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Electronic, optical and elastic properties of AgCuS
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DFT calculation is used to investigate the structural, electronic, optical, and elastic
properties of AgCuSe and AgCuS. The calculations are performed using the ATK with
generalized gradient approximation (GGA) in combination with Hubbard U correction
parameters for both structures. The calculated band gap energies and partial density of
state reveal that AgCuS has semiconductor properties unlike this AgCuSe has a metallic
nature. The optical properties, real and imaginary parts of dielectric function are obtained
for the energy range of 0 to 5 eV. Elastic stiffness coefficients (Cij), bulk modulus (B),
shear modulus (G), and Young modulus (£) have been calculated.
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1. Introduction

Chalcogenide semiconductors containing silver and copper are considered interesting
research objects. With cation-cation and anion-anion substitution, changes in the crystal structure
occur [1-5]. It is known that changes in structure affect the physical properties of crystals, which
leads to the importance of studying the structure and electronic properties of semiconductors.
During theoretical calculations, it is possible to predict the electronic and structural characteristics
of the crystal, as well as their phase transitions. Therefore, the electronic properties of
chalcogenide semiconductors are studied theoretically [6-10].

The main reason for studying the AgCuS and AgCuSe structures is due to their interesting
and complex crystal structure. As is known from experimental work, the compound has two
phases: a low-temperature B-phase and a high-temperature a-phase [11,12]. The authors of
experimental work [13] report that at low temperatures the structure has two tetragonal and
orthorhombic structures. In theoretical work [14], the stabilities of the three structures and their
electronic structures were investigated using the Vienna Ab initio modeling package (VASP) with
DFT calculations. It has been established that the physical properties of a crystal differ depending
on the position of the atoms of the crystal and the direction of the chain. In theoretical work [15],
the high-temperature phase of the compound and the structure under pressure were studied [16].
Many studies have shown that the structure has a p-type conductivity with a significant
thermopower at room temperature [17]. For two structures of AgCuS and AgzCuS; theoretical and
experimental investigations were carried out to study the electronic structure for photovoltaic
applications. Calculations showed that AgCuS has a direct band gap with a gap width of 1.27 eV
[18].
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From a review of all theoretical studies, it is clear that in the literature only one work in
which the band gap is overestimate the experimental data. Taking into account that the accuracy of
the optical parameters depends on the band gap, at the first step we calculate band gap in
accordance to experimental results. In the second step, optical parameters were calculated and
presented. Also, knowledge about elastic parameters of compounds plays a very important role in
their application, taking into account that they are absent in the literature, in this work elastic
parameters were calculated and presented.

2. Computational details

DFT calculations have been performed for the electronic optical properties’ investigation
of AgCuS compound using Atomistic Toolkit-Virtual Nanolab (ATK-VNL) [19]. In the present
study exchange-correlation interaction of electrons is described by generalized gradient
approximation (GGA) based on a local combination of atomic orbitals (LCAO) method. Valence
electrons of elements choosen as: Ag-[Kr] 4d'* 5s!, Cu-[Ar] 3d'° 4s', S-[Ne] 3s2 3p*, Se-[Ar] 3d"°
4s* 4p*. As we know GGA and LDA underestimate band gap values so in this calculation we will
use Hubbard-U correction. The Brillouin zone integration has been performed using 5x5x5
Monkhorst-Pack grid [20], respectively. The mesh cut-off of 150 Ry has been used for AgCuS(Se)
for all configurations. All structures before analyses were optimized with the force and stress
tolerance 0.01 eV/A, 0.01 GPa respectively.

3. Result and discussion

AgCuSe and AgCuS compounds crystallize in different space groups namely
orthorhombically, in space group Pmc21 (26), and terogonally P4/nmm (129) with 12 and 8 atoms
per unit cell respectively. The primitive cell of AgCuS and AgCuSe were shown in Fig. 1. After
optimization of structures obtained for the lattice parameter value are given in Table 1. These
results were in good agreement with previous theoretical and relatively consistent with the
experimental results [11,14]. It must be noted that using GGA - SG15 using Hubbard U correction
give the best result in other theoretical works [21-25].

Table 1. Structure parameters and bond length of AgCuS and AgCuSe.

