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The surface states of ideal, (100) cation- and anion-terminated surfaces of Hg,_,Cd,Te (x =0,
0.2, 0.5, 0.8, 1.0) have been determined by use of the site-dependent coherent-potential approxima-
tion (SDCPA) for the alloy. Alloy effects are more important for localized states than for well-
extended states and are greatly enhanced for states that are sensitive to the cation sites and localized
to a cation surface. In the alloy, the localized states sensitive to the disorder have the character of
the alloy constituents rather than of some average, effective constituent. The ideal cation surface
has HgTe- and CdTe-like surface-state bands between the valence and conduction bands but no
virtual-crystal-related surface-state features in this energy range. Both constituentlike bands exist
for each alloy composition except x =0 or 1.0. Anion surface states and back-bonded surface states
occurring below the valence-band edge do not exhibit this bimodal character because these states are
less sensitive to the cation sites. The coherent-potential-approximation (CPA) self-energy at a
cation-surface site is also very different from those in the bulk or near anion surfaces as a result of
the surface-enhanced alloy effects. For comparison with the SDCPA, we also present results ob-
tained with the virtual-crystal approximation and with the bulk CPA (same self-energy at all sites).
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Only the SDCPA yields a qualitatively correct description of all the states considered.

I. INTRODUCTION

Alloy effects on the electronic structure of a compound
semiconductor alloy depend on how similar the constitu-
ents are, how sensitive the states are to fluctuations in lo-
cal environment, and how sensitive the states are to the
disordered sites. The bulk states of III-V semiconductor
alloys, such as Ga;_,Al,As, are well described by the
virtual-crystal approximation (VCA), in which a
composition-weighted average cation potential defines the
effective cation potential, because the constituent cations
are similar. In the II-VI alloy Hg,_,Cd,Te, the alloy
constituents, HgTe and CdTe, are very different. Relativ-
istic effects present in HgTe but weak in CdTe (Refs.
1—3) lower the Hg 6s level to such a degree in relation to
the Te 5p states that HgTe has a zero band gap and an in-
verted band structure while CdTe has the normal, semi-
conductor level ordering. Despite the differences between
HgTe and CdTe, the alloy bulk density of states (DOS)
near the valence-band maximum predicted by the VCA is
identical to the DOS predicted by the more sophisticated
coherent-potential approximation (CPA). These valence
states are anion-derived and only weakly perturbed by al-
loy disorder. Even the conduction-band states near the
conduction-band minimum, which are cation-derived, are
well described by the VCA (the CPA predicts a small ad-
ditional band-gap narrowing!?). These conduction-band
states are well extended, sample many sites, and average
over fluctuations in the local environment. However,
away from the band edges the bulk states are more local
in character and differences between the VCA and CPA
are important. For example, CPA calculations for the al-
loy density of states of deep valence states'? display atom-
iclike HgTe and CdTe features not predicted by the VCA
but observed by photoemission.!

Intuition suggests and model calculations*~7 confirm

that states localized to surfaces or defects are more sensi-
tive to local alloy configurations than are well-extended
bulk states and require, in an alloy like Hg,_,Cd,Te, a
sophisticated alloy approximation. Recently we reported®
on the first generalized site-dependent coherent-potential-
approximation (SDCPA) calculation of the surface states
of a real semiconductor alloy such as Hg, _,Cd,Te. The
local densities of states at ideal (100) cation- and anion-
terminated surfaces and in the bulk of Hg;_,Cd,Te
(x =0.5) were determined. The CPA self-energy was
site-dependent near the surface because the surface breaks
the translational symmetry of the lattice. Our results con-
firmed that alloy effects on states localized, in our case, to
cation surfaces and sensitive to the cation sites are greatly
enhanced. The alloy cation surface DOS has both HgTe-
and CdTe-like bands of states but no virtual-crystal-
related features. Similar bimodal structure was seen in
the deep valence states."? Use of the generalized SDCPA
was essential to account for the surface-enhanced alloy ef-
fects. Previous realistic calculations’~'® of surface and
defect states in semiconductor alloys have used the VCA.
None of these calculations could reproduce the bimodal
structure seen in our results.

We have extended the work previously reported for
x =0.5, where alloy effects should be most severe, to con-
sider alloys with larger and smaller x. For all alloy com-
positions considered, the surface-enhanced alloy effects
are significant and the surface states display the bimodal
character seen for x =0.5. The (100)-cation-surface states
of Hg,_,Cd,Te continue to be either HgTe-like or
CdTe-like but not virtual-crystal-like even for low concen-
trations of the minority constituent. The minority band
disappears only when the minority constituent is absent.
Localization of the states in just one dimension, i.e., nor-
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mal to the surface, is enough to ensure that states which
are sensitive to the cation disorder will be constituentlike
rather than virtual-crystal-like.

