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THEORETICAL MODELS OF ORDERED ALLOYS
OF THERMOELECTRIC MATERIAL TERNARY SYSTEMS.
1. CHEMICAL BOND AND STATE DIAGRAMS OF In-Cd-Sb

Using the developed comprehensive approach for building theoretical models of ordered alloys of
ternary systems of thermoelectric materials, a diagram of the distribution of phase regions for
equilibrium in the solid state and isothermal sections based on intermediate binary compounds In-Sb,
Cd-Sb, In-Cd are constructed. Calculations of effective charges, effective radii, electron density
redistribution, and dissociation energy of nonequivalent hybrid orbitals (NHOs) in the In-Cd-Sb system
depending on interatomic distances are presented. The results of theoretical calculations can be used in
the development of technology for new thermoelectric materials based on ternary In-Cd-Sb systems.
Bibl. 13, Fig. 4, Tabl. 3.

Key words: state diagrams, phase transitions, chemical bond, nonequivalent hybrid orbitals,
dissociation energy.

Introduction

The search for new promising thermoelectric materials is increasingly reduced to the need to study
multicomponent systems. Several main features of such systems should be noted. First and foremost, it is
the formation of solid phases of variable composition within which there is a continuous transition in
chemical composition and a gradual transition from densely packed crystal lattices to layered structures
with corresponding changes in physical properties.

The nature of the chemical bond in such compounds varies from metallic to ionic non-polar in layered
sublattices. In turn, a change in the chemical bond of the aforementioned compounds is reflected in a change in
the structure of the short-range order of the interatomic interaction, which, in turn, is associated with the
peculiarities of the phase diagrams and phase transformations, both in the solid state and in melts.

However, it should be noted that there is no consistent theory of phase transformations from the
standpoint of chemical bonding. In this regard, the task was to obtain theoretical schemes of state diagrams
of ternary systems (for example, /n-Cd-Sh) using state diagrams of double alloys and to calculate the
necessary parameters using molecular models of microscopic theory. This approach allows us to generalize
the experimentally obtained results for binary and intermediate quasi-binary state diagrams [1-4] in the
case of ternary systems. In turn, this would make it possible to additionally use the capabilities of these
state diagrams: information on the nature of the phases and phase composition of a substance depending on
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temperature, pressure and concentration, volume, strength of electric and magnetic fields in the
development of technologies for obtaining thermoelectric materials based on ternary compounds. The
availability of such information makes it possible to approach the solution of the problem of a theoretical
description of the processes of melting and crystallization of such systems.

State diagrams

To solve this problem, it is necessary to generalize the results of experimental studies of binary state
diagrams [3-7], physicochemical properties and theoretical studies of quantum regularities of the initial
components [8, 9] when constructing state diagrams of ternary compounds. The developed theoretical
approaches were tested on /n-Cd-Sb ternary compounds. The choice was not accidental, because these
compounds analyzed the effect of low-temperature element /z on the formation of stable and metastable
phases in ternary systems. The action of In was carried out by constructing intermediate quasi-binary
isothermal sections In-Cd-Sb (In-Cd, In-Sb, Cd-Sb) and solving the inverse problem. Its essence is that
when the analysis of a complex multicomponent system with intermediate compounds is impossible, the
study of such systems should be carried out by dividing them into simpler, according to established rules
and patterns [10]. The elements /n, Cd, Sb and state diagrams of binary compounds /n-Cd, In-Sb, Cd-Sbh
were selected as initial data. A triple state diagram of /n-Cd-Sb should be constructed on the basis of the
analyzed theoretical and experimental rules and regularities.

The presented work begins with the assumption that intermediate ternary compounds with the desired
properties based on the elements /n, Cd, and Sb exist and it is necessary to find the conditions for their
production. Fig. 1 shows a diagram of the distribution of phase regions for equilibrium in the solid state of Cd-
In-Sb. Fig. 2-4 show isothermal cross sections at temperatures: £, = 200 °C, ;= 300 °C, #,= 400 °C.

In Figs. 1-4 the following designations are introduced:

0 — solid phase based on intermediate ternary compound /n-Cd-Sb;
o — solid solution based on Cd;

B — solid solution based on /n;

v — solid solution based on Sb;

L —liquid (liquid phase);

€ — solid solution based on intermediate binary compounds Cd-In;
p — solid solution based on /n-Sb;

6 — solid solution based on Cd-Sb.

