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Cu2.TmiSe (x = 0.1, 0.2, 0.3) system compounds were synthesized and their structural properties were studied. Research was carried
out by X-ray diffraction method at room temperature. It was determined that the crystal structure of these compounds corresponds to
rhombohedral symmetry with R-3m(166) space group. Lattice parameters and atomic coordinates were assigned for each compound.
The difference between the crystallographic parameters of Cui9Tmo.1Se, Cu1.7Tmo3Se and Cui.5Tmo.sSe compounds was explained by
the difference between the ionic radii of Cu and Tm atoms.
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1. INTRODUCTION

It is very important to study the structure and physical properties of functional materials. Because the results obtained
in the course of these studies determine the possibilities of their application. Therefore, recently, extensive research has been
conducted to obtain, process and study the properties of new functional materials [1-5]. It is known that the physical and
chemical properties of materials can change under the influence of temperature, pressure and ionizing radiation. For this
reason, materials that can maintain their functions in areas exposed to external influences are considered more interesting.
The processes occurring under external influences are studied at the atomic level using modern research methods [6-10].

Copper-containing chalcogenide semiconductors are materials with interesting physicochemical properties.
Therefore, the physical properties of these materials are widely studied. It was determined that interesting thermal, optical
and electrical properties are observed in these compounds [11-15]. When adding rare earth elements to chalcogenide
compounds, changes in optical properties are observed. Therefore, optically active systems have recently been obtained
by introducing Eu, Nd, and Gd into chalcogenide matrices [16-20]. Making these substitutions in copper chalcogenides
can lead to new optical materials. Cu — Se systems can serve as a basis for obtaining such materials.

During the analysis of the crystal structures of the compounds of the Cu-Se system, it was found that the factor that
most affects the crystal structures of these compounds is valence variation. In these compounds, Se chalcogen atoms show
stable valency. It was determined that depending on the valence and concentration of copper atoms in the compound,
CuySe [21-24], CuSe [25], Cuy.78Se [26], Cuos7Se [27], CusSe; [28], CuSe; [29], Cui.95Se [30], Cuy 77Se [24], CuysoSe [24]
and Cu;sS [31] are available. Obtaining these compounds depends on the synthesis conditions, including the
stoichiometric amount of Cu and Se elements during the synthesis process. As a result of the classification of Cu—Se
system compounds, it was found that the Cu,Se compound is the most studied among these compounds. As a result of
the analysis of the X-ray diffraction patterns by the Rietveld method, it was found that single crystals of the Cu,Se
compound have a monoclinic syngonium crystal structure with space group C2/c (15) under normal conditions and at
room temperature. The parameters of the elementary core are: a = 7.1379(4) A, b = 12.3823(7) A, ¢ = 27.3904(9) A,
£ =94.308(5) ° and V = 2414.0(4)8 A>. Apparently, the crystal structure of the Cu,Se compound does not have high
symmetry. Therefore, each of the atoms that make up the crystal lattice stands in different crystallographic positions.
Copper atoms occupy 12 and selenium atoms occupy 6 different positions [32]. The crystal structure of the Cu,Se
compound consists of the arrangement of CuSes tetrahedra formed by selenium atoms along the ¢~ axis. Copper atoms
are located in the centre of these tetrahedra. It is known that the physical properties of materials mainly depend on their
crystal and electronic structures. The fact that these compounds have semiconducting properties mainly depends on the
electronic configurations of the copper and selenium atoms included in their composition.

Different crystal structures can be obtained depending on the stoichiometric amount of metal and chalcogen elements
included in Cu—Se compounds and synthesis conditions. The most widely studied of these compounds is the Cu,Se
compound. Because in this structure, copper atoms are in a monovalent state. Therefore, this system becomes more stable.
Although many physical properties of the Cu,Se compound have been studied, structural changes occurring during
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Cu — Tm cation-cation substitutions have not been studied. In this study, compounds Cu; 9Tmg;Se, Cu; sTmg,Se and
Cu; 7Tmy 3Se were synthesized and their structural properties were studied.

2. EXPERIMENTS

The research objects Cu,.., Tm,Se (x = 0.1, 0.2, 0.3) were synthesized in high-temperature stoves under high vacuum
conditions by the standard method available for synthesizing chalcogenide semiconductors. Stoichiometric amounts of
Cu, Tm and Se were taken according to the compounds. First, the furnace temperature was raised to 7' = 400 K. After
keeping it at that temperature for # = 4-5 hours, it raised to 7= 1400 K. Next keeping it at the specified temperature for
t = 4-5 hours, the oven was cooled at a rate of 60 degrees/hour. Then the mixture is heated to the boiling point for about
t =750 hours at 7=450 K for homogenization of the mixture and further studies were carried out.

