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Electronic and optical properties of red Hgl,
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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, Hdsing 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 struct(i80163-182@6)06539-3

[. INTRODUCTION modulated reflectivity(WMR) experiments at 2 K. They
have shown that the excitonic spectrum has a strong ground-
There has been a renewed interest in mercuric iodidstate anomaly. Lately Aneddat al® have also studied the
(Hgly) in order to obtain further knowledge about its struc-reflectivity in the spectral range of 2—-10 eV at 100 K and the
tural and physical properties. Hgirystallizes in a tetragonal optical constants were deduced by means of the Kramers-
structuré at low temperatures and has a measured band gafronig relations. Sakumat alX° have also studied the opti-
of 2.13 eV at 30 °C and a red appearafdeundergoes a cal spectrum by means of WMR and magnetic circular di-
crystalline transformation at 127 °C to an orthorhombicchroism. They have observed many fine structures in the
structure which remains stable up to the melting point of 25%pectrum and assigned them as due to the so-called phonon
°C. The yellow color of this high temperature orthorhombicreplicas of the 8 exciton. Blochet al! have observed the
phase suggests a decrease of the band gap by about 10%. &&lotron resonance of electrons and holes below 4.2 K us-
a result of the relatively large atomic masses of the constituing a cross modulation technique at a microwave frequency
ent elements £=80 for Hg andZ=53 for ), Hgl, has a of 137 GHz and suggested a reinterpretation of the experi-
stopping power for photons. Its high bulk electrical mental exciton spectra. Very recently Gonzalez and Ibarra
resistivity’ ensures a low dark current during detector operahave measured the effect of small deformations on the opti-
tion and a high photosensitivity so that the number of gen<al properties of Hgl. They found that the gap position de-
erated electron-hole pairs is proportional to the incident phoereases slightly with pressure.
ton energy. This makes Hglwell suited as a detector The electronic structure of this material has also been in-
material for x-ray andy-ray spectroscopi€sBesides these vestigated theoretically. For instance, there have been three
useful properties there are, however, also some disadvamecent energy band structure calculations on,Hgi° Yee,
tages with Hg), such as the problems associated with theSherohman, and Armentddtwere the first to report such
small hole mobility(at room temperature and along the calculations. They employed the empirical pseudopotential
axi9)® and the fact that Hglhas a high vapor pressure, which method. However, the calculations were done for an incor-
means that the crystal should not be exposed to vacuum durect (BCT) crystal structure. Moreover, these calculations
ing measurements. were nonrelativistic and non-self-consistent. More recently
Although not too many detailed experiments have beerChang and Jam&shave improved upon the calculation of
reported on this material, a number of articles dealing withYee et al*® by using an empirical nonlocal pseudopotential,
optical properties have been published. Novikov andwhere the calculated energy gap has been adjusted to the
Pimonenk8 have investigated the exciton absorption and lu-experimental value. In this work, the spin-orbit interaction
minesence of Hgl at low temperatures. They have also de-was included using first order, degenerate perturbation
termined the temperature dependence of the absorption anleory. Chang and James also derived the electron and hole
photoluminescence. Kanzaki and Ith&iave measured the effective masses and the complex dielectric function. How-
optical spectra of tetragonal Hgin the 2—6 eV photon en- ever, also these calculations were not self-consistent. The
ergy region. They described the main part of the dichroiconly self-consistent calculation has been performed by
optical spectra by optical transitions from thrpdike va-  Turner and Harmo¥t (TH), who used the Korringa-Kohn-
lence bands. Moreover, Anedéaal® have made a detailed Rostoker (KKR) method. For the relativistic calculations
study of excitons in red Hglby means of wavelength- (i.e., including the spin-orbit couplinghe linear augmented

