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Abstract
It is necessary to know the values of the thermal conductivity coeffi cient of a semiconductor material to assess the possibility 
of its application as a thermoelectric. The thermal conductivity of natural minerals of galena (PbS), chalcopyrite (CuFeS2), 
and ZnS ceramics was studied using the absolute stationary method of longitudinal heat fl ux in the range of 50–300 K.
The samples were homogeneous, had low impurity content (the chemical composition of the samples was controlled by 
the X-ray fl uorescence method) and were characterized by high electrical resistivity (r > 9·10–2 Ohm·m at room temperature). 
It corresponds to the electronic component of the thermal conductivity ke < 1·10–4 W/(m·K). The results of the thermal 
conductivity measurements are presented graphically and in tabular form. All the dependences are shown to be decreasing. 
The thermal conductivity values (W/(m·K)) at 50 K amount to 10.9 for PbS, 62 for CuFeS2, and 73-98 for ZnS. At 300 K the 
values are 2.48, 10.5 and 18.6 – 18.8 W/(m·K), respectively. 
All the studied materials have much worse thermal conductivity than pyrite (FeS2). The obtained data was compared to the 
data available in literary sources. The temperature dependence of the thermal conductivity of galena is low, its low thermal 
conductivity is favourable for thermoelectric applications.
The thermal conductivity of chalcopyrite, which was detected in this study, appeared to be the highest among the 
corresponding literature data. The high thermal conductivity of zinc sulphide correlates to its wide variability depending 
on the structural features of the material. The temperature dependences of the mean free path of phonons were calculated. 
The values of this characteristic, estimated for the melting temperature, for PbS and for ZnS, in particular, signifi cantly 
exceed the size of an elementary crystal cell, which is unusual.
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1. Introduction
Sulphides are a vast class of compounds with 

a semiconductor nature of electrical conductivity 
[1]. It is necessary to know the values of the 
thermal conductivity coeffi cient to determine the 
scope of application of a solid material, including 
its application as a thermoelectric [2]. The feature 
of this characteristic is its considerable variability 
depending on temperature, impurity composition, 
and structural features of the material. The 
existing theoretical concepts of heat transfer 
processes do not allow reliable and accurate a 
priori estimates of thermal conductivity, and the 
experimental method is the only reliable way to 
determine it.

So far, a number of experimental studies 
researching the thermal conductivity of pyrite 
(FeS2) [3], galena (PbS) [4–9], chalcopyrite (CuFeS2) 
[10–14], and zinc sulphide [15–19] are known. The 
results obtained in these studies vary greatly in 
the absolute value of thermal conductivity as well 
as in the nature of its temperature dependence.

The aim of this study was to conduct an 
independent research of temperature dependence 
of the thermal conductivity of the natural 
minerals of galena and chalcopyrite (Ural region), 
and also of synthetic zinc sulphide ceramics.

2. Experimental
Thermal conductivity in the range of 50–

300 K was measured using the absolute stationary 
method of longitudinal heat fl ux. The experimental 
equipment and methods are described in [20]. 
PbS and CuFeS2 samples were about 9×9×24 mm 

in size, see Fig. 1, 2, ZnS – 5×5×40 mm. The 
measurement error for the value of thermal 
conductivity was no more than ± 5 %.

The chemical composition of the samples was 
controlled using the X-ray fl uorescence method 
on “SUR-01 Renom”. The X-ray tube had copper 
anode, its voltage was 30 kV, and its current 
amounted to 4800 μA. A vanadium fi lter (100 μm) 
was used.

X-ray phase analysis was performed using the 
DRON-7 diffractometer with cobalt anode of the 
tube (lm = 1.79021 Å).

The PbS sample was cut from a homogeneous, 
monolithic piece of galena (see the photo on 
Fig. 1) with a mass of about 0.5 kg. The study 
of its chemical composition did not reveal any 
impurities with an accuracy of 0.01 wt. % with 
respect to Pb. In this regard, the resistivity 
measured at room temperature turned out to be 
r = 9·10–2 Ohm·m. This is a suffi ciently high value 
that, using the Wiedemann-Franz-Lorentz law, 
the electronic component of thermal conductivity 
ke < 1·10–4 W/(m·K) can be considered negligible 
compared to the experimentally determined.

