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It has been traditionally accepted in various theoretical approaches to II-VI semiconductors
(e.g., tight binding, pseudopotentials) to neglect the effects of the cation d bands, hoping that in
some sense they are “deep,” “localized,” and hence, unresponsive to many perturbations of
chemical interest. There are, however, two qualitative reasons to think that this is not so: first, &
bands in ITI-VD’s are only 7-11 eV below the valence-band maximum (VBM) (i.e., inside the main
valence band), and second, in tetrahedral (but not octahedral) symmetry, cation d orbitals have
the same representation (I',5) as the anion p orbitals, hence the two can interact. We have
considered the effects of the cation d bands in II-VI’s on both the electronic and structural
properties of the binary and ternary compounds, treating all electrons on the same footing, in a
self-consistent first-principles manner. We find that the d orbitals: (i) reverse the direction of
charge transfer in the alloy (e.g., relative to s—p tight binding), (ii) reverse the trends in the spin—
orbit splitting at the VBM in the series ZnTe — CdTe — HgTe, (iii) are responsible for most of the
valence-band offset between, e.g., HgTe—-CdTe, (iv) affect the structural stability, equilibrium
lattice parameters, and bulk moduli. We also discuss the equilibrium bond lengths, formation
enthalpies, and degree of clustering of inter-II-VI systems 4 "B Te, comparing the results to

experiment and to simpler tight-binding models.

I. INTRODUCTION

The electronic structure of II-VI semiconductors ZnX"!,
CdX"!, and HgX"" is distinguished from that of both col-
umn ITA chalcogenides CaX"’, SrX"}, and BaX"" and from
the ITI-V semiconductors by having a cation d band inside
the main valence band. These valence d bands are evident in
photoemission spectra'™ (Fig. 1 and Table I) and in all-
electron band-structure calculations*" (Fig. 2), both exhi-
biting a moderately narrow ( < 1 eV), fully occupied metal d
band around 7-11 eV below the valence band maximum, or
6-2 eV above its minimum. In early electronic structure cal-
culations for II-VI semiconductors, the metal d bands were
retained (see also more recent results in Refs, 7-11). How-
ever, most current calculations, using empirical,'>'® se-
miempirical,' or first-principles”*' pseudopotential ap-
proaches, as well as tight-binding approaches*2* to bulk I1-
VI semiconductors, their alloys*®?° and their impurity
states**>? have ignored the metal 4 bands, assuming them to
be a part of the chemically inert atomic cores. The underly-
ing thought in these approaches seems to have been that the
d bands in II-VI semiconductors are nonbonding, energeti-
cally removed from the outer valence orbitals and difficult to
treat explicitly in either pseudopotential or tight-binding
methods and hence are best explicitly discarded from the
spectrum and represented only implicitly through their indi-
rect effects on the valence s and p electrons.

Indeed the indirect effects of d orbitals on the properties of
IIB-VI semiconductors can be taken into account by models
that explicitly neglect'>>? the d bands, by using sufficiently
tightly bound (relative to group-I11A atoms) metal s orbital
energies or sufficiently attractive metal pseudopotentials. It
is then possible to fit, for example, the calculated low-lying
band gaps of such compounds to experiment. Manipulating
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atomic quantities (atomic orbital energies and pseudopoten-
tials) could, however, misrepresent the direct effects of the d
orbitals in the solid-state phase, i.e., the p—d hybridization
effects which can change the band gaps, charge distribution,
and the equilibrium structural properties.

Fic. 1. Observed photoemission
spectra (Refs. 1-3) of cation d states
(shaded regions) in the II-VI com-
pounds. The arrow at E = 0 points
to the valence-band maximum.
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TABLE I. Experimentally observed cation d band binding energies (in eV)
with respect to valence-band maximum. When two values are given for a
compound, the first corresponds to J == 5/2 and the second to J = 3/2 spin—
orbit components.

Reference 1 Reference 2 Reference 3

Zn0,3d 8.81 8.5
ZnS,3d 250 9.03 s
ZnSe,3d — 9.20 8.9
ZnTe,3d 9.5 9.84 9.1
9.8
CdS,4d 0¥ 9.64 10.0
CdSe,4d 9.55 10.04 10.7
10.28
CdTe,4d 10.09 10.49 10.5
10.72
HgSe,5d 7.33
9.13
HgTe,5d 7.70 7.87 7.6
9.55 9.64 9.5

In this paper we study the extent to which the metal d
orbitals in II-VI semiconductors can be viewed as corelike,
chemically inert states. We use all-electron band-structure
and total energy techniques which treat the outer metal d
electrons on the same footing as other valence electrons. We
compare the results with those in which the d bands are
omitted or frozen. We establish the effects of these metal d
bands on: (i) band gaps; (ii) spin-orbit splittings at the va-
lence-band maximum,; (iii) ground-state properties such as
equilibrium lattice parameters, cohesive energies, formation
enthalpies, and bulk moduli; and (iv) valence-band offsets
between semiconductors. Significant d-electron effects are
found in all of the above quantities.

Il. p~d COUPLING IN TETRAHEDRAL STRUCTURE:
ESSENTIAL PHYSICS

Whereas the octahedral space group (0;) akin to the
NaCl structure has inversion symmetry, the tetrahedral
space group (T%) pertinent to zinc-blende compounds does
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not. Consequently, symmetry representations of O do not
mix even and odd angular momenta (e.g., p with d), whereas
those of T2 do.*® This has some obvious implications on the
band structure of tetrahedrally bonded compounds near the
band-gap region.

Consider, for example, a zinc-blende crystal and ignore
for a moment the cation d states. The states near the Fermi
energy can be described qualitatively by a simple tight-bind-
ing model retaining the cation p orbitals (p° with energy € )
and the anion p orbitals (p, with energy €;). Since both
have the same symmetry representation I';s (also termed
t,), they can interact [Fig. 3(a)] through a coupling matrix
element V,,. They hence form a lower energy bonding state
at the energy

é.c_|_e.a (Ea__GC)Z 172
Pzp_[ P4P +Vip (1)
and an antibonding state at

€& +6& [(62 — &)’
2 4
The bonding state has no node and its energy is lowered
relative to €, [Fig. 3(a)].

If, however, cation d states are included at an energy €5
[Fig. 3(b) ], they too have a representation of ¢, symmetry
(their I, or e-symmetry state cannot couple to / = 1, hence
it remains unshifted) and can couple, through a matrix ele-
ment ¥, to the p-like anion state. One can estimate semi-
quantitatively the magnitude of these p—d couplings by con-
sidering the p-d repulsion energy perturbatively, as

AE,, ~V2,/(e: —€5). (3)

The magnitude of the energy denominator can be approxi-
mated by difference of atomic orbital energies, e.g., using
semirelativistic local density orbital energies. Estimating
V,q from Harrison’s®® formula V,, =A(ry*/d"'?),
where r, and d are the cation d-orbital radius and the aver-
age bond length, respectively, one finds V,, =~1-2 eV, This
suggests that the p—d repulsion shifts the valence-band maxi-
mum to higher energiesby AE,,, of the order of 0.1t0 0.2 eV

€[Cis(p)] =

172
€[Tis ()] = +V§p] - [@
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FiG. 2. Calculated (LAPW) band
structure of (a) ZnTe, (b) CdTe, and
(c) HgTe near their equilibrium lat-
tice constants. The cation d bands are
highlighted by the dashed lines. The
band-gap regions are shaded. Dashed
lines indicate doubly degenerate
states.
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Fi1G. 3. Schematic plot of pp and pd coupling in zinc-blende semiconductor:
(a) pp coupling only and (b) inclusion of pp and pd coupling.

for ITI-V compounds, but of order 1 eV for II-VI com-
pounds. It thus appears from these simple estimates that p—d
repulsion cannot be neglected in II-VI semiconductors.
Quantitative calculations, supporting this simple expecta-
tion (using all-electron first-principles methods) will be pre-
sented in Sec. IV.

