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Thermodynamic Properties of Layered Tetradymite-like Compounds of the
Ag–Ge–Sb–Te System
Mykola Moroz, Fiseha Tesfaye, Pavlo Demchenko, Myroslava Prokhorenko, Daniel Lindberg,
Oleksandr Reshetnyak, Leena Hupa

Abstract
The phase equilibria of the Ag–Ge–Sb–Te system in the part Ag8GeTe6–Ge–GeTe–Sb2Te3 were investigated by
the electromotive force (EMF) method. The determined phase relations were used to express the chemical
reactions. The potential-forming reactions were performed by applying electrochemical cells (–
) C | Ag | Ag2GeS3-glass | D | C (+), where C is graphite, Ag2GeS3-glass is the fast purely Ag+ ions conducting
electrolyte, and D is an equilibrium mixture of phases. According to the experimental data on the EMF versus
temperature of each electrochemical cells, analytical equations for the Gibbs energies of GeSb 8Te13, GeSb6Te10,
GeSb4Te7, GeSb2Te4, Ge2Sb2Te5, Ge3Sb2Te6, and Ge4Sb2Te7 compounds were obtained. The thermodynamic
properties of silver-saturated tetradymite-like compounds have been calculated for the first time. A good
correspondence between experimental values and structure data reported in literature has been established.

Keywords Thermoelectric materials, Layered compounds, Phase equilibria, Thermodynamic properties, EMF
method

