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Abstract

The electronic and thermoelectric properties of AB3 (A =Pr, Nd and B=In) materials (crystallizing
in the cubic structure) having space group Pm-3m (221) are studied using B3PW91 hybrid functional
through the Full-Potential Linear Augmented Plane Wave (FP-LAPW) approach within the framework
of Density Functional Theory (DFT). The calculated lattice parameters for PrIn3 and NdIn3 are 4.5668
Å and 4.5539 Å respectively. Electron-electron correlation effect is due to the 4f orbitals present in
these materials and therefore, with the use of B3PW91 hybrid functional, band structure and density of
states are calculated. When analyzing electron charge density, these materials showed a stronger ionic
character. Band structure and density of state analysis confirms the metallic nature of the materials.
Using the semi-empirical Boltzmann approach implemented in the BoltzTraP code, the thermoelectric
parameters, such as Seebeck coefficient, figure of merit, electrical conductivity per relaxation time, and
electronic thermal conductivity per relaxation time as a function of chemical potential, were computed
at 500 K temperature gradient. PrIn3 showed highest Seebeck coefficient value, 50.68 µV ÷ K among
these compounds. The peak value of electrical conductivity per relaxation time and electronic thermal
conductivity per relaxation time among these compounds is calculated for NdIn3 is 2.43 × 1020 1/Wms
and 22.50× 1014 W/mKs.

1 Introduction

Rare earth intermetallics play a distinctive role in a variety of technological applications, particularly in
the realm of permanent magnets, and this is true from both a theoretical and practical perspective. These
materials are identified to have heavy fermions, valence fluctuations, Kondo lattices, permanent-magnet
materials, spin glasses, and random anisotropy systems. It is pointed out that in this vast number of materials
there is an ideal chance of establishing which of several second-order terms are effective in determining
structural stability Dealing with intermetallic, the rare earths (RE) based intermetallics have promising of
cubic crystal structure more favorable for industrial applications. [1-3]. The general chemical formula of the
binary intermetallic compounds is AB3 where A=Pr, Nd and B=In. The materials have space group Pm-3m
No 221 and atomic position A is at (0, 0, 0,) and B is located at (0, ½, ½) [4]. Schottky anomalies have been
observed and analyzed in specific heat measurements on Celn3, Prln3. Susceptibility studies have led to the
determination of the ground state levels in praseodymium compounds [5]. Diepen et al. [6] investigated
heat capacities of AB3 (A= Pr, Nd and B= In) systems which have been found between 7 and 300 K. The
LaIn3 calculations is adjust in a Debye curve of θ =170 K. The magnetic properties of the AB3 (A = Pr,
Nd and B=In) compounds has been experimentally studied in the recent past comparing LaIn3 to the other
LnIn3 compounds, LaIn3 has a lower electronic specific heat coefficient (5.3 mJ/(K2.mol)) and a higher
gamma value (120 mJ/(K2.mol)) than the other LnIn3 compounds. SmSn3, EuSn3, and GdSn3 exhibit
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AFM transitions for the LnSn3 series at temperatures TN = 12 K, 36.5 K, and 16.5 K, respectively, based on
magnetic susceptibility tests, where it was found that the majority of the lanthanide LnIn3 compounds are
AFM at low temperatures Sanchez et al. [7]. Onuki and Settai used Mössbauer resonance to determine the
electrical and magnetic qualities of LnSn3 compounds (Ln = La, Ce, Pr, Nd, Sm, Eu, Gd, Yb) [8]. The heat
capacities were studied between 7 K and 300 k in a calorimeter of the adiabatic type [9] With the exception
of EuSn3 and YbSn3, LnIn3 (In = Sn) exhibits the typical lanthanide contraction over the era induced by the
insertion of another electron into the 4f orbital. The atom shrinks in size compared to its earlier iteration as
a result of the increased nuclear charge's stronger attractive effect on the electron cloud. Because europium
and ytterbium atoms are in a divalent (2+) and the other are in a trivalent (3+) ionic state, the lattice
parameters of EuIn3 and YbIn3 are larger [10]. The Fermi surface of PrIn3 is almost the same as that of the
non-f reference material, LaIn3. The Fermi surfaces and cyclotron masses of PrIn3 are in the range of 0.3 m0

