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Excitation spectra and ground-state properties from density-functional theory for the inverted
band-structure systemspB-HgS, HgSe, and HgTe
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We have performed a systematic density-functional study of the mercury chalcogenide comgetdg8s
HgSe, and HgTe using an all-electron full-potential linear muffin-tin orbital method. We find that, in the
zinc-blende structure, both HgSe and HgTe are semimetals whesdgs has a small spin-orbit-induced band
gap. Our calculated relativistic photoemission and inverse photoemission spectra reproduce very well the most
recently measured spectra, as do also our theoretical optical spectra. In contrast to the normal situation, we find
that the local density approximation to the density functional gives calculated equilibrium volumes in much
better agreement with experiment than does the generalized gradient corrected functional. We also address the
problem of treating relativistip electrons with methods based on a scalar-relativistic basis set and show that
the effect is rather small for the present systems.
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[. INTRODUCTION persion combined with small transition matrix elements.
Therefore, we found it relevant to explicitly calculate the
The cubic Hg II-VI systemg-HgS, HgSe, and HgTe are photoemission spectra, including the full relativistic transi-
technologically interesting materials with application in tion matrix elements, of these compounds. The photoemis-
quantum electronics. They form part of several artificialSion spectra of HgSe and HgTe have previously been com-
nanostructured materials3 pared only to a theoretical total density of statp©9).°
The electronic structure of HgSe has recently been the OPtical spectroscopy is a useful method for detecting me-

subject of debate, due to contradicting results regarding thElic behavior, measuring band gaps, and making more gen-

ordering of the highest valence levels and possible existenc%ral analyses of the electronic structure. For this reason, we

of a band gap. The investigations involved include photo_found it relevant to explicitly calculate the optical spectra,

emission spectroscofly, magneto-optical Fourier transform using the full transition matrix elements, and compare with

spectroscop,and theoretical calculations based on density_avallable experimental daf&. From a calculational point of

: . . .7 view, no systematic study of these compounds has been pre-
gg;fg;?:rll S7theory, both with and without quasiparticle viously performed with the spin-orbit coupling taken into

. . . _account. Rohlfing and Loufecalculated the band structure
Thg classical view of_ the elec_tronlc strupture of_ HgSe IS3nd DOS for HgSe usinGW (Ref. 10 and the local density
that it is a zero-gap semiconduci@e., a semimetalwith an 55 6yimation(LDA) with norm-conserving pseudopoten-
inverted band structure compared to the isoelectronic SySja|s and a basis set consisting of local Gaussian orbitals.
tems ZnSe and CdSe. The “inversion” consists of the fol-other studies have also been made, based on empirical or
lowing. The Hgs level, which forms a state dfs symmetry  semiempirical methods!*?
(with place for two electronsat the zone center, has been  The 11-VI mercury compounds have also caught our in-
pulled down below(at least the I'g level due to the large terest for a rather technical reason. Relativigtielectrons
effective positive charge of the Hg core. The valence elecare important in these systems. However, fully relativistic
trons therefore suffice to occupy only two of the four levelsp,,, states are not zero at the origin, which leads to bad
of I'g character. The unoccupiét} levels become part of the convergence when these states are to be expanded in basis
conduction band, which consequently becomes degenerafenctions derived from a scalar-relativistic Hamiltonian. This
with the uppermost valence bandIat creating a zero fun- problem is very general and is present in all methods where
damental energy gap. scalar-relativistic basis functions are used. Nordsted al 13

With the photoemission experiments reported in Ref. 4have recently discussed this problem for actinides, where the
this picture was put into question, suggesting a positive bandffect is large due to the semicore 6tates. In actinides, and
gap in HgSe. also in lanthanides, thp states have an additional problem

