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Theoretical calculations of the refractive index, optical dielectric constant and reflection coefficient for
the T13TaS, crystal within Harrison’s bonding orbital model were carried out. The detailed analysis of our
calculations has been done to present deeper understanding of this investigation. The calculations were
performed for the spectral region far from the absorption edge, where the dispersion of the refractive index
is absent. The refractive index was determined within the generalized single-oscillator model. This ap-
proach allows determining the energies of occupied electronic states using the Hartree-Fock values for the
valence levels in solids. We have used the simplification by including only nearest-neighbor couplings
(clusters) and using universal parameters, which allows direct prediction of crystal physical properties.
This cluster approximation based on a special point is used for calculations of bond polarizabilities. The re-
al part of the dielectric function is determined from the imaginary part by the Kramers-Kronig relation-
ship. Finally, we have used the Moss, Ravindra, Herve and Vandamme models for comparing the value of
the refractive index calculated according the Harrison’s model. The satisfactory agreement of our theoreti-
cal calculations is obtained. It was shown that Harrison’s model allows analyzing the optical parameters of
T1sXY4 type compounds. The refractive index evaluation is of considerable importance for applications in
integrated optic devices, where refractive index of materials is the key parameter for device design. The
theoretical technique developed in this paper could be used for the investigation of the optical properties of
materials. It should be noted that the crystal under investigation is expected to contribute to the develop-
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ment of nanophysics and personalized medicine for health monitoring and prevention.
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1. INTRODUCTION

TI1sTaS4 crystal, one of the ternary thallium chalco-
genide materials, belongs to the TIsXY4 (X =V, Nb, Ta;
Y =S, Se) family of compounds. They are isomorphic
and crystallize in space group Tq¢?-I43m. The crystal
structure is characterized by isolated XY — tetrahedra
in parallel orientation with X atoms forming a body-
centered cubic lattice, T1 occupies the middles of the
edges and faces of the unit cell. The main feature of
ternary thallium chalcogenides is the formation of
numerous polymorphic modifications and existence of
isomorphic substitutions in sublattices. Interest in
them is caused by the ability to form continuous rows
of solid solutions that allows to use them for different
variations of physical and chemical properties. The
specific feature of the mentioned structures is the pres-
ence of [XY4] and [T1Ys] structural complexes.

Due to their unique physical and chemical proper-
ties, these crystals in the form of nanoparticles have a
wide range of applications in nonlinear optics. Theoret-
ical studies of refractive properties give the detailed
information about properties of solids. Origin of the
chemical bonding in crystals is very important for the
definition of physical and chemical properties. The
refractive index evaluation is of considerable im-
portance for applications in integrated optic devices,
where refractive index of materials is the key parame-
ter for device design.

The main goal of this work is to establish refractive
parameters of T1sTaSs crystal using the Harrison bond-
ing orbital model. Obtained results are compared with
calculation data of the well-known energy gap-
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refractive index relations. Such a study for T13TaS4 has
not been carried out before. This investigation gives
fundamental information, data and experiences for
further studies.

2. CRYSTAL STRUCTURE OF TIsTaS4

The structure of TlsTaSs is formed from endless
chains along three coordinate directions, which consist
of coordinated tetrahedrons of Ta atoms and octahe-
drons of T1 atoms. These octahedrons are tetragonal
antiprisms with dihedral basis. Fig. 1 shows a general
view of the TlsTaS4 crystal structure.

Fig. 1 - Crystal structure of TlsTaS4

The Ta—S bond loength is 2.39 A, while the TI-S
bond length is 3.14 A. These bonds form coordinated
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tetrahedrons. The cubic lattice parameters are
a="7.67A, a=f=y=90° The crystal lattice is body-
centered. Atoms occupy the positions: 6T1 (b) [0 0.5 0.5],
2Ta (a) [000], 8S (c) [0.180.18 0.18]. The number of
formula units in the unit cell is Z = 2. The elementary
cell contains sixteen atoms, including six TI, two Ta,
and eight S. Ta atoms are tetrahedral surrounded by
sulfide atoms and form molecular anions [TaS4]3- with
Ta symmetry, while TI* cations occupy the positions
with D24 symmetry.

