electron Hamiltoniai
obtained in one of two ways. The left hand approach in Fig. 1 treats correlation effects
in the linearized Hubbard approximation (LHA). This assumes that a Mn d electron of
spin o in orbital & has the energy ¢; + Uy <n,_,> where <n,_,> is one if
the opposite spin state is occupied and zero if it is unoccupied. We use this approach
in the alloy calculations below because it is applicable to disordered as well as ordered




—— @ wem—— ———

——

S g -

1752 H. Ehrenreich et al.

systems. By contrast, the right hand approach in Fig. 1, the local spin density approxi-
mation®) (LSDA), is easily implemented only in ordered systems. The LSDA forms the
basis of most ab initie spin-polarized band calculations® and is thus useful for obtain-
ing information on the hypothetical z=1 tetrahedral compounds.z""g)

The schematic one electron Hamiltonian in Fig. 1 contains three terms. The
first, H,,, describes itinerant semiconducting sp bands and is similar to that which
would occur in isoelectronic II-V1 alloys.'®) H, describes localized, half-filled Mn d
shells which are spin-polarized on a given site. The sp—d hybridization H,,_; de-
localizes the d states and broadens them into bands. H,,_, is small compared to Ueg
but has noticeable eflects on the electronic structure and is the dominant source of
magnetic interactions.Z41!)

We perform realistic
electronic structure calcula-
tions for Cd,_,Mn,Te using
an empirical tight binding
model (right side of Fig. 1).
The basis consists of s2, p?,
d'® orbitals for each cation

ELECTRONIC THEORY OF Mn-BASED DMS

Mony Body Homiltonion

2 6 oo le Linearized Hubbard Approximgtion LSDA
and s“ p° orbitals for Te. (disordered) {ordered)
The Mn d electrons are <
treated in the LHA. Occu-

Effective One Electron Homiltonian

ted d states are umed t
P ass © H=Hep+ Mg + Hepog

bave either spin up (1) or
spin down (]) at random. L

The alloy is thus modeled P I Electronic Tight-Binding
as  the  pseudo-ternary (VCA) Structure (CPA or VR

Cdx_z(Mn T):/z(Mnl)’/zTe.
The Mnt and Mn} concen-
trations are assumed equal to
ensure zero net magnetiza- Mn - sp Bond Exchonge Mn-Mn Exchange
tion. Compositional and mag- He:-S %98 .5 [ » Superexchange

X T i
netic disorder in the alloy are + Bloembergen-Rowiond
treated in the coherent poten- -1 Hu=-3 908§,
tial approximation (CPA). Moditied &-p ' :
Parameters are obtained |
(assuming nearest neighbor l
hopping only} by fitting to (Moareto] Opneal and Magnetic Properlies
the known CdTe band struc- Transport Properties and Phases
ture and the results of
LSDA-augmented spherical
wave calculations?) for Fig. 1 - Schematic overview of theoretical
hypothetical AF zincblende developments summarized in the text.

MnTe. The values of ¢,
and U,y derived from the latter are adjusted to correct for errors in LSDA quasiparti-
cle energies.")
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Figure 2 shows the CPA total and projected d (shaded) densities of states for
z=0,0.3,06 The zero of energy is fixed at the CdTe valence band maximum. The
occupied Mn d states have been shifted down by ~ 1 eV from the LSDA results to
place them near -3.4 eV, in agreement with photoemission experiments 213} The loca-
tion of the unoccupied d states has yet to be determined definitively (e.g., by inverse
photoemission). Here we have shifted them up by ~ 2 eV from the LSDA resuits. This
places them at about 4.5 eV above the region of the upper valence band at L, a loca-

tion which provides a possible explanation ior the anomalous structure seen in optical
data at this energy.“)

T 1 L} L4 L 4

The occupied d states are CdTe

split into two peaks due to sp-—d
hybridization. The lower ¢y, states B i
hybridize more strongly in the : ﬂ
tetrahedral environment and are ) L

- 0 4 b = T

shifted to lower energy due to a

repulsion from the Te p-like upper Cdg.7Mng 3 Te
valence bands. The corresponding d
admixture in the wupper valence
region is responsible for the spectral
change near -1 eV in Fig. 2 (which
has been observed in photoemission
experimentsw)) and the slight shift
of the valence band maximum. The
cation s-like conduction band
minimum is unaffected by sp-d
hybridization by symmetry. The
energy of this state increases from

o

- D0S (states /eV.cell- spin)
(8,
i
i

16eVat z=01t02.6 eV at z=0.6 ENERGY (eV).
due to the difference between Cd and Fig. 2 - Calculated CPA total and pro-
Mn atomic s levels.!0) jected d (shaded) densities of states.

The connections in Fig. 1 between the electronic structure and the Mn-sp band
and Mn-Mn exchange interactions have been extensively discussed elsewhere.24) The
qualitative difference between N,a and N,8 results from the differing effects of sp—d
hybridization on the conduction and valence band edges.a'“) The Mn-Mn exchange has
been calculated quantitatively and shown to result primarily from hybridization-
induced AF superexchange.2'4) This accounts for about 95% of J*~? at near neighbor
distances with the Bloembergen-Rowland mechanism (resulting from Hjy) accounting
for most of the remaining 5%.

We have recently developed a physically transparent model 4) of both N,8 and
J4¢ in Mn-based 1I-VI DMS using only four parameters: €5, U,p, the location of the
[ valence band edge E, and a hybridization parameter V,¢- The analytic expressions

Noﬂ = _2Vp2d{(€d + Ueﬂ - Eu)-l + (Ev—fd)-l} (l)
| JUR) = =2V)lles + Uy —E) UG + (¢4 + Uy — ENI(R)  (2)
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result from a Schrieffer-Wolff transformation®!!) and an approximation to the formal

results in Ref. 2, respectively. R here is the Mn-Mn separation and f(R) is a univer-
sal function for II-V] DMS (x0.2exp(—4.89 R?/a®) where a is the cubic lattice con-
stant). An application of these formulae to Cd,_,Mn,Te, Cd,_,Mn,Se and
Cd;_,Mn,S is given in Table 1; the entries correspond to z =~ 0.1 but are not very
sensitive to z. The E, — ¢, values are taken from photoemission experiments.}%13)
The value U,p =7.0 eV for Cd,_,Mn,Te is chosen from Fig. 2; the slight increase in
Uyg down the column is estimated from simple electrostatic arguments?) based on
increasing Mn — anion charge transfer. V,, is obtained from Eo. (2) and the experi-
ment N, values®”) in the table. We attribute the increase in V,¢ from telluride to
sulfide to the decrease in Mn-anion bond length. Eq. (2) is seen to predict nearest
neighbor (nn) J?~¢ values in Cd,_,Mn,Te and Cd;_,Mn_Se in excellent agreement
with experimenhs) In view of the extremely large J?¢ value predicted for the sulfide,
further experimental studies on this material would clearly be of interest.

Table 1 — Anion dependence of electronic structure parameters (defined in text) and
exchange constants in Cd-based DMS.

E,—¢, Uy Vi NoB J% (theory)  J5¢ (expt.)
CdyogMng Te 34eV 70eV 088eV  —088eV -8.0K —63 K
Cdgg Mng,Se 34 7.6 1.01 —-1.11 —9.0 1.9
CdygMny ;S 3.4 7.9 1.60 —2.7 —46 -

This work was supported by the Joint Services Electronics Program (No. N00014-84-K-
0465), and the Defense Advanced Research Projects Agency (through ONR Contract N00014-
86-K-003). -
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ELECTRONIC THEORY OF Mn - ALLOYED
DILUTED MAGNETIC SEMICONDUCTORS

H. EHRENREICH, K.C. HASS‘, B.E. LARSON AND N.F. JOHNSON
Harvard Ungiversity, Division of Applied Sciences and Department of Physies,
Cambridge, Massachusetts 02138

* Also at MIT, Dept. of Physics, Cambridge, MA 02139

ABSTRACT

Recent calculations of the electronic structure and magnetic interactions in Mn -
alloyed II-VI diluted magnetic semiconductors (DMS) are summarized. Detailed band
structure results are obtained using an empirical tight-binding, coherent potential
approximation approach with input from experiment and local spin density band cal-
culations. The dominant magnetic interactions in these systems result from hybridi-
zation between spin-split Mn d states and sp valence bands. Superexchange between
Mn moments is well described by a simple three-level model which yields accurate Mn
- Mn exchange constants for a variety of II-VI DMS as well as the rocksalt insulators
MnO and a-MnS.

INTRODUCTION

This paper summarizes recent theoretical contributions to the electronic struc-
ture and magnetic interactions in Mn - alloyed II-VI diluted magnetic semiconductors
(DMS) (e.g. Cd,_,Mn_Te). These materials have generated considerable fundamental
and technological interest because of their unusual magnetic properties (e.g. non-
metallic spin glass phase) and because of ‘their novel interplay between semiconductor
physics and magnetism (e.g. enhanced band edge Zeeman siiittings) [1]. The detailed
microscopic picture reviewed here, which is in good agreement with experiment, is
based on a variety of theoretical techniques developed previously for isoelectronic sem-
iconducting alloys and transition metal oxides. Important issues resolved by this
work include the effects of Mn d electrons on the electronic structure and the origin of
Mn - sp band and Mn - Mn exchange interactions.

A brief overview of the developments discussed here and their relationship to
previous theoretical models for DMS is presented in Fig. 1. The upper two-thirds of
this figure, which will be described in detail, begins with the construction of a detailed
electronic structure model based on a realistic microscopic Hamiltonian. Calculations
of magnetic interactions within this framework provide fundamental support for the
phenomenological spin Hamiltonians H, and H, used extensively in early theoretical
studies of DMS [1]. A modified k'p approach, which combines the Kondo-like interac-
tion H, with a simple k-p virtual crystal approximation (VCA) treatment of sp band
edge states, accounts well for the unique magneto-optical and magneto-transport pro-
perties of these materials [2]. The spin 5/2 Heisenberg Hamiltonian H,, similarly pro-
vides an excellent description of the magnetic properties and phase diagrams of DMS

13].

ELECTRONIC STRUCTURE

The description of the electronic structure of II,_ Mn VT alloys, in principle, is a
complicated manyv body problem. Local magnetic moments in these systems result
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Many Body Hamiltonian

Linearized Hubbard Approximation LSDA
{disordered) {ordered)

Effective One Electron Hamiitonian
H=Hen + Hd + H

sp
k-p Electronic Tight-Binding
(VCA) Structure (CPA or VCA)

/

Mn - sp Band Exchonge Mn-Mn Exchonge
Hg = -‘,)5 Jsp-d ‘S°; - * Superexchange

« Blioembergen-Rowland

HHz'g Jd-d §i-§j

. -

sp-d

Modified k-p

{Magneto-) Opticol and Magnetic Properties
Transport Properties and Phases

Fig. 1 — Schematic overview of the theoretical developments
discussed in the text.

from strong exchange-correlation interactions among the Mn d electrons which
strongly favor a spin-polarized d° configuration on each Mn site (Hund's rule). We
treat these effects by considering the two commonly used approximations shown in the
second line of Fig. 1. The linearized Hubbard approximation. on the left, assumes
that a Mn d electron of spin ¢ in orbital a has the energy ¢, + U,,, <n,_,> where
<n, _,> is one if the opposite spin state is occupied and zero if it is unoccupied [4].
This approximation is particularly useful for the alloy tight-binding calculations
described below hecause it is applicable to disordered as well as ordered systems. The
second approach, the local spin density approximation (LSDA) [5]. involves no
adjustable parameters but is easily implemented only in ordered svstems. A4b mitio
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spin-polarized band calculations based on the LSDA have successfully described the
properties of a large number of magnetic compounds |6]. Such calsulztions are impor-
tant in the present context for providing band structure information for hypothetical
or metastable ordered configurations, particularly tetrahedral MnVI crystals [7-10].

