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All-electron band-structure calculations and photoemission experiments on II-VI semiconductors
both exhibit a metal d subband inside the main valence band. It has nevertheless been customary in
pseudopotential and tight-binding approaches to neglect the metal d band by choosing Hamiltonian
parameters which place this band inside the chemically inert atomic cores. Using all-electron self-
consistent electronic-structure techniques (which treat the outermost d electrons on the same foot-
ing as other valence electrons) and comparing the results to those obtained by methods which re-
move the d band from the valence spectrum, we study their effects on valence properties. For II-VI
semiconductors we find that p-d repulsion and hybridization (i) lower the band gaps, (ii) reduce the
cohesive energy, (iii) increase the equilibrium lattice parameters, (iv) reduce the spin-orbit splitting,
(v) alter the sign of the crystal-field splitting, (vi) increase the valence-band offset between common-
anion II-VI semiconductors, and (vii) modify the charge distributions of various II-VI systems and
their alloys. p-d repulsion is also shown to be responsible for the occurrence of deep Cu acceptor
levels in II-VI semiconductors (compared with shallow acceptors of Zn in III-V), for the anomalous-
ly small band gaps in chalcopyrites, and for the negative exchange splitting in ferromagnetic MnTe.

15 MAY 1988-11

1. INTRODUCTION

The electronic structure of II-VI semiconductors
ZnxV!, Cdx V!, and HgX ! is distinguished from that of
both column-II A chalcogenides CaX"!, SrXV!, and
BaX"! and from the III-V semiconductors by having a
cation d band inside the main valence band. These
valence d bands are evident in photoemission spectra!—3
(Fig. 1 and Table I) and in all-electron band-structure cal-
culations*~!! (Figs. 2 and 3), both exhibiting a moderate-
ly narrow ( <1 eV), fully occupied metal d band around
7-11 eV below the valence-band maximum and 6-2 eV
above its minimum. Whereas elements to the left of
column IIB in the Periodic Table (transition metals) are
commonly considered to manifest d-electron effects near
the Fermi energy, and the valence properties of elements
to the right of column IIB (post-transition elements) ap-
pear to be well described without explicit reference to
their deep d bands, column-IIB compounds constitute a
borderline case. In early electronic-structure calculations
for II-VI semiconductors®~® the metal d bands were re-
tained (see also more recent results in Refs. 7-11). How-
ever, most current calculations using empirical,'? '8 sem-
iempirical,'® or first-principles?®?! pseudopotential ap-
proaches, as well as tight-binding approaches?*~2* to II-
VI semiconductors, their alloys,”~%° and their impurity
states’®~32 have ignored the metal d bands, assuming
them to be a part of the chemically inert atomic cores.
The underlying assumption in these approaches seems to
have been that the d bands in II-VI semiconductors are
nonbonding, energetically 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 (e.g., by
modifying the ionic potentials!>~2! or the Hamiltonian
matrix elements?>~3?) and represented only implicitly
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through their indirect effects on the valence s and p elec-
trons of the constituent atoms.

In this paper we examine the extent to which the metal
d orbitals in II-VI semiconductors can be viewed as core-
like 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 valence-band maximum, (iii)
ground-state properties such as equilibrium lattice pa-
rameters, cohesive energies, and bulk moduli, and (iv)
valence-band offsets between semiconductors. Significant
d-electron effects are found for all of the above.

TABLE 1. Experimentally observed cation d-band binding
energies (in eV) with respect to the valence-band maximum.
When two values are given for a compound, the first corre-
sponds to J = % and the second to J =% spin-orbit components.

Ref. 1 Ref. 2 Ref. 3
ZnO, 3d 8.81 8.5
ZnS, 3d 9.03
ZnSe, 3d 9.20 8.9
ZnTe, 3d 9.5 9.84 9.1
9.8
CdS, 4d 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

8958 ©1988 The American Physical Society
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II. CLASSIC PHENOMENOLOGY:
EFFECTS OF A “NONBONDING” 4 '° SHELL

The global effect of the metal d electrons on the prop-
erties of II-VI semiconductors can be assessed by com-
paring their properties to those of the analogous
alkaline-earth compounds (which lack valence d bands).

CdSe

Se,s

V

ZnTe

Relative Intensity

0 -5 -10-15
Energy (eV)

FIG. 1. Observed photoemission spectra (Refs. 1-3) of cat-
ion d states (shaded regions) in the II-VI compounds. The ar-
row near E=0 points to the valence-band maximum.
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The large difference between the properties of CaX V!
versus ZnX"Y!, SrXV! versus CdXV!, and BaX"! versus
HgX V! (Table II),3~% and indeed between the chemistry
of group-1I1 4 and group-I1B inorganic compounds can be
understood phenomenologically (e.g., see textbook dis-
cussions in Refs. 40-43): Had the d '%-electron shell fully
compensated electrostatically for the ten added protons
in going from, say 2°Ca to 3°Zn, or from *Sr to “*Cd, the
two members of each pair would have very similar
valence properties except, perhaps, for atomic size
(Zn,Cd could be larger than Ca,Sr, respectively, because
of the added electron shell in the former case). However,
since the (n —1)d '* orbitals (with their vanishing ampli-
tude at the nucleus) are not corelike charges (note the
dispersion of their bands in Figs. 2 and 3, and the width
of their photoemission bands in Fig. 1), they do not com-
pletely screen the ten added protons as far as the other
valence electrons are concerned. This leaves a net attrac-
tive electron-ion potential in the IIB elements in excess of
that pertinent to the corresponding group-II 4 elements.
Consequently, the valence s orbitals of the IIB elements
are more strongly bound to the nucleus than the corre-
sponding s orbitals in group-II 4 elements (the observed**
s?—s!+e valence ionization potentials are 6.1, 5.7, and
5.2 eV in Ca, Sr, and Ba, respectively, compared with the
larger values of 9.4, 9.0, and 10.4 eV for Zn, Cd, and Hg,
respectively). This imperfect d-orbital screening in
group-1I1B compounds makes their atomic sizes and lat-
tice parameters smaller*> than those of group-II 4 com-
pounds (Table II), despite the added orbital shell in ihe
former case. The relative ease with which valence s orbit-
als can be removed from the atomic sites in II A elements
makes them amenable to forming ionic I A-VI structures
(all 114 chalcogenides have the rocksalt structure®®),
whereas the more tightly bound valence s electrons in
group-IIB elements force them to form electron-sharing
bonds which at ambient pressure stabilize the zinc-blende
(or wurtzite) structure (except for HgS), and transform to
the NaCl form only at higher pressures.*® The smaller
band gaps, lattice constants, and cohesive energies and
the larger bulk moduli of the IIB-VI semiconductors
(Table II) are then direct manifestations of their reduced
ionicities relative to the II A-VI compounds, a conse-
quence of incomplete d-orbital screening effects.

The indirect effects of d orbitals on the properties of
I1B-VI semiconductors are routinely taken into account
by models that explicitly neglect'>~32 the d band in the
solid, by using sufficiently tightly bound (relative to
group-II 4 atoms) atomic-s-orbital energies (in tight-
binding models) or sufficiently attractive ionic pseudopo-
tentials (in empirical or semiempirical pseudopotential
approaches). Using adjustable parameters it is then pos-
sible to fit, for example, the calculated low-lying band
gaps of such compounds to experiment. Manipulating
the atomic quantities (atomic-orbital energies and pseudo-
potentials) could, however, misrepresent the direct effects
of the d orbitals in the solid-state phase, i.e., p-
d -hybridization effects which affect band baps and equi-
librium structural properties. These effects are discussed
next, first in a qualitative fashion (Secs. III and 1V), and
then quantitatively (Sec. VI).
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FIG. 2. Calculated (LAPW) band structure of (a) ZnTe, (b) CdTe, and (c) HgTe near their equilibrium lattice constants. The cat-
ion d bands are highlighted by the dashed lines. The band-gap regions are shaded. Dashed lines indicate doubly degenerate states.

III. p-d COUPLING IN TETRAHEDRAL mix even and odd angular momenta (e.g., p with d), while

STRUCTURE: ESSENTIAL PHYSICS those of T, do.” For example, whereas the band-state
representations at the Brillouin-zone center in O, sym-
metry show no p-d (or s-f) mixing between the central-
atom d states and the ligand p states,

Whereas the octahedral point group (O, ) for the NaCl
structure has inversion symmetry, the. tetrahedral point
group (T, ) pertinent to zinc-blende compounds does not.
Consequently, symmetry representations of O, do not TI,[0,]: s+g states (/=0,4), (1a)

TABLE II. Lattice constant a (in A), bulk modulus B (in GPa), cohesive energy E [in (€V)/(2 atoms)], and band gap E, (in eV) of
I14-VI and I1B-VI compounds. The II 4-VI compounds are in the rocksalt (B1) structure and IIB-VI (in eV) compounds are in the
zinc-blende (B3) structure.

I1A-VI 11B-V1

compounds a? B® E. © E ¢ compounds ac Bf E.© E°
CaS 5.690 434 9.62 5.8 ZnS 5.411 76.9 6.33 3.82
CaSe 5.91 52.1 7.90 49 ZnSe 5.669 62.5 5.25 2.87
CaTe 6.345 47.6 6.88 4.1 ZnTe 6.089 50.9 4.82 2.39
SrS 6.020 35.3 9.25 4.8 Cds 5.83 64.3 5.56 2.58
SrSe 6.23 45.0 8.08 4.4 CdSe 6.084 55.0 491 1.82
SrTe 6.47 40.5 6.64 3.7 CdTe 6.48 44.5 4.45 1.60
BaS 6.388 55.6 9.35 3.9 HgS 5.852 68.6 —0.2~0.5
BaSe 6.600 41.5 8.22 3.6 HgSe 6.074 57.6 3.37 —0.1
BaTe 6.986 35.8 6.92 34 HgTe 6.460 47.6 3.22 —0.3

“Reference 33.
®Reference 34.
“Cohesive energies are obtained from the formation enthalpies of Ref. 35 and the elemental cohesive energies of Ref. 36.
9Reference 37.
‘Reference 38.
fReference 39.
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in T; symmetry such mixings are permitted, e.g.,

Energy (eV)

IIIIIIIIII7s

X1 V4

-6 Zn 3d
-8 WSS - 777" pr77z e R W=C— /.
X1 Vi L K1
-10 L—A/ 'A‘\l" Iy
-12} 4
r X w L r K

FIG. 3. Same as Fig. 2, but calculated using the nonrelativis-

tic all-electron mixed-basis method (Ref. 10) for (a) ZnS, (b)
ZnSe, and (c) ZnTe.
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N7 s+f+g (1=0,3,4),

(2)
Tl T): (pespysp,)+(d,,.d,,.d,,)

+ f states (I =1,2,3).