XRD (X-ray diffraction) is one of the modern methods for studying the crystal structure of solids. The crystal
structure of the Cu;9Tmg;Se, Cu;sTmp2Se vo Cu;;Tmg3Se compounds at room temperature was studied by X-ray
diffraction. For structural studies, we used a D8 Advance diffractometer (Bruker, Germany) with CuKo radiation,
parameters: 1 = 1.5406 A, 40 kV, 40 mA. The experimental X-ray diffraction spectrum was analyzed by the Rietveld
method in the Fullprof program.

3. RESULTS AND DISCUSSIONS
In order to study the crystal structures of Cu,..Tm,Se (x =0.1, 0.2, 0.3) compounds, crystal studies were carried out.
The X-ray diffraction spectrum obtained for the Cu; ¢Tmg Se compound is given in Figure 1.
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Figure 1. X-ray diffraction spectrum of compound Cui.9Tmo.1Se.

It was determined from the analysis of the spectrum that the crystal structure of the Cu;9Tmo;Se compound
corresponds to the rhombohedral symmetry R-3m (166) space group structure. The values of the lattice parameters are
setto: a =bh=4.06405(4) A, c=20.32801(7) A, ¥=290.78(5) A3. The coordinates of copper and selenium atoms standing
in different positions were also determined. The obtained values are given in Table 1.

Table 1. Atomic coordinates in the elementary lattice of compound Cui.9Tmo.1Se.

Atom X ¥y b4
Cul 0.666(7) 0.333(3) 0.614(3)
Cu2 0.301(7) 0.488(4) 0.694(6)
Sel 0.666(7) 0.333(3) 0.157(5)
Se2 0.666(7) 0.333(3) 0.650(3)

Analyzing the data obtained on the crystal structure of the Cu; yTmy ;Se compound, it was determined that the crystal
structure of this compound has a higher symmetry compared to the Cu,Se compound. This is due to the fact that when
there are Tm elements inside the crystal, more arrangement occurs. Therefore, the symmetry of the crystal structure
increases. In order to clarify the effect obtained in the crystal structure of Cu;9Tmo.1Se compound and the influence of
Cu—Tm substitutions, the crystal structure of Cu; gTmo2Se compound obtained with higher concentrations of Tm atoms
was studied. The X-ray diffraction spectrum taken at room temperature is shown in Figure 2.

From the analysis of the spectrum given in Figure 2, it was determined that the crystal structure of the Cu; sTmg,Se
compound corresponds to the R-3m (166) space group structure with rhombohedral symmetry, as well as the crystal
structure of the Cu;9Tmg;Se compound. The values of the lattice parameters are set to: a = b = 4.04116(4) A,
¢=20.31306(2) A, V'=287.28(1) A>. The coordinates of Cu and Se atoms are given in Table 2.
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Table 2. Atomic coordinates in the elementary lattice of compound Cuj.sTmo.2Se.

0.0
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Atom X y b4
Cul 0.666(7) 0.333(3) 0.530(7)
Cu2 0.421(7) 0.585(5) 0.654(3)
Sel 0.666(7) 0.333(3) 0.160(2)
Se2 0.666(7) 0.333(3) 0.629(6)
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Figure 2. X-ray diffraction spectrum of compound Cui.sTmo2Se

The analysis of the information obtained about the crystal structure of the Cu; sTmg>Se compound has shown that
compared to the Cu; 9Tmg;Se compound, the volume of the elementary cell of this compound is smaller. It is known that
the ion radius of Cu atoms is Rcy = 0.96 A, and the ion radius of Tm atoms is Rrm = 1.36 A [33]. Therefore, an increase
in the concentration of Tm elements should have led to an increase in the volume of the elementary cell. However, a
decrease has been observed instead. This is related to the fact that as the concentration of Tm elements inside the crystal
increases, it seems as if the vacancies inside the crystal are filled and a more compact arrangement occurs. In order to
clarify this effect, the crystal structure of the Cu;7Tmo3Se compound with higher concentrations of Tm atoms has also
been investigated. The X-ray diffraction spectrum obtained at room temperature is shown in Figure 3.
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Figure 3. X-ray diffraction spectrum of the compound Cu1.7TmoSe.

