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Thermodynamic study of the thallium-thulium tellurides by EMF method

In this study the phase equilibria in the Tl.Te-TI2Tes~TITmTe2 compositions area of the TI-Tm-Te ternary
system were studied by powder X-ray diffraction (PXRD) analysis. Based on PXRD data, the solid-phase equi-
libria diagram was plotted. The thermodynamic functions of the TloeTmTes and TITmTe> ternary compounds
were calculated by the electromotive forces method. The electrochemical cells of the following type
(=) TmTe (s.) | glycerol + KC1+ TmClz| (Tm in alloys of TI-Tm-Te system) (s.) (+) were assembled and their
EMF were measured in the 300-450 K temperature range. Based on obtained EMF data for the Tl2Tes-TITe—
TITmTez and TITe-TITmTe2-TleTmTes three-phase regions, the relative partial thermodynamic functions of
TmTe in alloys were calculated. The combination of these functions with the partial molar functions of thulium
in TmTe allowed calculating the corresponding partial functions of thulium in the above phase regions. The
potential-forming reactions responsible for the indicated partial molar values were obtained based on con-
structed solid-phase equilibria diagram. Using indicated potential-forming reactions, for the first time, the
standard thermodynamic functions of formation and standard entropies of the TleTmTes and TITmTe2 com-
pounds were calculated.

Keywords: TI-Tm-Te system, TlsTmTes, TITmTez, powder X-ray diffraction analysis, solid-phase equilibria
diagram, method of electromotive forces, concentration cells, thermodynamic functions.

Introduction

The presence of a wide range of functional properties (thermoelectric, optical, electronic) in chalcogeni-
des of heavy elements makes them promising functional materials in numerous fields of modern technology,
such as electronics, optoelectronics industry, photovoltaic and photo-detection applications, fiber-optical com-
munication, etc. [1-6]. Moreover, the discovery of a topological insulators (TI) shown that these compounds
also exhibit the properties of Tl and can be used in spintronics and quantum computers, medicine, security
systems [7, 8].

The introduction of heavy metal atoms as well as d- and f-elements into the crystal lattice of these com-
pounds can lead to an improvement in their thermoelectric properties [9], and also give them additional func-
tionality, for example, magnetic properties, as well as the properties of TI [10-13].

It is known that telluride TlsTes exhibits thermoelectric properties [14]. Due to the peculiarities of the
crystal lattice it has many ternary analogs of the types TlsAXs and T1:BX3 (A-Sb, Bi, In, Au, rare-earth ele-
ments; B-Sn, Pb, Mo, Cu, rare-earth elements; X-Se, Te) [15-22], also possessing several functional proper-
ties, namely optical [23, 24], thermoelectric [25-27], magnetic [28, 29], as well as topological insulators prop-
erties [30, 31]. In recent years in order to improve thermoelectric performance intensive work has been carried
out to study solid solutions and doped phases based on these compounds [32—34].

Another class of thallium chalcogenides with the common formula TICX; (C — Sb, Bi, In, Ag, rare-earth
elements) also possess many functional properties [10, 35-40].

For design and optimization of the synthesis and the growth of the single crystal conditions besides the
phase diagram, accurate data of the thermodynamic functions are required [43-46]. Usually, the method of
differential scanning calorimetry is used to determine the thermal effects of phase transformations and the heat
capacity [47, 48]. At the same time, the method of electromotive forces (EMF) has found wide application in
practice due to the simplicity of measurements and their high accuracy. EMF measurements are often used to
investigate the partial and integral thermodynamic functions of formation. In practice, the several modifica-
tions of the EMF method are used. In this case, liquid electrolytes [49-51], solid electrolytes [52, 53], as well
as ionic liquids can serve as an electrolyte [54, 55].
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However, despite potential interest we did not find in the literature data on the thermodynamic properties
of TlsLnTes and TILnX; compounds. Considering the above, we have undertaken a comprehensive study of
solid-phase equilibria and thermodynamic properties of the TI-Gd-Te and TI-Er-Te systems [41, 42].

In this experimental study, we present the results of the investigation of the solid-phase relations in the
T, Te-Tl,Tes-TITmTe, system and the thermodynamic properties of the TleTmTes u TITmTe, ternary com-
pounds by EMF method.

