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Within the local-density approximation we have used the linear muffin-tin orbital method, without geometri-
cal approximations, to calculate the electronic structure of red HgI2. Using the self-consistent potential we
have calculated the energy bands and from these derived the anisotropic frequency-dependent dielectric func-
tion and the reflectivity spectrum. The calculated dielectric function is in good agreement with the experimen-
tal data in contrast to previous theoretical work. The effect of the spin-orbit coupling on the optical properties
has also been studied and found to be significant. In this work we predict a rather large anisotropy in the
dielectric function resulting from the low-symmetry crystal structure.@S0163-1829~96!06539-3#

I. INTRODUCTION

There has been a renewed interest in mercuric iodide
~HgI2) in order to obtain further knowledge about its struc-
tural and physical properties. HgI2 crystallizes in a tetragonal
structure1 at low temperatures and has a measured band gap
of 2.13 eV at 30 °C and a red appearance.2 It undergoes a
crystalline transformation at 127 °C to an orthorhombic
structure which remains stable up to the melting point of 259
°C. The yellow color of this high temperature orthorhombic
phase suggests a decrease of the band gap by about 10%. As
a result of the relatively large atomic masses of the constitu-
ent elements (Z580 for Hg andZ553 for I!, HgI2 has a
stopping power for photons. Its high bulk electrical
resistivity3 ensures a low dark current during detector opera-
tion and a high photosensitivity so that the number of gen-
erated electron-hole pairs is proportional to the incident pho-
ton energy. This makes HgI2 well suited as a detector
material for x-ray andg-ray spectroscopies.4 Besides these
useful properties there are, however, also some disadvan-
tages with HgI2, such as the problems associated with the
small hole mobility ~at room temperature and along thec
axis!5 and the fact that HgI2 has a high vapor pressure, which
means that the crystal should not be exposed to vacuum dur-
ing measurements.

Although not too many detailed experiments have been
reported on this material, a number of articles dealing with
optical properties have been published. Novikov and
Pimonenko6 have investigated the exciton absorption and lu-
minesence of HgI2 at low temperatures. They have also de-
termined the temperature dependence of the absorption and
photoluminescence. Kanzaki and Imai7 have measured the
optical spectra of tetragonal HgI2 in the 2–6 eV photon en-
ergy region. They described the main part of the dichroic
optical spectra by optical transitions from threep-like va-
lence bands. Moreover, Aneddaet al.8 have made a detailed
study of excitons in red HgI2 by means of wavelength-

modulated reflectivity~WMR! experiments at 2 K. They
have shown that the excitonic spectrum has a strong ground-
state anomaly. Lately Aneddaet al.9 have also studied the
reflectivity in the spectral range of 2–10 eV at 100 K and the
optical constants were deduced by means of the Kramers-
Kronig relations. Sakumaet al.10 have also studied the opti-
cal spectrum by means of WMR and magnetic circular di-
chroism. They have observed many fine structures in the
spectrum and assigned them as due to the so-called phonon
replicas of the 2s exciton. Blochet al.11 have observed the
cyclotron resonance of electrons and holes below 4.2 K us-
ing a cross modulation technique at a microwave frequency
of 137 GHz and suggested a reinterpretation of the experi-
mental exciton spectra. Very recently Gonzalez and Ibarra12

have measured the effect of small deformations on the opti-
cal properties of HgI2. They found that the gap position de-
creases slightly with pressure.

The electronic structure of this material has also been in-
vestigated theoretically. For instance, there have been three
recent energy band structure calculations on HgI2.

