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Ab initio band structure calculations of the orthorhombic HgsTeCly crystal of the symmetry
D3? were performed and the topology of its valence band was analyzed in the framework of the
elementary energy bands concept. The effective masses of charge carriers were estimated. It was
demonstrated that the anisotropy of the effective mass tensor components does not coincide with
the mechanical one of the HgzTeCly crystal. A possible reason of this fact was proposed.
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I. INTRODUCTION

Recently, phase diagrams of the HgS—HgTe—HgCls
have been investigated by means of X-ray and differ-
ential thermal analysis [1]. It has been proved that a
new rhombic HgsTeCly crystal exists with the symmetry
Pbca (D3}) and the lattice constants a = 11.552(4)A,
b=12.140(4)A, ¢ = 12.683(2)A, containing 64 atoms in
its unit cell. These atoms are arranged into two double
layers perpendicular to the y axis.

Since there is no information about this compound
in the literature, there arises a question, if its physical
properties can be predicted based from its chemical com-
position, crystalline structure and symmetry. Moreover,
whether this crystal is created from the structure ele-
ments of the Hg'Te and HgCls crystals and if so, whether
this crystal inherits their physical properties.

The space symmetry group DJ? is at the same time
the symmetry group of a known covalent CdSb semi-
conductor [2]. We have shown in the framework of the
elementary energy bands concept [3-7] and the empty-
lattice approximation that a chemical bonding present
in this crystal should be covalent [2] since none of the
atoms of this compound coincide with the so-called spe-
cial Wyckoff position in the unit cell (A Wyckoff position
W consists of all points X for which the site-symmetry
groups S(X) are conjugate subgroups of the space sym-
metry group G describing a crystal. A point X is called
special position with respect to G if there is at least one
other symmetry operation of GG, in addition to the iden-
tity operation that leaves X fixed). From the elemen-
tary energy bands (EEBs) concept it follows that the
band structure of every semiconductor is composed of
some smallest structure elements that create a topologi-
cally closed entirety throughout the Brillouin zone (BZ).
The irreducible representations describing energy states
of the elementary energy band in high-symmetry points
in the BZ can be obtained by induction from the irre-

ducible representations of the site-symmetry groups of a
Wyckoff position. Among all Wyckoff positions that are
assigned to every space symmetry groups, there are the
so-called actual Wyckoff positions which are responsible
for the symmetry of the valence band of a crystal [8,9].
The actual Wyckoff position can be found based upon
the empty-lattice approximation, since the symmetry of
energy states obtained in this approximation coincides
with the symmetry of irreducible representations of the
elementary energy band induced from the site-symmetry
group of a strictly specified Wyckoff position. We have
additionally shown that the actual Wyckoff position has
a physical meaning, i.e. the maximum of the spatial va-
lence electron density distribution can be found in this
position [10].

Also none of the atoms of the HgszTeCl, crystal co-
incide with the special Wyckoff positions «(0,0,0) and
b(0,0,1/2) [11] in the unit cell, hence one may suppose
that the bonding should be covalent in this crystal as
well. This statement seems to be strange for a compound
with an element having valency equal to 7. This issue will
be solved in this paper by means of the EEBs concept.

II. EEBS OF Hg3;TeCly AND HgCl, CRYSTALS IN
THE EMPTY-LATTICE APPROXIMATION

There are 320 valence electrons in the unit cell of
the HgszTeCly crystal (d-electrons are not taken into ac-
count). Therefore its valence band is composed of 160
bands. The closed valence band of Hg3zTeCl, obtained in
the empty-lattice approximation is composed of two sets
of states in the I' point:

20('y,T's,T5, ) 4 20(T'5, Ty, T, T's) . (1)

These two sets of states represent at the same time two
kinds of the 4-branch EEBs which are characteristic for
the DJ? space group and therefore they are identical with
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those of CdSb crystal [2]. They correspond to the spe-
cial Wyckoff positions a(0, 0, 0) and b(0, 0, 1/2) [11]. Since
there are the same numerical coefficients in Eq.(1), one
can also interpret the above sets as one set of the symme-
try: I'y1, 9,13, '4,'5, ', I'7, I's that represents another
8-branch EEB, characteristic for the D%Z space group,
corresponding, however, to the general Wyckoff position
¢(z,y, z). The coordinates of this position are free, hence
they can point to atomic positions in a unit cell or to
places between atoms. Therefore we can conclude that
the valence electron density of the HgzTeCly crystal can
be focused both on the atoms (this points to the ionic
bonding) and on places between atoms (points to the co-
valent bonding). Then the space symmetry group D3}
describing the symmetry of Hg3TeCl,; does not impose a
covalent bonding for this compound as it takes place in
the case of CdSb crystal [2].