The analysis of the spectrum given in Figure 3 shows that the crystal structure of the Cu;7Tmg3Se compound
corresponds to the crystal structure of Cu;9Tmg;Se and Cu;gTmg,Se compounds, which is in accordance with the
rhombohedral symmetry R-3m (166) phase group. The lattice parameters are determined as: a = b = 4.01955(2) A,
c=20.26288(1) A, V'=283.51(3) A. The coordinates of Cu and Se atoms are given in Table 3.

Table 3. Atomic coordinates in the elementary lattice of compound Cui.7Tmo3Se.

Atom X y 4
Cul 0.666(7) 0.333(3) 0.459(9)
Cu2 0.452(2) 0.639(9) 0.622(9)
Sel 0.666(7) 0.333(3) 0.167(8)
Se2 0.666(7) 0.333(3) 0.611(7)
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The analysis of the crystal structure of the Cu; 7 Tmo3Se alloy has revealed that compared to the Cu;9Tmo;Se and
Cu;sTmg,Se alloys, this alloy has a smaller volume of the elementary cell. This effect can be explained by the
rearrangement of atoms inside the crystal as the concentration of Tm elements increases. Similar phenomena have been
observed in other structures affected by rare earth elements in previous studies [33]. Figure 4 shows the dependence of
the cell parameters and the volume of the elementary cell on the concentration of Tm atoms.
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Figure 4. Dependence of lattice parameters of Cu2xTmySe compounds on the concentration of Tm atoms.

As can be seen from the dependencies shown in Figure 4, as the concentration of Tm atoms increases, both the
values of lattice parameters and the volume of the elementary cell have decreased. The change in parameters has affected
the ¢ parameter the most. The mechanism of the change in the volume of Cu,Tm,Se compounds depending on the

. . 1 av . . .
concentration has occurred according to the law a = P It has been determined that the decrease in volume in the
0

interval x = 0.1-0.3 occurred with the coefficient a =-0.125.

CONCLUSION
In the Cu2Se compound, Cu — Tm cation-cation substitutions have been used to synthesize Cu;oTmo;Se,
Cu; sTmy,Se, and Cu; ;Tmg3Se compounds, and their structures have been investigated. It has been determined that as
the concentration of Tm atoms increases, the symmetry of the crystals increases and a more ordered arrangement occurs.
Depending on the concentration, changes in lattice parameters have been observed, and it has been determined that the
changes mainly occur along the c-axis. The volume change mechanism has been calculated depending on the
concentration, and it has been determined that it occurs with an o = -0.125 coefficient.

ORCID
Y.IL Aliyev, https://orcid.org/0000-0001-8896-2180; ®R.E. Huseynov, https://orcid.org/0000-0003-0636-3948

REFERENCES

[1] H.J. Alasali, U. Rilwan, K.A. Mahmoud, T.A. Hanafy, and M.I. Sayyed, Nuclear Engineering and Technology, 56(10), 4050
(2024). https://doi.org/10.1016/j.net.2024.05.006

[2] E.M. Mahrous, A.M. Al-Baradi, Kh.S. Shaaban, A. Ashour, Sh.A.M. Issa, and H.M.H. Zakaly, Optical Materials, 157(1), 116057
(2024). https://doi.org/10.1016/j.optmat.2024.116057

[3] S.G. Asadullayeva, N.A. Ismayilova, and T.G. Naghiyev, Modern Physics Letters B, 37(34), 2350166 (2023).
https://doi.org/10.1142/S021798492350166X

[4] Sh.AM. Issa, A.M. Hassan, M. Algethami, and H.M.H. Zakaly, Ceramics International, 50(20), 38281 (2024).
https://doi.org/10.1016/j.ceramint.2024.07.192

[5] Sh. Biradar, M.N. Chandrashekara, Manjunatha, A. Dinkar, G.B. Devidas, A.S. Bennal, R. Rajaramakrishna, and M.1. Sayyed,
Optical Materials, 155, 115815 (2024). https://doi.org/10.1016/j.0ptmat.2024.115815

[6] R.S.Madatov, A.S. Alekperov, F.N. Nurmammadova, N.A. Ismayilova, and S.H. Jabarov, East European Journal of Physics, (1),
322 (2024). https://doi.org/10.26565/2312-4334-2024-1-29

[71 M. Papailiou, S. Dimitrova, E.S. Babayev, and H. Mavromichalaki, AIP Conference Proceedings, 1203, 748 (2010).
https://doi.org/10.1063/1.3322548

[8] E.S. Babayev, in: 2007 Proceedings of the 3rd International Conference on Recent Advances in Space Technologies, (Istanbul,
Turkey, 2007) 4284095 (2007), pp. 760-767. https://doi.org/10.1109/RAST.2007.4284095



246

EEJP. 2 (2025) Y1 Aliyev, et al.