Each of these approximations leads to an eflective one electron Hamiltonian
which is written schematically in Fig. 1 as the sum of three terms. The first term,
Hsr. describes itinerant semiconducting sp bands. The similar behavior of these bands
in I, __Mn VI DMS and in isoelectronic 1I-V1 alloys explains the similar semiconduct-
ing properties of these materials in the absence of a magnetic field. The second term,
H,. describes the local aspects of Mn d states. including the spin splitting L!"H at each
site. The final term. H,p_d‘ describes the hybridization between the two sets of elec-
trons. This eflect will be seen to be small compared to l."cH. but to represent the dom-
inant source of magnetic interactions in these materials,

Ve have constructed a realistic electronic structure model based on this Hamil-
tonian by combining an empirical tight-binding (ETB) [11] description of the various
terms with a coherent potential approximation (CPA) |12] treatment of disorder
effects {fourth line of Fig. 1). The basis consists of two s, six p and ten d orbitals per
cation. and two s and six p orbitals per anion. We first discuss the unperturbed sp
band structure which results from H.,p acting alone. The effects of Mn d electrons will
then be examined using information obtained from LSDA calculations and experimen-
tal data.

sp Bands

The first detailed calculations of the sp band structure of a DMS were performed
by Hass and Ehrenreich for Hg,_ Mn_Te [13]. This work was based on the ETB-CPA
formalism developed previously for Hg,_ Cd Te, which provides a sophisticated means
of interpolating between tight-binding parametrizations for the limiting crystals {14].
For HgTe and CdTe in [14], the diagonal tight-binding parameters, whi~h play the
most important role, were fit to atomic levels {15], as suggested by Harrison [11}. Off-
diagonal parameters {up to second neighbors) and a uniform shift of the diagonal
parameters relative to the sp bands were chosen to provide the best overall fit to the
known HgTe and CdTe band structures. The exteision to Hg, Mn Te was accom-
plished by considering a hypothetical zincblende (zb) z=1 limiting crystal. Diagonal s
and p tight binding parameters for Mn were again chosen from atomic levels on the
same absolute energy scale. Off-diagonal parameters for zb-MnTe were assumed to be
the same as those of CdTe. This approximation is reasonable in view of the small
difference in bond lengths between the two crystals (~ 2 %) and the fact that off-
diagonal parameters in zincblende compounds are relatively insensitive to the chemical
nature of the constitutents [11].

Figure 2 shows the resulting placement of the sp ETB bands for HgTe, CdTe
and zb-MnTe relative to the diagonal sp tight-binding parameters assumed in the cal-
culations. (The lower energy Te 5s level and associated split-off valence band
included in the calculations are not shown here.) The zero of energy corresponds to
the valence band maxima which are assumed to be the same in the three crystals
because of the large Te 5p component of the Fs states. The increase in band gap from
HgTe to CdTe results from the much higher cation s level in CdTe, which contributes
significantly to the conduction band edge I'y state. The still higher s level in Mn

results in an even larger gap in zb-MnTe. The predicted gap value here of 3.2 eVisin

good agreement with the extrapolated value obtained from low temperature measure-
ment< on I, Mn Te alloys {16]. The rise of the cation s levels also accounts for the

«Jight  decrease in the width of the upper wvalence region in the series
HiTe——CdTe—N{nTe.
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Fig. 2. — Limits of sp upper valence and lower conduction bands (darker
and lighter boxes, respectively) for HgTe, CdTe and hypothetical zinc-
blende (zb) MnTe relative to atomically-derived sp diagonsl tight-
binding parameters. Details of alignment are discussed in text. The Mn
d levels are assumed to be spin split by an amount U, at each site
with the occupied states having a spin 0. The resulting regions of large
d state densities in zb-MnTe are shown as eross-hatched regions labeled
d "bands."

For many purposes, the behavior of the sp bands at intermediate alloy composi-
tions can be reasonably described by a simple VCA averaging scheme. The VCA
predicts a nearly linear z dependence of the band features shown in Fig. 2. The addi-
tional effects of compositional disorder, included in the CPA, result primarily from the
differences between cation s levels in the alloy constitutents. The 1.4 eV diflerence
between Hg and Cd s levels, for example, is known to affect the bowing of band gaps
and electron mobilities in Hg,_ Cd, Te, and to give rise to a nearly split valence band
density of states near -5 eV [14]. Qualitatively similar behavior is predicted for the
sp bands of Hg, ,Mn Te and Cd,_ Mn Te with the most pronounced disorder effects
occuring in the former system where the Hg and Mn s levels differ by ~ 3 eV. A
consequence of this enhanced disorder is that, for a given band gap, the limiting elec-
tron mobility due to alloy scattering in Hg,_ Mn_Te is estimated to be about a factor
of three smaller than in Hg,_ Cd Te, despite the smaller z value required to produce
that gap {13].

Effects of Mn d Lervels

The Hubbard-like treatment of Mn d levels described above is illustrated on the
richt Land side of Fig. 2. A <imple perturbative analvsis by Hass and Ehrenreich [13]
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demonstrated that the principal effect of sp—d hybridization is to broaden the spin-
split d states into bands. denoted by cross-hatching in Fig. 2. The label o (-0) on the
occupied (unoccupied) d band indicates that the associated extended wavefunction for
a state of given spin has large amplitude only on those Mn sites whose net spin is in
the same (opposite) direction. This basic picture holds regardless of whether the Mn
spins are ordered antiferromagnetically, as would be expected for zb-MnTe at low
temperatures, or are randomly oriented, as would occur at either higher temperatures
or in the spin glass phase of II, __Mn V1 alloys.

We obtain ETB parameters describing the location of Mn d levels and the mag-
nitude of sp—d hybridization by fitting to the results of augmented spherical wave
(ASW) - LSDA calculations for antiferromagnetic (AF) zb-MnTe [7.9]. The resulting
hybridization parameters are in good agreement with previous estimates [13] obtained
from Harrison's "universal” tight-binding scheme [11]. The location of Mn d levels
relative to the sp bands is less reliable, however, since the LSDA is well known to
undereetlmate quasiparticle excitation energies {17]. Both the ASW results of {7} and
{9! and more recent linearized augmented plane wave calculations |10} for AF zb-MnTe
place the occupied d states degenerate with the sp valence band near -2 e\ and the
unoccupied d states in the sp band gap. In our final ETB parametrization shown in
Iig. 2 the 3d_ level has been shifted to -3.4 eV to agree with the (z independent) loca-
tion observed in photoemission experiments on Cd,_ Mn_Te [18]. The 3d_, level has
been similarly shifted to 3.6 eV to place it about 4.5 eV above the region of the L
point of the upper valence band. This placement is consistent with the anomalous
structure seen ‘n ellipsometry [19] and reflectivity [20] data for Cd,_ Mn_Te at 4.5 e\
The magnitudes and signs of the above d level adjustments are consistent with the
expected corrections to LSDA eigenvalues {3,17].

The inclusion of d states on the same footing 25 sp bands in the ETB-CPA
requires the consideration of magnetic as well as compositional disorder [21,22]. We
model this effect for II,_,Mn_VI alloys by assuming that the occupied d states hawve
either spin up (1) or spin down (}) at random. The alloy is thus treated as the
pseudo-ternary system II,_ (Mnt), ,(Mnl), yVI. The constraint y=0.5 is imposed in
the ground state calculanons descnbed beiow to ensure zero net magnetization. Vari-
ations in the value of y may also be considered to simulate the behavior in an external
magnetic field.

Figure 3 shows the calculated CPA total and projected d (shaded) densities of
states for Cd,_ (Mnt) (Mnl), ,Te with z = 0.0, 0.3 and 0.6. The similar shape of the
=0.3 and x=0 6 resu{ts mdncates that the d contribution to the density of states is
determined primarily by the local environmeat of the Mn and is not strongly affected
by the presence of magnetic disorder. Compositional disorder resulting from the
difference betweeu Cd and Mn s levels, on the other hand, does produce a slight
change in the sp contribution to the density of states in the lower valence region
shown in the figure. States contributing to the -4.5 ¢\ peak in CdTe are composed
primarily of Cd . and Te p orbitals. Upon alloying with Mn, this peak shifts to higher
energy and decreases in magnitude while new structure appears in the alloy sp bands
near -3.9 eV which is superimposed in Fig. 3 on the much larger Mn d contribution at
this energy.

The splitting of the occupied Mn d peak in Fig. 3 is a consequence of sp—d
hybridization. The lower energy states, which have t,, symmetry, hybridize more
strongly in the tetrahedral environment than those of e, symmetry and are repelled
by the Te p - like upper valence region. The interaction in turn produces an appreci-
able d admixture throughout the upper valence region, including the valence band-
maximum. The resulting change in the structure of the density of states near -1 eV
has been observed Jirectly in photoemission experiments [18]. The small shift of the
valence bond maximum is overstimated in the CPA by the neglect of short ranged AF
correlations. I contrast to the valence band behavior, the conduction bands in Fig. 3
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are relatively unaffected by

sp—d hybridization except ' ' v ! T
for a slight broadening of CdTe

the unoccupied d peak.

The d admixture in the - |

conduction band minimum,
in fact, is strictly zero by
symmetry,

Much more detailed
band structure information
can be obtained from an
analvsis of & dependent
properties in the ETB-
CPA. Such calculations
for Cd,_ Mn Te indicate
that  magnetic  disorder
causes an  appreciable
damping of states
throughout the region of

the upper valence peak in 5

Fig. 3. The damping

shows up in the calcula-

tions as a broadening of k J
dependent spectral densi- 0 7y

ties which in the absence of o 4
disorder would reduce to ENERGY (eV)

series of & - functions at
the band energies. The cal-
culated broadening and

7.DOS (states /eV.cell- spin)

Fig. 3. — Calculated CPA total and pro-
peak location of the upper _jected (shaded) densities qf states for
valence band spectral den- Cd,_,(MnT),/Q(;\inl)‘/,.,Te with 7 = 0.0,
sity at L is qualitatively 0.3 and 0.6.

consistent with the

anomalous behavior of the

E, optical transition

observed in recent ellipsometry experiments {19]. A more detailed analysis of spectral
densities will be particularly important if more extensive angle-resolved photoemission
data becomes available.

MAGNETIC INTERACTIONS

The preceding elec.ronic structure model is now used to to examine the principal
magnetic interactions in I[,_ ,Mn VI DMS along the lines indicated in Fig. 1.

Mn — sp Band Ezchange

The Kondo-like interaction H, between Mn local moments and the spins of band
edge electrons and holes is the larger of the two exchange interactions considered here.
The relevant exchange constants for most II,_ Mn VI DMS have been determined

from experiment and found to be Moo= J; _,~ 0.2 eV’ for the conduction band edge

and Nod = J,,_,~ -1.0 eV for the valence band edge [23]. The qualitative difference

hetween these values can be understood in terms of the different effects of sp—d
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hybridization on the two band edges {8.9,24]. For the conduction band edge, where no
d admixture is allowed by symmetry, Ny is a purely potential exchange interaction;
this is a relatively weak effect in these systems, and always ferromagnetic. By con-
trast, the appreciable d admixture in the valence band edge gives rise, through the
Schrieffer-Wolff transformation {25}, to the much larger, antiferromagnetic exchange
constant NpfB. Substitution of the above ETB parameters for Cd,_ Mn Te 'm the
appropriate Schriefler-Wolff expression yields an estimate of N8 witin 20 % of
experiment. Accurate values of both Ny and Nofin II,__Mn VI DMS ha'.e also been
extracted from ab tnitto LSDA calculations of band edge spin splittings in hypotheti-
cal ferromagnetic compounds (z = 1.0 and 0.5) [8-10].

Mn — Mn Ezchange

The weaker Mn - Mn exchange interaction H,, is known to be short-ranged and
antiferromagnetic in II _,Mn VI alloys [3]. Experimentally derived nearest neighbor

exchange constants J are typically of the order of -10 K (-9 x 107" eV). assuming a

total interaction bet,ween two spins of -2.J° (R )S;-S; [26]. The hierarchy of Mn - Mn
exchange mechanisms has recently been exammed quantltatlvel\ by Larson, et. al
starting from a simplified version (VCA sp bands, single sp—d band hopping parame-
ter) of the effective one electron Hamiltonian discussed above {7,9]. The total Mn -
Mn interaction in this work is calculated as a fourth order perturbation in H, with
the contributions of various mechanisms classified by intermediate states. Processes
which involve the creation of two holes in the sp valence band are associated with
superexchange [27]. Processes which involve the creation of one electron and one hole
are associated with the Bloembergen-Rowland mechanism [28] (RKKY in metals).
Two-electron processes are also considered. The approach is superior to that of previ-
ous calculations of J* (RJ) in DMS which considered only a second order perturbative
treatment of H [29]. The retention of only spin degrees of freedom in H, neglects
many, of the eﬁects of sp—d hybridization which play an important role in determm—
ing J* (R,J).

Numerical calculations based on the above approach indicate that AF superex-

change accounts for about 95 % of J:: in wide gap Cd and Zn DMS and remains dom-
inant out to about fourth nearest neighbors {7,9]. The Bloembergen-Rowland mechan-
ism makes an increasingly important contribution in narrower gap Hg systems (partic-
ularly for more distant neighbors) but is unlikely to ever become dominant. Exchange
processes involving holes are more effective than those involving electrons because of
the larger density of states and the larger degree of Mn d - sp band hybridization in

the sp valence band. The net J values calculated by Larson, et al for
Cd,_Mn_Te are -12 K in [7] and -8 K in [9] using a more refined set of parameters.

The excellent agr~ement with experiment (-6.3 K [26]) is a clear indication of the vali-
dity of the resulti:; physical picture and the underlying electronic structure model.