In this paper we will present a more detailed discussion
of the calculations and additional results from our study
at x =0.5 which were not discussed previously,® and we
will extend the work to larger and smaller x. Results for
both cation and anion (100) surfaces and for surface states
in the fundamental gap and deep in the valence band will
be presented. Comparisons will be made among calcula-
tions performed with different alloy models to illustrate
the reliability of each. The sensitivity of the results to the
form chosen for the CPA self-energy will also be dis-
cussed. The calculations will be presented in Sec. II, the
results in Sec. III, and conclusions in Sec. IV.

II. THEORY

A. The tight-binding models

We use tight-binding (TB) models to describe the alloy
constituents. Because these models are fitted to reproduce
bulk band properties, extrapolating the models to studies
of localized states must be done carefully, especially in al-
loy systems where fluctuations in local environment can
be significant. We chose to use the second-nearest-
neighbor TB Hamiltonians developed by Hass et al.? to
describe HgTe and CdTe. Spin-orbit effects are included
by using a 16-state model with cation and anion s and p
states for each spin. Hass et al. chose the energy levels to
be the atomic energies and determined the off-diagonal
elements by fitting to experimental energy gaps and pseu-
dopotential calculations. In the model of Hass et al., the
Te energy levels in HgTe and CdTe are chosen to be the
same, as one would expect, provided that charge-transfer
effects are small. Other TB models!*!>!7 have also been
developed for HgTe and CdTe by fitting predicted band
structures to experimental energy gaps. However, the
model of Hass et al. should describe localized states better
than the other TB models in which the anion energy levels
change as much between HgTe and CdTe as the cation
levels change even though the anion is the same.

The TB models of Hass et al., as well as the other TB
models for HgTe and CdTe, predict conduction-band
masses that are too large. However, that discrepancy can
be corrected. We generalized the model of Hass et al. by
including couplings previously ignored to obtain more ac-
curate conduction bands and masses. The new off-
diagonal couplings we include are [E(110)],, and
[E(110)]., the coupling between the s level on one
anion (cation) and those p levels on an adjacent anion
(cation) that are not perpendicular to the line joining the
two anions (cations). The band energies at the band edges
do not change when [E,(110)],, and [E,,(110)]. are
varied. However, the lowest two conduction bands and
the split-off band do change away from the band edges
when [ E;,(110)],, and [ E.(110)],.. are varied. Thus, the
new off-diagonal elements can be adjusted to provide
better conduction-band masses without losing the agree-
ment with experimental band gaps. Avoided crossings be-
tween the lower two conduction bands along the X direc-

tion are predicted by pseudopotential calculations.'®
These avoided crossings are also predicted by use of the
TB model with the new off-diagonal elements but not by
use of the model without the new elements. Thus use of
the TB model with the extra off-diagonal elements im-
proves the band structure near the conduction-band edge
and predicts the sharp structure in the density of states
several eV above the band edge due to the avoided cross-
ings. Comparisons of the band structures of HgTe and
CdTe calculated with and without the new parameters are
shown in Fig. 1. The conduction-band effective masses in
the X (L) direction, predicted by using [E(110)],,
=[En(110)]. =0, are mpyyr.=0.051m, (0.063m,) and
Megre=0.209my  (0.212mg).  With  [E,(110)],,
=[Ew(110)],,=—0.125 eV, the masses are my,r,
:OO28m0 (0035"10) and mCdTe=O.O99mO (OlOlmo)
The experimental masses'>?° are mygre =0.028m, and
mcgre =0.11my. Using band structures which give the
correct conduction-band masses near the band edge and
the correct structure several eV from the edge is impor-
tant in our calculations since the surface states most sensi-
tive to alloy disorder are derived from the conduction-
band states. The parameters used in the TB models of
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FIG. 1. Bulk band structure for (a) HgTe and (b) CdTe calcu-
lated using the model of Hass er al. (dashed curves) and the
model of Hass et al. with the extra couplings (solid curves).
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Hass et al. are listed in Table I. The notation is that of
Ref. 21.

B. The alloy model

The alloy disorder effects are incorporated into the cal-
culations by using effective medium models. In this ap-
proach the randomly occupied cation sites are occupied by
effective atoms. In the VCA the effective atom is defined
by using the compositionally weighted average of the
HgTe and CdTe parameters listed in Table I. As men-
tioned in the Introduction, the VCA should work well
when the constituents are similar, and can even work well
for dissimilar constituents like HgTe and CdTe if the
states are well extended or insensitive to cation sites. Hass
et al. chose the anion diagonal terms to be identical for
the two constituents and the off-diagonal terms of the two
to be nearly the same. Thus, the VCA is assumed to be
adequate for the anion diagonal elements and the off-
diagonal elements. The VCA values are used for these
matrix elements in all calculations reported here.