(9]

Sh.B. Utamuradova, Sh.Kh. Daliev, D.A. Rakhmanov, A.S. Doroshkevich, V.A. Kinev, O.Yu. Ponomareva, et al., Advanced
Physical Research, 5(2), 73 (2023). http://jomardpublishing.com/UploadFiles/Files/journals/ APR/V5N2/Utamuradova_et al.pdf
N.A. Ismayilova, Z.A. Jahangirli, and S.H. Jabarov, Journal of Superconductivity and Novel Magnetism, 36, 1983 (2023).
https://doi.org/10.1007/s10948-023-06641-1

Y.I. Aliyev, Y.G. Asadov, T.M. Ilyasli, F.M. Mammadov, T.G. Naghiyev, Z.A. Ismayilova, M.N. Mirzayev, et al., Modern
Physics Letters B, 34(05), 2050066 (2020). https://doi.org/10.1142/S0217984920500669

G.M. Agamirzayeva, G.G. Huseynov, Y.I. Aliyev, T.T. Abdullayeva, and R.F. Novruzov, Advanced Physical Research, 5(1), 19
(2023). http://jomardpublishing.com/UploadFiles/Files/journals/ APR/V5N1/Agamirzayeva_et_al.pdf

S.R. Gosavi, N.G. Deshpande, Y.G. Gudage, and R. Sharma, Journal of Alloys and Compounds, 448(1-2), 344 (2008).
https://doi.org/10.1016/j.jallcom.2007.03.068

T.A. Darziyeva, E.Sh. Alekperov, S.H. Jabarov, and M.N. Mirzayev, Integrated Ferroelectrics, 232(1), 127 (2023).
https://doi.org/10.1080/10584587.2023.2173447

A K. Nabiyeva, S.H. Jabarov, N.A. Ismayilova, and H.J. Huseynov, Ferroelectrics Letters Section, 51(1-3), 9 (2024).
https://doi.org/10.1080/07315171.2023.2300594

A.S. Alekperov, A.O. Dashdemirov, A.E. Shumskaya, and S.H. Jabarov, Crystallography Reports, 66, 1322 (2021).
https://doi.org/10.1134/S1063774521070026

B.G. Tagiyev, O.B. Tagiyev, A.I. Mammadov, V.X. Quang, T.G. Naghiyev, S.H. Jabarov, M.S. Leonenya, et al., Physica B:
Condensed Matter, 478, 58 (2015). https://doi.org/10.1016/j.physb.2015.08.061

S.G. Asadullayeva, A.O. Dashdemirov, A.S. Alekperov, N.A. Ismayilova, A.A. Hadieva, A.N. Cafarova, and A.S. Abiyev, Adv.
Phys. Res. 5(1), 12 (2023). http://jomardpublishing.com/UploadFiles/Files/journals/ APR/V5N1/Asadullayeva et al.pdf

R.Z. Ibaeva, G.B. Ibragimov, A.S. Alekperov, and R.E. Huseynov, East European Journal of Physics, (4), 360 (2024).
https://doi.org/10.26565/2312-4334-2024-4-41

A.O. Dashdemirov, S.G. Asadullayeva, A.S. Alekperov, N.A. Ismayilova, and S.H. Jabarov, International Journal of Modern
Physics B, 35(30), 2150305 (2021). https://doi.org/10.1142/S0217979221503057

M. Oliveria, RK. McMullan, and B.J. Wuensch, Solid State Ionics, 28, 1332 (1988). https://doi.org/10.1016/0167-
2738(88)90382-7

P. Rahlfs, Zeitschrift fuer Physikalische Chemie, Abteilung B: Chemie der Elementarprozesse, Aufbau der Materie, 31, 157
(1936). https://doi.org/10.1515/zpch-1936-3114

T. Sakuma, K. Sugiyama, E. Matsubara, and Y. Waseda, Materials Transactions, JIM, 30, 365 (1989).
https://doi.org/10.2320/matertrans1989.30.365