Three—Level Model of Superexchange

We have recently developed a more physically transparent model of superex-
change in Mn-based systems which involves only the essential features of the elec-
tronic structure {9]. The model contains four parameters: the occupied d level energy
€,. the unoccupied ¢ level energy ¢, + Le/f‘ the energy of the valence band maximum
L .and a Mn d - anion p hy bndxzatlon parameter l . The analytic expression
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JHR) = =2V [(eg+ U, —E, YU L + (e +U,,~E)™) J(R) (1)

can be written down immediately in analogy with the full fourth order perturbation
theory of (7). The remarkable feature of this formula is that the function f(R), which
describes the dependence on the Mn - Mn separation R, is largely independent of the
details of the electronic structure within a closely related class of materials.

For II,_,Mn_VI DMS, with cubic lattice constant a, f(R) is well approximated
out to about fourth nearest neighbors by the Gaussian decay 0.2 exp (-4.88 R*/a?) [7).
Trends in exchange constants upon variations in the group Il or group VI element can
thus be understood directly in terms of the corresponding trends in electronic struc-

ture parameters. By further supplementing this model with the Schrieffer-Wolff
expression

N = =2V, lleg+ Uy =E,) " + (E,~¢,)"' @)

one can obtain a consistent description of both Mn - sp band and Mn -Mn exchange in
these materials.

The utility of these expressions is first illustrated by considering those wide gap

I, _,Mn_VI DMS for which reliable experimental values of J:: have been reported [26].
The composition z=0.1 is chosen for clarity although none of the parameters or
results depend strongly on 2. The electronic structure parameters used in the model
are given in the left-hand columns in Table I. The E - ¢, values for the two Cd
alloys are taken from photoemission experiments [18]. The value U, = 7.0 eV in
Cd,_,Mn_Te is chosen from Fig. 2 and the increase in U, in éd,_,Mn,Se is
estimated from the smaller dielectric constant in this system. Both E - ¢, and U,
are assumed to be the same in the corresponding Zn alloys since these quantities are
relatively insensitive to the cation species. The values of V , are determined from Eq.
(2) and the experimental N3 values in the table [23].

Table I — Electronic structure parameters used as input in three-level model
and associated experimental {exp.) and theoretical (th.) exchange constants for a
variety of Mn-based DMS and rocksalt insulators.

E,~¢q4 Uy Voa  NoBlexp) Ji (th)  Jia (exp.)
CdogMng ; Te 34eV 7.0eV 0.88eV  —0.88eV -8.0K ~6.3 K
Cdg gMng ;Se 3.4 7.6 1.01 -1.11 —-9.0 ~7.9
ZngMng  Te 3.4 7.0 0.99 ~1.12 —-13.0 —8.8
Zng oMng Se 34 7.6 1.06 -1.22 -11.0 -13
a-MnS 0.5 8.0 1.08 - ~1.7 —1.4
MnO -2.5 9.0 1.84 ~ -5.0 -2
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The resulting theoretical values of J:: obtained from Eq. (1) are compared to the
corresponding experimental values [26] in the right-hand columns of the table. The
simple model not only yields absolute values of the exchange constants within 50 G of
experiment for each DMS considered, but it also accounts for the observed trends

towards larger J:: in Cd,_,Mn_Se compared to Cd,__Mn, Te and when Cd is replaced
by Zn. Both of these trends result from an increase in V which we attribute to a
decrease in the Mn - anion bond length. The failure of the theory to account for the

experimentally observed increase in J:: in Zn,_ Mn_Se compared to Zn,__Mn_Te may
be an artifact of our assumed constancy of £, - ¢, and UW in Cd and Zn alloys.

The three-level model of superexchange outlined here is expected to have more
general applicability to a variety of Mn - based non-metals. The function f(R) will
difler somewhat depending on the symmetry and sp bandwidths in a given class of
materials but within each class f(R) is expected to remain largely independent of the
actual atomic constituents [9]. We illustrate this point by considering the Mn - based
rocksalt insulators MnO and o-MnS. By coincidence, the appropriate f(R) for Mn
nearest neighbors in these materials (~ 0.017) turns out to be the same as in
I,_,Mn_VI DMS, despite the difference in symmetry and smaller sp bandwidths in the
rocksalt systems [9]. The values of E,—¢,, U,, and V , for MnO and a-MnS given in
Table I were obtained in (9] from a variety of theoretical ingredients including LSDA
calculations [30] and tight-binding "scaling laws” [11]. The resulting theoretical values

of J:: are again in reasonable agreement with experiment {31}. More importantly, the

increase in J:: from a-MnS to MnO is well accounted for in the model and related

directly through Eq. (1) to changes in the corresponding electronic structure parame-
ters.
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A detailed description is presented of the recently developed molecular coherent-potential approxi-
mation {(MCPA)} theory of the electronic structure of zinc-blende pseudobinary alloys [K. C. Hass,
R. J. Lempert, and H. Ehrenreich, Phys. Rev. Lett. 52, 77 (1984)). This approach is superior to pre-
vious CPA treatments because of its ability to treat the dominant effects of both random chemical
and random bond-length variations. The two effects are modeled as diagonal and off-diagonal disor-
der, respectively, in an empirical tight-binding framework. A straightforward application of the
MCPA is made possible by the presence of one chemically ordered sublattice. General consequences
of this approach are illustrated through detailed applications t0 In, .. Ga;As and ZnSe,Te;_,. The
interference between chemically and structurally induced scattering in different energy regions is ana-
lyzed by comparing MCPA, site CPA, and virtual-crystal spectral densities and band-edge proper-
ties. Differences between the two materials are used to contrast the behavior in cation-substituted
I11-V and anion-substituted 1I-V] alloys. The merits of the MCPA are discussed in relation to some

alternative alloy theories (bond-centered CPA, supercell, and recursion method).

1. INTRODUCTION

Isoclectronic semiconducting alloys have become in-
creasingly important technologicaily because of their
tailorable band gaps and other materials properties.! In
recent years considerable effort has been devoted to exam-
ining the role that disorder plays in determining their
electronic structure.’ This issue is of practical as well as
intrinsic interest since the presence of disorder may im-
pose fundamental limits on device perforrnance. While
some progress has been made in understanding disorder
effects in certain specific alloy semiconductors,** no fully
satisfactory theory has yet emerged which is capable of
providing quantitatively accurate results for a variety of
materials over a wide energy range.

This paper focuses on an important restricted class of
semiconducting alloys known as zinc-blende pseudobinary
alloys. These materials are of the form A7_, 4.)'B where
the 4'B and A"B limiting crystals are ordinary III-V or
I1-Vl compound semiconductors having the zinc-blende
structure. (The 4’ and 4" atoms may be either cations,
as in Hg,_,Cd,Te, or anions, as in GaAs,_,P,.) Alloy
disorder in these systems is conveniently divided into a
chemical and a structural component. The former is asso-
ciated with the different atomic potentials of the 4’ and
A" atoms, which we will assume to be randomly distri-
buted.’ The latter is associated with local distortions in
the underlying lattice structure which occur due to a
difference in A'—B and A”—B bond lengths. The pres-
ence of structural disorder was first unambiguously
identified by Mikkelsen and Boyce® in extended x-ray-
absorption fine-structure (EXAFS) measurements on
In,_,Ga,As. There the In—As and Ga—As nearest-
necighbor bond lengths were found to vary by less than
2% from their limiting-crystal values, despite a 7%
Vegard's-law (linear) variation in the average x-ray lattice

36

constant. A similar near conservation of tetrahedral bond
lengths’ has also been observed recently in EXAFS results
for other zinc-blende pscudobinary systems.® This effect
is believed to be a general feature of these materials result-
ing from the much stronger bond-stretching forces com-
pared 10 bond-bending forces in covalent systems.™®

Most previous band-structure calculations' for zinc-
blende pseudobinary alloys have either neglected disorder
entirely [as in the virtual-crystal approximation (VCAJ},
or else taken into account only the chemical compo. ent
[e.g.. in the coherent-potential approximation’® (CPAJ}].
A more comprchensive treatment, capable of including
the dominant effects of both types of disorder, as well as
the correlations between them, was outlined by the
present authors in a recent Letter.'!'! The approach is
based on modeling of chemical and structural disorder as
diagonal and off-diagonal disorder, respectively, in an
empirical tight-binding framework.'*"*  An unconven-
tional unit cell is chosen so that the dominant disorder
effects are “cell diagonal.” The problem is then treated
within the molecular coherent-potential approximation
(MCPA).'* This simple matrix extension of the CPA re-
tains the favorable analytic properties of the CPA.'“® A
complex MCPA effective potential is defined by the condi-
tion that a single cell, as opposed to a single site, embed-
ded in the effective medium, on average, produces no fur-
ther scattering. (The imaginary part of the potential
reflects the fact that alloy quasiparticle states are damped.)
Early applications of the MCPA to binary metallic alloys
were of limited validity because of the absence of an ap-
propriate molecular unit.'® A natural unit exists in the
case of zinc-blende pseudobinary alloys because of the
presence of the chemically ordered B sublattice. '®

This paper provides a much more complete account of
the MCPA treatment of zinc-blende pseudobinary alloys.
Important general consequences of this approach are dis-
cussed in detail and illustrated by specific applications to

tn © 1987 The American Phvsical Saciety
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In;_,Ga;As and ZnSe,Te;_,. These materials were
chosen both for the interesting contrasts they provide (the
former is a III-V cation-substituted alloy and the latter is
a II-VI anion substituted alloy) and because both are ex-
pected to exhibit appreciable chemical and structural dis-
order.'” While it is mot our intent here to provide a
definitive treatment of these materials, the detailed semi-
quantitative descriptions which emerge may nevertheless
be of interest in their own right.

The key assumptions of the MCPA model and its basic
formalism are outlined in Sec. II. The disordered-alloy
Hamiltonian is constructed by interpolating between
Slater-Koster parameters'? for the limiting crystals. Sec-
tion I discusses the specific choice of parameters for the
In;_.Ga,As and ZnSe, Te;_, systems. Constraints simi-
lar to those suggested by Harrison'? are imposed to ensure
the physical reasonability of the MCPA scattering param-
eters.

The significance of structural disorder is illustrated by
means of comparisons of the MCPA results to those of
the VCA and site CPA (Ref. 4) (diagonal, or chemical,
disorder only). Section IV examines this issue in the con-
text of damping effects throughout the bands. Section V
focuses on two band-edge properties: the alloy scattering
mobility and band-gap “bowing.”"? The principal con-
clusions are that (1) disorder effects are generally small,
particularly near the band edges, (2) the effects of
structural disorder in these alloys can be of comparable
magnitude to those of chemical disorder, and (3) the inter-
play between the two types of disorder can either enhance
or diminish the total scattering in a particular energy re-
gion. A preliminary discussion of these results based on
more limited calculations for In;_.,Ga,As was given in
Ref. 11.

The paper concludes in Sec. VI with a discussior of the
relationship between the MCPA and some alternative al-
loy theories. Sections VI A and VI B present comparisons
to results obtained within the bond-centered CPA and the
supercell approach,”!® respectively. Section VIC briefly
comments on the recursion method.'®?® The bond-
centered CPA is a limiting case of the MCPA similar to
that used in many previous treatments of zinc-blende
pseudobinary alloys.>?! It is shown here to be unreliable
for alloys with appreciable chemical disorder because it
neglects an important distinction between s-like and p-like
scattering. The former usually dominates because s states
are more sensitive to the core.

Supercell and recursion-method calculations are con-
ceptually different in that they do not involve
configuration averaging. The former applies standard
crystalline band-structure techniques to ordered alloy
configurations. This approach is especially interesting in
view of recent experimental®*®’ and theoretical®® indi-
cations that the growth of such ordered alloys may, in
fact, be possible. The recursion method, by contrast, is a
cluster approach. We argue that both this and the super-
cell method contain much of the same basic physics as the
MCPA and lead to similar physical results. The supercell
method, however, provides more limited band-structure
information for random alloys because of its introduction
of artifictal periodicity.

II. DESCRIPTION OF THE MODEL

A. Tighi-binding treatment of structursi disorder

The basic idea illustrating the MCPA treatment of
structural disorder is shown schematically 1n Fig. | for a
two-dimensional analog of the zinc-blende structure.

The upper half of the figure shows the true structure
expected for a concentrated A7, A.'B alloy whose limit-
ing crystals A'B and A“B are poorly latice matched.
We assume that the crystalline nearest-neighbor bond
lengths d 43 and d (-5 are such that d 53 >d 3. The
charactenistic feature recently revealed by EXAFS is that
the A'—B and A”-—B bond lengths do not change very
much in the alloy but instead retain mean values closer 1o
dyp and dyg than  to  the average value
dix)={1—-x)d 45 +xd 4. The associated distortions are
accommodated locally and preserve the zinc-blende topol-
ogy. Such structural disorder is much simpler than that
in amorphous semiconductors. An effective-medium ap-
proach is therefore more appropriate.

