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Lattice dynamics of HgSe: Neutron scattering measurements andb initio studies
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The phonon dispersion relations of HgSe, which is a cubic polar semiconductor with a zero energy gap, has
been investigated by means of the coherent inelastic neutron scattering. The complete set of phonon branches
has been determined along tf@01], [110], and[111] high-symmetry directions. Using theg initio local-
density approximation with ultrasoft pseudopotentials, we have calculated the Hellmann—Feynman forces for
2x2x2 supercell. Applying the direct method, the phonon dispersion relations and the phonon density of
states have been derived. They are in good agreement with the results of the neutron-scattering data. The 1
X 1X 10 elongated supercell has been used to find the LO/TO splitting of the optical phonon branches for two
different concentrations of free carriers. Higher free-carriers density diminish the LO/TO splitting.
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[. INTRODUCTION siparticle band-structure calculatidfAsind optical response
calculations with scalar relativistic effectVery low pho-
Mercury selenide, HgSe crystallizes in the cubic zinc-toemission intensity observed just above the valence-band
blende structure (F3Im). It is a well-known II-VI semicon- maximum, which has been used as an argument in favor of
ducting compound with an inverted band structure. Strictlynarrow positive gap,was attributed to a very light effective
speaking, due to the lack of energy gap between the valenasass and low electronic density of stateBO9 of the low-
and the conduction bands HgSe is a zero-gamst conduction bantf.
semiconductol:? At the same time, because of the high non-  HgSe is a semiconducting compound which exhibits a lot
parabolicity of the conduction band, which results from theof peculiar properties. Due to the finite free-carrier concen-
small distance between the top of the light-hole and thdration, a dielectric function anomaly, as a direct conse-
heavy-hole valence bands, this compound belongs to thguence of the lack of the energy gap, is observed in numer-
group of narrow-gap semiconductors. ous transpotf and optical® measurements, although these
Even “pure” HgSe is an n-type semiconductor with a effects are less pronounced for HgSe than for example for
free-carrier concentration typically close tox40' cm™3. HgTe. The difference of the atomic masses of Hg and Se has
Such a high concentration is thought to be related to numern important influence on the lattice dynamics. The lack of
ous defects created in crystal during the growth process. Ithe energy gap in eDOS allows for a two-phonon resonant
this material the Fermi energy is always lying well within the effect!® This effect was assumed to be responsible for the
conduction band. Thus, HgSe is often called “semimetal” inobserved anomalies in the far-infrared reflecti¥itput re-
spite of the fact that for a real semimetal the bottom of acent neutron-scattering and Raman-scattering data suggest
conduction band is slightly below the top of a valence bandrather that an additive two-phonon process could explain
and therefore one expects a significant concentration of frethese anomalie The temperature dependence of the dis-
carriers—electrons or holes. tance between the top of the heavy-hole and the light-hole
HgSe has attracted a lot of attention in the last few yearsvalence bands, which plays a role of a narrow “band gap,”
Indeed important progress in molecular beam epitaxy growtltould also be connected with the behavior of a phonon
of mercury compounds make it possible to produce not onlyacoustic modé® Also some low-temperature behavior in the
thin layers®=> but also HgSe-based quantum structures likeheat capacity are strongly related to the acoustic phonon dis-
quantum well$ quantum wireand, recently, even quantum persion relationé® All effects listed above can be explained
dot€ which could result in possible applications in near fu-by the presence of low-energy, weak-dispersive transverse
ture. On the other hand, results of precise photoemissioacoustic modes observed in this compound.
studies performed for pure HgSe crystafSsseemed to be in Another interesting properties of HgSe result from its
contradiction with the well established zero-gap character ohigh ionicity F=0.682! As it is known F,=0.785 is the
this compound. Of course such a suggestion stimulates agritical ionicity that separates the fourfold and sixfold coor-
increasing interest in various properties of HgSe. dinated crystal structuré$.The ionicity values for all mer-
The semimetallic nature of HgSe has been checked onceury chalcogenides are closeRg. Strictly speaking, HgSe
more and analyzed by means of conductivity, optical andvith the ionicity below this value crystallizes still in the
magnetooptical measuremetitas well as byab initio qua-  zinc-blende structure, while the stable structure of slightly
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more ionic mercury sulphide HgS has the cinnabar hexago- 150 - T - T y T - T
nal structure. In particular, relatively large effective charges
in HgSe result in the significant LO/TO splitting at the
point of the Brillouin zone. i

