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STRUCTURE OF Hg3Te,Cl, CRYSTALS

Within the score of the density functional theory, we investigate the impact of point defects
on the electronic structure of Hgs Tea Cly crystals, by using the supercell model [2x 2x 1]. The
ab initio calculations for defect-free and defective Hgs TeaCla crystals in the LDA approx-
imation are performed for the first time, by using the quantum-chemical software package
SIESTA. The studied crystal possesses an indirect band gap. According to the analysis of the
obtained data, the indirect gap is equal to 2.628 eV, while the direct gap is 2.714 eV. The
influence of vacancy defects on the conductive and optical properties of Hgs Tes Cla crystals is
discussed in detail. The tellurium and chlorine vacancy defect states indicate the presence of
additional energy levels below the bottom of the conduction band edge. We have shown that
only tellurium vacancies produce the additional energy levels in a vicinity of the valence band
mazimum. It is found that the presence of point defects in Hgs Tea Cla changes the direction
of optical transitions. Therefore, the defective crystal is a direct gap semiconductor. The sat-

isfactory agreement with the experimental data is obtained.
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1. Introduction

HgsXsYs (X = S, Se, Te; Y = F, Cl, Br, I) com-
pounds are crystallized into the corderoite structure.
The acentricity of a crystal structure of the mentioned
crystals is one of the reasons to forecast their possible
application also as a non-linear optical material. The
structure and its relation to the fundamental physical
properties of these compounds is a very interesting
subject for theoretical studies due to the expected
possibilities of their practical usage. It is worth to
mention that the main structural feature of HgzsXsYo
mercury chalcogenhalogenides is the tendency to the
formation of various polymorphic modifications due
to the great conformational capacity of the mercury-
chalcogen component [1-4]. Additionally, in this class
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of materials, the point defects of a lattice structure
are the significant contributors to their applications.
The optical properties of HgzXsYs crystals such
as the refractive index, optical activity, electrooptical
effect, visible and IR transparencies, photoconduc-
tivity, optical nonlinearity etc., make them promising
nanomaterials for nonlinear applications [1-7]. They
are of great interest for practical applications in elec-
tronic and acoustic-optical devices: modulators, el-
ements for dynamic holography, recording, informa-
tion storage, deflectors, and other devices based on
the phenomenon of the interaction of light beams.
The main key to the better understanding of a ma-
terial lies in the physics of defects. Apart from in-
fluencing the electronic properties, the point defects
mediate the self- and the dopant-diffusion. Thus, the
investigation of point defects is of a great physico-
technological interest. It should be noted that the
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Fig. 1. Crystal structure of HgzTeaCla

DFT calculation is an effective approach to the deter-
mination of crystal properties, as it involves assump-
tions about the electronic structure and atomic inter-
actions and creates new opportunities for the design
of new materials with promising properties. Physical
properties of semiconductors depend strongly on mi-
nor changes in a crystal structure caused by defects
or imperfections.

The present paper is aimed at the studies of the
band structure of HgzTe;Cly crystals, by using the
DFT approach. It focuses on two aspects: one is the
comparing of the electronic structures for defective
and defect-free Hg3TesCls, the other is the role of
vacancy defects in the band gap formation. In the
first part, the structural and electronic properties
of HgsTesCly crystals are discussed. Next, the origin
of Te and Cl vacancy defects and their influence on
the electronic structure are studied. Such studies have
not been carried out earlier for HgzTeoCly crystals.