Within tight-binding theory, the actual locations of the
atoms never need to be specified as long as the Hamilton-
an contains the appropriate matrix ¢lements and has the
property connectivity.”? The alioy constituents in the
MCPA are thus assumed to occupy the sites of an or-
dered zinc-blende *‘virtual lattice” with nearest-neighbor
spacing d(x). Structura! distortions are modeled by
choosing the Hamiltonian matrix elements to be those ap-
propriate to the actual distorted structure. This is done
here by assuming that the structural disorder resides en-
tirely in the variation of the dominant nearest-neighbor
hopping integrals. The hopping associated with the
longer 4’—B bond is assumed to be smaller in magn:-
tude than that associated with the A”—B bond, as illus-

Actuol Structure Sag>dap

_Present Model

FIG. 1. Two-dimensional analogue of the true structure of an
A _: A;'B zinc-blende alloy and its corresponding *'virtual lat-
tice™ model. The bond-length difference d 45 > d «~2 is modeied
as a difference in hopping integrals [hsp| < [Ras .
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trated in the lower helf of Fig. 1.

Additional effects associated with bond-angle variations
and longer-range strain fields®® are neglected to make the
problem tractable.?* Estimates indicate that for a general
k point this will usually be a good approximation. Near
the band edges, however, angular variations and long-
range strain fields play an increasingly important role 4
because of the higher symmetry and long wavelength of
states near k=0. We return to this issue in Sec. V as a
possible explanation for some of the quantitative
discrepancies in the MCPA band-edge results.

One additional feature of Fig. | is worth noting. Since
the A4‘ atoms are always surrounded by longer bonds than
the 4" atoms, the structural and chemical disorder are
strongly correlated. These correlations were neglected in
many earlier treatments of structural disorder in zinc-
blende alloys based on analogies with finite-temperature
effects.Z*"2% They are naturally included in the present
model and will give rise to novel interference effects be-
tween the two types of disorder.

B. Construction of the alloy Hamiltonian

A realistic alloy Hamiltonian based on these ideas is
constructed by interpolating between Slater-Koster pa-
rametrizations of the electronic structure of the limiting
crystals.'? An orthonormal basis of one s and three p or-
bitals per site is employed with hopping integrals extend-
ing up to second-nearest neighbors. This is known to pro-
vide a reasonable description of the valence and lowest
conduction bands in zinc-blende crystals.* The trunca-
tion at second neighbors is not essential to the MCPA for-
malism but provides a useful compromise between ease of
parametrization and the quality of the resulting band
structures. -t

The alloy disorder is modeled mcst conveniently by
performing a unitary transformation to an equivalent basis
of sp® hybrid orbitals. Details of this procedure are
presented in the Appendix. The unconventional unit cell
shown in Fig. 2 is chosen for reasons described in more
detail below. The cell is centered on an A sublattice site
and consists of the four sp* hybrid orbitals from the cen-
tral A4 atom plus those four from neighboring B atoms
which point in the direction of the cenrral site. The orbit-
als are labeled as |a,j) where a=1-4 correspond to 4
hybrid orbitals, @ =35-8 to B hybrid orbitals, and R, is a
lattice vector. Orbitals 1 and S, 2 and 6, 3 and 7, and 4
and 8 lie along the [111], [1 TT), [T1T), and {17 1] direc-
tions, respectively.

Construction of the Bloch sums

lak)=N"1723 KR
4

a,j), (1)

where N is the number of unit cells in a normalization
volume, reduces each limiting-crystal Hamiltonian tc an
8x 8 matrix for each k point. The crystalline matrix ele-
ments are conveniently written in the form

(a,k|H |Bk)=tg+ I haplO,jle™™
Ji=®)

+{a,k|H,|B.k) . 2
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FIG. 2. Unit cell employed in the MCPA model of
A%-x A:'B zinc-blende alioys. Lobes represent sp’ hybrid orbit-
als on central 4° or A4 atom and on neighboring B sites.
Chemical disorder is modeled by random ¢ and ¥ &
Differences in A'—B8 and 4"—B bond lengths are modeled by
random V{2,

The €55 contain only intra-atomic and nearest-neighbor
hopping integrals which couple orbitals within the same
cell. The most important of these are the matrix elements
e#, V{, and V4% shown in Fig. 2. The h5(0,/} contain
intra-atomic and nearest-neighbor hopping integrals which
couple orbitals in different cells. An example would be 2
V¥ coupling (not shown) between two sp* hybrid orbitals
on a B atom. The last term in Eq. (2} describes second,
and in principle, more distant neighbor interactions. Ex-
plicit expressions for the €,g, hago, ), and {(a.k | Hj |B.k)
in terms of Slater-Koster parameters are presented in the
Appendix.

The advantage of this unusual description is that it al-
lows the dominant disorder effects in the alloy to be
modeled entirely in terms of the randomly distributed
cell-diagonal matrix elements €,4. This restriction is
essential for straightforward application of the MCPA.
The specific assumptions concerning the form of disorder
made here are motivated by Harrison's universal tight-
binding scheme'’ and defect moiecule calculations of iso-
lated impurity levels in semiconductors.”’ The chemical
component is represented by differences between the g
and V{ matrix elements for A’ and A" atoms. This is
equivalent to assuming that the s and p atomic-level ener-
gies differ in A’ and A" atoms. The difference in A'—B
and A”-—B bond lengths is represented by different ¥ /2
hopping integrals for the two types of bonds. Other in-
teratomic matrix elements are an order of magnitude
smaller and are treated in an averaged fashion, as are
intra-atomic matrix elements A,z for the B sites.

The A_, A;B alloy Hamiltonian can then be written
as

Huoy=3, 3, 1a.j ) vaglji{Bj | +H , : 3
; aB

where H is a periodic reference Hamiltonian with k-space
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matrix elements

(k| H|BX)=Fsg+ 3 hapl0,jle™ ¥
Ji=0) :
+{a.k|H,iBk) )
and the
Vaslj)=Eagl ) —Eagl)) (s)

are fluctuations in the intracell matrix elements with
respect to their average values at site R;. The averaged
quantities in Eq. (4) are obtained using a scaled version®
of the VCA specified below. The g.4(/) are assumed to
take on two sets of values, with probabilities 1 —x and x,
respectively, depending on whether the central 4 atom in
the cell is A' or A”. For simplicity, we define these

]
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quantities so that the matrix elements shown explicitly in
Fig. 2 retain their limiting crystal values e*.V{ ,V{? or
e VT, V#"8 A generalization to allow these matrix
elements to vary with x could also be easily introduced.
A variation in V{5, for example, couid reflect the fact
that the A'—B8 bond lengths do change slightly in the al-
loy, although much less rapidly than the average bond
length d(x).

The linear x dependence of 4(x) and the corresponding
virtual lattice constant are taken into account through an
appropriate choice of reference Hamiltonian H. Here we
employ Harrison’s ansatz'’ that interatomic matrix ele-
ments in zinc-blende crystals scale as d ~2, the inverse
square power of the bond length. Other scalin, laws®®
produce only small quantitative changes. The averaged
quantities in Eq. (4) are defined to be

(1—x)elP +xes® for e?, V{i, V48, and ¢°,
Eap= ‘(l-—x)(r')s,;‘é’+x(r")sé‘é" for all other parameters , (6a)
Fogl0,j)= {(1—x)h:3'(q,j)+xh:;’<o,j) “for Ve, ob)
{(1—x)(r')h 2P00,/)+x(r"}h 25(0,/) for all other parameters ,
and
(a.k|H |BK)=(1—x)r'Mak|H{E 1Bk) +x(r"a,k | Hf B |Bk) , (6¢)

where r'=[d 4.3 /d(x)}* and r"=[d 4~p /d(x)}*. The superscripts indicate limiting-crystal values. The matrix elements
€® and ¥{ are defined in an analogous fashion to £# and ¥ {* (see the Appendix). The V{2 parameter in Eq. (6a) is not
scaled in order to simplify the MCPA formalism. Since the actual choice of E,pg is arbitrary as long as the v g(j) in Eq.
(5) are properly specified, this has no bearing on the final resuits.

The v,p(/) can now be written explicitly as

ougli)e xAqg if site R; is occupied by an 4’ atom , o
os\/1= —{1—x)Aqpg if site R; is occupied by an A" atom .

[f. Eq. (A8)).
“structural parameter” A, to be positive since V{2 is gen-

The Aq,p are elements of the scattering matrix For d,p>d45, We constrain the

B0 Ay & 4 4 0 0 0 crally negative and its magnitude decreases with increas-
Ay Ao Ay A O 4 0O O ing bond length.
Ay Ay Ao AL 0 0 A, © This completes the description of the alloy Hamiltoniag
A AL AL A O O O A used in Ref. 11 and the present work. The form of A
= | 00T "o 2 (g ™ay also be generalized to include disorder in other intra-
4 0 0 0 0 0 0 Of cell matrix elements. The inclusion of additional diagonal
0 4, 0 0 0 0 O O elements in A to reflect a dependence of B-site hybrid en-
0 0 A 0 0 0 0 © ergies on the occupation of the central 4 site would be of
2 particular interest. “Redistribution disorder” of this kind
0 0 0 4 0 0 0 O has been considered previously in studies of the alloy
: ) scattering mobility in zinc-blende alloys.?® It is neglected
with scattering parameters here because (1) its importance is difficult to assess in an
Bo=ed —e*", (9a) empirical scheme, and (2) more severe limitations on the
accuracy of the present calculations are believed to result
A=V -vE, (9b)  from the neglect of intercell disorder effects, particularly
those resulting from bond-angle variations about the B
and sites.
A=V{B_yg'E (9¢) C. Impiementstion of the MCPA

The signs of the “chemical parameters™ A and A; depend

The alloy Hamiltonian, Eq. (3), is a simple matrix gen-
on the relative binding energies of atomic s and p levels

eralization of the one-band single-site Hamiltonian used
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extensively in early CPA studies.’® The MCPA analysis
proceeds in an analogous fashion. The present section
serves only to outline the most basic features of the for-
malism as applied to the present problem. Additional de-
tails and the analytic properties of the MCPA Green’s
function are discussed in Ref. 14.

The disordered-alloy Hamiltonian is replaced in the
MCPA by a periodic effective Hamiltonian

Heglz)=H +32(2) (10

which is a function of the complex energy z. The effective
potential, or self-energy 3(z), is itself complex and cell-
diagonal. Its 8 X 8 matrix representation 3(z) in the basis
|a,j) or {a,k) is determined by the condition that the
average ! matrix associated with scattering from a single
cell (as opposed to a single atom) embedded in the
effective medium vanish. This leads to the self-
consistency condition

) ={(1—-x)IB+2()F2)xE8—-Z(2)] (an

which is analogous to that obtained in the single-site,
single-band CPA. Here F(z) is the cell-diagonal block of
the Green’s function with matrix elements

Fagl2)=N"'3 [T~ H sk 2))ed , (12)
k
1 is the 8 8 identity matrix, and H.y(k,z) has matrix ele-
ments
{a,k|Heal2) | BX)={a,k | H |B,k)+3a5 . 13)

Symmetry conditions on the 2,5 allow us to write £(z)
explicitly as

3¢ 3f 3I{ S{f SfB spP 3P 38

St 3¢ E{ Zf zfP 3P 3R 3

It 3 Zf zf If® s¢F 3B s

Sf 3 I 3§ S{E spP 348 3y
2= \zpm g2 3g 3g 58 32 38 38
P s 3gF 348 32 3p 32 3B

IfE 3P 348 s48 38 3B 38 38

If8 g8 zgF 32 34 3P s 38

(14)

The structure of F(z) is identical. [Note that all the ele-
ments of 3{z) are nonzero despite the sparseness of the
scattering potential A. The level of complexity is thus not
affected by the inclusion of additional intracell disorder
effects.]

The matrix equation (11) is simplified considerably by
exploiting the tetrahedral symmetry of the effective medi-
um. Block diagonalization reduces the problem to two
2X2 matrix equations associated with the usuval a; and ¢,
symmetries:

i@ =[1-x)4, + Z21F(2)[x8, - 22,

=di,ly . (15)

(Throughout this paper we use the single subscript ¢, to
dernote quantities whose {y.,f3,,23, components are all

equal.} The scattering matrices in Eq. (15} are given by
_ A, Ay A, A
8= A, O Y 8= {Az 0

, (16}

where A, =A0+34; and 4, =4g9—A,. The quanuties A,
and &, are simply the differences in the 4’ and 4" 5 and
p on-site energies in an atomic-orbital basis. The self-
energy has the form

Sz2)
18

3 48(z)

22)= s8z)

» A=ayt, (n

with
SM=Z8 4320, ZM=348-3{,
S =248 4+3208, MBa=3df-30%, s
22 =32§+33f, 2P)=3f-3F.