13–15Yee,
Sherohman, and Armentout13 were the first to report such
calculations. They employed the empirical pseudopotential
method. However, the calculations were done for an incor-
rect ~BCT! crystal structure. Moreover, these calculations
were nonrelativistic and non-self-consistent. More recently
Chang and James15 have improved upon the calculation of
Yeeet al.13 by using an empirical nonlocal pseudopotential,
where the calculated energy gap has been adjusted to the
experimental value. In this work, the spin-orbit interaction
was included using first order, degenerate perturbation
theory. Chang and James also derived the electron and hole
effective masses and the complex dielectric function. How-
ever, also these calculations were not self-consistent. The
only self-consistent calculation has been performed by
Turner and Harmon14 ~TH!, who used the Korringa-Kohn-
Rostoker ~KKR! method. For the relativistic calculations
~i.e., including the spin-orbit coupling! the linear augmented
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plane wave~LAPW! method was used. Both these calcula-
tions used a muffin-tin approximation of the potential. A
comparison between the theoretical papers shows that the
band structures of Chang and James15 and Turner and
Harmon14 are actually quite similar. The calculation by
Turner and Harmon gives a band gap of 0.5 eV@this devia-
tion from experiment is expected in local-density approxima-
tion ~LDA ! calculations, which are known to underestimate
band gaps by as much as 50%#, whereas in the calculations
by Chang and James the band gap is adjusted to the experi-
mental value~2.13 eV!. The calculations in Refs. 14 and 15
give electron and/or hole masses that are in agreement with
each other and with the experimental data. In the work by
Turner and Harmon the ionicity was also investigated as well
as the chemical bonding.

Earlier interest in the optical properties of HgI2 has pri-
marily been to understand the hydrogenlike exciton series
(n51,2 states! near the fundamental edge, which manifests
itself in the absorption, reflectivity, photoconductivity, and
luminescence. Although there have been numerous studies of
the interaction of light with HgI2, the frequency-dependent
dielectric function has not been given very much attention
for this material. The only published calculation of the
frequency-dependent complex dielectric function,e(v), has
been done using a non-self-consistent method.15 In this latter
study, by introducing empirical parameters, it was claimed
that good agreement with recent data fore(v) was achieved.
However, the agreement between experiment and theory is
not as good as we have found in more accurate calculations
of e(v) for other materials. Since the crystal structure of
HgI2 is open and the calculated properties rely on accurate
eigenvalues and eigenvector, it is most probably important to
calculate the electronic structure of HgI2 using a full-
potential method, in order to give accurate theoretical dielec-
tric functions. To our knowledge no suchab initio calcula-
tions have been published before. Moreover, it seems that
there is a lack of both experimental as well as theoretical
data on the anisotropic optical properties of HgI2. Since the
material is tetragonal with a rather largec/a ratio one may
expect such an anisotropy. These observations have moti-
vated us to computee(v) using a self-consistent calculation
based on a full-potential method and we report on such a
study in the present paper. We have done this in order to give
the best possible parameter-free theoretical optical data of
HgI2.

II. DETAILS OF CALCULATIONS

In order to study the electronic structure of HgI2 we have
used the full-potential linear muffin-tin orbital~FPLMTO!
method.16 The calculations were based on the local-density
approximation with the Hedin-Lundqvist17 parametrization
for the exchange and correlation potential. The spin-orbit
coupling was included explicitly. Basis functions, electron
densities, and potentials were calculated without any geo-
metrical approximation.16 These quantities were expanded in
combinations of spherical harmonic functions~with a cutoff
l max58) inside nonoverlapping spheres surrounding the
atomic sites~muffin-tin spheres! and in a Fourier series in
the interstitial region. The muffin-tin spheres occupied ap-
proximately 50% of the unit cell. The radial basis functions

within the muffin-tin spheres are linear combinations of ra-
dial wave functions and their energy derivatives, computed
at energies appropriate to their site and principal as well as
orbital atomic quantum numbers, whereas outside the
muffin-tin spheres the basis functions are combinations of
Neuman or Hankel functions.18,19In the calculations reported
here, we made use of pseudocore 5p states for Hg and
pseudocore 4d states for I, and valence band 6s, 6p, and 5d
basis functions for Hg and 5s and 5p basis functions for I
with two corresponding sets of energy parameters, one ap-
propriate for the semicore 5p and 4d states and the other
appropriate for the valence states. The resulting basis formed
a single, fully hybridizing basis set. This approach has pre-
viously proven to give a well converged basis.16 For sam-
pling the irreducible wedge of the Brillouin-zone we used the
specialk-point method.20 In order to speed up the conver-
gence we have associated each calculated eigenvalue with a
Gaussian broadening of width 10 mRy.