2. Calculations

The ab initio calculations of the energy band struc-
ture are performed within the density functional the-
ory (DFT) formalism [8-9], by using the SIESTA
software package on the basis sets of linear combina-
tions of the atomic orbitals. The exchange-correlation
interaction was considered in the local density ap-
proximation (LDA) [10-11]. We have used the Hub-
bard correction to obtain a better band gap value
that is mostly underestimated by LDA. The proce-
dure of calculations uses first-principles atomic norm-
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conserving pseudopotentials [12-14] of atomic elec-
tronic configurations: Hg — [Xe| 4f!45d'9652, Te —
[Kr] 4d'°5525p*, C1—|Ne] 3523p®. The specified states
belong to the valence shells, [Kr], [Ne] — to the
core. The integration over the irreducible part of the
Brillouin zone was conducted, by using the method
of special k-points. The Brillouin zone was sampled
with special k-points of a 2 x 2 x 1 grid for structure
calculations. The total and partial densities of elec-
tron states were determined by the modified tetrahe-
dral method, for which the energy spectrum and wave
functions were calculated on a k-grid. The calcula-
tion is based on the HgzTeyCly structure, in which
the space group is T® — 12;3. The cell parameter is
a=b=c=0933Aand o = =~ = 90°. Finally, we
carried out the geometric optimization, which mini-
mized the total energy of the system simultaneously
with the forces acting on atoms. The theoretical val-
ues of crystallographic parameters are in good agree-
ment with available experimental data.

3. Crystal Structure

HgsXsYocompounds are crystallized in a structure of
the a-Hg3SoCly type. It is realized in the cases where
the chalcogen anion size is more than the halogen
anion size: S?~ (0.182 nm), Se?~ (0.193 nm), Te?~
(0.211 nm) > CI~ (0.181 nm); Te?~ (0.211 nm) >
> Br~ (0.196 nm). The main feature of this struc-
tural type is the existence of (HgzXs)3, infinite
chains from [XHgs| trigonal pyramids connected by
the mercury atoms which are common for two pyra-
mids. These chains are united in a three-dimensional
framework. In its octahedral cavities, the halogen
ions are localized [4]. One specific case for such kind
of crystals is the existence of isomorphic substitu-
tions in the chalcogen and halogen anion sublat-
tices. A special feature of all studied modifications
of HgzXsYocompounds is the stronger ordering of
the anions as compared to the cations, owing to the
strong covalent Hg = X bonds. These bonds form var-
ious configurations with almost the same fixed bond
lengths.

Hg3XoCly (X = Se, Te) gyrotropic crystals are
characterized by a structure with spiral chains. The
atoms are located on the upward or downward dou-
ble spiral in the structure (Fig. 1). A characteristic
feature of all compounds is the presence of two sets
of octahedral spirals with different radii and twist-
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ing directions. They are located side by side, oriented
in the same direction, and consistently alternated.
The spiral, which is twisted counterclockwise, has
a larger radius. The steps of both spirals are iden-
tical. There are some groups of atoms in the struc-
ture of HgsXyYs crystals, which act as an optically
active chromophore. [HgX5Cly| octahedra form spi-
ral chains with a triple spiral axis in the (111) di-
rection of the elementary cube. There are three spi-
rals of each type along the (111) direction, and they
are at some distance from one another in HgzTe;Cly
[1]. The interaction of spirals with opposite direction
is increased, and the change of a rotation sign is due
to this fact. The sign of HgzTesCly crystal rotation
is caused by the strong influence of XVI and YVU
atoms on the symmetry of the local crystal field and
the polarization medium as a result.

The structure of HgzTe;Cly crystals is character-
ized by the following set of possible nuclear positions:
Ca(4), C3(6), and C1(12) [3]. Atoms occupy the posi-
tions: 12Hg (b) [z 0 0.25] (z = 0.31), 8Te (a) [z x ]
(x = 0.28), 8Cl (a) [z = x| (x = 0.025), which defines
by the following set:

12B (2) — {z, 0, 1/4}, {1/2 — z, 0, 3/4}, {1/4, =,
0}7 {0’ 1/43 .T}, {3/4a 1/2 -, 0}; {Oa 3/47 1/2 - x};

8A (3) —{x, x, z}, {1/24+=x,1/2—x, —z}, {1/2—x,
-z, 1/24+ 2}, {—=, 1/2+ 2, 1/2 — z}.

