PHYSICS AND CHEMISTRY
OF SOLID STATE

V. 26, No. 4 (2025) pp. 733-737

Section: Physics

DOI: 10.15330/pcss.26.4.733-73

UDC: 537.32

Vasyl Stefanyk Carpathian
National University

®I3UKA I XIMIS TBEPJOT'O TIVIA
T. 26, Ne 4 (2025) C. 733-737

Di3uKko-mamemamudti HAYKU

ISSN 1729-4428 (Print)
ISSN 2309-8589 (Online)

O.M. Manyk, D.E. Rybchakov, V.V. Lysko, V.V. Razinkov

Theoretical models of chemical bonding in melts of Bi-Sb-Se-Te
based thermoelectric materials

Institute of Thermoelectricity of the NAS and MES of Ukraine, Chernivtsi, Ukraine, o.manyk@chnu.edu.ua

A comprehensive approach has been developed for building theoretical models of ordered alloys of quaternary
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Introduction

The problem of the liquid state is one of the key issues
in materials science [1-2]. It is associated with such
technological processes as melting and crystallization.
The theoretical explanations used in the analysis of these
processes are semi-phenomenological and based on the
method of analogies. Various theories were built in order
to match the observed phenomena with a certain
interpretative model. Such approach resulted in the
absence of a complete microscopic theory of disordered
systems by now. The formation of such a theory revealed
the need to expand the empirical base of existing
theoretical developments.

However, it should be noted that the generalization of
experimental data alone does not provide the values of the
parameters of phase transitions of multicomponent
systems. Non-traditional methods and approaches are
needed that would give versatile characteristics of the
thermodynamic, statistical, and quantum laws of the
processes of melting and crystallization of such systems
taken as a single entity.

The topicality of such research is also due to the fact
that multicomponent systems are complex, nonlinear, and
the known theoretical approaches developed for simple
(one- and two-component) systems no longer reveal the
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conditions for the appearance of the necessary properties
and their change in the desired direction. Here the question
of the relationship between physics and chemistry in
technological research has already been raised. The
emergence of quantum chemistry has changed traditional
ideas about the relationship between these two scientific
disciplines. Such a union became possible due to
interdisciplinary synthesis. The basis of such a synthesis
i1s the union of the electronic, vibrational and
configurational components of the energy of a molecule as
a single whole, as a general measure of various types of
interaction [3]. This enabled calculating the processes of
ordering in alloys of multicomponent systems by
statistical methods; the regularities of the formation of
short-range order of chemical bonding in melts by
quantum chemical methods; redistribution of electron
density and dissociation energy of nonequivalent chemical
bonds in ternary systems by methods of microscopic
theory using solutions of inverse problems and molecular
models [4-5].

Here, the original model of quantum mechanics
changed (the model of the hydrogen atom to the model of
the hydrogen molecule) and the basis of the theory is no
longer a one-center, but a two-center problem. In this
regard, quantum chemistry is often called the theory of
chemical bonding. Now quantum chemistry explains and
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implies various properties of crystals based on the
electronic structure of molecules.

This work is devoted to the complex calculation of the
parameters of the chemical bond of four Bi-Sb-Se-Te
melts using solutions of inverse problems and molecular
models.

I. Theoretical models of chemical
bonding in ordered Bi-Sb-Se-Te
alloys.

While constructing theoretical models of quaternary
systems, it was primarily necessary to generalize the
results of theoretical studies of both individual initial
components Bi; Sb; Se; Te; and binary and ternary alloys
based on them. For this purpose, it was essential to obtain
the dependences of the number of electrons # on the outer
shell of an atom on the Fermi radius ry by statistical
methods and to combine empirical information about the
properties of atoms and ionic radii based on the crystal
chemical approach [4-5].

Analysis of such consideration showed that the
functions that include the Fermi radii rg = f(n) and the
equations that include the ionic radii Ry, determine the
electronic configurations of interacting atoms depending
on the interatomic distances and the number of bonds
formed by them. This gave grounds for considering rg and
Run identical and denoting electronic ionic radii.by the
symbol R,.

The next stage of searching for the dependence of R,
on n is associated with the use of empirical criteria of

electronegativity and polarizability, which made it

AlogRy
An

a is the angle of inclination of the straight lines in the

coordinates logR,, = f(n).