The crystal structure of HgI2 is simple tetragonal with
a54.361 Å andc512.450 Å. The positions of the two Hg
atoms are at~0,0,0; 0.5,0.5,0.5! and the four I atoms are at
~0.0,0.5,u; 0.5,0.0,–u; 0.0,0.5,u10.5, and 0.5,0.0,0.5–u)
with u50.14. Sincec/a is large, the structure is fairly open.
This circumstance suggests that a full-potential method is
needed in order to achieve an adequate theoretical descrip-
tion of the basic electronic structure of the present com-
pound.

Calculation of the dielectric function

The (q 5 0! dielectric function was calculated in the mo-
mentum representation, which requires matrix elements of
the momentum,p, between occupied and unoccupied eigen-
states. To be specific, the imaginary part of the dielectric
function, e2(v)[Ime(q50,v), was calculated from21

e2
i j ~v!5

4p2e2

Vm2v2 (
knn8s

^knsupi ukn8s&^kn8supj ukns&

3 f kn~12 f kn8!d~ekn82ekn2\v!. ~1!

In Eq. ~1!, e is the electron charge,m its mass,V is the
crystal volume, andf kn is the Fermi distribution. Moreover,
ukns& is the crystal wave function corresponding to the
nth eigenvalue with crystal momentumk and spins. With
our spherical wave basis functions, the matrix elements of
the momentum operator are conveniently calculated in
spherical coordinates and for this reason the momentum is
written p5(mem* pm ,

22 where m is 21, 0, or 1, and
p2151/A2(px2 ipy), p05pz , and p1521/A2(px
1 ipy).

23

The evaluation of the matrix elements in Eq.~1! is done
over the muffin-tin region and the interstitial separately. The
integration over the muffin-tin spheres is done in a way simi-
lar to what Oppener24 and Gasche21 did in their calculations
using the atomic sphere approximation~ASA!. A full de-
tailed description of the calculation of the matrix elements
will be presented elsewhere.25

The summation over the Brillouin zone in Eq.~1! is cal-
culated using linear interpolation on a mesh of uniformly
distributed points, i.e., the tetrahedron method. Matrix ele-
ments, eigenvalues, and eigenvectors are calculated in the
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irreducible part of the Brillouin-zone. The correct symmetry
for the dielectric constant was obtained by averaging the cal-
culated dielectric function. Finally, the real part of the dielec-
tric function, e1(v), is obtained frome2(v) using the
Kramers-Kronig transformation,

e1~v![Re„e~q50,v!…

511
1

pE0
`

dv8e2~v8!S 1

v82v
1

1

v81v D . ~2!

For a tetragonal or hexagonal structure we need to calculate
two components of the total dielectric function, correspond-
ing to light polarized parallel and perpendicular to thec axis.
In that case the total, orientation averagede2 is given by

e2
tot~v!5

e2
i ~v!12e2

'~v!

3
. ~3!

III. RESULTS AND DISCUSSIONS

A. Band structure and density of states

Since the optical spectra are calculated from interband
transitions, we find it of interest to first describe our calcu-
lated electronic structure. For this reason we show the calcu-
lated energy band structure for HgI2 in Fig. 1. At the top of
the figure @Fig. 1~a!# we show the energy bands obtained

