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Abstract

The thermodynamic properties of manganese tellurides were determined using an electromotive force (EMF) method with
aliquid electrolyte in a temperature range from 300 to 450 K. EMF measurements were performed using equilibrium samples
taken from the two-phase regions, namely MnTe, + Te and MnTe + MnTe,, of the Mn-Te system. The phase compositions
of all samples were controlled with the X-ray diffraction (XRD) method. The partial molar functions of manganese in alloys,
as well as the standard thermodynamic functions of the formation and standard entropies of MnTe and MnTe,, were
calculated. A comparative analysis of obtained results with literature data is performed.
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1. Introduction

Transition metal chalcogenides are
considered promising candidates for spintronics,
optoelectronics, and energy storage applications
due to their unusual physical and chemical
properties [1-4]. Among them, manganese
tellurides are particularly interesting materials
that provide a unique connection between
semiconductivity and magnetism [5-7]. Recent
studies show that ternary layered phases based
on manganese telluride have the potential to
combine two seemingly incompatible properties,
topological insulation and magnetism, at the
same time [8-12]. The first antiferromagnetic
topological insulator [14] — MnBi,Te, consists of
a repetition of septuple blocks where magnetic
MnTe bilayers are inserted into the quintuple
Bi,Te, layers periodically [15].

The knowledge of phase equilibria and reliable
thermodynamic data of corresponding systems
are crucially important for synthesizing novel
complex phases and the development of modern
sample-preparation techniques [16, 17].

Phase equilibria of the Mn-Te binary system
have been investigated several times [18-20].
There exist two binary compounds of this type,
namely MnTe and MnTe,. Both compounds are
formed by a peritectic reaction at 1424 and 1008 K,
respectively. MnTe is a p-type semiconductor and
crystallizes the “NiAs” type crystal structure,
while MnTe, has a pyrite cubic crystal structure
at low temperatures. MnTe undergoes several
phase transformations from the low-temperature
hexagonal phase to the high-temperature cubic
phase [20].

An analysis of the literature shows that the
first studies on the thermodynamic properties
of manganese tellurides began in the late
19th century, and data obtained from both
experimentally determined (calorimetry, vapor
measurements, EMF) and model-calculated
values have been collected in modern handbooks
and electronic databases [21-31]. It should
be noted that all previous studies, including
those conducted by EMF, were performed
in high-temperature ranges. An analysis of
these works shows that the values of standard
integral thermodynamic functions calculated
from high-temperature measurements are
significantly different from each other. Therefore,
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in order to obtain a more reliable set of standard
thermodynamic functions, it is advisable to use
experimental data obtained under conditions as
close as possible to the standard.

Considering the above, the purpose of this
work is a thermodynamic study of the Mn-Te
system by EMF method with a liquid electrolyte
in the temperature range from 300 to 450 K.

2. Experimental

To study the thermodynamic properties
of the manganese-tellurium system, several
compositions having 52, 60, 70, and 80 at% Te
were synthesized from high purity (99.9999 %
pure, Alfa Aesar and Sigma-Aldrich) elemental
components in evacuated (102 Pa residual
pressure) quartz tubes at 1300 K for 5 h. Glassy
carbon crucibles were used to synthesize all
samples to prevent the manganese reacting with
quartz. All samples were subjected to annealing at
600 K for 240 h to reach an equilibrium state. The
phase composition of the alloys was identified
by means of differential thermal analysis (DTA)
and powder X-ray diffraction (PXRD). DTA of
the annealed alloys was carried out using the
LINSEIS HDSC PT1600 system with a heating
rate of 10 K/min. The temperature accuracy
was better than 2 K. PXRD data collection was
performed at room temperature on a Bruker D2
PHASER diffractometer using CuK_ radiation
within 26 = 5°-75°.

The concentration cell of

liquid .
(-) Mn (s.) elei\t/lrr(l)zl},te’ (Mr(lsl,r)l (T)loy) A

type was assembled for EMF measurements in the
300-450 K temperature interval.