The fact that direct p-d mixing is symmetry forbidden in
octahedral symmetry accounts for the success of the
crystal-field theory for such compounds,***’ in which
both electron interactions with the lattice and many-
electron multiplet effects could be simply treated within a
renormalized basis of pure, metal-atom-centered, /=2
[Egs. (1c) and (1d)] Kubic harmonics (sometimes small
I=4 corrections are added). Conversely, the fact that p-d
mixing is symmetry allowed in tetrahedral compounds is
responsible for numerous new effects.*®
Consider, for example, a zinc-blende crystal and ignore

for the moment the cation d states. The states near the
band edge at I' can be described qualitatively by a simple
tight-binding 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',5 (also termed ¢,), they can interact [Fig. 4(a)] through
a coupling matrix element V,,, forming a lower-energy
bonding state at the energy

2 172
€ +€p € —€;
E(rlsu(p))= P2 £ £ 2 = +V:p ’ (3)
and an antibonding state at
¢¢ 4 g8 (o g 2 172
el (p)=—o—"F+ | | =5 | 4V}, @)

The bonding state has no node and its energy is lowered
relative to €, [Fig. 4(a)] by this level repulsion. If, howev-
er, cation d states are included at an energy € [Fig. 4(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 V,;. This coupling can lead to (i) an inversion of
the order of the d-orbital levels ["5(dp) below I',(d),
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FIG. 4. Schematic plot of pp and pd coupling in zinc-blende
semiconductors. (a) pp coupling only and (b) inclusion of pp and

pd coupling.
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TABLE III. Atomic eigenvalues (in eV) calculated by different methods. NR and SR indicate nonre-
lativistic and semirelativistic calculation, respectively, and HF denotes Hartree-Fock.

Harrison’s table® LDF¢
HF(NR)? (NR, Herman-Skillman) NR SR
Zn 4s —7.96 —8.40 —6.15 —6.31
4p —4.02 —3.38 —1.36 —1.31
3d —21.28 —17.11 —10.89 —10.48
Cd 5s —7.21 —7.70 —5.65 —6.04
5p —3.99 —3.38 —1.51 —1.41
5d —20.76 —18.28 —12.85 —11.96
Hg 6s —7.10 —7.68 —5.67 —-7.21
6p —3.95 —3.48 —1.56 —1.26
6d —19.43 —17.27 —12.37 —10.09
S 3s —24.01 —20.80 —17.24 —17.36
3p —11.60 —10.27 —7.20 -7.19
Se 4s —22.86 —20.32 —16.98 —17.56
4p —10.68 —9.53 —6.77 —6.74
Te Ss —19.12 —17.11 —14.26 —15.43
Sp —9.54 —8.59 —6.25 —6.19

*Reference 49.
bRef. 22(a) and 50.

“Present local-density-functional (LDF) results obtained using the exchange-correlation potential of

Ref. 51.

see Fig. 4(b)] relative to what is expected without p-d
repulsion (e =T, below ¢, =T"|s, see Ref. 42), (ii) an up-
ward shift of the I'y5,(pd) state relative to the I'y5,(p)
state, and (iii) mixing of antibonding character into
['s,(pd) [the valence-band maximum (VBM) in the com-
pound].

One can estimate the magnitude of these effects semi-
quantitatively by considering the p-d —repulsion energy
perturbatively, as

2
Voa
a c
€, —€g

AE,,~ (5)

The magnitude of the energy denominator can be es-
timated by a difference of atomic-orbital energies given in
Table IIL*~3' The nonrelativistic Hartree-Fock**®
or Herman-Skillman®® orbital energies used by
Harrison?2(@»49®):4(¢) show very deep cation d states,
producing in II-VI compounds negligible p-d repulsion
effects (e.g., Table III, show that the HF p-d energy
difference for ZnTe is 11.74 eV compared with 4.29 eV of
the LDF results. The Zn 3d energy level is even lower
than that of the Te Ss state in the HF nonrelativistic cal-
culation). The semirelativistic local-density orbital ener-
gies of Table III, however, correctly position the d bands
inside the main valence bands in II-VI compounds (Figs.
1-3 and Table I). Using these orbital energies one finds
values of the energy denominators [Eq. (5)] shown in the
first column of Table IV. For comparison, we give in the
second column of this table the observed"?>? metal d
binding energies (not eigenvalue dif ferences) relative to

TABLE IV. Calculated semirelativistic local-density-
functional atomic-energy differences €, —e; (in eV), where €
and €; are the metal-d-orbital and nonmetal-p-orbital energies,
respectively. The experimental d-band binding energies (with
respect to the VBM) are also given. We use the exchange-
correlation potential of Ref. 51.

Observed
binding energies

(solids,

€, —€g relative to

Compounds (atoms) the VBM)
GaP 13.50 18.76°
GaAs 13.75 18.86*
GaSb 14.09 18.96
InP 13.07 17.41°
InAs 13.32 17.23?
InSb 13.66 17.80°
ZnS 3.29 9.03°
ZnSe 3.74 9.20°
ZnTe 4.29 9.84°
Cds 4.76 9.64°
CdSe 5.21 10.04°
CdTe 5.76 10.49°

HgS 2.90

HgSe 3.35 8.05¢
HgTe 3.90 8.58°

2Reference 52.
®Reference 2.
‘Reference 1.
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TABLE V. Calculated p-d —repulsion energy for ZnTe, CdTe, and HgTe using model A with three different input parameters Al,
A2, and A3 (see Appendix). Results are given in eV. Here, Q, is the fraction of d character in the metal sphere, V,, is the p-
d —coupling matrix element, and AE,, [Eq. (5)] is the energy shift of the valence-band maximum due to p-d repulsion.

ZnTe CdTe HgTe
Qi Tisy—Tisa Ve AEy Qi Tiss—Tisa Ve AEy Qs Tiss—Tisa Ve AEy
Model A1 0.072 7.27 1.88 0.52 0.074 8.43 221 0.62 0.129 7.38 248 095
Model A2 0.049 7.27 1.56 0.35 0.049 8.43 1.82 041 0.092 7.38 2.14 0.68
Model A3 0.053 9.80 224  0.54 0.053 10.60 238 0.56 0.091 9.55 2.75 0.87

the valence-band maximum. These results show that the
d bands in II-VI semiconductors have moved up in ener-
gy relative to the corresponding bands in III-V com-
pounds by as much as 9-10 eV. [The relative compact-
ness of the (n —1)d '° orbitals makes them sample the nu-
clear charge far closer then the np orbitals, leading to a
steep decrease in the energy of the d orbitals with atomic
number, e.g., in Zn—Ga or Cd—In.] It appears that the
unphysically deep d-orbital energies given by the
Hartree-Fock model (Table III) was responsible for the
neglect of d bands in early tight-binding models for II-VI
semiconductors.?? 24

Estimating V,, from Harrison’s formula V,,
= A(r}’?/d"’?), where r; and d are the cation d-orbital
radius® and the average bond length, respectively, one
finds ¥,;~1-2 eV. This suggests that the p-d repulsion
shifts the valence-band maximum to higher energies by
AEpd, of the order of 0.1-0.3 eV for III-V compounds,
but of order 1 eV for II-VI compounds. The Appendix
provides other simple estimates shown in Tables V- VIIIL.
These involve the use of two simple models to estimate
the shift in the valence-band maximum due to p-d cou-
pling: first (“model A”), using the splitting between I' s,
and I';s,, and second (“model B”), using the fact that the
p-d repulsion increases the overall '), —T";5, valence-
band width, as its bottom (I',,) is unaffected by d states
while its top (I'ys5,) is. This effect is evident from the
photoemission data.?3®

It thus appears from these simple estimates that p-d
repulsion cannot be neglected in II-VI semiconductors.
Quantitative calculations, using all-electron first-
principles methods, will be presented in Sec. VI. Our
qualitative model points to the main consequences of p-d
repulsion in II-VI semiconductors.

(i) It reduces the direct band gap by repelling I';5, up-
wards without affecting the conduction-band minimum at
I' (of I';, symmetry and, hence, non-pd). This was
demonstrated also by Chang et al.,*! who found a de-
crease by 1.2 eV in the calculated band gap of CdS when
the Cd d band was included in the calculation. The
better agreement with experiment for band gaps obtained
using local-density-functional (LDF) calculations which
neglect p-d repulsion is hence fortuitous. A particularly
striking example is provided by the fact that despite the
greater ionicity of ZnO, it has a smaller band gap [ ~3.4
eV (Ref. 37) in its wurtzite form] than ZnS: 3.90 to 3.82
eV for wurtzite and zinc-blende forms, respectively.’®
(Cd and Hg oxides also have smaller direct band gaps rel-
ative to their sulfides; however, the situation there is

22(a)

complicated by different crystal structures. This is con-
trary to the situation encountered in salts which lack ac-
tive d bands, e.g., the more ionic compounds CaO, SrO,
and BaO have larger band gaps (7.1, 5.3, and 4.4 €V, re-
spectively’’) than the corresponding less ionic sulfides
CaS, SrS, and BaS (5.8, 4.8, and 3.9 eV, respective]y”).
We suggest that the reason for this is the stronger p-d
repulsion in ZnO [where the Zn 3d to O 2p orbital energy
difference is small; see Fig. 6(b) below] relative to ZnS
(having a larger Zn 3d to S 3p orbital energy difference).

Again, empirical adjustment of the band-structure pa-
rameters can be used to reproduce the experimental band
gap even if the d bands are ignored.'*® However, the
physical mechanism leading to these trends remain ob-
scure in such approaches.

(ii) Since p-d repulsion raises the energy of the valence-
band maximum, E,, in inverse proportion to the (anion
p)-(cation d) energy difference [Eq. (5)], a pair of materi-
als AC and BC having a common anion C but whose cat-
ions 4 and B have different d-orbital energies (e.g., CdTe
and HgTe, see Fig. 1 and Tables I and III) and wave
functions would also have different values of AE,;. The
difference 8,;=AE,;( AC)—AE_;(BC) will hence con-
tribute to the valence-band discontinuity between AC
and BC (see Tables VI and VIII). Whereas models which
neglect the cation d band**>* have largely failed in pre-
dicting the substantial valence-band discontinuity®* > in,
e.g., CdTe/HgTe, inclusion of d bands produces the
correct results.’® This will be further discussed in Sec.
VIE.

(iii) p-d coupling mixes d character into the wave func-
tion at the valence-band maximum. (This is verified by
direct calculations, see Sec. VI B.) Since d states contrib-
ute with opposite sign to the spin-orbit splitting (lowering

TABLE VI. Calculated relative shifts 8,,=AE,(AC)
—AE,;(BC) (in eV) of the valence-band-maximum energy be-
tween two compounds AC and BC due to p-d repulsion from
Table V (model A). This shift contributes directly to the
valence-band offset between AC and BC (see Appendix). The
models A1, A2, and A3 refer to Table V and the Appendix.