It should be noted that the Hg?* ion owns
the considerable polarizing (deforming) action due
to the completely populated shell of 18 electrons
(4524p84d04 f145525p55d10). Tt is necessary to con-
sider also the additional effect of a polarization:
the anion, which is easily deformed, can create,
maybe, the deforming action on a strongly de-
formed cation. This leads to the anion polarization
growth. The additional effect of the polarization is
characteristic of the ions having a 18-electron shell
and increases on the subgroup from top to down:
the deformation of electron shells increases with the
radius of an ion [4]. There are two types of chemi-
cal bonds in the crystals under study: the covalent
bonds between atoms of mercury and halides, and
ionic bonds between atoms of mercury and halogens.

4. Results and Discussion

Real crystals always have certain defects or imper-
fections. Therefore, the arrangement of atoms in the
volume of a crystal is far from being perfectly regu-
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lar. The defects often introduce additional electronic
states in the band gap and are also responsible for
the mass transport. Their acceptor or donor levels
control the Fermi level position, providing the p-
type and n-type conditions necessary for electronic
devices.

The simplest point defect is a vacancy, and such
defects may arise either from the imperfect packing
during the original crystallization or from thermal vi-
brations of the atoms at higher temperatures. In the
latter case where the thermal energy due to vibra-
tions is increased, there is always an increased proba-
bility that individual atoms will jump out of their po-
sitions with the lowest energy. The presence of point
defects is important in the kinetics of diffusion and
oxidation. It is known that the dominant lattice de-
fect responsible for the ionic conductivity in HgsXoY2
crystals is the anion vacancy. The anionic defect is a
donor one, which increases the concentration of elec-
trons. The presence of crystalline defects is undesir-
able, but certain types of defects are essential in the
semiconductor manufacturing.

The calculated electronic structures of defect-free
and defective HgzTeyCly crystals are presented in
Figs. 2-4. The band structure of HgsTe,Clycrystals is
calculated along the direction that contains the high-
est number of high-symmetry points of the Brillouin
zone (BZ): I' = P—-N—-H—+P—-X —T —N. The
coordinates of the special points of the BZ are (in
units of the reciprocal lattice vectors): T'(0, 0, 0);
P(1/4, 1/4, 1/4); N(0, 0, 1/2); H(1/2, -1/2, 1/2);
X'(1/2; 1/2; —1/2). The Fermi level is taken to
be 0.0 eV.

According to our results, the defect-free HgzTesCly
crystal is an indirect-gap semiconductor with the cal-
culated band gap width Ey; = 2.628 ¢V (N —TI'), and
the direct gap width is Egq = 2.714 eV (I' = I). It
is in good agreement to the experimentally obtained
data [15]. Figure 5 shows the value of experimental
absorption coefficient a(hv) near the energy gap for
the HgsTesCly crystal and indicates the presence of
both direct and indirect optical transitions in the
studied crystals. The vacancies create an additional
absorption peak near 2.5 €V in the experimentally ob-
tained spectrum. The absorption coefficient increases
sharply above 2.632 eV. The indirect gap has the
value B, = 2.63 eV, and the direct gap width is
Egq = 2.82 eV and correlate with theoretical data
with the Hubbard correction.
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Fig. 2. Calculated electronic band structure (a), total and
partial densities of states (b) for HgzTeoCla crystals with the
use of LDA+U

Figure 2, b shows DOS/PDOS for defect-free
Hg3TesCly calculated by the DFT. The conduction
band is formed by the hybridization of Te p-states
and Hg s-states. The top of valence band originates
mainly from Te and Cl p-states with small contribu-
tions from the Hg s- and d-states. The energy window
from —7 to —5 eV consists of the maximum contribu-
tion of Hg d-states with contribution of Te p-states.

In general, the whole region of valence states has a
complex hybrid character caused by the interaction of
all atoms spices inherent to the investigated crystals.

