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Electronic band structure of HgSe from Fourier transform spectroscopy
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Magneto-optical investigations were performed at liquid helium temperatures with Fourier transform spec-
troscopy to clarify the electronic band structure of HgSe. Two characteristic sets of interband transitions were
observed that allow us to determine the band structure without the necessity of referring to a theoretical model.
Our experiment demonstrates unambiguously that HgSe is a semimetal with inverted-type electronic-band
structure and not a semiconductor, as was recently deduced from photoemission spectroscopy.
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In a recent paper Gawliket al.1 concluded from photo-
emission spectroscopy that HgSe, a prototype material of
group of mercury rich II-VI compounds, is a semiconduc
with a positive fundamental gap of 420 meV at 300 K. Mo
recently a value of 330 meV was determined at 30 K.2 This
is in total disagreement with previous magnetotranspo3

optical,4,5 and magneto-optical6 experiments that were inter
preted in terms of an inverted-type electronic band struc
characteristic for a semimetal. A clarification of this contr
versy is of fundamental importance. Unfortunately,ab initio
calculations of the band structure cannot solve the probl
Depending on the theoretical approach either the band s
ture of a semiconductor or a semimetal is obtained.7 There-
fore an unambiguous experimental verification of the ba
structure is required. Conclusions derived from previo
transport and spectroscopic investigations rely on a comp
son to k•p band-structure calculations, which one mig
criticize as a weakness of those attempts. Consequently
approach based on qualitative considerations that allows
band structure to be determined without the necessity of
ferring to a specific numerical calculation is preferable. T
can be done with a magneto-optical investigation which c
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ers sufficiently wide frequency and magnetic-field ranges
we demonstrate in the following.

Our samples were 1-mm-thick n-type HgSe epitaxial lay-
ers grown by molecular-beam epitaxy on~100! GaAs sub-
strates. Due to the large lattice mismatch between HgSe
GaAs, a 5-mm ZnTe buffer was deposited first to improv
the structural quality. The growth was performed at tempe
tures of 325 and 105 °C for the ZnTe and HgSe layers,
spectively. All previously known HgSe samples weren-type
and had electron concentrations on the order of 1017 or
1018cm23. In order to reduce the free-electron concentrat
in our samples we intentionally counterdoped the epitax
layers with As. Due to compensation these epitaxial lay
have an exceptionally low electron concentration of less t
331016cm23 at 5 K asdeduced from the Fermi energy an
confirmed via electron cyclotron resonance data. Informat
on the band structure was gathered via the normalized tr
missionT(B)/T(0) for unpolarized radiation which was in
cident parallel to a magnetic fieldB oriented in the growth
direction.

In Fig. 1 the normalized transmissionT(B)/T(0) is
shown for the frequency regimes~a! 40–260,~b! 400–4000,
ve
FIG. 1. Normalized magnetic-field-dependent transmissionT(B)/T(0) for a HgSe epitaxial layer at 5 K in frequency regimes~a! 40–260
cm21, ~b! 400–4000 cm21, and~c! 1850–2550 cm21. The horizontal bars indicateT(B)/T(0)51 baselines. In~a! the dashed vertical line
indicates the position of the transverse optical phonon of HgSe, and in~c! arrows mark the positions of a transition with negati
magnetic-field dispersion.
1666 ©2000 The American Physical Society
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and~c! 1850–2550 cm21. The frequency regimes from abou
180 to 200 and 260 to 350 cm21 are opaque due to stron
reststrahlen absorption of ZnTe and GaAs, respectively.
resonant structures shown in Figs. 1~b! and 1~c! represent
interband transitions. We arrive at this conclusion from
consideration of the resonance line shapes. In a strong m
netic field, transitions can only occur between Landau ban
resulting from a quantized carrier motion perpendicular
the magnetic-field direction and an unconstrained mot
parallel to it. In the case of a nonparabolic system, wh
initial and final Landau bands have opposite curvatures,
interband separations increase with increasing wave ve
parallel to the magnetic-field direction. Under these circu
stances one expects asymmetric resonance line shape
interband transitions exhibiting high frequency tails.8 With
one exception the resonances shown in Figs. 1~b! and 1~c!
have this line shape. The asymmetry can very clearly
recognized on an enlarged scale.