0163-1829/96/54.5)/104196)/$10.00 54 10419 © 1996 The American Physical Society



10 420 AHUJA, ERIKSSON, JOHANSSON, AULUCK, AND WILLS 54

plane wave(LAPW) method was used. Both these calcula-within the muffin-tin spheres are linear combinations of ra-
tions used a muffin-tin approximation of the potential. A dial wave functions and their energy derivatives, computed
comparison between the theoretical papers shows that tret energies appropriate to their site and principal as well as
band structures of Chang and Jafleand Turner and orbital atomic quantum numbers, whereas outside the
Harmort* are actually quite similar. The calculation by muffin-tin spheres the basis functions are combinations of
Turner and Harmon gives a band gap of 0.5[#s devia- Neuman or Hankel functior’$:'°In the calculations reported
tion from experiment is expected in local-density approxima-here, we made use of pseudocorp States for Hg and
tion (LDA) calculations, which are known to underestimatepseudocore d states for |, and valence band,&p, and &
band gaps by as much as 5Q0%vhereas in the calculations basis functions for Hg andssand 5 basis functions for |
by Chang and James the band gap is adjusted to the expewith two corresponding sets of energy parameters, one ap-
mental valug2.13 eV\j. The calculations in Refs. 14 and 15 propriate for the semicorepsand 4l states and the other
give electron and/or hole masses that are in agreement witlippropriate for the valence states. The resulting basis formed
each other and with the experimental data. In the work bya single, fully hybridizing basis set. This approach has pre-
Turner and Harmon the ionicity was also investigated as welviously proven to give a well converged baisFor sam-
as the chemical bonding. pling the irreducible wedge of the Brillouin-zone we used the
Earlier interest in the optical properties of Hdias pri-  specialk-point method® In order to speed up the conver-
marily been to understand the hydrogenlike exciton seriegence we have associated each calculated eigenvalue with a
(n=1,2 statesnear the fundamental edge, which manifestsGaussian broadening of width 10 mRy.
itself in the absorption, reflectivity, photoconductivity, and  The crystal structure of Hglis simple tetragonal with
luminescence. Although there have been numerous studies af=4.361 A andc=12.450 A. The positions of the two Hg
the interaction of light with Hgj, the frequency-dependent atoms are af0,0,0; 0.5,0.5,0)band the four | atoms are at
dielectric function has not been given very much attention/0.0,0.5y; 0.5,0.0,-s1; 0.0,0.5u+0.5, and 0.5,0.0,0.54
for this material. The only published calculation of the with u=0.14. Sincec/a is large, the structure is fairly open.
frequency-dependent complex dielectric functiefw), has  This circumstance suggests that a full-potential method is
been done using a non-self-consistent methidd.this latter  needed in order to achieve an adequate theoretical descrip-
study, by introducing empirical parameters, it was claimedion of the basic electronic structure of the present com-
that good agreement with recent data é0w) was achieved. pound.
However, the agreement between experiment and theory is
not as good as we have found in more accurate calculations Calculation of the dielectric function
of e(w) for other materials. Since the crystal structure of . . . .
Hgl, is open and the calculated properties rely on accurate The (@ = 0) d|elec.tr|c funcpon was caIcuIatgd in the mo-
eigenvalues and eigenvector, it is most probably important tgnentum representation, which requires matrix e!eme_”‘s of
calculate the electronic structure of Hglusing a full- the momentump, be_tyveen opcup[ed and unoccupled_ eigen-
potential method, in order to give accurate theoretical dielec§tate.s' To be specific, the imaginary part of the dielectric
tric functions. To our knowledge no sueb initio calcula-  'UNCtoON, €x(w)=Ime(q=0.w), was calculated frofi

tions have been published before. Moreover, it seems that 47262

there is a lack of both experimental as well as theoretical ¢ll(w)=——— >, (kna|pilkn’o)(kn'o| p;lkno)

data on the anisotropic optical properties of Hdbince the QM 5,

material is tetragonal with a rather largéa ratio one may X (1 ) S(Ee — € —Fi ) )
kn kn’ kn'’ kn .

expect such an anisotropy. These observations have moti-
vated us to compute(w) using a self-consistent calculation In Eq. (1), e is the electron chargem its mass,() is the
based on a full-potential method and we report on such arystal volume, and,,, is the Fermi distribution. Moreover,
study in the present paper. We have done this in order to givikng) is the crystal wave function corresponding to the
the best possible parameter-free theoretical optical data gfth eigenvalue with crystal momentuknand spino. With
Hgl>. 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 p=3,e%p, ., where u is —1, 0, or 1, and