Lattice parameters Bond-length Bond-length Bond-length
(A) (Ag-S(Se) (Ag-Cu)  (Cu-S(Se))
a b c volume
AgCuS 4.05 6.61 1796 106.99 248 3.38 2.31
AgCuSe 408 4.08 6.31 105.93 2.87 2.54 241
orthorombic AgCuSe I tetrogonal AgCuS

Fig. 1. Crystallographic structure of AgCuSe and AgCusS in orthorhombic and tetragonal symmetry.
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After optimization of AgCuS and AgCuSe compounds the electronic band structures have
been investigated and presented in the energy range of —3 eV to 3 eV in Fig. 2. As can be seen
from the figure calculated band gap of compounds AgCuS and AgCuSe using Hubbard-U (for Cu
atoms U=4eV) correction is found to be 1.18 eV and 0eV respectively. This result is in good
agreement with other available experimental [18, 26] and theoretical [14,17] results. Compared to
an experimental investigation done by Guin et al [17], for AgCuS compound they found a band
gap of 0.9e¢V. But unlike this investigation, carried out for AgCuS using HSE06 method
overestimated this result and the band gap was equal to 1.27eV [18]. Taking into account that the
in our calculation band gap value is more consistent with experimental data 0.9¢V [17], so we did
not use the pseudojo pseudopotential to increase the band gap and carried out further optical and
elastic properties investigations using GGA - SG15 with Hubbard U parameter. The direct gap is
localized at the I" point. The second nearest VB maximum at the Z point, 0.18eV below the top of
the VB. Fermi surfaces is illustrated in Fig. 3.
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Fig. 2. Band structure and DOS for AgCusS (left) and AgCuSe (right).

Fig. 3. Fermi surfaces for AgCuS compound.

From the calculated band structure for AgCuSe compound, it is obvious that valence and
conduction band near the Fermi level overlap with each other which indicate the semimetallic
properties of the compound. This result is in good agreement with other theoretical data [14]. Also,
experimental result [26] show that AgCuSe has semimetallic properties. Using density of states
(DOS) we analyze the energy distribution of different electronic states. We plot the partial density
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of state (PDOS) for AgCuS and AgCuSe together with electronic structure in the left and right
panels in Fig. 2 respectively.

The degree of spatial localization of the electron is determined by the electron localization
function (ELF). This method displays the probabilities of an electron pair in multi-electron
systems, and the bond between atoms can be determined from the ELF graph. In our case (Fig.4),
one can see a slight localization of the charge near the Se atom near the silver atoms. This
localization means a small amount of covalent bonding between the S and Ag atoms.

Electron localization

! Electron localization

2.3e-06 0.45 0.9 2.3e-06 0.45 0.9

Fig. 4 Electron localization function isosurfaces of AgCus.

From the PDOS result, it obvious that the VB maximum of AgCuS is mainly from the
hybridization of Cu-d and S-p (-0.82-(-1.3) eV). The lower conduction band in the range of 0.73
eV to 2 eV mainly contributed S- p state. So, the Fermi level is mainly from Cu-d, S-p and Ag-d
states. For AgCuSe compound PDOS analysis in contrast to AgCuS shows metallic nature so, VB
and CB overlap with each other in the vicinity of the fermi level.

As we know tetragonal crystals has six independent elastic constants, C11, C33, C44, C66,
C12, C13. These results together with calculated bulk modulus, shear modulus, Young's modulus
are presented in Table 2. If we compare the elastic moduli obtained in this work with the elastic
moduli of known solid materials, we can see that the low value of Bulk moduli indicates that this
structure cannot resist volume deformation and is very easy to compress. Such behavior is also
affirmed by the shear modulus value. It must be noted that there are not any experimental or
theoretical results for comparing our results for elastic constants.

Table 2. Calculated elastic parameters for AgCuS compound at ambient conditions.

Module C11 C33 C44 C66 C12 C13
119.09 36.33 14.96 22.41 38.45 45.12
Reuss Voigt Hill
Bulk module 34.16 51.93 43.09
Shear module 15.15 19.93 1.54
X Y Z
Youngs module 62.90 65.75 16.71
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The real part (¢1) and imaginary part(e;) of complex dielectric function (¢) and absorption
(a) were calculated using the dielectric tensor. From Fig. 5, it can be noted that dielectric function
in xX, yy and zz directions are almost similar in pattern indicating isotropic structure.
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Fig. 5. The real (top), imaginary (bottom) parts of dielectric function and absorption coefficient.