A formula unit of the HgsTeCly crystal can be pre-
sented as a sum of the formula units of HgTe and 2HgCl,
which, in turn, are the formula units of HgTe (777, F43m
and HgCly (Pnma, D3%) crystals. Therefore we present
also the results of the empty-lattice approximation for
the HgCly crystal (lattice constants a = 12.776(4) A,
b = 5.986(3) A, ¢ = 4.333(2) A [12]). The symmetry of
the closed valence band of the HgCl, crystal assigned in
this approximation for the I' point is as follows:

6(F1;F4;F5;F8) +2(F27F37F67F7)' (2)

Hence, the valence band of HgCly crystal is composed
of 4-branch EEBs with the symmetry presented in
Eq.(2). These EEBs correspond to the Wyckoff position
c(z,1/4,z) of D3$ space group that represents a plane
coinciding with the atomic layer in the HgCls unit cell.

III. BAND STRUCTURE OF Hg3TeCly

The ab initio band structure of HgsTeCly has been
calculated in the framework of the DFT by means of
the full-potential nonorthogonal local-orbital minimum
basis FPLO-3 program [13]. The following configuration
has been chosen as as minimum basis set, Hg: 6s 6p 5d
(with 4f 5s 5p as semicore states), Te: 5s 5p 4d (4s 4p
semicore states), Cl: (3s 3p 3d). The exchange-correlation
potential of Perdew and Wang [14] has been used and in-
tegration in the k-space has been conducted by means
of 3 x 2 x 2 k-mesh providing 8 irreducible k-points. A
part of the band structure near the energy gap and the
total density of states is presented in Fig. 1. The mini-
mal forbidden energy gap is situated in the I' point and
equals 2.49 eV. The expected experimental one should
be larger ~ 3 eV. We have fitted parabolic dependencies
to the E(k) functions corresponding both to the con-
duction band minimum and the valence band maximum.
Hence the following values of the effective masses were
obtained: mj = 0.55mg, m;, = 0.44mo, m; = 0.38mg
for the conduction band electrons and m} = 7.86my,
my, = 2.01mg, m; = 0.92mq for the valence band holes.
It can be seen that the electron effective masses do not
exhibit anisotropy, while the anisotropy of the hole effec-
tive masses is strong but does not correspond to that of
the HgsTeCly crystal structure. The crystalline structure
of Hg3TeCly exhibits layers in the direction perpendicu-
lar to the y axis. An analogous situation was observed in
a layered v-InSe crystal [15]. It has been interpreted in
such a way that the overlap integral between some wave
functions of atoms in the crystalline layer is smaller than
that one between the functions of atoms in the neighbor-
ing layers. These wave functions are responsible for the
creation of the valence band top.
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Fig. 1. Band structure and total density of states of the HgzTeCly crystal.
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Fig. 2. 8-branch elementary energy band of the HgzTeCly crystal selected at the bottom of its valence band.

Therefore, regardless of the layered structure of
the HgsTeCly crystal, we do not observe an essential
anisotropy in its band structure and this testifies to the
presence of a prevailing ionic bonding in this crystal (see
Fig. 3).

Fig. 3. Section of the spatial valence electron density dis-
tribution with the plane y = 0.5 corresponding to the middle
of the double translationally non-equivalent layer in the unit
cell.