1. Introduction
In recent decades, the study of thermoelectric materials (TM) has attracted increasing attention both from an
energy and environmental point of view. Thermoelectric materials provide a large variety of applications in
heating, cooling, and power generation due to direct conversion of heat into electrical energy [1–3]. The
efficiency of TM is defined by the figure-of-merit ZT parameter, which is ZT = S 2 σT/(k el +k lat ), where S, σ, k el
and k lat represent the Seebeck coefficient, electrical, electronic, and lattice vibrations conductivity,
respectively [4]. Many studies in the past decades are focused on increasing of ZT values in several ways by
studying the multicomponent materials. The ternary compounds with mixed layered tetradymite-like structure of
the homologous series nGeTe·mSb2Te3 (n, m =1–4) in the GeTe–Sb2Te3 system were identified as good TM [5–
10].
The T–x phase diagram of the GeTe–Sb2Te3 system has been studied by Abrikosov et al. [11]. The formation
of the following compounds was established GeSb4Te7, GeSb2Te4, and Ge2Sb2Te5. These ternary compounds
melt incongruently at 878, 888, and 903 K, respectively. Skums et al. [12] and Skoropanov et al. [13] reported
that the GeSb4Te7 and GeSb2Te4 compounds melt congruently at 880 and 888 K, respectively. Later on, four
additional compounds Ge4Sb2Te7, Ge3Sb2Te6, GeSb6Te10, and GeSb8Te13 of the homologous series
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nGeTe·mSb2Te3 were found [5–9]. These compounds were identified by high-resolution electron microscopy,
electronic diffraction [5, 6, 14, 15] and X-ray diffraction [8, 14] techniques. In the layered ternary compounds Te
atoms form a cubic close packing structure with octahedral voids, occupied by Ge and Sb atoms. The hexagonal
unit cells are formed by multilayer packets of different types, ordered in alternating directions in the direction
perpendicular to hexagonal c axis. The layered compounds can be divided in two groups, based on the
compositional variations of “GeSb2Te4”. The structures of the GeTe-rich compounds are formed by identical
slabs. The structures of Sb2Te3-rich compounds include five- and seven-layer slabs [8].
For the practical application of compounds in electronic cooling devices and transformation of thermal
energy into electrical power, absence of structural transformations in the operating temperature range is
important. Shelimova et al. [9] measured the Hall coefficient, electrical resistivity, and thermoelectric power of
compounds of the homologous series in the range of 100–600 K. According to Skums et al. [12], some of these
compounds undergoes a phase transition at T>600 K. Below T=600 K, the energy of thermal vibrations of atoms
may not be sufficient to change the lattice crystal structure. Under these conditions, the phase will be in a
metastable state. The examples of transition of compounds from the metastable to the thermodynamic
equilibrium state. were published in several works [16–21]. Such transition was carried out by including
compound as one of the components into a positive electrode of the electrochemical cells (ECCs). A key role in
achieving the thermodynamic equilibrium state of the compounds belongs to Ag+ ions migrated from the Agreference electrode to multi-phase mixture of a positive electrode [22].
Moroz and Prokhorenko [16] reported that continuous solid solution of the PbSe–PbTe system at T<570 K is
a metastable. Decomposition of the solid solution and formation in the right electrode of ECC the intermediate
phase in the PbSe0.70Te0.30–Pb0.73Te0.27 concentration range was established.
Formation of the Ag2GeSe3 compound in the Ag2Se–GeSe2 system was found under carefully controlled
conditions in ECC [17]. Furthermore, Ag2GeSe3 was observed to undergo a phase transition at T=535 K.
The phase diagram of the Bi–Te system in the entire composition range is given in [19]. It is characterized by
the presence of Bi2Te3, Bi4Te5, Bi8Te9, BiTe, Bi6Te5, Bi4Te3, Bi2Te, and Bi14Te6 compounds. Data on the
temperature and concentration ranges of stability of the Bi2Te3, BiTe, Bi2Te, and Bi14Te6 compounds are given in
Abrikosov et al. [20]. It was found that BiTe and Bi2Te are phases of variable composition. The phase equilibria
of the Ag–Bi–Te system and thermodynamic properties of the compounds have been investigated by the
electromotive force (EMF) method in the temperature range of 490–550 K [18]. It is characterized by the
presence of the Ag2Te–Bi, Ag2Te–Bi14Te6, Ag2Te–Bi2Te, Ag2Te–BiTe, and Ag2Te–Bi2Te3 quasi-binary
sections. A good agreement between calculated [18] and literature [23] thermodynamic data for BiTe and Bi2Te3
compounds confirm the phase equilibria of the Ag–Bi–Te system presented in [18]. It is mean that in
thermodynamic equilibrium BiTe and Bi2Te are stochiometric compounds due to the decomposition of their
solid solutions under potential-forming process.
According to [21], the solid solubility of PbS in Ag8GeS6 does not exceed 13 mol% . Metastable state of this
solid solution was established by the EMF method in [24]. It was found that maximum solubility occurs up to
19 mol% PbS. Furthermore, existence of intermediate phase with the approximated composition
Ag6.62Pb0.16Ge0.84S5.20 was predicted.
Herein we present the thermodynamic properties of the saturated solid solutions of the nGeTe·mSb2Te3
compounds in the phase region Ag8GeTe6–Ge–Ge4Sb2Te7–Sb2Te3 of the Ag–Ge–Sb–Te system. These
thermochemical data of the compounds can be used to optimize or complete phase diagrams in the investigated
system and for selection of thermodynamically stable materials with optimal values of the ZT parameter.

2. Experimental Section
The starting materials for synthesis were high-purity elements: Ag, 99.99 wt% (Alfa-Aesar, Germany); Ge,
99.999 wt% (Alfa-Aesar, Germany); Sb, 99.99 wt% (Alfa-Aesar, Germany); S, 99.999 wt% (Alfa-Aesar,
Germany); Te, 99.999 wt% (Alfa-Aesar, Germany).
For the EMF measurements [24–29], the following electrochemical cell was used:
(–) C | Ag | Ag2GeS3-glass | D | C (+),
where C is graphite, Ag2GeS3-glass is the fast purely Ag+ ions conducting electrolyte [30, 31], and D is an fourelement equilibrium mixture of phases. The vertical lines in ECC indicate phase boundaries or contacts between
cell components. The cell polarities and half-cell reactions in the ECCs were established according to rules
described in [24, 32].
The positive (right) electrodes D of the EECs were synthesized by melting of chemical elements in thinwalled evacuated quartz glass ampoules at T=1070 K for 5 h. Slowly cooled to room temperature samples were
ground into a fine powder with the particle size of 5 m, evacuated, and then annealing at T=550 K for 250 h.
The composition of positive electrodes of ECCs were calculated based on equations of electrochemical reactions
for each of 7 four-phase regions of the Ag8GeTe6–Ge–Ge4Sb2Te7–Sb2Te3 system. The Ag2GeS3-glass [30, 33]
was obtained by melt quenching of the corresponding elements from T = 1200 K in ice water. The phase
compositions of the right electrode compounds were characterized by differential thermal analysis (Paulik2