when the spin-orbit coupling is not included in the theoreti-
cal treatment and in the lower part@Fig. 1~b!# the results
when the spin-orbit coupling is included. To a large extent
the two band structures look essentially the same except that
some of the bands in the lower part of the figure are split due
to the spin-orbit coupling. In HgI2, there are four energeti-
cally low-lying bands, which are derived from the 5s states
of the iodine and these bands are positioned around213.0
eV below the Fermi energy. For a somewhat lower binding
energy there are ten Hg 5d bands which are centered around
27.0 eV in Fig. 1~a!. In Fig. 1~b! these ten Hg 5d bands are
split due to the spin-orbit coupling which is about 2.1 eV. In
Fig. 1~b! these bands are positioned between28.2 and
26.1 eV. The next two bands around25.0 eV are derived
from the Hg 6s and the bonding I 5pz states. After this the
next ten bands originate from the I 5p states and they are
positioned between22.2 and20.55 eV. As can be seen in
Fig. 1~a!, the two top bands in this group are degenerate at
theG point, but in Fig. 1~b! these two top bands are split due
to the spin-orbit coupling. The next two bands are a mixture
of states derived from the Hg 6s and the I 5pz states. These
bands are just above the band gap. Overall our band structure
is quite similar to those reported in Refs. 14 and 15, although
the magnitudes of the band gaps in the different calculations
differ somewhat.

Our calculated direct energy band gap is 1.1 eV and is
located at the zone center. When the spin-orbit coupling is
included the band gap is reduced and becomes 0.82 eV. Thus
our calculated band gap is considerably smaller than the ex-
perimental value of 2.13 eV at 30 °C.2 Turner and Harmon14

obtained a somewhat lower band gap~0.52 eV! when the
spin-orbit coupling was included. This difference may be due
to the muffin-tin approximation which is used by Turner and
Harmon, whereas we are using a general potential. It is well
known that LDA in general underestimates energy band
gaps. Thus to get the correct value of the gap one will need
to include correlations similar to those used for Si~Ref. 26!
and NiO.27

The calculated density of states~DOS! is shown in Fig.
2~a! and Fig. 2~b!, without and with spin-orbit coupling, re-
spectively. The major contributions to the occupied part of
the DOS come from the Hgd and Hgs states and the Is and
I p states. The total DOS has many structures:~a! a peak
around214.0 eV arising from the Is states;~b! a narrow
structure around27.5 eV arising form the Hgd states;~c! a
structure around26.0 eV from the Ipz and Hgs states;~d!
a broad structure between24.2 and21.1 eV from the Ip
states; and~e! a structure just after the band gap arising from
the I-pz and Hg-s states. With the spin-orbit coupling in-
cluded in the calculations,@Fig. 2~b!# the Hg 5d states are
split by about 2.1 eV, which is close to the atomic value.
Turner and Harmon have calculated this splitting to be 1.8
eV. The narrowness of the Hg 5d states reflects their core-
like nature. Our calculated DOS is by and large in good
agreement with the calculation of Turner and Harmon.

A first reaction to the information given in Figs. 1 and 2 is
that the inclusion of the spin-orbit coupling has only mar-
ginal effects on the electronic structure except for the Hgd
states. The DOS curves are for instance quite similar in Fig.
2~a! and Fig. 2~b!. The reason for this is that the dispersion
of the Hg and Ip states is larger than the spin-orbit splitting.

FIG. 1. Calculated energy band structure of HgI2, ~a! neglecting
the spin-orbit coupling~SO!, ~b! including the spin-orbit coupling
~SO!, along the major symmetry directions. The Fermi level (EF) is
set at zero energy.
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However, as we will demonstrate below, the calculated op-
tical spectra are more affected by the spin-orbit coupling.
This is due to the fact that the wave function character is
more influenced by the spin-orbit coupling than the one par-
ticle energy dispersion.