The CuFeS2 sample (see the photo on Fig. 2) 
was cut from a homogeneous, monolithic piece 
of chalcopyrite. The X-ray powder diffraction 
pattern of this sample is given in Fig. 3. It is 
almost identical to the diffraction patterns 
obtained in [13].

The results of the chalcopyrite sample 
chemical composition study are given in Table 1. 
The probes were taken from different parts of the 
sample.

Fig. 1. Photo of a galena monolith with a piece cut off 
for a sample

Fig. 2. Photo of a chalcopyrite monolith with a piece 
cut off for a sample
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We can see little deviation in the chemical 
composition in terms of homogeneity and the low 
impurity content. The resistivity and electronic 
component of the thermal conductivity at room 
temperature were close to those determined for 
galena.

One of the zinc sulphide samples (OOO 
PromLab, Nizhniy Novgorod, Russia) was obtained 
using the method of chemical deposition from the 
gas phase by the reaction between zinc vapour 
and hydrogen sulphide. The sample carved for the 
thermal conductivity measurement was 5×5×40 mm 
in size, its major axis was perpendicular to the 
growth direction of the material. Zinc sulphide 
of the FLIR grade is a highly purifi ed material 
(its chemical purity of metal impurities is 6N), its 
electrical conductivity is, consequently, very low. 
The average grain size is about 10 μm, the density 
is more that 99.99 % of the theoretical value. The 

material is suitable for optical applications in IR 
equipment and its transparency is in the range 
of 1–13 μm. In the visible range, ZnS scatters 
radiation due to the presence of an insignifi cant 
share of the hexagonal wurtzite phase alongside 
with the cubic sphalerite phase.

The second sample of zinc sulphide was 
submitted by A.G. Soldatov. (Minsk, Belarus, 
Scientifi c Production Centre of Material Studies) 
After fabrication for the measurement, it 
had dimensions of 8×6×20 mm. Its electrical 
conductivity was negligibly low.

3. Results and discussion
In Fig. 4 there is a temperature dependence 

graph of the thermal conductivity k(T) of the galena 
sample. For comparison, the results obtained by 
the authors of other studies are also given (the 
coordinates of the k(T) points were obtained by the 
method of digitization of the shown graphs).

It can be seen that in the region of nitrogen 
temperatures our k(T) values are close to those 
obtained for one of the few synthesized single 
crystals in [9]. However, they are signifi cantly lower 
than those given in [4]. Low-temperature thermal 
conductivity is known [21] to be particularly 
sensitive to various structural features of the 
material. It should be noted that extrapolation 
of our data to the Т > 600 K area (dotted line in 

Table 1. Content (wt%) of chemical elements in 
the chalcopyrite sample

Element 
Probe number 

1 2 3 4
Fe 35.03 40.29 39.97 38.09
Cu 60.61 59.48 59.71 60.98
Zn 0.00 0.00 0.00 0.359
Ar 0.213 0.107 0.325 0.338
Mn 0.151 0.117 0.00 0.280

Fig. 3. Powder diffraction pattern of the chalcopyrite sample

20 40 60 80 100
0

2000

4000

6000

8000

10000

(1
36

)
(3

32
)

(0
08

)
(4

00
)

(2
31

)

(2
23

)(1
16

)
(3

12
)(2

04
)

(2
20

)

(2
00

)

(1
12

)

In
te
ns
ity

, a
rb

. u
ni

ts

2Θ, degrees

(0
11

)

Original articles

Condensed Matter and Interphases, 2020, 22(1), 97–105



100

Fig. 4) almost matches the data in [5, 6]. This 
allows us to evaluate the latter as common to the 
PbS crystalline matrix.