The aim of this work is to report new coherent inelastic &
neutron-scattering measurements, which provide the com%lo0
plete experimental phonon dispersion curves of HgSe and t<8
derive these phonon dispersion relations and the one-phono,
density of states(DOS from the ab initio calculations. 8
Moreover, by changing in thab initio study the free-carrier &
concentration in the conduction band we found a correlationa o
between this concentration and the magnitude of LO/TO%
splitting.

The frequencies of the Raman and infrared reflectivity
modes at thd™ point of the Brillouin zone as well as some 0
experimental data resulting from the inelastic neutron scat-
tering for acoustic and optical modes h%v%already been de FREQUENCY (THz)
scribed with phenomenological mo.d.éﬁz' quever, to FIG. 1. Neutron countgsquares of the coherent inelastic neu-
our best knowledge, there are ab initio calculations of the ' oo 50 Hase sinal tal at th -vector transf

. . . . . g rom Hgoe single crystal a € wave-vector transrer
lattice dynamics for semimetallic crystals with such a pecu- — (2/a)(5,0,0), corresponding to thé point. The solid line is

liar band Strqcture. So, one may also consider the compary profile resulting from a fit of calculated intensity accounting for

son of experimental and calculated data as a test of the agse experimental resolution function and including two undamped

plicability of the used methods to this type of compounds. phonon modeé.A and LO, respectivelyand a backgrounttiashed
line). The measurements were performedat(11.85-0.1) K.

II. EXPERIMENTAL METHODS AND RESULTS
at zero energy transfer, with % 2.662 A1, Here, k is the
value of the final neutron wave vector, which was kept fixed

Physics of the Polish Academy of Sciences in Warsaw. FO}hroughoqt the measurements. This value allowed us to use a
the chemical synthesis pure elemetig 4N and Se 5N g_raph|te filter, and h(_encg to protect the scattered beam from
were used. The crystallization took place in one inch diamMigher-order contaminations.
eter quartz crucibles. Crystal quality was checked by x-ray The inelastic neutron-scattering measurements were car-
diffraction and energy dispersive x-ray fluorescence methtied out along the high-symmetry directiof@01], [110], and
ods, and no precipitates and chemical impurities were de-111], mainly with the constan® scans. In order to reduce
tected. the phonon damping most of the measurements were per-
Inelastic neutron-scattering measurements on mercurformed at low temperatures. The HgSe samples were
compounds are hampered by the high neutron absorption afiounted on the cold finger of a closed cycle refrigerator. For
mercury since the absorption cross section is 372 barns. Newall these measurements the sample was kept in a container
ertheless, the high value of the mercury neutron-scatteringwith helium exchange gas. Sample temperature was stabi-
length (1.266<10 2 cm) allows to get reasonable experi- lized with an accuracy better than 0.2 K. The measurements
mental conditions when using thin sample plates, asvere performed between 11 K to 14 K. Some room tempera-
demonstrated in earlier measurements for H§1e*®and  ture data were also collected for comparison. The highest
HgSe?*?° Two kinds of plates, cut perpendicularly f001]  observed temperature shift of the phonon frequencies does
and [110] directions, were obtained for the HgSe crystals,not exceed 0.15 THz.
and used as grown without thermal annealing. The samples Typical experimental data taken at the wave-vedipr
of 1 mm thickness had a surface of about 2.5 chfree- =(2m/ay)(5,0,0), which correspond to thé point of the
electron concentration equal to (22.2)x10"® cm 2 has  Brillouin zone, are shown in Fig. 1. All the data have been
been estimated from the low-temperature plasma-edge poditted to a calculated profile resulting from the experimental
tion, measured for one of these plat@s. resolution function with a neutron-scattering cross section
The coherent inelastic neutron-scattering measurementsr undamped phonons plus a background. This modeling
have been performed at the LaboratoireoheBrillouin in  accounts for experimental effects related to the dispersion of
Saclay on the 1 T triple-axis spectrometer, installed on d@he modes. The accuracy of the deduced mode position is
thermal beam of the Orphee reactor. Both monochromatothus determined by the Gaussian counting statistics. The
and analyzer were pyrolytic graphite (@02 reflection. Ver-  typical uncertainties are estimated to about 0.03 THz for the
tical focusing of the monochromator and combined horizondess intense optical modes and to about 0.01 THz for the
tal and vertical focusing of the analyzer were used to in-acoustic modes. A systematic shift due to the accuracy of the
crease scattered intensities. No Soller slit collimators werspectrometer alignment would be less than 0.02 THz. In the
used, but the natural collimations of about most unfavorable case the final accuracy was better than 0.1
30'—-40 -50 -50 yielded an energy resolution of 0.25 THz THz.