Experimental

Synthesis

The initial compounds and intermediate samples from the Tl Tes-TITe-TITmTe, and TITe-TITmTe,—
TleTmTes three-phase regions were synthesized from high-purity thallium (granules, 99.999 %), thulium (in-
gots, 99.9%), tellurium (ingots 99.999 %), and telluride Tl,Te in evacuated quartz ampoules. After alloying at
1000 K, non-homogenized intermediate samples were powdered, mixed, compressed into a tablet, and an-
nealed further at 700 K for 1000 h.

The congruently melting TI,Te was synthesized by fusing thallium and tellurium in vacuumed (~ 10~ Pa)
quartz ampoule at 750 K followed by slow cooling.

The refractory compound TmTe was synthesized by ceramic method at 1000 K followed by annealing at
900 K for 1000 h.

Methodology

Studies were carried out by powder X-ray phase diffraction analysis (Bruker D8 diffractometer with
CuKai; radiation) and electromotive forces (EMF) method.

For the rational planning of thermodynamic experiments, we first studied the solid-phase equilibria of the
TI-Tm-Te system in the Tl,Te-Tl,Tes—TITmTe, compositions area (Fig. 1).

TITe+Tl,Te,+TITmTe,

TITmTe,
O+TITe+TITmTe,

4
®

Figure 1. The solid-phase equilibria diagram of the TI,Te-Tl,Tes—TITmTe, subsystem.
1-4 — alloy compositions used for XRD and EMF measurements;
the numbers in brackets are the EMF values (mV) of the cells type (1) in the three-phase regions

The data on phase relations in the Tl,Te-TlsTes—TlsTmTes composition area were taken from the previous
study [56]. The formation of a wide area of solid solutions with the TlsTes structure (3-phase) was found for
this system. Also it was established that 5-phase is tie-lined to TITe (Fig. 1) [57]. As a result, a two-phase
region 8+TITe is formed on the phase diagram. Solid-phase equilibria diagram of the Tl Tes-Tl,Te-TITmTe;
system also reflects the presence of three-phase regions Tl,Tes-TITe-TITmTez and TITe-TITmTe,—TlgTmTes
(Fig.1). Their existence is confirmed based on powder diffraction patterns of selected alloys (Fig. 2, sam-
ples 1, 4).
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Figure 2. The powder X-ray diffractogramms of the alloys from Tl Tes-TITe-TITmTe;
and TITe-TITmTe,—TlysTmTes compositions areas

Thus, EMF measurements in the indicated three-phase regions can be used for calculations of the ther-
modynamic functions of the TlsTmTesand TITmTe, ternary compounds.

The assembled electrochemical cell with a liquid electrolyte can be presented schematically as

(-) TmTe (s.) | glycerol + KCI + TmCl3| (Tm in alloys) (s.) (+). (1)

In cells (1) a glycerol solution of KCI with addition of TmCl; (0.1 %) was used as the electrolyte. It is
necessary to pay special attention to the salts (KCI u TmCls) and glycerol. They must be free from moisture
and oxygen. Therefore glycerol was dehydrated and degassed before use by pumping at a temperature of
~450 K. Anhydrous KCI and TmCIs were used. The electrolyte was stored in a sealed ampoule and used as
required. Upon the introduction of the electrolyte in a cell, contact with air was minimal.

TmTe with a negligible (0.1 at.%) tellurium excess was used as the left (negative) electrode. Our previous
studies [41, 42] showed that using metallic lanthanide as the left electrode resulted in high EMF values. Right
(positive) electrodes in the cells of type (1) were equilibrium alloys from Tl,Tes-TITe-TITmTe; and TITe—
TITmTe-TleTmTes three-phase regions. The synthesis of the alloys - right electrodes is described above. The
methods for preparing electrodes and assembling an electrochemical cell are detailed described in [54, 55]. To
control the reproducibility of the EMF results and their compliance with the phase diagram, 2 electrode-alloys
with different compositions from each three-phase region were prepared.