In order to study the electronic structure of Hagle have p_;= 1/\/§(px—ipy), Po=P,, and p;=-—1/\2(p,
used the full-potential linear muffin-tin orbitaFPLMTO) ~ +ip,).*
method® The calculations were based on the local-density The evaluation of the matrix elements in Ha) is done
approximation with the Hedin-Lundqvidt parametrization over the muffin-tin region and the interstitial separately. The
for the exchange and correlation potential. The spin-orbiintegration over the muffin-tin spheres is done in a way simi-
coupling was included explicitly. Basis functions, electronlar to what Oppenéf and GascHe did in their calculations
densities, and potentials were calculated without any geadsing the atomic sphere approximatiGhaSA). A full de-
metrical approximation® These quantities were expanded in tailed description of the calculation of the matrix elements
combinations of spherical harmonic functiofvgith a cutoff  will be presented elsewhef®.
/ max="8) inside nonoverlapping spheres surrounding the The summation over the Brillouin zone in E@) is cal-
atomic sites(muffin-tin spheresand in a Fourier series in culated using linear interpolation on a mesh of uniformly
the interstitial region. The muffin-tin spheres occupied ap-distributed points, i.e., the tetrahedron method. Matrix ele-
proximately 50% of the unit cell. The radial basis functionsments, eigenvalues, and eigenvectors are calculated in the

II. DETAILS OF CALCULATIONS
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when the spin-orbit coupling is not included in the theoreti-

g% Q% cal treatment and in the lower pdifig. 1(b)] the results
5—7< QX when the spin-orbit coupling is included. To a large extent
S ] the two band structures look essentially the same except that
2 0 : —— some of the bands in the lower part of the figure are split due
5 %_ﬁ %Eé to the spin-orbit coupling. In Hg| there are four energeti-
g 51 e T e e cally low-lying bands, which are derived from the States
= of the iodine and these bands are positioned arouid@.0
-101 (a) eV below the Fermi energy. For a somewhat lower binding
energy there are ten Hgd%hands which are centered around
—7.0 eV in Fig. 1a). In Fig. 1(b) these ten Hg & bands are

split due to the spin-orbit coupling which is about 2.1 eV. In
Fig. 1(b) these bands are positioned betweer8.2 and
—6.1 eV. The next two bands arounrd5.0 eV are derived
from the Hg & and the bonding | p, states. After this the
next ten bands originate from the IpSstates and they are
positioned between-2.2 and—0.55 eV. As can be seen in
Fig. 1(a), the two top bands in this group are degenerate at
theI point, but in Fig. 1b) these two top bands are split due
to the spin-orbit coupling. The next two bands are a mixture
of states derived from the Hgs@and the | 5, 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
-10 1 ) differ somewhat.

' Our calculated direct energy band gap is 1.1 eV and is

Energy (eV)

: . located at the zone center. When the spin-orbit coupling is

r x M r 2 R A Z included the band gap is reduced and becomes 0.82 eV. Thus

our calculated band gap is considerably smaller than the ex-
FIG. 1. Calculated energy band structure of }g& neglecting perimental value of 2.13 eV at 30 CTurner and Harmao¥

the spin-orbit couplingSO), (b) including the spin-orbit coupling obtained a somewhat lower band gép52 eV} when the

(SO), along the major symmetry directions. The Fermi led&iX(is g orhit coupling was included. This difference may be due

set at zero energy. to the muffin-tin approximation which is used by Turner and

: . - Harmon, whereas we are using a general potential. It is well
irreducible part of the Brillouin-zone. The correct symmetry gag P

for the dielectri tant btained b ing th Iknown that LDA in general underestimates energy band
or the dielectric constant was obtained by averaging the Ca(japs. Thus to get the correct value of the gap one will need
culated dielectric function. Finally, the real part of the dielec-

; : , . : to include correlations similar to those used for(Ref. 26
tric function, €;(w), is obtained frome,(w) using the and NiO2”

Kramers-Kronig transformation, The calculated density of staté®OS) is shown in Fig.