As is obvious from Fig. 1~b! there are two sets of inter
band transitions, one dominates below and the other ab
about 2250 cm21. A closer look at the higher energy set
the lower magnetic-field range is given in Fig. 1~c!. The
maxima appearing at about 2250 cm21 in the normalized
spectraT(B)/T(0) reflects the onset of the interband tran
tion at zero magnetic-field strength, whereas the minima
pearing above 2250 cm21 represent interband transitions b
tween Landau bands at finite magnetic-field strengthsB. This
we conclude following the line-shape argument discus
above. In addition, an essentially symmetric resona
whose position is marked by an arrow, is observed at ab
2100 cm21. At sufficiently small magnetic-field strength
this resonance decreases in energy with increasing magn
field strength. This is in contrast to all other resonances
this set that exhibit a positive magnetic-field dispersion a
asymmetric line shapes. Upon extrapolating the resona
to the limit of vanishing magnetic field, both the resonan
with a negative and the remainder with a positive dispers
give essentially the same energy value. Thus, we conc
that the unusual resonance is also an interband transi
The simultaneous observation of interband transitions w
positive and negative magnetic-field dispersion which
trapolate to a finite energy in the limit of vanishingB, allows
the following conclusions:~1! the initial and the final bands
are separated by an energy of approximately 277 meV,~2!
the curvature of the initial and the final bands have the sa
sign at the Brillouin-zone center with the effective mass
the initial state being smaller than that of the final state, a
~3! there has to be a reversal in sign for the curvature of
initial band at some finite wave vector. On the other ha
the interband transitions of the low-energy set as shown
Fig. 1~b! below about 2100 cm21 all have a positive
magnetic-field dispersion and extrapolate essentially to z
energy in the limit of vanishingB. Thus, we conclude tha
~1! the initial and final bands are degenerate at the Brillo
zone center, and~2! the initial and final bands have opposi
curvatures.

In Fig. 2 the resonance positions of the two interba
transitions are shown in a magnetic-field regime up to 12
We recorded spectra at 250 different magnetic-field stren
in this regime, providing more than 4000 data points. T
resonance near 2100 cm21 with negative magnetic-field dis
ll
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persion can clearly be recognized. We could trace the re
nance positions down to about 1 T, which indicates that
Burstein-Moss9,10 shift in our samples is very small. This i
important for the observation of the interband transiti
which exhibits a negative magnetic field dispersion at su
ciently small magnetic-field strengths. Presumably, this
usual resonance has not been observed previously due t
larger electron concentrations and the consequently
hanced Burstein-Moss shift in prior investigations. We a
note that the interband transition extrapolating to zero ene
in the limit of vanishing magnetic-field strength was not o
served before.

With all this information now available it is possible t
distinguish between the band structures of a semicondu
and a semimetal. For qualitative considerations we ca
lated the bulk band structures in the framework of t
quasigermanium model11 for a semiconductor and a sem
metal as shown, respectively, in Figs. 3~a! and 3~b!. The
calculation was performed with band parameters as give
Ref. 4 for HgSe. In Fig. 3~a! we assumed that the fundame
tal band gapEg5EG62EG85330 meV as deduced from
photoemission2 at 30 K, whereas in Fig. 3~b! we assumed
Eg52268 meV as deduced previously from magne
absorption6 at 10 K. In case of a semiconductor the condu
tion band is ans-like band ofG6 symmetry, and thep-like
bands ofG8 andG7 symmetry constitute the valence band
At the center of the Brillouin zone the heavy- and light-ho
G8 bands are degenerate and theG7 band is separated by th
spin-orbit split-off energyD0 from the valence-band edge
For a semimetal the band structure is inverted, i.e., compa
to a semiconductor the relative positions of the bands w
G6 andG8 symmetry are reversed. This situation is forma
expressed by a negative value of the fundamental gapEg
5EG62EG8 . Our sample isn-type and the Fermi energy
which is on the order of a couple of meV, has to be either

FIG. 2. Interband transition energies versus magnetic fi
strength for a HgSe epitaxial layer at 5 K.
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the G6 band~semiconductor! or in theG8 band~semimetal!.
Considering the fact that an interband transition occurs
tween bands that are degenerate at the Brillouin-zone ce
it is evident that the band structure of a semiconducto
inconsistent with the experimental results. Only the inver
band structure agrees with experiment. The observedG8
→G8 andG6→G8 interband transitions are indicated by a
rows in Fig. 3~b!. Please note the camelback type dispers
of the G6 band in Fig. 3~b!. For clarity the dispersion of the
G6 band at the zone center has also been magnified b
factor of ten as shown with a dash-dotted line. There is a s
reversal of the band curvature at finite wave vector. This
the feature necessary to explain the observed interband
sition with negative magnetic-field dispersion.