The Green’s-function matrices Fi(z) are defined by ex-
pressions similar to Eqgs. (17) and (18). These quantities
couple the a; and ?; equations since both F,, and F,, de-
pend on both £, and Z,, through Eq. (12). If A,=0, Eq.
(15) reduces to the scalar site CPA equations considered
previously by Hass, Ehrenreich, and Velicky.® This limit
of chemical disorder only will be used as a basis of com-
parison for the present MCPA results.

The alloy electronic structure in the MCPA is con-
veniently described by the spectral density function

AKE=—2""Im3 (a,k|[E*—HaE*)]""la k),
a

(19

with E*=E +i0*. A(k,E) represents the average prob-
ability of finding an electron with wave vector k having an
energy E. Denoting the eigenstates and corresponding ei-
genvalues of H by |nk) and E,(k), respectively, we can
write Eq. (19) in the form

"k B+
4kE=3 [E*—E,.(k)-a;:::f))’)+[a:.'(k.E*)]2 .
(20)

where
(nk | Z(E*)|nk)=0c,(k,E)+ioyik,E) 2n
defines the real and imaginary parts of

{nk |Z(E*)|nk). In the absence of disorder Z(E *)=0
and A(k,E) reduces to a series of & functions at the band
energies E, (k). In the weak-scattering limit,'® which is
often applicable in semiconductors, o, (k,E) is smali and
the principai effect of the disorder is to shift the spectrai
density peaks and to broaden them into Lorentzians.

It is useful to express {nk | Z(E*}{nk) in terms of
the self-energy components defined in Eq. (17). We first
introduce the symmetnzed orbitals
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laf Y=t LD+ 12+ 13,0+ 14072,
14,0 =0 Lj)+12,j) = 13,j) = (4072,
Y= L) = 12, +13,)) = 4,072,
(14,0 =011, = 12,5~ |3,j)+ {4,j0/2,

(22)
1af, iy =C15)+ 16,0+ 1 7,j)+18,j0)/2,
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B =015, 7)+ 16— 17,7y~ 18.))/2,
[¢5,, i =015j)—16,j)+17j)—(8,j)1/2,
108, =15, = 16,j)— 1 7,i) + |8,j}1/2,

the first four of which reduce to ordinary s and p atomic
orbitals on the A4 sites. The appropriate expansion is then

(nk|ZE*)|nk)=3[|{nk|A%j} | 2ZHE )+ | (nk|A8) | 22RE ™)
A

+2Re({nk|A4,;){A8j | nk))ZLBE )], (23)

where A=a,l2.,2,t; and all three 1, components of the
self-energy are equal to the values given in Eg. (18). In
the weak-scattering limit, the X, themselves can be ex-
panded as

S =x (1—x)MAL {20+ 2882/ 28 () + A ()],
28 =x (1—x)[A\AS (2} + AY P8 (2)] , 24)
D =x(1—x)[A}{2)] .

Here A,,=4;, 8,,=4, and the f;(2)’s are components of
the VCA Green's functions F, (z) and F, (z) obtained by
setting 2,5=0 in Egs. (12) and (13). These expressions
again reduce to those of Ref. 4 in the case A;=0. Only
the A site-diagonal components then contribute. If, furth-
ermore, |A; | >> |4, |, which is often satisfied in prac-
tice, Eq. (23) becomes simply

(nk|Z(E*)|nk) =x(1—x)A2| (nk|a{,j) | ME*).

(25)

This expression and Eqgs. (23) and (24} will be helpful in
Secs. IV and V for comparing the MCPA and site-CPA
results.

The calculations are performed numerically by an itera-
tive procedure using the full MCPA expressicas. The
first step is to obtain the cell local Green’s function F(z)
for 2=0. This is done by inverting the effective Hamil-
tonian in Eq. (12) and summing over the Brillouin zone.
The resulting matrix is then transformed into the g, and
t; basis and the self-energies 2,(z) are calculated using a
modified version®® of Eq. (15). The 3i(z) are then
transformed back into the hybrid basis and a new
Hqlk,z) is found. The process is repeated until conver-
gence.

The most time-consuming aspect of the caiculations in-
volves the Brillouin-zone integrations. These are more
difficult here than in the site CPA because additional off-
diagonal Green’s-function matrix elements are required.
The computational effort is reduced considerably by a re-
cently developed technique based on analytic continua-
tion.”' Al calculations are first performed off the real
axis where the integrand of Eq. (12} is slowly varying.
When full convergence is reached, usually after three to

r

five iterations, quantities of physical interest are analyti-
cally continued back to the real axis. A sampling of 444
k points in the Brillouin zone was found to be sufficient
for most of the numerical integrations required in this pa-
per. Still, the MCPA was found to require about 3 times
as much computer time as an equivalent site CPA calcu-
lation.

III. LIMITING-CRYSTAL PARAMETRIZATIONS

The success of the MCPA approach depends in large
part on the choice of tight-binding parameters for the lim-
iting crystals. It is physically simpler to address this
problem in the more familiar atomic-orbital basis using
the standard Slater-Koster notation.'> Parameters in the
sp3-hybrid basis follow from the transformation in the
Appendix.

As in Sec. II, we formally neglect spin-orbit splitting
for computational convenience. The MCPA formalism is
easily generalized to include this interaction but the re-
sulting matrices are then doubled in size. The empirical
nature of the MCPA implies that scalar relativistic effects
are automatically included as long as parameters are ob-
tained by fitting to experimental data or relativistic calcu-
lations. However, the magnitudes of the spin-orbit split-
tings themselves in In, . ,Ga,As and ZnSe,Te,_, are ac-
tually quite large [from E{(I'§)—E (I'})=0.35 eV in GaAs
to 0.9 eV in ZnTe; cf. Table I]. Suitable corrections must
thus be included in comparing with experiment (cf. Sec.
V)

To reduce the arbitrariness associated with the large
number of tight-binding parameters (23 for each crystal),
we require that the parametrizations satisfy various physi-
cal criteria in addition to providing a reasonabie fit to the
limiting-crystal bands. This is particularly important for
the alloy scattering parameters A;, 4,, and A;. This
problem was discussed extensively in Ref. 4 for the case
of chemical disorder alone.

The specific physical constraints imposed on each
A’ -x Ay B system are the following.

(1) The difference in A’ and 4" on-site parameters in
the atomic basis should closely approximate the
differences in corresponding atomic-energy levels.

(2} The B on-site energies should be the same in the
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TABLE 1. Comparison of energy eigenvalues (in eV) at I', X, and L in present tight-binding model with empirical pseudopotential
method (EPM) results of Ref. 33 for InAs and GaAs and experimental results for ZnSe and ZnTe. Symmetry labels inciuding spin-

orbit interactions are given in parentheses.

inAs GaAs InSe ZnTe
Present Present Present Present
work EPM work EPM work Expt. work Expt.
{ (F%) —-12.42 -12.42 - 13.16 —12.55 —15.39 —15.2° —-12.62 —-12.6°
(ry) -0.26 —-0.35 —0.43¢ -0.50°
Iis (T§) 0.03 0.1 -0.10 0.00 —0.15 0.00° 0.11 0.43°
r{ (re 0.56 0.54 1.46 1.51 2.89 2.9¢ 2.82 3.0
(ry) 4.56 4.55
Tis (I'§) 3.89 4.80 4.18 4.71 7.48 6.56
Xt X9 -~9.98 —10.03 —10.05 —9.83 —12.83 —12.5° —10.87 —11.2°
X3 (X3§) -6.33 —6.47 —7.09 —6.88 -5.43 ~5.6° —4.85 -5.1°
(X3 -2.30 —-2.99
X5 (XY ~2.13 -2.20 —3.40 —2.89 - 1.99 -1t ~1.53 -20
X7 (X§) w2 2.45 w1 2.03 437 43¢ 3.41 3.3
X§ (X$) 2.47 2.83 2.87 2.38 4.56 5.1¢ 492
X$ 7.25 7.80 8.20 8.52
LY (LY —10.50 —10.60 —10.97 - 10.60 —134 —13.0* —-11.31 ~11.6°
L§ (L{) —-593 -6.06 -7.30 —6.83 —545 —-56° -499 —s.1°
(L§) —~1.09 —1.42
LY (Lis) —1.43 —0.83 -1.73 -1.20 —1.09 —1.3° -0.45 -0.7°
L§ (L% 1.92 1.70 149 1.82 4.10 37 3.40 f
(L3) 5.59 5.47
LS (Lss) 499 5.1 5.89 5.52 6.79 6.69
Li 6.33 6.11 7142 7.30

*Reference 34.
*Reference 38(a).
‘Reference 39(f).
9Reference 39(a).
‘Reference 40.
"Reference 39(c).

A'B and A”B crystals (consistent with our neglect of
redistribution disorder).

(3) The difference in V#% and V{7 should be in
reasonable agreement with the value obtained from
Harrison’s universal parametrization scheme. !

(4} Other nearest-neighbor hoppings in the hybrid basis
and all second-neighbor parameters for each crystal
should be small relative to ¥ #5.

(5) The alignment of 4’8 and A”B crystal bands on a
common energy scale should correspond to the “natural”
valence-band offset, as far as it is known (£0.2 eV).

Cunstraints (1)-(3) are the most crucial since they en-
sure that the MCPA scattering parameters are reasonably
unique to within a few tenths of an eV. Constraint (4) en-
sures that the 14 second-neighbor parameters used to im-
prove the crystalline bands do not become unphysically
large or strongly influence the results. Constraint (5) p.o-
vides a common energy zero. The MCPA results are not
very sensitive to the valence-band offset as long as the oth-
er constraints are satisfied. This contrasts with treatments
of alloy disorder in which the scattering potentials are
determined directly from the band alignment. *?

The specific input data and resulting parameters for the
In,_,Ga.As and ZnSe,Te;., systems are discussed
below. A successive approximation approach is emploved

in the fitting. The parametrizations appear to be fairly
unique although no attempt is made at optimization.

A. InAs and GaAs

Accurate empirical pseudopotential band structures for
InAs and GaAs have been calculated by Chelikowsky and
Cohen.’* These provide valence energies in good agree-
ment with photoemission experiments and optical gaps in
agreement with reflectivity and electroreflectance measure-
ments. Table I lists the eigenvalues from Ref. 33 for the
symmetry points [, X, and L. Spin-orbit splittings were
included in Ref. 33 so the notation is that of the zinc-
blende double group. The zero of energy is chosen as the
GaAs valence-band maximum E(I'}). The i level in
InAs is assumed to be 0.17 eV higher, in accordance with
recent heterojunction measurements® (assuming interface
dipole effects to be negligible).

Tight-binding parameters for these systems are chosen
to provide reasonable fits to the valence and lowest con-
duction states at I', X, and L (with the spin-orbit spiit-
tings averaged as J[2E([§+ E(T%$)), in addition to
satisfying the above physical criteria. The resulting eigen-
values are listed in the “present work™ columns of Table
L. The agreement for all states of interest is typically
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better than +0.3 eV. The largest discrepancy (—~0.6 eV)
occurs for the GaAs I'| level which could not be raised
appreciably without violating either constraint (2) or (3).
This may indicate that the As on-site parameters should
actually differ slightiy .n InAs and GaAs as in some pre-
vious parametrizations.®® The tight-binding description is
further limited by the fact that the lowest conduction
band exhibits too little dispersion (not shown) and the
placement of higher conduction states is incorrect.

The parameters for InAs and GaAs are listed in Table
II. The chemical scattering parameters 4, =0.92 eV and
A,=0.12 eV are close to the values 0.8 and 9.1 eV which
result from differences between relativistic In and Ga
atomic levels.*® (The corresponding nonrelativistic values
are 1.25 and 0.21 eV.) The structural scattering parame-
ter 4;=0.50 eV (cbtained by transforming to the hybrid
parameters V1™ and ¥9$***) is close 10 the value 0.66 eV
obtained from Harrison's approach'’ using the InAs and
GaAs bond lengths in Tabie II. The second-neighbor pa-
rameters are small, as required by constraint (4).

B. ZnSe and ZnTe

Much more limited band-structure information s avail-
able for ZnSe and ZnTe. Few theoretical calculations ex-
ist’” and experimental data’®*® are quite widely scattered.
To obtain parameters which are consistently determined
we fit the valence eigenvalues of both crystals at I', X, and
L to the x-ray photoemission resuits of Ley er al.,’**
corrected for the measured spin-orbit sphittings. ™" The
lowest conduction states are fit to values obtained by add-
ing the relevant low-temperature optical gaps.’®*"'¢' The
resulting data are summarized in Table 1. The ZnSe
valence-band maximum E(T'}) is chosen as the zero of en-
ergy; the I'y level in ZnTe is assumed to be 0.43 eV
higher, as suggested by the empirical tabulation of Kat-
nani and Margaritondo.*

The tight-binding eigenvalues and parameters for ZnSe
and ZnTe are again listed in Tables I and II. The I'js
levels lie at —0.15 and 0.11 eV, respectively, in agreement
with the spin-orbit averaged experimental results. The

TABLE Il. Limiting-crystal bond lengths (d) and Slater-Koster parameters in eV used in present

work and resulting MCPA scattering pa-ameters A,, A,, and A, for In,_,Ga, As and ZnSe, Te, _,.