CdTe/ZnTe ZnTe/HgTe CdTe/HgTe
Model Al —0.10 0.43 0.33
Model A2 —0.06 0.33 0.27
Model A3 —0.02 0.33 0.31
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TABLE VII. Calculated p-d -repulsion energies AE,; [Eq. (5)] for ZnTe, CdTe, and HgTe (in V),
using model B of the Appendix, where bandwidths are used to determine AE,,;. For the input atomic
eigenvalues, see Table III. We use experimental lattice parameters (see Table II). The “old” parame-
ters [Ref. 22(a)] in Harrison’s TB model (model B1) are V,,=2.16#*/md* and V= —5.60#"/md>.
The more recent parameters [Ref. 49(b)] (model B2) are V,,=1.28%#"/md* and V, = —5.28%/md?,
where d =(V'3/4)a is the bond length. Here, W, is the total valence-band width (T';5, to I';,) as ob-
tained in tight-binding (W) calculations neglecting p-d repulsion, or in the present work (W),

where p-d repulsion is included. See Appendix for details.

ZnTe CdTe HgTe
WtTc]ta Wlol AE pd W;ro? me AE pd WI)? Wtol AE pd
Model Bl 11.36 1191 0.55 1094 1130 0.36 11.17  12.03 0.86
Model B2 11.67 1191 0.24 11.20 1130 0.10 11.40 12.03 0.63

it), as opposed to p orbitals (which raise it), p-d coupling
would hence affect the trends in spin-orbit energies. This
will be discussed in Sec. VIC.

(iv) Depending on whether the cation d-orbital energy
is below the anion p energy [as depicted in Fig. 4(b)] or
above it, the order of the e and ¢, cation d levels could
change. Figure 5 depicts the two possibilities, both for
0; [Figs. 5(a) and 5(b)] and T3 [Figs. 5(c) and 5(d)] sym-
metries. Electrostatic (point-ion) crystal-field models*
predict universally a level ordering of t, below e for O}
symmetry, and e-below ¢, for T3 symmetry. In O] sym-
metry, no p-d coupling exists and, hence, I',s(d)=t, is
predicted to be [Figs. 5(a), and 5(b)] lower in energy than
T',,(d)=e, by crystal-field theory.*? [Indeed, virtually all
rocksalt-structure 3d oxides have the order depicted in
Fig. 5(b); see Ref. 57.] In T} symmetry, on the other
hand, we find either the normal level ordering [Fig. 5(d)]
or an inverted order [Fig. 5(c)], depending on the order of
the atomic anion p and cation d levels: inspection of the
calculated atomic-orbital energies of the elements form-
ing I-VII, II-VI, and III-V compounds (Fig. 6) shows
cases of d-above-p ordering: CuCl, CuBr, Cul, AgF [Fig.
6(a)], spin-down Mn states in Mn chalogenides [Fig. 6(b)],
or the unoccupied Al 3d states in ALX" compounds (not
shown). The pertinent p-d —coupling scheme is depicted
in Fig. 5(d) and predicts that the two states showing
strong cation d character, t,=T"5(dp) and e =T ,(d),
will occur in the normal order, e below ¢,. This is indeed
confirmed by band-structure calculations of Cu
halides’®*® and MnTe.!! The fact that the VBM in
CuX V! is a Cud-like I',5(dp) state (whereas the CBM is
Cu s -like) is also consistent with the observation that the
['ys,-T,. band gap depends only weakly on XV it is®

TABLE VIIL. Calculated relative shifts 6,,=AE,;( AC)
—AE,;(BC) (in eV) of the valence-band-maximum energy be-
tween two compounds AC and BC due to p-d repulsion, using
the data of Table VII (“model B”). Models Bl and B2 refer to
Table VII and the Appendix.

CdTe/ZnTe ZnTe/HgTe CdTe/HgTe
Model Bl 0.19 0.31 0.50
Model B2 0.14 0.39 0.53

3.3, 3.0, and 3.05 for CuCl, CuBr, and Cul, respectively.
In contrast, in all II-VI [Fig. 6(b)] and III-V [Fig. 6(c)]
compounds one expects the occupied cation d state to lie
below the anion p state. Here, the pertinent p-
d —coupling scheme is given in Fig. 5(c), predicting that
the two states showing strong d character [t,=T"5(dp)
and e =T ,(d)] will occur in reverse order, (i.e., ¢, below
e) relative to Fig. 5(d) or the predictions of crystal-field
theory. Indeed, band-structure calculations*~!! for II-VI
and III-V compounds (e.g., see Figs. 2 and 3 for the form-
er) exhibit this inverted order [this is also the case for y-
Agl, see Fig. 6(a) and Ref. 59]. This puzzling conflict be-
tween point-ion crystal-field models and band-structure
calculations for II-VI compounds in zinc-blende structure
is resolved by acknowledging p-d repulsion.

a (]
(a) (c) on
pt)  Tis(p) p(ta)
ia() _(e) | )
T2 V@ =
(t2) \\ II (e)
| —
15 (dp)
(b) (d)
s (dp)
! \
iz @) (o) ! N
o5 (d) ____>_ l’ r12(d)_ l'i__/)_
G rse @/ A
p(ty 15 (P p(t2) / h
——— e e St .__(\ /,
\fis(p) |

FIG. 5. Schematic plot of energy-level—interaction scheme of
anion p and cation d states in O} [parts (a) and (b)] and T [parts
(c) and (d)] symmetries. (a) and (c) €, > €4; (b) and (d) €, <&,.
Notice that in O; symmetry [(a) and (b)] pd hybridization is
symmetry forbidden. In (c) the order of cation-d ¢, and e states
is reversed due to p-d repulsion.
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FIG. 6. Calculated LDF free-atom orbital energies of cation
d and anion p states pertinent to (a) I-VII, (b) II-VI, and (c) III-
V compounds.

(v) Whereas p-d repulsion conserves the center of gravi-
ty of the unperturbed states (hence, since both are occu-
pied, the sum of their orbital energies is conserved so the
first-order correction to the cohesive energy vanishes),
this repulsion alters the nature of the wave functions of
valence states through admixture of antibonding charac-
ter into the upper valence states. This p-d —induced
change in the wave function then leads to a second-order
correction to the total energy of the solid. As antibond-
ing character is mixed into the upper valence bands, it
could lead to a destabilization of the lattice, e.g., to small-
er cohesive energies and larger lattice parameters relative
to cases where p-d repulsion is absent. This will be exam-
ined quantitatively in Sec. VI A, where we find that p-d
repulsion depletes charge from the anion-cation bond,
hence substantially reducing (e.g., by 58% in HgTe) the
cohesive energy and increasing (by 13%) the lattice pa-
rameter.

IV. OTHER EVIDENCE

There are other known phenomena which manifest
unusual behavior due to p-d coupling in tetrahedral semi-
conductors which we briefly review.

A. Why are Cu acceptor states anomalously deep
in II-VI semiconductors?

The standard technique for producing low-resistivity
p-type semiconductors is to dope them with impurity
atoms positioned in the periodic table to the left of the
cation atom. Such is the case for GaAs:Zn, Si:B, Ge:Al,
etc., all exhibiting shallow acceptor states at about 0.1 eV
or less from the valence-band maximum. However, using
the same principle for II-VI materials (e.g., doping with
Cu) has, surprisingly produced deep substitutional accep-
tor states, e.g.,””% at > E, + 1.2 eV, E, +0.75 eV, and
E, + 0.15 eV for Cu in ZnS, ZnSe, and ZnTe, respective-
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ly, leading to insulating behavior in the first two cases.
Similar values, decreasing as the anion changes from S to
Se and Te, have also been obtained in Cd-based II-VI
compounds:*® the Cu acceptor levels are at E, + 1.19 eV,
E, +0.64 eV, and E, +0.39 eV for CdS, CdSe, and
CdTe, respectively.®®

These phenomena are naturally explained®' in terms of
p-d repulsion between the Cu?* 3d orbitals and the S, Se,
and Te p orbitals. The small Cu’* d to anion p-orbital
energy separation [e; —eg of Eq. (5)] leads to a substan-
tial repulsion to higher energies of the antibonding states,
constituting in this case the impurity acceptor level [Fig.
4(b)]. This repulsion is similar in CdX':Cu’* or
ZnXV:Cu?* (since the nearest-neighbor environment
around the cation-replacing Cu atom is identical), but di-
minishes as the anion X V! orbitals are further removed in
energy from the Cu?t d orbitals, i.e., in the sequence
S—Se—Te [observe in Tables II and IV the increase in
the energy denominator €, —eg of Eq. (5) in this se-
quence]. In contrast, doping III-V compounds by Zn3*
leads to a very large energy separation between Zn** 3d
and the p orbitals of P, As, or Sb [Fig. 6(c) and Table IV];
hence, according to Eq. (5) the p-d repulsion is smaller
and the resulting acceptor states are shallower relative to
Cu in II-VI’s. If one dopes II-VI compounds by mono-
valent atoms lacking active d orbitals (e.g., Li and Na),
one finds shallow acceptor states (at*>*® E, + 0.1 eV for
ZnSe:Na, E, + 0.06 eV for ZnTe:Li, E, + 0.17 eV for
CdS:Na, and ~E, + 0.1 eV for CdSe:Na) since no p-d
repulsion exists (here, the situation is, however, compli-
cated by the formation of interstitial donor impurities in
addition to the substitutional impurities, leading to elec-
trical compensation®).

B. Anomalously small band baps and spin-orbit splitting
in tetrahedral chalcopyrites

The tetrahedrally bonded IB-III-VI, chalcopyrites®
(e.g., CuGaSe,) resemble structurally the zinc-blende
form of the IIB-VI compounds, yet their band gaps are
enormously smaller than those of the corresponding
binary chalcogenides, e.g.,®! E,(CuGaS,)=2.43 eV,
Eg(CuGaSe2)= 1.68 eV, and Eg(CuGaTe2)= 1.23+0.1
eV, compared with®” E,(ZnS)=3.82 eV, E,(ZnSe)=2.87
eV, and E (ZnTe)=2.39 eV, respectively. Had the
valence-band maximum consisted of anion orbitals alone,
one would expect roughly similar band gaps in CuGaX}!
and ZnX ", since the average of Cu and Ga s-orbital en-
ergies (making up the conduction band in CuGaX}') is
close to that of Zn. Instead, the band gaps of the
CuGaX}! chalcopyrites are smaller by as much as 1.39,
1.19, and 1.16%0.1 eV relative to the analogous II-VI
compounds for XV!=S§, Se, and Te, respectively.®!