A glycerol solution of KCl with the addition
of 0.1 % MnCl, was used as an electrolyte.
Glycerol electrolytes are successfully used for
the low-temperature thermodynamic analysis of
chalcogenide systems [32, 33]. In order to avoid
having moisture and oxygen in the electrolyte, the
glycerol was thoroughly dried and degassed under
vacuum at ~450 K and anhydrous chemically pure
KCl and MnCl, salts were used.

In a cell of type (1), metal manganese was
used as a negative electrode, while the positive
electrode was an annealed alloy of the Mn-
Te system. The phase compositions of all the
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indicated alloys and correspondence to the phase
diagram were confirmed by the PXRD method.
As an example, Fig. 1 shows powder diffraction
patterns of two selected alloys from these regions.
Both electrodes were prepared by pressing the
piece of manganese and powdered alloys of the
Mn-Te system on a molybdenum wire in the form
of pellets weighing 0.5 g.

The electrochemical cell was constructed
similar to that in [32,33], which allows measuring
the EMF values of several electrodes relative to a
reference electrode.

EMF measurements were performed using a
Keithley 2100 6 1/2 Digit Multimeter. The first
EMF equilibrium values were recorded after
keeping the cell at ~360 K for 20-40 h. Values
were thereafter obtained every 3-4 h after
establishing the desired temperature. The system

0 Mng 45Teq 52
1200 O —MnTe
R 4 —MnTe,
1000
3
S 800 |
>
x
[7]
€ 600 -
[
3
£
400 .
0
200 .
N
0 T T T
10 20 30
20 (degree)
Mng ,Teq
2000 + M ¢ —MnTe,
v — Te
1600 N
3
&
> 1200 |
=
7]
=
]
£ 800
*
v
400
*
0 T T

20 (degree)

Fig. 1. PXRD patterns of the alloys from two-phase
regions of the Mn-Te system
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was considered to achieve an equilibrium state
when the EMF values varied by less than 0.5 mV.

3. Results and discussion

The results of the EMF measurements of
the concentration cell of type (1) confirms
the existence of two-phase regions, namely
MnTe+MnTe, and MnTe, +Te in the Mn-Te system.
The EMF isopleths at 400 K show that the EMF
results in each two-phase region remain constant
and change dramatically at the border (Fig. 2).

The temperature dependences of the EMF of
type (1) cells for two-phase alloys are shown in
Fig. 3. As can be seen, the EMF values increase
linearly with increasing temperature. The linear
relationship between EMF and temperature made
it possible to consider the EMF measurement
results using the least-squares method via
computer software. Experimentally obtained data
for temperature (T), EMF (E)) and data associated
with the calculation steps for both MnTe + MnTe,
and MnTe, + Te phase regions of the Mn-Te system
are listed in Tables 1 and 2.

We used the method of processing the results
of the EMF measurements described in [34, 35].
The obtained linear equation of the type (2) are
listed in Table 3 in the literature recommended
form:

E:a+bTit|:(S§/n)+S§-(T—T)ZT/Z @)

Here n is the number of pairs of E and T
values; S, and S, — are dispersions of individual
measurements of EMF and constant b; T -
the average absolute temperature; t — the
Student’s t-test. At the confidence level of 95 %

E, mB
Y 671
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MnTe,+Te
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MnTe+MnTe, |

Mn 20 40 60 80 Te
at% Te

Fig. 2. The composition dependences of the EMF of
type (1) cells at 400 K
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Fig. 3. The temperature dependences of EMF of the concentration cells type (1) for MnTe,+Te (A) and
MnTe+MnTe, (B) phase regions of the Mn-Te system

Table 1. Experimentally obtained data for the temperature (T,), EMF (E) and data associated
with the calculation steps for the MnTe +Te phase region of the Mn-Te system