InAs GaAs ZaSe ZnTe
Parameter d=261 A d=245 A d=245 A d=2.64 A
E,(000),, —8.53 -853 —11.50 ~9.90
E,.(000), -321 -4.13 ~1.00 ~1.00
E,,{000),, 0.87 0.87 0.93 1.33
E (000} 2.69 2.57 4.80 4.80
Egl31 ) —1.46 -1.70 —1.87 —1.47
Eqliiile 101 : 1.01 115 0.90
Euliiiie 1.05 1.10 1.24 117
Eul33 e 0.39 0.49 0.77 0.65
Ep(11H)e 115 1.37 117 12
EL(110),, -0.02 0.00 0.00 0.00
E.(110), 0.01 0.08 0.00 0.09
E,(110),, 0.00 0.00 0.00 0.00
E,(110) 0.00 0.00 0.00 0.00
E,(011), —0.04 -0.10 0.08 0.00
EL(011) 0.09 0.12 -0.12 ~0.10
EL(110), 0.09 0.06 0.08 0.00
E.(110), 0.15 0.14 0.18 0.18
E,(011),, ~0.10 ~-0.04 —0.04 0.03
E.(011), -0.20 -0.20 ~0.08 -0.24
E,(110),, 0.00 0.10 ‘0.12 013
E,(110), 0.00 0.08 0.03 0.05
E, (011}, 0.10 0.10 .00 -0.10
EL(011),, 0.10 0.10 0.10 0.00
A, 092 1.60
a, 0.12 0.40
A 0.50 0.51
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quality of the fits elsewhere is comparable to that achieved
in InAs. The chemical scattering parameters A, =1.60 eV
and A, =0.40 eV are close to the values 2.0 and U.5 eV
obtained from relativistic atomic-level differences®® (3.2
and 0.9 eV nonrelativistically). The structural parameter
A;=0.51 eV is comparable to the value 0.57 eV obtained
from Harrison’s universal scheme' and the difference in
ZnSe and ZnTe bond lengths.

1v. EFFECTS OF CHEMICAL
AND STRUCTURAL DISORDER IN THE MCPA

The x=0.5 concentrations are “hosen for this discus-
sion, because disorder effects are maximized in these al-
loys. Emphasis is placed on the damping associated with
o.(k,E™), which results from scattering on the energy
shell. By contrast, disorder-induced energy shifts (dis-
cussed in Sec. V B) associated with o,{k,E*) are deter-
mined by scattering over a much wider energy range.

Figure 3 shows MCPA spectral densities for
Ing <Gag sAs for several k points along the (100) and
(111)  directions.  The normalization A4 (k,E)/
[AKE)+5 v 'cell 'spin~'] is used to facilitate
graphing; peak widths are thus slightly exaggerated. The
VCA bands resulting from H are also plotted for compar-
ison. The fact that the MCPA results do not differ appre-
ciably indicates that disorder effects in this system are rel-
atively weak. The behavior is qualitatively different, how-
ever, in different energy regions. The strongest scattering
ts evident 5-7 eV below the valence-band maximum
where the MCPA spectral densities are relatively broad
and non-Lorentzian. Elsewhere in the valence band the

ENERGY {eV)

[ r X

F1G. 3. Normalized MCPA  spectral  densities
(AREIV/[AKE) +5 eVicell ' spin~']) for IngsGaosAs as a
functon of energy £ for various k points. VCA bands plotted as
solid curves.
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scattering is somewhat weake~, as evidenced by the more
nearly Lorentzian behavior. The extremely sharp spectral
densities in the conduction band indicated a virtual ab-
sence of disorder effects for states at these energies.

Figure 4 compares the In,_,Ga,As density of states
glEY=3, Ak E) calculaied in the {a) VCA, (b} site
CPA, and {c) MCP*.. The differences between the VCA
and site CPA resul indicate that chemical disorder act-
ing atone preferentially damps only states in the lowest
conduction-band region and near —6 eV in the valence
band. Similar behavior was found in previous site CPA
calculations®* for Mg, ,Cd,Te. In both systems
As | >> {4, and only states with a large amplitude on
cation s orbitals are strongly affected by the chemical dis-
order. The imaginary part of the VCA Green's-function
matrix element,

Imf(E*)=—N""'73 |{nkiaij)|*8E —E,(k),
K .
{26)

plotted in Fig. 5{a), projects the total VCA density of
states on cation s orbitals. The cation s component is
clearly seen to be largest in Fig. 5(a} near —6 and +2
eV. The presence of strong chemical disorder effects in
these regions follows from the weak-scattering expression
Eq. 29).

Relative to the site CPA results, the MCPA density of
states in Fig. 4/c} shows increased broaaening throughout
the upper valence bands. The peak ne'r —6 eV, in fact,
nearly splits in two. With increasing 5a concentration x,
the lower peak in this region increases in height and the
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F1G. 4. Comparison of IngsGap sAs densities of states calcu-
lated in the (a) VCA, (b) site CPA {chemical disorder only), and
(c) MCPA (both chemical and structural disorder).
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upper peak decreases. A similar strong scattering feature
has recently been observed experimentally*' in the
Hg) - Cd, Te system. There, however, the effect is purely
a chemical one.* Here the splitting only becomes appre-
ciable due to the additional effects of structural disorder.
Whether it is large enough to be resolved experimentally
is unclear.  Detailed photoemission studies on
ln'?zx Ga, As samples with varying x values would be use-
ful.

A surpnsing feature of the MCPA conduction-band
state density in Fig. 4(c) is that the broadening actually
decreases and the peak height increases relative to the site
CPA results. The absence of appreciable damping in the
conduction-band spectral densities in Fig. 3 may be attri-
buted to a destructive interference between chemically and
structurally induced scattering. This effect was explained
physically in Ref. 11 using the schematic energy-level dia-
gram in Fig. 6. The mean energy for bonding and anti-

J

FIG. 6. Schematic representation of energy levels for singie
In-~As and Ga—As bonds as denved from constituent atomic
sp* hybnd energies (average values denoted by dashed linet, and
hybnidization sphittings (denoted by arrows).

bonding levels (dashed line) is lower for a Ga— As bond
than an In-—As bond because of the deeper Ga atomic
levels (chemical disorder). The shorter Ga—As bond
length, however, results in a larger - V#%: value and.
hence, a larger hybridization spiitting. The two effects
add to give an increased separation between In—As and
Ga—As bonding levels, but essentially cancel for ant-
bonding levels. The correlation between chemical and
structural disorder thus results in stronger valence-band
and weaker conduction-band scattering in the alloy than
would occur if either type of disorder acted alone.

Formal insight can be obtained by examining the
MCPA weak-scattering expressions. The analytic proper-
ties of the MCPA imply that the total imaginary part of
{nk|Z(E*}|nk) is negative definite. Several of the
terms appearing in the expansion of Egs. (23) and (24),
however, can be of either sign. The net imaginary part is
given in the weak-scattering limit by

orkE)=2x(1—x) 3 8,850 | (nk | A4} | AmfLBE* )+ Re((nk | A4, /)(A2,j [nkNImfLE )+ -, @n
A

where the ellipsis represents additional negative definite
terms. Since f{(E*) is a diagonal Green's-function ma-
trix element, Imf{(E *) is negative definite. The imagi-
nary part of the off-diagonal element f{*¥(E*), is a type
of bond order,*’ given explicitly in the VCA by

ImfEE* )= —nN~' 3 Re({A4,j [nk){nk A% }))
nk

XME —E,(k)) . (28)

This quantity is also negative in the valence band, but
positive in the conduction band, as seen in the example in
Fig. 5(b). The sign change resuits from the fact that
Rei (3% nk){nk|A%j)), which appears in both Egs.

(27) and (28) is positive for states with bonding character
and negative for states with antibonding character.*
Since the terms in parentheses in Eq. (27) are generally of
the same sign, the nature of the interference between
chemically and structurally induced scattering tconstruc-
tive or destructive} for a given state is determined by the
signs of the products 4,4; and A,4,;. The qualitative pic-
ture developed in Fig. 6, in particular, depends on the fact
that &,,4, and A, in In,_,Ga, As all have the same sign.

Figure 7 shows the normalized MCPA spectral densi-
ties and the corresponding VCA bands for the anion-
substituted II-V1 system ZnSe,Te;_.. The VCA, site
CPA and MCPA densities of states are compared in Fig.
8. A striking feature of the MCPA results 1s the splt-




27 i

36 MOLECULAR COHERENT-POTENTIAL APPROXIMATION FOR . .. 1121

Kh

-

7 NG|

r + 4

+
™

ENERGY (eV)

ZnSeggTegs

FIG. 7. Same as Fig. 3 but for ZnSe; sTeq s.

band behavior observed in the lowest valence region in
both the density of states and the spectral densities. This
strong-scattering effect should be easily observable in pho-
toemission experiments. With increasing Te concentra-
tion the upper ZnTe-like peak should grow and the lower
ZnSe peak diminish The fact that the splitting already
appears in the site CPA results indicates that it is primari-
ly chemically induced; the addition of structural disorder
enhances the effect slightly. In other energy regions, the
site CPA results are virtually indistinguishable.from those
of the VCA. The addition of structural disorder results in

g T

sob (01 vea L #Seasmos |

1) MR

40 (b)Site-CPA i

. MR

40+ {c)mMcPa -

i M)

-0 -60 0 60
ENERGY {(eV}

wxDENSH ¥ OF STATES (states/eV call spin}

FIG. B. Same as Fig. 4 but for ZnSeq sTeo s.

a weak Lorentzian broadening of states in the upper
valence bands, but produces no appreciable damping of
states in the conduction band.

Compared to In, ., Ga,As, the effects of chemical dis-
order in ZnSe, Te;_, occur in a different energy region
and are much more pronounced. In an anion-substituted
alloy like ZnSe, Te, .., the states which are affected most
by chemical disorder are those with a large amplitude on
anion s orbitals. That such states occur pnmanly in the
lowest valence-band region in zinc-blende compounds can
be seen from the imaginary part of the VCA Green’s-
function matrix element f;{(E ™) shown in Fig. 9. By
contrast, the cation s projection for the cation-substituted
alloy In;_,Ga,As shown in Fig. 5(a) is not only peak. :
in a different region but is also more widely dispersed
over a broad energy range. The concentration cf lmf,,‘: in
a narrow energy range in ZnSe, Te; .., is a consequence of
the more polar, and less covalent, character of 11-VI com-
pared to III-V compounds. The combination of this
feature with the larger chemical scattering parameter 4,
accounts for the more pronounced effects of chemica. dis-
order in ZnSe, Te; .

The additional effects of structural disorder are qualita-
tively similar in the two systems. The increased valence-
band broadening in ZnSe,Te;_, again resuits from the
fact that A, A,, and A, all have the same sign. A cancel-
lation of conduction-band disorder effects also occurs in
ZnSe, Te; ., but is not apparent in Fig. 8 because neither
chemically- nor structurally-induced scattering is appre-
ciable in this region.

In summary, the damping of VCA eigenstates in
different energy regions of zinc-blende pseudobinary ai-
loys is determined qualitatively by the nature of the disor-
dered sublattice (anion or cation) and the relative signs of
A;, A,, and A, and quantitatively by the magnitudes of
the scattering parameters and the degree of polarity in the
system. An examination of Harrison-derived scattering
parameters®’ for all possible III-V and I1-VI pseudobinary
alloys indicates that the relationships |4, | >> |4, | and
A,A;>0 observed in both systems considered here are
generally obeyed. Damping effects will thus usually be

- ] a ZHSC”TGM
3 20 i .
Cla [0‘ L1
}
\
g . ' ]
- 0}" 1 \\
} \\~‘_. -
(2]
- ]
é ha |
g & h
p-4
i 1 1 H ! -
-50 ole] 5.0
~ ENERGY (ev)

FIG. 9. Real (dashed) and imaginary (solid) part of the VCA
Green's-function matnix element £, for ZnSeosTeas. (Note that
the A here denotes anion, unlike the case in Fig. 5.)




28

1122 R.J. LEMPERT, K. C. HASS, AND H. EHRENREICH 36

strongest in the valence band, particularly for states with
large amplitude on the s orbitals of the disordered sublat-
tice. The few exceptions arc alloys of the form
Hg,_,Zn, X (X=S,S¢,Te) and Al;_,In, Y (Y=P,As,Sb).
In these systems, A;A; <0 and conduction-band damping
should be more pronounced.