to 1 m0, which are twice larger than those of LaIn3 [11]. Magnetoresistance and de Haas-van Alphen (dHvA)
effect in both the antiferromagnetic and paramagnetic states of NdIn3 measured. Many dHvA branches are
detected in the dHvA experiments. Among them, a nearly spherical Fermi surface in the paramagnetic state,
which corresponds to a band 7-electron Fermi surface of the non-4f reference compound LaIn3, is changed
in the antiferromagnetic state into a multiply connected Fermi surface with necks. The cyclotron masses of
NdIn3 are in the range of 0.30m0 to 1.05m0, which are twice as large as those of LaIn3 [12]. The specific
heats of RIn3 (R = La, Ce, Pr, Nd, Sin, Gd, Tb and Ho) is measured between 0.2 and 2.2 K. The electronic
specific heat coefficients are found to be enhanced for magnetic RIn3 [13]. CeIn3 possesses a large electronic
specific heat coefficient -y 130mJ/K 2 mol at low temperature, indicating a heavy-electron system. Recently,
the dHvA effect of PrIn3, NdIn3, SmIn3, LaIn3, CeIn3 and GdIn3 are measured. From the results of our
dHvA experiments and band calculations done by Hasegawa et al. [14].

2 Method of Calculations

The bonding in these systems may be properly described by quantum mechanical methods. Nevertheless,
current computing resources cannot resolve problems involving systems with more than a few atoms, making
correct answers hard to get. Using approximate theoretical approaches, such as first principle or semi-
empirical computations, is one method that can help us tackle these issues. First principles, also known as
ab initio, are theoretical frameworks that begin with the proven fundamental laws of physics and do not rely
on or make any presumptions, such as empirical models and parameter fitting. They don't rely on or make
any assumptions. Using these methods is intended to get a clear description of the system's electronics wave
function. The electrical structure of matter is studied using Density functional theory (DFT), a quantum
mechanical modelling technique. Instead of utilizing the many-body wave function to describe the features
of the many-body system, this DFT uses the functional rely on electron density of the system [15]. DFT
has emerged as a potent theoretical tool to study the chemical and physical properties of crystal materials
throughout the past century. On DFT, several researchers have worked. Over the past 20 years, it has
been a commonly used instrument in the majority of chemical and material science domains. Because
of its precision and low computing cost, DFT has gained popularity [16]. The density functional theory
(DFT) framework, in combination with the full-potential Linearized Augmented Plane Wave (FP-LAPW)
method, has been implemented using the WIEN2k package [17], to examine the electronic nature of PrIn3
and NdIn3. In order to determine the structural features, the local density approximation (LDA) was used to
represent the exchange-correlation energy [18] and the generalized gradient approximation of Perdew et al.
[19]. A straightforward method for enhancing calculations of numerous molecular parameters, including as
optimization energies, bond lengths, and vibration frequencies, which frequently suffer from poor description
by straightforward ab initio functionals, is hybridization with Hartree-Fock (HF) exchange, also known as
exact exchange. The Hartree-Fock exact exchange functional and any number of exchange and correlation
explicit density functionals are often linearly combined to create a hybrid exchange- correlation functional.
The hybrid functionals implemented in wien2k are classified in to two types: full hybrid functionals and
onsite hybrid functionals. For solid the full hybrid functional is computationally very expensive. On-site
method as cheap as LDA/GGA. B3PW91 hybrid functionals are used to investigate the band structure and
DOS for metallic materials [20]. The thermoelectric coefficients were determined by solving the Boltzmann
transport properties using a constant relaxation time, the rigid band approximation, and first-principles
calculations [21].
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3 Results and Discussion

3.1 Electronic Charge Density

The electron charge density provides a thorough analysis of the bonding factor in the material and a signif-
icant representation of the majority of bonding. Similar to DFT, we deal with the material properties and
identify the cell structure in order to estimate the electron charge density. The electron charge density is an
analysis tool that can be used to better understand the structure of a material and how its atoms are bonded.
This is achieved by looking at the distribution of electrons among individual atoms, which can determine
whether bonding is covalent or ionic in nature. By understanding this relationship, scientists can gain a
clearer view of the bulk bonding within a compound [22]. Researchers can quantify the spacing between the
ions in the lattice and distinguish between different ions using data taken from the electron density plots.
Researchers can quantify the spacing between the ions in the lattice and distinguish between different ions
using data taken from the electron density graphs. Figures 3. 1 clearly show the present of ionic bonds
which is present in all atoms. Nd makes strong ionic bond with In atom, because Nd electronegativity is
higher than Pr.

