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Abstract. Motivated by the growing demand for new performant semiconducting materials, we investigated
in detail the structural, elastic, electronic and optical properties of two newly synthesized compounds,
namely TloCdGeSes and TloCdSnSey, using density functional theory calculations. The calculations were
performed relativistically, including the spin—orbit coupling (SOC). The computed equilibrium structural
parameters are in excellent agreement with available measurements. Note that the calculations of all
the considered properties were performed with the theoretically obtained equilibrium lattice parameters.
The predicted monocrystalline and polycrystalline elastic constants reveal that the studied compounds
are soft, ductile, mechanically stable and substantially structurally and elastically anisotropic materials.
Our calculations using the Tran-Blaha modified Becke-Johnson potential with the inclusion of SOC show
that TloCdGeSes and TloCdSnSey are direct bandgap semiconductors. The inclusion of SOC is found to
reduce the fundamental bandgap of TloCdGeSes from 1.123 to 0.981 eV and that of TloCdSnSes from
1.097 to 0.953 eV. The [-decomposed atom-projected densities of states were calculated to identify the
contribution of each constituent atom to the electronic states in the energy bands. The upper valence
subband predominantly comes from the Se-4p states, while the bottom of the conduction band mainly
originates from the Se-4p and Ge-4p/Sn-5p states. The frequency-dependent linear optical parameters,
viz., the complex dielectric function, absorption coefficient, refractive index, reflectivity and energy-loss
function, were calculated for electromagnetic waves polarized parallel and perpendicular to the c-axis in a
wide energy window. An attempt was made to identify the microscopic origin of the peaks and structures
observed in the calculated optical spectra.

1 Introduction

One current challenge in research is to identify new
- - semiconductors with valuable properties that can meet
e-mails:a_bouhemadou@yahoo.fr; the requirements of the rising demand for efficient

abd}flrr;adjid_bouhemadou@univ-setif.dz(corresponding optoelectronic devices. For this purpose, chalcogenide
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semiconductors involving copper/silver and alkali met-
als (AM) have attracted significant research interest
stimulated by the fact that their properties, such as
diverse stable crystal structures, compositional flex-
ibility, high thermal stability, semiconductivity, pho-
tovoltaic effects, highly efficient nonlinear optics and
favorable thermoelectricity, are appropriate for efficient
applications in photovoltaic cells, optoelectronics and
nonlinear optical devices [1-14]. Therefore, the syn-
thesis and characterization (experimentally and theo-
retically) of new alkali metal-based chalcogenides has
become a very active research area. Many synthesized
AM-based chalcogenides possess interesting properties
that make them potential candidates for useful appli-
cations [7]. Unfortunately, in addition to their inter-
esting useful properties, there are concerns about AM-
based chalcogenides. For instance, their low electroneg-
ativity and reactivity may hinder their technological
applications. The first drawback, namely, their low elec-
tronegativity, may lead to large bandgaps and greater
diffusion of charge carriers. The second disadvantage,
namely, reactivity, can lead to instability under expo-
sure to air or humidity. It is believed that replacing
the AM atom with an atom of another element of sim-
ilar chemistry could retain the advantageous proper-
ties of AM-based chalcogenides while overcoming their
disadvantages [15]. One interesting candidate for this
purpose is thallium (T1) because the chemistry of the
TI'* cation is similar to that of alkali metals; T1 can
behave as a pseudo-AM [16, 17]. Furthermore, T1 has
some properties that may lead Tl-containing systems
to avoid the disadvantages of alkali metal-based com-
pounds. First, Tl is much less electropositive than alkali
metals; the electronegativity of T1 (2.04) is much higher
than that of any alkali metal element. This leads to
a less ionic character in Tl-based compounds, which
may lead to smaller bandgaps and consequently to low
electrical resistivities and, therefore, to higher carrier
mobilities. Second, TI is heavier than any stable alkali
metal, which results in low lattice thermal conductiv-
ity and thus improves physical properties requiring low
lattice thermal conductivity such as thermoelectric effi-
ciency. Third, T'* has a lone pair of electrons that can
be stereoactive; therefore, Tl-containing materials tend
to be less sensitive to air and moisture than AM-based
compounds [17]. Fourth, the substitution of an alkali
metal atom for a T1 atom in a material can result in
an isostructural compound. Due to the advantages men-
tioned above, significant research has been devoted to
the exploration of Tl-based chalcogenides which may be
alternatives to chalcogenides containing alkali metals.
Despite numerous reports on the synthesis and crys-
tal structure characterizations of a series of Tl-based
quaternary chalcogenides, such as Tl,BICIVX, (B! =
Mn, Cd, Hg, Pb; DIV = Si, Ge, Sn; X = S, Se, Te)
systems [16-27], the research on these materials is still
insufficient. Hence, they are of current interest.
Recently, data on the crystal structure, forma-
tion conditions and measured absorption coefficient
spectrum of dithallium cadmium germanium selenide
Tl,CdGeSey [24, 27] and dithallium cadmium tin
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selenide T1;CdSnSey [19, 24, 25] have been reported.
In addition, the results of ab initio calculations of
the band structure and optical coefficients have been
reported for TloCdSnSey and TloCdGeSey crystals [25,
27]. Previous studies [25, 27] coupling experimental
and theoretical approaches to explore synthesis, elec-
tronic structure and optical constants have led to the
conclusion that the quaternary selenides TloCdSnSey
and Tl,CdGeSey could be very promising compounds
for solar cell applications in thin films and optoelec-
tronics [25]. It is well known that thorough knowledge
and understanding of the fundamental properties of
a material, such as the structural, elastic, electronic
and optical properties, are the key to predicting the
possible uses of that material for particular technolog-
ical applications [28]. To the best of our knowledge,
the elastic properties of Tlo,CdGeSes and TloCdSnSey
have not yet been explored, experimentally or theo-
retically. In addition, in-depth theoretical exploration
of the electronic and optical properties of TloCdSnSey
and TloCdSnSe, is still far from complete. To fill this
gap, we explored in detail the structural, elastic, elec-
tronic and optical properties of the newly synthetized
materials Tlo,CdGeSe, and T1,CdSnSe, using two com-
plementary density functional theory (DFT) methods,
namely, the pseudopotential plane wave (PP-PW) and
full-potential (linearized) augmented plane wave plus
local orbitals (FP-(L)APW + lo) methods. Note that
calculations based on DFT are becoming a powerful
tool for predicting the fundamental properties of mate-
rials and their implications in applications. DFT is not
only useful for theoretical studies but also is well inte-
grated for applied studies [29-31].

The outline of the paper is as follows: The compu-
tational settings used are presented in the following
section. The presentation and discussion of the obtained
results including the crystal structure, elastic moduli,
electronic structure and optical coefficients and func-
tions are the subjects of Sects. 3.1, 3.2, 3.3 and 3.4,
respectively. The last section; Sect. 4, summarizes our
findings.

2 Calculation methods and settings

Quantum—mechanical calculations of the optimized
structural parameters and monocrystalline elastic con-
stants, C'y;, were performed using an efficient method to
relax the crystal structure, namely the pseudopotential
plane wave (PP-PW) approach based on density func-
tional theory (DFT) as incorporated in the Cambridge
Sequential Total Energy Package (CASTEP) [32]. The
exchange—correlation interactions were modeled using
the PBEsol form of the general gradient approximation
(labeled GGA-PBEsol or GGA-08) [33], which was spe-
cially developed to better predict the optimized crystal
structures of solids. Norm-conserving pseudopotentials
[34, 35] were used to describe the Coulombic interac-
tions between the valence electrons and ion cores. The
electron states T1: 5d°6s26p!, Cd: 4524p54d'%5s2, Sn:
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4d195525p2, Ge: 3d'94s2 4p? and Se: 3d'%4s24p* were
treated as the valence states. The Kohn-Sham elec-
tronic wave functions were developed on a plane wave
basis set truncated at an energy cutoff of 1350 eV. Inte-
grations over the Brillouin zone (BZ) were performed
over a 7 X 7 x 6 special Monkhorst—Pack k-mesh [36].
The Broyden—Fletcher—Goldfarb—Shanno (BFGS) tech-
nique [37] was employed to relax the free structural
parameters, viz., the Se internal coordinates, zge, ¥se,
Zse, and the lattice parameters, a and ¢, with con-
vergence cutoffs of 5.0 x 10°¢ eV/atom, 0.01 eV/A,
0.02 GPa and 5.0 x 10 * A for the total energy, maxi-
mum ionic Hellmann—Feynman force, maximum ionic
displacement and maximum stress, respectively. The
well-known stress—strain technique [32] was used to cal-
culate the monocrystalline elastic constants C';;. In this
approach, C; is estimated by computing the stress ten-

sors o generated by applying different small deforma-

tion tensors § to the equilibrium lattice, and then C'; is
determined by a linear fit of the computed stress—strain
curves. Two deformations, where the first is defined

by a strain tensor § with only two nonzero compo-
nents, viz., 0z, and d,., and the second with also only
two non-zero components, viz.,0,, and dg,, are suffi-
cient to determine the six independent elastic constants,
namely, 011, 033, 044, 066, 012 and 013, ofatetrag—
onal system. The phonon-dispersion curves were calcu-
lated through a linear-response method based on den-
sity functional perturbation theory [37].