Good agreement of experimental data on the
physicochemical properties of atoms and their ions with
the values of R, and tg a gives the dependence [5-6]:

possible to identify the relationship tga = , where

log R{% —logRUA —-xtga, 1)

Where R uaare radii of atoms A in the unexcited state,
and x is valence.

Despite the imperfection of empirical criteria from a
theoretical point of view, their positive role is beyond
doubt. Generalization of experimental data through their
quantum interpretation can provide important information
concerning the nature of interatomic interactions. The
availability of such information allows the formation of
rheological models at the junctions of different sections of
physics, chemistry, mathematics and other sciences. Such
models reflect irreversible processes; viscosity anomaly;
residual deformations during extrusion; formation of a
chemical bond in solid solutions during peritectic
reactions. Furthermore, the relationship between stresses
and deformations and their changes in time are also
considered indirectly, through other parameters of
complex systems.

The above-mentioned advantages of such multifactor
models can be successfully applied while solving
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technological problems. For example, the use of ionic
radii to describe the processes of chemical bond formation
by valence shell rearrangements enabled writing equation
(1) in the form [4-5]:

log Rf% —logRUA —Xxtgay, (2)
log Ry =log RUB +xtgag, 3)
dy = Rjz + Ryg, 4

Where d; is internuclear distance A-B, equal to the
sum of the ionic radii.

System (2)-(4) considers the geometric conditions of
contact of spherical electron clouds with different density
levels at the boundary. From the position of the crystal-
chemical approach, the presence of dmin and the values of
effective charges for di>dmin is justified by the increase in
the internuclear distance when the ionicity and covalence
are changed between the same parameters.

The main disadvantage of this approach is that in
many cases the internuclear distances (A-B) are less than
the values of dmin which makes it impossible to calculate
the ion charge according to such a scheme. Additional
conditions are required to translate system (2)-(4) written
from the position of the crystal-chemical approach into the
language of quantum chemistry. To do this, it is necessary
to take into account that during the formation of a
chemical bond, the spherical symmetry of the electron
density of the initial components is broken by the
transition of electrons to other directions of interatomic
interaction and this bond becomes donor. This is done
under the condition that the removal (+Ae) or localization
(-Ae) of electrons in a given direction of the chemical bond
equally changes the value of the charges that this pair has
at d;=dmin, i.€.

e@A(B) = ZninA(B) + (%). Thus, we obtain a new
system of equations.

d, = RZ4 + RZB, (5)
log R4 =10g Ry} — (ZminA +3) tg a4, (©6)
log REE = log Ry = (ZminB +Dxtgas, ()

Replacing x in equations (2), (3) with (Zyi, + A—Ze)
changes the physical meaning of system (2)-(4): if the
function di=f(Z.,) according to (2)-(4) is calculated in the
approximation (Zs=-Zg) and is correct from a quantum
point of view at dj=dmin, Which is enough for system (5)-
(7) to be solved at a known dl1. Thus, it was possible to
find the dependence of the chemical bond parameters on
the interatomic distances, to find the conditions for the
formation of donor and acceptor effects by redistributing
the electron density for each group of chemical bonds. In
addition, taking into account the quantum interpretation
allowed us to obtain an analytical expression for the
dissociation energy of the chemical bond in the form:

(cl(RUA+RS’])3))(

tgaa+tgap

C2dj

D(i) _
A-B ™ d?-RyaRus

- ®)
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Table 2.
Effective radii R;, effective charges Aq;, and dissociation energies at interatomic distances d; Bi-Bi.
Parameters 31 P2 Q3 P4 Ps P Q7 Qg P9
d;(A% 2.7 2.8 2.9 3.0 3.1 3.2 33 34 3.5
Rygi(A%) 1.35 1.4 1.45 1.5 1.55 1.6 1.65 1.7 1.75
Aq 1.2037 0.9715 0.7473 0.531 0.321 0.12 -0.078 | -0.0269 | -0.442
D(¢@;)(ev) 2.96 2.854 2.755 2.663 2.578 2.497 2.421 2.35 2.283
Table 3.
Effective radii R;, effective charges Aq;, and dissociation energies at interatomic distances d; Se-Se.
Parameters | ¢, P2 Q3 P4 Ps Ps @7 P Qo
d;(A?) 2.7 2.8 2.9 3.0 3.1 3.2 33 34 3.5
Rys.(A?) 1.35 1.4 1.45 1.5 1.55 1.6 1.65 1.7 1.75
Aq 0 -0.1795 | -0.353 -0.52 -0.68 -0.84 -0.99 -1.14 -1.28
D(¢;)(ev) 1.894 1.827 1.763 1.705 1.65 1.598 1.55 1.504 | 1.461
Table 4.
Effective radii R;, effective charges Aq;, and dissociation energies at interatomic distances d; Sb-Sb.
Parameters P P2 P3 Py Ps Ps P Ps P9
d; (A9 2.7 2.8 2.9 3.0 3.1 3.2 3.3 3.4 3.5
Rysp (A?) 1.35 1.4 1.45 1.5 1.55 1.6 1.65 1.7 1.75
Aq 0.42 0.206 0 -0.2 -0.391 -0.578 -0.758 [-0.934 -1.1
D(¢@;)(ev) 2.42 2.333 2.252 2.177 2.107 2.041 1.98 1.921 1.87
Table 5.
Effective radii R;, effective charges Aq;, and dissociation energies at interatomic distances d; Te-Te.
Parameters P P2 P3 Py Ps Pe P7 Ps P9
d;(A") 2.7 2.8 2.9 3.0 3.1 3.2 3.3 3.4 3.5
Ryre(A?) 1.35 1.4 1.45 1.5 1.55 1.6 1.65 1.7 1.75
Aq 0.863 0.655 0.454 0.261 0.073 -0.108 -0.284 -0.455 -0.62
D(@;)(ev) 2.551 2.46 2.374 2.295 2.221 2.152 2.087 2.025 1.968

Where RSR(B), tg oy are coefficients of equation

(2)-(4) for atoms A and B; Rya and Ryg are effective radii
of ions in bonds (A-B) of length d;; I is the number of non-
equivalent hybrid orbitals ¢; of each group of chemical
bonds (A-B): C; is a coefficient reflecting the relationship
of the dimensional parameters of the interatomic
interaction (measured in electron volts); C; is a coefficient
dependent on the crystal structure and chemical bond and
is chosen to be dimensionless

It should also be noted that the value of the coefficient
Ci in all processes is constant. As for the coefficient C,, it
can be specified as additional factors that form the
structure of the material are further taken into account. In
this work, the coefficients C; and C,, in the first
approximation, were chosen equal to unity. The results of
the calculations of the chemical bond parameters carried
out in this work are presented in tables 1-11.

The effective charges (Aq;), effective radii Rui and
dissociation energies for the nearest neighbors at different
interatomic distances di (1 < i < 9) of the structural
modifications of bismuth, selenium, antimony and
tellurium are given in Tables 2-5.

As follows from the results given in tables (2)-(5),
with increasing interatomic distances, the dissociation
energy of the corresponding chemical bonds decreases,
and the redistribution of the electron density Aqi changes
sign differently, so for Bi-Bi bonds the sign changes in the
interval 3.2 <d;< 3.3; for Te-Te bonds it is in the interval
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3.1 <d;< 3.2; for Sb-Sb bonds the interval is 2.9 <d;< 3;
for Se-Se bonds within the interval 2.7 < di<2.8;

Table 1.
Coefficients of equations (1-4) of the initial
components
Z Elements REJ") (A tga
83 Bi 1.63 0.068
52 Te 1.57 0.076
51 Sb 1.45 0.074
34 Se 1.35 0.088

This means that under certain conditions these bonds
can be both donor and acceptor, which in turn confirms
the experimentally established fact that these elements can
have different oxidation states and can exhibit electronic
properties in melts[1-2].

As for the above parameters for the compounds Bi-
Sb; Bi-Se; Te-Se; Sb-Se; Sb-Te; Bi-Te; they are given in
tables 6-11.

As for the compounds Bi-Te: Bi-Se; Bi-Sb; Sb-Te;
Sb-Se; Te-Se; with the increase in interatomic distances,
the redistribution of electron density also occurs in them
and electronic properties can manifest themselves in melts
as metallizing liquids and semiconductors with one- and
two-sided delamination [1-2].

The obtained results of calculations of effective
charges, effective radii, and dissociation energies are in
good agreement with the results of thermal rearrangement
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Table 6.
Effective radii R;, charges Aq;, and dissociation energies at interatomic distances d; Bi-Sb.