Experimentally, the inverse photoemission intensities fomot present in the systems we address. The spin-orbit cou-
these systems are very low in a region just above the Fernpling splits the semicore states into two well-separated
level, so low that from the spectra itself it becomes difficult peaks. Due to the way in which the basis set is constructed,
to distinguish between a situation with a band gap present othese two peaks are described with the same linearization
alternatively, just a very low intensity due to large band dis-energyE, (see Sec. )| which is then chosen to lie in be-
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tween the two peaks. Such a linearization energy does na&xcited states, we convoluted the spectra with a Lorentzian,
describe any of the peaks in an optimal way, which also leadwhose width increases quadratically with the photon energy.
to bad convergence of the basis set. In our case, pr&dtes  Its full width at half maximum(FWHM) was 10 meV at the
form wide bands, and therefore tHs, problem should not  photon energy 1 eV for both the occupied and unoccupied
be present. Furthermore, in the method used here, the spigpectra. The spectra were subsequently convoluted with a
orbit coupling is neglected in the region of space outside th&aussian of constant width, with FWHN0.5 eV (to match
muffin-tin spheres. the broadening used in Ref) for the unoccupied DOS and
The net results of all these shortcomings is that equilibiPES and FWHM-=0.1 eV for the occupied DOS and PES.
rium properties such as volume and bulk modulus will de-  The basic underlying theory we employ in our calcula-
pend on the radii of the muffin-tin spheres. We have meations of the optical spectra is linear response thédiyor
sured how large the effect of changing the muffin-tin radii isundoped samples, the intraband transitions should be negli-
by calculating the equilibrium volume and bulk modulus us-gible, and thus we have not included any intraband transi-
ing both constant sphere radii and scaling them with thejons in our calculated spectra. For doped samples, however,
lattice parameter. the intraband transitions may have important effects on the
HgSe and HgTe crystallize in the zinc-blende structure, aow-energy part of the spectra. The absorption and refractive
rather open structure, at ambient pressure and temperatuiadex spectra of the doped samples in Ref. 8 are in fact
with lattice parameters 6.08 A and 6.46 A, respectively.governed by the intraband term. More details regarding the
In contrast, HgS in the zinc-blende structug@HgS, be- method used in the present optical calculations can be found
comes stable only at moderately elevated temperatfires,in. e.g., Ref. 24,
with lattice parameter 5.85 A3-HgS can also be stabilized ~ The absorptive part of the optical conductivity was broad-
at ambient temperature through a couple of percent dopingned with a Lorentzian, with a width increasing quadratically
with a transition metal, e.g., F&, and CdS/HgS/CdS/ with the excitation energy and a FWHM of 10 meV at the
heterostructures. photon energy 1 eV. In addition, the spectra were convoluted
with a Gaussian of constant FWH¥0.1 eV, simulating in-
strumental broadening. The corresponding dispersive optical
conductivity was then calculated by performing a Kramers-
In the band-structure calculations presented here, we haWronig transformation of the broadened absorptive fart.
used the full-potential linear muffin-tin orbitdFP-LMTO)
method*®*” In this method, the Kohn-Sham equati&hare
solved for a general potential without any shape approxima- . RESULTS
tion. Two different approximations to the density functional
were used: The LDA based on the Monte Carlo data calcu-
lated by Ceperley and AldEtand parametrized by Perdew  As a basis for further analysis, we first briefly discuss the
and Zungef® and the generalized gradient approximationchemical bonding. In a simple chemical picture of the Hg
(GGA).? II-VI semiconductors, Hg contributes with tveelectrons to
Our method is linear; i.e., the basis functions are conthe bonding and the chalcogen with te@and fourp elec-
structed by expanding around fixed enerdies For Hg, the  trons. In the Hg 1I-VI compounds, the bonding is rather
6s, 6p, and & orbitals were included in the basis set. For covalent and dominated kgp® hybrids, as indicated by the
the chalcogens we included thes, np, and nd orbitals, tetrahedral coordination. In comparison with the Ca, Sr, and
wheren=3, 4, and 5 for S, Se, and Te, respectively. SinceBa chalcogenides the ionicity of the Hg chalcogenides is
the elements in these systems are heavy, spin-orbit couplingduced. The Hgl electrons are partially delocalized, and
should be important, and it was therefore included in ourtherefore the effective nuclear charge experienced by the va-
calculations. In the FP-LMTO method, spin-orbit coupling islence electrons is increased. This causes more tightly bound
treated in a first variational step. Hg valences electrons and, hence, a less ionic and more
In the calculations of the photoemission and optical speceovalent bond. In this respect, these systems are very similar
tra, the experimental lattice parameters were used. The thés the isoelectronic Cd and Zn 11-VI semiconductors. The
oretical photoemission spectra were calculated using thd-shell delocalization is stronger in Hg than in Cd or Zn and
fully relativistic formalism described in detail in Ref. 22. For in fact so strong that it causes théevel to be pulled down
explicit formulas, we refer to that paper. The method as-below the chalcogep level; i.e., an inverted band structure
sumes a one-particle approach, and only electric dipole traris formed. The role of the electrons in the bonding in [1-VI
sitions are taken into account. Also, the local approximatiorsemiconductors has been further discussed by Wei and
is used; i.e., all contributions from terms including transi- Zunger’®
tions between two different atomic sites are neglected. Let us now compare this with the picture emerging from
The experimental photoemission spectf@ES, with  our calculations. Figure 1 shows the atom- and orbital-
which we compare our calculated spectra, were measura@gsolved DOS for HgSe at the experimental volume. The
using the He | and Ar | lineg21.22 eV and 11.70 eV, respec- uppermost panel shows tlsestates for both Hg and Se, the
tively) and the inverse PEGPES at the isochromat energy middle panelp states, and the lowermost pamkstates. The
9.5 eV, and these are also the energies we have assumedsiolid lines are Hg DOS, and the dotted lines are Se DOS. All
our calculations. In order to simulate a finite lifetime of the panels have the same scale in order to facilitate comparison.