The electrochemical cell described [54, 55] was assembled, evacuated, filled with argon, and placed in a
cylindrical electric furnace. All contacts and current leads of the cell were kept at the same temperature. The
first equilibrium EMF values were obtained after keeping the concentration cell at ~350 K for 60 h, followed
by every 3—4 hours after the establishment of a certain temperature. The EMF data were considered equilibrium
if they did not differ from each other upon repeated measurements at a given temperature by more than 0.2 mV,
regardless of the direction of the temperature change. Within the experiment the EMF of each sample was
measured 3 times at two constant temperatures. For example, for an alloy from the Tl,Te-TlsTes-TleTmTesg
phase region at 350.8 K, EMF values were: 683.13, 683.19, 683.224. Table 1 presents the averaged value of
683.18.

Keithley 2100 6 1/2 digital multimeter was used for EMF measurements. Most measurements were car-
ried out when heating and cooling the cell in steps no more than 10°. The chromel-alumel thermocouples and
a mercury thermometer (an accuracy of +0.5 K) were used for measurements of the temperature of the elec-
trochemical cell.
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The EMF measurements were conducted in 300-450 K temperature interval. The upper limit of the tem-
perature interval of the EMF measurements was chosen so that the phase composition remained unchanged
within the experiment. The mass measurement and X-ray diffraction analysis of electrodes before and after
EMF measurements were used to control the reversibility of electrochemical cells and reproducibility of re-
sults. The mass and composition of the electrodes remained constant in the time of the experiment.

Results and Discussion
The obtained experimental data, i.e., pairs of temperature and EMF values are listed in Table 1.

Table 1

Experimentally determined data for temperature and EMF of the Tl2Tes-TITe-TITmTe2
and TITe-TITmTex-TlsTmTes phase regions in the TI-Tm-Te system

TK E, mV
' TITe-TITmTe,~TleTmTes Tl,Tes-TITe-TITmTe,

301.2 680.24 712.85
306.7 679.15 711.34
312.7 681.02 712.45
318.3 679.84 714.64
323.3 681.68 715.12
328.2 681.82 713.13
334.2 682.08 715.65
340.1 680.62 713.94
345.5 684.68 714.02
350.8 683.18 718.12
357.7 684.24 714.94
362.2 683.21 719.08
366.4 684.86 719.66
371.5 684.86 716.06
377.9 688.84 720.07
382.9 687.68 717.98
387.4 687.44 716.46
392.3 685.02 719.66
395.3 688.44 719.22
402.1 688.68 722.12
407.5 690.96 718.78
412.3 688.12 719.83
416.7 688.93 722.55
421.3 687.87 721.88
425.7 693.46 722.74
431.1 692.21 722.66
437.2 693.34 722.02
4427 692.66 724.33
446.2 693.85 724.12
449.2 693.99 725.97

The EMF measurements data of the electrochemical cell of type (1) were in full agreement with the
diagram of solid-phase equilibria of the Tl,Te-Tl,Tes-TITmTe, system (Fig. 1). At a certain temperature the
EMF value in the three-phase regions Tl,Tes—TITe-TITmTe, and TITe-TITmTe—TleTmTes were constant
and changed during the transition from one phase to another.

The temperature dependences on EMF for all alloys of the TI-Tm-Te system were linear (Fig.3). Also,
the measurements results showed that, in addition to reproducibility, the numerical values of the EMF increase
in the radial directions from Tm vertex of the TI-Tm-Te concentration triangle, which is in agreement with
the well-known thermodynamic principle [47, 48].
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Figure 3. Temperature dependencies of EMF for alloys of the Tl,Tes-TITe-TITmTe;
and TITe-TITmTe,-TleTmTes phase areas of the TI-Tm-Te system.
Alloys of different composition for each three-phase area are shown in different colors

Alloy designations are the same as in Figure 1.
Therefore, the data obtained were processed by the least-squares method, and temperature dependences
of EMF were represented by the linear equation of type

2 _ 1/2
E=a+bT it[ﬁ—Hsﬁ(r—T)z} . (2)
n

In equation (2) a and b are coefficients, n is the number of pairs of values Eand T; T is average temper-
ature in K, t is Student's test, and 62E and Sﬁ are the variances of individual EMF values and the constant b.
With the number of experimental points n = 30, and the confidence level equal to 95 %, the Student's test is
t < 2. Table 2 lists the equations obtained.

