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Using local density approximation functional computations, LSDA (local spin density approximation) and mBJ (modified Becke-Johnson)
for exchange-correlation interactions, we examined the combination {&Cuconcentrating on its many physical properties. This work

used the WC-GGA method to compute the elastic characteristics of {S&Cumaterial, and the results indicate that unstrained G8Gu

is more brittle. The density of states exhibits the metallic character of the chemical, in agreement with the inference made from the band
structure. We also assessed several optical characteristics, such as real and imaginary optical conductivity, electronic energy loss, absorptic
coefficient, refractive index, and extinction coefficient. We also looked at the electronic components of thermal conductivity, electrical
conductivity, Seebeck coefficient, and electronic conductivity. The compound’s Seebeck coefficient values are negative, indicating p-type
behavior. A thorough analysis of the data is presented, along with important details regarding th8ig.e€tumpound’s characteristics.
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1. Introduction sized, where A signifies a lanthanoid, B denotes Fe, Co, or
Ni, and X represents P, As, or Sh. These compounds crys-

In recent years, there has been growing interest in using preflize with the ThCSiy-type structure. In another inves-
sure as a specific variable to not only study but also dist!gation [7], a phase transition from a tetragonal phase to a
cover various material properties, such as superconducti0!lapsed tetragonal phase in Eu@s, was observed at 4.7
ity, magnetic behavior, and structural phase transitions. Th&Pa. In the case of CeNbe;, the temperature-dependent
CeCuSi,. compound is part of a group of materials thatmagnetm suscep§|bll!ty dgmonstrates a Curle—We|ss.—I|ke be_-
have received considerable attention, called the J8Gr haworabove.z K, indicating the absenge ofamagr)etlctran&—
type, which was first reported by Ban and Sikirica [1’2],t|on above this temperatur_e. The_: effective magnetic moment,
known for its diversity of intriguing physical phenomena, Pess» @nd the paramagnetic Curie temperatéjeare deter-
including unconventional superconductivity, heavy fermionMined to be ps; = 2.18up andd, = -12 K, respectively.
states, valence fluctuations, quantum criticality and multi-1hiS suggests that most of the Ce ions are in théGaate,

ple magnetic transitions. Before we delve into our cover-With & partial presence of Ce [8]. The overlap between the
age, it is worth acknowledging a variety of outstanding re-valence ar_1d conduction bands_near the F_erm_l level confirms
views and thought-provoking, comprehensive papers degihe metallic character of_SrCz‘S_lg, as detf'zuled in reference
cated to these materials. Initially, the heavy-fermion metal9: In the case of BaNiAs,, its high dielectric constant
CeCuSi,. stood as a groundbreaking discovery in uncon-mak?S it a promising matena}l for high-value capacitor pro-
ventional superconductivity, not reliant on phonon medig-duction. Using data on elastic constants, the calcullated De-
tion. For a considerable period, it was thought to exhibitPY€ temperatures are found to be 323.70 K for B&hliand
single-band d-wave superconductivity, based on various me&/2-94 K for BaNjAs,.

surements suggesting a nodal gap structure [3]. A crystallo- However, the thermal conductivity of these compounds is
graphic investigation of CeG®i»., having the same structure relatively low, at 0.56 for BaNiP; and 0.46 for BaNjAs;

as the ThCySi,.compound, was conducted in Ref. [4], pro- [10]. Pugh’s ratio and Poisson’s ratio calculations indicate
viding atomic parameters for self-consistent Linear Muffinthe ductile properties of Ca/YRBe, and the brittleness
Tin Orbital band structure calculations for Ce@ip. andthe  of Sr/BaRhGe,, while the Cauchy pressure suggests duc-
isostructural LaCuSis.. Furthermore, ARAs,.compounds, tility across all these phases [11]. The maximum dimen-
with A representing divalent alkaline-earth or rare-earth metsionless figure-of-merit ZT for the-BaCu,S,-type material

als, exhibit superconductivity under specific conditions suctreached 0.30 at 773 K far = 0.03, with a power factor of

as chemical doping or external pressure, while maintainin@.61 m\W/mk;, which is notably high for a ThGBis-type

a tetragonal ThGISi;-type structure [5]. In a separate study structure [12]. Transport property measurements reveal that
[6], fifteen new compounds of the AR, .type were synthe- BaMn,Sh, exhibits a room temperature Seebeck coefficient
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erties of the studied materials. Section 4 is devoted to con-
clusions.

