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First-principles calculations of the II-VI semiconductor b-HgS: Metal or semiconductor
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Relativistic all-electron full-potential first-principles calculations have been performed in order to study the
symmetry of the energy levels around the valence band maximum in the zinc blende II-VI semiconductors
b-HgS, HgSe, and HgTe. It is demonstrated that in general, an inverted band-structure does not necessarily
lead to a zero fundamental energy gap for systems with zinc blende symmetry. Specifically,b-HgS is found to
have at the same time an inverted band structure, and a small, slightly indirect, fundamental energy gap.
Possibly, the energy levels around the valence band maximum order differently in each of these systems.
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The general question as to whether a material is a meta
not is of basic importance, since the existence of a fun
mental energy gap will affect a material’s properties in
profound way. Although it appears to be a straightforwa
matter to detect a fundamental energy gap, several re
examples show that this is not so.

La-doped CaB6, ferromagnetic at room temperature a
thus a highly interesting material for spintronics, is one e
ample. The ferromagnetism in this system could not be
plained until, very recently,GW calculations revealed tha
CaB6 indeed has quite a substantial fundamental energy
contrarily to what was previously thought.1

Another example comes from the group of materials cl
sified as semimetals. Very few systems are neither real m
als, nor semiconductors, nor insulators. This exclusive gr
is named semimetals and/or zero-gap semiconductors,
most known ones beinga-Sn and the zinc blende structure
Hg-VI systemsb-HgS, HgSe, and HgTe. Whether or n
HgSe is a semimetal has recently been subject
controversy,2–5 and is thus a second example of the ambig
ities involved in detecting a fundamental energy gap.

In the present work, it is suggested thatb-HgS is actually
a semiconductor, and not a semimetal. The approach us
a theoretical one, with calculations based on density fu
tional theory within the local density approximation~LDA !.
It is well known that fundamental energy gaps are usua
underestimated with LDA, but in cases where LDA strong
overestimates hybridization, as in narrow-band 4f and 5f
systems, LDA may also wrongly produce band gaps
present in reality. The problem then lies in the insufficie
description of the correlations, which may be strong inf
systems.b-HgS is certainly not a strongly correlated syste
but nevertheless, there is no guarantee that hybridizatio
not overestimated in the present calculations. Another p
to be kept in mind regarding the present approach is t
since the basis set used in the calculations performed is
lar relativistic, so that all basis functions are zero at the o
gin, a perfect representation of fully relativisticp1/2 states,
which are finite at the origin, is in principle precluded. A
discussed by Nordstro¨m et al.,6 this becomes important fo
semicore 6p states in actinides, for which the spin-orbit co
pling is the dominant energy term.
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Many of the II-VI systems, including the Hg-VI com
pounds, alloy with magnetic ions, notably Mn and Fe, to
few tens of percents. These diluted magnetic semiconduc
offer unique properties. The interaction of the magnetic io
with the electrons and holes in a narrow band gap semic
ductor leads to systems with very large magnetic respo
resulting in band gaps tunable in a magnetic field and v
large magnetoresistance.7 An exciting spintronics application
is spin injection into nonmagnetic semiconductors. One
ample of this is the magnetic II-VI semiconducto
BexMnyZn12x2ySe. When used as a spin aligner, injecti
efficiencies of 90% spin-polarized current into a nonma
netic semiconductor has been achieved,8 which is much
higher than what can be obtained with a metallic magne
material.

Possible spintronics applications are highly relevant in
context ofb-HgS, since the calculations presented here de
onstrate that the bands around the gap inb-HgS have a
highly unusual structure with a negative effective electr
mass and unexpected characters. Thus, the electronic s
ture of b-HgS turns out to be highly unique, and so shou
also its properties as a spintronics material.