High quality HgSe single crystals were grown from the
melt by the vertical Bridgman method in the Institute of
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Il AB INITIO STUDY: SETUP AND RESULTS ternal stress. The minimization process has been carried on
until external stress decreased below 1 MPa.

The optimized lattice parametaywhich follows from the

We have started owb initio study from the calculation of 5y oo supercell amounts 6.079 A, which is comparable
the band structure and eDOS. The used uzltrasoft gsegdopg{mh 6.091 A obtained from the all-electron total-energy cal-
tentials for Hg and Se atoms represedt ®s” and 4°4p®  ¢)jations using the self-consistent general-potential linear-

elect_rgn ctpnflgt;#éiatllonst, res;l))ectlvely. ';%r] Hg we t:)okl M0}, 64 augmented-plane-waves metid@ur lattice parameter
e et St o o oo Ao s peap 1850 1 a very good agrecment wih the expermetal one
9 ' P 6.085 A taken at 200 Ksee, e.g., review paper Ref.)4Hn

carried out with the primitive unit cell containing two atoms. e case of the zinc-blende structure two independent dis-
Using the self-consistent charge-density distribution obtaineéh P !
placementgone for Hg and one for Se atorare necessary

for the optimized structure with 88X 8 wave-vector grid, btai | FHE f Wi d disol
the electronic energy levels along the high-symmetry direc0 obtain a complete set o orces. We used displacements

tions in the Brillouin zone have been calculated. We have?! 0-5% of the supercell lattice vector. To minimize system-
obtained an inverted gap of abostl eV, which overesti- atic errors and eliminate odd order anharmonic effects, sets

mates the experiment value which-<0.27 eV 32 Our value of positive and negative displacements have been calculated.
is, however, in good agreement with previoab iniio ~ The cumulant force constarifshave been found from HF
calculations?'® De Boeij, Kootstra, and Snijdéfsshow  forces by the singular value decomposition metffstl.All
that spin-orbit coupling raiseEg bands by about 0.1 eV, nhonzero force constant elements obtained f&ir2< 2 super-
increasing the inverted |oca|_density approximat(duﬁ)A) cell have been listed in Table I. RIgId-IOﬂ model parameters
gap to—1.1 eV. Within the GW approximation Rohlfing and taken from Ref. 25 have been added in parenthesis. Our force
Louie*? found that quasiparticle corrections mainly affect theconstants are very similar to those of rigid-ion model. Spe-
slike states ['¢ among othersmoving them upwards by cially the first neighbor force constants are close to each
about 0.8 eV and reducing the gap. We have also obtaine@ther. The largest discrepancy occurs on the next-nearest
the correct shapes of the Hgl%nd Se 4 bands at 6 eV and neighbors of Hg atom at off-diagonal component The
at about—13 eV, respectively. Using the same procedurevalues of the derived force constant elements generally di-
described above with fairly dense grid of @6x 16 k  minish with the distance between related atoms. In the case
points, we have calculated eDOS. It agrees very well withof 2X2X2 supercell the largest force constants drop down
the ultraviolet photoemission spectroscopy dta. by two orders of magnitude at the distance from the central
The above results indicate that the electronic structure oftom of the supercell to the atom at the supercell surface.
the HgSe crystal is well reproduced. Hence, one can expedthe force constants are introduced in the dynamical matrix,
that within the same approach the Born effective charges andhich is diagonalized in order to obtain phonon frequencies.
LO/TO splitting calculations will lead to reasonable results. Independently of the range of interaction the 2Xx2 super-
cell provides exact phonon frequencieslat X, L, and W
high-symmetry points of the Brillouin zone. These wave vec-
B. Phonons tors are commensurate with the<2x 2 supercell sizé*#®

