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II. CLASSIC PHENOMENOLOGY:
EFFECTS OF A c~NONSONMNG" d ' 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).
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FIG. 1. Observed photoemission spectra (Refs. 1-3) of cat-
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FIG. 2. Calculated (LAP%') 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
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TABLE III. Atomic eigenvalues (in eV) calculated by di8'erent methods. NR and SR indicate nonre-

lativistic and semirelativistic calculation, respectively, and HF denotes Hartree-Pock.

Zn 4s

4p
3d

Cd 5s

5p
5d

Hg 6s

6p
6d

S 3s

3p

Se 4s

4p

Te 5s

5p

—7.96
—4.02

—21.28

—7.21
—3.99

—20.76

—7.10
—3.95

—19.43

—24.01
—11.60

—22.86
—10.68

—19.12
—9.54

Harrison's table
(NR, Herman-Skillman)

—8.40
—3.38

—17.11

—7.70
—3.38

—18.28

—7.68
—3.48

—17.27

—20.80
—10.27

—20.32
—9.53

—17.11
—8.59

—6.15
—1.36

—10.89

—5.65
—1.51

—12.85

—5.67
—1.56

—12.37

—17.24
—7.20

—16.98
—6.77

—14.
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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, aud A3 (see Appendix). Results are given in eV. Here, Q~ is the fraction of d character in the metal sphere, V& is the p-

l-coupling matrix element, and b,E~ [Eq. (5)] is the energy shift of the
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TABLE VII. Calculated p-1 —repulsion energies hE& [Eq. (5)] for ZnTe, CdTe, and HgTe (in eV),

using model 8 of the Appendix, where bandwidths are used to determine hE&. For the input atomic

eigenvalues, see Table III. %'e use experimental lattice parameters (see Table II). The "old" parame-

ters [Ref. 22(a)] in Harrison's TB model (model Bl) are V~~=2. 16' /md aud V„=—5 60.fi /md~

The more recent parameters [Ref. 49(b)] (model B2) are V~~ =1.28A'/md' aud V„=—5.28fi'/md',
where d =(&3/4)a is the bond length. Here, 8'„Iis the total valence-band width (I », to I „)as ob-
tained in tight-binding (8'„t) calculations neglecting p-d repulsion, or in the present work (8'„t),
where p-d repulsion is included. See Appendix for details.

ZnTe
wt. t

pr TB
tot

CdTe
pr TB

tot

HgTe
8„,EYE

Model 81
Model 82

11.36 11.91
11.67 11.91

0.55
0.24

10.94 11.30 0.36
11.20 11.30 0.10

11.17 12.03 0.86
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. VI C.

(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 t2 cation d levels could
change. Figure 5 depicts the two possibilities, both for
Ot, [Figs. 5(a) and 5(b)] and Td [Figs. 5(c) and 5(d)] sym-
metries. Electrostatic (point-ion) crystal-field models
predict universally a level ordering of t2 below e for O~

symmetry, and e-below t2 for Td symmetry. In Ot, sym-
metry, no p-1 coupling exists and, hence, I 2~.(d)=t2 is

predicted to be [Figs. 5(a), and 5(b)] lower in energy than
I,z(d)=e,
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leading to a larger V d coupling matrix element in chal-
copyrites and, hence, a lar er
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the same in calculations for the binary and ternary corn-
pounds in order to reduce random errors (which would
otherwise produce slightly diferent 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 CuAuI and the
Cu3Au-like structures are used. This equivalent k-point
procedure is necessary in comparing the extremely small
energy difterences 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 ar 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 sampliny 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. A11 e1ectron res-ults: Relotiuisric effects

Table IX compares ground-state properties of ZnTe,
CdTe, and Hg Te (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 di8'erent 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

the relativistic shift in the atomic o-rbital 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 5s, 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 51, re-
spectively). As the outer 1 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 manifer

the
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TABLE X. Comparison of calculated ground-state properties of



ROLE OF METAL d STATES IN II-VI SEMICONDUCTORS

CO
V

g0
05

+eh s Pg

0 0$

bG c0
Ct

g
fQ ~ ~

rii
V

o Ch
CA

rA

~~ N
~ t&I

I

g

ce

~ ~ gg

V
Ct

Ch

gj

0$

~ I+I

C gd5

0

v 0
CO

bQ ~
C
V

cf
rh

0$

E'

~ fMI

6
Q 0

v
I

V bQ

Q

CiC

V

0
CP

~
+ 0
CO

CP

v Q.