IIl. METHOD

A. Ground-state properties
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FIG. 2. Band structures alondy andA for 8-HgS, HgSe, and
HgTe. For HgSe, GGA resultglashed linesare also included for
comparison. The Fermi levébr VBM for g-HgS) is at zero.

FIG. 1. Atom- and orbital-resolved DOS for HgSe at the experi-
mental volume. The Fermi level is at zero.

For B-HgS and HgTe the main features are the same as foﬁand maximum is around 1 eV higher in energy in @&/

HgSe and the discussion here is valid also for those systems, . . )
) alculation and is thus much closer to the second highest
From the two lowest panels of Fig. 1 we see that most of

the Hg d states are concentrated belows eV, but that valence band. The differences b_etween our LDA bar_1d struc-
there is a significanpd hybridization in the region 0-5 eV ture and the_ LDA b_a_”d structure in Re_f. 7 give an estimate of
below the Fermi level. Further, judging from the orbital- the un.certa.mty., orlglna.tlng from details of the method used
resolved occupation numbers inside the muffin-tin sphered€-9- linearization, basis set used, construction of pseudopo-
about one Hgd electron is delocalized into the interstitial €ntials. We find that the band structures are very similar
region. Thus, the picture of a partly delocalized #ighell is ~ ©overall up to around 8 eV above the Fermi energy. Above
confirmed. this energy, both the ordering of the bands and the absolute
In Fig. 2 we show the LDA band structures calculated atenergy position of the bands differ.
the experimental equilibrium volumes for all three systems For HgSe, the band structure from the GGA calculation is
along theA andA directions of the Brillouin ZonéBZ) in also plotted. Evidently, the differences between the LDA and
the energy range from 10 to 10 eV. For HgSe, we have also GGA eigenvalue spectra are tiny. This is not surprising, and
plotted bands calculated using the GGdashed lines for in general, we expect the same type of conclusion to be true
comparison. for any (bulk) system. From this, we also conclude that the
Let us first concentrate on the HgSe band structure andhoice of functional in the calculation of the excitation spec-
compare it with the calculations in Ref. 7. Clearly, our LDA tra will not greatly affect the results, and thus we have cho-
bands are very similar to the ones shown in Ref. 7. The maisen to calculate the photoemission spectra and the optical
difference is that the third band counting from the valencespectra using LDA only.
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TABLE I. Theoretical equilibrium volumes calculated using two
different functionaldLDA (Refs. 19 and 20and GGA(Ref. 21)]
and two different schemes for the muffin-tin radiscaled” and

B-Hgs

011 ] “constant”), compared with experimental equilibrium volumes
(Ref. 28.

0.0 g .

; Viba (A) Veea (A)

System Vg, (A) Scaled Constant Scaled Constant

0.1 -
B-HgS 50.1 50.1 49.5 54.8 54.0
HgSe 56.2 56.9 56.1 62.6 61.4
HgTe 67.4 68.8 67.1 75.8 73.8

spin—orbit
- no spin—orbit |
""""""""""""" unoccupied since the electrostatically pulled-dostevel

5 has to be filled first. This means that the highest valence band
and lowest conduction band become degenerate in one point
I', and all three systems are thus semimetals when spin-orbit
coupling is neglected. Away frorh along theA and A di-
rections, the threefold level splits up into a onefold conduc-
tion band and a twofold valence band.