The calculations of the phonon dispersion relations were In' Fig. 2. We compare our calqulated phonon dlsper5|on
performed with the direct methdd=%" The direct method relations with the present inelastic neutron-scattering mea-
uses the Hellmann-FeynmaHF) forces calculated for opti- surements al_o_ng the high-symmetry Ime_s as Weﬂa as the in-
mized supercell with one atom displaced from equilibriumfrar‘:"f]I reflectivity and the Raman-scattering a%a'. at the
position, derives the force constants using the symmetry el Point. Calculated from 22x 2 supercell acoustic phonon
ements of the space group of the crystal, and calculates phg£duencies alon§-K-X line overestimate experimental data
non frequencies by diagonalizing the dynamical matrix. y about 30%. We believe that it orlglnates from still too

In this work the crystal structure optimization and calcu-SMall supercell size. Therefore we built ux3x1 super-
lation of HF forces have been performed within the density-C€!l Which gives two additional “exact” frequencies on line
functional theory using the pseudopotential meffiadith I'-K-X at the wave-vectors commensurate with supercell
the LDA2® as implemented irvasp software®*L A plane-  size, k=(2m/ag)(z,5.0) and k=(2m/ap)(5,3,0). The cal-
wave basis set with 200 eV energy cutoff has been appliectulated “exact” phonon frequencies obtained fromx3
All calculations have been done forx2x2 and 1x1 X 1 supercell are marked on Fig. 2 with open squares. Next,
X 10 supercells with 64 and 80 atoms, respectively. The 2ve slightly modified the force constants matrices of 2
X 2x2 supercell has been used to find phonon dispersioix 2 supercell to fit those four “exact” points. Now, a good
curves in all directions and the one-phonon DOS, while theoverall agreement with experimental data is well seen.
elongated supercell allowed us to extract the LO/TO The total and partial one-phonon density of states for
splitting*? The integration over the Brillouin zone has beenHgSe are shown in Fig. 3. The high-frequency part originates
performed with the weighted summation over 4 irreduciblemainly from the lower-mass atoms Se {¢M 79 amu). This
wave vectors generated by the Monkhorst-Pack scHéme,band is separated by a wide gap in one-phonon density of
which corresponds to 222 k point mesh. Because all states from the low-frequency part which results primarily
atoms in zinc-blende structure are in high-symmetry sites th&om the vibrations of the higher-mass atoms Hgl{,
only measure of accuracy of the energy minimum is the ex=201 amu). Such behavior differs a lot from the properties

A. Band structure
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TABLE |. Force constant matrices calculated frorx 2 2 supercell. First atom positions are k00,
0.00, 0.00 and Se&(0.25, 0.25, 0.2b Numbers in parenthesis are force constants parameters of the rigid-ion
model (Ref. 25.