Again, the appropriate explanation seems to be the p-
d —repulsion effect:®! the Cu 3d orbitals in CuGaX}' are
considerably closer in energy to the anion p orbitals than
are the Zn 3d orbitals in ZnX " [Figs. 6(a) and 6(b)], lead-
ing to a far more effective p-d repulsion in the ternary
chalcopyrites, with a consequent dramatic reduction in
their band gaps (compounded by the fact that the Cu 3d
orbitals are also more delocalized than the Zn 3d orbitals,
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leading to a larger V,,; coupling matrix element in chal-
copyrites and, hence, a lar¥er p-d repulsion). Detailed
band-structure calculations®’ have quantitatively demon-
strated this effect by comparing the calculated band gaps
with and without a chemically active Cu 3d band. They
showed 25-33 % d character in the I'|5, valence-band
maximum of the chalcopyrites. This massive participa-
tion of d orbitals in the VBM also explains the anoma-
lously low spin-orbit splitting observed in chalcopyrites:®
(0.21, 0.23, 0.31, and 0.30 eV in CuGaSe,, CulnSe;, Ag-
GaSe,, and AglInSe,, respectively, and nearly zero or neg-
ative in all sulfur-based chacogenides, compared with*°
~0.45 eV in II-VI selenides, and <0.1 eV in II-VI
sulfides). The opposite (negative) spin-orbit splitting con-
tributed by d orbitals overwhelms much of the (positive)
contribution due to anion p states. Simple estimates®?
showed that about 20-35 % d character at the VBM is
needed to account for these reductions.

C. Inverted exchange splitting in MnTe

p-d repulsion in tetrahedral semiconductors leads to a
particularly interesting new effect in the band structure of
MnX"! compounds. A curious coincidence (see Fig. 6)
places the energies of the p orbitals of S, Se, and Te be-
tween the energies of spin-up and spin-down 3d orbitals
of Mn. Extending the simple p-d —coupling model of Fig.
4 separately to spin-up and spin-down orbitals (Fig. 7)
shows the following: the spin-up Mn 3d orbitals [denoted

(a) (c) (b)

spd (L)
> Te,5p

5p (t,)

FIG. 7. Schematic diagram of the p-d —repulsion effects for
the hypothetical ferromagnetic zinc-blende MnTe. (a) Ex-
change and crystal-field splitting of Mn 3d states, (b) exchange
splitting of Te 5p states, and (c) the final interacting states.
Shaded areas denote the host crystal bands. B, and B_ denote
bonding states for spin up and spin down, respectively, whereas
AB, and AB_ denote antibonding states for spin up and spin
down, respectively. Note how p-d repulsion leads here to a neg-
ative p-d exchange splitting A, (pd) (i.e., B_ is below AB ).
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t, in tetrahedral symmetry, Fig. 7(a)] couple with the
spin-up Te 5p orbitals [z in Fig. 7(b)] to form a bonding
(B, ) state and an antibonding (AB_ ) state. Similarly,
the spin-down Mn 3d orbitals [¢_ in Fig. 7(a)] couple to
the Te spin-down p orbitals [z_ in Fig. 7(b)] to give a
bonding state B_ and an antibonding state AB_. In the
ground state of ferromagnetic MnTe, B, B_, and AB
are occupied, and AB_ is empty. (Again, the e orbitals of
Mn have no counterpart in Te and hence remain non-
bonding.) The special coincidence of the atomic-orbital
energies produces a large (positive) exchange splitting for
the dp orbitals (the majority-spin state B, is lower in en-
ergy than the minority-spin state AB_), but a smaller,
and negative exchange splitting (minority-spin B_ below
the majority-spin AB_ state) for the hybridized pd states.
This model predicts an unusual case where spin-polarized
photoemission will show spin-up photoelectrons (from
AB_ ) at lower binding energies than spin-down photo-
electrons (from B_ ) for ferromagnetic Mn chalcogenides.
Recent spin-polarized band-structure calculations for fer-
romagnetic (zinc-blende) MnTe and (CuAul-like)
CdMnTe, confirm this picture.!"! No experimental test
exists to our knowledge.

V. METHOD OF CALCULATION

We have used the self-consistent first-principles, gen-
eral potential, linearized-augmented-plane-wave (LAPW)
method®® within the local-density-functional formalism®
to calculate the properties of ZnTe, CdTe, HgTe, and
their ordered 50%-50% alloys. We used the Hedin-
Lundqvist exchange-correlation formula.>® The details of
this method can be found elsewhere;** here we indicate
features pertinent to the present study.

Since we are studying compounds with heavy-atom
constituents, scalar-relativistic effects® (i.e., all relativis-
tic effects except spin-orbit coupling) are included for all
valence 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 potential). No shape approximations are
made on the crystal potential and charge density. All
states (including the core states) are calculated fully self-
consistently. In some instances [Sec. VI A and Table IX
below], nonrelativistic and fully relativistic calculations
have also been performed to separately study scalar-
relativistic and spin-orbit effects. We include spin-orbit
coupling through a second variational procedure.®® We
choose the muffin-tin radii Ryt to be Rpyr(Zn)=2.3532
au., Ryp(Te)=2.5137 au.,, and Rpy(Cd)=Ryr(Hg)
=2.6742 a.u. The cutoff energy for the basis functions is
11 Ry, equivalent to about 140 basis function per atom.
Such a large cutoff energy is required because of the lo-
calized d orbitals and the requirement of nonoverlapping
muffin-tin spheres for the LAPW method. The large lat-
tice mismatch between ZnTe and (CdTe,HgTe) further
prevents use of larger muffin-tin spheres (therefore a
smaller cutoff energy) when studying ternary compounds.
The nonspherical potential and charge density is expand-
ed inside the muffin-tin spheres in terms of lattice har-
monics up to /=6. All convergence parameters are kept
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the same in calculations for the binary and ternary com-
pounds in order to reduce random errors (which would
otherwise produce slightly different total energies per
atom of the same compound calculated in, say, a zinc-
blende or in a double-zinc-blende unit cell).

The Brillouin-zone (BZ) integration for the charge den-
sity and total energy is performed using a discrete k-point
summation. The special k-point scheme of Chadi and
Cohen®” for the zinc-blende structure and their
equivalent®® k point scheme for the CuAul and the
Cu;Au-like structures are used. This equivalent k-point
procedure is necessary in comparing the extremely small
energy differences between the ternary compounds and
their binary constituents. A uniformly distributed eight-
k-point sampling in the face-centered-cubic BZ has also
been tested. This test is needed since HgTe is a zero-gap
semimetal with an inverted band at the I point [Fig. 2(c)]:
inclusion of the I' point in this eight-k-point sampling
scheme is then used to examine the sensitivity of the
ground-state properties with respect to the k-point sam-
pling. We find that relative to the two-special-k-point
sampling the values obtained with eight k-point calcula-
tions are similar to those obtained with the 10 special®’ k
points. The latter sampling produces somewhat smaller
lattice constants (~0.02 A) and smaller bulk moduli
(~10%) for all three compounds we studied.

VI. RESULTS
A. Ground-state properties

1. All-electron results: Relativistic effects

Table IX compares ground-state properties of ZnTe,
CdTe, and HgTe (equilibrium lattice parameters,
cohesive energies, and bulk moduli) calculated using
different all-electron techniques®”’ [the present LAPW
as well as the linear muffin-tin orbitals (LMTO) methods],
all retaining the cation d bands. The agreement in the re-
sults obtained by these different techniques is rather
good. Note, in particular, the effect of relativistic correc-
tions: Comparing nonrelativistic (NR) with semirelativis-
tic (SR) calculations, one notices for the latter case that
both the equilibrium lattice parameters and the cohesive
energies are reduced relative to the nonrelativistic limit.
The qualitative reason for this can be appreciated from
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the relativistic shift in the atomic-orbital energies (Table
III). While in nonrelativistic atomic calculations Cd and
Hg have similar s- and p-orbital energies (hence, one
would expect the normal trend that the compound with
heavier atoms—Hg-—would have a larger lattice con-
stant than the compound with a lighter atom), relativistic
effects contract the s orbitals, making them more local-
ized and more tightly bound (by 0.16, 0.39, and 1.54 eV
for Zn 4s, Cd Ss, and Hg 6s, respectively). This reduces
their direct contribution to the cohesive energy, as both
the ionization of these electrons (required to form ionic
bonds) and their promotion to p orbitals (required to
form covalent bonds) become more energetically costly.
Since the relativistic contraction of the s orbitals reduces
the effective atomic sizes, it also reduces the equilibrium
lattice parameters (compare nonrelativistic and semirela-
tivistic lattice parameters of HgTe in Table IX). This
contraction of s orbitals better shields the nucleus,
presenting the non-s orbitals with a less attractive (better
screened) interaction with the atomic core. Consequent-
ly, the increased binding of the s orbitals is associated
with a decrease in the binding of non-s electrons (e.g., by
0.41, 0.89, and 2.28 eV for Zn 3d, Cd 4d, and Hg 5d, re-
spectively). As the outer d electrons become shallower,
they approach more closely the energies of the anion p
states (which are less affected by relativistic effects; see
Table III). According to Eq. (5), this enhances the p-d
repulsion, which further reduces the cohesive energies.

Comparing the semirelativistic with the fully relativis-
tic calculations for HgTe (Table IX), we see that spin-
orbit effects (present in the calculations labeled R but
missing from those labeled SR) make only a small contri-
bution to the ground-state properties. This manifests the
fact that spin-orbit splittings do not substantially change
the bonding-antibonding character of the wave functions,
and that the larger splitting at the valence-band max-
imum (which is uncompensated in HgTe due to the re-
versed band structure) contributes little to the overall
Brillouin-zone integral involved in calculating the total
energy. Our results hence do not support the substantial
(0.08 A) spin-orbit-induced reduction of the lattice con-
stant predicted by Cade and Lee.”

2. Effects of p-d repulsion on ground-state properties

To qualitatively assess the effect of p-d repulsion on the
ground-state properties, we compare in Table X the re-

TABLE IX. Comparison of calculated equilibrium lattice parameters (q, in A), cohesive energies E, [in eV/(atom pair)], and bulk
moduli B (in GPa), as obtained by all-electron—calculation techniques, using nonrelativistic (NR), semirelativistic (SR), and fully rela-
tivistic (R) density-functional theory. Exchange-correlation functional of Ref. 51 is used.

ZnTe CdTe HgTe
LAPW? LAPW? LMTO® LAPW®* LAPW? LMTO® LMTO° LAPW?* LAPW® LAPW* LMTO° LMTO®
Property NR SR SR NR SR SR SR NR SR R R SR
a (A) 6.093 6.052 6.174 6.541 6.470  6.545 6.45 6.656  6.492  6.490 6.49 6.57
E, (eV/pair) 593 5.64 5.62 5.35 5.32 4.46 4.57
B (GPa) 56.9 52.1 51.2 44.7 44.0 46.8 59.0 41.6 46.1 45.6 52.5 42.8

“Present results, using a single energy panel.

