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Abstract

In this paper the structural, electronic and transport properties of the strongly correlated inter-
metallics LaX3 (X=Pb, In and T1) in the space group Pm-3m (221) have been investigated using B3PW91
hybrid functional within the framework of density functional theory. These compounds have 4f orbitals
and hence strong electron-electron correlation effect is expected, therefore, the electronic properties are
also calculated with the BSPW91 hybrid functional and the effect of BSPW91 hybrid functional on the
density of states is discussed in details. The band structure and density of states, demonstrate the
metallic nature of these compounds. Using the semi-empirical Boltzmann’s approach implemented in
the BoltzTraP code, the transport parameters, such as the Seebeck coefficient, electrical conductivity,
thermal conductivity and figure of merit as a function of the chemical potential are computed at a
temperature gradient of 500 K. For all materials the thermal and electrical conductivities, and Seebeck
coefficient has higher values for n-type doping in comparison with p-type doping. The moderate values
of figure of merit obtained for these materials indicate that these materials have applicability where
small values of thermoelectric efficiency are required and higher values can harm the process but need
experimental verification. Lalns has the highest value of electrical conductivity per relaxation time and
thermal conductivity per relaxation time are 9.43 x 10%° 1/Qms and 107.65 x 10** W/mKs respectively.
LaTls has the highest figure of merit among these materials.

1 Introduction

Strongly correlated electronic systems include f-block elements and their compounds are more attractive
in condensed-matter physics because of their numerous practical applications, properties and fascinating
physics. Some materials have exceptional magnetic, electrical, optical, and mechanical properties that depend
on electron-electron correlation phenomena [1-3]. The history of the correlated electronic materials began in
1930’s of prior eras. Theoretical concepts were initially created before there was a lot of actual effort in this
field. Wigner introduced the key ideas using the idea of an electron crystal lattice [4]. RXj3 systems (R=
Rare-earth and X= Pb, In, T1) with space group is Pm-3m (221) have been explored experimentally and
theoretically by many researchers due to the phenomena of magnetism, superconductivity, crystal field effect,
and kondo type behaviors. Some of these systems exhibit the coexistence of large, temperature-dependent
paramagnetic susceptibility and superconducting transition temperature. The transition temperatures of
LaPbs and LaTl; compounds are greater than Lalng but Lalns has a transition temperature of little more
than 1 K. Lead atoms are in quadrivalent ionic state, but indium or thallium atoms are in a trivalent
ionic state. The valences of the lanthanide in RX3 compounds can be estimated using the lattice constant
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measuring method. For pure lanthanides, Ln?" has a nearly 10% greater lattice constant than Ln3* [5-10].
Due to intriguing qualities, including large melting points, ductility, best physical properties, lanthanides
based intermetallic materials are desirable materials for research. Additionally, rare-earth intermetallics are
superior to other metals as materials for the development of commercial aviation turbines [11-12]. Due to
the fact that RX3 compounds crystallize in a variety of crystal forms with varying atomic coordination and
bond length values, the rare-earth in several practical applications, intermetallics RX3 exhibit outstanding
physical qualities [13]. Rare-earth intermetallics put in a noteworthy performance in numerous technological
applications. This is true both conceptually and practically. RX3 (R= Rare-earth and X = Pb, In) with
a cubic crystal structure are preferred for industrial applications [14-15]. RInz and RSnjz chemicals exhibit
lanthanide contraction across the whole series. RX3 compounds are easy to form in a single crystal due to
their proper coherent melting. In contrast, X can be replaced by a member of group IITA, IVA, or a transition
metal to create a huge variety of RX3 intermetallic compounds. When X is changed, these compounds may
take on a broad variety of forms (X might be (In, T1, Pb), of these compounds are straightforward to make
since they melt identically. Since cubic symmetry crystallizes in many RX3 compounds, it is preferred to
lower symmetry for superconductivity and can be further boosts ductility in the aerospace industry [1619].
In this article we study the electronic and transport properties of the rare-earth LaX3 (X=Pb, In and TI)
materials using HF B3PW091 within the frame work of DFT. Electronic properties of these materials are
investigated on the basis of spin polarized electronic band structure, total and partial density of states.
Transport properties of these materials are calculated at the first time.