Cd In

Fig. 1. Distribution diagram of phase regions for equilibrium in the solid state of Cd-In-Sb
According to Fig. 1, each quasi-double cross-section based on the ternary compound corresponds to
a closed set of points and lines of compatible crystallizations of the two phases. These quasi-double cross-
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sections divide the total three-component /n-Cd-Sb system into six secondary ternary systems. It should be
noted that in the presence of additional experimental data on intermediate quasi-double sections in the
ternary system, the number of secondary ternary systems may be greater.

Fig. 2 shows the isothermal section at a temperature ¢ = 200 °C, which is lower than the melting point of
Cd and Sb, but higher than the melting point of In. From Fig. 2, it can be concluded that a significant part of
the section is occupied by liquid L. Present in Fig. 2 is a condom triangle with equilibrium phases
L+a+eg; L+p+e Two-phase equilibrium is realized by primary precipitates of ¢ + y crystals; p + v, as
well as € — crystals (based on the /n-Cd compound) and liquid.

Fig. 2. Isothermal section of Cd-In-Sb at t= 200°C

Sb

Fig. 3.Isothermal section of Cd-In-Sb at t= 300°C

Fig. 3 shows an isothermal section at = 300 °C, which is below the melting point of Sb, close to the
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melting point of Cd and above the melting point of /n. There are conode triangles with equilibrium phases
L+ta +¢ L+P+e o+o+y, pto+y. The primary precipitates of Cd and In crystals and the
intermediate binary compound Cd-In are in equilibrium with the liquid.

The third isothermal section corresponds to ¢ = 400 °C (see Fig. 4), which is higher than the melting
point of Cd and /n and below the melting point of Sb. Three-phase equilibria are represented by conode
triangles oo+t o+ d; y+o+9; y+p+9; B+ p+ 0, two-phase equilibria — by linear surfaces o+ c; o +7v;
pry;ptPidtp;dty;6+o.

Fig. 4.Isothermal section of Cd-In-Sb at t= 400 °C

Thus, these isothermal sections make it possible to:

1. determine the quantitative ratios of coexisting phases and their concentrations;

2. establish the limits of phase equilibrium in the liquid-crystal regions (melting diagram), as well as the
equilibrium of the phases associated with polymorphic transformations in the solid state;

3. distinguish state diagrams corresponding to a continuous series of solid solutions with points of equal
concentrations where liquidus and solidus touch (the composition of both phases at these points is the
same);

4. separate the boundaries of eutectic-type state diagrams, when the components are mixed in all ratios in
the liquid state, from diagrams with limited solubility in the solid phase of the peritectic type;

5. predict cases of incongruent melting, when the chemical compound during melting decomposes into
solid and liquid phases, the composition of which differs from the composition of the original
compound.

However, isothermal sections do not indicate the temperature points of the phase transitions. In such
cases, for multicomponent systems, methods are used that combine analytical and topological approaches
with calculations of the energy of interaction of components in both phases, which increases the role of
theoretical calculations in constructing state diagrams of ternary systems.

It should also be borne in mind that the theoretical analysis of numerous empirical dependencies is
associated with a revision of views on the problem of interatomic interaction, as well as with the
emergence of qualitatively new concepts, which are not always the result of the development of existing
theories, but generally deny some of them.
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Theoretical models of ordered alloys and chemical bond

The simplest relations reflecting the quantum regularities of the structure and interatomic
interaction of binary compounds were given in [8, 9]. They were obtained by postulating the linear
dependence of the number of electrons on the outer shell of the atom on the logarithm of its Fermi radius

. . e e AlgR
R,. The relationship between the tangent of the angle of inclination ‘g = —f “ and the
n
electronegativities does not allow changing compared values arbitrarily.
A good agreement of the experimental data gives the following dependence:
IgR; = lngtj) —xtga y, (1)

where thj) 1s the radius of the atom in the unexcited state and x is valence.

Since equation (1) describes the change in R, of A i B atoms with a change in the number of
electrons in the orbits of each, then, assuming the equality of the absolute values of the charges of
interacting atoms, dependence (1) takes the form of a system of equations:

lgR:;f =lgRL(tj) —xtgay, (2)
lgR7 =1gR'Y + xtgag, (3)
di =R +R.3, 4)

d is the sum of ionic radii equal to the interatomic distance.