Paulik-Erdey derivatograph fitted with chromel-alumel thermocouples and an H307-1 XY recorder) and by Xray powder diffraction (STOE STADI P diffractometer, transmission mode, CuKα1 radiation, a bent Ge (111)
monochromator on primary beam, 2θ/ω scan mode) techniques. X-ray phase analysis was performed using
STOE WinXPOW [34] and PowderCell [35] program packages using crystallographic data on the structures of
known phases taken from databases [36, 37].
Components of the ECCs in powder form were pressed at 10 8 Pa through a 2 mm diameter hole arranged in
the fluoroplast matrix up to density ρ = (0.93 ± 0.02)ρ0, where ρ0 is the experimentally determined density of
cast samples. Five-fold thermal cycling of ECCs in the temperature range of 450–510 K was performed to
eliminate possible defects due to plastic deformation during sample pressing. The heating and cooling rates were
of 2 K min–1. Experiments were performed in a horizontal resistance furnace, similar to that described in [38]. As
protective atmosphere, we used a continuously flowing highly purified (0.9999 volume fraction) Ar(g) at P =
1.2105 Pa, with a flow rate of 210–3 m3 h–1 from the right to left electrode of the ECCs. The temperature was
maintained with an accuracy of ± 0.5 K. The EMF of the cells were measured by high-resistance (input
impedance of >1012 Ω) universal U7-9 digital voltmeter. The equilibrium in ECCs at each temperature was
achieved within 2 h. After equilibrium has been attained, the EMF values were constant or their variation did not
exceed ± 0.2 mV.
In our previous works [39, 40] we have described in details the scheme of ECCs and procedure of the EMF
measurements.

3. Results and Discussion
As can be seen in Table 1 and Fig. 1, concentration space of the Ag–Ge–Sb–Te system in the Ag8GeTe6–Ge–
Ge4Sb2Te7–Sb2Te3 part consists of 7 four-phase regions. In Fig. 1, the phase regions borders are marked by twophase equilibrium lines. The lines of two-phase equilibria were determined in [9, 41, 42] as well as by our
investigation by the EMF method. The spatial location of the established phase regions relative to composition of
Ag were used to determine the thermodynamic properties of ternary compounds.
In the phase region (1), listed in Table 1, the electrochemical process of the formation of Ag8GeTe6, Ge,
and Ge3Sb2Te6 from the pure Ag and Ge4Sb2Te7 compound follows:
8Ag = 8Ag+ + 8e– – left electrode (reference system)
8Ag+ + 8e– + 6Ge4Sb2Te7 = Ag8GeTe6 + 5Ge + 6Ge3Sb2Te6 – right electrode (sample system),
8Ag + 6Ge4Sb2Te7 = Ag8GeTe6 + 5Ge + 6Ge3Sb2Te6 – overall cell reaction.

(R1)

For the phase regions (2)–(7), listed in Table 1, the overall cell reactions can be expressed as:
8Ag + 6Ge3Sb2Te6 = Ag8GeTe6 + 5Ge + 6Ge2Sb2Te5,

(R2)

8Ag + 6Ge2Sb2Te5 = Ag8GeTe6 + 5Ge + 6GeSb2Te4,

(R3)

8Ag + 12GeSb2Te4 = Ag8GeTe6 + 5Ge + 6GeSb4Te7,

(R4)

8Ag + 18GeSb4Te7 = Ag8GeTe6 + 5Ge + 12GeSb6Te10,

(R5)

8Ag + 24GeSb6Te10 = Ag8GeTe6 + 5Ge + 18GeSb8Te13,

(R6)

8Ag + 6GeSb8Te13 = Ag8GeTe6 + 5Ge + 24Sb2Te3.