The inclusion of the spin-orbit coupling leads to the
removal of the degeneracy, splitting, and doubling of
energy levels in ', X', H, and P points of the Brillouin
zone. Our analysis shows that the spin-orbit interac-
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Fig. 3. Electronic structure (a), total and partial densities
of states (b) for HgzTe2Cly crystals with Te vacancies in the
supercell model 2 x 2 x 1

tion slightly modifies the band gap value, direction
of interband transitions, and energy position of some
subbands of the valence band.

In addition, the interpretation of a crystal gy-
rotropy is obtained from the band structure calcu-
lations for Hg3TesCly crystals [1]. They indicate the
presence of direct and indirect interband transitions
with regard for the exciton effects in the fundamental
absorption edge. The analysis of the experimental ob-
servation of the optical activity in HgzTesCl, crystals
and DFT calculations [6, 16-18] shows that the mag-
nitude and the dispersion of the rotatory ability are
connected with direct interband transitions. The the-
oretical aspects of a gyrotropy are interpreted from
expressions for the dielectric permittivity tensor and
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the gyration tensor. This leads to the conclusion that
the linear components play the main role and are con-
nected with interband transitions. They define the
p(A) spectral dependence near the fundamental ab-
sorption edge. Displacements (\) with a change in the
temperature reflects the temperature dependence of
the band gap width in the studied crystals. So, the
gyrotropy of HgsTesCly crystals has molecular nature
and is associated with the induced asymmetrization
of [HgTesCly| chromophores, which is determined by
the space symmetry group of the crystals. Exciton ef-
fects give a significant contribution to the gyrotropy
in the range of the fundamental absorption edge.

[HgTesCly| octahedra are the most deformed part
of the structure, and the deformation degree of this
structural complex caused by internal crystal field
will determine the strength of transition rotation and
the optical activity value of crystals. The value of
specific rotation increases with the deformation. The
transition of atoms [HgTesCly| octahedra in any of
the excited electronic states makes contribution to the
gyrotropy caused by the C;local symmetry group [1].

The rotation dispersion gives information about
the band structure and dispersion laws of the valence
and conduction bands. The analysis of the optical
rotation curves for HgzTeoCly crystals [1, 6] shows
that they are smooth and exhibit no anomalies in
the investigated range. It should be noted that the
sharp growth of curves is observed, when approaching
the absorption edge. This indicates that the rotation
of Hg3TesClyerystals is connected with direct inter-
band transitions. But the participation of other elec-
tronic transitions, which are localized in the depth
of the fundamental absorption, in the gyrotropy of
HgsTe;Clyerystals is not excluded.

The absolute maxima of the valence band can be
realized at the N point, and the absolute minimum of
the conductive band is localized at the I point (tran-
sition N— T). But the presence of vacancy defects
changes the direction of interband transitions. The
valence band maximum and the bottom of the con-
ductive band are located at the center of the Brillouin
zone. One can be conclude that HgzTesCly crystals
with Te and Cl vacancy defects are direct semicon-
ductors (transition I' — T').

The shape of energy curves creating the valence
band possesses the dispersion prevailingly at the P
and I' points, which reflects the contribution of the
long-range potential formed predominantly by the

ISSN 2071-0194. Ukr. J. Phys. 2016. Vol. 61, No. 10

Energy, eV

Fig. 4. Electronic structure (a), total and partial densities
of states (b) for HgzTeaCly crystals with Cl vacancies in the
supercell model 2 x 2 x 1

p-originated states of the both anions. Other high-
symmetry points and directions of the Brillouin zone
are less sensitive to the delocalization. The significant
dispersion of the conductive band bottom is observed
in the X’ — I" — N direction.