The cation diagonal elements must be modeled more
carefully. The VCA can be used for these matrix ele-
ments to describe well-extended states but not localized
states sensitive to the large difference between Hg and Cd
s-energy levels (Ey,;=—1.32 eV and Ecy4,=0.12 eV).

TABLE 1. The tight-binding parameters of Hass et al. for
HgTe and CdTe. The last two parameters are introduced in this
work.

Parameter HgTe (eV) CdTe (eV)
[ E(000)],, —9.00 —9.00
[ E4(000)].. —1.32 0.12
[ Exx(000)],, 0.10 0.10
[ Exx(000)].. 4.11 434
Aa 0.375 0.34
Ac 0.265 0.04
[Es(3 % +)]a —1.036 —1.121
[Ex(F 5 $)]a 0.343 0.330
[Ex(+ 5 $)]e 1.070 1.103
[Exe(r + 3))ac 0.514 0.534
[Eo(3 + ) ])a 1.229 0.955
[E«(110)],, —0.086 —0.01
[ E4(110)]., —0.062 —0.033
[Eq(011)]4 —0.30 —0.10
[Ex(011)],. —0.18 —0.10
[Exx(110)]0 0.13 0.12
[ Ex(110)].. 0.16 0.073
[ Exe(011)]4 —0.17 —0.10
[ Exe(011)],, —0.15 —0.10
[Ey(110)]4 0.25 0.15
[Ex(110)]. 0.20 0.15
[Ex(110)],, —0.125 —0.125
[ Ex(110)]., —0.125 —0.125
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To provide a better model for the cation diagonal disor-
der, we use the coherent-potential approximation. In the
CPA, the cation s levels are described by self-energies,
2:1(w) and 2 ,(w), for each spin and spin-mixing terms
3,,(w) and 2 (w); and, in principle, similar self-energies
for the cation p levels and the coupling between cation s
and p levels. As mentioned, all anion diagonal terms and
the interatomic hopping terms are treated with the VCA.
The s self-energy at a specific cation site is energy-
dependent and represents the effective s energy-level of
the cation site that an electron with energy  experiences
when scattering from that site in the alloy. The real part
of the self-energy gives the energy level and the imaginary
part gives the broadening. The self-energies are deter-
mined by requiring that the effective cation produce the
same scattering of an electron with energy w as the aver-
age scattering of Hg and Cd embedded in the effective
medium.?>2?

All bulk, cation sites are equivalent so the same self-
energy can be used for each bulk site. However, near a
surface, translational symmetry is broken and the self-
energy should be site-dependent. As a consequence, near
a surface a self-consistent self-energy must be found for
each plane of equivalent sites. Moreover, the self-energy
for a given plane depends on the self-energies of other
planes because these other self-energies determine the car-
rier propagation through the alloy. Berk* was the first to
use the site-dependent CPA to study the surface states of
a cleaved, alloy surface. Other model calculations>%2423
and realistic calculations® confirm that the site dependen-
cy must be included to adequately model the surface
states.

The bulk CPA is normally implemented by ignoring the
coupling between s and p levels in the self-energy, the
off-diagonal terms that mix spins, and the spin depen-
dence of the diagonal terms. However, because the sur-
face normal defines a special direction, there is no reason
to neglect spin mixing near the surface; therefore, we use
the most general s self-energy including =,,, =,,, =, ,, and
3,;. This is the first use of the more general form in a
CPA calculation for a semiconductor. As in the bulk
CPA, alloy effects from cation p levels are small in the
surface CPA; thus, only the spin-dependent, diagonal p
self-energies are used and no s-p -mixing self-energies are
included.

The self-energies can be considered to be site-dependent
for N layers near the surface and to be the bulk self-
energies at all other sites. Calculations have been per-
formed for N =0, 1, and 2. The iterative, average-i-
matrix approach of Chen®2® is used to find self-consistent
self-energies. All of the self-energies are determined
simultaneously. No more than five iterations are needed
to get accurate solutions. The solutions were obtained at
energies with finite imaginary part (w;=0.26 eV) to
speed convergence, and the results were analytically con-
tinued to the real axis (w;=0.01 eV) with the procedure
of Hass et al.’ No difficulties occurred in finding site-
dependent self-energies or in performing the analytic con-
tinuations, even though structure in the surface-site self-
energies and surface density of states is more singular
than in the bulk self-energies and DOS.
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The use of the SDCPA to study surface states in semi-
conductor alloys has been tested by comparing®® the re-
sults of SDCPA calculations for alloys modeled as ter-
minated one-dimensional chains with results obtained us-
ing the embedded-cluster approach for the same models.
For one-dimensional models, clusters embedded at the end
of the chains can be chosen large enough to give an accu-
rate description of the surface density of states. Although
the SDCPA does not reproduce the fine detail in the
embedded-cluster DOS, the SDCPA does predict qualita-
tively correctly the large-scale structure, such as the bimo-
dal character of the surface DOS, seen in the embedded-
cluster DOS. The SDCPA should reliably model alloy ef-
fects on surface states. The VCA is unable to reproduce
these results and will not always be adequate.