(R7)

Reactions (R1)–(R7) were realized to take place in the ECCs at different temperatures. Based on equations (R1)–
(R7), the positive electrodes D of ECCs were prepared from pure elements Ag, Ge, Sb, and Te taken in molar
ratios: 1) 8 : 3 : 10 : 22, 2) 8 : 4 : 14 : 29, 3) 8 : 4 : 10 : 23, 4) 8 : 4 : 6 : 17, 5) 8 : 5 : 4 : 15, 6) 8 : 7 : 4 : 17, and
7) 8 : 9 : 4 : 19, respectively.
Table 1 Four-phase regions of the Ag–Ge–Sb–Te system in the Ag8GeTe6–Ge–Ge4Sb2Te7–Sb2Te3 part and the
EMF values of ECCs at T=480 K in corresponding phase areas
No Phase region
E / mV
1
Ge4Sb2Te7–Ge–Ag8GeTe6–Ge3Sb2Te6
275.09
2
Ge3Sb2Te6–Ge–Ag8GeTe6–Ge2Sb2Te5
272.44
3
Ge2Sb2Te5–Ge–Ag8GeTe6–GeSb2Te4
270.17
4
GeSb2Te4–Ge–Ag8GeTe6–GeSb4Te7
265.98
5
GeSb4Te7–Ge–Ag8GeTe6–GeSb6Te10
258.38
6
GeSb6Te10–Ge–Ag8GeTe6–GeSb8Te13
254.52
7
GeSb8Te13–Ge–Ag8GeTe6–Sb2Te3
247.50
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Fig. 1 The phase equilibria of the Ag–Ge–Sb–Te system in the Ag8GeTe6–Ge–GeTe–Sb2Te3 part, below
T = 520 K. 1 is Ge4Sb2Te7, 2 is Ge3Sb2Te6, 3 is Ge2Sb2Te5, 4 is GeSb2Te4, 5 is GeSb4Te7, 6 is GeSb6Te10, 7 is
GeSb8Te13
The relationship of EMF versus temperature of reactions (R1)–(R7) in ECCs were approximated by Eqs. (1)–
(7) and are shown in Fig. 2. The crystal lattices of tetrademite-like compounds are highly disordered, due to the
presence of mixed occupancy of cations in octahedral voids [43]. The bends of the curves at different
temperatures in Fig. 2 arises from individual activation changes of occupancy sites by Ge, Sb, and Ag cations
that are characteristic of each of the studied phases.
E(1)/mV = (162.980.21) + (233.560.43)10–3T/K

462  T/K  503,

(1)

E(2)/mV = (171.250.21) + (210.820.44)10–3T/K

458  T/K  495,

(2)

–3

457  T/K  499,

(3)

–3

E(4)/mV = (139.200.17) + (264.130.35)10 T/K

460  T/K  499,

(4)

E(5)/mV = (139.390.18) + (247.890.38)10–3T/K

E(3)/mV = (185.460.16) + (176.480.34)10 T/K

457  T/K  496,

(5)

–3

465  T/K  501,

(6)

–3

465  T/K  497.

(7)

E(6)/mV = (147.710.22) + (222.530.46)10 T/K
E(7)/mV = (145.750.19) + (211.970.39)10 T/K