B. Optical properties

There is only one experimental paper9 which reports on
the frequency-dependent reflectivity and the imaginary part
of the dielectric function. Therefore in the present work we
will mainly discuss these two properties. Unfortunately it
was not stated in Ref. 9 whether in the experiments the elec-
tric field vector was parallel or perpendicular to the crystal-
lographicc axis. For this reason we will compare the theo-
reticale2

tot @Eq. ~3!# with the experimental data. In Fig. 3 we

show our calculated imaginary part ofe2
tot ~with the spin-

orbit coupling included in the calculation! together with ex-
perimental data. The calculatede2

tot is broadened with a
Gaussian function with a width at half maximum of 0.02 eV.
The calculatede2

tot shows two major structures, one at
around 3.0 eV and a broad structure between 5.5 to 7.5 eV.
In the experimental data the corresponding structures are po-
sitioned around 4.0 and 6.5 eV, respectively. The difference
in peak positions is due to the fact that our calculated band
gap is smaller than the experimental gap by 1.0 eV. The
calculated height of the first structure is smaller than the
experimental data and the height of the second structure is a
little bit larger than the experiment. Still, by and large, the
calculated imaginary part ofe2

tot is in rather good agreement
with the data when a shift of the band gap is taken into
account. On the other hand, if we compare our calculated
e2 with previous calculations by Chang and James we note a
rather large disagreement.

Figure 4 shows the calculated results fore2 ~without
broadening! both for the electric field vector parallel and
perpendicular to the crystallographicc axis. In this figure we
also compare optical spectra when the spin-orbit coupling is
omitted and included. A number of things may be deduced
from Fig. 4. First of all, we note that although the calculated
electronic structure is rather insensitive to whether or not the
spin-orbit coupling is included, the calculated optical spectra
do show sensitivity to this interaction. This is clear from
certain peaks in Fig. 4~a! where fore2

i there is a sharp peak
at ;5.2 eV, which is absent in Fig. 4~b!. Figure 4~a! also
shows a two peak feature at 2.8 and 3.8 eV fore2

i , which in
Fig. 4~b! is found only as a broad feature in this energy
range. Thus it is clear that the inclusion of spin-orbit cou-
pling influences the optical spectra to a larger degree com-
pared to the eigenvalues. Clearly the spin-orbit coupling in-

FIG. 2. Calculated total density of states~DOS! for HgI2. In ~a!
the spin-orbit coupling~SO! is neglected, while in~b! it is included.
The Fermi level is set at zero energy and marked by a vertical
dotted line.

FIG. 3. The calculated~solid line! e2
tot ~including the spin-orbit

coupling! along with the experimental~Ref. 9! ~dashed line! for
HgI2.

FIG. 4. The calculatede2 for HgI2 ~a! without and~b! with the
spin-orbit coupling. ‘‘Parallel’’ refers to the electric field parallel to
the c axis and ‘‘Perpendicular’’ refers to the electric field perpen-
dicular to thec axis.
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fluences the wave function character of the different one-
electron levels and through this also the optical matrix
elements in Eq.~1!.

Figure 4 also shows thate2
i and e2

' are quite different.
This anisotropy in the optical properties is typical for low-
symmetry crystals. Since the experimental data did not dis-
tinguish between the parallel and perpendicular components
of the polarization of the light, we hope our theoretical pre-
diction of the anisotropic optical properties in HgI2 will
stimulate further experimental work. The real part of the di-
electric constant is enhanced near the fundamental gap in
comparison to the experiment. Without the spin-orbit cou-
pling, we gete1

' ' 6.6 ande1
i ' 6.9 near the band gap

~figure not shown!, whereas the experimental values aree1
'

' 5.15 ande1
i ' 6.8.11 With the spin-orbit coupling in-

cluded, the dielectric constant has a slightly larger value than
without the spin-orbit coupling;e1

' is ' 6.7 ande1
i is ' 7.0

whereas Chang and James have reported 5.4 and 5.8, respec-
tively. Therefore we conclude that the calculated dielectric
constant shows a somewhat smaller anisotropy than observed
experimentally. Our calculatede2 functions are quite differ-
ent compared to the ones reported by Chang and James, and
agree much better with the experimental data. This differ-
ence illustrates that a theoretical description of the dielectric
response depends on the accuracy of the method.