Calculations of the electronic and optical proper-
ties were carried out through the full-potential (lin-
earized) augmented plane wave plus local orbitals (FP-
L/APW + lo) as implemented in the WIEN2k code
[38]. The FP-(L)APW + lo method is one of the most
accurate approaches for calculating electronic struc-
ture and the associated properties. It is well estab-
lished that the energy bandgap calculated through com-
mon exchange—correlation (XC) functionals, namely
the local density approximation (LDA) and the gen-
eralized gradient approximation (GGA), are gener-
ally significantly smaller than that from experimental
data. Thus, some XC functionals beyond the standard
LDA and GGA, such as hybrid functionals, the GW
method and the Tran-Blaha-modified Becke-Johnson
(TB-mBJ) potential, have been developed to overcome
this deficiency. To remedy the systematic underestima-
tion of the bandgap by the GGA, we used the TB-
mBJ potential [39, 40], which has been shown to predict
bandgaps that are in good agreement with experimen-
tal counterparts and with theoretical results obtained
using more advanced calculations, such as those based
on Green’s function (GW) and hybrid functionals, for a
wide variety of semiconductors and insulation [41-44].
Note that the computation cost when using the TB-
mBJ potential is significantly lower than that when
using the hybrid functionals and GW approximation
[45]; the computation time using the TB-mBJ poten-
tial is comparable to that using the standard LDA and
GGA. Therefore, TB-mBJ was chosen to correct the
bandgaps of the studied Tl-based selenides. The valence
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wave functions inside the interstitial region were devel-
oped on a plane wave basis set, with the largest & vector
(K max) equal to 9/RYR where RYI is the smallest
muffin-tin radius in the Bohr unit. The valence wave
functions inside the muffin-tin spheres were developed
on spherical harmonics up to lax = 10. The muffin-tin
sphere radius was chosen to equal 2.5 Bohr for TI, 2.46
Bohr for Cd, 2.14 Bohr for Ge, 2.35 Bohr for Sn and
2.14 Bohr for Se. The total energy convergence was set
to 10° Ry, and the atom relaxation was determined
with a force on each atom less than 0.1 eV/A.

The optical properties of a material affect the char-
acteristics of electromagnetic waves passing through it
by modulating their propagation vector (dispersion) or
intensity (absorption). The linear macroscopic response
of a solid medium to incident electromagnetic waves
is modeled by the optical complex dielectric function
e(w) = e1(w) + e2(w), where €1(w) (the real part)
models the dispersion of electromagnetic radiation and
g9(w) (the imaginary part) models the dissipation of the
energy of electromagnetic radiation inside the crossed
medium. Theoretically, the e3(w) spectrum is calcu-
lated by summing all the individual contributions of the
allowed direct electronic transitions between the pairs
of electronic states (V,, k) and (C,/, k), where (V,,
k) is an occupied electronic state in a valence band
of index n and (C,, k) is an unoccupied electronic
state in a conduction band of index n’. The spectrum
of the dispersive part of the dielectric function, €1 (w),
is then computed from the e9(w) spectrum through
the Kramers—Kronig transformation. The spectra of the
other macroscopic linear optical functions, namely, the
refractive index n(w), extinction coefficient k(w), opti-
cal reflectivity R(w), absorption coefficient a(w) and
energy-loss function L(w), can be computed from the
e1(w) and e2(w) spectra. All the reported spectra of
macroscopic linear optical functions in this work were
calculated using the random phase approximation for-
mulation developed by Ambrosch-Draxl and Sofo [46]
and implemented in the WIEN2k code. A large grid of
40x 40 x 40 k-points was used to calculate the electronic
properties and optical spectra, as they are very sensitive
to the k-mesh. Due to the presence of heavy atoms in
the studied compounds, all the performed calculations
were carried out both with and without spin—orbit cou-
pling, which we refer to hereafter as + SOC and NSOC,
respectively.

3 Results and discussion

This section is devoted to the presentation and dis-
cussion of the obtained results concerning the struc-
tural, elastic, electronic and optical properties of the
Tl-containing selenides: TloCdGeSes and TlyCdSnSey.

3.1 Equilibrium structural parameters

The investigated isostructural compounds, Tl,CdGeSey
and TI,CdSnSey, crystallize in the tetragonal system

@ Springer
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Fig. 1 a A view of the TloCdGeSey unit cell structure, b Cd- and Ge-centered polyhedral representation in a unit cell,
¢ the nearest surrounding of Cd and Ge atoms by Se atoms (CdSes and GeSes tetrahedra), d the nearest surrounding of

Tl atoms by Se atoms

with the noncentrosymmetric space group 7-42 m (No.
121), as determined through X-ray diffraction analy-
sis [19, 24, 25]. The location and coordination of the
surrounding atoms constituting the unit cell structure
of Tl,CdGeSe4, as a representative, are depicted in
Fig. 1. The Cd and Ge atoms, which are bonded to
four Se atoms forming slightly distorted tetrahedra (see
the polyhedral diagrams in Fig. 1b, c), occupy Wyck-
off sites 2b (0, 0, 0.5) and 2a (0, 0, 0), respectively.
The T1 atom, which is coordinated by eight Se atoms
forming a distorted tetragonal antiprism (Fig. 1d), is
locates at Wyckoff site 4¢ (0, 0.5, 0). The Se atom,
which is surrounded by 1Cd, 1Sn and 4TI cations form-
ing a trigonal prism, occupies Wyckoff site 8i (zse, Zse,
28e), Where zge, Tse and zg. are the internal coordi-
nates of the Se atom. Thus, the crystal structure of the
studied compounds has four free structural parameters
not fixed by the space group, namely the following: the

@ Springer

cell parameters, a and ¢, and the internal coordinate,
Tse and zge, which have to be relaxed to reach the
equilibrium crystal structure. The equilibrium struc-
tural parameters of the studied compounds, viz., the
lattice parameters, ¢ and c, the internal coordinates
of the Se atom and the distances between the nearest
neighbors, computed both with and without spin—orbit
coupling (labeled + SOC and NSOC, respectively), are
presented in Tables 1 and 2 along with the available cor-
responding measured values [19, 24, 25]. Our calculated
values for the lattice parameters and the correspond-
ing experimental data [1, 24, 25] demonstrate excellent
agreement; the maximum relative discrepancy does not
exceed — 0.8% when spin-orbit coupling is included.
The calculated relaxed fractional internal coordinates
of the Se atom and bond lengths are also consistent
with the available corresponding experimental data.
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Table 1 Calculated equilibrium lattice parameters (a and ¢, in A), unit cell volume (V, in A®), relative deviation of the
computed values from the corresponding experimental data (d%) and relaxed fractional internal coordinates of the Se atom
(z/a, y/b z/c) for the Tl;CdGeSes and TlpCdSnSes compounds. Available results in the literature for the investigated
compounds are tabulated for the sake of comparison. + SOC (NSOC) refers to calculations performed with (without)

including spin—orbit coupling (SOC)

System a d (%) c d (%) Vv d (%) Ses/a Sey /b Se. /.
Tl CdGeSes
Present
NSOC 7.8739 — 1.7 6.7256 0.03 416.976 — 3.5 0.1713 0.1713 0.2166
+ SOC 7.9453 - 0.8 6.7107 — 0.2 423.632 - 1.9 0.1689 0.1689 0.2185
Expt. [24] 8.0145 6.7234 431.859 0.1641 0.16410 0.2819
Other [27] 8.4502 5.4 6.7740 0.4 483.703 12.2 0.16044 0.16044 0.28758
T15CdSnSey
Present
NSOC 7.9125 — 1.6 6.8216 — 0.5 427.084 — 3.8 0.1759 0.1759 0.2275
+ SOC 7.9888 — 0.7 6.8651 0.1 438.137 - 1.3 0.1762 0.1762 0.2352
Expt. [24] 8.04802 6.8569 444.123 0.1742 0.1742 0.240
[19] 8.0490" 6.8573 444.260 0.1713 0.1713 0.2520
Theor. [25] 8.1673 1.5 6.9405 1.2 462.964 4.2 0.1761 0.1761 0.2366

Table 2 Calculated equilibrium interatomic distances (d, in A), number of identical bonds (N.B.) and coordination numbers
(C.N.) of atoms in the TloCdGeSes and T1>CdSnSes with including spin—orbit coupling, compared to available data in

literature
Tl,CdGeSes Tl;CdSnSe4
Atom Bond (N.B.) d (A) C.N. Atom Bond (N.B.) d (A)
Tl T1-Se (4) 3.2972'3.336> 8 T1 T1-Se (4) 3.3572'3.422; 3.4333 8
T1-Se (4) 3.5055"3.545> T1-Se (4) 3.45453.4537%; 3.447°
Cd Cd-Se (4) 2.677712.652 4 Cd Cd-Se (4) 2.6933'2.582; 2.587° 4
Ge Ge-Se (4) 2.3986'2.368> Sn Sn-Se (4) 2.5673'2.63%; 2.605%
Se Se-Ge (1) 2.3986'0.23682 6 Se Se-Sn (1) 2.5673'2.63%; 2.605%
Se-Cd (1) 2.6777'2.65% Se-Cd (1) 2.6933'2.582; 2.5873
Se-T1 (2) 3.2972'0.3336° Se-TI (2) 3.35723.422; 3.433°
Se-TI (2) 0.3505'0.3545> Se-TI (2) 3.4545'3.4532%; 3.4473
Present
2Expt. [24]
3Expt. [19]

This excellent consistency between the calculated val-
ues and the experimental counterparts confirms the reli-
ability of the PP-PW method to predict the optimized
structural geometry. Note that the unit cell parame-
ters of Tl,CdSnSe4 are somewhat larger than those of
Tl,CdGeSey. Since all constituent atoms except DIV
(DY = Ge, Sn) are the same, the increase in unit cell
volume when Sn substitutes for Ge is attributed to the
fact that the atomic radius of the Sn atom (R = 2.81 A)
is somewhat larger than that of the Ge atom (R =
2.45 A).