Fig. 2 The temperature dependences of EMF of the cells with the positive electrodes D of the phase regions: 1 is
Ge4Sb2Te7–Ge–Ag8GeTe6–Ge3Sb2Te6, 2 is Ge3Sb2Te6–Ge–Ag8GeTe6–Ge2Sb2Te5, 3 is Ge2Sb2Te5–Ge–
Ag8GeTe6–GeSb2Te4, 4 is GeSb2Te4–Ge–Ag8GeTe6–GeSb4Te7, 5 is GeSb4Te7–Ge–Ag8GeTe6–GeSb6Te10, 6 is
GeSb6Te10–Ge–Ag8GeTe6–GeSb8Te13, 7 is GeSb8Te13–Ge–Ag8GeTe6–Sb2Te3
In addition, Eqs. (1)–(7) confirm the correctness of the spatial location of the established phase regions. In
particular, EMF values of ECCs remain constant independent of the general composition in the phase region, but
change drastically on their boundaries [24]. Furthermore, as can be seen in Table 1, the phase region further
away from the composition of Ag is characterized by higher EMF value at T=const.
4

The Gibbs energies, entropies, and enthalpies of the reactions (R1)–(R7) can be calculated by combining the
measured EMF values of each ECC and the thermodynamic Eqs. (8)–(10) [49,59,60]:
∆𝑟 𝐺 = −𝑛 ⋅ 𝐹 ⋅ 𝐸,
(8)
∆𝑟 𝐻 = −𝑛 ⋅ 𝐹 ⋅ [𝐸 − (𝑑𝐸/𝑑𝑇)𝑇],
(9)
∆𝑟 𝑆 = 𝑛 ⋅ 𝐹 ⋅ (𝑑𝐸/𝑑𝑇),
(10)
where n = 8 is the number of electrons involved in the reactions (R1)–(R7), F = 96485.33289 С·mol –1 is Faraday
constant, and E is the EMF of the electrochemical cells.
By assuming (

𝜕∆𝑟 𝐻
𝜕𝑇

) = 0 and (
𝑝

𝜕∆𝑟 𝑆
𝜕𝑇

) = 0, which implies that ∆𝑟 𝐶p = 0 [32], the thermodynamic function
𝑝

of reactions (R1)–(R7) were calculated through extrapolation of the linear temperature dependences of the EMF
of ECCs to T = 298 K and using Eqs. (8)–(10). The results of the calculations are listed in Table 2.
Table 2 Standard thermodynamic values of reactions (R1)–(R7) in ECCs at T = 298 K
Reaction
−∆𝑟 𝐺 
−∆𝑟 𝐻
∆𝑟 𝑆 
–1
kJ·mol
J·mol –1·K –1
(R1)
(R2)
(R3)
(R4)
(R5)
(R6)
(R7)

179.53 ± 0.62

125.80 ± 0.16

180.28 ± 0.33

180.68 ± 0.66

132.18 ± 0.16

162.73 ± 0.34

183.75 ± 0.57

143.15 ± 0.12

136.22 ± 0.26

168.20 ± 0.48

107.45 ± 0.13

203.88 ± 0.27

164.61 ± 0.52

107.59 ± 0.14

191.34 ± 0.29

165.20 ± 0.64

114.01 ± 0.17

171.77 ± 0.36

161.26 ± 0.56

112.50 ± 0.15

163.62 ± 0.30

Standard Gibbs energy and entropy of reactions (R1)–(R7) are related to the Gibbs energy of formation and
entropy of compounds and pure elements the following equations:



∆𝑟(1) 𝐺  = ∆𝑓 𝐺Ag
+ 6∆𝑓 𝐺Ge
− 6∆𝑓 𝐺Ge
,
8 GeTe6
3 Sb2 Te6
4 Sb2 Te7

(11)






∆𝑟(1) 𝑆  = 𝑆Ag
+ 5𝑆Ge
+ 6𝑆Ge
− 8𝑆Ag
− 6𝑆Ge
,
8 GeTe6
3 Sb2 Te6
4 Sb2 Te7

(12)


6∆𝑓 𝐺Ge
2 Sb2 Te5

(13)

∆𝑟(2) 𝐺  =


∆𝑓 𝐺Ag
8 GeTe6

+

−


6∆𝑓 𝐺Ge
,
3 Sb2 Te6






∆𝑟(2) 𝑆  = 𝑆Ag
+ 5𝑆Ge
+ 6𝑆Ge
− 8𝑆Ag
− 6𝑆Ge
,
8 GeTe6
2 Sb2 Te5
3 Sb2 Te6

(14)




