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Band structure and optical properties of Hgl,
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We have used the linear muffin-tin orbital-atomic sphere approximation method to calculate the band
structure of red Hgl Our results are in excellent agreement with the self-consistent Korringa-Kohn-Rostoker
calculation of Turner and Harmon. Using our self-consistent potential, we have calculated the anisotropic
frequency-dependent dielectric function. This dielectric function is in agreement with the experimental data.
We compare our calculations with those reported by Chang and James using an empirical nonlocal pseudopo-
tential.[S0163-182607)11716-1

INTRODUCTION a matter of convenience, since given the same potential the
two methods yield essentially identical results. The band
The electronic properties of Hghave been a subject of structures of CJ and TH are very similar. The TH calcula-
recent theoretical studies. Mercuric iodide crystallizes in dions yield a band gap of 0.5 elthis is expected in a local
tetragonal structure and has a measured band gap of 2.13 @gnsity approximatiorfLDA) calculation which are known
at 30 °C! thus giving it a red appearance. It undergoes &0 underestimate band gaps by as much as]5@bereas in
transformation at 127 °C to an orthorhombic structure whicithe CJ calculations the band gap is adjusted to the experi-
persists upto its melting point of 259 °C. The yellow color of mental value. Both calculations yield electron/hole masses
the orthorhombic phase suggests a decrease in the band g&gt are in agreement with each other and with the experi-
of about 10%. As a result of the large atomic masses of théental data.
constituent atoméZ =80 for Hg andZ=>53 for 1), Hgl, has Earlier interest in the optical properties of Hdias been
a high stopping power for photons. Its high bulk resistivity primarily to understand the hydrogenlike exciton sefies
ensures low dark current during detector operation and & 1,2 states near the fundamental edge which manifest
high photosensitivity so that the number of generatedhemselves in absorption, reflectivity, photoconductivity, and
electron-hole(e-h) pairs is proportional to the incident pho- luminescencé:*® Although there have been numerous stud-
ton energy. This makes HgWwell suited for x-ray andy-ray  ies of these, the frequency-dependent dielectric function has
spectroscopies. Although such applications have been amplieen neglected. The only calculation of the frequency-
demonstrated, there are problems associated with the smalependent complex dielectric functiefiw) has been done
hole mobility (at RT and along: axis). It is natural to un- using the empirical pseudopotential meth@gPM). The
derstand these properties on the basis of band-structure cglood agreement with the recent data of Anedda, Grilli,
culations. Guzzi, Rega, and Sertas spurned us towards attempting a
There have been three recent band-structure calculatio&lculation of e(w) using the potentiaM(r) from a self-
on Hgh.2"*Yee, Sherohman, and Armantrdliave reported ~consistent calculation. We report such a calculation in this
such a calculation. This was performed using an empiricaPaper.
pseudopotential. However, the calculations were done with

an incorrect pody centered tetrfigopal structure: Moreover, METHOD OF CALCULATION
these calculations were nonrelativistic and also did not allow
for charge transfer. More recently Chang and Jant€s) We have used the scalar relativistic linear muffin-tin or-

have improved upon this calculation by using an empiricabital (LMTO) method within atomic sphere approximation
nonlocal pseudopotentidlvhere the energy gap has been (ASA) including the combined correction terrist? It has
adjusted to the experimental vaJueSpin-orbit interaction now been well established that this method gives the
has been included using first-order degenerate perturbatidrequency-dependent dielectric function that is in agreement
theory to save on computer time. CJ have calculated thwith the experiment not only for metals but also for interme-
electron and hole effective masses and the complex dielectriallic compounds$~1®The crystal structure of Hgls tetrag-
function. These are in agreement with the experimental datanal with a=4.361 A andc=12.450 A® Since c/a is

The only scalar-relativistic self-consistent calculation hadarge, the structure is fairly opefi.e., packing fraction is
been performed by Turner and Harm@rH) using the Ko- smal)). The accuracy of band-structure methods based on the
rringa Kohn RostokefKKR) method where the final deter- MT approximation is the maximum, when the packing frac-
mination of band structure, incorporating spin-orbit cou-tion is highest. TH have achieved this by introducing 10
pling, was done using the linear augmented plane wavempty spheres. This results in a packing fraction of 60.65%,
(LAPW) method. The switch over from KKR to LAPW, was thus making it amenable to a MT based band-structure cal-
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FIG. 1. Band structure of Hgl(spd calculation).

FIG. 2. Total density of states in states/eV/unit cell for e
culation. We have used the positions of the ES’s as given bgalculation(with marking of the major contributions to the different
TH. The tetragonal unit cell now have 16 atoth#g-2, I-4,  peaks.