The k(T) curve, obtained in [7], turns down. 
And in the sector of the highest temperatures 
when describing the behaviour of thermal 
conductivity by k(T) ~ T n function, the parameter 
value is n > 1.1, which seems doubtful, especially 
taking into consideration the very low values of 
thermal conductivity. In the aforementioned study 
the thermal conductivity was determined from the 
temperature conductivity using the temperature 
dependence of the heat capacity, calculated by 
Debye’s theory. However, it is well known that 
actual behaviour of thermal conductivity of many 
compounds differs significantly from that of 
Debye’s theory. Indeed, as shown in [22, 4], the PbS 
thermal conductivity increases sharply when the 
temperature reaches room values and continues 
to increase until the melting point [23].

The authors [8] used their own heat capacity 
data to define the behaviour of thermal 
conductivity, which, in our opinion, are in doubt. 
We associate the k(T) downward curve, obtained 
in this study, with this circumstance.

In Fig. 5 there is a graph of temperature 
conductivity of the mean free path of phonons 
l(T) in galena. It was determined from Debye’s 
expression 

k = C·v·l/3,  (1)

where С is the thermal conductivity of a volume 
unit, v is the mean free path of phonons (sound). 
The phonon thermal conductivity model can be 
provisionally used not only for monocrystals but 
also for signifi cantly disordered media. We used 
our data regarding thermal conductivity, their 
extrapolation to the area of high temperatures, 
thermal conductivity data from [4] and [23] for 
our calculations. The value v = 2040 m/s from [5] 
was taken as the average speed of sound.

It can be observed that the temperature 
dependence l(T) is relatively low. In the 50–
300 K temperature range the l value changes by 
only one order of magnitude. Such behaviour 
of l(T) indicates a signifi cant manifestation of 
phonon scattering, which is characteristic for 
the polycrystalline compound of the material. 
In the range of melting temperature, the value 
l, obtained by extrapolation, is 2 times higher 
than the parameter of the PbS crystal cell. 
Note that for many monocrystals with different 
matrix chemical compositions and structures, 
the minimum value of l, determined similarly, is 
close to the cell parameter or comparable to the 
average interstitial distance in the crystal [24, 25]. 
It seems to be diffi cult to explain the obtained 
large value of lmin for galena. As follows from the 
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Fig. 4. Temperature dependence of the thermal con-
ductivity of galena: (1) [4], (2) [9], our data (3), (4) [8], 
(5) [6], (6) [5], (7) [7]
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Fig. 5. Temperature dependence of the mean free path 
of phonons in PbS 
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equation (1), the restrictions on the choice of heat 
capacity components effective for heat transfer 
can only lead to an increase in the calculated 
values of l. Bipolar contribution to the measured 
PbS conductivity noted in [5,6] in the context of 
our sample with small impurity content should 
be negligibly low.

The results of the thermal conductivity 
measurements of chalcopyrite are presented in 
Fig. 6. For comparison there are also given the 
data of other authors (the coordinates of the k(T) 
points were obtained by the digitization of the 
graphs in the fi gures).

It can be seen that the current data regarding 
the thermal conductivity of chalcopyrite varies 
signifi cantly. The thermal conductivity of the 
natural sample examined at temperatures below 
room temperature is signifi cantly higher (Fig. 6, 
curve 1) than that of the synthesized samples. 
Taking into account the small impurity content it 
clearly indicates a lesser degree of disorder in the 
structure. The temperature behaviour of our graph 
k(T) is close to that defi ned in [12] (curve 4).

Slowing down of the k(T) dependency decrease, 
revealed in [11] (curve 2) is, apparently, due 
to the non-lattice contribution to the thermal 
conductivity. In study [13] the chalcopyrite 
sample synthesized by melting-annealing-
sintering process was studied, which had Fe/Cu 
atomic ratio of 1.005. We used the heat capacity 
(Const(T) defined using Dulong–Petit law to 
calculate the thermal conductivity from the 
measured temperature conductivity. In fact, 
the heat capacity of chalcopyrite increases with 
temperature. According to the data in [26] it is 
close to the limit value of 3R×4 = 100 (J/(mol·K) 
already at room temperature, which is far from 
melting temperature, and it continues to increase. 
These data were in good agreement with the 
high temperature results obtained in [27]. This 
is probably why the k(T) graph of the authors 
[13] (curve 6) in our Fig. 6 with the selected scale 
has an unusual shape, in that it bends sharply 
downwards. In the range of room temperature, the 
exponent n in the expression k(T)~Т -n is more than 
one and for the highest temperatures n > 2.

