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Abstract—The SnTe—Sb,Te;—Te system has been studied in the temperature range 300—430 K using emf mea-
surements on reversible concentration cells of the type (—)SnTe(s) | liquid electrolyte, Sn** | (Sn—Sb—Te)(s)(+).
The system has been shown to consist of two three-phase regions, separated by the SnSb,Te,—Te tie line. The
best fit equation for the temperature-dependent emf data has been used to evaluate the partial thermody-
namic functions of the SnTe and Sn in the alloys. Using these data, subsolidus phase diagram data for the
SnTe—Sb,Te;—Te system, and relevant thermodynamic functions for SnTe and Sb,Te;, we calculated the
standard Gibbs energy of formation, standard enthalpy of formation, and standard entropy of the SnSb,Te,

compound.
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INTRODUCTION

The tetradymite-like ternary compounds with the

general formulas AVB) Te,, AIVB]Te,, AIVB; Te,,
and others in the AV—BV—Te (A"Y = Ge, Sn, Pb; BV =
Sb, Bi) systems are potentially attractive thermoelec-
tric materials having low thermal conductivity [1—4].
These compounds have complex, multilayer struc-
tures, and their lattice thermal conductivity is lower
than that of the constituent binary compounds AVTe

and B) Tes;, which is important for thermoelectric
applications. According to recent work [5—S8], the ter-
nary compounds in question are three-dimensional
topological insulators and can be used in spintronics
and quantum computation.

The ability to optimize synthesis and crystal growth
conditions for multicomponent phases depends cru-
cially on knowledge of their thermodynamic func-
tions. Given this, we undertook a thermodynamic
study of the above ternary compounds using emf mea-
surements. Previously, we reported results of detailed
studies of solid-state phase equilibria in the SnTe—
Bi,Te,—Te and PbTe—Bi,Te,—Te systems and the stan-
dard thermodynamic functions of the compounds and
solid solutions existing in these systems [9, 10].

As a continuation of our previous work on such sys-
tems, in this article we present results of a thermody-
namic study of the SnTe—Sb,Te;—Te system with the
use of emf measurements.

Phase equilibria in the ternary system Sn—Sb—Te
have been addressed in a number of studies. The
results of early work were summarized by Shelimova et
al. [4]. Elagina and Abrikosov [11] presented a phase
diagram of the pseudobinary system SnTe—Sb,Te;,
and Stegherr [12] reported a total 7—x—y phase dia-
gram of the Sn—Sb—Te system and a number of its ver-
tical sections. As shown earlier [4, 11, 12], the pseudo-
binary system Snle—Sb,Te; contains a compound
with the composition SnSb,Te,, which melts incon-
gruently at 879 [11] or 876 K [12]. This compound
crystallizes in a hexagonal tetradymite-like structure

(sp. gr. R 3m) with unit-cell parameters a = 0.4294 nm
and ¢ = 4.1548 nm (Z = 3) [13].

EXPERIMENTAL

For our experiments, we synthesized the com-
pounds SnTe, Sb,Te;, and SnSb,Te,. The first two
compounds melt congruently at 1079 and 891 K [14],
respectively, and the third decomposes peritectically at
876 K. Mixtures of high-purity elemental tin, antimony,
and tellurium were reacted at a temperature slightly
above the melting point of the corresponding compound,
in a silica ampule pumped down to ~10~2 Pa, which was
then furnace-cooled. To ensure complete homogeni-
zation, the synthesized SnSb,Te, was cooled to a tem-
perature of 800 K and held there for 200 h.

Alloys of the SnTe—Sb,Te;—Te system were pre-
pared from presynthesized and identified compounds
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Composition dependence of the 300 K emf of concentra-
tion cells of the type (1) for the SnTe—Sb,Te; system.

and elemental tellurium, which were melted together
under vacuum. The resultant alloys were annealed at
600 K for 500 h.

The thermodynamic properties of the alloys were
studied using concentration cells of the type

(-)SnTe(s)| liquid electrolyte,
sn> [(SnTe-Sb,Te,~Te)(+),

because concentration cells turned out to be irrevers-
ible to tin electrodes, as in a previous study [9].

The electrodes were fabricated by pressing pow-
dered SnTe (left-hand electrode) and annealed alloys of
the system under investigation (right-hand electrodes)
into pellets 0.8—1 cm in diameter and 0.4—0.6 cm in
thickness.

The electrolyte used was a glycerol solution of KCI
with SnCl, additions. Given that the electrolyte must
be free of moisture and oxygen, the glycerol (analytical
grade) was thoroughly dried and degassed at a tem-
perature of 400 K under dynamic vacuum, and
reagent-grade anhydrous KCIl and SnCl, were used.

The procedures utilized to set up electrochemical
cells and measure their emf were described in detail
elsewhere [15, 16]. The emf was measured from 300 to
430 K in an inert atmosphere by a compensation tech-
nique using a V7-34A digital voltmeter.

(1)

RESULTS AND DISCUSSION

The experimental emf data for the cells of the form (1)
were well consistent with the phase diagram of the
Sn—Sb—Te system [4]. In the composition region
SnTe—Sb,Te;—Te, we obtained two series of emf val-
ues, which corresponded to the three-phase regions
SnTe—SnSb,Te,—Te and SnSb,Te,—Sb,Te;—Te of the
phase diagram.