2 Computational detail

In the last century Density functional theory (DFT) has appeared as a strong theoretical technique to
investigate the physical and chemical properties of crystal materials. DFT has been a widely utilized tool in
most fields of chemistry and material sciences due to its inexpensive computational cost and useful precision
[20]. To solve the Kohn—Sham equations, these computations are carried out using a computer program
[21]. LaX3 (X=Pb, In, and TI) intermetallic compounds are theoretically analyzed and their ground state
characteristics are determined using the Full Potential Linearized Augmented Plane Waves (FP-LAPW)
method, which is based on DFT [22-23] in the Wien2K program [24]. A useful tool for explaining highly
linked electrical systems is HF. B3PW91 has the ability to effectively address these systems in lanthanides
[25]. Similarly, to achieve better results in the HF computations, the precise exchange « is chosen to 0.2 eV.
The plane wave basis functions are determined via RMTKmax}8.00 using 286 k-points. Non-shifted meshes
with 1000 k points are utilized for the electronic computations, while 10000 k points are used for the transport
calculation. Using the BoltzTraP code, the calculated electronic structures are utilized to examine related
to thermoelectric parameters [26]. Two junctions consisting of dissimilar conductors or semiconductors are
kept at different temperatures AT, which results in the passage of electrical current, the system under study
exhibits its thermoelectric features. The Seebeck effect is what leads to the generation of this thermoelectric
power. The open-circuit potential difference AV is defined by the equation AV = (S)AT, where 7S’
stands for the Seebeck coefficient, expressed in V.K'. ZT = S2T(o/k) is the formula used to compute
the dimensionless thermoelectric figure of merit (ZT), which is used to evaluate a material's thermoelectric
performance [27].

3 Results and discussion

3.1 Electronic Charge Density

The electronic charge density gives a thorough understanding of bulk bonding, which can be ionic or covalent,
as well as the bonding characteristics of materials [28]. The electron charge density can be determined by
choosing various cell planes because we are dealing with a material's properties in DFT. The two dimensional
(2-D) electron charge density for LaX3 (X=Pb, In and T1) materials in (100) planes are presented in Figure
3.1(a,b,c). The distribution of the electronic charge density is spherical around Pb, In and Tl atoms and
very small charge density in the region between the Pb, In and T1 atoms indicate that the bond between La
and X atoms is ionic. Pb is bonded in a distorted square geometry to La atoms. The strong ionic connection
between lanthanum/indium and lanthanum/thalium which is demonstrated in the plots, also indicates that
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the overall bonding in these compounds is ionic. Lead makes strong ionic bond with La atom, because lead
electronegativity is higher than indium and thallium.

Figure 3.1(a,b,c): The electronic charge density of LaPbs, Lalng and LaTls

3.2 Band Structure

One of the most fundamental characteristics that gives a molecule its different physical properties is its band
gap. Accurate measurements of physical properties, such as electrical and thermoelectric capacities, are
made possible by band gaps. A material's band structure must be understood before it can be technically
used in a variety of future technologies [29]. Spinning band occurs due to GGA's inability to correctly handle
f-state, La f-state manifests at the Fermi level. We employ HF B3PW91 to get over this issue and localize
the f-state electrons. By employing HF B3PW91, the f-state was correctly localized. In Figure 3.2(a,b,c)
the energy range from -14 eV to 8 eV which is observed along the high symmetry directions in the first
Brillouin zone. At zero pressure, the bands at the Fermi level for materials LaPbs, Lalng, and LaTl; are
extremely similar along all high symmetry lines. The different colors in the band structure represent the
energy states. Which is clearly described in DOS. At 0.0 eV, the Fermi energy level between the valence band
and conduction band is assumed. The Figures 3.2(a,b,c) also show that in all compounds, the symmetry
point 7, X and M is where the states overlap. No bandgap is observed for these compounds, hence all of
them are metallic.
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Figure 3.2(a,b,c): Band structure of LaPbg, Lalns and LaTls for spin up calculation.