The partial molar functions of thulium telluride in the alloys at 298 K (Table 3) were calculated using the
following thermodynamic relations:

A(_BTmTe == _ZFE, (3)
AStare = 2F (Ej = zFb; 4)
ot ),
AﬁTmTe =—7zF|E-T (a—E) =-7Fa. (5)
T ).

In the equations (3)—(5), z is the charge of the potential-forming cation Tm**, F is the Faraday constant,
a and b are the constants in relation (2).

Table 2
Temperature dependencies of the EMF for the cells of the type (1) in the 300-450 K temperature interval

Ne Phase area E,mV=a+bT +2[62 /n+82(T -T)["?
1/2
1 Tl,Tes + TITe + TITmTe; 687.07 +0.0828T + 2[%+3.5-105(|— —378.2):‘
1 9 1/2
2 TITe + TlgTmTes + TITMTe, 649.22 +0.0984T + 2|:$+3.1-105 (T —378.2):|
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Table 3
Relative partial molar functions of thulium monotelluride in the alloys of the TI-Tm-Te system at T =298 K
Phase area —AGTmTe —AH TmTe AS TmTe
kJ-mol* J-mol1-K?
T, Tes + TITe + TITmTe; 206.02+0.31 198.88+1.30 23.97+3.40
TITe + TlyTmTes + TITmTe, 196.42+0.30 187.92+1.23 28.48+3.24

These values represent the difference of the corresponding partial molar functions of thulium for the left
and right electrodes of the cells of type (1). For example, for alloys from Tl,Tes + TITe + TITmTe; three-phase
area

AG tmre(in alloys) = AGm (in alloy) —AG (in TmTe),
then
AGrm (in alloy) = AGrare (in alloy) + AGrm(in TmTe). (6)

Therefore, the calculation of the partial thermodynamic functions of thulium in the above three-phase
regions was carried out by summation of the data in Table 3 with the corresponding partial
molar functions Tm in TmTe [58]: AG,, =-261.31+0.22 kJmol?, AH, =-267.62+0.92 xJ-mol?,

AS.  =-21.16+2.42 J-mol™-K™. The obtained results are given in Table 4.

Tm —

Table 4

Relative partial molar functions of thulium in the alloys of the TI-Tm-Te system at T = 298 K

Phase area —AGTm _AH Tm ASTm
kJ-mol? JmolTK?
TI,Tes+ TITe + TITmTe, 467.33+0.53 466.50+2.22 2.7815.82
TITe + TleTmTes + TITMTe, 457.73+0.52 455.54+2.15 7.3515.66

The standard integral thermodynamic functions of the TITmTe; and TlsTmTes compounds were calcu-
lated by the method of potential-forming reactions. According to the solid-phase equilibria diagram (Fig. 1),
the values of the partial molar functions of thulium in the Tl Tes-TITe-TITmTe, and TITe-TITmTe,—
TleTmTes three-phase areas are thermodynamic functions of the potential formation reactions

Tm+ Tl Tes =TITe + TITmTe; @)
Tm + 3TITe = 0.25TlgTmTes + 0.75TITmTe, (8)

According to relations (7) and (8), the standard thermodynamic functions of the formation of ternary

compounds TITmTez and TlsTmTeg can be calculated from the relations

A Z°(TITmTe,) = AZm + A, Z°(Tl,Te,) — A, Z°(TITe) , ©)
A, Z°(TI,TmTe,) = 4AZ tm +12A, Z°(TITe) —3A, Z°(TITmTe,) (10)
(Z=G, H), while the standard entropy by using relations
S°(TITmTe,) = AStm + S°(Tm) + S°(Tl,Te,) - S°(TITe) , (11)
S°(TI,TmTe,) = 4AStm +4S°(Tm) +12S°(TITe) —3S°(TITmTe,) - (12)

Using relations (9)—(12) in calculations, beside own experimental data (Table 4), the value of the standard
entropy Tm (71.014+0.209 kJ-mol™) [59] as well as thermodynamic data for TITe and Tl,Tes (Table 5), deter-
mined by using the EMF method [60] and included in the database [59] were used.