3. METHOD

Optical properties for T1sTaSs were calculated ac-
cording to the model proposed by Harrison [1-4]. The
refractive index in the spectral region far from the
absorption edge was determined within the generalized
single-oscillator model. This approach allows determin-
ing the energies of occupied electronic states using the
Hartree-Fock values for the valence levels in solids.
One may start from the simplification by including only
nearest-neighbor couplings and using universal pa-
rameters, which allows direct prediction of physical
properties. All matrix elements between the bonding
and anti-bonding states are neglected. For Harrison’s
model, this approach reduces a Hamiltonian matrix to
two matrixes, one of which is constructed from the
valence band states and another one — from the con-
duction band states. The use of Wannier functions
provides zeroing of matrix elements between the bond-
ing and anti-bonding states in the matrix. As a result,
one can obtain the diagonal matrix elements, which
correspond to Wannier energy levels, as well as matrix
elements between the bonding states, responsible for
splitting of these levels in bands. The Wannier's func-
tions allow to accurately calculate the band structure.
They are determined by the exact wave functions of the
electronic states in the crystal. Finally, these theoreti-
cal calculations are compared with data obtained from
empirical relations proposed by Moss, Ravindra, Herve,
and Vandamme.

4. RESULTS AND DISCUSSION

Occupied energy levels with the largest energy de-
fine the properties of compounds. Valence electrons
determine the optical properties of solids as the energy
intervals of their excited electronic states are located in
the optical range. The predicted optical parameters of
TIsTaSs have been calculated from their molecular
properties using the generalized single-oscillator mod-
el. In previous theoretical studies [2, 3] it was shown
that Harrison’'s model allows calculating the refractive
properties of solids. Moreover, it provides a new per-
spective on a macroscopic scale in materials for predict-
ing the refractive index.

According to the special points method, an average
of any property over the electronic energy band is re-
placed by the value at a single special wavenumber, the
Baldereschi point & [1-5]. This wavenumber is chosen
in such a way that the first few sets of Fourier compo-
nents of the band vanish, just as one would choose a
point halfway to the Brillouin zone boundary in a one-
dimensional crystal. The character of the chemical
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bond depends on the total energy of the crystal and on
the sum of energies of all occupied energy bands. As
follows from the generalized single-oscillator theory,
the interaction between orbitals of cation and anion is
described by the energy:

2
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where f(k) depends on the relative phase and orienta-
tion of neighboring orbitals. Of principal importance is
the role of the chemical bonding type. The covalent
bond arises due to the significant degree of the hybridi-
zation and electro-negativity differences between the
atoms. Further improvement of these calculations re-
quires optimization for different interaction cases:
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The contributions to the physical properties depend
upon the coupling between neighboring orbitals and
their energy difference Es — Ep taken from the Hartree-
Fock term values. According to the generalized single-
oscillator model, the ionic bond energy is equal to half
the term-value difference:

V3: : E. ®)

From the aspects of fundamental solid-state physics
refractive parameters are closely related to the elec-
tronic polarizability of ions and the local field inside
the material. The cluster approximation based upon
the special point is used for calculating bond polariza-
bilities. It is necessary to calculate the coupling of each
occupied band state to every empty state, evaluate the
change in charge on every atom, and the sum of contri-
butions of the resulting perturbed electron density to
obtain a dipole and the exact polarizability. The cluster
consists of different states on each of the two neigh-
bors. The bond polarizability is calculated as:

- (1—ap)ape2d2
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where o is the polarity defined as:

a, = % (5)
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The dielectric properties of the crystals are deter-
mined by the energy bands of the p-type, which become
degenerate at the I' point. The dielectric susceptibility
is the measure of the crystal response on the electro-
magnetic field. The optical dielectric susceptibility is
calculated as the sum of polarizabilities of each bond
type by their number per unit volume [6, 7]. The refrac-
tive parameters are important in determining the elec-

06022-2



DETERMINATION OF THE REFRACTIVE PARAMETERS IN ...

tric and optical properties of the materials. The imagi-
nary part of the dielectric constant shows how a dielec-
tric absorbs energy from an electric field caused by
dipole motion. The magnitude of the imaginary part
depends on the density of the occupied and unoccupied
electron states and on the strength of the oscillator,
which characterizes bonds of these states. The imagi-
nary part of the dielectric susceptibility is responsible
for absorption and associated with electron transitions
between different states in the solids. It is one of the
most direct methods for determining the structure of
energy bands.