This qualitative model (Fig. 3) points to the main conse-
quences of p—d repulsion in I1-VI semiconductors:

(1) It reduces the direct band gap by repelling I'\5, up-
wards without affecting the direct conduction-band mini-
mum (of T',, symmetry, hence non-pd). A particularly
striking example is provided by the fact that despite the
greater ionicity of ZnO, it has a smaller band gap ( ~3.4eV>*
inits wurtzite form) than ZnS (3.90 and 3.82 eV for wurtzite
and zinc-blende forms, respectively®®). This is contrary to
the situation encountered in salts which lack active d bands,
e.g., Ca0, SrO, and BaO have larger band gaps (7.1, 5.3, and
4.4 eV, respectively®*) then the corresponding less ionic sul-
fides CaS, SrS, and BaS (5.8, 4.8, and 3.9 €V, respectively®*).
We suggest that the reason for this is the stronger p—d repul-
sion in ZnO (where the Zn 3d to O 2p orbital energy differ-
ence is small) relative to ZnS (having a larger Zn 3d to S 3p
orital energy difference). Again, empirical adjustment of the
band-structure parameters can be used to reproduce the ex-
perimental band gap even if the d bands are ignored."*®
However, the physical mechanism leading to these trends
remains obscure in such approaches.

(ii) Since p—d repulsion raises the energy of the valence-
band maximum E, in inverse proportion to the anion p — ca-
tion d energy difference [Eq. (3) ], common-anion materials
AC and BC whose cations A and B have different d orbital
energies would also have different values of AE,,,. The differ-
ence §,;, = AE,,(AC) — AE,,(BC) will hence contribute
to the valence-band discontinuity between the semiconduc-
tors AC and BC (Sec. IV E).

(iii) p—d coupling admixes d character into the wave func-
tion at the valence-band maximum. (This is verified by di-
rect calculations, see Sec. IV B.) Since d states contribute
oppositely to the spin—orbit splitting (lowering it), relative
to p orbitals (which raise it), p-d coupling would hence af-
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fect the trends in spin—orbit energies. This will be discussed
in Sec. IV C.

(iv) Whereas classical point-ion crystal-field models®
predict for T, symmetry that the e level is below the £, level,
p—d repulsion, neglected by crystal field models can reverse
the level ordering. This is the case for II-VI compounds (see
Fig. 2) where band-structure calculations indeed find*>*°
that the I' ;5 (pd) band (¢,-like) is below the I'y, (d) (e-like)
band.

(v) Two-level perturbation theory for nonoverlapping or-
bitals would suggest that p—d repulsion does not change the
cohesive energy (since this repulsion displaces the bonding
T',5 (d) and antibonding I',5 (p) by equal amounts to oppo-
site directions, but both of these states are occupied). How-
ever, since p—d orbitals overlap in crystal, their mutual repul-
sion also modifies the T, wave functions, which in turn
could affect the cohesive energy. In particular, the p—d repul-
sion diminishes the content of p orbitals in the upper valence
band and, in raising the energy of the valence-band maxi-
mum (VBM), also spreads out its wave function. This is like-
1y to lead to a larger equilibrium volume (lattice parameter)
relative to the pure p case. This conjecture is supported by
our calculation discussed in Sec. IV A.

llil. METHOD OF CALCULATION

We have used the self-consisted first-principles general
potential linearized augmented plane-wave (LAPW) meth-
od?¢ within the local density functional formalism®’ to calcu-
late the properties of ZnTe, CdTe, HgTe, and their ordered
ternary compounds. We used the Hedin-Lundqvist ex-
change and correlation formula.® The details of this method
can be found elsewhere.?

Since we are studying compounds with heavy atom con-
stituents, scalar relativistic effects® (i.e., all the relativistic
effects except spin-orbit coupling), are included for all va-
lence states (including the outermost cation d states). Core
states are calculated fully relativistically using an atomiclike
approach (i.e., retaining only the spherical part of the poten-
tial). No shape approximations are made to the crystal po-
tential and charge density. All states (including the core
states) are calculated fully self-consistently.

IV. RESULTS

A. Ground-state properties of binary and ternary li-
VI's

To qualitatively assess the effect of p—d repulsion on the
ground-state properties, we compare in Table IT*>*S the re-
sults obtained here (retaining the cation d bands) with those
obtained using the first-principles pseudopotential method®
[assuming frozen (n — 1)d cation orbitals, hence, no cation
d band in the valence band]. The latter method incorporates
the indirect effects of the d orbitals on the atomic valence s
and p pseudopotentials but lacks d-band wave functions in
the solid, hence misses entirely the symmetry induced p—
repulsion effect. Comparison of the calculated ground-state
properties with experiment (Table II) shows a rather good
agreement when the cation 4 bands are retained (present
results). Note, however, that the underlying local density
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formalism itself is not free of error; for example, we finda,,
of HgTe to be larger than a,, of CdTe by 0.022 A, whereas
the experimental results*"** show a,, (HgTe) to be smaller
than a,, (CdTe) by 0.02 A. Similarly, our calculated cohe-
sive energies are too large by 1-1.5 eV, mainly a consequence
of neglecting multiplet stabilization energies (more negative
in the free atoms than in the solids and decreasing along the
Zn—Cd - Hgsequence).*” However, the discrepancies rela-
tive to experiment evident in the “no d” pseudopotential
calculation far exceed the error limits of the local density
method or the intrinsic convergence errors. When the cation
d bands are omitted (pseudopotential results,?’ denoted in
Table II as no d), the predicted lattice constants are too
small relative to experiment by 7.7%, 10.2%, and 13%; and
the predicted bulk moduli are too small by 46%, 70%, and
90% for ZnTe, CdTe, and HgTe, respectively. These errors
are particularly large for HgTe which has the shallowest
(and most spatially delocalized ) cation d orbitals, hence, the
strongest p—d repulsion. Whereas such systematic discre-
pancies can be fixed by adding an empirical repulsive poten-
tial adjusted to match the experimental ground-state proper-
ties,”® the need for such substantial adjustments (for II-VIs,
but not for III-V’s) testifies to the significant role of p-d
repulsions in these systems. It would also suggest that p—d
repulsion, in depleting p character from the upper valence
band and delocalizing its wave function, leads to a larger
equilibrium lattice constant relative to the pure p case.
Calculations of alloy phase diagrams (see Sec. IV F) often
require the knowledge of the relative cohesive energies AH of
an ordered ternary phase*® (e.g., CdHgTe, ) with respect to
equivalent amounts of the binary constituents (e.g.,
CdTe + HgTe). It is interesting to note that calculation
techniques which omit p—d repulsion have produced overly
negative formation enthalpies, e.g., AH= — 0.6 meV/4-
atoms using tight binding,* or AH = — 60 meV/4-atoms
using pseudopotentials®® for CdHgTe, in the CuAul-like
structure, compared with the present result of AH = + 12.3
meV/4-atoms. Whereas the small magnitude of these ener-
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gies*” and the numerical intricacies involved in obtaining
them make it difficult to quantitatively assess their precision,
our foregoing discussion suggests that here, too, the omis-
sion of the destabilizing p—d repulsion could be responsible
for the predicted stability of the ordered phase***’ by both
tight-binding and pseudopotential methods, compared with
the instability predicted here. (No ordering is found experi-
mentally.)