2. DFT study

The first-principles approach FPLAPW (full potential lin-
earized augmented plane wave) implemented in the Wien2k
code is used to calculate the physical characteristics of
CeCuySiy [21]. In our computations, we used the density
functional theory (DFT) Kohn-Sham approach (KS method).
For exchange-correlation interactions, we employ the modi-
fied Becke-Johnson (mBJ) and local spin density approxima-
tion (LSDA) functional calculations [22]. LSDA has a flaw

in its ability to predict the properties of excited states, de-
spite being the best theory for interpreting experimental evi-
dence. Thus, we exploited the mBJ potential to obtain a bet-
ter approximation of the band gaps. In order to ensure the
various physical parameters, state density, and energy gaps,
the calculations were performed using a thousand k-points.
The Boltzmann transport equation was integrated with the en-
ergy band structure that was produced by applying the trans-
port distribution function theory as it was implemented in the
BoltzTraP code [23]. As illustrated in Fig. 1a), CeSi,

is a member of the ThG8i; family of structures and has a
body-centered tetragonal structure with space group 14/mmm
(no. 139). Table I also has a list of the atomic locations. Fig-
347088.05 - ure 1b) shows the energy variation of the CeSiy versus

the volume. The resulting lattice straginwas then defined
gz2.272 A? as the ratio of the change in the lattice constatd the lat-

tice constanty after the tensile force was applied in the c-
direction [24]:
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FIGURA 1. a) A sketch of the CeCu2Si2 structure. b) The energy 3. Results and discussions
variation vs the volume of the Ceg8i,.
3.1. Total energy and lattice parameters

of approximately 225.y /K, although the low electrical prior to examining CeGiSiy’s electrical transport character-
conductivity results in L_Jnfavorable thermoe_lectrlc prOPert'esistics, the bulk modulus, lattice constants, and static pressure
More recently, theoretical research on various materials hagansitions are determined by structural optimization. The
been published using the ab initio method to determine eleGsmpirical Birch-Murnaghan equation of state is used to carry
tronic and optical properties. On the other hand, the semigt the optimization [25]. The compound under study has its
classical Boltzmann transport theory in the BoltzTraP COdeoptimaI properties obtained, namely: bulk modulidattice

was used to demonstrate the thermoelectric properties ﬂ%‘onstantsao andc, volumeVy, first pressure derivative’,

20] corresponding to the experimental results. To the best of,4 minimal total energy,. Table Il presents a summary of
our knowledge, no theoretical research has been conducted

on all aspects of the physical properties of the Cefiu
compound. Therefore, in this work, physical properties suchrag, ¢ | Atomic positions of Ce, Cu, and Si.
as structural, electronic, optical, thermodynamic, and ther-

moelectric properties will be studied to fill the gaps in the X y z
literature. Therefore, this paper is organized as follows: in Ce 0 0 0
Sec. 2, we describe the details of the computational method. ¢ 0 05 0.25
In Sec. 3, we examine the obtained results for the structural, Si 0 0 0.37939

electronic, optical, thermodynamic, and thermoelectric prop
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— T
TABLE Il. Values ofao (in A), V; (in A®), B (in GPa),B’, andE, < :! ' o ot
(in eV) by using the LSDA approach. 2 5 I —— Sitotal
Q
aw@® @) V,(A® B(GPa) B Eo (eV) B o
4104 9.854 82272 112587 4.119 -347098.397 8
2 1
TABLE Ill. Calculated elastic constants;, bulk B, shearG, and ] gl .
Young’s E moduli (in GPa) and Poisson’s ratiofor CeCuSis. a) ° ¢ Enefg"y (&V) 8 8
Property Value (GPa) o : gemla‘
~Les
Cn 176.1 ~ : Cep
D 5+ | Ce:d
Ch2 62.3 o Ce:f
Chs 63.9 & o
C3 177.4 8 I
0 57 [
044 665 o |
I
Css 65.3 10 |
By 101.09 b) * 3 Energ; (&) 3 8
Br 101.09
10 I — Cu:total
Gy 62.30 e | ek
Gr 61.94 % | Cup
T 0 | —Cud
EH 154.68 % : —Cuf
vE 0.24 D o
) I
8 |
5 1
these parameters’ values. This table showed that the out- = |
comes of the experiment and the current findings agreed 104 i
fairly well. : T ! :
C) Energy (eV)
3.2. Elastic properties i TS

Elastic properties of solids relate to the mechanical and dy-
namical behavior under stress and create opportunities for
industrial applications. The elastic properties of CeSlyl
material were calculated in this work using the WC-GGA
method [26]. The details of the calculated elastic parame-
ters such as elastic constants, bulk B, shearG, Young's