∆𝑟(3) 𝐺  = ∆𝑓 𝐺Ag
+ 6∆𝑓 𝐺GeSb
− 6∆𝑓 𝐺Ge
,
8 GeTe6
2 Te4
2 Sb2 Te5

(15)






∆𝑟(3) 𝑆  = 𝑆Ag
+ 5𝑆Ge
+ 6𝑆GeSb
− 8𝑆Ag
− 6𝑆Ge
,
8 GeTe6
2 Te4
2 Sb2 Te5

(16)


6∆𝑓 𝐺GeSb
4 Te7

(17)



∆𝑟(4) 𝐺 =


∆𝑓 𝐺Ag
8 GeTe6

+

−


12∆𝑓 𝐺GeSb
,
2 Te4






∆𝑟(4) 𝑆  = 𝑆Ag
+ 5𝑆Ge
+ 6𝑆GeSb
− 8𝑆Ag
− 12𝑆GeSb
,
8 GeTe6
4 Te7
2 Te4

(18)




∆𝑟(5) 𝐺  = ∆𝑓 𝐺Ag
+ 12∆𝑓 𝐺GeSb
− 18∆𝑓 𝐺GeSb
,
8 GeTe6
6 Te10
4 Te7

(19)






∆𝑟(5) 𝑆  = 𝑆Ag
+ 5𝑆Ge
+ 12𝑆GeSb
− 8𝑆Ag
− 18𝑆GeSb
,
8 GeTe6
6 Te10
4 Te7

(20)


18∆𝑓 𝐺GeSb
8 Te13

(21)



∆𝑟(6) 𝐺 =


∆𝑓 𝐺Ag
8 GeTe6

+

−


24∆𝑓 𝐺GeSb
,
6 Te10






∆𝑟(6) 𝑆  = 𝑆Ag
+ 5𝑆Ge
+ 18𝑆GeSb
− 8𝑆Ag
− 24𝑆GeSb
,
8 GeTe6
8 Te13
6 Te10

(22)




∆𝑟(7) 𝐺  = ∆𝑓 𝐺Ag
+ 24∆𝑓 𝐺Sb
− 6∆𝑓 𝐺GeSb
,
8 GeTe6
2 Te3
8 Te13

(23)



∆𝑟(7) 𝑆  = 𝑆Ag
+ 5𝑆Ge
+
8 GeTe6


24𝑆Sb
2 Te3


− 8𝑆Ag
−


6𝑆GeSb
.
8 Te13

The entropy of formations of the GeSb8Te13 compound can be calculated as:


°
°
°
∆𝑓 𝑆GeSb
= 𝑆GeSb
− 𝑆Ge
− 8𝑆Sb
− 13𝑆Te
.
8 Te13
8 Te13

(24)
(25)

For Ge3Sb2Te6, Ge4Sb2Te7, Ge2Sb2Te5, GeSb2Te4, GeSb4Te7, and GeSb6Te10 compounds the corresponding
reactions to determine ∆𝑓 𝑆  can be written similar to Eq. (25) with their respective moles.
By combining Eqs. (8)–(25) and using data of the pure elements [23], Ag8GeTe6, and Sb2Te3 [23, 24], the
standard Gibbs energy of formations of the layered tetradymite-like compounds of the homologous series
nGeTe·mSb2Te3 were calculated to be:

∆𝑓 𝐺GeSb
/(kJmol−1 ) = −(248.06 ± 2.17) − (3.90 ± 0.03) ⋅ 10−3 𝑇/K,
8 Te13

5

(26)


∆𝑓 𝐺GeSb
/(kJmol−1 ) = −(191.51 ± 1.56) − (1.74 ± 0.02) ⋅ 10−3 𝑇/K,
6 Te10

(27)


∆𝑓 𝐺GeSb
/(kJmol−1 )
4 Te7

(28)