3.3 Density of States

The strongly correlated systems such as lanthanides (actinides) which involve 4f (5f) orbitals have interesting
physical and chemical properties, because these electrons can be localized or itinerant depending on the
crystalline environment [3]. Therefore, to understand the effects of the 4f orbitals in these compounds, the
calculations are carried out using the B3PW91 hybrid functional are used to explain the effects of the 4f
orbital in compounds based on rare-earth elements [30]. Figures 3.3 displays the total density of states
(TDOS with the B3PW91 hybrid functional as well as the partial density of states (DOS) for LaPbs, Lalng
and LaTl; materials. Density of state plots of LaPbg,

Lalng, and LaTl; show that these compounds have the potential to be useful thermoelectric materials
because of the strong peaks that are correlated with higher carrier concentrations close to the valence band
edge. This information is taken from the partial density of states graphs shown in Figures 3.3, which allow
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us to understand how frequently each state occurs inside the valence and conduction bands of the atom
[31-33]. Figure 3.3(a,b,c) displays the results of the TDOS and PDOS computations for the LaPbs, Lalng
and LaTls materials. The range between -10 eV to 7 eV. At the Fermi level, most of the contribution comes
from the f state of La, while other states make an almost negligible contribution. The use of the B3PW91
hybrid functional clearly shows that the strong peaks caused by the 4f states are greatly pushed higher.
The TDOS peak observed for LaPbg, Lalng and LaTls are 13 states/eV, 10.5 states/eV and 11.6 states/eV
respectively. Among these materials, the maximum TDOS peak is observed for LaPbg which is 13 states per
eV. La-f and Lad make up the majority of the contribution above E¢. States Pb-s, In-s and Tl-s below the
E¢ . while other states have negligible contribution.
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Figure 3.3(a,b,c): TDOS for LaPbs, Lalng and LaTls by applying B3PW91 hybrid functional. end

3.4 Seebeck Coefficient

A crucial and significant challenge for the long-term advancement of human civilization has always been
energy. The conventional energy sources are either on the verge of exhaustion or raise serious environmental
issues [34]. To address this pressing issue, researchers are looking for alternate energy sources and energy-
saving devices. The thermoelectric energy is one of the significant energy sources. This environmentally
friendly technique converts waste heat straight into usable electrical energy. Governments and research
organizations have recently given a great deal of attention [35-36]. For thermoelectric devices used in auto-
mobiles, residences, and businesses, good thermoelectric materials are necessary [37]. The capacity to convert
waste heat into usable electrical energy will be better for materials with a high Seebeck coeflicient and high
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figure of merit [38]. Gaining an understanding of the Seebeck coefficient is essential to comprehending the
thermoelectric phenomena. The Seebeck Coeflicient of a material is used to calculate the amount of Induced
Voltage resulting from a temperature differential. The ST unit for the Seebeck Coefficient is volts per Kelvin.
The material that creates and cools thermoelectric energy has a significant magnitude value. P-doped mate-
rials have a positive Seebeck coefficient [39-42], whereas N-doped materials show a negative value. The ratio
of a material's charge carrier concentration to its doping level is known as its chemical potential. Chemical
potential is thought to be one of the key elements for enhancing thermoelectric properties [43]. The curve
of the Seebeck coefficient vs chemical potential for the rare-earth intermetallic complex LaX3 (X=Pb, In,
Tl) is depicted in Figure 3.4(a,b,c) respectively The figure shows that the highest Seebeck coefficient for the
LaPbs, LaTl; and Lalng in the p-type region 38.16 nV/K 57.54 nV/K and 20.23 pV/K respectively. In the
n-type region maximum value of Seebeck Coefficient for the same order of compound under study are -44.34
nV/K, -62.75 nV/K and -27.91 pV /K respectively The computations are completed at a temperature of 500
K. The picture makes it obvious that the greatest Seebeck coefficient for the n- and p-type regions in Lalng,
LaTls at the chemical potential of 0.002 eV to -0.015 eV for all the compounds under consideration. For
all these compounds the n-type area has a higher Seebeck coefficient value than the p-type region. These
calculations demonstrate unequivocally that these materials respond more thermoelectrically in the n-type
region. The calculations are finished at a 500 K temperature gradient. The image clearly shows that for all
the compounds under investigation, Lalng, LaTl; has the highest Seebeck coefficient for the n- and p-type
regions at the chemical potential of 0.002 eV to -0.015 eV.
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Figure 3.4(a,b,c): Seebeck coefficients for LaPbg, LaTls and Lalng against the chemical potential.