C. The renormalization-decimation approach

The Green’s-function approach is used to implement
the CPA and to determine the bulk and surface DOS.
Translational symmetry parallel to the surface exists when
the alloy is modeled with the VCA or CPA. Thus, the al-
loy Hamiltonian is diagonal in surface-wave vector, kg,
and the calculation can be reduced by use of a Bloch rep-
resentation to a set of one-dimensional-chain calculations,
one for each k; in the surface Brillouin zone (SBZ).%?8
Each site in the one-dimensional chain represents a plane
of equivalent sites in the crystal. The Hamiltonian for a
specific site in the chain, H;;(k,), describes electrons in
the ith plane with surface-wave vector k; (see Fig. 2).
H;;(kg) is a 16X 16 matrix defined with the unit cell of
an adjacent cation and anion in the ith plane and a k;
Bloch representation for the states. Coupling between ad-
jacent planes is described by hopping matrices, H; ;+(k;),
which are also defined with the k, representation. For
each k;, the one-dimensional-chain Green’s function is
determined and the total-crystal Green’s function is deter-
mined by summing the contribution from each k; in the
SBZ.

The Green’s function for a one-dimensional chain
with nearest-neighbor coupling is found by use of the
renormalization-decimation (RD) technique.>®?® In this
approach every other atom on the finite chain is removed
(decimation) and the Hamiltonian is renormalized to ac-
count for the decimation (see Fig. 2). The procedure is ex-

act. After N iterations, a chain with 2Y 1+ 1 atoms is
|
Hi (k) =H; ;1(kg)—H; (k) [o—H, (k)]
Hi ;i y(k)=H; 1; (k) —H;_;(k)[o—H, k)]~
and
Hipria(k)=—H; (k)0 —H; (k)] Hyi (k)
where H (H) are the Hamiltonian matrices before

(after) renormalization and a similar equation defines
H;_;;.1(k;). The details of this exact procedure are

given in Refs. 6 and 28. The procedure can also be under-
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FIG. 2. (100) surface with the surface, and first- and second-
neighbor planes indicated (a). In the k-space reduction these
planes are reduced to a set of sites on a one-dimensional chain.
An adjacent solid and open circle in (a) represent the cation and
anion which define the unit cell used in the Bloch representa-
tion. The one-dimensional chain can be transformed to a
simpler system using the renormalization-decimation approach
as shown (b).

simplified to one with three renormalized atoms, one each
for the cation and anion surfaces and one for the bulk.
The simpler problem is then easy to solve.

The renormalization prescription for removing site
from the chain is

(3)

f

stood heuristically. The correction term in Eq. (1) is the
correction to motion in the i + 1th plane that results when
the electron hops to the adjacent plane (H, ., ;(k;)),
moves in the ith plane [(w—H;,;(k;)]~' and then hops
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back to the i + 1th plane (H;; ,(k,)). In one decimation
step, every other atom on the chain can be eliminated if
the sites are equivalent because the same renormalization
terms can be used for each eliminated atom. This simpli-
fication allows one to reduce a finite chain with 2V t14+1
atoms to a renormalized chain with three atoms in only N
renormalizations.

When some of the atoms are inequivalent, for example,
those at sites near the surface where the CPA self-energy
is site-dependent, the renormalization-decimation ap-
proach can still be used to reduce the bulk of the system,

where the atoms are equivalent, to a small, renormalized
system. Other planes near the surface, which must be
treated differently, can be coupled to the renormalized
system. The details are given in Ref. 6.

The value of the RD approach is illustrated by compar-
ing the (100)-ideal-cation-surface DOS at the zone center
I' in the SBZ for HgTe and CdTe slabs of different
thicknesses (see Fig. 3). Performing 2, 6, 10, and 12
renormalizations provides results for films with 9, 129,
2049, and 8193 planes, respectively. The discrete struc-
ture in the surface DOS of the thin slab (N =2) makes
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N=2
1.0 T T T 1.0 I T
n 1%}
- e} - —
8 0.5 2 0.5
0 ](JL A o le A
N=6
1.0 1.0 T T
«Q [72)
Qo —
o 0.5 8 0.5
N=10
1.0 | T T 1.0 T T ' T
i
W
i
8 8 o5 it
= 0.5 Q0 : '
— i
i g
) ‘["VWY,J‘
0 I ! 0 | IRTAN B
N=12
1.0 T T T 1.0 T T T
8 0.5 8 0.5 —
Q o j Qo
0 | I 0 ] }\f—l\
-1.0 0 1.0 2.0 -1.0 0 1.0 2.0
E (eV) E (eV)