E moduli (in GPa), and Poisson’s ratioare listed in Ta-

ble Ill. The mechanical stability condition of hexagonal crys-
tals requires the following condition&!;; > |C1a|, Ci4 >

0, (Ci1+ C12)Cs3 > 2(C13)?%, and(C1y — C12)Ces >
2(C16)? [27]. SinceCy; is smaller tharCsz for CeCuSis,

we can infer from the elastic values obtained that the c-axis
is more stiff than the a-axis. Furthermore, we observe that
the unidirectional compressive strength along the major crys-
tallographic axes is greater than the shear strain, as indicated
by theC;; and(Cs3 constants being larger than thg, and

Cge constants. Pugh’s research [28] suggested using the ratio
of the bulk to shear moduluB/G to forecast the ductility
behavior of materials. The material is ductile if tB¢G ra-

d

—

Energy (eV)

e)

PDOS (States/eV)

t
N r

H
Energy (eV)

tio is greater than 1.75. If not, it exhibits fragile behavior. Figure 2. The total a), the partial b), c), and d) Density of

The B/G ratio of 1.62 under ambient settings indicates thatStates and the band structure e) of Ce8lgiusing mBJ-LSDA ap-
CeCuySiy under unrestrained conditions is more brittle. proaches.
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3.3. Electronic properties

xx; 0 p%
160 - zz; 0 p%
xx; 5 p%
zz; 5p%

Using the LSDA-mBJ potential, we further investigated the
density of states of the Ceg8i, compound to investigate
the origin of the band structure. A key component in de-
termining the electrical characteristics of these materials is
their electronic density of states (DOS). As seen in Figs. 2a)
- 2e), the total density of states (TDOS) and the partial den-
sity of states (PDOS) for each of the elements Ce, Cu, and
Si are computed. The involvement of each atom in the band
structure is depicted in these figures, along with every pos-
sible linear combination of their atomic orbitals. States of RN R | A S T
the element Ce play a significant role in the conduction band, a) Energy (eV) b) Energy (eV)
whereas states of the element Cu dominate the valence band:
The absence of a bandgap supports the compound’s metallit
nature and is consistent with the inference made from Figs.
2e) band structure. The non-magnetic compound is further
guaranteed by the symmetrical contributions at the top and
bottom of the TDOS.

T
o
w

Electron energy loss

120

0.2

®
o
1

0.1

Absorption coefficient (10*/cm)

o
o

xx; 0 p%
zz; 0 p%
xx; 5 p%
zz; 5 p%|[

3.4. Optical properties

Refractive index
Extinction coefficient

The investigation of the optical properties of CeSiy is of
great significance for exploring their potential applications in
photovoltaic devices. To analyze the optical characteristics, 0 L R 5 2 F b &
various parameters such as energy electron loss, refractive Energy (eV) d) Energy (eV)
index, extinction coefficient, absorption coefficient, and the

real and imaginary parts of the dielectric tensor and optical
conductivity are examined. Fig. 3 presents the results ob-
tained from the study of these optical properties using the
LSDA- mBJ approach, as discussed in Refs. [29, 30]. The
absorption coefficient is a crucial optical property that plays
a significant role in energetic materials and solar cells. It pro-
vides valuable insights into the extent to which light of a spe-
cific wavelength, with a well-defined energy, can penetrate
a material before being absorbed. This property is partic-

ularly relevant for optimizing the efficiency of solar energy . 5 p%
conversion. As the sun emits light at various frequencies in 22; 5 p%
the form of photons, understanding the absorption coefficient 0 3 & 8 12 o 3 6 9 12

helps us evaluate how effectively a material can harness so- €)  Energy (eV) ) Energy (ev)

lar energy. The behavior of the calculated absorption coeffi-

cient of CeCySi, has been depicted in Fig. 3a). It has beengigyre 3. The absorption coefficient a) electron energy loss b)
observed that the curves increase in intensity when photorefractive index c), extinction coefficient ), and optical conductiv-
energies are higher and show a single peak in the Infrareily f) as a function of the energy for Ce€8i, using LSDA- mBJ
domain. The higher one observed is thedirection, and its  approaches.

intensity is175 x 104 cm~!. Particularly, high absorption

and quick photo-response make this compound an excellent:. The highest energy loss function occurs in the infrared
choice for photovoltaic applications. The peak in the energyegion when 5% of strain is applied in the direction. It

loss function reflects the dual nature of plasma resonancés well known that these peaks are due to inter-band transi-
which includes the associated frequency called plasma fraions between various high symmetry points. The refractive
guency. Above the plasma frequency, the material behaves @&sdex is a dimensionless quantity that quantifies the trans-
a dielectric, while below it exhibits metallic characteristics. parency of a material to incident photons. It represents the
This peak provides valuable information about the transitiorspeed at which light propagates through the material, provid-
between the dielectric and metallic behavior of the materialing a measure of how much the light is bent or refracted when
The electron energy loss function for CeQi is presented passing through the material. Figure 3c) shows the refractive
in Fig. 3b) with and without strain in the direction ok and  index for thexx andzz directions under strain and without