The results of the thermal conductivity 
measurement of the sample of Cu25.43Fe25.66S48.91 
[14] (curve 5) are the closest to the data in [13]. 
In that study the authors took into account 

the experimentally determined temperature 
dependence of heat capacity. However, no 
numerical heat capacity data are given in that 
article.

A possible explanation for the great decrease 
in high temperature heat conductivity reported 
in [13, 14] may be the proximity to the Neel 
temperature TN = 823 K [28, 29].

The authors of study [10] examined a 
polycrystal that did not undergo a complete 
annealing procedure after synthesis. The glass-
like nature of the temperature dependence of 
its thermal conductivity (curve 3)) is associated 
with the inhomogeneity of the sample. But the 
positioning of the two k(T) points close to room 
temperature raises questions about possible 
changes in the experimental method or the 
quality of the sample, and also about the shape 
of a part of the graph which can be extrapolated 
to the sector of elevated temperatures.

In Fig. 7 there is a graph of temperature 
dependence of the mean free path of phonons in 
the studied chalcopyrite sample in accordance 
with expression (1). The calorimetric data from 
[26, 27] were taken into account. The value 
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Fig. 6. Temperature dependence of the thermal con-
ductivity of chalcopyrite: (1) our data, (2) [11], (3) [10], 
(4) [12], (5) [14], and (6) [13] 
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v = 2040 m/s determined in [13] was taken as the 
average speed of phonons.

A slowdown of the growth of l(T) in condition 
of the decrease in temperature from Т = 100 K 
demonstrates the manifestation of phonon-defect 
scattering. In the range of room temperature, the 
l(T) value decreases rapidly, namely in proportion 
to T –1.6. Extrapolation of the graph to the melting 
temperate range of CuFeS2 gives us the lmin value, 
which is an intermediate between the values of а 
and с parameters of the crystalline lattice of this 
compound.

The results of the thermal conductivity 
measurements of two ZnS samples are presented 
in Fig. 8. The zinc sulphide thermal conductivity 
data of other authors were also presented there 
(the numerical data of [16,17] were used, in other 
cases the coordinates of the k(T) points were 
obtained by digitization of the curves presented 
in the fi gures in the articles).

Signifi cant differences in the given graphs 
indicate strong sensitivity of the ZnS thermal 
conductivity to the impurity composition and 

structural features of the material. The k(T) 
curves of monocrystalline ZnS samples studied 
in [15,18] are given above the other ones. Based 
on a slightly higher thermal conductivity in 
the sector of the lowest studied temperatures, 
it can be argued that the Luguevs [18] sample 
(Fig. 8, curve 1) had the most perfect structure. 
Moreover, the polycrystalline ZnS sample [18] 
also demonstrates (curve 2) a higher thermal 
conductivity at low temperatures than Slack’s 
monocrystal [15] (curve 3). In this regard, we 
note that phonon scattering at the boundaries of 
crystalline grains with cubic symmetry may be 
insignifi cant even at sub nitrogen temperatures 
[30]. In study [16] the object of the research 
was the natural mineral of sphalerite, which 
can explain the features of the obtained k(T) 
dependence. 

As for our samples, their k(T) curves are located 
between the graphs for a monocrystal studied by 
Krueger [17] (curve 5) and porous polycrystals 
from [18] (curves 9, 10, 11). The k(T) graphs that 
we obtained have indications of their reaching the 
low temperature maximum. It is known that with 
an increase in the structure defectiveness, this 
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Fig. 8. Temperature dependence of the thermal con-
ductivity of ZnS: (1), (2), (4), (9), (10), (11) [18], (3) [15], 
(5) [17], (6) and (7) our data, and (8) [16]

Fig. 7. Temperature dependence of the mean free path 
of phonons in chalcopyrite
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maximum decreases and usually shifts toward 
higher temperatures [21].