Comparing the defect-free and defective band
structures shows that the Te and Cl vacancy defects
give additional energy levels in the band gap. The Te
vacancies give additional energy levels near the bot-
tom of the conductive band and the top of the valence
band. The top of the valence band is formed from
Cl p-states and Te p-states. The bottom of the con-
ductive band is originated by the hybridization of Te
p- and d-states and Hg s-states (Fig. 3). Additional
levels are created due to the hybridization of these
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Fig. 5. Experimental spectral dependence of the absorption
coefficient near the energy gap edge for HgzTeaCla

orbitals. The Cl vacancies create additional levels
only lower the conductive band (Fig. 4). There are no
changes near the valence band maximum, and the be-
havior of the defective crystals is similar to the defect-
free HgzTeyCly crystals in this case.

Vacancies are classified as a fundamental native
point defect and introduce deep levels inside the band
gap. Figures 3 and 4 show that the point defects
of Te and Cl vacancies introduce defect levels in-
side the HgzTe;Cly fundamental band gap. The ex-
tended band states of anion vacancies are donors,
and the conduction band edge states have the p-
character, while the valence band edge states have
the hybridized p- and s-character.

It should be noted that the vacancy defects shift the
conductive band to the lower energy, by decreasing
the energy gap. The additional energy levels appear,
by creating an additional trap for charge carriers. The
tellurium and chlorine atoms have anion character,
but the neutral vacancies are formed to keep the sys-
tem not charged. Vacancy defects create new defects-
associated energy states intra the band gap or intro-
duce resonant states in the areas of the valence bands
or conductive bands. The anion vacancy is a donor, so
the Fermi energy level is moved into the conduction
band. Thus, there is a significant filling of the defect

state. The important electronic transition is induced
at the visible range with peaks, which were produced
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Fig. 6. Spatial distribution maps of the charge density in
[HgTeaCls] octahedra: along the Hg-Te bond line (a); through
Hg and Cl atoms (b); through non-bridging Cl atoms and Hg,
Te atoms (c); through bridging Cl atoms and Hg, Te atoms
(d); along the Hg—Te-Hg—Te spiral chains (e)
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by anions point defects. The decrease of the electron
transition energy from the valence band to the con-
duction band may be responsible for the visible light
optical absorption in HgzTe;Cls crystals. The disper-
sion of the energy bands versus the direction of the
Brillouin zone for a defected structure possesses the
same feature, as observed for the perfect crystal.

Analyzing the calculated energy spectra for defec-
tive HgsTeyCly crystals, one can see that the lowered
energy level is localized at the X’ — I' direction and
formed by Te p-states. This is the additional energy
level creating the bottom of conduction band. The
top of valence band is formed from the hybridized s-
states of cations and p-states of anions. The p-states
of tellurium atoms are dominating in both bands and
affect the band structure near the Fermi level.

The calculated energy spectra demonstrate changes
in the band gap and in the positions of all energy lev-
els of the valence and conductive bands. Such changes
of the electron energy spectra obviously testify to
an important role of the electron-phonon interac-
tion in the nature of the spontaneous polarization of
Hg3TesCly crystals.

The origin of the chemical bonding can be eluci-
dated from the calculated partial density of states
(PDOS). The charge density maps (Fig. 6) describe
the distribution of electrons in HgzTesCly crystals
and allow us to compare the distribution nature
in different crystallographic planes. Figure 6 shows
the presence of covalent bonds in HgzTe;Cly caused
by the hybridization of chalcogen and halogen p-
states and mercury s-states. In addition, they demon-
strate the electronic density distribution in the stud-
ied crystals in the plane intersecting along Hg = Te
and Hg=Cl bonds. Localized maxima of the elec-
tronic density on cation-anion bonds are connected
among themselves by the common contours of con-
stant charge density and characterize the covalent
component of chemical bonds. Ionic binding is char-
acterized by the increase in charge around anions
and the decrease in charge at the covalent bond be-
tween ions.