(@)
~

®
IS

o
L
T
N}

T
)

xx; 0 p%
zz; 0 p%

N}

Real optical conductivity (10'/s)
—

IS
Imaginary optical conductivity (10'%/s)

Rev. Mex. Fis70061002



FIRST PRINCIPLES CALCULATIONS OF PHYSICAL PROPERTIES OF THE CE£3J), MATERIAL 5

strain of CeCuSi,. All curves decrease because of the in-
40

crease in energy. The optical energy that is absorbed in the —Up: S, p%=0
optical medium during light propagation is described by the Do S R0
extinction coefficient. As illustrated in Fig. 3d), extinction 30__5‘;% %ogi;‘o

coefficients are presented for the andzz directions under
strain and without strain of CeG8i,. All curves decrease
with increasing energy. We can see that the directians
and zz, with and without strain, give the same shape of the
extinction coefficient. The property of the material known
as optical conductivity determines the link between the am-
plitude of the inducing electric field and the current density
induced at any given frequency. The real and imaginary opti-
cal conductivity parts for the xx and zz directions under strain
and without the strain of CeG8iy are shown in Figs. 3e), f).

In the real part, all the peaks show an increase till a maximum 10
peak where the curve of ther direction under 5% of strain
at7.2 x 10 s~! is the highest one. Following that, the lines
begin to flatten out as the energy level rises. All the curves of
the imaginary part of optical conductivity show negative val-
ues at low energy and increase to positive values. The graph
demonstrates that light absorption causes an increase in con-
ductivity in the Infrared domain. The characteristic could be
used in material photocells.

Down: S, p%=5

Total: S, p%=5 7
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3.5. Thermoelectric properties

0 T T
200

T(K)

300 400

The BoltzTraP code combined with the semi-classical Boltz-
mann theory is used to determine the thermoelectric (TE) be-

o
it
g

havior of CeCySiy . Thermoelectric (TE) materials have the

capability to generate valuable power by harnessing waste
heat that would otherwise dissipate into space during regu-
lar operation. Notably, these materials are environmentally

2.0 4

—p: 5, p%=0
Down: S, p%=0
Total: S, p%=0
—Up: S, p%=5
Down: S, p%=5
Total: S, p%=5

friendly, positioning them as crucial energy resources for fu-
ture developments and playing a significant role in sustaining
our energy needs. The Seebeck coefficigntlectrical con-
ductivity (o /7), and electronic part of the thermal conductiv-

ity (ke/7) were used to characterize the transport properties
of CeCuySi,. Employing two current approaches [23], we
have estimated the whole Seebeck coefficient as expressed
below:

K/t (WK .m".s")x10"

0.0- T

Z(I)O
T (K)
FIGURE 4. The Seebeck coefficient a) Electrical conductivity, b)
electron thermal conductivity, and c) as a function of the tempera-
Figure 4a) illustrates the temperature-dependent fluctuatiof're for CeCuSi..
of the Seebeck coefficient for Ceg3i, in both spin states,
both with and without 5% strain. All curves exhibit an up-
ward trend with rising temperature. Given the positive See
beck coefficient, indicating an n-type material, CeSi’s
total Seebeck coefficient proves valuable in encapsulatin
the alloy’'s thermoelectric characteristics comprehensively, =~ . X :
In contrast, Fig. 4b) presents the electrical conductivity of" Fig. 5¢), both spin-up and spin-down scenarios are com-
CeCuySiy, considering both total and spin states, representeaared at varycl)ng temperatures, cons_lderlng the presence or
by the relaxation timed(/7) against temperature, with and abse_nce of 5_/o stra_ln. The electronic thermal conductivity
without strain. Notably, all curves demonstrate an increase ircijonsstently rses \.N'th. temperature across all curves. F'ur—
electrical conductivity with temperature, with 5% strain fur- thermore, the application of 5% strain leads to a notable in-

i i 15 —1 —1 o1
ther enhancing this conductivity. These findings highlight ;eﬁlaé)soekreachlng its peak valuedi x 10> W-K=-m~"-s