The lesser low temperature thermal 
conductivity of the sample by OOO PromLab 
(curve 7), taking into consideration its chemical 
purity, can be explained by phonon scattering 
due to the presence of the hexagonal wurtzite 
phase in it.

In Fig. 9 there is a graph of temperature 
conductivity of the mean free path of phonons 
l(T) in this sample. The calorimetric data from [31] 
were taken into account, the value of v = 2.86 km/s 
calculated using the elastic modules from [32] was 
taken as the average speed of sound.

It can be observed that in the temperature 
range of 100–300 K the obtained dependence 
is satisfactory described by the power function 
Т –1.61. Moreover, in the room temperature range, 
the value of l remains significant (~ 102 Å). 
Note that it is 2 times smaller than the l value 
determined in [18] by another method, provided 
that the difference in thermal conductivity is 
only ~ 1.5 times. Extrapolating our l(T) graph to 
the ZnS melting temperature range gives us the 
value of lmin which is almost 4 times higher than 
the lattice parameter a. This circumstance seems 
to indicate the features of the phonon-phonon 
interaction in this compound.

The data presented in Table 2 demonstrate 
a contrasting difference in the values of the 
thermal conductivity coeffi cient of the studied 
compounds. We should note the high value of 
the thermal conductivity of chalcopyrite, which 
indicates the ordered arrangement of cations in 
the lattice. The very low thermal conductivity 
of galena attracts attention, being unusual for 
compounds with a simple lattice (such as sodium 
chloride). This property means it is favourable 
for the development of thermoelectric materials. 
The high thermal conductivity of zinc sulphide 
favours its use in photonics. 

4. Conclusion
Thus, experimental data were obtained that 

substantially complement the concepts of the 
thermal conductivity of the natural minerals 
of chalcopyrite and galena, as well as synthetic 
ceramics of zinc sulphide. These data indicate 
the fundamental prospects of natural sources of 
raw materials for instrument engineering. The 
low thermal conductivity of galena means its use 
is favourable for thermoelectric applications. On 
the other hand, the wide variability of the thermal 
conductivity coefficient of these compounds 
depending on the state of the material was 
revealed. In the future, it is planned to expand the 

Fig. 9. Temperature dependence of the mean free path 
of phonons in the ZnS sample
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Table 2. Thermal conductivity values of the studied sulphides at different temperatures

Т, К PbS CuFeS2

ZnS 
PromLab

ZnS 
(Minsk) FeS2 [3]

50 10.9 62 73.2 98 900
100 5.6 46.5 60.0 64 207
150 4.02 27.8 40.9 41.6 106
200 3.27 18.8 29.5 30.0 73
250 2.79 13.6 23.1 23.3 58
300 2.48 10.5 18.6 18.8 48
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research into the thermal conductivity of natural 
sulphide minerals from various deposits.

Acknowledgements 
The authors are grateful to A. G. Soldatov for 

providing a sample of ZnS for the research.

Confl ict of interests
The authors declare that they have no 

known competing fi nancial interests or personal 
relationships that could have infl uenced the work 
reported in this paper.

References
1. Samofalova T. V., Semenov V. N., Nituta A. N., 

Zvyagina O. V., Proskina E. Yu. Synthesis and properties 
of the CdS–ZnS films doped by copper ions. 
Kondensirovannye sredy i mezhfaznye granitsy = 
Condensed Matter and Interphases. 2018;20(3): 452–
459. DOI: https://doi.org/10.17308/kcmf.2018.20/582 
(In Russ., abstract in Eng.) 

2. Ioffe A. F., Ioffe A. V. Teploprovodnost’ tverdykh 
rastvorov poluprovodnikov [Thermal conductivity of 
solid solutions of semiconductors]. Physics of the Solid 
State. 1960;2(5): 781–792. Available at: http://books.
e-heritage.ru/book/10085074 (In Russ.)