V. IMPLICATIONS FOR
BAND-EDGE PROPERTIES

A. Limiting mobilities due to alloy scattering

Damping effects are particularly important near the
band cdges in semiconducting alloys because they impose
fundamental limits on achievable electron and hole mobil-
ities. For most direct-gap zinc-blende pseudobinary al-
loys, it is sufficient under low-field conditions to consider
the weak-scattering or perturbation-theory limit,** rather
than a full-MCPA two-particle Green's-function formal-
ism analogous to that of Ref. 46. The solution of the
transport cquations then reduces to that of the Boltzmann
equation with a current relaxation time given by

U E)=—(2/Fo(K,ET).
Here |nk)=|T¢) for electrons {e) and |nk)=|Tjs)
for holes (k). The golden-rule expression
r,‘,;,‘(E):%x(l»x)(Aéﬁ')zg(E) 29)

follows by expanding the Green’s-function matrix ele-
ments [e.g., Egs. (26) and (28)] in Egs. (23) and (24) near
k=0. The effective scattering parameters

1
A= 'j';'g,_ A, —(1—a})'?a, © (30)
and
l-a
Alg= T" A, +(1~a})' A, 31

are obtained by diagonalizing the VCA Hamiltonian at
k=0 to determine the coefficients (nk|A4,j) and
{nk|A%,j). The “polarities” a, and a, are defined as

A_ B
&y —&

a,= ,
T ltef el +avi) 2

Y=5p, (32)

with
e/ =FE4(000),,+ 12E;{110),, v=A,B

€y = Ex.(000),, +8E,, (110),,+4E,,(011),,, v=A,B,
33)

V,=4Eq(id)as
V,=4E. (1) 4p .
Note that a, >0 for cation-substituted alloys ( 4 the cat-
ion}), @, <0 for anion-substituted alloys ( 4 the anion) and
0< ja,| g1. The quantities defined in Eqgs. (30)-(32) are

all weakly dependent on x through the VCA averages in
Eq. (33).

The familiar Brooks formula*’ for the alloy scattering
mobility at temperature T,

V2me*No
UmA P (A= xNAR PV kg T

Moy = (34)
follows from Eq. (29} by assuming nondegenerate staus-
tics and parabolic band edges. Here kg is Boltzmann's
constant, Ng is the number of atoms per unit volume, and
m. and my are the electron and hole effective masses, re-
spectively. Most previous discussions®’ of Eq. (34} have
been obscured by confusion concerning the appropriate
choice of A% and Aly. We emphasize that the MCPA
provides a unique and consistent definition of these quan-
tities in Eqs. (30) and (31) in terms of the previously
defined tight-binding parameters.

A few general conclusions follow immediately. First, a
clear difference exists between the effective scattering pa-
rameters for electrons and holes. Second, these quantities
arc not simply related to differences in limiting crystal
band gaps or electron affinities. Third, the magnitudes of
A% and A’y depend sensitively on all of the factors dis-
cussed in Sec. IV which determine the interplay between
chemical and structural disorder for particular eigenstates.
The physical differences between A% and Ay critically de-
pend on the fact that | ['{} is an antibonding s state with
a larger cation component and | I'js) is a bonding p state
with a large anion component.

Table II1 lists the MCPA band-edge scattering parame-
ters for the present In;_,Ga,As and ZnSe, Te, _, param-
etrizations for x=0.5 together with the corresponding site
CPA results and values of @, and a,. The entries in
Table I are relatively insensitive to x. In both materials
the addition of structural disorder in the MCPA decreases
the magnitude of Ay by about a factor of 3 (an increase of
a factor of 9 in ., ) and increases the magnitude of Aly
by more than a factor of 5. These results are consistent
with the conduction- and valence-band behavior discussed
in Sec. 1IV.

Experimental values of uff,, in principle, can be ex-
tracted from detailed transport studies.*® In practice, this
is usually quite difficult because of uncertainties in the
contributions of other scattering mechanisms (e.g.,
electron-phonon interactions), which usually dominate,
even in good samples. Even the T~ '/? dependence in Eq.
(34), which is often used as a signature of alloy scattering,

TABLE 1. Polarities a, and a, [cf. Eq. {32)] and effective
clectron and hole scattering parameters [A%r and Al
respectively—cf. Eqs. (30) and (31} for In,_.Ga,As and
ZnSe.Tel_,.

Ino sGao sAs ZnSeq sTen s
a, 04 -~0.6
A%y (site CPA) 0.64 eV 0.31 eV
Al (MCPA) 0.19 eV —0.09 eV
a, 0.5 206
Ay (site CPA) 0.03 eV 0.10 eV
Ay (MCPA) 0.46 eV 0.51 eV
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is not completely reliable since similar behavior can also
result from space-charge or neutral-impurity scattering. **

In general the MCPA is expected to overestimate uiif,,
because of its inclusion of only short-range contributions
to the alloy scattering potential. Previous calculations
have demonstrated that states at k=0 are particularly
sensitive to clustering effects® (both statistical and nonsta-
tistical). Intercell disorder contributions such as bond-
angie fluctuations and longer-ranged strain fields also tend
to increase scattering and lead to a reduction in uiifh,.

In the two alloy systems considered here, only the elec-
tron mobility in In;_,Ga,As has been extensively ana.
lyzed.’' The experimental results are most consistent
with a value of |AZ| in the range 0.5-1.0 eV. The
MCPA value of 0.19 ¢V in Table III thus leads to an
overestimate of gy, by about an order of magnitude.
While this result is consistent with the above arguments,
much of the present discrepancy may simply be due to
subtraction errors in Eq. (30) due to uncertainties in A,
and ;. One can also not rule out at this point the possi-
ble presence of uncharacterized defects which has fre-
quently turned out to be the cause of theoretical overesti-
mates of mobility in other systems.

B. Band-gap bowing

The “bowing,” or nonlinear concentration dependence
of band gaps in zinc-blende pseudobinary alloys is techno-
logically important and frequently misinterpreted. Much
of the confusion stems from the conventional
separation”® of bowing into an intrinsic VCA contribu-
tion plus an extrinsic disorder-induced contribution. In
the context of a comprehensive alloy theory such as the
MCPA, which contains both ingredients, this separation
often provides useful physical insight. It is imiportant to
keep in mind, however, that (1} only the net bowing is
physicaily observable, (2) VCA nonlinearities are highly
model specific, and (3) the magnitude of the extrinsic bow-
ing alone is a poor indicator of the importance of disorder
effects for other physical properties.

The extrinsic bowing of a gap in the MCPA is deter-
mined by the real parts of {nk|{Z(E}(k))|nk) for the

individual VCA valence- and conduction-band states in-
volved. The real part of X {cf. Eq. (21)] is given by 2 Hil-
bert transform of o, (k,E) which can be written in the
form

& a,lk,nidy - f a,k,qldn
-x E—-7 & E-—-q
(35)

g,k E)=n"1 f

where Er is the Fermi level. This separation into valence-
and conduction-band contributions provides a rigorous
basis for distinguishing between i.traband and interband
disorder-induced shifts®® of VCA eigenstates within the
MCPA.

We focus here on the bowing of the fundamental gaps
in in;.xGa,As and ZnSe,Te;_,. In both systems this
gap is direct (at k=0) for all concentrations and depends
parabolically on x.*>-* Calculated results in the present
work for both the individual I'{s and I'{ band-edge states
and the spin-orbit-averaged I'§-T'{s gaps are summarized
in Table IV. The lincar contributions listed in the top
row are obtained by straightforward interpolations be-
tween limiting-crystal values. The remaining entries
represent deviations from linearity at x=0.5. These devi-
ations are a factor of 4 smaller than the so-calied “bowing
parameters” b, defined so that the net deviations from
linearity are of the form —bx(1—x). The intrinsic VCA
nonlinearities which occur in both materials result pri-
marily from the scaling in Eq. (6) and the ~ 7% variation
in alloy lattice constants. >3

In Ing sGag sAs the addition of chemical disorder (site
CPA) has no cffect on the anion p-like I'js state but pro-
duces a —20 meV extrinsic shift of the cation s-like T
level. This shift is largely an intraband repulsion induced
by the appreciable cation s scattering of conduction states
in the sitt CPA. The addition of structural disorder
(MCPA) shifts both the valence- and conduction-band
edges up relative to the site CPA results by + 20 meV
and + 33 meV, respectively. The former is an intraband
effect cause by the increased valence-band scattering dis-
cussed in Sec. IV. The latter is due in part to a reduced
intraband repulsion resulting from the decreased

TABLE 1IV. Linear interpolation formulae for x dependences of band edges and fundamental gaps in In,_,Ga, As and ZnSe, Te; .
compared to deviations from linearity at x=0.5 obtained in various theoretical approsches and experiment. All entries are in meV.

In;_«Ga:As ZnSe, Tei -,
Tt Ty Epo 1, n Egw
Linear interpolation 30— 130x 560 + 900x 530 + 1030x — 150 + 260x 2890 70x 3040 - 330x
Deviation from
linearity (x=0.5)
VCA +12 —~47 -59 —15 -5 +10
Site CPA +12 ~67 -79 0 -5 -5
MCPA +32 —34 —66 +85 -5 —90
Supercell +26 -4 ~60 +43 -6 —49
Expt.* —123% - 133 =270

*Spin-orbit averaged.
*Reference 5)a).
“Reference 53(b).
4Reference 54.
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conduction-band scattering. The interplay between chem-
ical and structural disorder also produces a strong inter
band repulsion of I'{ which results in a smaller net devia-
tion from linearity in the MCPA than in the VCA. This
unusual behavior can be traced to the corresponding real
parts of the two terms given explicitly in Eq. (27). Both
real parts contribute positive shifts because of the same
sign of A, and &; and the antibonding chasacter of the I'§
conduction-band edge. [Note, for example, that
Ref(E*)>0 for E>0]

The behavior in ZnSep sTeg s differs quantitatively be-
cause of the anion substitution and larger value of 4,. In
this system the I'js state is more strongly affected by the
disorder while the I'§ state experiences no disorder-
induced shifts. The extrinsic shifts of I'{s are + 15 meV
in the site CPA and + 100 meV in the MCPA. The net
extrinsic contribution to the MCPA gap, — 100 meV, is
much larger than the corresponding —7 meV in
Ino_sGao_ sAS.

In both materials the MCPA underestimates the bow-
ing of the spin-orbit averaged experimental gaps®** by
more than 50%. This is somewhat misleading since in
absolute terms the experimental nonlinearities are ex-
tremely small (<0.3 eV). The same factors proposed at
the end of Sec. VA as possible causes of the mobility
overestimates in the MCPA (uncertainties in MCPA
scattering parameters, intercell disorder effects, cluster-
ing*®) would also tend to increase the magnitude of the
bowing beyond the MCPA prediction. The above
analysis serves to emphasize, however, the intimate con-
nection between extrinsic band-edge shifts and the effects
of chemical and structural disorder elsewhere in the
bands.

VL. COMPARISON WITH ALTERNATIVE
ALLOY THEORIES

The present formulation of the MCPA is believed to be
the most complete effective medium theory yet developed
for zinc-blende pseudobinary alloys. The relationship of
this approach to some alternative treatments of these ma-
terials is therefore of interest.

A. Bond-centered CPA

The first alternative, which we will refer to as the
bond-centered CPA, is suggested by the simple molecular
level diagram in Fig. 6. This scheme considers only diag-
onal disorder in a basis of bonding and antibonding orbit-
als. A similar approximation has been made in many pre-
vious effective medium calculations for zinc-blende pseu-
dobinary atloys.**"?! 1t will be argued that while this ap-
proach includes structural disorder in the same manaer as
the MCPA, its treatment of chemical disorder will usually
be inadequate for detailed applications.

We begin with a unitary transformation from the sp’
hybrid orbital basis to a basis of bonding and antibonding
orbitals

ta, R} =7, R} +y_ja+4,R;)

and

la.R;))_=7_1a,R))~y,|a+4R,),

respectively (a=1-4). We choose the coefficients
ye=(l+as/2)"? and y_=(1—a,/2)'" 1o depend on
the weakly x-dependent polarity

td-tf

h = = .
[(Fd~e8lavasn)?

(36}

Within this basis the MCPA scattering matrix becomes
8 & & 8 Ax B B B
& As B 8 Ss A Oe O
8 8 Ay 8 b Opa D O
8 O O Ay B Bp B A

A bond
Bbe Bp Bpo Bp B, 6, 8, 8 |
Bba Boo O Opa B0 A, 8 b,
S Obe Apa By 8, 5, A, &,
Bba Bba Oba Bba B, B, 8, A,

(37)

with

By=7 080+27.7-8y By=7i4;,

A =74¥-Bo+ (L —¥3)8y, Bu=v.7_A;, (38

A, =7’2—AO—27’+7—A1' 5, =7'2-AI .

The transformed cell diagonal Green's function and
MCPA self-energy matrices have structures identical to
Eq. (37).