To check the dynamic stability of the title com-
pounds, the phonon-dispersion curves along the high

symmetry lines in the Brillouin zone were calculated for
both compounds. As seen from the phonon-dispersion
curve of Tlo,CdGeSe, represented in Fig. 2, the disper-
sion branches have positive frequencies at any vector,
suggesting that the compounds of interest are dynami-
cally stable.

@ Springer
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Fig. 2 Calculated phonon dispersion along the high-
symmetry lines in the Brillouin zone for TloCdGeSey

Table 3 Calculated monocrystalline elastic constants (Cjj,
in GPa) for the TloCdGeSes and Tl2CdSnSes compounds
with (+ SOC) and without (NSOC) including spin—orbit
coupling

System Cn Czzs  Cu  Ces Ci2  Cis
T12CdGeSe4

NSOC 46.1 75.0 16.3 13.6 19.2 19.1
+S0C 358 673 9.8 9.6 128 13.9
T15CdSnSey

NSOC 46.4 74.8 11.0 11.8 17.8 17.8
+ SOC 40.3 674 13.2 14.4 15.2 14.4

3.2 Elastic parameters
3.2.1 Monocrystalline elastic constants

The monocrystalline elastic constants C;; mirror the
extent of the crystals’ ability to recover their origi-
nal shape after the stress is removed within the elastic
limit, so they are key mechanical parameters of crys-
tals. The C; values are closely related to a wide range
of fundamental solid-state properties, such as mechan-
ical stability, phonon dispersion, heat capacity, Debye
temperature, Griineisen parameter, thermal expansion,
the character and strength of the interatomic bonds,
elastic wave velocities and melting point. Thus, it is of
fundamental and practical interest to evaluate the C;
values of a crystal using reliable theoretical approaches
and precise experimental techniques. We are not aware
of any experimental or theoretical determination of the
C; values for the compounds of interest; hence, our
results, listed in Table 3, are the first numerical assess-
ment. From the predicted C';; values, information on
the elastic and mechanical properties can be extracted.

(i) The computed Cj; values fulfill all the necessary
conditions for the mechanical stability of a tetrag-
onal crystal [47]:
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Ci1 > |Cral; 2CF5 < C33(Ch1 4 Ci2); Cag > 0;
066 > 0. Thus, TlngGeSe4 and TIQCdSDS&; are
mechanically stable.

(ii) The Cy; value, which reflects the resistance to lin-
ear compression or elongation of the crystal along
the a-axis, is noticeably smaller than the Cs3
value, which mirrors the resistance to linear com-
pression or elongation along the c-axis, indicat-
ing that the studied compounds show higher stiff-
ness against strains along the c-axis than against
strains along the a-axis. This suggests that under
the same perpendicular uniaxial stress, the crys-
tal is more compressible along the a-axis than
along the c-axis; thus, the linear compressibility
is dependent on the crystal direction. This result
indicates that the interatomic bonds along the a-
axis are weaker than those along the c-axis.

(iii) The C1; and C3s3 values are noticeably larger
than those of Ci3, Ci3, Cy44 and Cgg, which
characterize the resistance to shear deformations,
indicating that the studied compounds are more
resistant to compression than to shear.

(iv) He velocities of sound waves propagating along
the main crystal directions can be deduced from
the monocrystalline elastic constants. The formu-
las used and the obtained results for the velocities
of sound waves propagating along the [100]/[010],
[110] and [001] crystallographic directions are
listed in Table 4. Table 4 shows that the sound
wave velocities depend considerably on their own
polarizations and on the crystal directions. The
noticeable differences between the velocities of
the sound waves propagating in the considered
principal directions constitute proof of the con-
siderable elastic anisotropy of the compounds
of interest. The longitudinally polarized sound
wave propagating along the [001] crystallographic
direction is the fastest. The sound wave velocity
is closely linked to the lattice thermal conductiv-
ity; the lower the sound velocity is, the lower the
lattice thermal conductivity. The relatively low
values of the anisotropic sound wave velocities
suggest that the lattice thermal conductivities of
both considered compounds are lower.

3.2.2 Polycrystalline elastic moduli

Generally, the synthetized samples are polycrystalline
aggregates of single-phase monocrystals with random
orientation; therefore, it is not possible to measure the
C; values in this case, but instead, we can measure
the isotropic bulk modulus B (which reflects the resis-
tance to volume change under the hydrostatic pressure
effect) and the shear modulus G (which characterizes
the resistance to shape change under the influence of
shear force). Theoretically, it is possible to calculate
the isotropic elastic moduli B and G of a material from



Eur. Phys. J. B (2022)95:38

Page 7 of 23 38

Table 4 Computed velocities (in ms™") of the anisotropic sound waves propagating in the [100], [110] and [001] crystallo-
graphic directions in the monocrystals TloCdGeSes and TlaCdGeSey, isotropic longitudinal, transversal and average sound
velocities (V1, Vi and Vo, in ms™'), and Debye temperature (Tp, in K) for the polycrystalline aggregates TlaCdGeSeq
and Tl,CdSnSes. The mass density p is equal to 7.1307 g/cm?® for T1oCdGeSes and 7.2670 g/cm?® for TloCdSnSes. L and
T refer to longitudinal and transversal polarizations of the sound wave, respectively. Calculations were performed with

including spin—orbit coupling

Direction Polarisation Formula T1,CdGeSey T15CdSnSey
[100] [100] (L) Ci1/p 2241 2355
[010] (T1) V/Ces/p 1160 1408
[001] (T2) \/Cua/p 1172 1348
[110] [110] (L) V/(C11 + C12 +2Cs6) /2p 2180 2928
[110](T1) V(Ci1 — C12)/2p 1613 1727
[001] (T2) \/Cuaa/p 1172 1348
[001] [001] (L) V/Css/p 3084 3045
(001) plane (T) Cua/p 1172 1348
Vi 1286 1422
Vi 2346 2494
Vi 1504 1573
To 150 155

Table 5 Predicted Reuss, Voigt and Hill bulk (Br, Bv and Bu, in GPa) and shear (Gr, Gv and Gu, in GPa) moduli, Hill
Young’s modulus (E g, in GPa) and Hill Poisson’s ratio (o x, dimensionless) for the polycrystalline aggregates TloCdGeSes
and T12CdSnSes. + SOC (NSOC) refers to calculations performed with (without) including spin—orbit coupling (SOC)

System Bv Br Bu Gv Gr Gu Ej Eyu oH
E, B, E,

T1oCdGeSeqy

NSOC 31.3 30.0 30.6 16.6 15.8 16.2 36.2 36.2 63.9 16.2 0.275
+ SOC 24.5 22.6 23.5 12.4 11.3 11.8 30.0 30.0 56.4 30.4 0.285
Tl CdSnSe4

NSOC 30.5 29.3 29.9 14.4 13.1 13.9 37.74 37.74 64.87 35.8 0.300
+ SOC 26.2 25.0 25.6 15.1 14.4 14.7 33.32 33.32 59.39 37.1 0.259

its elastic constants (C';; values) and compliance con-
stants (S;; values) via Voigt-Reuss-Hill (VRH) approx-
imations [48]. With the Voigt approximation, in which
a uniform strain is assumed throughout the polycrys-
tal, the upper limits of B and G, viz., By and Gv, can
be evaluated, while through the Reuss approximation,
which is based on an assumption of uniform stress, we
can estimate the lower limits of B and G, viz., Bg and
Gr. Hill’s approximation [48] assumes that the arith-
metic mean of the Voigt and Reuss limits constitutes
the best theoretical value for the polycrystalline modu-
lus of elasticity. By, Gv, Br, Gr, By and Gy, where
the subscripts V, R and H denote the Voigt, Reuss and
Hill approximations, respectively, are given by the fol-
lowing relationships [49, 50]:

By=(1/9)[C11 + Ca2 + Cs3 + 2(C12 + C13 + Ca3)],

Gv = (1/5)[C11 + C22 + C33 + 3(Caa
+ C55 + Co6) — (Cr2 + C13 + Ca3)],

1/Br = (S11+ S22 + S33) + 2(S12 + Sa23 + Si3),

1/Gr = (4/15)[(S11 + S22 + S33
—(4/15)(S12 + S13 + Sas
+(1/5)(S44 + Ss5 + 566)]7

By + Br Gv + Gr
== 9 ;GH: B .