When calculating relations (10) and (12), in addition to the partial molar functions of thulium in the three-
phase region TITe+TleTmTes+TITmTe, we used the standard integral thermodynamic functions of the TIT-
mTe, compound determined in this work (Table 5).
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Table 5
Standard integral thermodynamic functions of thallium-thulium tellurides at T= 298 K
—A,G° (298K —A,H°(298K 0

Compound (Go208K) | H°(298K) 5°(298K)
kJ-mol? Jmol*-K?

TITe [60] 44.5+0.4 44.940.5 115.9+1.5
Tl2Tes [60] 90.8+0.8 90.0+1.0 279.7+3.3
TITmTe; 513.6+1.7 511.6+3.7 240.6+10.8
TleTmTes 824.1+12.0 826.2+25.7 965.0+£74.0

During the calculations of the partial thermodynamic functions of thulium (Table 4) and integral thermo-
dynamic functions of ternary compounds (Table 5), the inaccuracies were determined by the uncertainty prop-
agation method. The relatively high errors in the values of the enthalpy of formation and entropy can be ex-
plained by the fact that, in contrast to the usual potential-forming reactions with one final product, there are 2
final products in reactions (7) and (8). Therefore, when calculating the thermodynamic functions of TITmTe;
and TlyTmTeg compounds according to relations (9)—(12), the thermodynamic functions of some compounds
are subtracted from the general balance, while their errors are summed up.

Conclusion

In this paper we presented a set of experimental data on solid-phase relations in the TI-Tm-Te ternary
system in the Tl,Te-Tl,Tes—TITmTe, composition interval and thermodynamic functions of the TITmTe;and
TleTmTes compounds obtained by the powder XRD and EMF methods. The relative partial thermodynamic
functions of TmTe and Tm in alloys were obtained based on the EMF measurements. The potential-forming
reactions responsible for the above partial molar quantities were determined based on constructed solid-phase
equilibria diagram, and the standard thermodynamic functions of formation and standard entropies of the TIT-
mTe, and TlsTmTes compounds were calculated for the first time.
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Tammii-tyaui Tearypuarepin KK sniciMen TepMoanHaMUKAJIBIK 3epTTEY

Maxkanana Tl2Te-Tl2Tes-TITmTe2 xoMnosuimsuiap Anana3oHbIHAAF (aszansliK Tene-TeHmikri TI-Tm-Te
YIUTiK KYHECiHIH YHTaKTBl PEHTTEHIIK IU(PaKmusACH apKbUIBl 3€pPTTEy HOTWXKenepi kentipinreH. XRD
ZIepeKTepl HeTi3iHIe KaTThl (a3alblK Tene-TeHIIK nuarpammackl Kypsurasl. TlaTmTes skone TITmTe:2 ymrik
KOCBUIBICTAPBIHBIH TEPMOJANHAMHMKAIBIK KAaCHETTepl HJIEKTp KO3FAyIlIbl KYIUTEp SAIiCIMEH aHBIKTAJIbI.
() TmTe (xaTTsl) THMIHIETT SIEKTPOXUMHUSIIBIK YSIIBIKTAP KUHALIBI (KaTThl.) | rnmepuH + KCl + TmCls |
(TI TI-Tm-Te »xyiieciniy KopsITHanapsiHaa) (Kartel) (+) xoHe onapasiH IKK temmeparypacst 300—450 K
TeMreparypacbinaa esueH . Ansiaran DKK mepekrepi Herizinge yur ¢asansl aiimakrap yurid Tl2Tes—TITe—
TITmTe2 xone  TITe-TITmTex-TleTmTes, KopbiTmanapmarst TmTe — cambicThIpManbl  ilriHapa
TePMO/IMHAMHUKAJIBIK (DYHKIHUSIApbl aHbIKTanAbl. byn dyHkumsmapasl Tyiumiinin TmTe imiHapa MOJSpPIBIK,
(hyHKOUsIIapbIMEH OipiKTipe OTBIPHII, YKOFaphiaa aTaFaH (a3alblK allMaKTapIarsl TYJIHHIIH colikec imiHapa
¢dbyHKuusaps ecenreneni. Karrel ¢aszanbik Tene-TeHIIK ChI30achIH KOJNJaHa OTBIPHIN, KOPCETUITeH imiHapa
MOJISIPJIBIK [IaMaJiapra jkayarn OepeTiH MOTEeHIMan Ty3ylli peakuusuiapapl naiimanansim, TloTmTes xoHe
TITmTe2 KOCBUIBICTAPBIHBIH ~ CTaHAAPTTHI  TEPMOAHHAMHKAIBIK ~ (DYHKUMSIAPBl  JKOHE  CTaHIaPTThI
SHTPONUSIIAPHI €CETITENI].