Parameters P, Q2 Q3 P4 Qs Qs Q7 Qs P9
d;(AY 2.7 2.8 2.9 3.0 3.1 3.2 3.3 3.4 3.5
REI(A?) 1.435 1.485 1.54 1.59 1.64 1.69 1.74 1.79 1.84
R{P (A% 1.265 1.315 1.36 1.41 1.46 1.51 1.56 1.61 1.66
Aq(ey) 0.8 0.58 0.37 0.15 -0.05 -0.25 -0.4 -0.6 -0.8

D(¢;)(ev) 2.664 2.569 2.48 24 2.322 2.25 2.182 2.119 2.06

Table 7.
Effective radii R;, charges Aq;, and dissociation energies at interatomic distances d; Bi-Se.

Parameters P, Q2 Q3 P4 Qs Qs Q7 Ps P9
d;(A% 2.7 2.8 2.9 3.0 3.1 3.2 3.3 3.4 3.5
RBi(A0) 1.495 1.545 1.59 1.65 1.69 1.74 1.78 1.83 1.88
R¥F(A?) 1.205 1.255 1.31 1.35 1.41 1.46 1.52 1.57 1.62
Aq(eyp) 0.55 0.35 0.15 -0.08 -0.22 -0.4 -0.57 -0.75 -0.9

D(¢@;)(ev) 2.322 2.242 2.168 2.094 2.031 1.97 1.914 1.858 1.806

Table 8.
Effective radii R;, charges Aq;, and dissociation energies at interatomic distances d; Te-Se.

Parameters )1 P, Ps P4 Ps Pe Pz Pg Po
d;(AY 2.7 2.8 2.9 3.0 3.1 3.2 3.3 3.4 3.5
RI*(AY) 1.46 1.51 1.56 1.61 1.66 1.71 1.76 1.8 1.85
R¥¢(A?) 1.24 1.29 1.34 1.39 1.44 1.49 1.54 1.6 1.65
Aq(eyp) 0.4 0.2 0.05 -0.15 -0.32 -0.5 -0.67 -0.84 -0.98

D(@;)(ev) 2.179 2.102 2.03 1.964 1.902 1.843 1.788 1.738 1.687

Table 9.
Effective radii R;, charges Aq;, and dissociation energies at interatomic distances d; Sb-Se.

Parameters )1 P, Qs P4 Ps Pe @7 Pg Po
d;(A?) 2.7 2.8 2.9 3.0 3.1 3.2 3.3 3.4 3.5
R{P (A% 1.404 1.45 1.5 1.545 1.591 1.638 1.684 1.732 1.779
R¥f(A?) 1.296 1.35 1.4 1.455 1.509 1.562 1.616 1.668 1.721
Aq(@;) 0.2 0 -0.2 -0.37 -0.55 -0.72 -0.89 -1.04 -1.2

D(@;)(ev) 2.13 2.054 1.983 1.918 1.852 1.8 1.745 1.694 1.646

Table 10.
Effective radii R;, charges Aq;, and dissociation energies at interatomic distances d; Sb-Te.

Parameters P P2 P3 Py Ps Pe P Ps P9
d;(AY 2.7 2.8 2.9 3.0 3.1 3.2 3.3 3.4 3.5
R{ (A% 1.3 1.345 1.392 1.44 1.49 1.535 1.58 1.63 1.68
RI¢(A?) 1.4 1.455 1.508 1.56 1.61 1.665 1.72 1.77 1.82
Aq(@;) 0.63 0.435 0.23 0.0045 -0.16 -0.35 -0.52 -0.69 -0.86

D(@;)(ev) 2.481 2.392 2.308 2.232 2.161 2.093 2.029 1.97 1.913

Table 11.
Effective radii R;, charges Aq;, and dissociation energies at interatomic distances d; Bi-Te.

Parameters P P> P3 Py Ps Pe P97 Ps P9
d;(AY) 2.7 2.8 2.9 3.0 3.1 3.2 3.3 3.4 3.5
RBi(A0) 1.39 1.438 1.48 1.535 1.58 1.63 1.68 1.728 1.77
RIF(AY) 1.31 1.362 1.42 1.465 1.52 1.57 1.62 1.672 1.73
Aq(ey) 1 0.8 0.6 0.4 0.2 0 -0.2 -0.36 -0.54

D(@;)(ev) 2.74 2.643 2.552 2.467 2.388 2314 2.262 2.178 2.116
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of atoms during the formation of short-range chemical
bond order in the systems Bi-Te: Bi-Se; Bi-Sb; Sb-Te; Sb-
Se; Te-Se;[3]

Conclusions

The comprehensive approach to technological
problems ensured developing theoretical models that
combine generalized experimental information and
theoretical approaches and describe the processes of
interatomic interaction formation from the standpoint of
chemical bonding.