K.D. Machado, J.C. de Lima, T.A. Grandi, C.E.M. Campos, C.E. Maurmann, A.A.M. Gasperini, S.M. Souza, and A.F. Pimenta,
Acta Crystallographica Section B, 60, 282 (2004). https://doi.org/10.1107/S0108768104007475

V.K. Milman, Acta Crystallographica B, 58, 437 (2002). https://doi.org/10.1107/S0108768102003269

S.A. Danilkin, A.N. Skomorokhov, V. Rajevac, A. Hoser, H. Fuess, and N.N. Bickulova, Journal of Alloys Compounds, 361, 57
(2003). https://doi.org/10.1016/S0925-8388(03)00439-0

H. Effenberger, and F. Pertlik, Neues Jahrbuch fuer Mineralogie. Monatshefte, 1981, 197 (1981).

N. Morimoto, and K. Koto, Science, 153, 345 (1966). https://doi.org/10.1126/science.152.3720.345

G. Gattow, Zeitschrift fuer Anorganische und Allgemeine Chemie, 340, 312 (1965).

E. Eikeland, A.B. Blichfeld, K.A. Borup, K. Zhao, J. Overgaard, X. Shi, L. Chen, and B.B. Iversen, IUCrJ, 4, 476 (2017).
https://doi.org/10.1107/S2052252517005553

L. Gulay, M. Daszkiewicz, O. Strok, and A. Pietraszko, Cemistry of Metals and Alloys, 4, 200 (2011).
https://doi.org/10.30970/cma4.0184

L.T. Bugaenko, S.M. Ryabykh, and A.L. Bugaenko, Moscow University Chemistry Bulletin, 63, 303 (2008).
https://doi.org/10.3103/S0027131408060011

T.G. Naghiyev, U.R. Rzayev, E.M. Huseynov, I.T. Huseynov, and S.H. Jabarov, UNEC Journal of Engineering and Applied
Sciences, 2(1), 85 (2022). https://unec-jeas.com/articles/volume-2-2012/effect-of-the-europium-doping-on-the-calcium-
sulphide-structural-and-thermal-aspects

BIIVINB KATUOH-KATIOHHUX 3AMIIIEHb Cu — Tm HA CTPYKTYPHI BJACTUBOCTI Cu2Se
10.1. Anies®”, A.O. Tamaemipos?, T.M. Lnbsicai¢, C.P. Azimoral, MLE. Auies®, I'.Jlx. 'yceiinos?
243epbatioxcancoruil Oepacasnuil nedazociynuil ynieepcumem, baxy, AZ-1000, Azepbatioxcan
b3axiono-Kacniticoxuii ynisepcumem, baxy, AZ-1001, Azepbatioscan
¢baxuncoruil oeporcagruil yHisepcumem, baxy, AZ-1148, Azepbaiioxncan
emumym isuxu, Minicmepemeo nayxu i oceimu, Baxy, AZ-1143, Azepbaiidocan
¢Haxuusancokuil depoicasnuil yunieepcumem, Haxiuesanv, AZ-7012, Azepbaiiosican

CunreszoBano cnonyku cuctemu CuzTm,Se (x = 0.1, 0.2, 0.3) Ta BUBYEHO iX CTPYKTYpHi BiacTHBOCTI. JIOCIIDKEHHS TIPOBOAMIINCS
METOJIOM PEHTIeHIBChKOI audpakiii 3a KIMHATHOI TeMmeparypu. Byno BcTaHOBIEHO, IO KpHCTaJdiYHA CTPYKTypa IHMX CIOJIYK
BiANOBiae pombOoenpuyHiii cumerpii 3 mpocTopoBoio rpymoro R-3m(166). [lns koxHOI crodykd Oyjno BH3HAYEHO MapaMeTpH
KPUCTAIIYHOI PELITKY Ta aTOMHI KoopAuHaTH. Pi3Huus Mix kpuctanorpadivaumu napamerpamu cronyk CuroTmo.1Se, Cur7TmosSe
ta Cui.sTmo.sSe Oyna mosicHeHa pi3HUIEIO MiXK I0HHUMHE paaiycamu atomiB Cu Ta Tm.

Kuarouosi cnoBa: CuzSe; piokicnosemenvhuii enemenm; XanoKo2eHio, peHmeeniecbka ougpaxyis