The real part of the dielectric function can be de-
rived from the imaginary part by the Kramers-Kronig
relationship. The refractive index is estimated with the
following relation:

T et GO e WA SO S

where &1 and & are the real and imaginary components
of the dielectric function, respectively. The refractive
index in the case of low magnetic permeability values
equals:

n=+e. (7

According to the Moss model [8], the refractive in-
dex is calculated from the relation:

n x Bg = K with K = 95 eV. (8)

Following the Ravindra model [8], the refractive in-
dex is given by:

n=4.084-0.62xE, . 9)
Herve and Vandamme [9] have proposed the rela-

tionship for the refractive index based on the oscillato-
ry theory:

2
n®=1+ A . (10)
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From the experimental studies of absorption edge
for T1sTaSs, the optical band gap is estimated to be
about 2.7 eV.

Table 1 and Table 2 show the macroscopic physical
parameters used in the calculations and sum up the
calculation results.

Table 1 - Physical parameters of TlsTaS

Bond o Vo, Vs, i3
type d, A N oV oV % a, A

Ta-S | 2.39 2 2.65 1.02 0.33 | 44.92

T1-S 3.14 2 1.54 3.18 0.33 0.86

Table 2 — Refractive parameters of TlsTaS4

n, Harris. R n, Moss n, Rav. n, Herv.

2.698 0.21 2.44 241 2.44

N is the coordination number, d is the bond length,
V2 is the energy of the covalent bond, V3 is the energy
of the ionic bond, yis the coefficient, « is the polariza-
bility, y is the susceptibility, n is the refractive index, R
is the reflection coefficient.

The magnitudes of the refractive index obtained
from equations (8)-(10) are 2.44, 2.41 and 2.44. It is in
good agreement with the value calculated according to
the Harrison's model (n = 2.698). However, some devia-
tions may be explained by the existence of defects of
the crystal structure.

5. CONCLUSIONS

In the present paper, the Harrison's bonding or-
bital method for calculation of the refractive index,
optical dielectric constant and reflection coefficient of
the TlsTaS4 crystal is considered. The idea of the pro-
posed method consists in using the generalized single-
electron model in the spectral region far from the ab-
sorption edge. It was established that the refractive
index is equal to 2.7 for TlsTaSs. A satisfactory correla-
tion between the experimental data and the results of
our theoretical calculations is obtained. It follows from
the theoretical considerations that Harrison's approach
is a convenient and flexible method for the study of
optical properties of the T1sXY4 compounds.

6. 0.V. Bokotey, M.I. Chavarha, O.0. Bokotey, VI International
Conference: Medical physics — the current status, problems,
the way of development. Innovation technologies, 116 (Kyiv,
Ukraine, KNU: 2017).

7. 0.V. Bokotey, 4th International Conference «Nanotechnologies»
(Nano-2016), 33 (Thilisi, Georgia, TNU: 2016).

8. R.R.Reddy, K.R. Gopal, K.Narasimhulu, L.S.S.Reddy,
K.R. Kumara, C.V.K. Reddy, S.N. Ahmed, Opt. Mater. 31, 209
(2008).

9. P.J.L.Herve, L.K.J. Vandamme, Infrared Phys. 35, 609 (1994).

06022-3



https://doi.org/10.1103/PhysRevB.74.205101
https://doi.org/10.1186/s11671-016-1476-8
https://doi.org/10.1016/j.jallcom.2015.11.086
https://doi.org/10.1016/j.optmat.2008.03.010
https://doi.org/10.1016/1350-4495(94)90026-4

0.V. BOKOTEY, O.0. BOKOTEY, V.A. SLYVKA, A.G. SLIVKA J. NANO- ELECTRON. PHYS. 12, 06022 (2020)
Busuauenns pedpaxrusHux napamerpis B kpucraii TlsTaS,
0.B. Boxroreii, 0.0. Bororeii, B.O. Cnuska, O.I'. CiiuBra

