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Ultraviolet-photoelectron-spectroscopy experiments and a coherent-potential-approxi-
mation calculation of the density of states of Hg,., Cd, Te show a clear deviation from
virtual crystal behavior in bands ~ 5 eV below the valence-band maximum where there
is a 60% s-electron contribution. The large (~ 1.4 eV) atomic s-state shift between Hg
and Cd is responsible for this deviation, as well as for the decrease of the band gap (1.5
to 0 eV) with composition, the high electron mobility (10% cm?/V s), and difficulties ex-
perienced with growth and mechanical properties.

PACS numbers: 71.25.Tn, 79.60.Eq

Over ten years ago, it was firmly established!
that metallic alloys such as NiCu required con-
sideration of markedly different potentials for
each atomic species. This forced the abandon-
ment of the rigid-band model for metallic alloys
(which had been widely accepted up to that time)
and had enormous significance for fields extend-
ing from metallurgy to catalysis. In contrast,
the relatively simple virtual crystal approxima-
tion (VCA), in which average potentials are as-
signed to each sublattice site, had been success-
ful with semiconductors.

The objectives of this paper are to (1) show
definitive experimental and theoretical evidence
for the selective breakdown of VCA in a semi-
conductor alloy (Hg,.,Cd, Te), (2) establish that
the coherent-potential approximation (CPA) works
well where VCA fails, and (3) explain the physics
underlying the shortcomings of the VCA in terms
of the atomic orbitals involved.

Hg,.,Cd, Te exhibits a number of properties
that are both of fundamental interest and suitable
for exploitation.? Because the lattice constants
of HgTe and CdTe are nearly identical, the entire
composition range can be made in the zinc-blend
structure with a continuous change of band gap
from 1.5 eV (CdTe) to 0, making these materials

prime candidates for use in infrared photodetec-
tors. Enormous electron mobilities (>10° cm?/
V s) are found for small band gaps, confirming
the occurrence of extremely nonlocalized wave
functions near the band edges.® As we will see,
the breakdown of VCA occurs deep in the valence
bands, where the states are more localized and
have a large atomic “s” character.

Ultraviolet-photoelectron-spectroscopy meas-
urements were made on samples cleaved along a
(110) face in ultrahigh vacuum (p <107 Torr)
with photon energies ranging from 7 to 30 eV on
four compositions, x =0.2, 0.31, 0.39, and 1.
Figure 1 shows energy distribution curves
(EDC’s) for 12 <hv <17 eV (resolution <0.2 eV)
for an alloy sample and CdTe. The valence-band
maximum (VBM) is taken as the zero of energy.
Two major groups of valence-band features ap-
pear between — 3.5 and 0 eV, and one between —6
and — 4 eV. The upper feature exhibits disper-
sion characteristic of delocalized states.* The
lower feature shows no dispersion (as would be
expected for a more localized state), and it is
here that breakdown of VCA is found. This same
qualitative valence-band behavior was found in all
Hg,_,.Cd, Te samples.

In Fig. 2, we examine the experimental struc-
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FIG. 1. Photoemission energy distribution curves
for CdTe and the alloy Hg)gCd,,Te. The number of
electrons detected is plotted vs initial state energy
with the origin set to the valence-band maximum.
Contrast the relatively large dispersion and widths of
the “p-like” bands within 3.5 eV of the valence-band
maximum (VBM) with the small dispersion of the band
centered about 5 eV below VBM. This band is relative-
ly narrow in CdTe but broadened by the alloy effects in
Hgl-x Cdee.

ture between — 3.5 and — 7 eV as a function of
composition and compare it with the VCA and
CPA calculations. The calculations give the den-
sity of states (DOS); because we found negligible
dispersion for the features in this energy range,
the EDC’s should be closely related to the cal-
culated DOS and can legitimately be compared.
The experimental and theoretical curves were
aligned in energy by superimposing the leading
edge of the EDC’s (i.e., experimental VBM) with
the VBM given by the calculations. The structure
in the calculated curves is sharp in comparison
with the experimental curves. This results (at
least in part) from the fact that no broadening
has been put into the calculations to account for
the finite (< 0.2 eV) experimental resolution or
other broadening effects. Furthermore, the low-
energy scattering-induced tail in the EDC has not
been subtracted from the data.