Interacting Second Distance Independent force constants
atoms atom position in A in amu THz
Hg—Hg (0.00, 0.00, 0.0 0.00 XX 46010 (30005
Se—Se (0.25, 0.25, 0.2pb 0.00 XX 70507 (68620
Hg—Se (0.25, 0.25, 0.2b 2.63 XX —11187 (—11024)
Xy —11855 (—9335)
Hg—Hg (0.00, 0.50, 0.5D 4.30 XX 3100 (7950
yy —1958 (—=1050)
Xy —1858 (—40000)
yz —2178 (—2400)
Se—Se (0.25, 0.75, 0.7p 4.30 XX —1063 (—4700)
yy —2843 (—=2740)
Xy —-421 (—3100)
yz —-3041 (—2830)
Se—Hg (0.00, 0.00, 1.0p 5.04 XX —315
zz 779
Xy 72
Xz —395
yX 5
Hg—Hg (0.00, 0.00, 1.00 6.08 XX 45
7z —484
Se—Se (0.25, 0.25, 1.2p 6.08 XX 111
zz —183
Hg—Se (0.25, 0.75, 0.7p 6.62 XX -299
yy 799
Xy —673
Xz —557
yX —96
Hg—Hg (0.50, 0.50, 1.0D 7.45 XX -94
7z —322
Xy 88
Xz —147
Se—Se (0.75, 0.75, 1.2p 7.45 XX -51
zz —222
Xy —34
Xz —-27
Se—Hg (1.00, 1.00, 1.0 7.90 XX 278
Xy —54
Hg—Hg (0.00, 1.00, 1.0D 8.60 XX 446
—188
Se—Se (0.25, 1.25, 1.2b 8.60 XX 55
—398
Hg—Hg (1.00, 1.00, 1.0 10.53 XX —40
Se—Se (1.25, 1.25, 1.2b 10.53 XX -23

of typical semiconductor like, e.g., GaAs, but it simply re- polar crystals such as HgSe, the optical modes induce a di-
sults from the difference of the atomic masses of both conpole moment. The dipole moment of the TO mode is perpen-
stituents. dicular to the wave-vectdt. The LO mode induces a dipole
» moment parallel to the wave-vectky and this mode gener-
C. LO/TO splitting ates a macroscopic electric field. Being perpendiculak,to
At the I' point of the Brillouin zone the optical modes the dipole moment of TO mode is not influenced by the
correspond to relative motion of the Hg and Se sublattices. Imacroscopic electric field, in contrary to the LO mode which
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r X K r L =(2m/ay)(0,0n/10), except for LO mode & = 0. Heren

[00E] L [EEO] [EEE] is an integer number. The phonon frequencies between these
or ] special k points have no physical meaning. The extrapola-
tion of the LO phonon branch to = 0 gives the frequency
equal to 4.9 THz, which should be compared with the value
5.02 THz, obtained from inelastic neutron scattering.

The LO phonon frequency allows to calculate the ratio of
the Born effective charge tens@t* to the square root of the
electronic part of the dielectric constast, i.e., Z*/\e...

For that one adds to the dynamical matrix the nonanalytical
term proposed by Pick, Cohen, and MarfriThis term de-
pends onZ*/\/e., tensor and describes the LO modekat
= 0. The octahedral site point group of Hg and Se atoms
guarantees that the effective charge tensor is diagonal and the

diagonal elements are equal. The values derived from LO
&5 1.0 CE— phonon frequency of 4.9 THz readsgVe..= —Z&J/ e.

WAVE VECTOR & =0.79.
On the other hand from the theory of the crystal polariza-

FIG. 2. Comparison of the calculated phonon dispersion relation proposed by Restaone can calculate the Born effective
tions of the zinc-blende HgSe with experimental ddfdled  chargesZ* using the Berry phase methdt®In zinc-blende
squares Diamonds are frequencies obtained from Raman-structure there are only two independent displacements

scattering and infrared reflectivity measureme(iRefs. 21,18,49 needed, one for each atom. We chose the displacement am-
Lines and open circles indicates results obtained fron2X2 and  plitude of 0.05 A. We obtained i%=—Zs=3.44, which

1x1x10 supercells, respectively. leads toe..=19. This value can be compared witH;Z
=3.92 or 3.95 reported in Refs. 56 and 21, respectively.
Present value of., is also in a reasonable agreement with
the results of the analysis of the dynamic dielectric function
fgr HgSe, presented in Refs. 15 and 17.
I ; ) :