3. Popov P. A., Kuznetsov S. V., Fedorov P. P. 
Thermal conductivity of FeS2 pyrite crystals in the 
temperature range 50–300 K. Crystallography Reports. 
2013;58(2): 319–321. DOI: https://doi.org/10.1134/
S1063774513020223

4. Wei L., Chen J.-F., He Q.-Y., Teng W. Study of 
lattice thermal conductivity of PbS. Journal of Alloys 
and Compounds. 2014;584: 381–384. DOI: https://doi.
org/10.1016/j.jallcom.2013.09.081

5. Pei Y.-l., Liu Y. Electrical and thermal transport 
properties of Pb-based chalcogenides: PbTe, PbSe, and 
PbS. Journal of Alloys and Compounds. 2012;514: 40–44. 
DOI: https://doi.org/10.1016/j.jallcom.2011.10.036

6. Zhao L. D., Lo Sh., He J., Li H., Biswas K, 
Androulakis J., Wu C.-I., Hogan T. P., Chung D.-Y., 
Dravid V. P., Kanatzidis M. G. High performance 
thermoelectrics from earth-abundant materials: 
enhanced figure of merit in PbS by second phase 
nanostructures. J. Am. Chem. Soc. 2011;133: 20476–
20487. DOI: https://doi.org/10.1021/ja208658w

7. Zhang H., Wang H., Zhu H., Li H., Su T., Li Sh., 
Hu M. , Fan H. Hydrothermal synthesis and 
thermoelectric properties of PbS. Materials Science-
Poland. 2016;34(4): 754–759 DOI: https://doi.
org/10.1515/msp-2016-0098

8. El-Sharkawy A. A., Abou El-Azm A. M., 
Kenawy M. I. , Hillal A. S. , Abu-Basha H. M. 
Thermophysical properties of polycrystalline PbS, 
PbSe, and PbTe in the temperature range 300–700 K. 
Int. J. Thermophys. 1983;4(3): 261–269. DOI: https://
doi.org/10.1007/BF00502357

9. Greig D. Thermoelectricity and thermal 
conductivity in the lead sulfi de group of semiconductors. 
Phys. Rev. 1960;120(2): 358–365. DOI: https://doi.
org/10.1103/PhysRev.120.358

10. Popov V. V., Kizhaev S. A., Rud’ Y. V. Magnetic 
and thermal properties of CuFeS2 at low temperatures. 
Physics of the Solid State. 2011;53(1): 71–75. DOI: 
https://doi.org/10.1134/S1063783411010240

11. Tsujii N., Mori T. High thermoelectric power 
factor in a carrier-doped magnetic semiconductor 
CuFeS2. Appl. Phys. Express. 2013;6(4): 043001-4. DOI: 
https://doi.org/10.7567/APEX.6.043001

12. Tsujii N. Possible enhancement of thermoelectric 
properties by use of a magnetic semiconductor: 
carrier-doped chalcopyrite Cu1-xFe1+xS2. J. Electron. 
Mater. 2013;42(7): 1974–1977. DOI: https://doi.
org/10.1007/s11664-013-2485-3

13. Li Y., Zhang T., Qin Y., Day T., Snyder G. J., 
Shi X., Chen L. Thermoelectric transport properties of 
diamond-like Cu1−xFe1+xS2 tetrahedral compounds. 
Journal of Applied Physics. 2014;116: 203705-8. DOI: 
https://doi.org/10.1063/1.4902849

14. Xie H., Su X., Yan Y., Liu W., Chen L., Fu J., 
Yang J., Uher C., Tang X. Thermoelectric performance 
of CuFeS2+2x composites prepared by rapid thermal 
explosion. NPG Asia Mater. 2017;9: e390(12). DOI: 
https://doi.org/ 10.1038/am.2017.80