The whole valence band of Hg3zTeCl, is composed of
8-branch EEBs which cross and overlap in the whole en-
ergy range (—14, 0)eV. Only at the bottom of the va-
lence band (—14, —11) €V one can observe not overlap-
ping EEBs having 8 branches. Based upon this topol-
ogy we conclude that the actual Wyckoff position for
HgsTeCly is ¢(x,y,z) which was predicted proceeding
from the empty-lattice approximation. From the calcula-
tion of a partial density of states functions it follows that

the most essential contribution to the formation of the
valence band top has 3p Cl electrons with a smaller share
of 3p Te electrons. The contribution of 6s and 6p Hg elec-
trons in this energy range is very small. 6s Hg electrons
contribute to the energy range (—4, —3)eV. An essen-
tial share of 5d Hg electrons can be seen in (=7, —5) €V.
The contribution of 5p Te and 3p CI electrons is 3 times
smaller in this energy range. Deep valence band states
are created by 3s Cl electrons. The obtained results con-
firm the statement following from the paper [1] about the
presence of the prevailing ionic bonding in the Hg3zTeCly
crystal with a share of covalent bonding between Te—Te
and Hg—Te atoms due to sp hybridization. The bottom
of the conduction band of HgsTeCly is formed by 6s Hg
and 5p Te electrons which indicates also the presence of
sp hybridization.

An issue of a layered composition of this crystal can
be solved by analyzing stages of the splittings in its en-
ergy spectrum, assuming in advance an anisotropy of the
inter- and intralayer bonding. If the interaction between
atoms inside the double layer in a unit cell is stronger
than that one between layers, then the sequence of en-
ergy states in the elementary energy band of the crystal
is obtained which points to the Davydov splitting. Such
Davydov splitting can be observed in the EEB in a cho-
sen energy range, presented in Fig. 2.

We demonstrate now that the topology of the en-
ergy spectrum of this crystal is related to the ener-
gy spectrum of HgCl,. This indicates that the process:
HgsTeCly = HgTe+ 2HgCl, can be understood as a par-
ticipation of separate crystalline structure elements of
HgTe and HgCls in the formation of the HgsTeCly crys-
tal. At the same time, this process makes some physical
properties of these two crystals (e. g. layered composition
of HgCly) are transferred to HgzTeCly. We assume that
a framework in the creation of HgszTeCly is the HgCly
crystal with the symmetry D¢ (Pnma). Its lattice con-
stants have been enlarged as follows: ¢/ = 3¢, b/ = 2b,
a’ = a. To obtain 320 valence electrons in the unit cell
of such supercrystal one should utilize electrons of 4 and
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8 formula units of HgCl, and HgTe, respectively. The
EEBs of the supercrystal HgzTeCly with the symmetry
D¢ result from the following symmetry of the valence
band of this crystal in the I" point

25(I'1,T4,T5,Tg) + 15(T', '3, g, I'7) . 3)

It can be seen that Eq. (1) can be also presented as two
sets having the symmetry identical to that of Eq. (3) with
the numerical coefficients 20 at both sets. We obtain at
the same time that the origin of the energy spectrum of
Hg3TeCl, follows from the energy spectrum of a HgCls
crystal which undergoes an essential rearrangement of
states described by Eq. (3) due to the presence of the
HgTe formula units. As was mentioned above, in the for-
mation of the bottom of the conduction band s and p

electrons of Hg and Te take part, respectively. This is
why an essential dispersion of the F(k) dependence can
be observed for the first conduction band leading, regard-
less of a big I, value, to relatively small values of the
electron effective masses.

IV. CONCLUSIONS

The obtained values of the effective mass tensor com-
ponents for electrons as well as a large value of the di-
rect energy gap of the HgzTeCly crystal suggest that this
crystal could be used in optoelectronics, on condition
that experimental investigations show its stability under
the influence of light.
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OYHIAAMEHTAJIBHI XAPAKTEPUCTUKNY HOBOCMHTE3OBAHOI'O KPUCTAJIY
Hg3;TeCly, OAEPKAHI IILJIAXOM BUKOPUCTAHHS KOHIEIIIIT MIHIMAJIbBHUX
KOMILJIEKCIB 30H TA 3 MEPIIIOIIPUHIIUITHNX PO3PAXYHKIB 30HHOI
CTPYKTYPU