5. Conclusions

In this paper, the first-principles calculations are per-
formed to study the effects of Te- and Cl-vacancies on
the electronic properties of HgsTesClsy crystals. The
vacancy defects create the optical states localized in
the band gap. In the case of Te vacancies, the addi-
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tional energy levels near the both valence band and
conduction band are observed, but Cl vacancies cre-
ate only additional energy levels lower the conduc-
tive band. It is established that all additional lev-
els are formed due to the hybridization of cations
and anions. The existence of vacancy defects changes
the direction of the interband transitions. The an-
ion vacancies modify the energy band structure,
which affects the electronic and optical properties
of HgzTeyCly crystals. In addition, the anion vacan-
cies influence greatly the geometry structure of sur-
rounding atoms, and the great relaxation of the sur-
face occurs, which results in the alteration of elec-
tronic properties for HgzTe;Cly crystals. The electron
density maps demonstrate the covalent Hg = Te and
ionic Hg=Cl bond characters. Our results also indi-
cate that the theoretical study can provide an im-
portant information and a good prediction of semi-
conductor properties. Therefore, the study of the in-
fluence of vacancy defects on the electronic struc-
ture of HgszTesCly is helpful for the more profound
understanding of the origin of crystal defects in the
corderoite-type structures.
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IMTPOAB TOYKOBUX
JE®EKTIB B EJJEKTPOHHIN
CTPYKTYPI KPUCTAJIIB Hg3TesCla

Peszmowme

IIpencraBiieHo pe3ynabTaTé pO3paxyHKIB B paMKax Teopil ¢pyH-
KIiOHaJIa T'YCTUHHU JJIsi JIOCJIJI>KEHHSI BILIMBY TOYKOBHX Jede-
KTiB Ha eJIeKTPOHHY CTPYKTYypy KpucraJuais HgszTe2Cly 3 Buko-
PUCTaHHSAM MOJEJl cynepkomipku [2 X 2 X 1]. Buepmre npose-
neHo ab initio po3paxyHKu i 6e3/1epeKTHUX Ta JeEKTHUX
kpucrajiaiB Hgz Teo Clo B Habm»KeHHI JTIOKAJIBbHOT I'yCTUHY, BUKO-
PUCTOBYIOUM KBAHTOBO-XiMiunuit mporpamuaunii naker SIESTA.
HocnizkyBaHuil KpucTaj € HenpsMO30HHUM HaIliBIPOBiIHU-
KOM. 3riiHO 3 aHaJi30M OTPUMAHUX JIAHUX, BEJIUYNHU HEIPsi-
MOI'0 Ta IPSIMOI'O IIEPEXOIB CTAHOBJIATH 2,628 eB Ta 2,714 eB
BianosigHo. Bruiue nedekTiB BakaHciit Ha IpOBiAHI Ta OnTHYHI
BiactuocTi kpucrasiB HgzTeaCly 06roBoproeTbest B jleTasisix.
JedekTHi cTaHM BaKaHCiil TeJlypy Ta XJOPY CTBOPIOIOTH [10-
IATKOBI €eHepreTWYH] piBHI HUKYe JHA 30HU NpOoBigHOCTI. Pe-
3YJBTATH JOCJIiPKEHHS [TOKa3yIOTh, 1110 TIJIbKM BakaHCIl Tesy-
Py CTBOPIOIOTH JOJATKOBI €HEPreTHYHI PiBHI B OKOJIi BePIINHU
BaJICHTHOI 30HU. BCTaHOBJIEHO, IO HPUCYTHICTH TOYKOBUX Jie-
dekTiB B kpucragax HgsTeaCly 3MiHIOE HAIPAMOK ONTHYHUAX
nepexoniB i Tomy medeKTHUN KPUCTAJ € MPSIMO30HHUM HAIiB-
nposigaukoMm. OnepKaHo 33/0BIJIbHE Y3TOJKEHHS 3 €KCIIEPU-
MEHTAJIbHUMU JTAHUMH.
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