Figures 3.1 The electronic charge density of PrIn3 and NdIn3

3.2 Band Structure

One of the most fundamental parameters that defines a compound which has many physical properties
would be its band gap. The band gap of a material is responsible for a complete measurement of different
physical properties like optical, mechanical, optoelectronic and thermoelectric of the material. Because, the
information of the electronic band structure of a material is important for its future technical implemen-
tation in various devices [23]. Electronic structure of a material plays an important role in determining
their physical properties, particularly, the thermoelectric properties. The methods of determining electronic
structure have developed swiftly during the last quarter of the twentieth century, particularly by the Density
functional theory (DFT), due to the development of computer skills and the computation power. There are
great numbers of DFT-based computational programs which can be accurately used to compute electronic
structure of materials. Self-consistent field (SCF) computations are performed for the study of electronic
band structures of these compounds as described earlier [24-26]. Exact value of the band gap and its nature
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could be inferred from the band structure. The negative energy states correspond the valance band while
the positive energy states correspond to the conduction band and Ef represent the Fermi energy level that
coincide with the valance band edge at the zero energy states. In Figures 3.2 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 PrIn3 and NdIn3 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 also show that in all compounds, the symmetry point R, τ , X and M is where the states overlap.
No bandgap is observed for these compounds, hence all of them are metallic. The present study about PrIn3
and NdIn3 intermetallic materials show that there is no band gap between conduction and valance band
make these compounds favorable for attaining novel materials properties.

Figures 3.2 The band structure of PrIn3 and NdIn3

3.3 Density of States

The density of states (DOS) of a system in solid state and condensed matter physics explains the number
of states per energy per volume that will be filled by the system for each level of energy. The curves of
density of states explained the contribution to the structure of the bands and the existence of the bonds.
Band structure and the type of bonds are both explained by density of states. Figures 3.3 displays the
total density of states (TDOS) as well as the partial density of states (DOS) for PrIn3 and NdIn3 materials.
The density of states plots is shown in the Figures 3.3, where the negative energy states corresponds to the
valance band while the positive energy states correspond to the conduction band and Ef represent the Fermi
energy level that coincide with the valence band edge at the zero energy states. Figures 3.3 displays the
results of the TDOS and PDOS computations for the PrIn3 and NdIn3 materials. The valence band and
conduction band are mainly contributed by Pr/Nd and In for these materials. From the total density of
states plots in Figure 3.3 one can’t determine which states of Pr/Nd and In are contributing towards the
conduction and valence band edges, this information is obtained from the plots of partial density of states
given in Figures 3.3 which allow us to learn how frequently each state occurs in atoms conduction band and
valence band. Pr-f, Pr-d, Nd-f and Nd-d make up the majority of the contribution at the Fermi level Ef and
specifies the contribution and bonding at the Fermi level. The associated bonding is with the states In-s at
the Ef , while rest of the states have negligible contribution.
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Figures 3.3 The density of states of PrIn3 and NdIn3

3.4 Seebeck Coefficient

The Seebeck effect allows creation of voltage on the basis of the temperature difference. The magnitude of
the effect is represented by the Seebeck parameter, S, given by the equation S = V ÷∆T where V is Voltage
and ∆T is Temperature difference. When two different conductors are kept at different temperatures, the
electrons on the hot end have high thermal energy than the electrons on the cold end. Therefore, electrons
will flow towards the colder end. This net accumulation of electrons at the colder end gives a potential
difference across the conductor, with the cold end being the negative. The materials with high Seebeck
coefficient will have high Figure of merit that means greater capability to convert waste heat into useful
electrical energy [27]. Different parameters are used to understand the thermoelectric phenomena. The most
fundamental among these parameters is Seebeck coefficient which tells about the response of material to the
applied temperature gradient. The value of Seebeck coefficient is negative for n- doped and is positive for
p-doped. Chemical potential is defined as the concentration of the charge carrier in a material is the doping
level of material. Chemical potential is important factor for enhancing thermoelectric nature. The plot of
Seebeck coefficient against chemical potential for rare-earth intermetallic compounds AB3 (A=Pr and Nd,
B=In) are shown in the Figures 3.4 The figure shows that the highest Seebeck coefficient for the PrIn3 and
NdIn3 in spin calculations in the p-type region 50.68 µV/K and 52.10 µV/K, respectively as shown in Figures
3.4 In the n-type region maximum value of Seebeck Coefficient for the same order of compound under study
are -53.79 µV/K, -34.54 µV/K respectively. All the calculations are carried out at 500 K temperature. From
the figure it is clear for all the compounds under study the maximum value of Seebeck coefficient for n-type
and p-type region at the chemical potential of 0.02 eV to -0.02 eV.
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Figures 3.4 The Seebeck coefficient of PrIn3 and NdIn3