15. Slack G. A. Thermal conductivity of II–VI 
compounds and phonon scattering by Fe2+ Impurities. 
Physical Review. 1972;6(10): 3791–3800. DOI: https://
doi.org/10.1103/PhysRevB.6.3791 

16. Eucken A., Kuhn G. New Measurement of heat 
of conductivity of solid crystalline substances at 0° 
and – 190 °C. Z. Physik. Chem., A. 1928;134(1): 193–
219. DOI: https://doi.org/ 10.1515/zpch-1928-13416

17. Krüger R. Wärmeleitfähigkeit und spezifi sche 
Wärmekapazität von ZnS und CdS im Temperatur-
bereich von 20 K bis 300 K. Thesis. Tecnische Universitat 
Berlin; 1969. 93 p. (in German).

18. Lugueva N. V., Luguev S. M. The infl uence of 
structural features on the thermal conductivity of 
polycrystalline zinc sulfi de. Physics of the Solid State. 
2 0 0 2 ; 4 ( 2 ) :  2 6 0 – 2 6 5 .  D O I :  h t t p s : / / d o i .
org/10.1134/1.1451010

19. Lugueva N. V., Luguev S. M. The effect of 
structural defects on the thermal conductivity of ZnS, 
ZnSe, and CdTe polycrystals. High Temperature. 
2004;42: 54–59.DOI: https://doi.org/10.1023/B:
HITE.0000020091.31679.b0

20. Popov P. A., Sidorov А. А., Kul’chenkov Е. А., 
Аnishchenko А. М., Аvetisov I. Sh., Sorokin N. I., 
Fedorov P. P. Thermal conductivity and expansion of 
PbF2 single crystal. Ionics. 2017;23(1): 233–239. DOI: 
https://doi.org/10.1007/s11581-016-1802-2

21. Berman R. Thermal Conduction in Solids. 
Oxford: Clarendon; 1976. 193 p.

22. Parkinson D. H., Quarrington J. E. The molar 
heats of lead sulphide, selenide and telluride in the 

P. А. Popov et al. Study of the thermal conductivity of PbS, CuFeS2, ZnS

Condensed Matter and Interphases, 2020, 22(1), 97–105



105

temperature range 20°K to 260°K. Proceedings of the 
Physical Society. Section A. 1954;67(7): 569–579. DOI: 
https://doi.org/ 10.1088/0370-1298/67/7/301

23. Blachnik R., Igel R. Thermodynamische 
e i g e n s c h a f t e n  vo n  I V–V I -ve r b i n d u n g e n : 
bleichalkogenide/Thermodynamic properties of IV–
VI-compounds: Leadchalcogenides. Z. Naturforsch. 
1974;29B: 625–629. DOI: https://doi.org/ 10.1515/znb-
1974-9-1012

24. Popov P. A., Matovnikov A. V., Moiseev N. V., 
Buchinskaya I. I., Karimov D. N., Sorokin N. I., 
Sul’yanova E. A., Sobolev B. P., Krutov M. A. 
Thermophysical characteristics of Pb0.679Cd0.321F2 solid-
solution crystals. Crystallography Reports. 2015;60(1): 
1 1 1 – 1 1 5 .  D O I :  h t t p s : / / d o i . o r g / 1 0 . 1 1 3 4 /
S1063774515010174

25. Popov P. A. Teploprovodnost’ tverdotel’nykh 
opticheskikh materialov na osnove neorganicheskikh 
oksidov i ftoridov [Thermal conductivity of solid-state 
optical materials based on inorganic oxides and 
fluorides]. Diss. DSc in physics and mathematics. 
Moscow: Bauman MSTU Publ.; 2015. 532 p. Available 
at: https://elibrary.ru/download/elibrary_25834920_
35812051.pdf (In Russ.) 

26. Robie R. A., Wiggins L. B., Barton P. B., 
Hemingway B.S. Low-temperature heat capacity and 
entropy of chalcopyrite (CuFeS2): estimates of the 
standard molar enthalpy and Gibbs free energy of 
formation of chalcopyrite and bornite (Cu5FeS4). J. 
Chem., Thermodynamics. 1985;17(5): 481–488. DOI: 
https://doi.org/ 10.1016/0021-9614(85)90147-8

27. Pankratz L. B., King E. G. High-temperature 
enthalpies and entropies of chalcopyrite and bornite. U.S. 
Bur. Mines: Rep Investig 7435: 1–10.