The system of equations (2) - (4) considers the geometric conditions of contact of spherical electron
densities with different levels of density at the boundary. Therefore, additional criteria are needed to
translate system (2) - (4) into the formalism of quantum chemistry, taking into account the fine structure of
the chemical bond. For this, it is necessary to analyze the dependence of interatomic distances on effective
charges. The analysis results showed that at an arbitrary point, apart from d, = d,;,, the charge density at
the ion boundary is different. The formation of the AB bond is accompanied by the transition of electrons
to other directions of interatomic interaction, that is, the bond becomes donor. In this case, the escape of
electrons (+Agq) or their localization (-Ag) in the given direction of the bond equally changes the values of
the charges that this pair has at di = d,,;,. With this approach, the system of equations (2) - (4) turns into a
system that allows the theoretical part to be matched with the experimental one and was solved with a
known d;. Thus, as a result of taking into account the quantum interpretation of the empirical material, the
expression for the energy of chemical bonds takes the form:

- ci|Rog + Ryp .
D(l) _ ( Uu. u ) Czdl 1 , (5)

A-B T
(tgaq+1gap)| df -R R, i

where R 4() and 1ga 4 py are coefficients of equations (2) - (4) for atoms 4 and B, and R, and R,

are effective radii of their ions, in A4-B bonds of length d;; i is the number of nonequivalent interatomic
distances in compound; ¢; and ¢, are constants, ¢; is coefficient reflecting the relationship between the
dimensional and energy characteristics of the interatomic interaction (in the case of using non-systemic units,
when the distance is measured in angstroms, ¢; is measured in electron volts) and ¢, is a coefficient depending
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on the type of crystal structure and chemical bond and is chosen dimensionless.

The equations presented were used to calculate the effective charges, effective radii, and dissociation
energies of nonequivalent chemical bonds described by nonequivalent hybrid orbitals in melts of cadmium
and indium antimonides. The peculiarity of the chemical bond in crystals is that each Cd atom in its
immediate environment has three Sbh atoms and one Cd, and each Sbh atom has three nearest Cd atoms and
one Sh atom. Altogether five NHO families, differing both in the interatomic distances and the composition
of components (@1, ¢, @3 correspond to Cd-Sb bonds of different length, as well as @4 (SH-Sb) 1 @5 (Cd-
Cd). The structure of In-Sb was similarly evaluated. The results of calculations of the coefficients of
equations (2) - (4) of the initial components are given in Table. 1. Effective charges, effective radii and
dissociation energies of NGOs in CdSh and InSbh crystals are given in Tables 2 and 3. In this case, the
values of the coefficients ¢ and ¢, in the first approximation are chosen equal to one.

Table 1
Cocfficients of equations (2) - (4) of the initial components
Z Element R, (A) tga
48 Cd 1.51 0.097
49 In 1.66 0.106
51 Sb 1.45 0.074
Table 2

Effective charges, effective radii and dissociation energies of CdSb NHOs

Cd-Sb Sb-Sb Cd-Cd
Parameters

1 P2 0?3 P4 s

di"(A) 2.8400 | 2.9100 | 2.8100 2.8100 2.9900

d™"(A) 2.8390 | 29102 | 2.8102 2.810 2.9846

RY(A) 1.4406 | 1.4813 | 1.4239 - 1.4947
R*(A) 1.3990 | 1.4290 | 1.3860 1.405 -

Aq (9)) 0.2100 | 0.0860 | 0.2630 0.185 0.0500

D' (eB) 2.0300 | 1.9800 | 2.0500 2.3180 1.734
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Tabnuys 3
Effective charges, effective radii and dissociation energies of InSb NHOs

InSh
Parameters
?
di" (A) 2.7973
d™"(A) 2.797
R"(A) 1.1839
R*(A) 1.6137
Aq (¢)) 0.385
D' (eB) 1.9893

Discussion of results

Analysis of the results obtained has shown that the algorithm of distribution of phase regions of
equilibrium of ternary systems in solid state and the refinements introduced by constructing isothermal
cross-sections and calculating the energy of interatomic interaction of the initial components depending on
the interatomic distances are in good agreement with the results of studies of thermal rearrangements of
atoms when forming the short-range order of chemical bond which is responsible for the appearance of
stable and metastable phases in the melts of ternary systems presented in [11 — 13].

The results presented in the article expand the technological possibilities of obtaining new materials
by taking into account the peculiarities of the fine structure of the chemical bond, triple phase diagrams,
eutectic-peritectic and exothermic and endothermic reactions during the formation of short-range order in
melts of In-Cd-Sb ternary systems.

A diagram of the distribution of phase regions in the solid state and isothermal sections have been
constructed, which refine the dynamics of the formation of short-range order of chemical bonds in ternary
systems of /n-Cd-Sb melts.

Conclusions

1. A diagram of the distribution of phase regions in the solid state and isothermal sections have been
constructed, which refine the dynamics of the formation of short-range order of chemical bonds in
ternary systems of /n-Cd-Sb melts.