*Reference 69, using a single energy parameter for the muffin-tin orbitals. Two-panel calculation gives similar results.

‘Reference 70, using two energy panels.
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TABLE X. 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 d band, and a pseudopotential (ps) ap-
proach, which does not. Both calculations are semirelativistic. Experimental results are given for comparison.

ZnTe CdTe HgTe
With d No d With d No d With d No d
Property (LAPW)? Expt. (ps)® (LAPW)? Expt. (ps)® (LAPW)? Expt. (ps)®
a (A) 6.052 6.089¢ 5.618 6.470 6.481¢ 5.818 6.492 6.461° 5.616
E. (eV/pair) 5.64 482 675 5.35 4.45° 6.77 4.46 3220 705
B (GPa) 52.1 50.98 27.3 44.0 44.5" 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-

Lundqvist exchange-correlation functional.
‘Reference 71.

dReference 72.

‘Reference 73.

fReferences 35 and 36; also see Table II.
8Reference 74.

"Reference 75.

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, without a cation d band]. The latter method in-
corporates the indirect effects of the 4 orbitals on the
atomic valence s and p pseudopotentials but lacks d-band
wave functions in the solid, hence missing the p-
d -repulsion effect. Comparison of the calculated
ground-state properties with experiment33—3¢71=75 (Table
X) shows rather good agreement when cation d bands are
retained (present results), but demonstrates that when the
cation d bands are omitted (pseudopotential results,?
denoted in Table X as “no d”’) the predicted equilibrium
lattice constants a., are too small relative to experiment
by 7.7%, 10.2%, and 13%, and the predicted bulk modu-
li are too small by 46%, 70%, and 90% for ZnTe, CdTe,
and HgTe, respectively. [Note that whereas adding ten
protons and ten d electrons to a II4-VI compound
reduces the lattice parameter (Table II), inclusion of an
active d band in IIB-VI compounds (Table X) increases
the lattice parameters.] The underlying local-density for-
malism itself is not free of error; for example, we find a.,
of HgTe to be larger than deq of CdTe by 0.022 A, while
the experimental result’>” shows a.,(HgTe) to be small-
er than a.,(CdTe) by 0.02 A. A similar trend is apparent
in the LMTO results™ and in our calculation®® for the
face-centered-cubic (fcc) noble metals, showing Aeq for fcc
Au to be slightly larger than a., for Ag, whereas the ex-
perimental result shows Au to have a slightly smaller lat-
tice parameter than Ag. Such errors in a., of order
0.5%, are not surprising since the outer d orbitals are
somewhat too shallow and consequently too extended in
LDF theory, causing an overestimation of the overlap
repulsion. Similarly, our calculated cohesive energies are
too large by 1-1.5 eV, a consequence of neglecting
multiplet-stabilization energies (more negative in the free
atoms than in the solids and decreasing along the
Zn—Cd—Hg sequence).”® However, the discrepancies
relative to experiment evident in the “no d”’ pseudopoten-
tial calculation far exceed the error limits of the local-

density method or intrinsic convergence errors. They are
particularly large for HgTe, which has the shallowest
(and most spatially delocalized) cation d orbitals (Tables I
and III). Although such systematic discrepancies can be
fixed by adding an empirical repulsive potential term, ad-
justed to fit the experimental ground-state properties,?
the need for such substantial adjustments in models
which omit d bands testifies to the significant role of p-d
repulsions in destabilizing these systems. On the other
hand, direct-overlap interaction between the anion sp or-
bitals and the cation d orbitals can increase the cohesive
energy of the II-VI system,!! relative to systems which
have less active d orbitals (e. g.,“ MnTe relative to CdTe).
This direct-overlap interaction hence acts in the opposite
direction to the p-d repulsion. This is the main reason
why transition-metal compounds (which have chemically
active, open-shell d orbitals) have large cohesive ener-
gies.!! Since Hg has rather delocalized d orbitals, the
neglect of d bands in the tight-binding calculation could
underestimate’”’® the cohesive energies of HgTe.

Calculations of alloy phase diagrams often require
knowledge of the relative cohesive energies AH of an or-
dered 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 predicted over-
ly 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 re-
sult of AH= + 12.3 meV/(4 atoms). Although the small
magnitude of these energies and the numerical intricacies
involved in obtaining them make it difficult to quantita-
tively assess their precision, our foregoing discussion sug-
gests that here, too, omission of the destabilizing p-d
repulsion could be responsible for the predicted stability
of the ordered phase in both tight-binding and pseudopo-
tential methods, compared with the instability predicted
here (no compoundlike ordering of CdHgTe, is found ex-
perimentally).
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B. Antibonding d character in the upper valence bands

Figure 2 depicts the calculated band structures of
ZnTe, CdTe, and HgTe, and Table XI gives the band en-
ergies at high-symmetry points in the Brillouin zone, to-
gether with the percentage of s, p, and d character inside
the muffin-tin sphere for each atom. Since not all of the
amplitude of a given state is enclosed in such spheres,
Table XI also gives, for each state, the percentage of
charge enclosed inside all atomic spheres.

Inspection of the orbital character of the various band
states in ZnTe, CdTe, and HgTe (Table XI) reveals a
number of interesting features: (i) states that can mix d
character by symmetry do so. This is evident at the
valence-band maximum I'5, (7.2%, 7.4%, and 12.9%
cation d character in ZnTe, CdTe, and HgTe, respective-
ly), in T'ys5, (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). Note that the distinguishing feature
of the '}, state in ZnTe, CdTe, and HgTe is not the ex-
tent of cation p character (these three compounds all
have ~49% cation p character), but the difference propor-
tions of cation d character. (ii) States forming the anion s
band at the bottom of the valence band (e.g., X,, and
L,,) also include 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, respectively.
This suggests that the photoemission peak corresponding
to 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 ab-
sent in the photoemission spectra of III-V compounds
lacking a d band (e.g., BP and AIP). Furthermore, since

the L, and X, states contain d character, but the I,
does not (by symmetry), p-d repulsion acts to narrow the
lowest, L,,-I';,-X,, valence band (while broadening the
upper L, -T';5,-X3, valence band). (iii) The conduction-
band minimum at TI',., described by tight-binding
methods?2~2% as a cation s states, has significant anion®
character as well, e.g., 28.2% 24.2%, and 25.5% for
ZnTe, CdTe, and HgTe, respectively.

Table XII compares the calculated band gaps, d-band
energies, and spin-orbit splittings at I' and L with the ob-
served values.**~3% Calculated band gaps and d-band
binding energies show the expected underestimation rela-
tive to experiment, both phenomena characteristic of the
local-density-functional theory. The occurrence of the
metal d band inside the upper valence band, its non-
negligible dispersion, and the direct appearance of d
character in the upper valence band testify to the chemi-
cally active nature of d bands in these materials.

The simple tight-binding argument for p-d mixing de-
scribed in Sec. III and Fig. 4(b) suggests the antibonding
character in the valence-band-maximum state I'5, to be
the hallmark of p-d mixing. Figure 8(a) depicts the calcu-
lated wave function squared for the I';s, state in HgTe,
clearly exhibiting a minimum along the Hg—Te bond
direction (partially a consequence 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 compounds).
Similar antibonding features are exhibited, e.g., by the
L,, state [Fig. 8(b)] and the X5, state [Fig. 8(c)], all ab-
sent in the analogous states in III-V compounds. An
even stronger p-d mixing character is exhibited by the
I'y5, state of ferromagnetic zinc-blende MnTe (Fig. 9):

TABLE XII. Calculated band gaps (E,, in eV), center of d-band energies €,, spin-orbit splittings of valence bands at I'(4,) and
L(A,), and that of the cation d bands, A,, for ZnTe, CdTe, and HgTe.

ZnTe CdTe HgTe
LMTO* LAPW' Expt. LMTO LAPW’ Expt. LMTO®° LAPW' Expt.
E,(NR) 1.98 1.44 1.14
E,(SR) 0.96 1.02 0.51° 0.47 —0.99
E,(R) 0.63 0.72 2.39¢ 0.29* 0.18 1.59¢ —1.06 —1.27 —0.30
0.47¢
€4 —72 —7.18 —9.848 —8.55% —8.33 —10.49¢ —7.38 —7.18 —8.58¢8
—7.80°
Ag 1.01 0.89 0.91" 0.90° 0.86 0.90' 0.90 0.78 1.08
0.95¢
A 0.58 0.51 0.53* 0.55* 0.53 0.54k 131 0.53 0.62%
0.57¢
—Ay 0.37 0.3 0.5¢ 0.69 0.63™ 1.7 1.68 1.85™

2See Ref. 69 for details.
“Present results.
‘Reference 70.
dReference 80.
‘Reference 81.
fReference 82.
eReference 2.

"Reference 83.
'Reference 84.
'Reference 85.
kReference 86.
'Reference 70; this could be a printing error.
MReference 1.
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FIG. 8. Wave-function amplitudes for HgTe valence-band states at some high-symmetry points (normalized to two electrons per
unit cell). (a) T'ys, state, (b) L;, state, and (c) X, state. The charge density is given in units of 10~3 e/a.u.3; the step size is 2. Anti-

bonding and bonding features are indicated.

the spin-up Te 5p orbital [Fig. 9(a)] forms a strong anti-
bonding combination with the corresponding spin-up or-
bital of Mn 3d leading to a node along the Mn—Te bond,
whereas the spin-down Te 5p orbital forms a bonding
combination [Fig. 9(b)] with the corresponding Mn 3d or-
bital (also see Fig. 7). The antibonding character mixed
into the valence-band maximum in II-VI compounds
reflects the constraint of orthogonality to the correspond-
ing I'5 state of the metal d band [I",5(dp) in Fig. 4]. This
is demonstrated in Fig. 10(a), which depicts the charge
density contributed by this I'\5(dp) state, showing its
bonding charge buildup, oriented along the Hg—Te bond.
[Note that the I',, state, depicted in Fig. 10(b), is non-
bonding, with its atomiclike charge distribution.]