In order to analyze our calculatede2
tot curves we have also

calculated the joint density of states~JDOS!, i.e., when set-
ting all matrix elements equal to unity. Note that the JDOS
curve ~Fig. 5! is somewhat similar to the calculatede2

tot in
Fig. 3. The first structure has higher intensity than the second
structure but the inclusion of the matrix elements reduces the
intensity of the first structure somewhat. However, when
compared toe2

i ande2
' in Fig. 4 we note that the inclusion of

matrix elements is important giving the above described an-
isotropy in the optical properties. We conclude that approxi-
mating the optical response of a material by the JDOS, an
approximation quite frequently used, is not a good approxi-
mation.

In Figs. 6~a! and 6~b! we show the reflectivity spectrum of
HgI2 corresponding toE' andEi polarization. The calcula-
tions have been performed both without and with the spin-

orbit ~SO! coupling. The experimental reflectivity spectrum
of HgI2 by Aneddaet al.

9 is compared to our theoretical data
in Fig. 7. Our calculated reflectivity starts at around a 20%
reflectivity, irrespective of whether the spin-orbit coupling is
included or not, which is in good agreement with the experi-
mental value. Our reflectivity reaches a maximum value of
around 30% at 3.0 eV, whereas the experimental reflectivity
is a little higher at this energy. The dip in the calculated
reflectivity is found at around 4.5 eV whereas experimentally
the dip is at around 5.5 eV. The value of the reflectivity is
10% at the dip and this is quite similar to the experimental
value. After the dip the reflectivity increases, and reaches
again the value of 30% and then it decreases slightly. Our
calculated spectrum without SO shows that the first and sec-
ond structures have almost the same reflectivity, but with SO
included the first structure has a somewhat smaller reflectiv-

FIG. 5. The joint density of states~JDOS! of HgI2 ~including the
spin-orbit coupling!.

FIG. 6. The calculated reflectivity for HgI2 ~a! without and~b!
with the spin-orbit coupling.

FIG. 7. The broadened calculated~solid line! reflectivity (')
with the spin-orbit coupling along with the experimental~Ref. 9!
~dashed line! for HgI2. The calculated curve is shifted 1.3 eV to-
wards higher energy to match the experimental band gap.

54 10 423ELECTRONIC AND OPTICAL PROPERTIES OF RED HgI2



ity than the second structure. When comparing calculations
with and without spin-orbit coupling we note that details in
the reflectivity are sensitive to the inclusion of relativistic
effects. Thus, we again come to the conclusion that it is
necessary to include spin-orbit coupling to get a good de-
scription of the optical properties of HgI2. The experiments
show that the first structure has a larger reflectivity than the
second structure. This difference in the reflectivity is not
found in the theoretical curve~Fig. 7!. The agreement be-
tween experiment and theory is therefore not perfect al-
though the overall shape of the two curves in Fig. 7 is the
same.

IV. CONCLUSIONS

We have studied the electronic and optical properties of
HgI2 using the FPLMTO method with and without spin-orbit
coupling. The inclusion of the spin-orbit coupling reduces
the band gap by about 0.30 eV. The spin-orbit coupling also
has a rather large effect on the details of the peak positions
and peak intensities of the calculated spectrum of the dielec-
tric function and the reflectivity. Our calculated real part of
the dielectric function near the fundmental gap is in good

agreement with experiment forEi polarization, while for
E' polarization it is a little bit too large. For the imaginary
part of the dielectric function, as well as for the reflectivity,
our calculations reproduce experiments rather well. This is in
contrast to previous empirical work where the agreement was
not good. Clearly an accurate theoretical method is needed
for reproducing optical data and this is especially critical for
more open structures, such as the structure studied here. Fi-
nally we have made a prediction that there is rather large
anisotropy in the optical properties of HgI2 and we hope our
work will stimulate further experimental activities.
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