If the spin-orbit coupling is included, the double-group
representation must be used, dng splits up into two lev-
els:T"g, which can accommodate four electrons, &hdwith
place for two electrons. Both these levels contain ljpts
well asd character. In both HgSe and HgT&; is higher in
energy tharl';, whereas the situation is reversed@rHgs.

The reason is the following. The energy difference between
thel'g andI'; levels is determined by the chalcogpspin-
orbit splitting, the Hgd spin-orbit splitting, and the strength
of the coupling between these states, gk coupling. For
thep states, thd’g symmetry is higher in energy than the,
whereas the situation is reversed for thetates. Thus, if the
p spin-orbit coupling becomes sufficiently smédike in sul-

. . phur), the order of the Hgl spin-orbit split states decides the

FIG. 3. Detailed plots around the Fermi level of the band struc:—order of thel' andT, levels. Alternatively, if thed character
wres alongA andA for 5-HgS, HgSe, and HgTe, both with and becomes dominant in these bands due to lardeoupling
without spin-orbit couplingisolid and dashed lines, respectively . . !

The representatioris; andI'g refer to the symmetry at thié point thel'; level might also end up higher than thg level. With .
of the solid bands. The Fermi lev@@r VBM for 8-HgS) is at zero.  the order of thd'; andI'g levels reversed, a gap opens up in
B-HgS. This situation is further discussed in Ref. 27.

The main difference between the band structures for Finally, we also present some results for the equilibrium
B-HgS, HgSe, and HgTe in the region shown is the size ofiolumes and bulk moduli. These calculations were per-
the gap between the two highest valence bands. This gap fermed in four different ways, by combining the two alter-
largest for HgTe, where it is of the order of 1 eV, but appearmatives for the functionalLDA or GGA) with the two alter-
to be virtually zero forB-HgS. This clear trend makes it easy native treatments of the muffin-tin sphefesuffin-tin radius
to associate this gap with the spin-orbit splitting of the scaled with lattice parameter or kept constaithe main
chalcogen states. This, however, turns out to be an oversimeasons for this our interest are, first, a recent debate regard-
plification, which will be discussed in the next paragraphing how systems with large spin-orbit coupling in the va-
where the ordering of the valence levels close to the Fermlence or semicore states should be treated within full-
level is discussed in greater detail. potential method$ and, second, the fact that we observed

In Fig. 3, the bands around the Fermi level are shown irthat the systems under consideration here seemed to be an
detail. The solid lines represent bands calculated with spinexception to the rule of thumb that the GGA, when combined
orbit coupling included, and the dashed lines are the bandwith a full-potential method, usually gives volumes and bulk
calculated without spin-orbit coupling, but with all other de- moduli in closer agreement with experiment than does the
tails of the calculation unchanged. Without spin-orbit cou-LDA.
pling, the bands form a three fold-degenerate lefyeth In Table I, we compare our calculated equilibrium vol-
place for six electrons since spin is not counted in the degenimes with experimental dafi.The theoretical volumes and
eracy of the simple grogywith I";5 symmetry. In Cd and Zn  bulk moduli were extracted from a set of energy-volume
lI-VI semiconductors, the corresponding levels are all filled,points by fitting to the universal equation of stataVe see
whereas in the Hg 11-VI systems, one of these levels remainthat the LDA results are very close to the experimental vol-

Energy (eV)
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TABLE II. Theoretical bulk moduli evaluated at the experimen-
tal volume, using two different functiona]e DA (Refs. 19 and 20
and GGA(Ref. 21)] and two different schemes for the muffin-tin
radii (“scaled” and “constant”), compared with experimental data
(Ref. 30.

experimenial PES

Boa (GPa) Beea (GPa)
System By, (GPa) Scaled Constant Scaled Constant
B-Hgs 68.6 67.0 66.4 65.5 64.9
HgSe 57.6 59.1 59.2 58.1 58.8
HgTe 46.7 47.8 47.8 46.4 46.7

umes with the constant-sphere calculations giving volumes
on the average 1% less and the scaled-sphere calculations
1% larger than experiment. The GGA calculations give, on
the average, 9% larger volumes than the LDA. Thus, in this
case, the GGA performs much worse than the LDA. In con-
trast, the difference between the two alternative treatments of
the muffin-tin spheres is rather small.