FIG. 3. Surface densities of states at I" in the SBZ for ideal, (100), HgTe and CdTe, cation surfaces. Calculations are done with 2,
6, 10, and 12 renormalizations corresponding to slabs with 9, 129, 2049, and 8193 planes. The solid curves were all obtained by
evaluating the Green’s function at energies with a small imaginary part (w; =0.001 eV). For the dashed curves w;=0.01 eV.
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identification of surface and bulk states impossible. In
addition, the two slab surfaces in the thinnest slab interact
with each other. The weak structure in the CdTe DOS
just below 1 eV disappears as N increases. For a film
with ~ 100 layers, the discrete structure is still present
and makes identification of band edges (especially for
HgTe) difficult. When the film has ~2000 layers, most
of the discrete structure has been broadened away. This is
more true for the valence band than for the conduction
band and more for CdTe than for HgTe because the states
are more local in character in each case. The discrete
structures disappear completely when N =12. DOS that
are almost identical to the DOS obtained with 12 renor-
malizations can also be obtained with 10 renormalizations
if a larger imaginary energy is used to define the Green’s
function. All of the calculations reported here used ten
renormalizations and were evaluated at an imaginary en-
ergy w;=0.26 eV, but were analytically continued to
w;=0.01eV.

Thick slabs (> 1000 layers) are needed to provided real-
istic representations of the bulk and to eliminate surface-
surface interactions and discrete structure. However, use
of the full-slab matrices would be prohibitive. The renor-
malization procedure is effective because all matrix opera-
tions deal with small (16X 16) matrices rather than ma-
trices which describe the full slab. The decimation pro-
cedure is very efficient because N steps provide results for
slabs with 2¥*!4+1 layers. Normal recursion methods,
which build films layer by layer, build a film with only N
layers after N steps. One drawback of the RD approach
is that the procedure is energy-dependent and has to be
performed for each energy of interest. In practice, this is
not a problem for alloys because the CPA self-energies
must be found for each energy anyway.

III. RESULTS

The results presented are for ideal, (100), cation, and
anion surfaces of Hg,_,Cd,Te with x =0, 0.2, 0.5, 0.8,
and 1.0. The (100) surfaces were chosen because they are
simpler to study than (110) or (111) surfaces when using
the RD approach, and because with the RD procedure,
one can simultaneously study the cation and anion sur-
faces which should exhibit strong and weak alloy effects,
respectively. No surface relaxation or reconstruction, sur-
face or bulk ordering, segregation or clustering, or charge
transfer not in the TB model have been included because
available information on Hg,;_,Cd, Te surfaces is inade-
quate. Hg is very mobile in Hg,_,Cd, Te. Real surfaces
are likely to have cation vacancies near the surface or
changes in composition near the surface. These effects
will be considered elsewhere.?’

The valence- and conduction-band edges and the sur-
face states in the main gap of cation (100) HgTe, CdTe,
and Hgy sCdy sTe surfaces are shown in Fig. 4. The
surface-state energy and bulk band edges at a given k; are
identified as the peak of the surface-state feature in the
surface DOS and the band edge in the bulk or surface
DOS since alloy broadening does not smear out the struc-
tures (see Fig. 5).

The conduction-band edges and surface states of HgTe

Ideal (100) Surface Surface Brillouin Zone
J
K
3

Band Structure
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FIG. 4. Bulk and surface-state band structures projected onto
the surface Brillouin zone for HgTe, CdTe, and Hg,sCdy sTe
with cation-terminated, (100), ideal surfaces. The cross-hatched
region indicates the bulk bands for HgTe and CdTe and the
VCA bulk bands for the alloy. The shifted solid curves are the
CPA band edges. The dashed curves are the surface-state bands
for HgTe and CdTe and the CPA surface-state bands for the al-
loy. The long-short dashed curve is the VCA surface-state
band. The irreducible sector of the surface Brillouin zone and
the first four layers of a (100) surface are also shown. The solid
(open) circles are cations (anions); the largest circles are closest
to the surface, and the nearest-neighbor bonds are shown.

and CdTe are similar except that the CdTe states are
shifted upward by 1—1.5 eV. This is a reflection of the
1.44-eV shift between Hg and Cd s-level energies. In the
alloy, the VCA and CPA valence-band edges are identical
because the states are anion-derived. The VCA and CPA
conduction-band edges near I' are also similar. They are
different near the zone edges where the conduction-band
states have less dispersion and are more local in character.
However, the VCA and SDCPA surface states are very
different. While the VCA-alloy surface-state band is ap-
proximately the average of the constituent surface-state
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FIG. 5. Surface density of states at I' and J' in the surface
Brillouin zone found by using the VCA, the bulk CPA in which
the bulk self-energy is used at all sites and the generalized
SDCPA.