NP

By

In addition, Young’s modulus F, which reflects the
resistance of a material to uniaxial stresses; defined as
the ratio of the vertically applied linear stress and the
linear strain, and Poisson’s ratio o, which mirrors the
tendency of a material to expand or contract in a direc-
tion perpendicular to a loading direction, given by the
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negative value of the ratio of the transverse strain (ver-
tical to the applied stress) to the longitudinal strain (in
the direction of the applied stress), can be numerically
estimated through the following relationships:

L 9BG _ 3B-2G
“38+G 7" T 2BB+G)

The values of the isotropic elastic moduli B, G, E
and o deduced from the predicted C';; values are gath-
ered in Table 5. From the obtained results, we can
obtain the following information:

(i) The isotropic elastic moduli B, G and E have rel-
atively small values, reflecting the low hardness
and stiffness of the considered materials. Hard-
ness is an important mechanical property that is
defined as the resistance of a material to local-
ized deformation [32, 51]. The calculated Vickers
hardness (~ 3.30 GPa for Tl,CdGeSey and ~ 2.42
GPa for T1;CdSnSey) confirms the low hardness
of these materials.

(ii) The B value is practically double that of G, sug-
gesting that shear deformation can occur more
easily than volume change and that G is the deci-
sive elastic modulus affecting the mechanical sta-
bility of the title compound [52].

(iii) Poisson’s ratio (o) is often used as a useful indica-
tor of plasticity in materials. Indeed, from the o
value, we can predict whether a material is ductile
or brittle. When the o value is greater than 0.26,
the material is predicted to be ductile, and when
it is lower than this 0.26, the material is brittle
[563]. According to this indicator, TloCdGeSey is
rather ductile, while Tl,CdSnSe, is on the bor-
der between ductile and brittle. Based on the fact
that the shear modulus G mirrors the resistance
to plastic deformation and the bulk modulus B
mirrors the resistance to fracture, another empir-
ical indicator claims that the quotient of B and G
(B/@G) of the polycrystalline phase can provide
information about plasticity in materials [54].
According to this indicator, a compound is duc-
tile in nature if the B/ G ratio is greater than 1.75;
otherwise, it is brittle in nature. Our predicted
B/G ratio values, B/G ~ 2.08 for Tl,CdGeSe,
and B/G ~ 1.74 for Tl;CdSnSe4, confirm the
results already obtained through Poisson’s ratio,
i.e., that TloCdSnSe, is ductile and TloCdSnSey
is on the border between ductility and brittleness.
A ductile material is easily machinable and resis-
tant to thermal shock.

(iv) The typical value of Poisson’s ratio for a cova-
lent material is ~ 0.2, while it is in the range of
0.3-0.4 for an ionic material and equal to 0.5 for
the pure-ionic limit [55]. Based on these criteria,
Tl,CdGeSey, with o ~ 0.285, and TlyCdGeSey,
with o ~ 0.259, exhibit a mixture of covalent and
ionic interatomic bonds, but the ionic character
is dominant.
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(v) The Debye temperature T'p, which is closely
related to the thermal parameters of solids, can
be predicted from the average velocity of the elas-
tic wave (Vy,), which can be numerically esti-
mated from the B and G values [55, 56]. The pre-
dicted V, and Tp values are presented in Table
4. A high Debye temperature mirrors a high asso-
ciated thermal conductivity [57]. These low values
of V., and Tp denote a low thermal conductivity
for the studied compounds.

3.2.3 Elastic anisotropy

Microcracks and mechanical failures can occur in crys-
tals with notable elastic anisotropy [58]. Thus, it is
essential to analyze the extent of elastic anisotropy to
understand its mechanism and possibly find a proce-
dure to improve the mechanical properties of crystals
to avoid the drawbacks of elastic anisotropy. A vari-
ety of experimental and theoretical metrics have been
established to quantify the extent of elastic anisotropy
in materials [59]. Here, we used five different ways to
probe the degree of elastic anisotropy in the studied
materials.

i.  Since the shear modulus G is a key elastic param-
eter for the mechanical stability of materials,
we start by evaluating the extent of the shear
anisotropy through the calculation of the shear
anisotropic factors A1, As and As. For a tetragonal
system, A; = As. The shear anisotropic factor A
= A,, which characterizes the anisotropy of shear
caused by the application of a stress on the crystal-
lographic planes {001} along the crystallographic
directions < 011 > (symbolized by < 011 > {100})
and along the directions < 010 > (symbolized
by (< 010 > {100}), is defined as: A; = Ay =
4Cy4/(C11+C33—2C13). The shear anisotropic fac-
tor Ag, which characterizes the anisotropy of the
< 110 > {001} and < 010 > {001} shear, is given
by A3 = 2066/(011 — 012) [58, 60] For iSOtI"OpiC
shear, the corresponding anisotropic factor is equal
to unity. Thus, the degree of deviation of the
anisotropy factors from unity reflects the elastic
anisotropy degree of the crystal. The calculated
values for A;/A; and Az are equal to 0.52 and
0.84 (0.67 and 1.15), respectively, for Tl;CdGeSey
(T12CdSnSey), suggesting that these compounds
are characterized by a large shear anisotropy.

ii.  The ratio of the linear compressibility along the c-
axis (0.) to the linear compressibility along the
a-axis (f,), defined as [60] B./B. = ((C11 —
C13) 4+ (C12 — C43))/(C33 — C13), is usually used to
assess the degree of elastic anisotropy in crystals.
The calculated ./, ratios are equal to 0.39 for
T1,CdGeSes and 0.52 for Tl,CdSnSey, highlight-
ing the strong anisotropy of the linear compress-
ibility in both studied compounds.
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iii. A widely used metric to quantify the degree of elas-
tic anisotropy in crystals is the so-called univer-
sal elastic anisotropy AV, defined as follows [61]:
AY = % + %\é —6, where By (Gv) and Bg (Gr)
are the estimated values of B (G) according to
Voigt and Reuss approximations, respectively. For
a perfect isotropic crystal, AV is equal to zero. We
never expect perfect isotropic behavior in a crys-
tal; thus, the more the value of AY deviates from
zero, the greater the elastic anisotropy of the crys-
tal. The computed value of AV is equal to 0.51 for
T15,CdGeSes and 0.60 for Tl,CdSnSey, confirming
that the title compounds are characterized by con-
siderable elastic anisotropy.

iv. The percent anisotropy in compression (Acomp)
and in shear (Aghear), defined as Acomp = ((Bv —
BR)/(BV + BR)) x 100 and Aghear = ((GV —
Gr)/(Gv+Gr)) %100, where the subscripts V and
R denote the Voigt and Reuss limits, respectively,
are helpful indicators for estimating the elastic
anisotropy in compressibility and in shear, respec-
tively [62]. The degree of deviation of Acomp and
Aghear from 0% mirrors the extent of the elastic
anisotropy. In our case, Acomp and Agpear are equal
to 4.0% and 4.6%, respectively, for TloCdGeSey
and 2.3% and 2.4%, respectively, for TloCdSnSey.
Once again, these indicators highlight the strong
elastic anisotropy in the compression and shear of
the title compounds.

v. The three-dimensional (3D) representation of the
crystal direction dependence of the elastic moduli
is the most straightforward method and is widely
used to illustrate the degree of elastic anisotropy
in crystals. Note that the 3D representation of
the crystal direction dependence of the modulus
of elasticity is a closed surface, where the dis-
tance between the center of that surface and any
point on the surface in a given direction is equal
to the magnitude of the represented elastic modu-
lus in that direction. Therefore, for an isotropic
elastic modulus, the aforementioned closed sur-
face has a perfect spherical shape, and thus, the
extent of the deviation of the shape of this sur-
face from the perfect spherical shape reflects the
degree of anisotropy of that elastic modulus. In
the present study, the elastic anisotropy degree
of the Tl,CdGeSey and Tl,CdSnSey crystals was
assessed using 3D representations of the direc-
tional dependence of Young’s modulus (E) and
linear compressibility (). The linear compressibil-
ity (8) measures the relative linear shrinkage of
a crystal subjected to compression along a given
crystallographic direction. The crystal direction-
dependent Young’s modulus E and linear com-
pressibility § for a tetragonal system are given by
the following relationships [63]:
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L= (It +13)S11 + 1433 + 21213512
+2(1313+21313) S13+ (1313 +1313) Sas + 1313 Se6
B = (S11 + Si2 + S13) — (S11 + Si2 — S13 — S33)13