2. A method for calculating chemical bonding parameters in ternary /n-Cd-Sb systems is proposed.

W

Calculations of effective radii and dissociation energies in ternary /n-Cd-Sb systems are performed.

4. The obtained theoretical results are consistent with the results of calculations of the parameters of
chemical bond, using the methods of microscopic theory and the results of studies of thermal
rearrangement of atoms in melts, and can also be used in the development of technological modes for
obtaining new materials based on /n-Cd-Sb for use in thermoelectricity.
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TEOPETUYHI MOJEJII YIIOPAJAKOBYBAHUX CIIJIABIB
HNOTPIMHUX CUCTEM TEPMOEJEKTPUYHUX MATEPIAJIIB.
1. XIMIYHUMM 3B’30K TA JIATPAMUM CTAHY In-Cd-Sh

Bukopucmosyrouu pospobaenuti komniekchuil nioxio 0as nob6y00eu meopemuyHux Mooeiel
YNOPAOKOBYBAHUX CNAAGIE NOMPIUHUX CUCTNEM TMEePMOeIeKMPULHUX Mamepianie no6y008anHo cxemy
po3nooiny gazosux obracmeil O pieHO8azU Yy mMeepooMy CMAHI ma i30mepMiuHi nepepisu Ha
ocHo6i npomidichux 6inaprux cnonyx In-Sb, Cd-Sb, In-Cd. IIlpedcmasneno pospaxynku epexmusHux
3apsodis, epexmusHux paoiycie, nepeposnooily ereKkmpoHHOI 2ycmuHu ma eunepeii oucoyiayil
HeekgigarenmHux 2iopudnux opoimanreu (HI'O) 6 cucmemi In-Cd-Sb 6 3anedxcnocmi 6i0
Midcamomuux gioodaneli. Pezynomamu meopemuunux pospaxyHkieé MOxiCyms Oymu GUKOpUCMAaui
npu  po3podyi MexHON02il 00epIUCAHHS HOBUX MEPMOCIeKMPUYHUX MAmepiale HaA OCHOGL
nompiunux cucmem In-Cd-Sb. bion. 13, puc. 4, mabn. 3.

Kuarouosi cioBa: niarpamu craHiB, ¢pa3oBi nmepexonu, XiMiYHAN 3B’ 530K, HEEKBIBaJEHTHI T10OpHUaHI
opOiTai, eHepris aucomiarii.
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TEOPETUYECKHUE MOJEJIN YIIPABJIAEMbBIX
CILTABOBTPOMHBIX CUCTEM TEPMOJJIEKTPUUYECKHUX
MATEPHUAJIOB. 1. XUMHUYECKAS CBA3b U TIUAT'PAMMDbI

COCTOSAHUA In-Cd-Sb

Hcnonvsys  paspabomanuvlii. KOMAAEKCHbIL NOOX00 OJii NOCMPOCHUs. Meopemudeckux Mooerell
VROPAOOUUBAEMBIX CNIAGOE MPOUHBIX CUCMEM MEPMOINCKMPULECKUX MAMEPUANIO8 NOCMPOEHA cXemd
pacnpedenienus azosvix obracmell 0N PAGHOBECUsl 68 MBEPOOM COCMOSIHUU U U30MEPMUYECKUEe
CceveHUsl Ha OCHOBe NPOMEXCYMOYHbIX OunapHvix coedunenuil In-Sb, Cd-Sb, In-Cd. Ilpedcmasnensi
pacuemvl 3PGekmusHvix 3apsi008, IPEOEKMUSHbIX pPaAOUycos, nepepacnpeoeietust JeKMpPOHHOU
NJIOMHOCIU U IHEP2UU OUCCOYUAYUU HEIKBUBAICHMHBIX cuOpudnbix opoumaneu (HI'O) 6 cucmeme In-Cd-
Sbh 6 3asucumocmu 0m MeNCAMOMHbIX PACCMOsHUL. Pe3yismamsl meopemuueckux pacuemos mozym
UCNONIL306AMbCSL NPU PA3PAOOMKE MEXHONOSUU NOTYYEHUSI HOBbIX MEPMOINEKIMPULECKUX MAMEPUANO8 Ha
ocroge mpotnvix cucmem In-Cd-Sb. bubn. 13, puc. 4, maban. 3.

KawueBbie cjioBa: auarpaMMbl  COCTOSIHHH,  (DasoBBIE  MEPEXOMBl, XHMHYECKas  CBS3b,
HEIKBUBAJIEHTHBIE THOPUIHBIE OPOUTAIIH, SHEPTHS AUCCOLUAIINH.
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