T,K E, mV T-T E(T -T) (T,-T) E E-E (E,-EY
301.3 664.41 -74.90 | -49766.52 | 5610.51 664.53 -0.12 0.01
305.8 665.53 -70.40 | —46855.53 | 4956.63 664.80 0.73 0.53
310.1 663.72 -66.10 | -43874.10 | 4369.65 665.07 -1.35 1.82

314 666.54 -62.20 | -41461.01 | 3869.25 665.31 1.23 1.52
319.9 667.36 -56.30 | -37574.59 | 3170.07 665.67 1.69 2.86
326.2 665.13 -50.00 | -33258.72 | 2500.33 666.06 -0.93 0.86
331.1 666.91 -45.10 | -30079.86 | 2034.31 666.36 0.55 0.31
335.3 667.81 -40.90 | -27315.66 | 1673.08 666.62 1.19 1.43
340.8 666.82 -35.40 | -23607.65 | 1253.40 666.95 -0.13 0.02
345.4 666.35 -30.80 | -20525.80 | 948.85 667.24 -0.89 0.79
353.6 666.46 -22.60 | -15064.22 510.91 667.74 -1.28 1.64
359.2 667.82 -17.00 | -11355.17 289.11 668.08 -0.26 0.07
364.5 669.54 -11.70 | -7835.85 136.97 668.41 1.13 1.28
370.2 667.13 -6.00 -4005.00 36.04 668.76 -1.63 2.66
374.7 668.91 -1.50 -1005.59 2.26 669.04 -0.13 0.02
378.3 669.74 2.10 1404.22 4.40 669.26 0.48 0.23
385.5 668.82 9.30 6217.80 86.43 669.70 -0.88 0.77
390.2 669.92 14.00 9376.65 195.91 669.99 -0.07 0.00
394.1 670.82 17.90 12005.44 320.29 670.23 0.59 0.35
399.8 669.16 23.60 15789.95 556.80 670.58 -1.42 2.01

406 670.51 29.80 19978.96 887.84 670.96 -0.45 0.20
411.7 671.92 35.50 23850.92 1260.01 671.31 0.61 0.37
418.4 670.14 42.20 28277.67 1780.56 671.72 -1.58 2.50
422.5 671.81 46.30 31102.56 2143.38 671.97 -0.16 0.03
426.7 672.82 50.50 33975.17 2549.91 672.23 0.59 0.35
430.2 673.83 54.00 36384.57 2915.64 672.45 1.38 1.91
436.9 671.54 60.70 40760.24 3684.09 672.86 -1.32 1.74
440.3 674.92 64.10 43260.12 4108.38 673.07 1.85 3.43
443.6 672.73 67.40 45339.76 | 4542.31 673.27 -0.54 0.29
449.8 674.75 73.60 49659.35 5416.47 673.65 1.10 1.21

T=376.2 |E=669.129 2=3798.11 2=61813.79 Z=31.2
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Table 2. Experimentally obtained data for the temperature (T, EMF (E) and data associated

with the calculation steps for the MnTe+MnTe, phase region of the Mn-Te system

T,K | E,mV T-T E(T-T) | (T-T) E E-E | (E-Ey
301.3 498.36 -74.90 —37328.83 5610.51 497.29 1.07 1.14
305.8 496.52 -70.40 -34956.66 4956.63 497.54 -1.02 1.04
310.1 498.91 -66.10 -32979.61 4369.65 497.77 1.14 1.29