Here, l1, I3 and I3 are the directional cosines of a
given crystal direction in spherical coordinates. The
3D representations of the directional dependence of
the linear compressibility (8) and Young’s modulus
(E) as well as their projections in the (ac)/(bc) and
(ab) planes for Tl,CdGeSey and TloCdSnSey are shown
in Figs. 3 and 4, respectively. Note that the overall
topology of the closed surfaces of the Young’s modu-
lus and linear compressibility in TloCdGeSe, are sim-
ilar to those in Tl;CdSnSey. Clearly, the closed sur-
faces representing the directional dependence of F and
[ deviate sharply from a spherical shape, mirroring the
strong elastic anisotropy of these compounds. To facil-
itate greater insight into the changes in Young’s mod-
ulus and linear compressibility along different crystal
directions in a plane, we plot the cross-sections of the
3D representations of F and (3 in the (ac)/(bc) and (ab)
((100)/(010) and (001)) planes in Figs. 2 and 3. These
figures demonstrate the considerable deviation of the
projections (cross-sections) of the directionally depen-
dent Young’s modulus and linear compressibility in the
(ac)/(be) plane from the circular form for both consid-
ered compounds, highlighting the strong anisotropy of
FE and f in this plane, while the cross-sections in the
(ab) plane exhibit a perfect circular form for E, high-
lighting the isotropic character of E in the (ab) plane.
The cross-sections of § in the (ab) plane exhibit weak
anisotropy. The degree of elastic anisotropy can also
be quantified from the relative difference between the
minimum and maximum values of the elastic modulus.
Figures 2 and 3 show that the linear compressibility
of the title compounds reaches the maximum (Bmax)
when the stress is applied along any crystal direction
in the (ab) ((001)) plane (note that the linear com-
pressibility is isotropic in the (ab) plane) and is min-
imum (Bmin) when the stress is applied along the c-
axis, i.e., perpendicular to the (ab) plane. This indi-
cates that when hydrostatic pressure is applied, the
contraction of the title crystals that occurs along any
direction in the (ab) plane is greater than that occur-
ring along the other crystal directions. The Bpax of
Tl;CdGeSey (T1oCdSnSey) is equal to 18.514 (15.935)
TPa~!, and Buin is equal to 7.211 (8.028) TPa~!. The
difference between Gnax and Bmin is noticeable; the for-
mer is almost twice the latter, indicating that the linear
compressibility is remarkably anisotropic. The Young’s
modulus value reaches the maximum (FEax) when the
unidirectional stress is applied along the [001] crystal
direction, while it reaches the minimum (F,,) when
the unidirectional stress is applied along the [111] crys-
tal direction. The E .y of TloCdGeSey (TloCdSnSey) is
equal to 59.3 (59.9) GPa and the E,, is equal to 25.2
(32.6) GPa. These results show that the [001] crystal
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Fig. 3 Directional
dependence of the linear
compressibility (a) and
Young’s modulus (b) and
their corresponding
cross-sections (a’) and (b’),
respectively; in the (ab),
(ac) and (bc) planes for the
T12CdGeSes compound

direction is more resistant to uniaxial compression than
the other crystal directions. This is consistent with the
result that C33 is the largest elastic constant. The rela-
tively large difference between the E, .« and E;, val-
ues, where the former is almost twice the latter, demon-
strates the strong anisotropy of Young’s modulus. Note
that this large difference between the maximum and
minimum values of linear compressibility as well as the
large difference between the maximum and minimum
values of Young’s modulus can make the comparison
between the theoretical values and the corresponding
experimental values slightly complex because the values
of these moduli of elasticity depend on the direction of
the applied stress with respect to the crystal direction.

3.3 Electrotonic properties
3.3.1 Energy band dispersion

Some key physical parameters, especially those required
for optoelectronic devices, such as bandgaps, effective
masses of charge carriers, optical coefficients and trans-
port parameters, are calculated from the energy band
structure. Therefore, it is crucial to use an accurate the-
oretical method to correctly describe the energy band
dispersions to obtain accurate estimations of the rele-
vant properties. In the present work, the energy band
dispersions along the lines joining the high symmetry
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points in the first Brillouin zone (X-M-T'-Z-N-P-X)
were calculated for TloCdGeSes and TI,CdSnSes in
their equilibrium crystal structures using the FP-
(L)APW + lo approach within the DFT framework.
Both the GGA-PBEsol and TB-mBJ functionals were
used to model the exchange—correlation interactions,
and calculations were performed both with and without
spin—orbit coupling, referenced as + SOC and NSOC,
respectively. From the band structure diagrams shown
in Fig. 5, we highlight the following characteristics:
First, the energy band structure diagrams of the stud-
ied compounds are very similar. This is attributed to
the fact that these quaternary compounds have iden-
tical crystal structures, and three similar component
atoms and the different component atoms belong to
the same column of the periodic table. Second, the
energy levels in the upper valence band at the M and
Z points are so close to each other that it is difficult to
determine which is the topmost of the valence band
without carefully looking at the curve of the upper
valence band and examining the numerical values of
the energy levels. The numerical values show that the
energy level in the upper valence band at the M-point
is slightly higher than that at the Z-point for both
considered materials, indicating that the valence band
maximum (VBM) is located at the M-point for both
compounds. As the conduction band minimum (CBM)
is also located at the M-point for both compounds,
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Fig. 4 Directional
dependence of the linear
compressibility (a) and
Young’s modulus (b) and
their corresponding
cross-sections (a’) and (b’),
respectively; in the (ab),
(ac) and (bc) planes for the
T12CdSnSes compound
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Table 7 Calculated electron (m;) and hole (m},) effective masses at the conduction band minimum (CBM, at M-point)
and valence band maximum (VBM, at M-point), respectively, towards the I" and X points in the Brillouin zone

Functional Tl CdGeSey T1oCdSnSey

mg my, mg my,

M-—-T M— X M-—-T M- X M-—-T M- X M-—-T M- X
GGAO08 0.376 0.395 0.344 0.351 0.326 0.343 0.307 0.315
GGAO08 + SOC 0.422 0.452 0.346 0.356 0.419 0.457 0.313 0.317
TB-mBJ 4+ SOC 0.732 0.738 0.394 0.402 0.514 0.551 0.351 0.354
TB-mBJ-NSOC 0.542 0.561 0.387 0.392 0.466 0.487 0.348 0.354

we can state that both studied compounds are direct
bandgap (M-M) semiconductors. Note that previous
calculation results [25, 27] have shown that Tl;CdSnSey
is a direct bandgap (M-M) semiconductor [25], which
agrees with our findings, while Tl,CdGeSe, has been
shown to be an indirect bandgap (Z-M) semiconduc-
tor [27], which is inconsistent with what we found. To
verify our results, the band structure calculation for
Tl CdGeSey was repeated using the PP-PW method
as implemented in the CASTEP code [32], and the
resulting bandgap character agrees with the results we
obtained using the FP-LAPW method. Note that the
band structure calculated by Vu et al [27]. also shows
that the energy levels in the upper valence band at
the M and Z points are so close to each other that it
is difficult to tell which is the topmost of the valence

band without examining the numerical values of the
energy levels. If we take into account that our optimized
structural parameters with which the band structure of
Tl,CdGeSey was calculated are slightly smaller than
those with which Van et al. [27] calculated the band
structure (see Table 1), it can therefore be stated that
the bandgap may change from the direct type (M-M) to
the indirect type (Z-M) depending on the values of the
structural parameters with which the band structure is
calculated. It should be noted that our optimized struc-
tural parameters for Tl,CdGeSe, are more in agree-
ment with the corresponding experimental counterparts
than those optimized by Van et al. [27] (see Table 6).
Third, the energy band around the CBM is slightly less
dispersive than that around the VBM, indicating that
the electron effective mass is somewhat greater than
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Table 6 Calculated energy bandgaps as determined
through the GGA-PBEsol and TB-mBJ with (+ SOC)
and without (NSOC) including spin—orbit coupling in the
present work for the TloCdGeSes and TlaCdSnSes com-
pounds along with available corresponding theoretical and
experimental data in the literature

Functional Bandgap (eV)
T1oCdGeSeq T15CdSnSey
Present
GGO08-NSOC 0.431 0.398
GGO08 + SOC 0.305 0. 271
TB-mBJ + SOC  0.981 0.953
TB-mBJ-NSOC  1.123 1.097
Expt. [24] .71t 1.39!
[25] 1.32%; 1.292
Calc. [25] 1.1433%;
1.243%

1From the absorption coefficient measurements
2From the photoconductivity Measurements;
3Using the TB-mBJ + SOC

*TB-mBJ-NSOC

that of the holes. Fourth, the energy band dispersions
calculated using GGAO8 and TB-mBJ have similar gen-
eral characteristics, but they are significantly different
with regard to the bandgap values. The predicted fun-
damental bandgaps using GGAO8 and TB-mBJ both
with and without taking into account spin—orbit cou-
pling are gathered in Table 5 along with available data
from the literature [24, 25]. Table 5 shows that the
GGA-PBEsol functional seriously underestimates the
bandgaps compared to the counterparts provided by
the TB-mBJ potential and the experiments [24, 25].
The use of the TB-mBJ potential with the inclusion
of SOC widens the bandgap by more than 222% for
Tl,CdGeSes and by more than 252% for TlCdSnSey
compared to the GGA-PBEsol bandgap. Generally, the
TB-mBJ potential rigidly pushes the conduction band
toward higher energy away from the valence band max-
imum [64]. Fifth, the inclusion of SOC does not sig-
nificantly affect the overall appearance of the energy
band dispersions; in particular the bands around CBM
and VBM are almost unaffected by the inclusion of
SOC, as expected from their Se-4p character. The
only notable change in the band structure with SOC
(+ SOC) is an approximately 13% reduction in the
bandgap with respect to that of the counterpart calcu-
lated without SOC (NSOC); the CBM shifts to lower
energies, thus decreasing the bandgap. Sixth, despite
the considerable improvement of the bandgaps when
using the TB-mBJ potential compared to the coun-
terparts calculated using GGA-PBEsol, our numerical
estimations of the bandgaps remain somewhat smaller
than the experimental counterparts [24, 25], by about
35% for Tl;CdGeSey and 20% for Tl,CdGeSey. A pos-
sible reason for the discrepancy between the theoretical
predictions and the corresponding experimental values