28. Berthebaud D., Lebedev O. I., Maignan A. 
Thermoelectric properties of n-type cobalt doped 
chalcopyrite Cu1−xCoxFeS2 and p-type eskebornite 
CuFeSe2. J. Materiomics. 2015;1(1): 68–74. DOI: https://
doi.org/10.1016/j.jmat.2015.03.007

29. Sato K., Harada Y., Taguchi M., Shin S., Fujimori 
A. Characterization of Fe 3d states in CuFeS2 by 
resonant X-ray emission spectroscopy. Phys. Stat. Solid. 
A. 2009;206: 1096–1100. DOI: https://doi.org/10.1002/
pssa.200881196

30. Popov P. A., Dukel’skiy K. V., Mironov I. A., 
Smirnov A. N., Smolyanskiy P. L., Fedorov P. P., 
Osiko V. V., Basiev T. T. Thermal conductivity of CaF2 

optical ceramic. Doklady Physics. 2007;52(1): 7–9. DOI: 
https://doi.org/10.1134/S1028335807010028 

31. Tablitsy fi zicheskikh velichin [Tables of physical 
quantities]. Handbook / ed. I. K. Kikonin. Moscow, 
Atomizdat; 1976 1008 p. (In Russ.) 

32. Khenata R., Bouhemadou A., Sahnoun M., 
Reshak A. H., Baltache H., M. Rabah M. Elastic, 
electronic and optical properties of ZnS, ZnSe and 
ZnTe under pressure. Computational Materials Science. 
2006;38(1): 29–38. DOI: https://doi.org/10.1016/j.
commatsci.2006.01.013

Information about the authors
Pavel A. Popov, DSc in Physics and Mathematics, 

Professor, Bryansk State Academician I.G. Petrovski 
University, Bryansk, Russian Federation, e-mail: 
tfbgubry@mail.ru. ORCID iD: https://orcid.org/0000-
0001-7555-1390. 

Sergey V. Kuznetsov, PhD in Chemistry, Head of 
Chemistry Department, Bryansk State Academician 
I. G. Petrovski University, Bryansk, Russian Federation, 
e-mail: passivoxid@mail.ru. ORCID iD: https://orcid.
org/0000-0002-6885-6433.

Alexander A. Krugovykh, postgraduate student, 
Bryansk State Academician I. G. Petrovski University, 
Bryansk, Russian Federation, e-mail: aleksander,kru@
yandex.ru. ORCID iD: https://orcid.org/0000-0002-
3063-4552.

Nikolay V. Mitroshenkov, PhD in Physics and 
Mathematics, senior lecturer, Bryansk State 
Academician I. G. Petrovski University, Bryansk, 
Russian Federation, e-mail:weerm@yandex.ru. ORCID 
iD: https://orcid.org/0000-0002-4418-9613.

Stanislav S. Balabanov, PhD in Chemistry, leading 
research fellow, Devyatykh Institute of Chemistry of 
High Purity Substances of the Russian Academy of 
Sciences, Nizhniy Novgorod, Russian Federation, 
e-mail: balabanov@ihps,nnov.ru. ORCID iD: https://
orcid.org/0000-0003-1920-9894.

Pavel P. Fedorov, DSc in Chemistry, Professor, Chief 
Researcher at the Prokhorov General Physics Institute 
of the Russian Academy of Science, Moscow, Russian 
Federation; e-mail: ppfedorov@yandex.ru. ORCID iD: 
https://orcid.org/0000-0002-2918-3926.

All authors have read and approved the final 
manuscript.

Translated by Anastasiia Ananeva.
Edited and proofread by Simon Cox.

Original articles

Condensed Matter and Interphases, 2020, 22(1), 97–105