2(a) and Fig. Zb), without and with spin-orbit coupling, re-
spectively. The major contributions to the occupied part of
the DOS come from the Hd and Hgs states and thed and

(2) 1 p states. The total DOS has many structur@:a peak
around—14.0 eV arising from the k states;(b) a narrow

For a tetragonal or hexagonal structure we need to calculaf@ructure around-7.5 eV arising form the Hgl states(c) a
two components of the total dielectric function, correspond-Structure around-6.0 eV from the Ip, and Hgs states;(d)
ing to light polarized parallel and perpendicular to thaxis. @ broad structure between4.2 and—1.1 eV from the Ip

€1(w)=Re(e(q=0w))
1

o'-—w otol

1 (=
=1+ ;jo do'éw )(

In that case the total, orientation averageds given by states; ande) a structure just after the band gap arising from
the Ip, and Hgs states. With the spin-orbit coupling in-
ot eb(w)+26s (o) cluded in the calculationgFig. 2(b)] the Hg & states are

€ (w)=f. 3 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 Hgd5states reflects their core-
Ill. RESULTS AND DISCUSSIONS 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
Since the optical spectra are calculated from interbandhat the inclusion of the spin-orbit coupling has only mar-
transitions, we find it of interest to first describe our calcu-ginal effects on the electronic structure except for thedHg
lated electronic structure. For this reason we show the calcistates. The DOS curves are for instance quite similar in Fig.
lated energy band structure for Hgh Fig. 1. At the top of 2(a) and Fig. Zb). The reason for this is that the dispersion
the figure[Fig. 1(a)] we show the energy bands obtained of the Hg and Ip states is larger than the spin-orbit splitting.

A. Band structure and density of states
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FIG. 2. Calculated total density of statd30S) for Hgl,. In (a) FIG. 4. The calculated, for Hgl, (a) without and(b) with the

the spin-orbit couplingSO) is neglected, while irtb) it is included.  spin-orbit coupling. “Parallel” refers to the electric field parallel to
The Fermi level is set at zero energy and marked by a verticajhe ¢ axis and “Perpendicular” refers to the electric field perpen-
dotted line. dicular to thec axis.

However, as we will demonstrate below, the calculated op- _ _ . _
tical spectra are more affected by the spin-orbit couplingS1OW our calculated imaginary part ef™ (with the spin-
This is due to the fact that the wave function character irbit coupling included in the calculatiptiogether with ex-

more influenced by the spin-orbit coupling than the one parperimental data. The calculated’ is broadened with a

ticle energy dispersion. Gaussian function with a width at half maximum of 0.02 eV.
The calculatedey shows two major structures, one at
B. Optical properties around 3.0 eV and a broad structure between 5.5 to 7.5 eV.

There is only one experimental papavhich reports on In the experimental data the corresponding structures are po-
the frequency-dependent reflectivity and the imaginary par_§|t|oned arog_nd 4._0 and 6.5 eV, respectively. The difference
of the dielectric function. Therefore in the present work we'n P€2ak positions is due to the fact that our calculated band
will mainly discuss these two properties. Unfortunately it9@pP i smaller than the experimental gap by 1.0 eV. The
tric field vector was parallel or perpendicular to the crystal-€xperimental data and the height of the second structure is a
lographicc axis. For this reason we will compare the theo-little bit larger than the expezlrnent. Still, by and large, the
retical ! [Eq. (3)] with the experimental data. In Fig. 3 we calculated imaginary part afy" 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
€, with previous calculations by Chang and James we note a

100 b i Hel, ] rather large disagreement.
,"1 Caleutation Figure 4 shows the calculated results fey (without
) " ——- Experiment broadening both for the electric field vector parallel and
i

\ erpendicular to the crystallographicaxis. In this figure we
With SO Perp Y grap 9