bands, the surface states found using the general site-
dependent CPA retain the character of the constituent
surface-state bands. The CdTe-like band occurs at slight-
ly lower energies in the alloy than in CdTe because of ex-
tra repulsion from the conduction band, which is lower in
the alloy. Conversely, the HgTe-like band is at higher en-
ergies in the alloy. This bimodal surface-state structure
was seen in previous model surface-state calculations.®
One can see immediately why the VCA should fail for
these cation-surface states of the alloy. Because the HgTe
surface states are approximately 1 eV lower than the
CdTe surface states, there is little overlap between the
HgTe and CdTe surface-state bands. Moreover, the states
are sensitive to local alloy effects since they have little
dispersion in much of the SBZ.

The bimodal structure is a direct result of the enhance-
ment of the alloy effects at the cation surface. There is no
bimodal character in the bulk near the valence-band
edges, and only a small shift exists between the VCA and
CPA bulk conduction-band edges, except near the zone
edges where the bands have less dispersion. The site-
dependent results shown in Fig. 4 were obtained with the
assumption that only the surface-site self-energies were
different from the bulk self-energies. Qualitatively simi-
lar results are obtained if the self-energies are different for
the first two layers. However, the SDCPA must be used

to get a correct description of these surface states. When .

the bulk self-energies are used for all sites, the bimodal
structure disappears (see Fig. 5). The bulk CPA predicts a
single surface state just below the VCA surface state be-
cause the bulk self-energy and the VCA energy are so
close (see Fig. 6). The VCA, bulk CPA, and SDCPA do

yield similar results near I', with the states only shifted
to slightly lower energy in the more sophisticated ap-
proaches, because the states have large dispersion and are
not too sensitive to alloy effects. However, even at I, the
enhancement in the DOS above 1.5 eV, found with the
SDCPA, may be a remnant of the CdTe-like state
resonant with the conduction band.

The cation-surface site s self-energies shown in Fig. 6
also reflect the surface enhancement of the alloy effects
and the bimodal character of the surface-state structure.
The real part of the diagonal, cation-surface s self-energy
(24; and =,,, where =;,=X2,)), which is the effective
energy of the cation s level, has large shifts to Hg-like
(Eygs=—1.32 V) and to Cd-like (Ecq;=0.12 eV)
values when the surface states are HgTe- and CdTe-like,
respectively. In contrast, the real part of the bulk, diago-
nal self-energy shifts only slightly from the VCA energy
except at higher energies (~2.0 eV). This slight shift is
the signature of the small band-gap narrowing predicted
by the CPA."? The imaginary part of the bulk, diagonal
s self-energy, which gives the alloy broadening, is also
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FIG. 6. The CPA cation s-level self-energy: the real (a) and
imaginary (b) parts of the diagonal self-energy (each part is the
same for both spins) for the VCA bulk (solid curve), CPA bulk
(dotted), and CPA cation-surface site (dashed); and the real (c)
and imaginary (d) parts of the off-diagonal self-energy at a
cation-surface site. Both spin-mixing terms are shown.
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small except at high energies. However, the alloy
broadening at the cation surface can be several orders of
magnitude greater than the broadening in the bulk, espe-
cially for states in the region between 1.0 and 2.0 eV, and
any VCA-like structure should be broadened away. The p
self-energies are not shown because the real parts differ
from the VCA energies by no more than 0.01 eV and the
imaginary parts are negligible. The self-energies at the
cation site closest to the anion surface are not shown ei-
ther. The real part of the diagonal self-energy is closer to
the VCA energy for the cation site next to the anion sur-
face than for a bulk site.

The off-diagonal, bulk s self-energies, =,, and X,,, are
less than 0.01 eV throughout the energy range shown, so
neglect of them in bulk CPA calculations is reasonable.!*?
However, the off-diagonal, cation-surface s self-energies
are large, comparable in magnitude to the diagonal self-
energies, and reflect the bimodal structure in the surface
states. While the diagonal self-energies are spin-
independent and the two bulk, spin-mixing self-energies
are simply related (one is the negative of the other), the
spin-mixing self-energies at a cation surface are not sim-
ply related. Not only is the alloy-induced spin-mixing
enhanced at the surface, but the symmetry is broken as
well. Nonetheless, the two spin DOS are still equal. As
in the bulk, the spin-mixing self-energies at the cat-
ion site closest to the anion surface are small, although the
bulk symmetry between the spin-mixing terms is broken
even at the anion surface.