B. Antibonding d character in the upper valence
bands

Figure 2 depicts the calculated band structures of ZnTe,
CdTe, and HgTe. Table ITI**>® summarizes some of the
band-structure parameters. Inspection of the orbital charac-
ter of the various band states in ZnTe, CdTe, and HgTe re-
veals a number of interesting features: (i) states that can mix
d character by symmetry, do so. This is evident at the va-
lence-band maximum I'"s, (7.2%, 7.4%, and 12.9% cation
d character in the cation muffin-tin spheres of ZnTe, CdTe,
and HgTe, respectively); in I' ;5. (10.6%, 9.2%, and 9.7%
anion d character in ZnTe, CdTe, and HgTe, respectively)
and in X;, (6.5%, 2.8%, and 15.1% cation d character in
ZnTe, CdTe, and HgTe, respectively). (ii) States forming
the anion s band at the bottom of the valence band (e.g., X,
and L,,) are found to include also contributions from the
cation d states: 6.4%, 15.8%, and 9.3% in X,,, and 4.1%,
11.2%, and 6.4% in L,,, for ZnTe, CdTe, and HgTe, respec-
tively. This suggests that the photoemission peak normally
associated with the anion s band (indicated in Fig. 1 by an
arrow near ~ — 12 eV) could exhibit a contribution (e.g., a
low-energy shoulder in ZnTe and CdTe) due to the tailing
density of states of the cation d band. This effect is absent in
the photoemission spectra of ITI-V compounds lacking a d
band (e.g., BP, AIP). Furthermore, since the L,, and X,
states contain d character, but the I';, does not (by symme-
try), p—d repulsion acts to narrow the lowest, L,,~I",,-X,,

TABLE II. Comparison of calculated ground-state properties of II-VI compounds (lattice parameter a, cohesive energy E,, and bulk modulus B) using the
present all-electron (LAPW) approach which retains the cation ¢ band, and a pseudopotential (ps) approach which does not. Both calculations are

semirelativistic. Experimental results are given for comparison.

ZnTe CdTe HgTe
With d 1 Nod With d 1 No d With d . ) Nod
Property (LAPW)® Expis (ps)® (LAPW)? Exptl. (ps)® (LAPW)® ARk (ps)®
a(A) 6.052 6.089° 5.618 6.470 6.4814 5.818 6.492 6.461° 5.616
E, (eV/pair)  5.64 482 6.75 5.35 4.45° 6.77 446 3.22f 7.05
B (GPa) 52.1 50.9¢ 273 440 44.5h 13.3 46.1 47.6" 4.7

?Present results.

® Pseudopotential study of Ref. 20 in which the cation d band is frozen. This calculation, like the one reported here, uses the Hedin-Lindqvist exchange-

correlation functional.
°Reference 40.
dReference 41.
¢Reference 42.
FReferences 43 and 44.
& Reference 45.
h Reference 46.

J. Vae, Sci. Technol. A, Val. 6, No. 4, Jul/Aug 1988
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TABLE III. Calculated band gaps E,, center of d band energies €,, spin-orbit splittings of valence bands at T'(A,), and L(4A ), and that of the cation d bands
A, for ZnTe, CdTe, and HgTe. NR, SR, and R denote nonrelativistic, semirelativistic, and relativistic calculations, respectively. All the energies are ineV,

ZnTe CdTe HgTe
LMTO® LAPW® Exptl. LMTO? LAPW® Exptl. LMTO*® LAPW® Exptl.
E, (NR) 1.98 1.44 1.14
E, (SR) 0.96 1.02 i 0.51% 0.47 : —0.99
E, (R) 0.63 0.72 2.394 0.29,* 047° 0.18 1.59¢ — 1.06 —1.27 —0.30°
€4 —-72 —17.18 —9.848 —8.55,* —17.80° —8.33 — 10.49¢ —17.38 —7.18 — 8.588
Ay 1.01 0.89 0.91" 0.90,*  0.95¢ 0.86 0.90' 0.90 0.78 1.08'
A, 0.58 0.51 0.53 0.55*  0.57° 0.53 0.54* 131 0.53 0.62“
— Ay 0.37 0.3™ 0.5¢ 0.69 0.63™ 1.7 1.68 1.85™

“See Ref. 50 for details.
®Present results.
¢Reference 51.
dReference 52.
*Reference 53.
"Reference 54.
8Reference 2.
hReference 55.
'Reference 56.
JReference 57.
kReference 58.
!Reference 51; this could be a printing error.
™ Reference 1.

valence band (while broadening the upper L, ,—I"{5,—X;, va-
lence band). (iii) The conduction-band minimum at I',_,
described by tight-binding methods®2¢ as a cation s state,
has significant anion character as well, e.g., 28.2%, 24.2%,
and 25.5% for ZnTe, CdTe, and HgTe, respectively.

The simple tight-binding argument for p—d mixing de-
scribed in Sec. II and Fig. 3(b) suggests the antibonding
character in the valence-band maximum state I",5, to be the
hallmark of p—d mixing. Figure 4(a) depicts the calculated
wave function square for the "5, state in HgTe, clearly exhi-
biting a minimum along the Hg—Te bond direction (partially
aconsequence of the ionicity of this bond) and characteristic
antibonding lobes around the Hg site (i.e., pointing away
from the nearest bonded atoms, towards the interstitial

sites). These antibonding lobes are absent in the I' 5, state of
semiconductors which lack any significant p—d repulsion
(e.g., III-V’s). Similar antibonding features are exhibited,
e.g., by the L,, state [Fig. 4(b)] and the X;, state [Fig.
4(c)], all absent in the analogous states in III-V com-
pounds. The antibonding character mixed into the valence-
band maximum in II-VI compounds reflects the constraint
of orthogonality to the corresponding I' 5 state of the metal
d band ["5 (dp) in Fig. 3]. This is demonstrated in Fig.
5(a) which depicts the charge density contributed by this
"5 (dp) state, showing its bonding charge buildup, oriented
along the Hg-Te bond. (Note that the ", state, depicted in
Fig. 5(b), is nonbonding and has its atomiclike charge distri-
bution.)

(a) :
Flﬁv :::ding

bonding

anti-

4 “"“""f

10;°= 10

/iy b4
A\

/ NN
7 bondmg\:_‘__\%t

FIG. 4. Calculated wave-function amplitudes of the T 5, (a), L;, (b), and X5, (c) for HgTe.
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F1G. 5. Wave-function amplitude for d band states in HgTe: (a) T';5, and
(b) I' ;5. Note the bonding buildup of charge along the bond in (a) and the
nonbonding character in (b).