Table Il contains calculated bulk moduli, evaluated at the
experimental volume, compared with experimental d&ta.
Since the theoretical bulk modulus and volume strongly co-
vary (an overestimated volume will almost certainly result in
an underestimated bulk modujusve have chosen to remove
this dependence by evaluating the bulk modulus at the ex-
perimental volume. In this way, any trend in the bulk modu-
lus that can be extracted from our calculations can be attrib-
uted to the second derivative of the energy-volume curve. We
find that with this approach, there is no big difference be-
tween the LDA and GGA results for the bulk moduli. Re-
garding the effect of scaled or constant spheres on the bulk
modulus, there is no clear trend and the average difference is L

Intensiy (arbitrary units)

DOS’

| |
small, always less than 2%. Thus, the bulk modulus is not -4 -3 2 -1 0 1 2 3 4 5
sensitive neither to the choice of functional nor to the treat- Energy (eV)

ment of the muffin-tin spheres for these systems. Our calcu-

lated bulk moduli agree extremely well with the experimen-
tally measured ones.

FIG. 4. Calculated DOS and PES fBrHgS, HgSe, and HgTe
compared with experimental PES and IPES from Ref. 34H@S)
and Ref. 5(HgSe and HgTe For HgSe, the GW DOS from Ref. 7
is also included. Our calculated spectra for the unoccupied states
B. Photoemission spectra have been shifted 0.7 eV higher in energy in order to align the main

: . peaks of the experimental and calculated spectra. The designation
(soli::?llji;eeg ?SPV[;I-SHC;é(full—Egde,Dggaagﬁ'de “tr(;gbe?ﬁ(ejr(l \)N Fi)tllisex- “PES” in the figure stands for both the PES and IPES spectra.
perimental (I) PES (Refs. 5 and 31 (solid circleg. The
B-HgS crystal, on which the photoemission measurementsre responsible for these structures. The energy positions of
were performed, was doped with 4% Fe. For all three systhese peaks are the same for both HgSe and HgTe. The spec-
tems, our calculated DOS and IPES have been shifted ugra above the Fermi energy are dominated by one rather
wards 0.7 eV in order to align the dominant peaks in thebroad feature, whose position is strongly dependent on the
experimental and calculated spectra. This offset in our calcuehalcogen. This structure is, again, due to chalcqgstates
lated spectrdit is present also in the optical spedtimdue to  but also Hgs states. The experimental PES f8fHgS ex-
the neglect of final-state effects in the calculations. Foribits the same broad peak centered arour@l eV , but
HgSe, we have also plotted the unbroadened total DOS fdacks the structure at3 eV.
the unoccupied statedong-dashed lineand unbroadened Both our calculated DOS an(#) PES reproduce the struc-
GW DOS (Ref. 7) (dotted ling. tures in the experimental spectra, as well as their relative

The experimental HgSe and HgTe PES contain the folamplitudes. We see that the effect of including the matrix
lowing structures. There is a smaller peak arowi®®l eV ,a  elements is rather faint. The most prominent effect is that the
larger broader featurevhich is much broader in HgSe than peak around-3 eV becomes flatter. Th@ W DOS is very
in HgTe) centered around-2 eV. Comparing with the par- similar to the LDA DOS below the Fermi energy. Above the
tial DOS in Fig. 1, we see that mainly the chalcogestates = Fermi energy, however, tHeW DOS exhibits a double-peak
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T T closer at in order to resolve which bands contribute most to
e the different structures. In the energy region shown, there are
five main peaks or structuréfor HgSe at the energies 2, 5,

7, 8, and 11 eV, If the contributions from all individual pairs

of bands are plotted individually, it is seen that the most

important band-pair contributions can all be sorted into four

distinct types, illustrated by the specti@—(d).

The spectra of typda)—(d) all involve the two highest
valence bandgHVB's), but different conduction bands.
Numbering the conduction bands so that the lowest conduc-
tion band(LCB) is band 1, spectra of typ@) involve con-
duction bands 1 and 2, tygé) involve conduction bands 3
and 4, type(c) conduction bands 5 and 6, and tyfgg con-
duction bands 9 and 10.