3.5 Electrical Conductivity

The material's electrical conductivity is used to evaluate its thermoelectric qualities. Both holes and elec-
trons are involved in conductivity. Whereas both holes and electrons participate in conducting current
in semiconductors, electrons are the main source of current in conductors [4446]. Figure 3.5(a,b,c) illus-
trates the relationship between electrical conductivity and chemical potential respectively for the rare-earth
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intermetallic complex LaX3, where X=Pb, In, and T1. Electrical conductivity is expressed in these compu-
tations in units of order 10%° 1/Qms. In figure o/7 is maximum for the n-type region for Lalns. In these
calculations n type region maximum value of electrical conductivity for LaPbs, LaTls and Lalng and are
9.23x102°1/Qms, 3.28x102°1/Qms and 9.42x10%2°1/Qms respectively. In p-type minimum value of /7 for
LaPbs, LaTl3 and Lalng are 2.42x102°1/Qms, 0.41x102°1/Qms and 4.10x10%°1/Qms respectively. Figures
demonstrate that electrical conductivity is low for all materials with chemical potentials near to zero and
increases when chemical potentials are increased. This implies that we may change chemical potentials to
give these materials the desired electrical conductivity values.
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Figure 3.5: Electrical conductivity for LaPbg, LaTls and Lalng against the chemical potential.

3.6 Electronic Thermal Conductivity per Relaxation Time o/7

Thermal conductivity is measured when a temperature gradient is applied through the material. Thermal
conductivity in metals is primarily driven by electrons or free charge carriers, but in semiconductors it is
attributed to electron-hole pairs [47-50]. The disadvantage of the BoltzTraP code is that the electronic, the
thermal conductivity of the heat flow of the material is caused by phononic component of thermal conductance
can be determined, but thermal grid cannot be calculated. Figure 3.6(a,b,c) displays the plot of thermal
conductivity per relaxation time verses chemical potential for LaX3 (X=Pb, Tl and In) at 500K temperature
gradient. For the compounds under study, the n-type area exhibits a considerable response of thermal
conductivity per relaxation time in comparison to the p-type region, the peak value of /7 for LaPbs, LaTl;
and Lalng in n-type region are 99.46 x 10*W /mKs, 38.57x 1014W /mKs and 107.65x 10**W /mKs respectively
and in ptype are 29.73x1014W/mKs, 8.11x10*W/mKs and 51.19 x10'*W /mKs respectively.
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Figure 3.6(a,b,c): Thermal conductivity per relaxation time o /7 for LaPbg, LaTls and Lalng against the
chemical potential.

3.7 Figure of merit

The figure of merit is a parameter that determines a material's thermoelectric efficiency. The theoretical
framework connected with the high Seebeck coefficient specifies the theoretical boundary for studying the
yield of thermoelectric materials. Comprehending the figure of merit (ZT) of a material is essential to
understanding the productivity of a compound. ZT = S? ¢T/k is the formula for figure of merit, where S
and T are the parameters that are described in terms of the performance of the designated Seebeck coefficient
thermoelectric boundary, electrical conductivity and thermal conductivity [51]. Figure 3.7(a,b,c) shows the
curve of ZT against chemical potential for the rare-earth LaXj3 (X= Pb, In, T1) at 500 K temperature
gradient. The peak ZT value for each of the compounds under study is depicted as being close to the
Fermi level in the picture. This means that n-type doping is a better option for materials with superior
thermoelectric capabilities than p-type doping. LaPbs, LaTls and Lalng each have a peak ZT value in
the Figure 3.7(a,b,c) of 0.074, 0.13 and 0.03 respectively. The highest value of figure of merit in spin up
calculation is 0.13 for LaTls. Figure of merit increases with increasing electrical conductivity and Seebeck
coefficient while decreases with increasing thermal conductivity.
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Figure 3.7(a,b,c): Figure of merit (ZT) for LaPbs, LaTl; and Lalng against the chemical potential.

4 Conclusions

Electron charge density indicates that these materials show stronger ionic character. Metallic character of
the compound is due to the La, 4f electrons. At the Fermi level, most of the contribution comes from the
f state of La, while other states make an almost negligible contribution. For the first time, these materials
transport properties have been researched. Highest Seebeck coefficient value for LaTls is 57.54 V/K in p-
type region. Lalng has the highest value of thermal conductivity 107.65x10'W/mKs in the p-type region.
LaTl; has maximum figure of merit (ZT) among these materials which is 0.13, according to the results of
the current investigation. When compared to p-type, these materials are more convincing for n-type, due to
general implications of transport properties.
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