@ Springer

Eur. Phys. J. B (2022)95:38

[TI,CdSnse,
> S oo AV

i /—“‘\ A
\

1yig

Z:
s
NSOC

om

o
t

Energy (eV)

ANY)

|
[ % i

-
N
—_—
R
N
%

ey

X M

Z NPX~

XM T Z NP X

Fig. 5 The calculated TB-mBJ energy band structures
for TloCdGeSes and TloCdGeSes along the X — M —
I' =2 - N —- P — X k-point path. The VBM and
CBM lie both at the M-point, thus both compounds are
direct bandgap semiconductors. The black and the dashed-
red lines represent the bands calculated with and with-
out spin—orbit coupling, respectively. The zero of energy
is chosen to coincide with the top of the valence band.
EJ9C(E)79C) is the fundamental bandgap calculated with
SOC (without SOC)

may be the uncertainties in the measurements. Indeed,
even a small uncertainty in the measured spectra of
the absorption coefficients from which the reported
bandgaps were deduced could cause this discrepancy.
Note that the reported bandgaps were evaluated from
the tangent of the absorption coefficient at the lower
energy and any deviation of the plotting tangent could
cause a noticeable deviation in the determined bandgap
value. Thus, it is not easy to evaluate the error in the
deduced bandgap from the measured absorption coef-
ficient, which justifies why there is no information on
the accuracy of the reported experimental data. Fur-
thermore, small differences in the structural parameters
could sometimes produce, for the same semiconductor,
an appreciable difference in the calculated bandgap,
possibly larger than 20% [45]. Note that there is no
exchange-energy functional from which the TB-mBJ
potential is derived; thus, the calculation of the opti-
mized structural parameters is not possible within the
TB-mBJ potential. Additionally, note that sometimes
the optical bandgap is larger than the Kohn—Sham
bandgap because sometimes the lower energy electronic
transitions from the conduction band to valence band
could be forbidden according to the selection rules. Fur-
ther theoretical and experimental studies of the elec-
tronic structures of the considered systems are neces-
sary to increase the reliability of both calculations and
measurements (Table 6).
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3.3.2 Charge carrier effective masses

The effective masses of charge carriers are key to the
transport phenomena in materials. Thus, it is of great
importance to estimate the effective masses of charge
carriers in semiconductors. The effective mass is a ten-
sor, but it can be treated as a scalar at the extremum
of the energy bands. The dispersion of the energy band
in the vicinity of its extremum can be adjusted by a
parabola: E(k) = h?k?/2m*, where h is Planck’s con-
stant and m* is the charge carrier effective mass. Thus,
the charge-carrier m* can be determined through the
following expression: m* = h2(82E(k)/0%k)”". The
predicted electron and hole effective masses, denoted
my and mj, respectively, at the CBM (located at the
M-point) and VBM (located at the M-point), respec-
tively, toward the I' and X points (M — T and
M — X directions) in the Brillouin zone are gathered
in Table 7. The obtained results reveal that m; > mj,
which means that the mobility of holes is higher than
that of electrons. The effective masses of electrons and

Energy (eV)

holes exhibit a very weak anisotropy; the electron and
hole effective masses toward the M — I' direction
are approximately equal to the corresponding masses
toward the M — X direction. The inclusion of SOC in
the calculations somewhat increases the electron and
hole effective masses (Fig. 5).

3.3.3 Density of states

To determine the origin of the electronic states form-
ing the valence and conduction energy levels of the
quaternary selenides Tlo,CdGeSe, and TloCdGeSey, the
total density of states (TDOS) and I-projected atomic-
resolved density of states (PDOS) were calculated using
the TB-mBJ potential with SOC. As seen in Fig. 6, the
valence bands are regrouped in seven subbands denoted
V1, V2, V3, V4, V5, V6 and V7. The V7, V6, V5, V4,
V3 and V2 subbands are somewhat isolated, lying in
narrow energy windows far from the upper valence band
group V1. To shorten the text, the results relating to
Tl,CdSnSe, are given in brackets hereafter. The V7
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Fig. 7 The atomic total densities of states (TDOS) in the
upper valence subband for the TlaCdGeSes and TloCdSnSey
compounds

subband, centered at — 13.5 (— 13.1) eV, comes from
the Ge-4s (Sn-5s) and Se-4s states. The V6 subband,
covering the energy range of — 12.9 to — 12.02 (— 12.7
to — 12.03) eV, is dominated by the contribution of the
T1-5d states, with a small contribution from the Se-4s
states. The T1-5d states form the V5 subband, peak-
ing at — 10.2 (— 10.3) eV. The V4 subband, peaking
at — 8.9 (— 8.9) eV, is composed of the Cd-4d states.
The V3 band group, centered at — 8.3 (— 8.2) eV, is
derived from the Cd-4d states. The V2 subband, cen-
tered at — 7.4 (— 6.8) €V, is a mixture of the Cd-4d
and Ge-4s (Sn-5s) orbitals. As seen in Fig. 7, the upper
valence band group V1, ranging from approximately —
6.5 (— 6.5) up to the Fermi level, is subdivided into
two parts: V1-a and V1-b. The lower part, V1-a, rang-
ing from approximately — 6.5 (— 6.5) eV to — 4.6 (—
4.5) eV, is composed of the hybridized T1-6s and Se-4p
states. The upper part, V1-b, ranging from approxi-
mately — 4.6 (— 5.5) €V to the Fermi level, is mainly
associated with the Se-4p states, with a very small con-
tribution from the TI-6s, Cd-5s and Ge-4dp (Sn-5p)
states. This is quite consistent with the Se?—, TI'*
(the p shell is empty), Cd** and Ge** /Sb** oxidation
states, suggesting that the Se-T1, Se-Cd and Se-Ge
(Sn) bonds predominantly exhibit ionic characteristics.
In addition, the Se-Cd, Se-T1 and Se-Ge (Se—Sn) bonds
are expected to have some degree of covalency due to
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weak hybridization between the Se-4p and Cd-5s states,
between the Se-4p and TI-6s states and between the Se-
4p and Ge-4p (Sn-5p) orbitals, respectively. The edge of
the conduction band (the bottom of the C1 conduction
subband) is mainly from the empty Se-4p and Ge-4s
(Sn-5s) states, while the remainder of C1 is made up of
a mixture of the Sn-sp, Cd-s, Tl-p and Se-p states, indi-
cating that not all Se ions are saturated. Interestingly,
in the case of Tl,CdGeSey, the Se-4p states, which are
the main contributors to the valence band, are posi-
tioned mainly in the upper part of the valence band
and substantially in its central portion, while the main
contributions of the Ge-4p states are in the central por-
tion of the valence band. These theoretical findings are
in excellent agreement with the experimental measure-
ments of the energy distribution of the Se-4p and Ge-4p
states in TloCdGeSey [27].

3.4 Frequency-dependent optical functions

Figure 8 shows the spectra of the components of the
imaginary part of the optical complex dielectric func-
tion, viz., £3%(w) and €5*(w), where £3*(w) and €5*(w)
characterize the absorption of the energy of incident
electromagnetic waves with an electric field vector E
polarized parallel to the a-axis (E//@) and the c-axis

(E//@), respectively. As clearly seen in the aforemen-
tioned figure, the e9(w) spectra of both compounds
exhibit notable anisotropy: (i) the general character-
istics of the spectra of the £3%(w) and €5*(w) compo-
nents are remarkably distinct from each other through-
out the considered energy window; (ii) the number
and positions of the major peaks and structures in the
£2”(w) spectrum are noticeably different from those in
the €5%(w) spectrum; and (iii) the amplitudes of the
main peaks and structures of the £5%(w) spectrum are
remarkably higher than those of the €37 (w) spectrum. It
is of fundamental interest to attempt to determine the
microscopic origin of the electronic transitions between
the occupied valence band states and the empty con-
duction band states that give rise to the peaks and
structures of the 3% (w) and €3*(w) spectra based on
the band structure and density of state diagrams. For
this purpose, the €5 and €57 spectra were decomposed
into the individual contributions of the electronic tran-
sitions between pairs of bands, V,, — C,, where V,,
is a valence band of index n and C,, is a conduction
band of index n’. Once the pair of bands (V,,, C,) has
been determined, we determine the wave vectors k of
the electronic states that mainly contribute to the inter-
band transition V;, — C,s from the (C,,,—V,,)(k) disper-
sion. Tables 8, 9, 10 and 11 list the energetic positions
of the main peaks (Pi) of the e5”(w) and £5%(w) spectra,
the pairs of bands (V;,, Cy,/) that dominantly contribute
to the peaks and structures of the spectra and the elec-
tronic states involved in each interband direct transi-
tion V,, — C,,. Furthermore, based on the TDOS and
PDOS diagrams, the main contributions to the £3*(w)
and €3%(w) spectra in the energy range of 06 eV are
the allowed direct interband electronic transitions from
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Fig. 8 Frequency-
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the valence subband V1 to the conduction subband C1.
This evidence shows that the optical structures in the
energy range of 0-6 eV in the £3”(w) and €3*(w) curves
of the studied compounds mainly originate from the
direct electronic transitions from the Se-4p occupied
valence states to the Se-4p, Ge-4s (Sn-5s), Cd-5s and
Tl-6p empty conduction states.