Calculated spectra of €2 (w) and el for AgCuS are shown in figure 4. As we can see from
Fig. 4 the peak located in the region of 1.54-1.83¢V is first peak in imaginary spectra. This peak is
associated with transitions of electrons from VBM to CBM which is mainly originated from Cu-d,
S-p and Ag-d states according to PDOS. The main peak in absorption is located at 2.3eV.
[lustrated absorption is in good agreement with experimental results [27, 28].

4. Conclusions

The structural, electronic, and optical performance of AgCuS and AgCuSe compounds
were investigated based on first-principle calculations. In this study, structural properties showed
the semiconductor and metal nature AgCuS and AgCuSe materials respectively.

AgCuS is a direct band semiconductor with the transition along I' x I' symmetry. The
calculated band gap value using Hubbard U correction is ~1.18 eV in fairly good agreement with
the previous experimental results. The imaginary and real parts of dielectric functions are highly
isotropic along X, y, and z-axis. In mechanical calculations, smaller values of shear modulus and
bulk modulus indicate that this structure cannot resist volume deformation and is very easy to
compress. Bulk moduli indicates that this structure cannot resist volume deformation and is very
easy to compress. Such behavior is also affirmed by the shear modulus value.

References

[1] Xiaoling Zhu, Chenglong Shi, Zhipeng Shao, The First Principle Study of f-CuAgSe Subcells,
Journal of Applied Mathematics and Physics, 9, 2021, 1549Y 1.

[2] Aliyev, P.R. Khalilzade, Y.G. Asadov, T.M. Ilyasli, F.M. Mammadov, N.A. Ismayilova, M.N.
Mirzayev, S.H. Jabarov, N.T. Dang, International Journal of Modern Physics B, 33, 28, P.1950339
(2019); https://doi.org/10.1142/S0217979219503399

[3] D.M. Trots, A.N. Skomorokhov, M. Knapp, H. Fuess, Eur. Phys. J. B 51, 507-512 (2006);
https://doi.org/10.1140/epib/e2006-00253-3

[4] Y.L Aliyev, Y.G. Asadov, L.B. Rustamova, A.O. Dashdemirov, N.A. Ismayilova, A.A.



https://doi.org/10.1142/S0217979219503399
https://doi.org/10.1140/epjb/e2006-00253-3

498

Ayubov, S.H. Jabarov, International Journal of Modern Physics B, 34, 19, P.2050180 (2020);
https://doi.org/10.1142/S0217979220501805

[5] A.O. Dashdemirov, S.G. Asadullayeva, A.S. Alekperov, N.A. Ismayilova, S.H. Jabarov,
International Journal of Modern Physics B, 35, 30, P.2150305, 2021;
https://doi.org/10.1142/S0217979221503057

[6] N.A. Ismayilova, S.H. Jabarov, Journal of Superconductivity and Novel Magnetism, 36, P.
1983-1990, 2023; https://doi.org/10.1007/s10948-023-06641-1

[7] N.A. Ismayilova, The European Physical Journal Plus, 139, P.321, 2024;
https://doi.org/10.1140/epjp/s13360-024-05122-1

[8] E. Kasumova, A. Aslanova, Advanced Physical Research, 3, 2, P.104-107, 2021.

[9] Y.L Aliyev, N.A. Ismayilova, R.F. Novruzov, A.O. Dashdamirov, H.J. Huseynov, S.H.
Jabarov, A.A. Ayubov, Modern Physics Letters B, 33, 21, P.1950242, 2019;
https://doi.org/10.1142/S0217984919502427

[10] N.A. Ismayilova, S.G. Asadullayeva, Indian Journal of Physics, 98, P. 1103-1107, 2024;
https://doi.org/10.1007/s12648-023-02858-x

[11] AJ. Hong, L. Li, H.X. Zhu, X.H. Zhou, Q.Y. He, W.S. Liu, Z.B. Yan, J.M. Liu, Z.F. Ren,
Solid State Ionics, 261, P.21-25 (2014); https://doi.org/10.1016/j.5s1.2014.03.025

[12] K. Chrissafis, N. Vouroutzis, K.M. Paraskevopoulos, N. Frangis, C. Manolikas, Journal of
Alloys and Compounds, 385, P.169-172 (2004); https://doi.org/10.1016/j.jallcom.2004.04.119
[13] C. Shi, X. Xi, Z. Hou, E. Liu, W. Wang, S. Jin, Y. Wu, G. Wu, The Journal of Physical
Chemistry C, 120, P.3229-3234 (2016); https://doi.org/10.1021/acs.jpcc.5b12296