ES-10. The position of 2 Hg atoms af@,0,0; 0.5, 0.5, 0.6
and 4 | atoms arg0,0.5u; 0.5,0—u; 0,0.5u+0.5, and —15.2 eV arising from Is and a broad structure extending
0.5,0,0.5-u) with u=0.139. We have expanded the wave from —6.4 to —4.4 eV arising from Ip states. We also find
function in two ways. (i) The valence configuration for Hg Significant contributions to the total density of statBS)
is taken to be 62. The wave functions are expanded to in- coming from the Hgs and Ip states at-8.2 and—0.8 eV
clude s and p states. We call thisp calculation.(ii) The (Eg, as measured from the top of the valence band, is
valence configuration for Hg is taken to bel® 62. The —4.0 eV). The ES’s do not make any significant contribu-
wave functions are expanded to incluslep, andd states. tion except around 1.5 and 2.4 eV. The major contributions
We call thisspd calculation. In both calculations the | va- to the DOS from different atoms are shown in Fig. 2. These
lence configuration is & 5p5. The calculations were done results are in agreement with the work of Tifi we ignore
using 75 k points in the irreducible Brillouin zone the Hg-& state, as well as with the work of CJ. TH
(IBZ). Brillouin zone integrations are done using the tetra-identify the various structures in the total DOS assl-5
hedron method. We have used the von Barth—Hedin ext—9.5 eV), Hg-& and I-5p (—1.4 and 5.4 eV, I-5p (0.0 to
change correlation potenti&l. The results ofi) are directly 2.7 eV), while CJ obtain I-5 (—11.0 eV), Hg-& and |-
comparable with the pseudopotential calculations of CJ an@p (—4.5 and—3.0 eV), and I-p (—2.4 to 0.0 eV. The
that of (i) with the KKR calculation of TH. The CJ work Fermi level is at 3.5 eV for the TH calculation and zero for
shows that the inclusion of spin-orbit coupling does not havehe CJ calculation. Owsp calculation gives an energy gap of
any significant effect on the band structure except that thd.67 eV, compared to the experimentally measured value of
double degeneracy is lifted and the energy gap is reduced 18:37 eV. TH obtained a gap of 0.52 eV while CJ have em-
a few tenths of an eV. pirically adjusted the gap to the experimental value. The
spd DOS is shown in Fig. 3. The DOS looks similgal-
though structure is broadenetd thesp DOS except having
a large peak aroune 8.7 eV arising from the Hg} states.
The band structure for thepd calculation is shown in  The DOS is in good agreement with the TH calculations both
Fig. 1. The only difference between this and the band in terms of the height of the peaks and their location. The
structure is the presence of the Ildgstates. We shall later spd calculations demonstrate the importancesdfhybrid-
discuss the differences between these two band structurggation which has broadened the d@nd I states by about
Our band structure looks similar to the TH and CJ calcula-1.1 eV and thereby reduced the energy gap. The major con-
tions. All the calculations give bands that are bunched irtributions to the total DOS come from Hijstates, Is and I-
groups with gaps between these groups. We attribute thp states as marked in Fig. 3. The total DOS has many struc-
minor differences to the fact that both TH and our calcula-tures (the E is at —4.1 eV): a peak around-15.9 eV
tions use the muffin-tin approximation along with expressingarising from the Is states, structures around8.7 and
the wave function in terms of atomiclike states whereas CJ3-1.6 eV arising form the Hg states, a broad structure
have used plane-wave-like states in the pseudopotential caround— 6.8 to 3.8 eV arising from Hgs; I-s, and | states,
culation. We believe that self-consistency will also play ana structure arouned-10.9 eV arising from the p states and
important role here. structures around 0.8 to 3.4 eV arising from the ES states.
Consider first the density of statd30S9) in thesp calcu-  The relative positions of the peaks are in agreement with TH
lation (Fig. 2). We find a sharp peak occurring around calculations. In the pd calculation the energy gap is 0.95 eV

BAND STRUCTURE AND DENSITY OF STATES
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FIG. 3. Total density of states in states/eV/unit cell for the .
spd calculation (with marking of the major contributions to the FIG. 4. Imey(w) and Ime, (w) for the sp calculation.
different peaks
The position of the two main peaks is in agreement with
compared to 0.52 eV obtained by TH. Relativistic effectsthe experimental data as also the ratio of the peak heights.
will reduce our gap by a few tenths of an eV thereby ap-However, the magnitude of the peaks heights is underesti-
proaching the value of TH. These gaps are smaller than th&@ated by a factor of 3 compared to the experimental data.
experimental gap. Such discrepancies are expected in a LDA The results of thespd calculation are shown in Fig. 5.
calculation which is known to underestimate gaps by a$PNC€ again there are two main peaks centered around 4.2
much as 50%. and 6.8 eV. The calculated peak heights are about the same
for Im e, (w) while for Imeg(w) the higher energy peak
height is larger. This latter fact is in disagreement with the
OPTICAL PROPERTIES experimental findingd.In contrast to thesp calculation the