We have chosen to analyze the spectra here by resolving
them into band contributions. The spectra can also be broken
down into contributions from different regions and high-
symmetry points in the BZ. Such an association of the main
peaks with the high-symmetry points can be found in Ref. 9.
Another interesting analysis is to look at the dominant char-
acter 6, py, etc) of the valence and conduction bands in-
volved. In a strict sense, such an analysis, however, is only
possible inside the muffin-tin spheres, since the character of
an eigenstate is undefined in the interstitial region. Moreover,
a Sep state, for example, expanded around the Hg muffin-tin
sphere origin(transitions occur locally in our modeho
longer has only character, and thus designations of the type
“Se p— Hg d transition” are ambiguous.

It is more meaningful to start from the perspective of the
atoms. Then, the square-shaped DOS 0-3 eV below the
Fermi energy as well as the peaked structure around 2 eV
above the Fermi energy should be called chalcqgstates,

L M since these two structures originate from the four occupied

0 5 10 15 and two unoccupieg orbitals in the chalcogen atom, and the
Energy (eV) broadband peaking around 6 eV above the Fermi energy

should be thought of as Hg states. With this designation,

B-HgsS, HgSe, and HgTe. The spectaa—(d) (multiplied by a fac- the Iow—epergy parlt of the optical spectrum can in fact be
tor of 2 for visibility) in the top panel are some representative Characterized asnainly) chalcogerp— p transitions and the
band-resolved contributions to the absorptive optical conductivin//9h-€nergy part asnainly) chalcogerp— Hg p transitions.
of HgSe. An experimental reflectivity spectrum for HgSe is also(Note that we are still strictly employing the dipole approxi-
included (Ref. 9 mation)

Panel 2 of Fig. 5 contains the dispersive parts of the op-
structure which is present neither in the experimental Sped‘.lcal conductivities. We have included these spectra in order
trum nor in the LDA DOS. In fact, the unbroadened LDA t0 give a complete characterization of our calculated optical
DOS has only one—and sharp—peak in that energy regiorgonductivities, o] thgt any spectryfabsorption, refractive
In our calculated spectra, also when the transition matrindex, energy loss, dielectric function, etcan be calculated
elements are included, we find no evidence of the additiondfom our data for future comparison with experimental mea-
structure close to the Fermi energy reported in Ref. 4. InSurements.

stead, our results are in accordance with several other experi- Finally, the lowest panel of Fig. 5 shows the calculated
mental observationkt-31-32 reflectivities, which we have included since it is the most

commonly measured optical property of a material. In the
visible spectrum, we predict a reflectivity of around 35%-—
40% for all three systems. Any measured reflectivity is likely
The optical conductivities and reflectivities fg@#-HgS  to be lower, due to scattering. An experimental spectrum for
(dotted line$, HgSe (solid lineg, and HgTe(dashed lines  HgSe, measured by Guziewier al.’ is included in the low-
are plotted in Fig. 5. est panel of Fig. 5. To facilitate comparison of the structures
In the top panel, the absorptive optical conductivities aran the experimental and calculated spectra, the amplitude of
shown. For HgSe, we also give some representative bandhe measured spectrum has been multiplied by a factor of
resolved contributionspectra(a)—(d)], which we now look 1.6, so that the amplitudes of the experimental and theoreti-
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FIG. 5. Calculated optical conductivities and reflectivities for