To directly isolate the effect of p—d repulsion on the
ground-state charge density, we have repeated band-struc-
ture calculations for CdTe and HgTe where the cation d

orbitals are effectively removed from the basis set. This was
done by setting the LAPW energy parameters®® E ¢, and
E¥&, for the d wave basis functions inside the Cd and Hg
spheres to values which are distant from the corresponding d
band energies. We then plot the resulting total valence-band
charge densities (from the T';,, to the I',, state, without the
contribution of the cation d states) in Fig. 6(a) (for HgTe)
and Fig. 6(b) (for CdTe). Comparison with the valence
charge densities of HgTe and CdTe calculated with p—d re-
pulsions (i.e., retaining the cation d band in the variational
calculations) is given in Figs. 6(c) and 6(d), respectively,
whereas Figs. 6(e) and 6(f) give the differences in charge
densities induced by p—d repulsion effects [i.e., (¢c)—(a) in
Fig. 6(e) and (d)-(b) in Fig. 6(f)]. Inspection of these
results shows that p—d repulsion depletes bonding charge
from the cation—anion bond (negative contours, depicted in
Figs. 6(e) and 6(f) by dashed contours), and deposits it in
the antibonding direction around the cation site (lobes
pointing away from the bond direction). This p—d repulsion-
induced bond weakening (more pronounced in HgTe, with
its shallow and delocalized d electrons) could be the reason
that our calculated cohesive energies of these materials are
smaller relative to calculations which omit the cation d
bands (Table II).

C. Spin-orbit splittings

Spin-orbit (SO) splittings exhibit opposite contributions
from p and d orbitals,”* hence constitute an interesting
measure to the p—d hybridization discussed in the previous
section.

Valence band charge densities (ommln? d band)
With pd

hybridization

- , N7
N - /"

pd-contributions

HgTe

F1G. 6. Comparison of charge density of CdTe and HgTe valence states calculated in (a) and (b) without p— hybridization and in (c) and (d) with p—d
hybridization (see text). () and (f) show the corresponding charge density differences. For clarity of display the cation d bands were omitted. Note in (e)
how p—d hybridization removes charge from the Hg—Te bond. The charge density is given in units [ 10~%e/(a.u.)?]. Thestepsizes are fivein (a)—(d) and two
in (e)—(f). The dashed lines indicate negative region. The reduced bond strength in (e) is highlighted by the shaded area.
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If p—d mixing is allowed, the spin—oribt splitting can be
described®® as a linear combination of the splittings for pure
pand pure d orbitals A, and A, weighed by the fraction Q,
of the d charge in the state of question, i.e.,

A=a(l —Q)A, +BQ,A,, (4)

where o and 3 are the geometrical coefficient depends on the
charge distribution of the state. In CuCl, having a very
strong p—d mixing, A, is negative.>

We have calculated the spin—orbit splitting A, at T';5, and
A, at L,, directly from the band structure through a second
variation procedure.*®® The results [ A, (band calculation)
and A, (band calculation) ] are given in Table IV. In addi-
tion, we have calculated A, and A, from Eq. (4). We find
that if we consider A, as the SO splitting of the I";, states
with no pd hybridization and A, as the SO splitting of the
cation d states then the coefficients @ and 3 of Eq. (4) satisfy
approximately (1l — Q,;) ~f~1, i.e.,

A=A, +Q,A,. (3

Results obtained using this equation are also given in Table
IV {denoted A [Eq. (5)]}. Our basic conclusions are the
following: (i) Using in Eq. (5) the fraction of d character
(Q,) obtained from band-structure calculations we repro-
duce nearly the same spin-orbit splitting obtained directly
by incorporating the spin—orbit operator Hy, into the band
Hamiltonian. (ii) Our LAPW results are in substantial
agreement with the LMTO results of Refs. 50 and 51. (iii)
Our calculated results agree reasonably with experiment
(Table IIT) for ZnTe and CdTe, but disagree with the ex-
perimental value®”¢'-% quoted for HgTe (Table ITI). (iv) If
p-d coupling is neglected (resulting in the A, = A, ; values
given in the first line of Table I'V), we find better agreement
with the current experimental data for HgTe.

The disagreement with the experimental result for HgTe
deserves further attention. The experimental measurement

TABLE IV. Calculated spin—orbit splittings at T" (denoted A,) and L (de-
noted A,), in eV. @, denotes the fraction of d character in the respective
wave functions. A (band calc.) is the value obtained from direct band-
structure results, using the approach of Ref. 39. A [Eq. (5)] corresponds to
the simple approximation of Eq. (5) where the SO splitting is expressed as a
combination of the p-orbital contributions A, and the d-orbital contribu-
tion @;A,. Here A, is obtained from band calculations at T, where p—o
repulsion is omitted, and A, is obtained as the splitting of the cation d state
when p—d repulsion is included. A, is very close to the value obtained from
atomic calculation, which gives — 0.35, — 0.70,and — 1.78¢V for Zn, Cd,
and Hg, respectively.

ZnTe CdTe HgTe
A, (T)s5,) 0.92 0.90 0.99
A, - 037 —0.69 — 1.68
Q4 (Ty5,) 0.072 0.074 0.129
Ay [Eq. (5)] 0.89 0.85 0.78
A, (band calc.) 0.89 0.86 0.78
A, (L) 0.54 0.56 0.69
Q. (Ls,) 0.045 0.045 0.085
A, [Eq. (5)] 0.52 0.53 0.55
A, (band calc.) 0.51 0.53 0.53
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of A, for HgTe is complicated by the inverted band structure
of this compound [see Fig. 2(c), showing I',, below "5, ].
Unfortunately, only indirect measurements®® have been
used to deduce A, for HgTe. On the theoretical side, two
uncertainties exist. First, in calculating A, from the band
structure we assumed that the j=7/ +1/2andj=1-1/2
radial orbitals can be averaged.* This approximation could
introduce an error of 0.2 eV for the Hg 6p, ,, state, hence
the spin—orbit splitting of the Hg 6p level is underestimated
by this amount. Since the I';;, valence-band maximum of
HgTe includes but 6% Hg 6p character, the value of A, is
underestimated by <0.02 eV. This correction can be added
to our directly calculated value of Table IV. The second po-
tential source of error in the theory may arise from the fact
that the calculated & band energies (Table ITI) are less
bound than photoemission studies indicate (Table I); hence,
p—-d hybridization is overestimated in our calculation. To
examine quantitatively the effects of this error, we have re-
peated a series of self-consistent band-structure calculations
for ZnTe, CdTe, and HgTe, artificially moving the cation d
bands to deeper binding energies. (This was done by artifi-
cially increasing the exchange parameter & which multiplies
the exchange potential away from its nominal value of 3
towards 1. Owing to the larger spatial localization of cation &
orbitals relative to all other valence states, this scaling moves
the cation d bands to more negative energies relative to other
states.) Figure 7 depicts the calculated A, for ZnTe, CdTe,
and HgTe as a function of the separation of the cation d band
from the valence band maximum. The vertical arrows de-
note the observed position of the d, , states in photoemission
experiments (TableI). Adding the estimated correction due
to averaging the / + 1/2 and /— 1/2 radial orbitals for
HgTe, we find the calculated A, and A, values (ineV) at the
observed position of the cation d bands to be

Ay(ZnTe) =094, A (ZnTe) =0.56;
A, (CdTe) =0.91, A, (CdTe) =0.56; (6)
A, (HgTe) =090, A, (HgTe) =0.63;
hence,
A, (CdTe) ~A, (HgTe), (7)

1.00 -

0.90
s
o
-3
L~}
0.80
0.70 L L
-8.0 -9.0 -10.0 -11.0
Edy, (V)

Fi1G. 7. Variation of spin—orbit splitting A, as a function of the energy posi-
tion of the cation d, , states E,  with respect to VBM for ZnTe, CdTe, and

HgTe. The arrows point to the position of the experimentally observed E,,
from photoemission (Table I).
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in contrast with the currently accepted experimental re-
sults’**” A, (HgTe) = 1.08 eV; A, (CdTe) = 0.90 eV.