In Fig. 2 we show the phonon dispersion curves calcu-

. ated from 2<2Xx2 supercell with the nonanalytical term
point corresponds to the TO modes only. In Refs. 50 and 5|included. The longitudinal optical phonon branch is interpo-

we have considered cubic MgO and BN crystals and we hav%ted between LO mode &t = 0 found from the 1 1x 10

shown that the elongated supercell may be used to find theIongated supercell and the zone boundary modes which are
LO/TO splitting by extrapolation of the longitudinal optical calculated exactly from the 22x 2 supercell. We show

honon branch t&k = 0 wave vector. Following this ap- . . .
groach we use for HgSe thexI1 x 10 elongatedgsuperceFI)I. points obtained from elongated supercell along R di-

In this case for the summation over the Brillouin zone of thereCt'on' Lett us rfemlrigd tga5t these phlonlor: geqqtehnmtes?r?t K
electronic states, we use the tetrahedron method with 39 tefyave Veclors, for En<o, aré calculated withou €
rahedra based on Bpoints generated from %5x 1 mesh nonanalytical term. The shght@fferences betvyeen transverse
by the Monkhorst-Pack scheme. The phonon dispersioﬁTA and TO phonon frequencies calculated with two super-

curves were recalculated using HF forces generated by theCeIIS are mainly due to numerical_e_rrors and slightly different
and z displacements, one at the time for Hg and Se atoms(.:Ondltlons used to evaluate tiab initio HF forces.
From such an elongated supercell one obtains reliable pho-

non frequencies along thie-X line at the wave-vectors,k

[
"8

5

FREQUENCY (THz)
[\=]

frequency is changed by the coupling to this field. The
LO/TO splitting of phonon frequencies arises in thgoint

of Brillouin zone. The Ewald summation used in e initio
calculations precludes a generation of a macroscopic electr
field and hence the calculated phonon frequency atlthe

IV. DISCUSSION AND CONCLUSIONS

' ' ' We can state that thab initio phonon dispersion calcula-

tions based on the direct method agree very well with the
inelastic neutron-scattering measurements for HgSe. The cal-
culations well reproduce the flat behavior of the transverse
acoustic modes. Moreover, the LO/TO splitting, being al-
ways a difficult part of the direct method calculations, is
correctly derived from the elongated supercell.

In spite of its semimetallic character and inverted band
structure with a zero energy gap HgSe is a polar crystal in
which the LO/TO splitting is observed experimentally. It

FIG. 3. Calculated one-phonon density of statg09 for ~ means that its electronic part of the dielectric constant has a
HgSe. Black, hashed, and dotted area indicate total, partial for Hfjnite value. On the other hand our sample is not an insulator,
and partial for Se DOS, respectively. The distributions are normalbut contains about 2:210'® free carriers per cf If one
ized to 1,3, and3, respectively. would be able to convert this crystal into a metal, by increas-

._.
n
T

o
n

RIS LTI I IFd w2,

PHONON DOS (THz ™)

<

=)
o
IS

FREQUENCY (THz)
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electron concentration ranging from X80*cm 2 (at T
=42K) or 4x10Ycm® (at T=295K)*® to 3

X 10'° cm~3.1* Hence, even the highest free-electron con-
centration does not allow to expect a significant changes of
the LO/TO splitting. Nevertheless, according to the theoret-
ical estimation presented in Fig. 4, the LO phonon frequency
at the Brillouin zone center decreases by about 0.3 THz,
when increasing the free-carrier concentration form 1.7
4T»“ - X 10™ to 1x10?° cm 3. If so, one should expect a differ-

. ! . ! . ! . | . ence of the order of 0.1 THz when comparing the results of
0 0.2 04 0.6 0.8 1