According to the established picture9,10 of zinc blende Hg
chalcogenides, their electronic structures differ in a fun
mental way from the electronic structures of the correspo
ing isoelectronic Zn and Cd systems in that the Hg syste
have ‘‘inverted’’ band structures. More precisely, this mea
the following. The zinc blende–type Zn and Cd systems
all semiconductors with a positive fundamental energy g
~defined as the difference between the conduction band m
mum and the valence band maximum! at the zone centerG.
At the gap, the fully occupied maximum valence ba
~MVB ! hasG15 symmetry~if the spin-orbit coupling is ne-
glected!, with place for six electron states, and the emp
minimum conduction band~MCB! has G1 symmetry, with
place for two electron states. In the Hg systems, theG1 level
is pulled down below theG15 level due to the more attractiv
potential of the Hg ion compared to Zn and Cd, so that
ordering of theG1 and G15 levels is inverted. The more at
tractive potential of the Hg ion is due to a larger part
delocalization of thed states in Hg than in Zn or Cd.11 Since
the degeneracy of theG15 level is larger than the degenerac
of the G1 level, the bands connected to theG15 level are not
©2002 The American Physical Society05-1
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all occupied in the Hg systems. Thus, the fundamental
ergy gap must be zero, and the inverted band structure l
to semimetallic behavior.

If the spin degree of freedom is included, the symmetry
the bands have to be described within the double-group
resentation. TheG15 level splits into a fourfold degenerateG8
level and a twofoldG7 level, with theG8 level above theG7
level for p states, and theG1 level becomes a twofold leve
of G6 symmetry. If theG6 level is pulled down below theG8
level, or below both theG8 and G7 levels, the MVB and
MCB are still degenerate at the zone center, and again
material must have a zero fundamental energy gap.

Therefore, it was very surprising when photoemiss
experiments2 suggested the existence of a positive fund
mental energy gap in HgSe, the most studied of the cubic
chalcogenides. The observed positive gap was interprete
evidence for a noninverted band structure. However, m
recent photoemission measurements have not been ab
reproduce these results, and other experimental methods
obtain a zero fundamental energy gap in HgSe.4,9,12A similar
discrepancy exists forb-HgS, whose band gap has been
ported to be both ‘‘negative’’ and positive.9,13,14

In the density functional15 calculations presented here,
full-potential linear muffin-tin method16 was employed to-
gether with the LDA based on the Monte Carlo data cal
lated by Ceperley and Alder, as parametrized by Perdew
Zunger.17 Generalized-gradient functionals18 were also
tested, but were seen not to change any of the conclus
put forward here. For Hg, the 6s, 6p, and 5d orbitals were
included in the basis set, and for the chalcogens, thens, np,
andnd orbitals, wheren53, 4, 5 for S, Se, and Te, respe
tively. Two k2 values, which determine the form of the bas
functions in the interstitial region, were employed in the c
culation: 20.8 and20.1 Ry. The calculations were teste
for convergence regarding choice of basis functions,k-point
sampling, and densities of the radial and Fourier meshes.
the calculations with spin-orbit coupling, the entire relativ
tic Hamiltionan was diagonalized in a single step using
full basis set. The spin-orbit split 6p states involved in the
present calculation were seen form broad bands, i.e.,
spin-orbit coupling was seen not to be the dominant ene
term for these states.

In Fig. 1, the LDA bands around the Fermi level, calc
lated at the experimental equilibrium lattice paramet
(5.85, 6.08, and 6.46 Å forb-HgS, HgSe, and HgTe, re
spectively! are plotted from the zone center and out alo
four different directions~towardsL andX in the left column,
and towardsK and U in the right column!. The solid lines
represent bands calculated with spin-orbit coupling includ
and the dashed lines~left column only! are bands calculate
without spin-orbit coupling, but with all other details of th
calculation unchanged. When the spin-orbit interaction is
glected, the MVB and MCB are degenerate at the zone c
ter, and form a level ofG15 symmetry. Away fromG along
the G-L and G-X directions, theG15 level splits up into a
twofold valence band~with place for four electrons!, and a
onefold conduction band~with place for two electrons!.