The difference between our predictions of Eq. (7) and the
currently accepted experimental values showing
A,(CdTe) < Ay(HgTe) has an important implication: cur-
rent interpretations and fittings of A, have traditionally as-
sumed that A, of common-anion systems generally increases
with the cation atomic number.*® We find, however, that if
p—d mixing exists, the opposite can be true, because the con-
ventional analysis disregards p—d mixing effects which also
increase with the cation atomic number and contribute to a
reduction of A,. Direct experimental determinations of A,
for HgTe would be very desirable and would test our predic-
tions [Eq. (7)], currently in conflict with the indirectly
measured A, values.

D. Charge redistribution in forming ternary
compounds

Current interest in HgTe-CdTe alloys has raised the ques-
tion of the stability and relative charge transfer?>?**° in or-
dered Hg, Cd, _, Te, compounds (# = 1, 2, and 3) relative
to the binary constituents (» = 0 and n = 4). We have cal-
culated the band structure, total energies, and charge densi-
ties of HgCdTe, (n = 2 above) in the tetragonal CuAul-like
structure. As discussed in Sec. IV A, we find this ternary
compound to have a higher energy per bond relative to its
constituents and hence predict that no spontaneous ordering
would occur in Hg, ; Cd, s Te solid solution. To examine the
charge redistribution in the ternary compound relative to
the binary constituents, we show charge-density differences
in Fig. 8 along the bond directions. If the contributions of the
cation d bands to the charge densities were ignored [Figs.
8(a) and 8(b), denoted “nod ") one would have erroneously
concluded that in the ternary phase electron charge is accu-
mulated on the Hg-Te bond [positive dashed areas in Fig.

CdHgTe:z - HgTe

CdHgTez - CdTe

2.0

1.0

0.0
-1.0

(
1y
=]

Charge Density Difference (10-3¢/(a.u.)3)

Distance

F1G. 8. Valence charge difference between CdHgTe, and its binary constitu-
ents CdTe and HgTe along the cation-anion bond directions. (a) and (c)
Hg-Te bond; (b) and (d) Cd-Te bond. In (a) and (b) cation d bands are
removed, in (¢) and (d) cation 4 bands are included.
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8(a)] and depleted from the Cd-Te bond [negative dashed
areas in Fig. 8(b) ]. However, this “weakening” of the Hg—
Te bond (relative to the Cd-Te bond) in the ternary system
is but an artifact of the omission of the contributions of the
cation d bands to the charge densities, as evidenced by Figs.
8(c) and 8(d), exhibiting depletion of bond charge on the
Hg-Tebond [Fig. 8(c¢) ] and the Cd-Te bond [Fig. 8(d) ] in
forming the ternary phase from its binary constituents. The
buildup of charge on the Hg—Te bond in the absence of con-
tributions from the deep & band [Fig. 8(a) ] is merely a con-
sequence of a smaller p—d repulsion in CdHgTe, relative to
HgTe. The reduced bond charge on the Hg-Te bond in the
real system [Fig. 8(c) ] is due to reduced d orbital bonding
in the ternary phase. Using the tight-binding method (which
neglects cation d bands) Chen ez al.**® have suggested that

_ the reduced Hg-Te bond strength in the ternary is due to an

unfavorable charge transfer from Cd-Te bond (in bonding
state) to Hg-Tebond (in antibonding state), i.e., in opposite
direction to what our calculations show. Their argument is
hence, not supported by our results, since we find that charge
on the Hg—Te bond is actually reduced [Fig. 8(c)].

E. Valence-band offsets between [I-VI compounds

Tight-binding models®® have calculated the valence-band
offset AE,,,, between two semiconductors as the difference
between the energies of the I'y5, valence-band maximum
[Eq. (3)] of AC and BC:

E b (AC/BC) :eBC[FISU] _eAC[FISU]' (8)

Since common-anion semiconductors have the same an-
ion energy €;, the difference AE, ., (AC/BC) reflects in this
model the effect of different cation energies € and different
matrix elements ¥,,. However, all IIB cations have similar
€; values.”” Furthermore, the CdTe-HgTe and GaAs—AlAs
pairs have also nearly identical bond lengths, hence Vi
(which, in the tight-bonding model**® depends solely on
bond length) is nearly identical for each member of the pair.
This has led, by Eq. (8) to very small AE,,, (AC/BC)
values for most common-anion semiconductors (Table V).

This result has been formulated earlier in the hitherto suc-
cessful “common-anion rule” stating that two semiconduc-

tors sharing the same anion would have a very small valence-
band offset.

Consider first two binary common-anion semiconductors
AX and BX and neglect the effect of d states on the band
discontinuity between them [Fig. 9(a)]. The cation p orbi-
tals (A,p) and (B,p) can couple with the anion p orbital
(X,p) asall have the same symmetry (¢,, or "5 ) in the zinc-
blende lattice. This coupling results in the two bonding states
I';s, (A-X) and I'j5,(B-X) whose energy difference pro-
vides in this model AE, (AX/BX). We see that each of these
bonding states is repelled to deeper energies relative to (X,p)
since the cation p orbital energy is above the anion p orbital
energy. This repulsion V(A,p; X,p)?/[e(Ap) — e(X,p)] is
proportional to the coupling matrix element V' (Ap;Xp) and
hence increases as the A-X bond length becomes shorter. If
AX and BX have the same bond length and similar cation p
energies (as is the case in CdTe-HgTe or AlAs-GaAs) this
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TABLE V. Calculated and observed valence-band offsets (in eV), for II-VI semiconductor pairs. The right-hand compound in each pair has the higher VBM.

Comparison is given with the tight-binding (TB) and Tersoff’s results.

CdTe/ZnTe CdTe/HgTe ZnTe/HgTe MnTe/CdTe
AE gy (with d)? 0.13 +0.02 0.37 +0.03 0.26 + 0.04 0.25 +0.10°
. - 0.35 4+ 0.06 . =
Expt. 0.10 + 0.0 0.36 + 0.05° 0.25 4 0.05 <0.
AE gy (TB,nod)" —0.07 0.00 0.07 0.04

® Present study; spin—orbit splitting effects are included; see Ref. 70
® Averaged over spin-up and spin-down states.

“Reference 73.

“Reference 72.

“Reference 74.

fReference 75 and Eq. (8).

In many binary materials AX and BX the cation d states
cannot be neglected. If these orbitals are below the anion p
state (e.g., Cu 3d, Zn 3d, Ag 4d, Cd 4d, Au 5d, or Hg 5d)
they will repel upwards the valence-band maximum, as
shown in Fig. 9(b). Since this repulsion is proportional to
V(A d;X,p)/[e(A,d) —e(X,p)]itis larger the shorter the
A-Xbond is and the shallower is the d orbital energy of the
cation A. Hence, since the Hg 5d state is shallower than the
Cd 44 state, HgTe would have a higher VBM energy than
CdTe. This model leads to finite band offsets between com-
mon-anion pairs with the same bond length and similar ca-
tion p orbital energies, in agreement with experiment. (Note
that Al has empty, high-energy 3d orbitals which Jower the
VBM in AlAs relative to GaAs.)