300 400

g — STJT-FSLO"L
or+o0) ’

the material’'s advantageous high electrical conductivity and
low resistivity, minimizing losses in electrical charge trans-

port due to the Joule effect an essential characteristic for
its viability as a thermoelectric substance. Examining the
lectronic part £e/7) of CeCwySiy’s thermal conductivity

Rev. Mex. Fis70061002
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FIGURE 5. The Debye temperature a), the heat capacity at constant volume and per unit temperature b)-c), the heat capacity at constant
pressure and per unit temperature d)-e), and the lattice thermal conductivity f) ofEieCu

3.6. Thermodynamic properties linked to specific heat, structural stability, lattice vibrations,
and the strength of chemical bonds [31]. The Debye tempera-
ture @) has been computed, from the elastic constants, using

The intrinsic properties of materials, as described by ther: L
the relation:

modynamics, play a pivotal role in the realm of material
science and engineering. In this specific examination, the (67r2>1/3 [1 <3K+4G)3/2 D) <G>3/Q]

thermal characteristics of CegSsi, are scrutinized utilizing azg Vit 3 3p 3\ p

3
the quasi-harmonic Debye model, encompassing temperature
spans from 0 to 400 K and strain variations from 0 to 10 GPal/ is the volume per atony, is the density, and” andG are
A crucial parameter in this model is the Debye temperaturehe bulk and shear modulus, respectively. The Debye tem-
(), which offers valuable insights into diverse physical at-perature was calculated from the full elastic constant tensor
tributes of solids, such as heat capacity, elastic factors, theaveraged by the Reuss-Voigt-Hill scheni€ & 192.6 GPa,
mal expansion rate, and entropy. Additionally, itis intricately G = 99.2 GPa) using Eq. (2). In Fig. 5a), the relationship

Rev. Mex. Fis70061002
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between the Debye temperature and tensile strain has bedn corresponds to the atomic mass. In Fig. 5f), the thermal
depicted. The Debye temperature increases proportionallgonductivity of the latticex;, for CeCySiy exhibits an ex-
with increasing tensile strain. Additionally, the curves of theponential decrease with rising temperature and an increase
Debye temperature exhibit a decreasing trend with increasingith elevated pressure. The substantjalalue indicates the
temperature. These findings indicate that the introduction opresence of an anti-harmonic effect within the material. With
dilatation strain can enhance the mechanical and thermal sta-notably low lattice thermal conductivity, it can be asserted
bility of CeCu,Si,. Within the Debye model, the @Gneisen that the current material holds great promise for applications
parameter could be calculated using the quasi-harmonic reléa thermoelectricity.

tion:

dln@ 4. Conclusions

dlnV’
. ) In conclusion, we have conducted a comprehensive review
Figures 5b) and 5d) show the heat capacity at constant vobf the CeCuSi, compound, focusing on various physical at-

ume and the heat capacity at constant pressure for differeqfi, yo5 our study concentrated on the structural, electronic,
strains. Al the curves show a similar shape for differentg|,gtic. optical, thermodynamic and thermoelectric properties
pressures and exponentially increase with temperatures. |5} ynis compound. To carry out this research, we hamessed
Figs. 5¢) and Se), the heat capacity at constant volume pgfe nower of density functional theory (DFT) as implemented
unit temperature and the heat capacity at constant pressufe . \wien2k software package. We used the WC-GGA
per unit temperature for different strains are plotted. All the,,othod to calculate the elastic properties of the G&Bu
curves show an increase at low temperatures and adecreas%teriaL This reveals that CegS$i, is unconstrained and
higher temperatures. In addition, the lattice thermal Conducfends to exhibit brittleness. Furthermore, the metallic nature

tivity . is calculated by using the Debye temperaf ot the compound was corroborated by the density of states
and the Giineisen coefficienty( is computed using Gibbs2 54 \ysis. This is consistent with our conclusions from exam-

software [32]. The Method also implements an outstandingying the hand structure. Additionally, we examined various
relationship to compute the part of the thermal conductivityytica| characteristics, including electronic energy loss, ab-
w1 by using the Slack approach described by the fOIIOW'ngsorption coefficient, refractive index, extinction coefficient,

equation as well as real and imaginary optical conductivity. Our results
APV3 )M revealed the remarkable absorption qualities of the compound

S VET A in the infrared spectrum. Additionally, the thermoelectric re-

v sults indicated that the compound exhibits p-type behavior.

whereA is a set of physical parameters. Following Ref. [33], This is characterized by positive values of the Seebeck co-

’y:

it may be calculated as follows efficient. These results were meticulously analyzed, provid-
e ing invaluable information on the properties of the CeSiy
4 24310 compound.
- 1— 0.514 4 0.228 *
v 72
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