If the spin-orbit coupling is included, theG15 splits up
into two levels,G8 andG7. An analysis of the characters o
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the eigenvalues at the zone center for the bands shown
veals that they lacks character, and that they haveG8 andG7
symmetry. In fact, the highest valence band withs character
~which is also the next band below the ones shown! is found
around 0.7, 1.2, and 1.2 eV below the Fermi level forb-HgS,
HgSe, and HgTe, respectively. The symmetry of these st
is to beG6, as expected fors states in the zinc blende struc
ture. Thus, the present calculations place theG8 andG7 lev-
els higher than theG6 level in all three systems, although fo
HgTe, the energy difference between theG6 andG7 levels is

FIG. 1. Band structures around the Fermi level and the z
centerG for b-HgS, HgSe, and HgTe at the experimental latti
parameters. The Fermi level~or VBM for b-HgS! is at zero. In the
left column, the bands are plotted fromG and half-way toL andX.
In the right column, the bands are plotted fromG and half-way toK
and U. The positions in reciprocal space are expressed in unit
2p/a, where a is the lattice parameter. The bands plotted w
dashed lines~left column only! are calculated without the spin-orb
~SO! coupling. The bands plotted with solid lines refer to calcu
tions with the spin-orbit coupling included. The representationsG7

andG8 refer to the symmetry at theG point of the solid bands.
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only around 0.4 eV. In HgSe and HgTe, the fourfoldG8 level
is found above the twofoldG7 level, whereas inb-HgS, the
ordering is reversed. Because of the difference in degene
between theG8 and G7 levels, this reordering opens a fun
damental energy gap aroundG in b-HgS. Furthermore, due
to the form of the MVB, this gap is slightly indirect. The ga
is small, about 0.05 eV in the present calculation but pr
ably around the double in reality, since the discontinuity
the exchange-correlation potential at integer particle nu
bers in density functional calculations tends to result in
derestimated fundamental energy gaps.

What mechanism opens this gap? In the standard ti
binding models for these systems, notably the widely u
Kane model,19 theG8 andG7 levels are implicitly assumed to
originate from purep states. This, however, cannot be co
rect, since forp states, theG8 level must be higher in energ
than theG7 level. This is easily seen by noting thatG8 cor-
responds toJ53/2 andG7 to J51/2 for p states, and using
HSO52l L•S5l(J22L22S2), whereHSO is the spin-orbit
Hamiltonian,l the spin-orbit coupling constant, andJ, L,
andS the usual angular-momentum operators. Note that
explanation implicitly assumes that theG8 states generate
from G4 are decoupled from theG8 states generated fromG3,
which should be a good approximation in the present cas20

An analysis of the eigenfunctions associated with th
levels shows that they haved as well asp character. The
energy difference between theG8 andG7 levels is apparently
determined by three factors: the chalcogenp spin-orbit split-
ting, the Hgd spin-orbit splitting, and the strength of thepd
hybridization. Forp states, theG8 symmetry lies higher in
energy than theG7, whereas the situation is reversed for t
d states (G8 corresponds toJ53/2 andG7 to J55/2 for d
states! so that these two spin-orbit induced band splittin
compete. Thus, if thep spin-orbit coupling becomes suffi
ciently small~like in sulphur!, the ordering of the Hgd spin-
orbit-split states may decide the order of theG8 andG7 lev-
els. Alternatively, if thed character becomes dominant
these bands due to largepd hybridization, theG7 level might
also end up higher than theG8 level. Thus, the Hgd states
play a fundamental role in the formation of the gap
b-HgS. Furthermore, one could also say that the fundam
tal energy gap inb-HgS owns its existence to thesmallness
of the spin-orbit splitting in sulphur~compared to, e.g., sele
nium!, a somewhat counter-intuitive result since with t
spin-orbit coupling neglected all together,b-HgS becomes
semimetallic.