314 499.62 -62.20 -31078.03 3869.25 497.99 1.63 2.67
319.9 497.45 -56.30 —-28008.09 3170.07 498.31 -0.86 0.74
326.2 499.16 -50.00 —-24959.66 2500.33 498.65 0.51 0.26
331.1 499.91 -45.10 —-22547.61 2034.31 498.92 0.99 0.98
335.3 498.23 -40.90 —-20379.27 1673.08 499.15 -0.92 0.84
340.8 497.42 -35.40 -17610.33 1253.40 499.45 -2.03 4.11
345.4 498.61 -30.80 -15358.85 948.85 499.70 -1.09 1.19
353.6 499.24 -22.60 -11284.49 510.91 500.15 -0.91 0.82
359.2 501.72 -17.00 -8530.91 289.11 500.45 1.27 1.61
364.5 500.33 -11.70 —-5855.53 136.97 500.74 -0.41 0.17
370.2 498.52 -6.00 -2992.78 36.04 501.05 -2.53 6.41
374.7 501.81 -1.50 -754.39 2.26 501.30 0.51 0.26
378.3 502.44 2.10 1053.45 4.40 501.49 0.95 0.90
385.5 502.91 9.30 4675.39 86.43 501.89 1.02 1.05
390.2 501.43 14.00 7018.35 195.91 502.14 -0.71 0.51
394.1 503.22 17.90 9005.96 320.29 502.35 0.87 0.75
399.8 502.43 23.60 11855.67 556.80 502.67 -0.24 0.06

406 502.81 29.80 14982.06 887.84 503.00 -0.19 0.04
411.7 504.82 35.50 17919.43 1260.01 503.31 1.51 2.27
418.4 502.91 42.20 21221.13 1780.56 503.68 -0.77 0.59
422.5 503.83 46.30 23325.65 2143.38 503.90 -0.07 0.01
426.7 504.24 50.50 25462.44 2549.91 504.13 0.11 0.01
430.2 504.91 54.00 27263.46 2915.64 504.32 0.59 0.34
436.9 503.73 60.70 30574.73 3684.09 504.69 -0.96 0.92
440.3 503.44 64.10 32268.83 4108.38 504.87 -1.43 2.06
443.6 506.72 67.40 34151.24 4542.31 505.05 1.67 2.77
449.8 505.71 73.60 37218.57 5416.47 505.39 0.32 0.10

T=376.2| E=50138 Y =3371.31| Y =61813.79 Y =35.89

Table 3. Temperature dependences of the EMF for the cell of type (1) for alloys of the Mn-Te
in the temperature range of 300-450 K

Phase area E, mV:a+bT+t-5'E(T)
1.04 v
MnTe,+Te 646.03+0.0614T + 2{'3—0 +1.7-107 (T - 376.2)2}
1.2 v
MnTe+MnTe, 480.86+0.0546T + 2{3‘—0 +1.9-107° (T - 376.2)2}
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and n = 30, the Student’s t-test < 2. Using the
obtained equations of type (2) and the following
thermodynamic expressions:

AG,, =-zFE 3)
- oF
AH,, = —z[E - T(a—Tu =—zFa 4)
s oE
AS,,=-zF| — | =zFb 5
Mn ZF(aT)P Z ( )

the partial molar functions of manganese in the
alloys at 298 K were calculated. The results are
given in Table 4.

According to the phase diagram of the Mn-Te
system, the values of the partial molar functions
can be considered thermodynamic functions of
the following virtual cell reactions (all substances
are solid) [34, 35]:

Mn+2Te=MnTe, (6)
Mn+MnTe, =2MnTe )

According to the (6) and (7) reaction equations,
the standard thermodynamic functions of
formation for both MnTe and MnTe, compounds
are calculated using the following expressions:

AfZ]i/InTeZ = AZMn (8)
A;Zye =0.5AZ,, +0.5A Z,, )

where AZ = AG or AH .The standard entropy was
calculated as:

2021;23(2): 273-281
Original article

o

SMnTeZ = A'§Mn + SI:/In + ZS;E

(10)
Syze = 0.5AS,, +0.5S,, +0.58,

MnTe MnTe, ( 1 1)

In the calculations, the values of standard
entropies of manganese (32.01£0.13 J/(mol-K))
and tellurium (49.50+0.21 J/(mol-K)) were taken
from [25]. The errors were calculated by the error
accumulation method. Available literature data
and calculated values of the present work are
summarized in Tables 5 and 6.