VIRTUAL CRYSTAL
APPROXIMATION

COHERENT POTENTIAL
APPROXIMATION

DENSITY OF STATES (arbitrary units)
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FIG. 2. Comparison of theory and experiment for
Hgy., Cd, Te for the compositions indicated by the val-
ue of x in the figures. The virtual crystal approxima-
tion clearly does not agree with experiment for the al-
loys, whereas the agreement with coherent-potential
theory is surprisingly good. No ‘‘experimental” broad-
ening has been included in the theoretical curves, nor
has background been subtracted from the experimental
curves.

Figure 2 shows that the general experimental
features and trends in the alloys are predicted
well by the CPA, but not by the VCA: The VCA
predicts a peak with a relatively narrow total
width (=~ 0.5 eV), which moves monotonically in
energy from CdTe (- 4.6 eV—weighted average
of the doublet) to that calculated for HgTe (~5.5
eV—mnot shown in curves, because no experi-
mental data were available for HgTe). Most im-
portantly, the width of the VCA-predicted peak(s)
does not increase appreciably with energy. The
CPA results (in agreement with experiment) in-
crease in width as one moves from CdTe into the
alloys. For x =0.39 eV, both experiment and CPA
give a width of ~2 eV, roughly four times what
would be predicted by VCA. More detailed exam-
ination of the x =0.39 and x =0.31 CPA curves
indicates that peaks can be resolved near - 5.6
and — 5.0 eV and that there exists a weaker
shoulder near — 4.2 eV. CPA calculations iden-
tify the origins of these three features: The
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—5.6-eV peak and the shoulder are due to Hg-
and Cd-derived s states, respectively; the in-
termediate peak is a “VCA-like” peak with p sym-
metry. Note that it lies at the same energy as
the VCA peak (left panel of Fig. 2) and, insofar
as can be seen, moves with energy, as does the
VCA peak.

The theory proceeds in three steps: obtaining
accurate band structures for HgTe and CdTe,
characterizing the disorder of the potential in
the alloys, and executing the CPA calculation.®
The Hamiltonian matrix HO(E) for a given k is
calculated in the manner described in Ref. 5 with
use of published® local empirical pseudopotentials.
A systematic orthogonalization and E-integration
procedure transforms the initial Gaussian orbital
sp® set into a set of completely orthonormal atom-
iclike orbitals (OAO). The diagonalization of
H(T{) then yields a band structure without the spin-
orbit splittings. The spin-orbit interaction is in-
corporated as a simplified Animalu model.” The
other relativistic corrections (the velocity term
and the Darwin term) do not alter the symmetry
of H (E) and are partially taken into account in
H(T{) by the choice of the parameters in the em-
pirical pseudopotential.

Because of the limitations of local pseudopo-
tentials and the truncated basis set, the net
Hamiltonian H (k) +H (k) introduced thus far
yields results differing from experiment by
~5%. The corrections needed to reach agree-
ment with experiment are incorporated into the
theory (as justified previously) by the addition of
a localized perturbation Hamiltonian H,.°

To facilitate the characterization of the local
interactions and the CPA calculation, the OAO
set is next transformed into completely ortho-
normal cell orbitals (OCO) with proper sym-
metries. The minimum basis then consists of
two A, and six T, OCO’s. When spin is included,
each A becomes two I'y OCO’s, and the six T,’s
become four I', and eight I'y OCO’s. The crystal
Hamiltonian matrix in the OCO basis for a given
cell becomes block diagonal into eight 2X2 ma-
trices: two in I'y, two in T';, and four in I'y
representations. Because all the 2X2 matrices
for a given representation are the same, there
are only nine independent single-cell interac-
tions: six diagonal energies €,(I";)), a¢=1,2,
n=6,7,8; and three off-diagonal interactions v,.
These local energy parameters for HgTe and
CdTe have been determined from parametrized
band structures; their values are listed in Table
I. Note that major differences between HgTe

950

TABLE 1. Intracell Hamiltonian matrix elements for
HgTe and CdTe.