= −(135.32 ± 1.01) + (0.75 ± 0.01) ⋅ 10−3 𝑇/K,


∆𝑓 𝐺GeSb
/(kJmol−1 ) = −(79.14 ± 0.53) + (3.54 ± 0.02) ⋅ 10−3 𝑇/K,
2 Te4

(29)


∆𝑓 𝐺Ge
/(kJmol−1 ) = −(96.16 ± 1.21) + (6.50 ± 0.06) ⋅ 10−3 𝑇/K,
2 Sb2 Te5

(30)


∆𝑓 𝐺Ge
/(kJmol−1 ) = −(114.99 ± 2.13) + (10.79 ± 0.16) ⋅ 10−3 𝑇/K,
3 Sb2 Te6

(31)


∆𝑓 𝐺Ge
/(kJmol−1 )
4 Sb2 Te7

(32)

−3

= −(134.90 ± 3.29) + (15.96 ± 0.31) ⋅ 10 𝑇/K.

The thermodynamic values of the saturated solid solutions of compounds in the Ag8GeTe6–Ge–Ge4Sb2Te7–
Sb2Te3 part are given in Table 3 and Fig. 3.
Table 3 Summary of the standard thermodynamic properties of layered tetradymite-like compounds of the
GeTe–Sb2Te3 system at T=298 K determined in this work
−∆𝑓 𝐺 
−∆𝑓 𝐻
𝑇∆𝑓 𝑆 
𝑆
∆𝑓 𝑆 
Phase
kJ·mol –1
J·mol –1·K –1
GeSb8Te13
251.961.38
248.062.17
3.900.03
1051.8014.73
13.090.09
GeSb6Te10
193.251.28
191.511.56
1.740.02
805.0213.61
5.840.04
GeSb4Te7

134.571.18

135.321.01

–0.750.01

557.166.48

–2.500.02

GeSb2Te4

75.601.09

79.140.53

–3.540.02

308.253.35

–11.880.06

Ge2Sb2Te5

89.661.21

96.161.21

–6.500.06

378.863.34

–21.840.21

Ge3Sb2Te6

104.201.38

114.992.13

–10.790.16

445.065.91

–36.230.53

Ge4Sb2Te7

118.941.57

134.903.29

–15.960.31

508.328.99

–53.541.03

Fig. 3 Concentration changes of thermodynamic functions of layered tetradymite-like compounds of the GeTe–
Sb2Te3 system
As can been seen in Fig. 3, at 50 mol% Sb2Te3, a composition that corresponds to GeSb2Te4 compound, the
∆𝑓 𝐺  , ∆𝑓 𝐻 , 𝑆  values are minimum and the sign of the second derivative of 𝑇∆𝑓 𝑆  function changes. Gibbs
energy, enthalpy, and entropy of the compounds is observed to increase with the addition of GeTe or Sb2Te3 to
GeSb2Te4 composition. Results shown in Table 3 and Fig. 3 are in a good agreement with those data reported
in [7–9] regarding the difference in the crystal structures of the compounds of the GeTe–Sb2Te3 system on either
side of the GeSb2Te4. The unit cell of the GeSb2Te4 compound contains 3 seven-layer slabs across the c axis.
According to [7], in GeTe-rich compounds thermodynamic values increasing is accounted with more quantities
of atomic layers in the packet and number of the same type packets that determine the unit cell parameter c. For
the Sb2Te3-rich compounds, increases are due to the number and alternation of 5- and 7-layer packets along the c
axis.

4. Conclusions
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1.

2.
3.

The reproducibility of the values Е(1)–(7)(Т) of the ECCs during the heating and cooling cycles characterizes
saturated solid solutions of the compounds of the GeTe–Sb2Te3 system as thermodynamically stable phases
in the temperature range of 455–505 K.
The measured EMF values were applied to calculate the Gibbs energies, enthalpies, and entropies of silversaturated solid solutions of the nGeTe·mSb2Te3 (n, m =1–4) compounds.
Concentration dependences of the thermodynamic values of compounds confirm the previously established
difference between the crystalline structures of GeTe-rich and Sb2Te3-rich phases of the GeTe–Sb2Te3
system.
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