WAVE VECTOR

A%
w

FREQUENCY (THz)

present model and possible experimental data for HgSe
sample with the highest available concentration. We believe
FIG. 4. Calculated optical phonons dispersion relations alongt could be detected by optical measurements.
I'-X direction. Open circles and triangles correspond to the state It should be pointed out that a large LO/TO splitting is not
with 1.7x 10! cm™2 and 1x 10?° cm™ 2 free-carrier concentrations, characteristic of highly ionic semiconductors, although it is
respectively. Lines are guides to the eyes. Dashed lines correspohehown for crystals like CuCl! However, the influence of the
to the metallic system for which no splitting is expected. free-carrier concentration on the optical phonon branches can
be observed for narrow-gap semiconductors only. High dop-
) eV ) »ing should be used to shift the position of the Fermi level not
then one should obtain an infinite electronic part of the dl—omy in order to create the degenerated material but also to
electric constant, and the LO/TO splitting will disappear. Achange significantly its “energy gap” for the interband opti-
small change in the occupancy of the electronic states in the,| transitions. The compound should have a high value of
conduction band in the vicinity of the point would increase e gielectric constant to ensure that not only the intraband
the Fermi energy, which would enter the region of finite hart of the dielectric function but also the interband contri-

density of states. Then the electronic part of the dielectrig,tion 1o this function is significantly modified by the high
constant would tend to infinity, and the LO/TO splitting will doping.

drop down to zero. Thus, by changing the free-carrier con- Presently we know two groups of materials which are

centration in the conduction band, one should be able tQpe 1o satisfy the above mentioned conditions and for which
modify (decrease or even removie LO/TO splitting. one can expect such characteristics. The first group consists
The band structure of HgSe consists of a paif'gbands 4 |\.v/| narrow-gap semiconductoréiead chalcogenides
at the Fermi level. The elongated supercell calculations reTpgir dielectric constants have extremely high values. Be-
ferred in Sec. Il C were carried out under the assumption.g se of a large number of defects they also have a high
that in the ground state this pair of the doubly degendrgte free-carrier concentration. The lattice  dynamics
bands is occupied by 2 electrons, one on daglband. Tak-  getermined®s° for PbS and PbTe deviate indeed from the
ing into account finite summations over discr&t@oints in  orma jonic behavior because of the screening effects due to
the Brillouin zone one can estimate the concentration of thg.ee_carriers present in these crystals. The second group of
free carriers in such a calculation to be of about<1¥*®  compounds is that of mercury chalcogenides. In this case the
per cri. ) _ LO-phonon screening has been observed by neutron scatter-
In other calculation we have excited one electron to thqng| for p-type HgTe?*?°However, up to now the quantitative
empty I'g band with higher energy and with wave vector gescription of the screening effect has been limited to the
slightly away fromk = 0, and repeated the phonon calcula- gnalysis of the appropriate contributions to the dynamic di-
tions. It means that one electron has been excited at addiectric function in the ca&® of PbS and HgTé*2° Our
tional four, symmetry related, wave vector sout of the set ofz|culations show that this effect can be directly obtained for
25 k points of the Brillouin zone. As a consequence of thiSy semiconductor bgb initio calculations.
excitation the concentration of the free-carriers increased up | summary we can conclude that the initio calcula-

to 1x10° cm?, but the LO/TO splitting decreased, as seentions presented in this paper are able to describe the lattice
n F|g 4, It prOVeS that a.l:] increase of the ?lectron Car”eﬁynamics Of a Zero_gap Semiconductor ||ke HgSe The re-
density at the Fermi-level introduces a significant change o§yts of these calculations reproduce well principal peculiari-

the frequency of the longitudinal optical phonon. On theties of HgSe phonon dispersion relations in spite of a semi-
same Fig. 4 using dashed line the layout of unsplitted modegetallic character of this compound.

has been depicted. The unsplitted mode corresponds to a

metallic state with infinite value of dielectric constast .

St|I.I an open que§t|on remains whether a decrease of LQ/TO ACKNOWLEDGMENTS

splitting with an increase of concentration of free carriers

may be observed experimentally. The free-carrier concentra- The authors would like to express their gratitude to B.
tion for a typical metal is of order of 26cm™3 which isa  Witowska for growing the HgSe monocrystals, to E.
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