C. Optical spectra
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cal reflectivity spectra become equal at the first peak. FurHowever, the conclusion regarding the ordering of the va-
thermore, just as for the IPES, the calculated spectra undelence levels in HgSe in Ref. 6 is based on the assumption
estimate the peak energy positions. Therefore, théhat electric-dipole transitions are symmetry forbidden be-
experimental spectrum has been moved down 0.7 eV in ertween thel'g and I'; levels. But since both levels contain
ergy. Apparently, the amplitude in the experimental spectrunboth d andp states, such transitions are in fact allowed and
is much lower than the calculated one, and it also decreasesrong. InB-HgS, we find thel'; level above thdg level.
more quickly with energy, whereas the relative peak posiBoth these levels are well above thg level. Because of the
tions are in good agreement. difference in degeneracy, this reordering opens a gap around
Finally, we also compare our optical calculations with an-I" in 8-HgS. In HgTe, thel's andT'; levels are very close
other recent reflectivity measurement. Einfeddtal® mea-  together in our calculation, and the energy difference would
sured, for HgSe, the reflectivity of the first peak in the re-decrease further with quasiparticle corrections included. It is
flectivity spectrum, which is situated close to 2 eV in our quite plausible that such corrections could alter the order of
calculated spectrum and 0.7 eV higher in the experimentahese levels. This would explain the recent angle-resolved
spectrum. We find a reflectivity of 38% for this peak. In the photoemission spectra measured by Orlovetial 32
experiment, this peak has 29% reflectivitysaK and 35% We find that our LDA-calculated volumes agree with the
reflectivity at room temperature. experimental equilibrium volumes to within 1%. The GGA
We now move to a brief discussion of trends in the spectrajives much worse results, which is quite unusual.
associated with changing the chalcogen. The spectra for all Moving on to our muffin-tin sphere test, we find that our
three systems are quite similar, with the most obvious differcalculation using constant muffin-tin spheres gives 2%
ence that the peaks move to lower energies the heavier ttemaller volumes than if the muffin-tin spheres are maxi-
chalcogen is. The same effect can be seen in the opticahized at each individual energy-volume point. For
spectra for lead chalcogenid&sThe differences between the thorium? the corresponding difference is close to 10%. We
three systems are mainly different lattice parametlergier  conclude that the much larger effect in thorium is associated
the heavier the chalcogeand different number of nodes on with the “E,, problem” for semicore states explained in the
the wave functiongmore nodes the heavier the chalcogen  Introduction and also with the fact that the spin-orbit cou-
the valence orbitals. These two differences should partly carpling for the valence electrons in thoriuta 5f system is
cel each other, when it comes to the energies of the mairarger than in the systems addressed here.
peaks. The more nodes an orbital has, the wider is the band. The experimental PES, IPES, and optical spectra are very
On the other hand, the larger the lattice parameter, the morgell described by our calculations. The relative peak posi-
contracted are the bands. We tested the effect of changing thiens and amplitudes as well as the overall structure of the
lattice parameter by recalculating the spectrggefigS and  spectra are all well reproduced. Ti@W calculatiord for
HgTe using the HgSe experimental lattice parameter. As exHgSe IPES gives an average peak position in closer agree-
pected, the three spectra become much more similar. Th@ent with the experimental spectrum than do our calcula-
main peaks are now almost on top of each othet shown.  tions. However, theGW DOS shows a clear double-peak
However, the spectrum for HgTe stands out, with some strucstructure, not present in the experimental spectrum. We also
tures not present in the other spectra, mostly due to theonclude that the effect of the transition matrix elements on
strong spin-orbit coupling in this compound. The peaks inthe PES and IPES is small. An explanation for this is that, in
HgTe are generally also more smeared out, which is consiggeneral, the transition probabilities should be more important
tent with the picture that the bands broaden the more nodea systems where one partial DOS does not dominate over all

the orbitals contain. the other. The role of the transition matrix elements is to
modulate the partial DOS contributions, with different modu-
IV. DISCUSSION AND CONCLUSIONS lation amplitudes for different and different atoms. In the

resent case, the chalcogpnchannel dominates both the
ES and IPES spectra, and therefore the relative effect of
modulation is limited.

Regarding the bonding and ground-state properties in th
mercury I1-VI systems, our main conclusions are the follow-
ing. The bonding is covalent withp®-hybrid formation, due
to the partly delocalized Hd electrons. This delocalization
also causes thEg level to sink down below the Fermi level
and is thus a prerequisite for the semimetallic behavior found This work was financed by the Swedish Foundation for
in HgSe and HgTe. We find the ordEg, I';, andI'g count-  International Cooperation in Research and Higher Education
ing from the uppermost valence band for HgSe and HgTe(STINT) and the Swedish Council for Natural Sciences
This is the same ordering reported for HgSe by Rohlfing andNFR). Discussions with P. Korzhavyi and C. Persson are
Louie,” but contradicts the experiments reported by Orlowskiacknowledged, and J. M. Wills is acknowledged for making
et al®? (for HgTe) and von Truchsesst al® (for HgSe.  the FP-LMTO code available.
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