[ (a) Binaries AX and BX (No d) |

}

\ fewipl, s ()
e’ e A, e s
B-X A-X

[ (b) Binaries AX and BX (with d)|

——tesrses I;EV(pd)
Rsv(pd) A, S vBM
o :
K VBM | ' \
fisy (p) | { \ Tis(p)
B-X i '| .‘ | A-X
! | ! ]
t i ! ]
1 1
i \ | |
l | Ad, !
1 ! — !
1 1 \ I
‘l \B.d \ i
\‘l’ " Y Gstpd)y/
H‘ﬁ(pd) - d-band

F1G. 9. Energy level diagram applied to binary semiconductor heterojunc-
tions, neglecting (a) or considering (b) the role of the cation d states. CB
indicates conduction band.
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We have calculated™”" the valence-band offsets of the
four common-anion semiconductors CdTe/HgTe,
CdTe/ZnTe, ZnTe/HgTe, and MnTe/CdTe in a way that
parallels their measurement in photoemission core level
spectroscopy.’? Three quantities are needed in such a calcu-
lation. The core level binding energies E ;G and E LS 5 of
the cations A and B, respectively, relative to the VBM (ob-
tained from the band structures of AC and BC, respectively)
and the core level difference AE 532, [calculated from the
band structure of the (001) (AC),(BC), superlattice,
which is equivalent to the ABC, “CuAu-I" structure]. We
have shown,”" using a simple electrostatic model, that for
common-anion systems interface dipole effects can be small
and localized near the interface, so that an ultrathin super-
lattice could be used to obtain the core level difference
AE %%, . The valence-band offset AEy g, is then obtained as

AEVBM _EnlA (I:B +AEnlnl (9)
We find that after including p-d hybridization our calculat-
ed valence-band offsets are in good agreement with experi-
mental data. Our results (with d) are compared with tight-
binding (TB) calculation (no pd repulsion) and
experimental data for CdTe/ZnTe, CdTe/HgTe,
ZnTe/HgTe, and MnTe/CdTe in Table V.7>7°

F. Alloy clustering and stability of inter-11-VI
compounds

One of the central quantities computed in statistical me-
chanics models of A B, _ , Calloys,***>7%is the populations
of the C-centered molecular clusters A,B, _, (0<n<4) at
given compositions (x) and temperatures ( T).These cluster
populations, P (x,T’) are then contrasted with those pre-
dicted by a purely random (R) distribution P { (x). If

AP (x,T) =P (x,T) — P (x) (10)
is positive, the system is said to exhibit “clustering” of clus-
ter n, whereas if AP " (x,T) <0, it is said to exhibit “anti-
clustering.” These quantities depend naturally on the vol-

ume-dependent interaction energies AE (V) of the
A, B, _,C, (free or embedded) clusters,
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AE™(V) =E[A,B,_,CyV ]

— (n/4)E[AC] — [(4 —n)/4]E [BC].
(11)

Figure 10 contrasts the cluster energies obtained by Sher et
al.®® with those obtained here for the Hg, . Cd, Te system.
The tight-binding results [Fig. 10(a)] predict that the
Hg,Cd,Te, cluster is stable relative to its constituents
[AE® <0], whereas our first-principles results [Fig.
10(b) ] show the opposite. Furthermore, Sher et al. predict
the HgCd, and Hg, Cd clusters to have comparable excess
energies and that both are less stable than Hg, Cd, , whereas
the present results predict the 1:3 clusters to be stabler then
the 1:1 cluster. Figure 11 contrasts the excess populations
AP " (x,T) obtained by both groups, using the quasichemi-
cal method in the case of Sher ez al.,**’ and the cluster vari-
ation method*® in the present study. Table VI compares the
signs of AP (x,T) obtained with the various methods,
compared with those deduced from recent nuclear magnetic
resonance (NMR) studies.”””® We see the following: (i)
For the alloy systems Hg, ,Zn_Teand Cd, _,Zn, Te (for
which a considerable size mismatch exists between the bina-
ry constituents), the tight-binding theory*>’¢ predicts an in-
correct sign of AP (V' (x) for all cases where data are avail-
able. (The present first-principles theory has not been

T
(a) Sher et. al.
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Hng;;Te,; Hggche4
c
. e =)
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&
o
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0.0
»
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FIG. 10. Calculated excess cluster energies [Eq. (11)] for Hg, Cd, _ , Te,.
Results of Sher er al. (Ref. 49) are shown in (a), whereas (b) shows the
present first-principles results.
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F1G. 11. Calculated excess cluster probabilities [Eq. (10)] for CdTe-HgTe
alloys. The results of Sher et al. (Ref. 49) are shown in (a), whereas (b)
gives the present first-principles results.

extended yet to these systems.) (ii) For Hg, ,Cd, Te
{nearly vanishing size mismatch), the present theory and
tight binding agree on the sign of AP "V (x,T) for n#£2 (but
not for n = 2 in Hg-rich side). Both theories agree with ex-
periment for Hg-poor alloys, and both disagree with experi-
ment (which suggests a deficiency of Hg, Te clusters) for
Hg-rich alloys.

The discrepancies between theory and experiment for Hg-
rich Hg, _,Cd, Te alloys deserve further attention. It is pos-
sible that the Hg-rich samples’® were structurally poor, i.e.,
that not all of the nominal Hg was actually bonded to Te in
the fce lattice, but a portion of it existed as metallic inclu-
sions or as a surface segregated phase, or has been lost alto-
gether from the sample. Hence, the experimental result sug-
gesting deficiency of bonded Hg, Te clusters could reflect the
fact that not all 75% Hg are bonded to Te. There are two
experimental facts that support this possibility. First, Trek-
hov et al®®® have observed that one needs a nominal
Cd, s Hg, 55 Te sample to maintain an equal number of Cd
and Hg atoms on the cation sublattice, i.e., a nominal
x = 0.5 sample has < 50% bonded Hg. Second, Sporken ez
al.,**® in studying the Hg core photoemission have found
that a substantial amount of Hg outdiffuses from the sample
to its surface, leaving a deficiency of Hg, Te in the bulk and
producing cluser Hg, on the surface (with radii of 5-10 A)
of the sample. The Hg 4f;,, photoemission of the surface-
clustered Hg appears at a higher binding energy than that of
the bulk Hg. For large cluster radii R, the binding energy of
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TABLE VI. Comparison between theory and experiment in the predicted trends in clustering [Eq. (10)].