The figure shows the composition dependence of
the 300 K emf along the SnTe—Sb,Te; join. It is seen
that the emf isotherm comprises two horizontal por-
tions with emfvalues of 8 and 139 mV, with a sharp step
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at the stoichiometric composition of the SnSb,Te,
compound. This suggests that SnSb,Te, has no con-
siderable homogeneity range in the temperature range
of our emf measurements. It is worth noting that the
nonzero emf of the alloys containing <50 mol % SnTe
can be interpreted as indirect evidence that the system
has a narrow range of SnTe-based solid solutions.

In our thermodynamic calculations, the experi-
mental emf data for the SnSb,Te,—Sb,Te;—Te three-
phase region were analyzed using least squares fitting
under the assumption that the emf was a linear func-
tion of temperature [17], and the results were repre-
sented by equations of the form

E=a+bT £4(S}/n)+ S} (T —T)z]'/z, 2

recommended by Morachevskii et al. [15] and Babanly
and Yusibov [16]. Here, n is the number of data points
(E versus T), Sg is the variance of an individual emf
measurement, S, is the variance of the coefficient b, T
is the average absolute temperature, and 7 is Student’s z.
For a 95% confidence interval and a number of data
points n > 20, we have 1< 2.

Using the equation thus obtained,
E. mV=1244+0.0487
+ 2[(0.25/23) + 6.1 x 107¢ (T — 364.7)?]'/?

and well-known thermodynamic relations [15, 16], we
evaluated partial molar thermodynamic functions of
the SnTe in the alloys at 298 K:

AGsnte =—26.00 £ 0.08 kJ/mol,
AH sate =—23.23 + 0.35 kJ/mol,

ASsnte = 9.26 £ 0.96 /(K mol).

These functions are the differences between the
partial molar functions of the tin in SnTe and
SnSb,Te,:

ESnTe = ESn — E'Sn, (3)

where AZs, and AZ s, are the partial thermodynamic
functions of the tin in SnTe and SnSb,Te,, respec-
tively.

On the other hand, since SnTe is the only com-
pound in the Sn—Te system [ 14], the following relation
is valid for it [16]:

AZ sn = AZ(StiTe). (4)

Combining relations (3) and (4), we obtain

AZsn = AZsate + A Z° (SnTe). 5)

According to Morachevskii et al. [15], Babanly and
Yusibov [16], and the phase diagram of the Sn—Sb—Te

system [4], the functions ESH in the SnSb,Te,—
Sb,Te;—Te three-phase region are the thermodynamic
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Standard integral thermodynamic functions of the compounds SnTe, Sb,Tes, and SnSb,Te,

-AG° (298 K ~AH® (298 K
Compound G ( ) oA ) 59298 K), J/(K mol)
kJ/mol
SnTe 60.8 + 1.0 60.7 + 0.8 [18—21] 101.3 + 4.2 [20, 22]
Sb,Te;, 58.6+ 1.0 56.5+ 0.8 [18—21] 246.4 + 2.1 [18, 20, 22]
SnSb,Te, 145.4 + 1.9 140.4 + 1.6 3572+ 7.7

functions of the following potential-determining reac-
tion: Sn + Sb2Te3 + Te = SnSb2T64.

For the standard thermodynamic functions of for-
mation of the SnSb,Te, compound, we then obtain the
relation

A Z°(SnSb,Te,) = AZsy + A Z°(Sb,Te;)  (6)

(where Z= G or H), and its standard entropy meets the
relation

S°(SnSb,Te,) @
= ASsn +5°(Sn) + S°(Sb,Tes) + S°(Te).
In calculations wusing relations (5)—(7), we

employed published data on the relevant thermodynamic
characteristics of SnTe and Sb,Te; (table) and the stan-
dard entropies of white tin (51.55 + 0.21 J/(K mol) and
tellurium (49.50 = 0.21 J/(K mol)) presented in Ref.
[19]. The standard integral thermodynamic functions
of SnTe and Sb,Te; used in our calculations are self-
consistent and quite reliable. The standard heats of
formation and standard entropies recommended in
various handbooks and review articles [18—22] for
these compounds are essentially identical, and their
standard Gibbs energies of formation calculated by us
from their enthalpy and entropy of formation agree
very well with data inferred from emf measurements
[20—22].

As a result of the calculations by Eq. (5), we
obtained the following partial molar functions of the
tin in SnSb,Te,:

AGsy =—86.8£0.9 kJ/mol,
AH s, =—83.9 £ 1.2 kJ/mol,

ASsn=9.7 £ 5.3J/(K mol).

The standard integral thermodynamic functions of
the SnSb,Te, compound calculated using relations (6)
and (7), the above data, and the relevant thermody-
namic functions of the constituent binary compounds
are presented in the table. Uncertainties were evalu-
ated by the error propagation method.

CONCLUSIONS

Using emf measurements, we obtained self-consis-
tent data on the standard integral thermodynamic

functions of the SnSb,Te, compound, which is of great
practical interest as a thermoelectric material and
three-dimensional topological insulator.
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