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) where foreg there is a sharp peak
at ~5.2 eV, which is absent in Fig.(8). Figure 4a) also
shows a two peak feature at 2.8 and 3.8 eVeﬁbrwhich in
Fig. 4(b) is found only as a broad feature in this energy
FIG. 3. The calculatedsolid line) €' (including the spin-orbit ~ fange. Thus it is clear that the inclusion of spin-orbit cou-
coupling along with the experimentaRef. 9 (dashed ling for ~ pling influences the optical spectra to a larger degree com-
Hgl,. pared to the eigenvalues. Clearly the spin-orbit coupling in-
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FIG. 5. The joint density of statédDOS of Hgl, (including the
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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 thaeﬂ‘2 and e, are quite different. ) ) _ .
This anisotropy in the optical properties is typical for low- °rPit (SO coupling. The experimental reflectivity spectrum
symmetry crystals. Since the experimental data did not dis’ H9l2 by Aneddaet al”is compared to our theoretical datz;x
tinguish between the parallel and perpendicular component§ Fig- 7. Our calculated reflectivity starts at around a 20%
of the polarization of the light, we hope our theoretical pre_reflect|V|ty, irrespective of whether the spin-orbit coupling is

diction of the anisotropic optical properties in Hgwill -

FIG. 6. The calculated reflectivity for Hgl(a) without and(b)
h the spin-orbit coupling.

included or not, which is in good agreement with the experi-

stimulate further experimental work. The real part of the di-mental value. Our reflectivity reaches a maximum value of

electric constant is enhanced near the fundamental gap ffound 30% at 3.0 eV, whereas the experimental reflectivity

comparison to the experiment. Without the spin-orbit cou-S 2 little higher at this energy. The dip in the calculated

pling, we gete: ~ 6.6 andel ~ 6.9 near the band gap reflectivity is found at around 4.5 eV whereas experimentally
1 1 . 1 .

e o noun herca e sxprmenat s sk 168 2 0w 85 e e ke of e ey
~ 5.15 ande, ~ 6.8 With the spin-orbit coupling in- P g P

luded. the dielectri tant h liahtly | lue th value. After the dip the reflectivity increases, and reaches
cluded, the dielectric constan La_s a slightly ang-er value al3Lgain the value of 30% and then it decreases slightly. Our
without the spin-orbit couplingey is =~ 6.7 ande} is ~ 7.0

calculated spectrum without SO shows that the first and sec-
whereas Chang and James have reported 5.4 and 5.8, respgfy siructures have almost the same reflectivity, but with SO

tively. Therefore we conclude that the calculated dielectriGyq)ded the first structure has a somewhat smaller reflectiv-
constant shows a somewhat smaller anisotropy than observed

experimentally. Our calculated, 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 calculatetf' curves we have also
calculated the joint density of staté¥D0OS9, i.e., when set-
ting all matrix elements equal to unity. Note that the JDOS
curve (Fig. 5) is somewhat similar to the calculatef' 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 tosg ande; 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. FIG. 7. The broadened calculatésolid line) reflectivity (L)

In Figs. 6a) and &b) we show the reflectivity spectrum of with the spin-orbit coupling along with the experiment®ef. 9
Hgl, corresponding td&, andE; polarization. The calcula- (dashed lingfor Hgl,. The calculated curve is shifted 1.3 eV to-
tions have been performed both without and with the spinwards higher energy to match the experimental band gap.

300

Calculation
——- Experiment

Reflectivity (%)

10.0

20 m 6.0 5.0
Energy (eV)
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ity than the second structure. When comparing calculationagreement with experiment fd; polarization, while for

with and without spin-orbit coupling we note that details in E, polarization it is a little bit too large. For the imaginary
the reflectivity are sensitive to the inclusion of relativistic part of the dielectric function, as well as for the reflectivity,
effects. Thus, we again come to the conclusion that it isour calculations reproduce experiments rather well. This is in
necessary to include spin-orbit coupling to get a good decontrast to previous empirical work where the agreement was
scription of the optical properties of HglThe experiments ot good. Clearly an accurate theoretical method is needed
show that the first structure has a larger reflectivity than thgy reproducing optical data and this is especially critical for
second structure. This difference in the reflectivity is noty,qre open structures, such as the structure studied here. Fi-

found in the theoretical curverig. 7). The agreement be- v e have made a prediction that there is rather large

tween experiment and theory is therefore not perfect al- . in th ical : n h
though the overall shape of the two curves in Fig. 7 is th anisotropy in the optical properties of Hgind we hope our

Swork will stimulate further experimental activities.
same.
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