Hg-rich Hg, _ ,Zn,Te

Hg-poor Hg, _ ,Zn,Te

Cluster
type Sher et al® Exptl. Sher ef al® Exptl.
Hg, Deficiency ( — )
Hg,Zn Excess ( 4-)
HgZn, Deficiency { — ) Excess ( + )
Zn, Deficiency ( — )
Cd-rich Cd, _ ,Zn, Te Cd-poor Cd, _ ,Zn,Te
Cluster Sher et al® Exptl*® Sher et al* Exptl®
type (x<0.12) (x=0.9)
Cd, Deficiency ( — ) Excess ( + )
CdyZn Excess ( + ) Deficiency ( —)
CdZn, Deficiency ( — ) Excess (+ ) Deficiency ( — )
Zn, Deficiency (- ) Excess ( +)
Hg-rich Hg, _,Cd, Te Hg-poor Hg, _ . Cd, Te
Cluster Exptl.© Exptl.d
type Sher et al.® Wei and Zunger (x=0.25) Sher et al.® Wei and Zunger (x=0.75)
Hg, Excess ( + ) Excess ( + ) Deficiency ( — )
Hg,Cd Deficiency ( — ) Deficiency ( — ) Excess ( +)
Hg,Cd, Excess ( 4 ) Deficiency ( — ) Excess (+) Excess ( + )
HgCd, Deficiency ( — ) Deficiency ( — ) Deficiency ( — )
Cd, Excess (+) Excess ( +) Excess { + )

“Results for clustering in Hg, _ ,Zn, Te were presented by Sher et al. in Ref. 49, Fig. 5. Note that the labels for Hg, and Zn, were interchanged erroneously in this figure. The same

error occurred in Fig. 5 of Sher e al. (Ref. 76).

" Results for clustering in Cd, _ ,Zn_Te were presented by Sher ef al,, Ref. 76, Fig. 4. Note that the labels for Cd, and Zn, were erroneously interchanged in this figure,

°Beshah et al,, Ref. 77.

9 Results for clustering in Hg, ,Cd_Te were presented by Sher et al,, Ref. 49, Fig. 6. Note that the labels Hg, and Cd, were erroneously interchanged in that figure.

°Zax et al., Ref. 78.

the surface Hg approaches that of metallic Hg. This raises
the possibility that the Hg-rich samples studied by NMR
contain less bulk bonded Hg than the nominal concentration
would suggest, explaining the discrepancy with theory. A
careful reexamination of the content of the bonded Hgin this
sample and new experiments on crystalline samples (rather
than crushed polycrystalline samples of unknown stoichi-
ometry’®) are called for.

G. Ground-state properties of ordered alloys

To assess the relative stability of the various bonds
between II-VI compounds, we have calculated the total en-
ergies of ordered A,B,_,C, structures (zinc blende for
n =0 and 4, the tetragonal CuAul-like structure for n =2
and the “Luzonite” structure for n = 1 and 3). The total
energy has been minimized both with respect to the lattice
parameter and with respect to the cell-internal structural
degrees of freedom, controlling the two bond lengths R (A-
C) and R (B-C) and the bond angles. We define the forma-
tion enthalpy AH ¢ of the structure A, B, _,C, as its ener-
gy (at equilibrium ) with respect to the energies of equivalent
amounts of AC and BC (also at their equilibrium) [i.e., as
the equilibrium value of Eq. (11)]:
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AH™ =E[A,B,_,CyV.]
— (n/4)E[AC] — [(4 —n)/4)E [BC]. (12)

Table VII gives AH " in units of kcal per four-atom formula
mole (i.e., ABC,, or double zinc blende). Table VII also
gives the bulk moduli B ”, the equilibrium bond lengths,
and the dimensionless parameter ¥ measuring the extent of
bond alternation in these systems. For the CuAul structure,
assuming ¢ = g, we have

R(A-C) = [1/8 4 u?]"/%q,

R(B-C) = [1/8+ (1/2 — u)?]"/q, (13)
for the Luzonite structure (AB,C,, space group T'}), we
have

R(A-C) =3ua,

R(B-C) = [2(1/2 — u)? + u?]/q, (14)
sothat u = 1/4 gives R(A-C) = R(B-C). The results show
the following:

(i) In all cases, AH >0, hence the ternary ordered
phase A,B,_,C, for n = 1, 2, or 3 will disproportionate, at
equilibrium, to nAC + (4 — n)BC. (This is reflected by the
increased population of Hg, and Cd, clusters in Fig. 11.)
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TABLE VII. Calculated (semirelativistic LAPW) ground-state properties of ordered A, B, _ ,C, (0<n<4) structures between ZnTe, CdTe, and HgTe.

Ordered aly R(Zd-Te) R(Cd-Te)  R(Hg-Te) B AH ™
compound ( 10\) (;\) (A) (A) u (GPa) (kcal/4-atom mole)
ZnTe 6.052 2.621 . 0.25 52.1 0
CdTe 6.470 s 2.802 o 0.25 44.0 0
HgTe 6.492 e 2.811 0.25 46.1 0
Cd;ZuTe, 6.368 2.643 2.797 0.2397 47.3 0.76
CdZnTe, 6.263 2.638 2.790 0.2290 44.0 1.25
CdZn,Te, 6.158 2.630 2.783 0.2609 50.2 1.08
Hg.ZnTe, 6.383 2.645 2.806 0.2393 48.6 0.62
HgZnTe, 6.269 2.637 2.797 0.2279 452 0.98
HgZn,Te, 6.163 2.632 2.787 0.2611 49.4 0.84
Cd,HgTe, 6.476 2.802 2.810 0.2505 44.8 0.24
CdHgTe, 6.481 2.801 2.812 0.2485 44.2 0.28
CdHg,Te, 6.485 2.804 2.810 0.2496 46.2 0.17

Our results for HgCdTe, disagree with the results of Sher et
al.® and Hass and Vanderbilt?® who found that if the (desta-
bilizing) d band is ignored, AH[CdHgTe,] <0.

(ii) Comparing the magnitudes of AH ™ for a fixed stoi-
chiometry »n and different compounds (e.g., CdHgTe,,
HgZnTe,, and CdZnTe, ) we find that CdHgTe, (having a
very small lattice mismatch between its binary constituents)
is the least unstable, whereas both HgZnTe, and CdZnTe,
(with relative lattice mismatches of 5.9% and 6.2%, respec-
tively) are considerably less stable. (Of course, formation
enthalpies reflect thermodynamic stability/instability
towards disproportionation, not to be confused with stabil-
ity against other reactions, such as oxidation, diffusion, etc.)
Our results are in generally good agreement with the pseudo-
potential calculation® for lattice mismatched CdZnTe, and
HgZnTe,. Tight-binding calculation by Sher et al.’® give
AH [HgysZn,sTe] ~0.72  kcal/(4-atom mole)  and
AH [Cdy5Zn, s Te] =0 [Fig. 3(a) and 3(b), Ref. 76], how-
ever, results given by Sher et al. in Ref. 25 show
AH [Cd,sZn, s Te] =0.65 kcal/(4-atom mole).