As can be seen from Tables 4 and 5, the values
of standard Gibbs free energies of the formation
of both MnTe and MnTe, compounds obtained by
EMF measurements under standard conditions
was determined with high accuracy. Our results
show a good agreement with the results of high-
temperature EMF (580-823 K) [21,22] studies and
the combination of EMF with the DSC method
[21]. These data are also well matched with the
values of AG® of both compounds given in the
databases [23-26].

A comparison of our results for A H® with all
available literature data shows that the results
calculated for the MnTe compound are in good
agreement, except the old calorimetric data
of Fabre [29]. For the MnTe, compound, our
results are very close to the data obtained by
a combination of EMF with DSC methods [21]
and values recommended in databases [23-26].
At the same time, the values of the enthalpy of
formation calculated by high-temperature EMF

Table 4. Relative partial thermodynamic functions of manganese in the alloys of the Mn-Te system (298 K)

-AG,,, —AH,,, _
Phase area —AS,,,, ]/(mol-K)
kJ/mol
MnTe, +Te 128.20+0.07 124.67%0.30 11.86+0.79
MnTe+MnTe, 95.95%0.08 92.79%0.32 10.54+0.85
Table 5. Standard thermodynamic functions of MnTe,
A6 | A i Afs ° | 5 Ref., Methods
kJ/mol J/(mol-K)
128.20.1 124.7+0.3 11.9+0.8 142.9+1.4 This work, EMF, 300-450 K
127.6+0.6 131.2+1.2 -12.1$4.2 [21], EMF, 594-723 K
127.5%0.6 125.4%1.8 7.8%5.1 [21], EMF with DSC, 298-723 K
124.3+1.0 119.4+1.8 16.5+3.3 [22], EMF, 723-823 K
129.7 125.5+4.2 145 [23,24], recommend.
127.6 123.4+3.5 145.0+0.4 [25,26], recommend.
120.5 10.7 [27], modeling
145.0 [28],DSC
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Table 6. Standard thermodynamic functions of MnTe
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—AG | —AH AS | S Ref., Methods
kJ/mol J/(mol-K)
112.1%0.1 108.7+0.3 11.3%0.8 92.8+1.2 This work, EMF, 300-450 K
112.3%0.2 107.9%1.2 14.7%3.2 [21], EMF, 583-750K
111.2+0.4 106.6%1.4 16.0£3.4 [21], EMF with DSC, 298-750 K
112.5+0.8 107.1£1.4 18.2£3.6 [22], EMF, 723-823 K
94.2 [29], Calorimetry
111.3%5.4 [30], Calorimetry
109.6%8.0 [31], Vapor measurem.
112.1 108.4+2.9 94.0%1.7 [25], recommend.
112.0 108.4 93.7 [23, 24], recommend.
109.2+3.8 93.7%1.7 [26], recommend.
107.0 15.1 [27], modeling

measurements are significantly different from
each other and our results. These discrepancies
are especially clearly reflected in the values of
AS° obtained in [21, 22, 27].

In summary, we note that our results on the
standard entropies of both compounds are in
good agreement with the literature data.

4. Conclusions

In the present paper, we report the results of a
thermodynamic study of the Mn-Te system using
the EMF method with a glycerol electrolyte in a
temperature range from 300 to 450 K. According
to the EMF measurements, the partial molar
functions of manganese in two-phase regions,
MnTe+MnTe, and MnTe,+Te at 298 K, as well
as the standard thermodynamic functions of
the formation and standard entropies of MnTe
and MnTe,, were calculated. The new mutually
consistent values of thermodynamic functions
presented by us are the first experimental
data obtained from EMF measurements under
standard conditions. They supplement and clarify
the previously obtained thermodynamic data for
manganese tellurides.
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