Th lculati f th tical i f solids is b Peak heights are larger and closer to the experimental values.
€ calculation ot the optical properties ot Solas IS DESE, s, jn agreement with the data and in contrast with the

W'th nUMerous problems. Thg quantity of central |mportancesp calculation, thespd calculation shows more structure in
is the dielectric function. It is complex and a tensor. For

cubic systems there is only one component to be calculateti1e form of minor peaks. Thepd calculation shows more
) Y y P ‘nisotropy in the calculated dielectric functions compared to
i.e., exx. For hcp/tetragonal systems we have to calculate

two components;, and e, corresponding to electric field

parallel and perpendicular to tleeaxis. The dielectric func- 11.0 -
tion is normally calculated in the random phase approxima- E ) Hel,
tion (RPA). Calculations of the dielectric function involve 190 ¢ i — Para @ P
the energy eigenvalues and the electron wave functions. g4 i "~ Prepeyw
These are natural outputs @b initio band-structure calcula- En 77 Pora em
tions. We have thus performed calculations of the dielectric ~ 80
function of Hgl, using the standard RPA expressidfis* 2ok
The summation over the Brillouin zone is calculated using -
a linear interpolation on a mesh of uniformly distributed 3 60
points, i.e., the tetrahedron method. We have done calcula- - so b
tions using 12&k points in the IBZ. - F
To bring out the high energy structure more clearly it is 40
sometimes instructive to plot the optical conductivity 5ok
o(w)[(w/47)Im e(w)]. However, since the experimental £
data is on the dielectric function in the range 0—10 eV we 20 ¢
have decided not to show our results of the optical conduc- £
tivity. The calculated dielectric functions for thsp calcula- ' AN
tion are shown in Fig. 4. We see that the anisotropy in the 0.Q i o 2 o
calculated Img(w) and Ime, (w) is rather small. This is all Energy (eV)

the more surprising considering the largea ratio. Both the
Im &(w) show two main peaks centered around 4.2 and 6.8 FIG. 5. Img(w) and Ims, () for the spd calculation. The ex-
eV and a weak broad maxima around 10.6 eV. perimental Inz,(w) of Aneddaet al. (Ref. 9 is also shown.
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the sp calculation. This could be due the anisotropy of thenicely represented within the limitations of LDA. Our calcu-

d wave functions. Thep wave functions are more isotropic. lations give a band gap of 1.37 €¥fom sp calculatior) and

It would be nice if experiments are done for both én{w)  0.95 eV (for spd calculation) compared to the experimental

and Img(w) to bring out this anisotropy more clearly and to value of 2.13 eV. A recent KKR calculation yields a value of

identify the minor structures. 0.52 eV. We expect that relativistic effects will reduce our
It would seem interesting to see if the structureg(®)  gap by a few tenths of an eV. Our calculation show that the

can be explained by our band structure. The band structureffect of matrix elements is very significant and necessary to

shown in Fig. 1 reveals that the bands are bunched togethexplain the experimental data. We also find that a better rep-

in groups. We label these a—F. Starting from the low resentation of wave functiot.e., spd) leads to a improved

energy side, the first groupAj is mainly the Is states. agreement with the experiment, although it gives a smaller

Group (B) is the Hgd states and@) is the Ip states. The band-gap. Naturally going to spdf representation should

broad bunch of bands below the fermi lev&l)(are the Is  vyield even better values for Im(w). In the case of Hglthe

and Hgs states. E) comprises the antibondingp-states calculations would require a lot of computer time. We have,

and (F) comprises the &, Hg-d, and ES states. The Fermi therefore, done calculations for the elemental semiconductor

level lies betwee andE. The first broad structure around silicon and find that there is not much chan@ess than

4 eV in Ime(w) comes from the transitions betweBnand  10%) in Im &(w) when going from & pdwave function to a

E. The next sharp peak around 5.5 eV may be attributed tepdf wave function. Thus the LMTO-ASA method with a

transitions fromC to E. The peak around 7 eV may arise spdwave function gives the frequency-dependent dielectric

from D to F transitions. On the high energy side the transi-function that agrees well with the experimental data.

tions fromB to E andA to E can account for the 10 and 15

eV peaks. Since all the structures in DOS are admixtures of

different angular momentum and atomic species, it is not ACKNOWLEDGMENTS
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