Q

CP

bQ .~

V

g
C$

C5

C/}

C5

0
bo
ce

05

~+«&I

ca

'47

II

i
x

II

"a
V

X

a
CO

il

X

ll

X

4J

4 ««I

a
Ct

C0

O~ Ch

O oo
oo ~+~l

oo O oo ~
OO ~O OO ~W OO ~~ OW ~O O~ OO WO O~ ~~ WW OW

ch ch ch t ~ oo oo oo
Ch OO OO OO ~~ OO WO Ot OO ~~ O~ W~ eiW OO u t

I I

O O O

Oo '40 oo '4) M ~ t ~ M M M ~ ~ chOO On OW Ot OO WO O~ On O~ Ww nn O~ OO Oct ~O
l««l

oo O oo
~4@ OO ~C5 OO mW CDO ~m OW rt O

W~ OW

OO


1O

Ww

Ww

O~

OO

O
On

2(O)Tj
ET
81.Xi1.011 11.0
473.8 564.38 Td
2 Td8(~m)Tj
ET
B2
ET
11 13.13 Tf
399.5 600.61 Td
(WO)Tj
ET
BT2
ET811 11.08 Tf
207.39 430.73 ~O

X



S.-H. %EI AND A.LEX ZUNGER 37

8. Antibonding d character in the uyyer 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-
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FIG. 8. %ave-function amplitudes for HgTe valence-band states at some high-symmetry points (normalized to two electrons per
unit cell). (a) I »„state, (1) 1.3„state,and {c)X&„state. The charge density is given in units of 10 ' e/a. u. ', 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
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Valence band charge deniitlei (omitting d band, ')

No pd hybridization With pd hybridization pd oontrlbutlone

():-- HQTe HQTe
HgTe
(&)-(e)

4 4

CdTe «)"=-=- CdTe
CclTQ

(d)-(b)

-4

FIG. 1 l. Comparison of charge density of CdTe and HgTe valence states calculated in (a) and (b) eithout p-d hybridization and in

{c)and (d) with p-d hybridization (see text). (e) and (f) shoe the corresponding charge-density difFerences. For clarity of display the
cation d bands mere omitted. Note in (e) hoe p-d hybridization removes charge from the Hg—Te bond. The charge density is given
in units of 10 e/a. u. . The step sizes are 5 in (a)-(d) and 2 in {e) and {f). The dashed lines indicate negative region. The reduced
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 e8'ects. These results show
that p-d repulsion depletes charge from the
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h=b, ~+QUA, g . (10)

Results obtained using this equation are also given in
Table XIII I denoted 6[Eq. (10)]]. Our basic conclusions
are as follows: (i) Using the fraction of d character (Qz)
obtained from band-structure calculations in Eq. (10) we
reproduce nearly the same spin-orbit splitting obtained
directly by incorporating Hso 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
hp) and L
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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.3 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 Hg Te.

valency of CdTe relative to Hg Te.
Current interest in HgTe-CdTe alloys has raised
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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 CdHgTe2 in the absence
of contributions from the deep d band [Fig. 16(a)] is

merely a consequence of a smaller p-d repulsion in

CdHgTe2 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.
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outer d orbitals) were previously thought
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( AC), (BC), superlattice, which is equivalent to the

ABC~ "CuAuI" structure]. We have shown, using a
simple electrostatic model, that for common-anion sys-
tems interface dipole effects are smal1 and localized near
the interface, so that an ultrathin superlattice is appropri-
ate to obtain the core-level
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directly from our band-structure calculation and, similar-

ly, the fractional d character Qz in the I »„(pd)state can
also be estimated from the band wave functions (Table
XI). Solving Eqs. (A4) —(A6) simultaneously, we obtain

V& and hE&. The results are listed in Table V. The ma-
jor error in this approach is the uncertainty in Qz (since
it depends on the choice of the muSn-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 l,s, state, (2)
take Qz to be the averaged value of the cation d charge in
the I is, state and the anion p charge in the I »~ state,
and (3} as in (1) above, but calculate Qz with the d3&2-
state binding energy adjusted to be the experimental
value (see Sec. VI C). We see from Table V that in all
three
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national Conference on the
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