The zinc blende structured I-VII semiconductors~e.g.,
CuCl!21 have the same ordering of theG8 and G7 levels as
proposed here forb-HgS. In that case, however, thed elec-
trons are at the Fermi level, and thus the symmetry prope
of d electrons are expected to dominate. Furthermore, s
the band structure of the I-VII semiconductors is not
verted, this ordering of theG8 and G7 levels does not give
rise to the fundamental energy gap in those systems.

As mentioned, the present calculations place theG6 level
well below the G8 and G7 in all three cubic Hg chalco-
genides. This is the same ordering as the one found for H
in the QP calculations reported by Rohlfing and Louie,3 but
15320
cy

-

-
-

t-
d

is

.
e

s

n-

es
ce
-

Se

appears to contradict recent experiments reported by Tru
sesset al.4 for HgSe and Orlowskiet al.5 for HgTe. How-
ever, the conclusion regarding the ordering of the high
valence levels in HgSe in Ref. 4 is based on the assump
that electric dipole transitions are symmetry forbidden b
tween theG8 and G7 levels. But, as already demonstrate
here, these levels contain bothd andp states, and thus, suc
electric dipole transitions are in fact allowed. With this
mind, the transitions in HgSe observed in Ref. 4 are w
explained by theG8-G7-G6 ordering predicted by both LDA
and QP calculations.

For HgTe, the situation is somewhat different. Here,
might well be that in reality theG6 lies above theG7 level,
due to QP corrections absent in LDA calculations. In HgS
the LDA energy difference between theG6 andG7 levels is
more than 1 eV, whereas QP calculations3 predict a much

FIG. 2. Upper panel: Band structures for HgTe along parts of
G-L andG-X directions, showing the bands connected to theG6 and
G7 levels at the experimental lattice parameter, and at a compre
lattice parameter. The Fermi level is at zero. At the experime
lattice parameter, theG7 level is above theG6 level, whereas at the
compressed lattice parameter, theG6 is above theG7 level. Lower
panel: The energy of theG1 , G6, and G7 levels for HgTe as a
function of lattice parametera.
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smaller difference of around 0.2 eV, due to QP correctio
for the G6 level. If the QP corrections for theG6 level in
HgTe are of the same magnitude,G6 would end up well
aboveG7.

One way to elucidate, experimentally, the ordering, wi
out having to refer to neither parametrized models nor
sumptions regarding the characters of the bands, would b
study how the energy levels move as pressure is applied.
mechanism is illustrated in Fig. 2. In the upper panel,
bands connected to theG6 andG7 levels for HgTe are shown
for the experimental equilibrium lattice parameter, and
compressed lattice parameter. Note that at the compre
lattice parameter (a56.05 Å), theG6 level is above theG7
level. In the lower panel, the positions of theG6 and G7
levels are plotted as a function of lattice parameter. For co
parison, also the position of theG1 level is shown, which
corresponds to theG6 level when the spin-orbit coupling i
neglected.

Apparently, theG6 ~or G1) level moves upwards in energ
as the pressure is increased. This is in accordance with
the MCB, i.e., theG6 level, behaves in the corresponding Z
and Cd systems.22 In contrast, theG7 level hardly changes a
all with pressure, in agreement with the fact that the posit
of the G7 level is mostly determined by the spin-orbit co
-

r
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pling, i.e., an atomic property. Thus, if the energy differen
between the two highest valence bands below the Fermi l
decreases with pressure, the ordering isG8-G7-G6, whereas if
the opposite pressure behavior is found, the ordering sho
beG7-G8-G6 The mechanism is illustrated here for HgTe, b
is also valid for HgSe.

In conclusion, the calculations presented here suggest
b-HgS has a small, slightly indirect fundamental energy g
The mechanism opening up the gap in this system is
spin-orbit coupling.

The ordering of the three highest levels at the zone cen
G6 , G7, andG8 is also discussed in detail, and it is argu
that the ordering of these levels, and therefore also impor
parts of the electronic structure, quite plausibly is different
all three Hg-VI compounds.
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