Kinm ce30ep: TI-Tm-Te xyiieci, TloTmTes, TITMTez, dyHKIMOHANIB MaTepUaIaap, PeHTIeHIIK(a3abIK,
Taniay, KaTTeiha3asiblK Tere-TeHIIK AMarpaMMAachl, SJIEKTP KO3FayIIbl KYIITEp SMiCi, TepMOIMHAMHUKAIIBIK
(dhyHKUMSITAp.
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C.3. Umamanuesa, 1.®. Mexnuesa, S.U. Ixadapos, M.b. babanmnsi

TepMOIlI/IHaMI/I‘{eCKOQ HCCJICA0BAaHUE TEJJIYPUIAOB TATUS-TYJINUA METOA0M 3)1C

B craTbe npeacTaBieHb pe3yNIbTaThl HCCleqoBaHMs (ha30BbIX paBHOBecHil B o6actu coctaBoB Tl2Te—Tl2Tes—
TITmTez tpoiiroii cucremsl TI-TmM-Te MeTOZOM MOPOIIKOBOM PEHTTEHOBCKOM audpakimu. Ha ocHOBaHHK
naHHbIX POA mocTpoena nuarpamma TBepo(a3HEIX paBHOBecHi. TepMoanHaMHYeCKHe CBOMCTBA TPOHHBIX
coemuneHnit TloTmTes u TITmTe2 onpeneneHbl METOAOM IEKTPOABIDKYIINX CHII. BBIIM coOpaHBI A5eKTpo-
xumuueckue sueiiku tuna (—) TmTe (t8.) | tuuepud + KCIl + TmCls | (Tm B crutaBax cucremsl TI-Tm-Te)
(1B.) (+) 1 m3mepens! ux JJIC B unrepsaine tremmeparyp 300-450 K. Ha ocHoBanunu nomydeHHbIx gaHHbix DJIC
st Tpexdasubix obmacteit TlaTes—TITe-TITmTez u TITe-TITmTez—TleTmTes onpeaeneHbl OTHOCHTETBHBIC
napiuanbHble TepMoauHamudeckue GpyHkinn TmTe B crmaBax. KoMOMHUPYst 3TH QyHKINM ¢ MapIHaIbHBIMU
MOJIIpHBIMH (QYHKIMAMH Tyus B TmTe, BEIYHCIEHBI COOTBETCTBYOIINE MAPLHAIbHBIC (QYHKIINY TYJIUA B yKa-
3aHHBIX BBIIE (ha30BBIX 007acTsX. Mcmonp3ys quarpamMmy TBepAo(a3HBIX paBHOBECHH, COCTaBIECHBI IIOTEH-
[rao0pa3yole peakuy, OTBEYAIOIIIe 32 YKa3aHHbIE ITapIHaibHble MOJISIpHBIe BennduHbl. C HUCIONb30Ba-
HHEM COCTaBJICHHBIX IIOTEHINAI00Pa3yONINX peaKIii BIIEPBbIC paCCUUTaHbl CTAaHJAPTHBIE TEPMOIMHAMUYC-
ckue QyHKIUN 00pa3oBaHUs M CTaHAapTHBIC SHTpormu coequaeHuid TlaTmTes u TITmTeo.

Kniouesvie crosa: cucrema TI-Tm-Te, TloTmTes, TITMTez, GpyHKImOHaTBHBIE MaTepHabl, peHTreHOda30-
BBl aHanmM3, [uarpamMma TBepAo(hasHbIX PaBHOBECHi, METOJ 3NEKTPOJABIKYIIHX CHII, TCPMOIMHAMUYCCKIE
(hyHKIUH.
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