(iii) We find that the shorter of the two bonds in AC and
BC becomes longer in the ternary phase A, B, _,C,, where-
as the longer of the two binary bonds becomes shorter.
Hence, comparing ZnTe and CdTe, the shorter (Zn-Te)
bond has a length of 2.621, 2.630, 2.638, and 2.643 A in
ZnTe, Cd;ZnTe,, CdZnTe,, and CdZn,Te,, respectively.
This agrees with the valence force field (VFF) calculations
of Martins and Zunger® and with extended x-ray absorption
fine-structure (EXAFS) measurements.’? In the CdTe-
HgTe system (where our theory underestimates the length
of the Cd-Te bond by 0.004 A and overestimates that of Hg-
Te by 0.013 A), we find that the bond lengths in the ternary
phase are nearly unchanged relative to their values in the
binary compounds (e.g., the Hg—Te bond length is 2.811 A
in HgTeand 2.812 A in CdHgTe,; the Cd-Te bond length is
2.802 A in CdTe and 2.801 A in CdHgTe, ). This conflicts
with the results of Sher et al.?° and Hass and Vanderbilt?
who find that the shorter (Hg-Te) bond becomes substan-
tially shorter in the ternary phase, whereas the longer (Cd—
Te) bond becomes yet longer in the ternary phase. This ef-
fect can be quantified by defining the relative bond length
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mismatch R g [4 C:B] — R oo [B C:A] in the dilute alloy
(or impurity) limit with respect to the size mismatch in the
pure compounds, R 9 and R §:

ﬂ(x) = (RBC [AxBlfxC] _RAC [Al—xBxC] )/

(R3c — R%c), (15a)
7(x—1) = (Ryc [AC:B] — R, [BC:A])/
(R3c —R%c). (15b)

If 7 < 1, the alloy environment acts to reduce the difference
between the bond lengths of the constituents, whereas if
17> 1, the alloy amplifies the difference. For HgCdTe, Chen
et al? find 7(1)=8 and Hass and Vanderbilt?® find
17(1) =11, whereas we find for all systems #<1. Since this
effect is very large in the calculations neglecting the d
bands®>*¢ (the Hg-Te and Cd-Te bond lengths are predict-
ed to differ in the Hg, ; Cd, s Te alloy by 0.05 A, compared
with 0.009 A in the end-point compounds), if correct it
should be readily observed in future EXAFS measurements.

H. Optical bowing

Our calculations of the electronic structure of A, B, _ ,C,
also provides information on their band structure. Bernard
and Zunger®® and Wood et al.** have shown that the optical
bowing parameter b of an A B, _, C alloy can be calculated
as a sum of an “ordered” contribution b,,; (obtained from
comparing the band gap of ordered ABC, in CuAul struc-
ture to the average of the gaps of AC and BC) and a “disor-
dered” contribution b, reflecting the fact that the
A, B, ,C alloys contains, even at x = 0.5, not only the
A,B, cluster, but also the A,, A;B, AB,, and B, clusters
(Fig. 11):

b= bgeq + buss- (16)
For systems with a lattice mismatch, it is found that b, > b,
hence the “disorder” contribution acts to increase the alloy
band gap, reducing thereby its bowing parameter.

To calculate the band gaps of the systems of interest here,
we must first correct for the well-known®® underestimation
of gaps by the local density approximation (LDA). Wedoso
by contrasting the LDA calculated gaps for ZnTe, CdTe,
and HgTe with those measured®” (extrapolating the result to
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E, (exptl.) LDA LDA b bora
E,(LDA) 0K error corrected (exptl. (calc. at
(eV) (eV) (eV) (eV) at x =0.5) x=0.5)
ZnTe 1.02 2.39* 1.37 2.39
CdTe 0.47 1.61° 1.14 1.61
HgTe —0.99 —0.30* 0.69 —0.30 L &x
CdHgTe, —0.27 0.60° (0.91) 0.64 0.23°,0° 0.05
HgZnTe, —0.09 1.01¢ (1.03) 0.94 0.14° 0.41
CdZnTe, 0.64 1.94¢ (1.25) 1.89 0.26¢ 0.44

*Reference 35.

® Alloy data at x = 0.5, recommended T'= 0 K values by Brice, from data compiled in Ref. 86.

¢ Alloy data at x = 0.5, Ref. 87.
9 Reference 88.

0K), and applying to our calculated LDA gaps of ABC, the
average LDA error for AC and BC (Table VIII). We hence
predict for CdHgTe,, HgZnTe,, and CdZnTe, zero-tem-
perature band gaps of 0.64, 0.94, and 1.89 eV, respectively.
The measured results for the corresponding disordered al-
loys at x = 0.5 (extrapolated to 0 K) are 0.595,%¢ 1.01,%” and
1.94 eV,*® respectively. Our calculated b,,,, given in Table
VIII, overestimates, as discussed above, the total b for lattice
mismatched system, yet they suggest definite trends
b(CdZnTe) ~b(HgZnTe) >b(CdHgTe) associated with
the trends in bond length mismatch® (see also Table VII).
Our result b, (CdHgTe) = 0.05 eV can be compared also
with that of Podgorny and Czyzyk?® (0.96 eV ), Hass ef al.*’
(~0.27 V), and Berding et al.¥® (0.36 eV). For HgZnTe,
our result b,y (HgZnTe) = 0.41 eV can be compared with
b=0.79 eV obtained by Berding et al.% None of the other
calculations incorporate the metal d band. This explains why
these approaches overestimate the bowing parameters in
these systems: Since there is a smaller p—d repulsion in ABC,
relative to AC and BC, inclusion of this effect raises the gap
of ABC, (hence, reduces the bowing) relative to calcula-
tions which omit d bands.

V. SUMMARY

We have demonstrated that the existence of a fully occu-
pied, nominally ‘“nonbonding” & band inside the valence
band of II-VI semiconductors affects the properties of these
systems near the valence-band maximum. The incomplete
screening by the d electrons of the core leads to profoundly
different properties of IIB-VI compounds relative to TIA~
VI compounds, lacking this d shell. In addition, the 4 elec-
trons have a direct effect on the other orbitals of the system,
due to the symmetry-allowed p—d interaction. These effects
involve (i) reduction of the direct band gap due to upward
repulsion of the I" |, state by the & bands at lower energies;
(ii) reduction of the spin-orbit splitting; (iii) reversal of the
order of the d-orbital I' ;5 and I';, states relative to the pre-
diction of point—ion crystal-field models; (iv) introduction
of antibonding character in the charge distribution of the
upper valence bands; (v) significant increase in the valence-
band offset between common-anion II-VI pairs (e.g.,
CdTe-HgTe); and (vi) reduction in the optical bowing pa-
rameters.
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We further predict that p—d repulsion will lead to a near
equality of the spin—orbit splitting at I';5, of CdTe and
HgTe, in contrast with the currently accepted result A,
(HgTe) > A, (CdTe). Detailed results on equilibrium bond
lengths, formation enthalpies, and clustering of inter-II-VI
compounds are presented.

Note added in proof: In Sec. IV G we have shown that
whereas calculations omitting the d bands (Refs. 20, 26)
predict that the alloy environment in Hg, _,Cd, Te acts to
increase the bond length size difference Ry 1. (x)
— Ry 1. (x) relative to the same quantity Rcy (1)
— Ry, 1. (0) in the pure end-point compounds, our own
calculations predict the opposite, i.e., that 7(x) of Eq. (15a)
satisfies 7(x)<1. Recently, an experimental EXAFS study
of the bond lengths in Hg, _ ,Cd, Te has been published by
Balzarotti [Physica B 146, 150 (1987)]. This shows that
RYyr.(0) =2.798 A, R, 1. (1) =2.8065 &, Ryyy 1 (0.5)
=2799 A, and Rcyr1.(05)=2.803 A, yielding
17(0.5) = 0.47. Although small uncertainties in the (rather
close) bond lengths of the end-point compounds are critical
for the EXAFS analysis, this experimental study seems to
clearly demonstrate that the alloy environmental reduces the
bond length size mismatch (i.e., the long bond becomes
shorter and the short bond becomes longer), in agreement
with our prediction [7(0.5) ~ | from our Table VII], and in
conflict with the previous no-d calculations®**¢ [e.g.,
7(0.5) =5.8 in Ref. 20 and 7(0.5) ~4.4 in Ref. 26]. This
new experimental result also contradicts the speculation of
Ref. 77 that p(x) > 1.
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