To isolate directly the effect of p-d repulsion on the
ground-state charge density, we have repeated band-
structure calculations for CdTe and HgTe, where the cat-
ion d orbitals are effectively removed from the basis set.
(This was done by setting the LAPW energy parameters®
E8, 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 result-
ing total valence-band charge densities from the valence-
band maximum I';s, to the valence-band minimum TI',,,

F-MnTe, 2 =6.244 A

(a) 7/b) \\@ \
P(vaM)‘

P (vem)

ik

FIG. 9. Same as Fig. 9, but for ferromagnetic zinc-blende
MnTe. (a) Spin-up valence-band-maximum state and (b) spin-
down valence-band-maximum state. Note the antibonding

character in (a) (node along Mn—Te bond) and the bonding
character in (b). See caption to Fig. 8 for units.

cmitting, however, the contribution of the cation d band
itself (which does not exist in this artificial calculation) in
Figs. 11(a) (for HgTe) and 11(b) (for CdTe). The corre-
sponding valence charge densities of HgTe and CdTe cal-
culated with p-d repulsions (i.e., retaining the cation d
band in the variational calculations) is shown for CdTe

bonding

FIG. 10. Wave-function amplitude for d-band states in
HgTe. (a) I';s, and (b) T'j,;. Note the bonding buildup of
charge along the bond in (a) and the nonbonding character in
(b). See caption to Fig. 8 for units.
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Valence band charge densities (omitting d band)

No pd hybrldlzatlon

With pd hybridlzatlon

pd contributions

HgTe
(c)-(a)

FIG. 11. Comparison of charge density of CdTe and HgTe valence states calculated in (a) and (b) without p-d hybridization and in
(c) and (d) with p-d hybridization (see text). (e) 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 of 1073 e/a.u.’.
bond strength in (e) is highlighted by the shaded area.

and HgTe in Figs. 11(c) and 11(d), respectively, while
Figs. 11(e) and 11(f) give the differences in charge densi-
ties induced by p-d repulsion effects. These results show
that p-d repulsion depletes charge from the cation-anion
bond [negative contours, depicted in Figs. 11(e) and 11(f)
by dashed lines], and deposits it in the antibonding direc-
tion around the cation site [lobes in Figs. 11(e) and 11(f),
pointing towards the interstitial sites]. It is this p-
d —repulsion—-induced bond weakening (stronger in
HgTe, with its shallow and delocalized d electrons) which
causes the reduction in cohesive energies of these materi-
als (Table X).

C. Spin-orbit splittings

Spin-orbit (SO) sphttm§s exhibit opposite contributions
from p and d orbitals?”’®® and, hence, constitute an in-
teresting measure of the p-d hybridization discussed in
the preceding section. The spin-orbit Hamiltonian is

Ay =2AL-S=AJ?—-S?—L?Y), (6)

where L, S, and J are the angular-, spin-, and total-
momentum operators and A>0 is the spin-
orbit—coupling constant. For fixed S and L, the energy
depends only on J, giving the following splittings (Fig.
12):

The step sizes are S in (a)-(d) and 2 in (e) and (f). The dashed lines indicate negative region. The reduced

(i) pure p states (L=1,S =1,J =3;1),

A, =E[Ty(J =1]—E[[,(J =1)]=34, ; (7)
(i) pure d states (L=2,S =1,J =3,3),

Ay=E[Ty(J =3)]—E[T5(J =3)]=—54, . ®)

Hence, in the absence of p-d coupling one expects to find
the I'; state below the I'y state [Fig. 12(a)] at valence-

band maximum, whereas p-d coupling [Fig. 12(b)] tends
(a) p States (b) d States
J=5/2 I;
/
= S
(L=1) /_ Y (L=2) L___ .
A \ *
\ 2Ap \
\ r \\\ 3Ad
J=1/2 \
Tg
J=3/2

FIG. 12. Schematic plot of the spin-orbit splitting of ¢, states
for angular momenta L=1 and 2 in tetrahedral symmetry.
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to shift I'; upwards.

If p-d mixing is allowed, the splitting can be approxi-
mately described®’ as a combination of A, and A, of Egs.
(7) and (8), weighed by the fraction Q, of the d charge in
the state in question (I";5, here), e.g.,

Ag=E[Ig,]-E[T3]=al1-Q)A,+BQsA; , (9)

where a and B are the geometrical coefficients depending
on the charge distribution of the state. In the extreme
case of very strong p-d coupling (e.g., in®* CuCl), one
finds a negative A,

We have calculated the spin-orbit splitting A, (at I's,)
and A, (at L;,) directly from the band structure. The re-
sults [Ag(band calc.) and A,(band calc.)] are given in
Table XIII. In addition, we have calculated A, and A,
from Eq. (9). We find that if we consider A, as the SO
splitting of the I';5, states with no p-d hybridization and
A, as the SO splitting of the cation d states, then the
coefficients a and B of Eq. (9) approximately satisfy
a(l—Qd)ngl, i.e.,

A=A, +Q,b, . (10)

Results obtained using this equation are also given in
Table XIII {denoted A[Eq. (10)]}. Our basic conclusions
are as follows: (i) Using the fraction of d character (Q,)
obtained from band-structure calculations in Eq. (10) we
reproduce nearly the same spin-orbit splitting obtained
directly by incorporating Hg, of Eq. (6) into the band
Hamiltonian. This confirms Eq. (10), demonstrating a
linear reduction in spin-orbit splitting as the d hybridiza-
tion increases. (ii) Our LAPW results are in substantial
agreement with the LMTO results of Refs. 69 and 70.
(iii) Calculated results agree with experiment for ZnTe

TABLE XIII. Calculated spin-orbit splittings at I' (denoted
Ay) and L (denoted A,), in eV. Q, 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
method of Refs. 66. A[Eq. (10)] corresponds to the simple ap-
proximation of Eq. (10), where the SO splitting is expressed as a
difference between the p-orbital contributions A, and the d-
orbital contribution Q;A,. Here, A, is obtained from band cal-
culations when p-d repulsion is removed, 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 eV for Zn, Cd, and Hg,
respectively. For experimental results and data obtained from
LMTO calculations, see Table XII.

ZnTe CdTe HgTe
A,(Tys,) 0.92 0.90 0.99
A, —0.37 —0.69 —1.68
04(Tys,) 0.072 0.074 0.129
Ao[Eq. (10)] 0.89 0.85 0.78
Ay(band calc.) 0.89 0.86 0.78
A,(Ly,) 0.54 0.56 0.69
Q4(Ly,) 0.045 0.045 0.085
A [Eq. (10)] 0.52 0.53 0.55
A (band calc.) 0.51 0.53 0.53
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and CdTe, but disagree with the experimental
value®> %% quoted for HgTe (see Table XII). (iv) If p-d
coupling is neglected (resulting in the Ay=A, values
given in the first line of Table XIII), we find better agree-
ment with the current experimental data, or with that
calculated by Chadi et al.'®® neglecting p-d repulsion
[Ax(CdTe)=0.91 eV, Ay(HgTe)=0.94 eV].

The disagreement with experiment for HgTe deserves
further attention. The experimental measurement of A,
for HgTe is complicated by its inverted band structure
[see Fig. 2(c), showing I';. below TI's,]. To our
knowledge only indirect measurements®~°® have been
used to deduce A, for HgTe. For instance, A, has been
deduced from the “Z rule”® (A ~2A,), by measuring
the spin-orbit splitting A, near the L point, rather than
A, itself. This yielded® Ay~ 1.0 eV for HgTe. However,
the “Z rule” is valid only when noncubic mixing of the p
states with cation d states is absent. Because of large p-d
hydridization in HgTe, this approach can easily give an
error of 0.2 eV in A,. A, has also been estimated®*—°* by
using it as a fitting parameter (along with other adjustable
parameters) in theoretical band-structure models for in-
terpretation of experimental data. Using this approach
values of A, ranging from 0.75 eV (Ref. 90) to 0.96 eV
(Refs. 91-94) have been obtained for Hg, ,Cd, sTe and
Ap=1.0 eV (Ref. 89) and 1.10 eV (Ref. 94) for HgTe. Un-
fortunately, the fitting equations are quite insensitive to
the value for A, in a range as large as +0.5 eV,¥ so A,
cannot be determined accurately in this way. Using pho-
toluminescence spectroscopy and resonant Raman
scattering, Olego et al.®® recently estimated the upper
limit for the difference Ay(HgTe)—Ay(CdTe) to be 0.12
eV. Since their analysis assumes a valence-band offset
AE, (CdTe/HgTe)~0.04 eV, which disagrees with more
recent data (0.35 eV, see Sec. VI E), these results are also
questionable. Verié et al.,%® in their study of band-gap
spin-orbit-splitting resonance effects in Hg,_,Cd, Te al-
loys, suggest that the resonance should occur at ~0.73 if
A, for HgTe is taken as 1.15 eV.3* If, instead, we use
Ay(HgTe)~0.90 eV (as we are predicting), we find that
the resonance should occur near x ~0.70, i.e., the change
of resonance composition relative to that determined by
Verié et al., is quite small. Finally, A, have been mea-
sured for Hg,_,Cd,Te [Ref. 85(a)] and Hg,;_,Mn, Te
[Ref. 85(b)] as a function of composition using the
electroreflectance technique. They found Ay(HgTe)
=1.08 eV. However, they did not measure E, and
Ag+E, simultaneously. They found an wunresolved
paradox:®*® if one assumes that the composition varia-
tion of E, is given by the model of Van Vechten and
Bergstesser”’ or by the results of other experiments,’®
anomalous behavior results, i.e., Ag around x=0.5 is even
smaller than that of CdTe (A;~0.91 eV). If, on the other
hand, one attempts a reasonable fit to their spectra using
Ay(HgTe)=1.08 eV, one must assign in their model an
unreasonably large covalent radius for the Hg atom.

On the theoretical side two uncertainties exist. First,
in calculating A, perturbatively from the band structure
we assumed that the j=/+1 and / —1 radial orbitals

2
can be averaged.®>®® This approximation could intro-
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duce an error of $0.2 eV for the Hg 6p, ,, state, so the
Hg 6p spin-orbit splitting could be underestimated by this
amount. Since the I'5, valence-band maximum of HgTe
includes only 6% Hg 6p character, the value of A, is un-
derestimated by <0.02 eV. This correction can be added
to our directly calculated value of Table XIII. The
second potential source of error in the theory may arise
from the fact that the calculated d-band energies (Table
XII) are less bound than photoemission studies indicate
(Table 1), so that p-d hybridization is overestimated. To
examine quantitatively the effect of the position of the
cation d band on the spin-orbit splitting, we have repeat-
ed 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 in-
creasing the exchange parameter a which multiplies the
exchange potential away from its nominal value of Z to-
wards 1. Owing to the larger spatial localization of cat-
ion d orbitals relative to all other valence states, this scal-
ing moves the cation d bands to more negative energies
relative to other states.) Figure 13 depicts the calculated
A, values for ZnTe, CdTe, and HgTe as a function of the
separation Edw of the cation d band from the valence-

band maximum. The vertical arrows denote the observed
position of the d;,, states in photoemission experiments
(Table I). Evaluating Ay and A, at these points and add-
ing the estimated correction due to averaging the / + 1
and / — radial orbitals for HgTe, we find the predicted
Agand A, values to be

Ay(ZnTe)=0.94 eV, A,(ZnTe)=0.56 eV ,
Ay(CdTe)=0.91 eV, A,(CdTe)=0.56 eV , (11
Ay(HgTe)=0.90 eV, A;(HgTe)=0.63 eV ;

hence,

1.00} .