Vorceopoocoruii nayionanvruil yrisepcumem, ni. Hapooua, 3, 88000 YVceopoo, Vrpaina

IIpoBenmero TeopeTHyHl PO3PAXyHKN ITOKA3HUKA 3AJIOMJICHHS, OIITUYHOI JTIeJIEKTPUIHOI MPOHUKHOCTI Ta
roedirrienra BinouBanusa s kpucrasia TlsTaSs B pamrxax mogeni 3B'sayrounx opbitaseit Xappicona. Jls
TUTHOIIIOTO PO3YMIHHS ITHOTO JOC/IPKEHHS IPe/CTaBIEHO JeTAIbHUN aHalli3 HAINX po3paxyHkiB. Pospaxy-
HKM IPOBOIUJINCH JIJIS CIIEKTPAJIFHOI 00JIacTl, JaJIeKol Bl Kpaio IIOrJIMHAHHI, e JUCIIePCis MOKasHUKA 3a-
JIoMJIeHHS BifmcyTHs. [[oKa3HUK 3aJI0MJIeHHS BU3HAYEHUN B PAMKAX y3araJIbHEHOI OJHOEJIEKTPOHHOI MojIe-
gi. Ileit migxig m03BoJIsge BU3HAYATH €Hepril 3alOBHEHUX eJIeKTPOHHUX CTAHIB 34 JIOIIOMOIOK 3HAYEHb Tep-
miB Xaprpi-Doka 11 BaAJEHTHHUX PIBHIB B TBEPAMX TLIaX. MU BUKOPHUCTAJIM CIIPOIIEHHS, BKIIOUUBIIH JIAIIE
HAMOIMKYl 3B'A3KH (KJIaCTepH) TA BUKOPUCTOBYIOUH YHIBepCaJIbHI IIapaMeTPH, IO J03BOJIAE 6e3IocepeIHbo
IIPOTHO3YBATH (PI3UYHI BJIACTUBOCTI KpucTaiB. lle KiIacTepHe HaOIMKeHHs, TKe 0a3yEThCSA Ha CIEeIaIbHIN
TOYIll, BUKOPUCTOBYETHCA JIJIA PO3PAXYHKIB IOJIIPU30BAHOCTI 3B's3Ky. JlilicHy YacTHHY IieleKTpUdHol (yH-
KIfil BU3HAYEHO 3 YSIBHOI YacTHHHU ciiBBiguomreHHaM Kpamepca-Kponira. 3 perrroo, MU BUKOPHUCTATINA MO-
nmemi Mocca, Pasingpu, Epsa Ta Benmama fy1s mopiBHAHHS 13 3HAYEHHSIM IMOKA3HUKA 3aJIOMJIEHHS, po3pa-
XOBAaHOTO B paMKax Mojesi Xappicona. OTprIMaHO 3aJ0BLIbHE Y3TOMKEHHs HAIIUX TEOPETUYHUX PO3PaxyH-
kiB. [lokasano, mo mMomesnp XappicoHA 03BOJIAE AHAII3YBATH OITHYHI mapamerpu croyyk tuamy TlsXYa.
OrniHKa MOKA3HUKA 3aJI0MJIEHHS Mae BajkJUBe 3HAYEHHS JJIS 3aCTOCYBAHHS B 1HTErPOBAHMX OITHYHMX
IPHUCTPOSX, Je IOKA3HUK 3aJI0MJIEHHS MaTepiasiB € KJIIOUOBUM IapaMeTPOM IS [IPOEKTYBAHHS IIPUCTPOIB.
Teoperuuna meroauka, po3pobiieHA B IH CTATTI, MOXEe OYTH BHKOPHUCTAHA JJIS JOCIPKEHHS ONTHYHUX
BiactuBocreil matepiaimi. Ciriy 3a3HAUNATH, 110 JOCIIKYBAHUN KPUCTAJ, AK OUIKYETHCS, CIPUATAME PO3-
BUTKY HaHO(DI3UKY Ta IePCOHATI30BAHOI MEAUIIMHIY [IJIsT MOHITOPUHTY Ta IIPOMIIAKTAKN 30POB'S.
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