Figure 8 shows that the general characteristics of
the 7% (w) and spectra €¥#(e)(components of the real
part of the dielectric function) are remarkably different,
indicating the strong anisotropy of this optical prop-
erty of the considered compounds. The peak ampli-
tudes of the €¥*(¢) spectrum are significantly higher
than those of the e7%(w) spectrum. The static com-
ponents of the electronic part of the static dielectric
constant £(0), an optical parameter of crucial impor-
tance for optoelectronic devices, can be deduced from
the limits of the 7% (w) and £§*(w) spectra when o — 0.
The estimated values of **(0) = £9*(0) =e7%(w — 0)
and £%%(0) = €5*(0) =¢§*(w — 0) are approximately
equal to 8.23 and 8.82, respectively, for Tlo,CdGeSey

and 8.51 and 9.26, respectively, for Tlo,CdSnSes. The
e®(0) and £%4(0) values of Tl,CdSnSe, are slightly
greater than those of TlyCdGeSes. This trend is con-
sistent with Penn’s model [65], which claims that a
larger bandgap corresponds to a smaller static dielec-
tric constant. The available data in the literature for
the components of the static real part of the dielectric
function for the TloCdSnSey compound (¢7%(0) = 14
and £§%(0) = 16.0) [25] are almost double the values we
obtained (£7%(0) = 8.51 and €%%(0) = 9.26). By com-
paring the magnitudes of our calculated £3%(w) and
€5% (w) spectra with those reported in the literature [25],
we notice that the magnitudes of the reported 3% (w)
and 5% (w) spectra for TloCdSnSe, are almost double
those of our spectra. To check the reliability of our
results, we recalculated the €3”(w) and €5*(w) spectra
of TlsCdSnSe, using another computer code based on
another ab initio method, and the obtained results are
consistent with our previous results. A probable rea-
son for the discrepancy between our results and those
reported in the literature is that the results reported
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Table 8 Peak positions of

the €5” spectrum together Optical structure

Dominant interband transition contributions

with the dominant

interband transition Peak Position Transition BZ Region Percentage Position
;igtiﬂ”giifﬁazfoz"gyﬁf’eeak P1 2.66 Vi-Cy M- T-X; PN 13.9 2.64
Brillouin zone for V1-Co X-M-T; X-P 2.2 2.64
T12CdGeSey. The counting Voo Cy X-M-T; X-P 14.0 2.55
ol bt o (o
the valence (conduction) P2 3.91 V1-Ca M-I'-X-P-N-T' 2.45 3.26
band V1-Cs M-T-X-P 8.28 3.66
Vo—Ca M-I'-X; P-N-T' 3.49 3.69
V3-Cy M-T'-X; P-N 2.36 3.11
V3-Ca M-I'-X-P-N-T' 2.17 4.08
V4—Cy X-M-T'; X-P 3.10 3.02
V4—Ca M-I'-X-P-N-T' 3.60 3.99
V5—Cq X-M-T" 6.39 3.21
V5-Ca X-M-T-X-P-N-T' 2.40 4.18
Vs—Ci M-T'-X-P 4.86 3.99
Vs—Ca X-M-T-X-P-N-T' 1.51 4.08
V:-Ci X-M-T; X-P 2.47 4.08
P3 4.63 V1-Cs M-I'-X-P; N-T' 2.54 4.92
V1—Cs X-M-T'; X-P 5.34 4.82
V2—Cs M-I'-X-P 7.68 4.27
Va-Cy M-I'-T-X-P-N 5.51 4.86
V3-Cs M-I'-X-P; N-T' 4.19 4.66
V1-Cy4 M-I'-X-P-N-T' 341 4.57
V3-Cy X-M-T-X-P-N-T' 4.02 4.96
P4 5.20 V1-Cs M-I'-X-P-N-T' 4.33 5.11
Vo—Cs M-I'-X-P; N-T' 4.23 5.15
V2—Cs X-M-T" 3.95 5.35
Vo—Cr X-M-T-X-P 3.95 5.73
V3-Cs X-M-T' 3.39 5.15
V3-Cg X-M-T'-X-P-N-T' 4.05 5.54
V4—Cy M-I'-X-P-N-T' 2.14 5.24
V4—Cs M-T-X-P-N-T' 2.92 5.82
V5-Cy M-I'-X-P-N-T' 2.18 5.54
Ve—Cy X-M-I'-X-P 2.76 5.44
Vo—C1 M-T'-X; P-N 3.31 5.15

[25] were obtained using a relatively old version of the
WIEN2k code, where the doubling of the number of
energy bands upon inclusion of SOC is not taken into
account when calculating optical properties. If the dou-
bling of the number of energy bands when including
SOC is not taken into account, the magnitude of the
imaginary part of the dielectric function (e3(w)) is dou-
bled, which has repercussions on the optical parameters
deduced from e5(w), such as the real part of the dielec-
tric function (e2(w)) and all other optical functions.

@ Springer

The absorption coefficient «(w), which is an impor-
tant optical parameter quantifying the fraction of
energy of incident radiation of frequency o absorbed
per unit length when it passes through a medium, is
a key parameter in terms of possible implications of
a semiconductor in optoelectronic devices. The calcu-
lated a®*(w) and a**(w) spectra, components of the
absorption coefficient a(w) that correspond to incident
electromagnetic radiation polarized parallel to the a-
and c-axes, respectively, are illustrated in Fig. 9a. Both
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Table 9 Peak positions of
the £5% spectrum together
with the dominant
interband transition
contributions to every peak
and their location in the
Brillouin zone for
Tl2CdGeSey. The counting
of the bands is down (up)
from the top (bottom) of
the valence (conduction)
band
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Optical structure

Dominant interband transition contributions

Peak Position Transition BZ region Percentage Position
El 2.65 Vi1-Cy M-T-X; P-N 4.71 2.74
Vo-Cy X-M-T; X-P 16.07 2.56
V3-C; X-M-T' 3.76 2.51
E2 3.84 Vi-Co M-T-X-P-N-T' 1.86 3.80
Vo—Co M-T'-X-P-N-TI' 4.46 3.90
V3-C; M-I'-X; P-N 3.13 3.19
V3-Ca M-T'-X-P-N-T' 4.0 3.90
V4—Cy M-T'-X; P-N 5.35 3.47
V4—Co M-T'-X-P-N-T' 2.25 3.96
V5—Ci X-M-T'; X-P 6.54 3.41
Vs—Ci M-T-X-P 3.81 3.85
E3 4.38 V1-Cs X-M-T'; X-P 4.35 4.62
V2-Cs M-T'-X-P 5.72 4.27
V3—Cs M-T'-X-P 8.56 4.50
V5-Ca M-I'-X-P-N-T' 2.19 4.69
V5-Cs X-M-I'-X-P 2.88 4.72
Ve—Ca M-I'-X-P-N-T' 4.61 4.59
V—Cq X-M-T'; X-P 3.31 4.18
Vs—Ci X-M-T; X-P-N 4.33 4.72
E4 4.93 V1-Cs M-T-X-P-N-T' 241 5.10
Va-Cy M-I'-X-P-N-T' 2.61 4.86
V3-Cy M-I'-X-P-N-T' 2.61 4.97
V3-Cs X-M-T-X-P 3.05 5.17
V4—Cy M-T'-X-P 3.17 4.87
V4—Cs M-T'-X-P-N-T' 2.46 5.49
V5—Cs X-M-I'-X-P-N-T" 2.26 4.95
Vs—Cs X-M-T-X-P 2.83 5.21
V7—Ca M-T'-X-P; N 5.51 4.93
Vo—C1 M-T'-X; P-N 2.84 5.16

the a*®(w) and «**(w) curves consist of one structure
extending from the absorption edge, which corresponds
to the lower allowed electronic interband direct tran-
sition, up to the considered energy range. The a**(w)
and o**(w) spectra start to increase sharply from the
same absorption edge but at different rates; the o®*(w)
spectrum grows more rapidly than the a**(w) curve.
Figure 9b clearly shows that in the low energy range
(lower than 3.25 eV for Tl;CdGeSes and lower than
2.92 eV for T1;CdGeSey), the amplitude of the a**(w)
spectrum is slightly higher than that of the a**(w) spec-
trum, indicating that the edge of the bandgap is some-
what anisotropic. The amplitudes of the a(w) spectra
of the studied compounds are higher than 10* cm™!
in an energy range including the visible spectrum and

higher than 10° cm ™" in a wide energy window extend-
ing approximately from 2.34 (2.53) eV up to the con-
sidered energy range (20 eV) in the case of Tl;CdGeSey
for E//@(E//2) and from 2.28 (2.52) eV up to the
considered energy range in the case of Tl;CdSnSey for
E//@(E//?), suggesting that these materials could be
potential candidates for optoelectronic devices operat-
ing in a wide energy range from the visible spectrum
to the UV range. The a(w) spectrum reaches a maxi-
mum magnitude of approximately 1.5 x 10° ecm~! at
approximately 6.5 eV in both studied materials for