The x dependence of the bulk DOS and the cation sur-
face DOS near the valence- and conduction-band edges is
shown in Fig. 7. As x decreases (alloy becomes more
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FIG. 7. x dependence of the bulk (a) and (100), cation surface
(b) density of states: x =0.2 (dotted curve), x =0.5 (solid
curve), and x =0.8 (dashed curve).
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HgTe-like) the conduction-band DOS shifts to lower ener-
gies, the bulk band gap closes, and the valence-band DOS
shifts slightly to lower energies as well. The bimodal
character of the surface DOS is apparent at each concen-
tration. At small x, the HgTe-like surface-state DOS is
much greater than the CdTe-like DOS. At x =0.5, the
two bands are comparable in magnitude; at x =0.8, the
CdTe band is dominant. Moreover, structure seen in the
HgTe-like band at x =0.2 is broadened away as x in-
creases. Similarly, additional structure in the CdTe band
appears as x increases. Finally, there is a shift of the
surface-state DOS to higher energies as x increases be-
cause the bulk conduction bands shift to higher energies.
The x dependence of the real part of the bulk and
cation-surface s-level self-energies is shown in Fig. 8. The
bulk self-energy for x =0.5 deviates the most from the
corresponding VCA energy and the surface self-energy for
x =0.5 shows the largest variation, as expected, since al-
loy effects are largest for x =0.5. For each x, the surface
self-energy is bimodal and the variation in the surface
self-energy is much greater than the variation in the corre-
sponding bulk self-energy; this indicates that the surface
enhancement of alloy effects occurs at each x. One might
expect the structure in surface self-energy to follow the
surface DOS and shift to higher energies as x increases;
however, just the opposite occurs. For x =0.2, the struc-
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FIG. 8. x dependence of the bulk (a) and cation-surface (b)
real self-energies: x =0.2 (dotted curve), x =0.5 (solid curve),
and x =0.8 (dashed curve). The solid straight lines are the cor-
responding VCA energies.
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ture occurs at higher energy so that the widest energy re-
gion in which 2z =~Ey, coincides with the HgTe-like
band. Similar for x =0.8, the structure is at lower ener-
gies so that the wide energy region in which 3z ~Eg;
coincides with the CdTe-like band. There is no dominant
constituent for x =0.5, so the structure occurs at energies
between the surface-state bands.

The density of states at bulk cation and anion sites, and
at the cation and anion sites closest to the (100) cation and
anion surfaces of Hg, sCdg sTe are shown in Figs. 9 and
10. Results obtained with the VCA and the SDCPA are
shown for comparison. The DOS in the valence band
within 3 eV, of the valence-band maximum are identical
for both approximations. In the region below —4 eV, the
CPA predicts a bimodal bulk DOS different from the
VCA-DOS as a result of deep valence states that are local
in character. This structure was first predicted by Spicer
et al.! and Hass et al> This bimodal bulk structure is
also present in the DOS at the cation and anion sites
closest to the anion surface and at the anion site closest to
a cation surface but not at the cation site on a cation sur-
face. The differences between the VCA and the SDCPA
in the conduction band and the cation-surface-state band
are obvious. The surface-state DOS at both cation and
anion sites near a cation surface are bimodal in character.
In contrast, the anion-derived surface-state DOS at the
anion surface is the same for both approximations.

In the main band gap the surface-state DOS at the
cation (anion) site on the cation (anion) surface is greater
than the surface-state DOS at the adjacent anion (cation)
site. Thus, the surface states in the main gap are
dangling-bond states. Back-bonded surface states exist
deeper in the valence band between —4.0 and —3.0 eV.
At these energies the DOS at the site next to the surface is
greater than the DOS at the surface site. In the VCA,
which has no alloy broadening, the back-bonded surface
states contribute structure to the cation-surface total DOS
(see Figs. 9 and 10). In the SDCPA, the alloy disorder
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FIG. 9. Local density of states at a cation site: (a) in the
bulk, (b) at the (100) cation surface, and (c) closest to the (100)
anion surface. The solid curve is found by using the SDCPA,
the dashed curve shows the differences predicted by the VCA.
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FIG. 10. Local density of states at an anion site: (a) in the
bulk, (b) closest to the (100) cation surface, and (c) at the (100)
anion surface. The solid curve is found by using the SDCPA,
the dashed curves show the differences predicted by the VCA.

broadens away this structure in the total DOS. However,
the back-bonded surface states can be identified in the
DOS for fixed k, when k; is near a zone edge. At these
k, the valence-band DOS has energy gaps where the
back-bonded states can exist. The back-bonded states are
VCA in character with no bimodal structure. One would
expect this for back-bonded states at the cation surface
since these surface states are anion-derived. Back-bonded
states at the alloy anion surface are difficult to identify
because they are resonant with the valence band.