0.90

A, (ev)

0.80

0.70 L L
-8.0 -9.0 -10.0

Ed3/2 (eV)

-11.0

FIG. 13. Variation of spin-orbit splitting A, as a function of
the energy position of the cation d;,, states, E"m’ with respect

to the VBM for ZnTe, CdTe, and HgTe. The arrows point to
the position of the experimentally observed Ed3/2 from photo-

emission (Table I).
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Ay(CdTe)=Ay(HgTe) , (12)

in contrast with the currently accepted experimental re-
sults®® Ay (HgTe)=1.08 eV, A(CdTe)=0.90 V.

The difference between our predictions of Eq. (12) and
the currently accepted experimental values showing
Ay(CdTe) < Ao(HgTe) has an important implication:
current interpretations and fittings of A, have traditional-
ly assumed 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 conventional 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 predictions [Egs.
(7)-(12)], currently in conflict with the indirectly mea-
sured values.

D. Charge distribution in the valence bands
and charge redistribution in forming ternary compounds

If the cation d bands in II-VI compounds (dashed areas
in Figs. 2 and 3) were dispersionless and chemically inert,
omission of their contributions from the total charge den-
sity would not alter the charge density in the bond region
(outside the atomic cores). In this case, one could use the
charge densities of the upper valence band alone (topmost
~6 eV in Fig. 2) to judge whether, e.g., CdTe has a larger
or smaller degree of covalency (charge buildup) on the
bond relative to HgTe. To test this hypothesis we show
in Figs. 14(a) and 14(b) the calculated charge densities in
the upper valence bands of HgTe and CdTe, respectively;
Fig. 14(c) gives their difference. We find that this
difference has substantial negative values [highlighted by
the shaded areas in Fig. 14(c)] on the bond. From this
one would judge CdTe to have more electron density on
its bond than HgTe, i.e., that CdTe is significantly more
covalent than HgTe. This reflects the stronger p-d repul-
sion in HgTe relative to CdTe, effectively shifting charge
in HgTe away from the bond region (compare also Fig.
11). This effect is smaller in CdTe which has a weaker p-
d repulsion.

However, the cation d bands in II-VI compounds are
extended; the corresponding wave functions [Figs. 14(d)
and 14(e)] have an appreciable amplitude in the bond re-
gion. Since the Hg 5d states are more extended than the
Cd 4d states [see difference in d-band charge densities in
Fig. 14(f)], adding the contribution of these bands to the
charge density may alter one’s view on the relative co-
valencies of these two materials. To examine this sugges-
tion, we show in Fig. 15 the difference between the charge
densities of HgTe and CdTe along the bond direction. As
noted from Fig. 14(c), if the contribution of the cation d
band to the charge density is omitted, HgTe would be
judged to have less density on its bond than CdTe [nega-
tive values of p(HgTe) —p(CdTe) in Fig. 15(a), highlighted
as the dashed area]. However, adding the contribution of
the cation d bands [Fig. 15(b)] shows that the two materi-
als have comparable covalencies (CdTe being slightly
more covalent). We conclude that the charge distribution
of the cation d states is crucial in determining the co-
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Cation d bands
\ W

FIG. 14. Charge-density contours for the upper valence
bands [(a) and (b)] and the cation d bands [(d) and (e)] for CdTe
and HgTe. (c) and (f) give their differences. The units are 1073
e/a.u.’ The step sizes are 5 for (a), (b), (d), and (e), and 2 for (c)
and (f). The shaded regions in (c) indicate negative density
differences, highlighting the reduced covalency of HgTe.

valency of CdTe relative to HgTe.

Current interest in HgTe-CdTe alloys has raised the
question of the stability and charge transfer?>26787 in
ordered Hg,Cd,_,Te, compounds (n=1,2,3) relative to
the binary constituents (n=0 and 4). We have calculated
the band structure, total energies, and charge densities of
HgCdTe, (n=2 above) in the tetragonal CuAul-like
structure. As discussed in Sec. VI A, we find this ternary
compound to have a higher energy per atom than its
binary constituents and hence predict that no spontane-
ous, stable ordering should occur in Hg, ;Cd, sTe solid
solution. To examine the charge redistribution in the ter-
nary compound relative to the binary constituents, we
show charge-density differences in Fig. 16 along the bond
directions. If the contributions of the cation d bands to
the charge densities were ignored [Figs. 16(a) and 16(b),
denoted “no d’’], one would have erroneously concluded
that in the ternary phase electron charge is accumulated
on the Hg—Te bond [positive dashed areas in Fig. 16(a)]
and depleted from the Cd—Te bond [negative dashed
areas in Fig. 16(b)]. However, this charge accumulation
on the Hg—Te bond in the ternary system is merely an
artifact of the omission of the contributions of the cation
d bands to the charge densities, as evidenced by Figs.
16(c) and 16(d) (which include the effects of the d bands),
exhibiting depletion of charge on the Hg—Te bond [Fig.

p(HgTe) - p(CdTe)
— a
N 5.0-( ) No d bands
3
S 25 Te
S~
3 ol@
2 ,slcd
d
8
b -5.0}-
o
]
= _(b)
O 5.0+
&
= 2.5}
5 ol@
a 0.0
g: -2.5  Cd
8 ot With d bands
o

Distance

FIG. 15. Valence charge-density difference between HgTe
and CdTe along the cation-anion bond direction. (a) Cation d
bands omitted; (b) cation d bands included.

CdHgTe2 - HgTe | CdHgTe2 - CdTe

Charge Density Difference [10-3e/(a.u.)3]

Distance

FIG. 16. Valence charge-density difference between
CdHgTe, and its binary constituents 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
(c) and (d) cation d bands are included.
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16(c)] and Cd—Te bond [Fig. 16(d)] in forming the ter-
nary phase from its binary constituents. The buildup of
charge on the Hg—Te bond in CdHgTe, in the absence
of contributions from the deep d band [Fig. 16(a)] is
merely a consequence 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. 16(c)] is due to
reduced d-orbital bonding in the ternary phase. Using
the tight-binding method (which neglects cation d bands)
Chen et al.”® have suggested that the reduced Hg—Te
bond strength and bond length in the ternary is due to an
unfavorable charge transfer from the Cd—Te bond (in a
bonding state) to the Hg—Te bond (in an antibonding
state), i.e., in a direction opposite to what our calcula-
tions show. Their argument is hence not supported by
our results, since we find that the charge on the Hg—Te
bond is actually reduced [Fig. 16(c)]. We also find that
the Hg—Te and Cd—Te bond lengths are unchanged (to
within 0.001 A) when the ternary Hg,Cd,_,Te, phase is
formed from its binary constituents.

E. Valence-band offsets between II-VI compounds

The offset AEyg, between the valence-band maxima
(VBM) of two semiconductors 4 and B forming a hetero-
structure is one of the most important device parameters
of interfacial structures.®’ It can be decomposed into an
intrinsic “bulk” (b) contribution AE %), characteristic of
the two separated systems A4 and B and an ‘“‘interface-
specific” (IS) contribution AE gy that depends on the
properties of the A-B interface:

Tight-binding models® have calculated AEYgy as the

difference between the energies of the I' |5, valence-band
maximum [Eq. (3)] of the constituent semiconductors,

AE{’/BM(AC/BC)-:GBC(FISU)_EAC(FISU) B (14)
Since common-anion semiconductors have the same

anion energy a;‘,, in this model the difference
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AEYpm( AC/BC) reflects the effect of different cation en-
ergies €, and different matrix elements V,,. Table III re-
veals, however, that all IIB cations have similar ef,
values. Furthermore, the CdTe-HgTe and GaAs-AlAs
pairs also have nearly identical bond lengths, hence V,,
(which in the tight-bonding model*?® depends solely on
bond length) is nearly identical for each member of the
pair. Equation (14) would thus predict nearly vanishing
AE%5( AC/BC) values for most common-anion semi-
conductors [AE%gy(TB) in Table XIV]. This result was
codified as the hitherto successful ‘“‘common-anion
rule,”!® stating that two semiconductors sharing the
same anion would have a very small valence-band offset.

The recent experimental discovery that AEygy is
nonzero for '°'CdTe-HgTe and'"?GaAs-AlAs has focused
attention on the second term of Eq. (13). This has recent-
ly been modeled in the tight-binding framework'® as the
difference between the average s-p hybrid (h) energies of
the two semiconductors, i.e.,

AES3(AC/BC)~g,( AC)—¢,(BC) , (15)
where €,( AC) is
ey AC)=1(e5+3e, +€5 +3¢,) . (16)

This correction, however, did not change the situation
much, as can be seen from Table XIV, which gives the
tight-binding results for AE Y5y, AE$gy, and AEypy for
a few common-anion semiconductors.

The thought underlying the common-anion rule and its
representation by tight-binding models was that the
valence-band maxima of covalent semiconductors sharing
the same structure, lattice constant, and a common anion
would exhibit very similar valence-band energies ¢,, or a
vanishing valence-band discontinuity AE,. The fallacy in
this approach is that valence-band states of common-
anion semiconductors manifest cation components in ad-
dition to anion states. Although such extravalence states
(e.g., the Al 3d) or subvalence states (e.g., Zn, Cd, and Hg

TABLE XIV. 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 tight-binding

(TB) and Tersoff’s results.

CdTe/ZnTe CdTe/HgTe ZnTe/HgTe MnTe/CdTe
AEygy(with d)?* 0.13+0.02 0.37+0.03 0.26+0.04 0.25+0.10°
Expt. 0.10+0.06° 0.35+0.06¢ 0.25+0.05¢ <0.1°

0.36%0.05¢

AE%gu(TB, no d)f —0.07 0.00 0.07 0.04
AESM(TB, no d)f 0.00 0.09 0.09 0.05
AEygu(TB, no d)f —0.07 0.09 0.16 0.09
Tersoff® 0.01 0.51 0.50 0.75"

“Present study, spin-orbit splitting effects are included; see Ref. 56.

®Averaged over spin-up and spin-down states.
‘Reference 104.
dReference 101.
‘Reference 106.
‘Reference 105.
8Reference 106.

"The Mn 3d states are “frozen” in this calculation of Ref. 106.



37 ROLE OF METAL d STATES IN II-VI SEMICONDUCTORS 8977

outer d orbitals) were previously thought irrelevant, we
have demonstrated through all-electron, first-principles
calculations that these cation d orbitals provide the most
important discriminating factor between a pair of binary
common-anion semiconductors and hence control their
band offset. We first demonstrate this principle using a
simple tight-binding model and then quantitatively calcu-
late the energies involved.