E//z.
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Table 10 Peak positions of
the £5% spectrum together
with the dominant
interband transition
contributions to every peak
and their location in the
Brillouin zone for
T12CdSnSe4. The counting
of the bands is down (up)
from the top (bottom) of
the valence (conduction)
band

@ Springer

Eur. Phys. J. B (2022)95:38

Optical structure

Dominant interband transition contributions

Peak Position Transition Region Percentage Position
P1 2.7 Vi-C1 M-I'-X; P-N 14.49 2.57
Vo-Cy X-M-T'-X-P-N 15.75 2.73
P2 3.7 V1-Ca M-T-X-P; N-T" 2.61 3.79
V1-Cs M-T'-X-P 4.15 3.34
Vao-Co X-M-I'-X-P 4.15 3.1
V3-Cy M-I'-X; N-TI’ 6.03 3.14
V4—Cy M-T-X; P-N 5.57 3.20
V5—C1 X-M-T'; X-P 4.74 3.10
Ve—C1 X-M-I'-X-P 9.56 3.61
V—Cq X-M-T" 2.95 3.79
P3 4.29 Vi-Cs M-T-X-P; N-T" 3.59 4.13
V2-Cs M-T'-X-P 7.94 4.28
V3-Ca M-T'-X-P-N-T' 2.64 4.19
V4—Co M-T-X-P-N-T' 3.45 3.95
Vg—Ci X-M-T'; X-P-N 3.44 4.32
P4 4.65 V1-Cy M-I'-X-P-N-T' 4.81 4.55
V1-Cs M-T'-X-P; N-I" 2.31 4.88
V1-Cs M-T'-X-P 2.57 4.73
V2-Cy M-I'-X-P-N-T' 4.98 4.80
V3-Cs M-T'-X-P; N-T" 4.15 4.58
V3-C4 M-T'-X-P, N-I' 3.35 4.89
V4—Cs M-T'-X-P; N-I" 2 4.79
Vo—Ci X-M-T'; X-P-N 2.35 4.60
P5 5.34 V1-Cs M-T'-X-P; N-TI" 2.86 5.14
Vi-Cr X-M-T'; X-P, N-TI" 2.19 5.49
V1-Cs X-M-T" 2.09 5.24
V2-Cs M-I'-X-P; N-T' 2.76 5.05
V2—Cg X-M-I'-X-P-N-T" 6.53 5,31
Vo—Cr X-M-T'; X-P; N-I' 3.3 5.66
V3—Cs M-T'-X-P 3.13 5.13
V3—Cs X-M-T" 4.74 5.36
V4-Cy M-T-X-P-N-T' 2.29 5.06
V4—Cs M-T'-X-P 2.19 5.33
V4—Cs M-T'-X-P-N-T' 3.17 5.70
V5—Cy M-T-X-P-N-T' 3.2 5.44
V5-Cs X-M-I'-X-P 3.19 5.74
Ve—Cy X-M-I'-X-P 3.75 5.29
Vs—Cs X-M-I'-X-P 3.9 5.99
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Table 11 Peak positions of

the €3* spectrum together Optical structure

Dominant interband transition contributions

with the dominant

interband transition Peak Position Transition Region Percentage Position
;ﬁiﬂﬁfﬁaﬁoﬁgyﬁf% P1 3.2 Vo Oy M T-X; NT 9.70 3.02
Brillouin zone for Va—Cs X-M-I'-X-P 3.46 3.12
T1,CdSnSey. .The counting V3—Cy M-I'-X; N-T 22.02 3.13
;{)ﬁiiﬁ:ﬁ; l(sbi‘t’tvg?ngué’f) V4-Cq M-T-X; P-N 16.45 3.21
the valence (conduction) Vs—Cy X-M-T'; X-P 8.78 3.19
band P2 3.92 V3-Cy M-I'-X-P-N-T 4.02 4.02
V4—Ca M-I'-X-P-N-T' 2.84 3.93
V;5-Ca X-M-T-X-P 1.90 3.96
Vs—Ci X-M-T-X-P 5.79 3.62
Vs—Ca X-M-T-X-P 5.88 4.06
V7-Cy X-M-T'; X-P 4.80 3.80
P3 4.32 V1-Cs M-I'-X-P 1.99 4.12
V1-Cs X-M-T'; X-P 1.78 4.30
Vo—Cs M-I'-X-P 6.5 4.27
Vo-Cy X-M-T-X-P 2.34 4.45
V3-Cs M-I'-X-P 5.03 4.33
V;5-Ca M-I'-X-P-N-T' 2.16 4.33
P4 4.55 V1—-Cy M-I'X-P-N-T' 2 4.55
V4—Cy X-M-T-X-P 3.49 4.77
V5-Cs X-M-T-X-P 2 4.9
Vs—Cs M-I'-X-P, N-T' 3.72 5.24
V:—Cs M-I'-X-P-N-T 3.77 4.70
Vs—Ci M-I'-X; N-TI’ 6.84 4.84
Vo-Cy X-M-T'; X-P-N 4.66 4.63
P5 5.64 Vo-Cr X-M-T'; X-P, N-I' 3.42 5.67
V3—Cg M-I'-X-P-N-T' 2.17 5.55
V4—Ce M-I'-X-P 2.28 5.60
V5—Ce X-M-T'; X-P-N-I' 3.37 5.72
Vs—Cay M-I'-X-P 2.27 5.69
Vi11-Cy M-I'-X; P-N 4.13 5.83

Figure 9b represents the frequency-dependent curves
of n**(w) and n**(w), components of the refrac-
tive index n(w), another important optical parame-
ter describing the refraction of electromagnetic radi-
ation propagating through a medium [66]. Figure 9b
obviously shows that the refractive indices n(w)
of both investigated compounds are considerably
anisotropic. The static components, n**(0) and n**(0),
of the static refractive index, n(0), are equal to 2.88
(2.93) and 2.98 (3.05), respectively, for TloCdGeSey
(T1;CdSnSey). The n"(w) spectrum exhibits two
summa, n*Z - (w) = 3.46 (3.60) at 2.38 (2.38) eV
and n%Z o (w)=3.50 (3.49) at 3.24 (3.16) eV for
Tl,CdGeSey (T12CdSnSey), while n*?(w) exhibits one
summum, n?Z, - (w) = 3.98(4.20) at 3.31 (3.05) eV four

summ

T12 CdGeSe4 (Tlg CdSnSe4) .

The frequency-dependent curves of the components
of the optical reflectivity R(w), namely, R**(w) and
R**(w), of the title compounds are shown in Fig. 9c.
It is noted that the R(w) spectra of TloCdGeSes and
Tl,CdSnSey are characterized by a notable anisotropy
in the energy range of 0-9 eV; the amplitude of R**(w)
is clearly higher than that of R**(w) in this energy win-
dow. The amplitudes of the R*?(w) and R**(w) spectra
become too close and decrease rapidly toward zero value
in the energy range of 10-20 eV. The components of the
static reflectivity, viz., R**(0) and R**(0), are equal
to approximately 23 (24)% and 25 (26)%, respectively,
for Tl;CdGeSey (T13CdSnSey). The optical reflectivity
R##(w) is higher than 40% in a large energy window
expanding from approximately 3.5 eV to approximately
8.9 eV.
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Fig. 9 Calculated
frequency-dependent curves
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The spectra of L**(w) and L**(w), components of the
electron energy-loss function L(w), an optical parame-
ter describing the energy lost by fast electrons travers-
ing a homogeneous dielectric material, are illustrated in
Fig. 9d. The main peak of L(w) spectra is usually asso-
ciated with the plasma frequency wp. The L**(w) and
L#*(w) spectra exhibit a maximum centered at approx-
imately 17.5 (16.7) eV, which is associated with the
plasma oscillations in TloCdGeSey (TloCdSnSey). The
main structures in the L*®(w) and L**(w) spectra cor-
respond to the trailing edges in the R**(w) and R**(w)
spectra, respectively.

4 Conclusion

The main conclusions that we can draw from our
detailed systematic ab initio investigation of the struc-
tural, elastic, electronic and optical properties of the

@ Springer
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considered quaternary thallium selenide systems are as
follows:

(i)  The optimized structural parameters are in excel-
lent agreement with the experimental counter-
parts, confirming the reliability of the theoretical
method used to predict the physical properties of
the title compounds.

Analysis of the monocrystalline elastic con-
stants reveals that the investigated materials are
mechanically stable, soft and substantially struc-
turally and elastically anisotropic.

Analysis of the energy band dispersions and the
density of states diagrams shows that the stud-
ied materials are direct bandgap semiconduc-
tors, the upper valence band dominantly origi-
nates from the Se-4p states, and the Se-TI, Se-
Cd, Se-Ge and Se-Sn bonds dominantly have
ionic character with a certain degree of covalency.
The TB-mBJ potential considerably improves the
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bandgap value, but it is still somewhat smaller
than its experimental counterpart. Inclusion of
the spin—orbit coupling reduces the bandgap.
The frequency-dependent linear optical functions,
viz., complex dielectric function, refractive index,
optical reflectivity and energy-loss function, were
determined for incident photons with energies
between 0 and 20 eV. The studied materials
exhibit a high absorption in an energy window
involving the visible spectrum. A tentative anal-
ysis was performed to determine the microscopic
origin of the observed optical structures in the
imaginary part of the dielectric function.
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