JI. M. Bepua®?2, M. Iuaiizep’, JI. 1O. Xapxadic?
 Tnemumym gisuxu, Ynisepcumem Mewysa, Petimana, 16a, 35-310, XKewys, oavwa;
2 Inemumym @izuru i ximii meepdozo misa, Yoiczopodcvruti nayionasvnut ynisepcumem, eya. Bosowuna 54,
88000, Yoiceopod, Yxpaina

YV mexkax KoHIenil MiHIMaJIbHAX KOMILJIEKCIB 30H Ta Teopil (DyHKI[JOHAJIA I'YCTUHU 3 BUKOPUCTAHHSAM ab initio

PO3PaxyHKIB JIOCIIZKEHO CUMETPII0 Ta TOIOJIOTII0 €eHepreTUYHOro crekTpa HoBoro kpucrajia HgsTeCly 3 mpoc-

TOPOBOIO T'PYIOIO D%i Busisneno, mo BajleHTHa 30HA IBOTO KPUCTAIA CKIAMAETHCS 3 MiIHIMAJIBHUX KOMILIEKCIB

i3 8 rijok, gKi MOB’sI3YIOTHCSA 3 TaK 3BAHOIO 3arajbHOIO Mo3uilieio Bukodda, mo miaTBep1Kye HAABHICTH y HBO-

My MOHHO-KOBAJIEHTHOTO 3B’si3Ky. IloKa3aHO, IO TOIOJIOrisl €EHEPrEeTUYHOrO CIEKTPa OPTOPOMOIYHOrO KpHUCTAJIa

HgsTeCly noxonurs Bij 30HHOI crpyKTypu mapysaroro giesekrpuka HgCla, nedopmoBaHOl HasIBHICTIO CTPYKTYD-

unx enementis HgTe. Ileii pesynbrar niarsepkye Toit daxr, mo B yreopenni kpucraina HgzTeCly 6epyTs yuacTnb

crpykrypHi enementn kpucraaiB HgCle 1 HgTe i, Binnmosiguo, HgsTeCly noBunen nposiBisiTa GizudHi BIacTUBOC-

Ti, SKi OXOAATH Bij yKaszaHux marepiasniB. OniHEHO KOMIIOHEHTH TeH30pa e(EeKTHBHHUX MacC JJjis HOCIIB 3apsiry.

BusBieno, mo edexkTuBHI Macu Jijis €JIEKTPOHIB HE MPOSABJIAIOTH aHI30TPOINI, TOAI K aHi30TPOINsa e(OEeKTUBHUX

Mac i JiPOK € CUJIbHOIO, OJJHAK TX aHI30TpPOIIisl He KOPEJIIoE 3 anizorporieio kpucraaianol crpykrypu HgsTeCly.

3anpoItOHOBAHO IIOSICHEHHSI TAKOl ITOBEIIHKHY, sIKe IIOJISIMa€ B MEHIIOMY II€PEKPUTTI XBUIJILOBUX (DYHKIN aTOMIB y

KPUCTaJIIYHOMY HIapi MOPIBHSIHO 3 IIEPEKPUTTAM XBUJIBLOBUX (DYHKIIIH aTOMIB CyCi/iHIX ImapiB. ¥ HU3bKOEHEpPI'eTHd-

Hill 06s1acTi BajleHTHOT 30HU B MiHIMa/IbHOMY KOMILIEkc 3 8 ristok kpucrasia HgsTeCls ciiocrepiraemo maBujiiBebke

PO3IIeIIEH S, IPUTAMAaHHe IIIapYBATUM KPHCTAJIaM 3 TPAHC/IAIIHHO-HeeKBIBAJIEHTHUMHU CTPYKTYPHUMH OJTMHUTIIS-

mu. Ozepzkani napamerpu (3HadeHHs! €DEKTHBHUX MAC €JIeKTPOHIB Ta BeJIMYNHA IPSIMOIrO 3a00POHEHOI0 IPOMIKKY

B Touni I' Fy=2.49 eB) pobusare xpucran HgzTeCly mepcrieKTUBHUM AJIs1 CY<IaCHOI ONTOEIEKTPOHIKH.
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