The novelty ofthe work is that quaternary systems in
the context of existing experimental and theoretical
studies of the initial components, binary compounds and
alloys based on them using triangulation methods,
molecular models and inverse problems were considered
for the first time.

The results presented can be used in the development

of technological modes for obtaining new thermoelectric
materials based on the quaternary systems Bi-Sb-Se-Te;
expand technological capabilities when considering phase
transformations influenced by factors such as the
destruction of existing chemical bonds and the formation
of new ones; enable the calculation of the influence of the
composition of the initial components on the formation of
nuclei of a new phase; the effect of the distribution of
phase components on the physical properties of the
resulting materials.

Manyk O.M. — Ph.D., Ass. Prof. of the Department of
Thermoelectricsand Medical Physics;

Rybchakoy D.E. —Ph.D. student;

Lysko V.V. — Ph.D., Director of the Institute of
Thermoelectricity;

Razinkov V.V. — Ph.D., Senior Researcher, Deputy
Director of the Institute of Thermoelectricity.

[1] D.P. Belotskij, O.N. Manik, On the relationship between thermoelectric materials melts properties and structures
and the state diagrams.1. J. Thermoelectricity, 1, 21 (1996).

[2] D.P. Belotskij, O.N. Manik, On the relationship of electronic properties and structures of melts to the diagrams
of state in the thermoelectric material. 2. Phase changes and electronic properties of melts, J. Thermoelectricity,

2, 23 (1996).

[3] O.M. Manyk, Multi-factor approach in theoretical materials science. Ukraine, Chernivtsi: Prut Publ.- 432 (1999).
[4] O.M. Manyk, T.O. Manyk, V.R. Bilynskyi-Slotylo, Theoretical models of ordered alloys of ternary systems of
thermoelectric materials. 2. Chemical bond and state diagrams of Bi-Pb-Te. J.Thermoelectricity, 4, 13 (2021);

https://doi.org/10.63527/1607-8829-2021-4-13-28.

[5] O.M. Manyk, T.0. Manyk, V.R. Bilynskyi-Slotylo, Theoretical models of ordered alloys of thermoelectric
materials based on Bi-Sb-Te. J. Thermoelectricity, 4, 16 (2023); https://doi.org/10.63527/1607-8829-2023-4-5-16.

O.M. Manuk, /I.€. Pubuakos, B.B. Jluceko, B.B.Pa3inbkoB

TeopernuHi Moaei XiMiYHOT0 3B’SI3KY B PO3IJIABAX TEPMOECJIEKTPHYHUX
marepiaiiB Ha ocHOBi Bi-Sb-Se-Te

ITncmumym mepmoenexmpuxu HAH i MOH Ykpainu, Yepnisyi, Ykpaina, o.manvk@chnu.edu.ua

Po3po6ieHo KOMITIEKCHUI MiAX1M A1 TOOYJOBU TEOPETUYHUX MOJIEIEH YIOPSIKOBAHUX CIIaBiB YETBIPHUX
CHCTEM TEpMOENEKTPUIHHUX MarepiaiiB. [IpoBeneHo po3paxyHKn e()eKTUBHUX 3apsiB, epEeKTHBHHX Paiycis,
Mepepo3NOiy EeIeKTPOHHOI TyCTHHH, €Heprii nucomiamii HeeKBiBaJIeHTHHX TiOpuaHux opdOitaneir (H['O) B
cucteMi Bi-Sb-Se-Te B 3ameXHOCTI Biff MDXATOMHHUX BiJIaJiel, THIy KPUCTAJIYHOI CTPYKTYpH Ta XIMiIHOTO
3B’s13ky. OTpuMaHi pe3yJbTaTd MOXYTh OYTH BHKOPUCTaHi HPH PO3pPOOLI TEXHOJOTil OJep)KaHHS HOBHX

TEpPMOEJIEKTPUIHNX MaTepianiB Ha ocHOBI Bi-Sb-Se-Te.

Kurouogi ciioBa: TeopeTHUHI MOJIEN, AiarpaMu cTaHiB, (a30Bi mepexoau, XiMiuHHUiT 3B’ 130K, HECKBIBAICHTHI
ribpuaHi opbitaini, ehpeKTHBHI paiyCH, €HEpris JUcOoLialii.
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