A quantitative analysis of our experiment~Fig. 2! within
the framework of the quasigermanium model is shown
Fig. 4. The best overall agreement with the experimen
obtained with the band parametersEp515.2 eV, D0
5387 meV,g152.0, g2520.25,g350.42,k520.58, and
F5N150. Our calculation includes strain in the HgSe e
taxial layer. The influence of strain is evident in the expe
mental transition energies in the zero-field limit. TheG6
→G8 transitions extrapolate to a value of about 277 me
which is somewhat higher than the fundamental gap dedu
previously for bulk samples. In addition, theG8→G8 transi-
tions do not all extrapolate to zero energy in the limit
vanishingB. Several transitions extrapolate to a small fin
energy of about 4 meV. At liquid nitrogen temperatures
lattice constant of the ZnTe buffer layer is somewhat sma
than that of bulk HgSe. This results in a biaxial compress
of the HgSe lattice with an additional elongation of the l
tice in the growth direction. It is well known that this resul

FIG. 3. Calculated electronic band structure for~a! a semicon-
ductor and~b! a semimetal within the quasigermanium model.
~a! a fundamental gap of 330 meV and in~b! 2268 meV is as-
sumed. The dashed horizontal lines indicate the Fermi energy.
dash-dotted line in~b! shows the dispersion of the valence ba
with G6 symmetry on an energy scale which is magnified by
factor of 10.
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in an enlargement of theG6-G8 band gap and a lifting of the
degeneracy of theG8 bands at the Brillouin-zone center.12

Our calculation in Fig. 4 assumes a splitting energy o
meV at liquid helium temperatures. From the calculation
obtain a value of2272 meV at 5 K, which includes the
fundamental bulk gap and a small shift on the order of22
meV arising from the hydrostatic component of the stra
Note that our fundamental gap of2274 meV is in very good
agreement with the bulk value of2272 meV given in Ref. 6
for 5 K. The uncertainty due to strain is very small an
without consequences to the question of whether HgSe
semiconductor or a semimetal.

There has been a theoretical prediction that in the inve
case the sequence of the bands might beG8-G7-G6 instead of
G8-G6-G7 as is shown in Fig. 3~b!.13 This seems unlikely
considering the fact that our experiment is correctly e
plained assuming aG8-G6-G7 sequence. Exchanging the va
ues ofD0 andEg but keeping the above values for the oth
band parameters, the experiment cannot be explained as
ing a G8-G7-G6 sequence. Such a sequence seems also
likely in the context of a qualitative consideration of th
oscillator strengths. Transitions between thep-like bands,
G8→G8 andG7→G8 are symmetry forbidden at the center
the Brillouin zone. Only for a finite wave vector or finit
magnetic-field strength where band mixing occurs, are
electric dipole matrix elements (ME) finite. The G8→G8
transitions owe their strength to the fact that the transit
frequenciesv are comparatively small, which boosts the
oscillator strength proportionally according touMEu2/v. This
effect is negligible forG7→G8 transitions in the case of a
large band separation. Thus, for the same band separa

he
FIG. 4. Predicted resonance positions for the experiment sh

in Fig. 2. The calculation was performed within the framework
the quasigermanium model including strain in the HgSe epita
layer. The transition with negative magnetic-field dispersion is
a1→a0 transition between the bands ofG6 andG8 symmetry in the
notation of Weiler~Ref. 11!.
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the G7→G8 transitions should have smaller oscillat
strengths than theG6→G8 transitions. In view of the fact tha
the oscillator strength for the high-energy set is large
seems unlikely that the band ofG7 symmetry is above the
band ofG6 symmetry.

In conclusion, a magneto-optical investigation ofn-type
HgSe epitaxial layers over a wide range of frequencies
magnetic fields has revealed two characteristic sets of in
band transitions that unambiguously define the qualita
electronic band structure. Without relying on a theoreti
calculation we demonstrated that HgSe is a semimetal w
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inverted-type band structure. At 5 K we obtained a funda-
mental bulk gap of2274 meV between theG8 conduction
band and the valence band withG6 symmetry. We can ex-
clude the possibility that HgSe is a semiconductor as w
proposed from photoelectron spectroscopy.
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