Two simplifying assumptions are then imposed. First,
the disorder associated with each bond (value of a) is
decoupled by setting 8, =86,, =56, =0. This is equivalent
to neglecting A, in Eqg. (8). Second, the self-energy is re-
stricted to having nonzero components only within the
2X2 blocks associated with each bond. This assumes
that the Green’s-function matrix elements between orbit-
als associated with different bonds are small compared to
bond-diagonal elements. Numerical calculations confirm
that this is usually the case. The self-consistency condi-
tion within the bond-centered CPA {analogous to Eq.
(11)} thus reduces to four equivalent 2X2 matrix equa-
tions for the self-energy corrections associated with each
pair of bonding and antibonding orbitals. *’

The approach is attractive in that it is computationally
simpler than the MCPA and, unlike the MCPA, can
be applied directly to group-IV alloys {e.g., Si,Ge,_,)
and  two-sublattice  quarternary  alloys*'™  (eg.,
In,_,Ga,As,Pb,_,). Its inadequacies arc illustrated by
comparing the MCPA and bond-centered CPA densities
of states in parts (a) and (b) of Figs. 10 and 11. In both
Ing sGag sAs and ZnSeysTeg s the bond-centered CPA
greatly underestimates the effects of disorder in strong
scattering regions. This failure can be traced directly to
the neglect of A;. Stated differently, the bond-centered
CPA neglects the strong correlations in the disorder asso-
ciated with the four bonds emanating from each 4 site
(cf. Fig. 1). Since A;=(4; —4,)/4, this approximation is
equivalent to assuming that s and p states are equally
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FIG. 10. Comparison of Ino sGao sAs densities of states-calcu-
lated in the (a} MCPA, (b) bond-centered CPA, and {c) supercell
approaches. {(a) is identical to Fig. 4(c)].

affected by the presence of chemical disorder. In
In,_,Ga,As, ZnSe,Te,_, and most other zinc-blende
pseudobinary alloys, however, [A;|>>|4,{. The
bond-centered CPA thus tends to underestimate disorder
effects for s states and to overestimate them for p states.
Since the only chemical scattering parameter in the ap-
proach 4o=(A,+34,)/4 is weighted more heavily by the
p disorder, the s-state discrepancies tend to be more
severe.

B. Supercell approach

The other alternatives to be considered are conceptually
different in that they forego configuration averaging en-
tirely. The first of these, the supercell method,™*® intro-
duces an artificial periodic ordering to allow the use of
standard crystalline band-structure techniques. The unit
cell in this approach is chosen to represent the most prob-
able local configuration in the alloy. A common example
is the modeling of an A s A¢ sB zinc-blende pseudobinary
as a chalcopyrite crystal.” The larger chalcopyrite unit
cell’® accommodates two different types of A atom with
each B atom having two A’ and two A" nearest neigh-
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FIG. 11. Same as Fig. 10 but for ZnSe; sTegs. [(a) is identi-
cal to Fig. 8(c)].
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bors. The difference between 4'—B and A"~ B bond
lengths is accommodated by a displacement of the B
atoms from their ideal fcc lattice sites.

This approach is attractive because it permits the use of
more accurate and sophisticated band-structure tech-
niques than the empirical tight-binding method. Self-
consistent density-functional-theory calculations,*®"* for
example, have recently been shown to provide important
information concerning local structure properties and
charge-redistribution effects in zinc-blende pseudobinary
alloys. The relevance of the associated band-structure in-
formation to random alloys is much less clear. This rela-
tionship is elucidated here by comparing the results of
analogous MCPA and supercell calculations for
Ing sGeg sAs and ZnSey sTeg s.

To isolate the effects of ordering, we construct a super-
cell Hamiltonian which is locally equivalent to the ran-
dom alloy Hamiltonian in Eq. (3). The specific assump-
tions employed are (1) an undistorted chalcopyrite lattice
(eight atoms per unit cell) with all nearest-neighbor bond
lengths equal to dix=0.5), (2) 4’ and 4" intraatomic
matrix elements and V#® and V{"® parameters identical
to those in the corresponding 4B and A"B zinc-blende
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limiting crystals, and (3) scaled-VCA values [Eq. (6)] for
alt other matrix elements. The resulting Hamiltonian is
32X 32 in k space. Band structures are obtained by direct
diagonalization using the limiting-crystal parameters in
Table 11.

The associated supercell densities of states for
Ing «Gap sAs and ZnSepsTep s are plotted in Figs. 10ic)
and 1l{c}, respectively. Except for some additional fine
structure, the basic features are remarkably similar to the
corresponding MCPA state densities. Even the nearly
split-band behavior near —6 eV in Ing «Gag sAs and — 12
eV in ZnSeysTey s is well reproduced.'®® We conclude
that the gross features of the electronic structure are
determined primarily by local bonding properties and are
relatively insensitive to long-range correlations. This be-
havior follows from Heine's invariance theorem® which
states that local Green's functions are insensitive to the
environment beyond a few electron wavelengths. Here
the nearest-neighbor environments around each A’ and
A" atom are identical in the two approaches and the
nearest-neighbor environment around each B atom in the
supercell is the most probable one in the MCPA. A simi-
larity in local, and hence total, densities of states is thus
to be expected, regardless of how the local environments
are connected to form the alloy.

The long-range correlations in the supercell model do
produce some observable differences, however. New
structure appears in Figs. 10(c} and 11(c) due to new criti-
cal points in the smaller chalcopyrite Brillouin zone. This
structure is spurious as far as random alloys are con-
cerned but may be useful for detecting ordering in real
materials (e.g., through an examination of optical
spectra'®<)). The supercell bands are also somewhat nar-
rower than in the MCPA. This reflects the fact thdt, rela-
tive to the VCA, the MCPA perturbation produces a
repuision from states throughout the zinc-blende zone
while the supercell perturbation produces a repulsion only
from states with particular k vectors. An important
consequence is that VCA band-edge states generally ex-
perience a smaller intraband repulsion in the supercell ap-
proach than in the MCPA. The predicted bowing of the
fundamental gap is thus usually smaller in the supercell
approach than in the MCPA, but still larger than that of
the VCA.%® The calculated supercell band-edge results in
Table IV for Ing sGapsAs and ZnSeq sTeo s confirm this
behavior. The much large discrepancy between the
MCPA and supercell results for ZnSeq sTeg s reflects the
much larger extrinsic contribution to the bowing in this
system. %!

We conclude that the supercell approach is largely
complementary to the MCPA. Both approaches are supe-
rior to the VCA in predicting properties sensitive to local
bonding characteristics because both include two distinct
types of A—8 bond instead of one bond of average char-
acter. ' The superceil approach is particularly useful if em-
ployed with more sophisticated band-structure techniques.
The approach is only applicable to certain x values, how-
ever, and provides no information on damping effects and
limiting mobilities due to alloy scattering. It is also un-
reliable in predicting k-dependent band-structure proper-
ties (e.g., effective masses, gaps at k=-0) which are unduly
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influenced by the introduction of artificial periodicity and
anisotropy.

C. Recursion method

The final alternative, the recursion method,'® has only
recently been implemented in electronic structure calcula-
tions for semiconducting alloys.® This approach obviates
the need for configuration averaging by the direct con-
sideration of large clusters characteristic of the alloy envi-
ronment. Spectral densities and local densities of states
are caiculated by a recursive solution to the Schrodinger
equation.

Davis has demonstrated that for -andomly generated
clusters and similar tight-binding Hamiltonians the recur-
sion method yields similar results to the MCPA 2002
This result provides additional support for the reasonabili-
ty of the MCPA mean-field approximation. The real
power of the recursion method, however, lies in its ability
to go beyond ceil-diagonal disorder and to consider clus-
ters with arbitrary degrees of short- or long-range correla-
tions. These features have yet to be exploited for zinc-
blende pseudobinary alloys but have been included in
caiculations®®® for Ge,,(GaAs),_,. The main disadvan-
tage of the recursion method is that, like the MCPA, it is
limited to an empirical tight-binding description at the
present time. The approach is also more computationalty
intensive than the MCPA (Ref. 62) and somewhat less
physically transparent.
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APPENDIX: TRANSFORMATION
FROM ATOMIC TO sp’ HYBRID BASIS

The standard Slater-Koster description'? of zinc-blende
semiconductors without spin-orbit interactions employs an
orthonormal basis of atomiclike orbitals &,(r—R;—r1,)
with y =s,x,5,2; v=4,8; 1,=0; and rg=a /4(111). (a
is the cubic lattice constant.) This gives rise t0 an 8% §
Hamiltonian matrix H #°(k) in the basis of corresponding
Bloch sums. The matrix elements of A (k) are
(yvk |H | }"V'k) - 2 enk-(Rl+r‘,—r‘_>Eﬂ“m")w' .

;

(Al)

where a /2(lmn)=R,+r1,~7,. and the E,  (Imn), are
Slater-Koster parameters such as those given in Table Il
The explicit form of HA%k) for interactions up to
second-nearest neighbors is given in the Apper.dix of Ref.
4 for the Hamiltonian labeled H°. ’

The equivalent description in the sp’ hybrid basis de-
scribed in Eq. (2) of Sec. IT 1. obtained by performing the
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unitary transformation
AMk)=5 LA 298, .

Here 5, is block diagonal in the index v with the A block
equal to

(A2)

11 1 1

i -1 -1 3

ER T B B (A3}
1 -1 -1 1

and the B block equal to

e —ikery e —~ikery e —ikiry e —ik-1y

1 le —ikery —e —ik-1g e —~ik-ry e —ik-ry

’i‘ e —ik-rg e —ik-7g —e ~ikery e —ik-ry (A4)
e —ik-rg e —~ilrg e —ik-7y —e —ikTg

The basis vectors in (A4) are
re=(a/4X1,1,1),
re=(a/4)1,1,1),
r=(a/4X1,1,D,

and
re=(a/4X1, 1,1} .

Equation (2) follows by dividing the atomic-orbital
Hamiltonian as

A% =0 $°k)+ & $°(k) (AS)

with A #9(k) containing only intra-atomic and ncarest-
neighbor interactions and A £9(k) containing all longer-

ranged interactions (second ncxghbors in the present case).
The quantms (a,k|H,|B,k) in Eq. (2) are matrix ele-
ments of §}H 49(k)S, which never need to be explicitly
written in the hybrid basis. The quantities £,5 and
h,,,(o /) in Eq. (2} are determined by analytically evaluat-
ing § (A $°(k)S;. The e, are clements of the matrix

|

V? fora=5-8; B=5—8; B=a; R

hapt0,j)=

0 for aill other matrix elements .

FIG. 12. On-site and nearest-neighbor hopping matnx ele-
ments in sp* hybrid orbital basis. Lobes a=1 and a=5 are la-
beled explicitly to illustrate convention introduced prior to Eg.
(1). Intracell (intercell) hoppings (cf. Fig. 2) denoted by solid
(dashed) lines. Elements V{#® and V¥ connect orbitals with
dihedral sngles of 60° and 180", respectively.

o v ovie ove ver vir v v
vi ef v v v oveE vie v
v Vi o v viov v v
v v vE ef Vv v vt v
E=lpgs pgs p4 y84 & 0o o0 O
vi4 v#R v84 p84 0 &£ 0 O
vi4 v§4 v v84 0 0 e O
vi4 vi4 vE4A v# 0 0 0
(A6)

and

-—fa-«-‘rg N
VP for a=1—4; B=5—8; Bra+4; Rj=7,,4~7p,
Vi fora=1-—4; B=5-8; B+£a+4,8; Rj=7g—1g where §'=5—8; f'l#a+4,

and a=5—8; f=1~4; a#B+4,a'; R;=7,~7, Where a'=5~8; a'#6+4,
V% fora=1-4; B=a+4; Rj=1,,4—75 where a'=1-4; a'#a ,
and a=5-8; B=a—4; R;=1,—7, where a’'=5-8; a'#a .

(AT

The hybrid orbital matrix elements appearing in (A6) and (A7) {cf. Fig. (12)] are given by

={Ey(000),y+ 3E,,(000),,}/4, v=A,B,
VY =(Es(000),,— E,, (000),,}/4, v=A,B ,
AB=[E,;(-;' 1)43—3511(7‘ )AQ—JE ‘% %

V8 ={Es (L

i
H
i
7

e =3ExltHs

7
%‘)AB""E::('I”Z'T)AB—}E (“;“%)AB‘*‘E&! %%';-) ,4+2Exy(?:2),43]/4

4 —6Ey(111) 5]/8 ,
(A®)
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V= [Exli3ilan+EnliiD ap + Ex (133 as —3Eu (333084 +2E (3 1) 48174,
1

VI =(Est33P)an + Eul i3 P an + Ex($ 1) 4p + Eanl

VP =[Eal444) a0 = 3Eux($3) an + Exx(311) 45 + Euel

)84 —2Ey(331)48)74

%%{-)34 +2£1y(%—;--;')45 174 .
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