Consider first two binary common-anion semiconduc-
tors AX and BX and neglect the effect of d states on the
band discontinuity between them [Fig. 17(a)]. The cation
p orbitals ( 4,p) and (B, p) can couple with the anion p or-
bital (X,p) since all have the same symmetry (¢,, or I';s)
in the zinc-blende lattice. This coupling results in the
two bonding states I';5,( A-X) and TI'5,(B-X), whose en-
ergy difference provides—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 generally above the anion-p-orbital energy. This
repulsion

VX A,p;X,p)/[e( A,p)—e(X,p)]

is proportional to the coupling matrix element
V(A4,p;X,p) 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 model predicts a van-
ishing band offset, in contrast with experiment. This
model correctly predicts, however, that the VBM energy
of the material with the shorter bond length is smaller
than that for the material with the longer bond length,
e.g., £,(GaX) < g, (InX).

In many binary materials 4X 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 repeal upwards the valence-band max-
imum, as shown in Fig. 17(b). Since this repulsion is pro-
portional to

VX A,d;X,p)/[e(X,p)—e(4,d)],

it becomes larger as the 4—JX bond becomes shorter and
as the d-orbital energy of the cation A4 becomes shal-
lower. Hence, since the Hg 5d state is shallower than the
Cd 4d state, HgTe would have a higher VBM energy than
CdTe. This model leads to finite band offsets between
common-anion pairs with the same bond length and simi-
lar cation-p-orbital energies, in agreement with experi-
ment. (Note that Al has empty, high-energy 3d orbitals
which lower the VBM in AlAs relative to GaAs.)

We have calculated the valence-band offsets of the four
II-VI 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 calculation (Fig. 18). The core-level binding ener-
gies E,1G =e{fm—en"4 and EXF p=effm—eny p of the
cations A4 and B, respectively relative to the VBM (ob-
tained from the band structures of AC and BC, respec-
tively), and the core-level difference AE,,’},’,ﬁ,l =€, 4
—e&, p [calculated from the band structure of the (001)
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FIG. 17. Energy-level diagram applied to binary semicon-
ductor heterojunctions, (a) neglecting and (b) considering the
role of the cation d states. CB indicates conduction band.
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FIG. 18. Schematic energy-level diagram used to deduce the
valence-band offset between AC and BC in our calculation.
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(AC){(BC), superlattice, which is equivalent to the
ABC, “CuAul” structure]l. We have shown,* using a
simple electrostatic model, that for common-anion sys-
tems interface dipole effects are small and localized near
the interface, so that an ultrathin superlattice is appropri-
ate to obtain the core-level difference AE,{2,. The
valence-band offset AEypy is then obtained as

AEypu=E]S —EX s +AEE, . 17

Including p-d hybridization we find calculated valence-
band offsets in good agreement with experimental
data.!®t1% Our results (with d) are compared with
tight-binding (TB) calculation'®® (no p-d repulsion) and
experimental data'®1%41% for CdTe/ZnTe, CdTe/HgTe,
ZnTe/HgTe, and MnTe/CdTe in Table XIV. We also
listed results obtained by Tersoff,'”” whose theory em-
phasizes the importance of the interface dipole contribu-
tion to the valence-band offset. Our results and analysis
suggest that the interface dipole effects are small for these
systems.

VII. SUMMARY

We have demonstrated that the existence of a fully oc-
cupied, nominally ‘“nonbonding” d band inside the
valence band of II-VI semiconductors affects the proper-
ties 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 com-
pounds relative to II A-VI compounds, lacking this d
shell. In addition, the d electrons have a direct effect on
the other orbitals of the system, due to the symmetry-
allowed p-d interaction. These effects involve the follow-
ing:

(i) Reduction of the direct band gap due to upward
repulsion of the I';5, state by the d bands at lower ener-
gies.

(i1) Reduction of the spin-orbit splitting.

(iii) Reversal of the order of the d-orbital I'y5 and Ty,
states relative to the prediction of point-ion crystal-field
models.

(iv) Deepening of the Cu acceptor states in II-VI com-
pounds, leading to high-resistivity response.

(v) Reduction of the band gap and spin-orbit splitting
of ternary chalcopyrites relative to the analogous I1-VI
compounds.

(vi) Inverted exchange splitting in ferromagnetic zinc-
blende MnTe.

(vii) Reduction in the cohesive energy and increase in
the lattice parameters of II-VI compounds.

(viii) Introduction of antibonding character in the
charge distribution of the upper valence bands.

(ix) Reduction of the difference in covalent character
between HgTe and CdTe.

(x) Significant increase in the valence-band offset be-
tween common-anion II-VI pairs (e.g., CdTe-HgTe).

We further predict that p-d repulsion will lead to a near
equality of the spin-orbit splitting at I';5, of CdTe and
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HgTe, in contrast with the currently accepted result
Ay(HgTe) > Ay(CdTe).
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APPENDIX: TIGHT-BINDING MODELS
FOR ESTIMATING AE,,

Accurate isolation of the p-d-repulsion energy
AE,;=Ts5,(pd)—T 5(p) in a solid is difficult because the
atomic p and d orbitals are normalized (e.g., compressed)
in the solid-state environment and cannot be uniquely
separated. However, basic trends can be observed by cal-
culating AE,; semiquantitatively using simple tight-
binding models. Two of the approaches used in our study
will be described.

1. The two-level p-d —repulsion model

If one neglects cation p states, the problem of Fig. 4(b)
simplifies to a two-level system with anion energy €, and
cation energy €,. In this approach the bonding (b) and
antibonding (ab) states have the energies
2

+ szd

12
gbab _ Ept+Eq
pd 2

€, — &g
2

(A1)

The fractional d charge in the antibonding I';s(pd) state
is

gb o 2]
0,=1— |1+ |22 , (A2)
Vod
and the p-d —repulsion energy AE,,; is given by
AE,; =€ —¢, . (A3)

In Egs. (A1)-(A3), €, and ¢, are the orbital energies of
the unperturbed p and d states, respectively, and V,; is
the coupling matrix element. The problem with this ap-
proach is that V,, is difficult to calculate reliably. Furth-
ermore, it is doubtful that neutral-atom orbital energies
can be used for the d states since the intra-atomic
Coulomb repulsion energy is large for such states. To get
around these difficulties we note that Egs. (A1)-(A3) can
be rearranged to yield

epg —Epa =E[Ts5,(pd)— T 5,(dp)]

(c,—e,? |
=2 |~ 4T (A4)
2711
E
Qu=1— |1+ | =2 l : (AS)
pd
E[FISU(Pd)—FlSd(dp)]z(Ep—Ed)+2AEpd N (A6)

i.e., where (¢, —¢4), AE,;, and V,; are unknowns, but Q,
and E[I'5,(pd)—T 5,(dp)] are easily accessible: the en-
ergy difference E[I5,(pd)—T 5;(dp)] can be obtained
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directly from our band-structure calculation and, similar-
ly, the fractional d character Q, in the I'|5,(pd) state can
also be estimated from the band wave functions (Table
XI). Solving Egs. (A4)-(A6) simultaneously, we obtain
Voq and AE ;. The results are listed in Table V. The ma-
jor error in this approach is the uncertainty in Q, (since
it depends on the choice of the muffin-tin size and on the
way in which the d basis functions are constructed).
Three choices have been tried in our calculation: (1)
define Q, as the charge inside the cation MT sphere with
angular momentum /=2 character for the I' 5, state, (2)
take Q, to be the averaged value of the cation d charge in
the I' 5, state and the anion p charge in the T' 5, state,
and (3) as in (1) above, but calculate Q, with the d; ,-
state binding energy adjusted to be the experimental
value (see Sec. VIC). We see from Table V that in all
three cases Vpd is of the order of 2 eV, and that although
these three models give a scatter (of ~0.3 eV) in the abso-
lute  values of AEpd, the relative  change
de-—-AEP‘f,C—- AEp‘f,C has only a small scatter (see Table

2. AE,,; calculated from total valence-band width

In this approach AE,; is estimated by comparing the
calculated total valence-band width when d states are in-
cluded (WS¢, obtained from the present LAPW calcula-
tion) and the width obtained in the absence of d bands
(WTIB TB calculation with sp states only), i.c.,

AE,,=W3& —WiB (A7)
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and

Wia =T5,(pd) =T, (s) , (A8)

€c+£a (EE E42)2 172

TB __ 14 14 p__“p 2

Wiot = > 2 +Vpp ]

/2

eret [ec—er |
- 2 7 + Vs , (A9)

where €, for example, is the atomic-orbital energy of the
cation p states and V,, and ¥, are the coupling con-
stants.

Harrison**®’ has argued that for s and p states in semi-
conductors the interatomic and intra-atomic Coulomb in-
teractions nearly cancel each other; hence neutral-atom
orbital energies can be used. The uncertainty in this cal-
culation is that his universal coupling parameters®@"4%®’
are fitted to a particular set of atomic eigenvalues. In our
calculation we tried both Harrison’s “old”?*® and
“new”*'*’ parameters (models B1 and B2 in Table VII).
We used our calculated semirelativistic LDF atomic ei-
genvalues in order to be consistent with the band-
structure calculations. The results are given in Table
VII. Again we see that the relative change §,; (Table
VIII) is rather insensitive to the parameters used in the
calculations.

From these two model calculations we find that AE,,
can be substantial (~0.5-1 eV) in II-VI compounds and
that whereas the difference of p-d —repulsion energy 6,4
for the CdX/ZnX pair is small, it is large for the pairs in-
volving Hg, i.e., CdX/HgX and ZnX/HgX.
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FIG. 14. Charge-density contours for the upper valence
bands [(a) and (b)] and the cation d bands [(d) and (e)] for CdTe
and HgTe. (c) and (f) give their differences. The units are 10~*
e/a.u.’ The step sizes are 5 for (a), (b), (d), and (e), and 2 for (c)
and (. The shaded regions in (c) indicate negative density
differences, highlighting the reduced covalency of HgTe.
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FIG. 15. Valence charge-density difference between HgTe
and CdTe along the cation-anion bond direction. (a) Cation d
bands omitted; (b) cation d bands included.
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FIG. 2. Calculated (LAPW) band structure of (a) ZnTe, (b) CdTe, and (c) HgTe near their equilibrium lattice constants. The cat-
ion d bands are highlighted by the dashed lines. The band-gap regions are shaded. Dashed lines indicate doubly degenerate states.
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FIG. 3. Same as Fig. 2, but calculated using the nonrelativis-
tic all-electron mixed-basis method (Ref. 10) for (a) ZnS, (b}
ZnSe, and (c) ZnTe.
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FIG. 7. Schematic diagram of the p-d —repulsion effects for
the hypothetical ferromagnetic zinc-blende MnTe. (a) Ex-
change and crystal-field splitting of Mn 3d states, (b) exchange
splitting of Te 5p states, and (c) the final interacting states.
Shaded areas denote the host crystal bands. B, and B_ denote
bonding states for spin up and spin down, respectively, whereas
AB, and AB_ denote antibonding states for spin up and spin
down, respectively. Note how p-d repulsion leads here to a neg-
ative p-d exchange splitting A, (pd) (i.e., B_ is below AB ).