The self-energies in the deep valence region are shown
in Fig. 11. The bulk self-energy has bimodal structure at
the energies where the bulk DOS is bimodal. The bimodal
variation of the bulk self-energy is weaker than the bimo-
dal variation of the cation-surface self-energy in the main
gap (Fig. 6). However, the cation-surface self-energy
shows little variation at deep valence energies. Similarly,
the bulk alloy broadening (X;) is much larger than the
cation-surface X£; for E < —4.5 eV. For —4.5 eV
ZE X —3.0 eV there is a small finite cation surface X,
that provides the alloy broadening to wash out the back-
bonded state structure. The bulk and cation-surface, off-
diagonal, spin-mixing self-energies are large in those ener-
gy regions where alloy effects are significant; E< —4.5
eV for bulk states and —4 eV <E < —3 eV for the back-
bond surface states. However, the variations are smaller
than those shown in Fig. 6 for main gap surface states.

Several features of our implementation of the SDCPA
have been tested to determine their effect on the results.
The most important feature to consider is the site depen-
dency of the self-energy. Use of the bulk self-energy at
the surface site yields qualitatively incorrect results. All
of the results presented here were obtained with the ap-
proximation that only the self-energy at the cation site
closest to the surface was different from the bulk self-
energy. We have also performed calculations by letting
the two cation sites closest to the surface differ from the
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FIG. 11. The CPA cation s-level self-energy deep in the
valence band: the real (a) and imaginary (b) parts of the diago-
nal self-energy for the VCA bulk (solid curve), CPA bulk (dot-
ted), and CPA cation-surface site (dashed), each self-energy is
the same for both spins; and the real (c) and imaginary (d) parts
of the off-diagonal self-energy in the bulk (dotted curve) and at
a cation-surface site (dashed and solid curves).

bulk. We get results qualitatively identical to the results
found when we assumed that only the surface site was dif-
ferent. The self-energy at a site not on the surface is very
similar to the bulk self-energy, so the healing of the self-
energy occurs in the first two layers. Inclusion of the site
dependency in the model is critical to obtain reliable re-
sults. However, to obtain qualitatively correct results,
only the surface self-energy need be different from the
bulk.

We have included off-diagonal spin mixing in the self-
energy. When alloy effects are large, the off-diagonal
self-energies can be comparable to the diagonal self-
energies. We have also performed the calculations for
x =0.5 by ignoring the off-diagonal self-energies. We get
similar results with and without the off-diagonal self-
energies although structure in the DOS is sharper when
the spin-mixing terms are ignored. Most of the disorder
effects that are accounted for with a finite off-diagonal
self-energy =4 are included when X,3=0 because the di-
agonal self-energy is larger when X _3=0. In addition, the
splitting of the HgTe-like surface state into two states in
the alloy (see Fig. 4) must be due to spin-mixing effects,
since only a single surface state is seen when 2 4=0.

We performed the calculations reported here by using a
finite p-level self-energy. However, disorder in the p level

should have little effect on the results. There was little
quantitative change when the VCA p-level energy was
used for the p self-energy. However, in other contexts, for
example when cation vacancies at the surface are includ-
ed,?” the p-level self-energy must be treated more careful-
ly.

We have tested the importance of including in the cal-
culations the site dependence of the self-energy, the spin-
mixing effects, and the p-level self-energy. Only the site
dependency must be included to obtain a correct descrip-
tion of the alloy effects. The spin-mixing effects and the
p-level self-energies can be ignored in our calculations,
thus simplifying the calculations, without affecting the re-
sults.

IV. CONCLUSIONS

Calculations of the electronic structure of bulk
Hg,_,Cd,Te and the surface states of the ideal (100) cat-
ion and anion alloy surfaces have been performed by em-
ploying the site-dependent coherent-potential approxima-
tion. Well-extended states are accurately described with
the virtual-crystal approximation. States that are more lo-
cal in character are more sensitive to alloy disorder effects
and must be described with more sophisticated alloy
models such as the SDCPA. Alloy effects on deep
valence bulk states are enhanced because of the local char-
acter of the states. The enhancement of alloy effects is
even greater for surface states that are sensitive to cation
occupation because surface states are truly localized in
one direction. The signature of this enhancement is the
appearance of bimodal structure in the density of states
and the self-energies. The surface states retain the charac-
ter of the constituent surface states rather than take on
the character of virtual-crystal effective cations. This bi-
modal structure appears not just for concentrations where
alloy effects should be greatest, but also for concentra-
tions where alloy effects should be weak.

Great care should be taken in analyzing alloy effects on
localized states. Those states insensitive to the disordered
sites, such as dangling-bond states at anion surfaces and
back-bonded states, can be described with the VCA.
Those states that are sensitive to the disordered sites, such
as the dangling-bond states at cation surfaces, can only be
described with a site-dependent CPA. Both the VCA and
the bulk CPA yield qualitatively incorrect results for these
states. The choice of an effective alloy model depends not
only on the constituents of the alloy but also on the states
to be studied, the extent of their localization, and their
sensitivity to disordered sites.
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