[14] X. Zhu, Ch. Shi, Z. Shao, Journal of Applied Mathematics and Physics, 9, P.1549-1559
(2021); https://doi.org/10.4236/jamp.2021.97106

[15] A.D. Davletshina, R.A. Yakshibaev, N.N. Bikkulova, Y.M. Stepanov, L.V. Bikkulova, Solid
State Ionics, 257, P.29-31 (2014); https://doi.org/10.1016/1.ss1.2013.12.017

[16] D. Santamaria-Perez, A. Morales-Garcia, D. Martinez-Garcia, B. Garcia-Domene, C. Miihle,
M. Jansen, Inorganic Chemistry, 52, P.355-361 (2013); https://doi.org/10.1021/ic302116b

[17] S.N. Guin, J. Pan, A. Bhowmik, D. Sanyal, U.V. Waghmare, K. Biswas, Temperature Journal
of the American Chemical Society, 136, P.12712-12720 (2014); https://doi.org/10.1021/ja5059185
[18] Ch.N. Savory, A.M. Ganose, W. Travis, R.S. Atri, R.G. Palgrave, D.O. Scanlon, Journal of
Materials Chemistry, 4, P.12648-12657 (2016); https://doi.org/10.1039/C6TA03376H

[19] http://quantumwise.com/

[20] H.J. Monkhorst, J.D. Pack, Physical Review B, 13, P.5188 (1976);
https://doi.org/10.1103/PhysRevB.13.5188

[21] S. Asadullayeva, N. Ismayilova, Q. Eyyubov, Solid State Communications, 356 P.114950
(2022); https://doi.org/10.1016/j.ss¢.2022.114950

[22] N. Ismayilova, S. Asadullayeva, Journal of Superconductivity and Novel Magnetism 35
P.1107-1111 (2022); https://doi.org/10.1007/s10948-022-06147-2

[23] S. Asadullayeva, G. Fatullayeva, N. Ismayilova, Solid State Communications, 339, 114484
(2021); https://doi.org/10.1016/j.s5¢.2021.114484

[24] N. Ismayilova, S. Jabarov, Canadian Journal of Physics 100, 398-404 (2022);
https://doi.org/10.1139/¢jp-2022-0008

[25] S.G. Asadullayeva, N.A. Ismayilova, T.G. Naghiyev, Modern Physics Letters B P. 2350166
(2023)

[26] Ishiwata, S., Shiomi, Y., Lee, J.S., Bahramy, M.S., Suzuki, T., Uchida, M., Arita, R.,Taguchi,
Y. Tokura, Y., Natural Materials, 12, 512-517 (2013); https://doi.org/10.1038/nmat3621

[27] Satya N. Guin, Dirtha Sanyal, Kanishk Biswas, Chem. Sci., 7, 534 (2016);
https://doi.org/10.1039/C5SC02966J]

[28] Christopher N. Savory, Alex M. Ganose, Will Travis, Ria S. Atri, Robert G. Palgrave, David
O. Scanlon, J. Mater. Chem. A, 4, 12648-12657 (2016); https://doi.org/10.1039/C6TA03376H



https://doi.org/10.1142/S0217979220501805
https://doi.org/10.1142/S0217979221503057
https://doi.org/10.1007/s10948-023-06641-1
https://doi.org/10.1140/epjp/s13360-024-05122-1
https://doi.org/10.1142/S0217984919502427
https://doi.org/10.1007/s12648-023-02858-x
https://doi.org/10.1016/j.ssi.2014.03.025
https://doi.org/10.1016/j.jallcom.2004.04.119
https://doi.org/10.1021/acs.jpcc.5b12296
https://doi.org/10.4236/jamp.2021.97106
https://doi.org/10.1016/j.ssi.2013.12.017
https://doi.org/10.1021/ic302116b
https://doi.org/10.1021/ja5059185
https://doi.org/10.1039/C6TA03376H
https://doi.org/10.1103/PhysRevB.13.5188
https://doi.org/10.1016/j.ssc.2022.114950
https://doi.org/10.1007/s10948-022-06147-2
https://doi.org/10.1016/j.ssc.2021.114484
https://doi.org/10.1139/cjp-2022-0008
https://doi.org/10.1038/nmat3621
https://doi.org/10.1039/C5SC02966J
https://doi.org/10.1039/C6TA03376H