Local Intracell Hamiltonian
energy matrix element (eV)
parameter HgTe CdTe

(T —12.96 -11.19
€,(Tg) ~2.26 -2.27
Ye -2.52 -4.31
€4(Iyp -17.16 -6.58
€5(Ty -1.45 —-1.45
Yr —-3.59 —3.43
€,(Ty ~17.08 -6.55
€x(Tp ~1.42 -1.43
e -3.61 -3.43

and CdTe are in the €,(T;) and 7, terms; these
terms are influenced strongly by the 5s® and 6s2
valence orbitals of Cd and Hg, respectively.
(The physical significance of this is discussed
below.) The antibonding €,(I'y) and all the other
states (which have T, or p-like symmetry) have
small energy differences.

In the OCO basis, the alloy Hamiltonian can be
written as H=H+),,V,, where H is the average
periodic VCA Hamiltonian and the random part
V, is the sum over nine terms of the form Izp, oy
X 6€, 5@, ®|, where the [§, %) are the OCO’s of the
Ith cell, and d€,4 are the deviations from the
mean for the nine intercell interactions. If only
the diagonal terms in V; are retained, then the
CPA calculation reduces to the one reported be-
fore.®

Why has VCA worked so well in other semicon-
ductors but performed poorly with Hg,_, Cd, Te?
First, note that Hg,_, Cd, Te is the first “covalent”
semiconductor alloy studied containing “light” (Z
<57) and heavy (Z >178) atoms. The explanation
lies in the atomic orbitals of these atoms. The
relative binding energies of the p and s orbitals
of the cations in covalent semiconductors do not
change appreciably as one moves through the
periodic table until one moves from atomic num-
bers below 57 to those above 78. Above Z =178,
the s orbitals become markedly more tightly
bound with respect to the p (or other higher-
angular-momentum orbitals) as relativistic terms
(which tend to decrease the orbital radius) be-
come important. This is because the valence s
orbitals, which penetrate the nucleus much more
than do the orbitals with nonzero angular mo-
mentum, are more sensitive to these terms. We
shall refer to this effect as the s skift. In the
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present case, the ionization energy of the Hg 6s?
valence electrons is 1.4 eV higher than that of the
Cd 5s?. It should further be noted that the work
in the early 1960’s showed? that both the decrease
of E, to zero and the high electron mobilities are
associated with the metal s states of the conduc-
tion band decreasing in energy with increasing
Hg content until they mix with the p states to form
the valence-band maximum. We thus identify
three phenomena (the breakdown of VCA, E, go-
ing to zero, and high electron mobility) as re-
sulting from the Hg 6s® atomic levels being sig-
nificantly below the Cd 5s? levels.

Hg,.,Cd, Te is perhaps the most promising
material available for photodetection throughout
the infrared, yet it has not been widely exploited.
This may be because of difficulties in growing
and handling the material®; we suggest that this
also results from the “s shift” (i.e., selectivity
increasing the bonding energy of the Hg valence
s levels, which weakens the Hg-Te bond and leads
to the difficulties mentioned above).

It is our hope that this paper will stimulate
work to test our suggestions. Such work is great-
ly needed, both for fundamental understanding
and to guide (and reduce the cost of) practical
work.
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One-Dimensional Localization and Interaction Effects
in Narrow (0.1-um) Silicon Inversion Layers
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The conductance of narrow (0.1-um) silicon inversion layers has been measured at low
temperatures. A divergent, nonmetallic decrease of conductance is observed below 30 K,
in excellent quantitative agreement with the combined theories of weak localization and
interaction effects in their one-dimensional form, if one assumes parameters comparable
to those observed in wide (two-dimensional) inversion layers. In this novel experimental
system both localization and interaction effects are present and comparable in size.

PACS numbers:

Narrow [quasi one-dimensional (1D)] metal
wires become nonmetallic at low temperatures.’
The decrease of conduction is proportional to

71.55.dv, 72.15.~v, 73.40.Qv

e?/I and appropriate electron diffusion lengths,
according to theory,? whenever these lengths
exceed the transverse wire dimensions (the
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