3.5 Electrical Conductivity

Electrical conductivity is the movement of electrical charge in a substance. Materials having large electrical
conductivity will be the best thermoelectric performers. A high electrical conductivity is necessary to mini-
mize the heating of the conductor which is produced due to the passage of electric current (Joule heating).
The greatest thermoelectric materials do, however, require a lot of electrically conductive components be-
cause of their high efficiency. Charge carriers in metallic compounds are electrons, but in semiconductors,
holes and electrons are in charge. The fact that the materials under test are metals makes electrical conduc-
tion by electrons easier to calculate. For a material to have thermoelectric qualities, its electronic structure is
essential, and free carriers are superior conductors. Figure 3.5 illustrates the relationship between electrical
conductivity and chemical potential in spin calculations for the rare-earth intermetallic AB3, where A=Pr
and Nd, B=In. Electrical conductivity is expressed in these computations in units of order 1020 1/Ωms.
In p-type region maximum value of electrical conductivity for PrIn3 and NdIn3 are 2.10Ö10201/Ω ms and
2.43×10201/Ωms respectively. In type minimum value of (σ/τ) for are 0.99Ö10201/Ωms and 1.16 × 10201/
Ωms respectively.
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Figures 3.5 The electrical conductivity of PrIn3 and NdIn3

3.6 Electronic Thermal Conductivity per Relaxation Time (κ/τ)

Thermal conductivity is significantly affected by the presence of electron-hole pairs in semiconductor materi-
als. it can be expressed as k = ke + kh, where ke is associated with electron vibrations, and kh corresponds to
hole vibrations. In semiconductors, thermal conductivity is attributed to electron-hole pairs, while in metals,
it's predominantly driven by free charge carriers or electrons. [28-31]. Thermal conductivity is the transport
of heat energy through a conductor as a result of temperature gradient from the direction of high tempera-
ture to lower. In crystals, heat is conducted through free electrons and lattice vibrations. In semiconductors
heat is conducted through lattice vibrations while in metals it takes place through free electrons [32]. The
heat-flow measurements through the material when applying the temperature gradient are thermal conduc-
tivity. The thermal conductivity of the heat flow of the material is caused by phonemic vibrations and free
electrons. The lattice part, however, contributes mainly to thermal conductivity in semiconductors, while
free electrons contribute significantly to thermal conductivity in metals. The disadvantage of the BoltzTraP
code is that the electronic component of thermal conductance can be determined, but thermal grid cannot
be calculated. The plot of thermal conductivity per relaxation time (κ/τ) against chemical potential for
AB3 (A=Pr, Nd and B=In) at 500 K temperature are shown in Figures 3.6. From the figure it is clear that
when the chemical potential increases from Fermi level i.e 0 µ(eV) on either side the (κ/τ) increases. It is
realized that for the higher values of chemical potential (κ/τ) is maximum for n-type and p type region. For
the compound under study the maximum value of (κ/τ) is in p-type region as compared to n-type region
which show significant response of (κ/τ) in p-type region compared to n-type region. The peak value of
(κ/τ) for PrIn3 and NdIn3 in p type region in spin calculations 28.3Ö1014W/mKs, 22.50Ö1014W/mKs and
in n-type are 13.78Ö1014W/mKs and 15.78Ö1014W/mKs, respectively.

3.7 Figure of Merit

A parameter called the figure of merit is used to gauge a material's thermoelectric efficiency. The efficiency
of the thermoelectric effect will increase with the merit Figure. The theoretical framework that is connected
to the high Seebeck coefficient specifies the theoretical boundary of surveying the yield of thermoelectric
materials. A material's ZT is an important boundary to understand a compound's productivity. Numerically
it is represented as ZT = S2 σT/κ, where S,σ, κ and T are those parameters which is explain in terms of
Seebeck coefficient, electrical conductivity, thermal conductivity and the temperature and also counts the
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performance of the given thermoelectric boundaries [33]. High-value ZT materials are needed for industrial
applications. ZT values greater than unity is known to be incredibly powerful for thermoelectric applications.
Despite the fact that thermoelectric research has increased recently, scientists are still having trouble coming
up with materials that may take the place of the methods used to generate energy today [34,35,36]. Figures
3.6 shows the curve of ZT against chemical potential for the rare-earth AB3 (A=Pr, Nd and B=In) at 500K
temperature. The peak ZT value for each of the compounds under study PrIn3 and NdIn3 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 n-type doping. PrIn3 and NdIn3 each have a peak ZT value
in the figure of 0.016 and 0.014 respectively. We can see that the highest value of figure of merit is 0.016 for
PrIn3.

Figures 3.6 The thermal conductivity of PrIn3 and NdIn3
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Figures 3.7 The thermal conductivity per relaxation time of PrIn3 and NdIn3

4 Conclusion

The optimized lattice parameters are obtained using generalized gradient approximation based on density
functional theory. The self-consistent calculation is performed with B3PW91 hybrid functional implemented
on WIEN2K package to generate the band structure and density of states for these materials. From the band
structure it is observed that the valence band and conduction band overlap at the Fermi level, which shows
the metallic nature of these compounds. The TDOS and partial density of state plots are also observed.
The maximum contribution in TDOS is due to 4f state while other states have negligible contributions. The
electronic charge density in 100 planes indicate these compounds have stronger ionic bond. The BoltzTraP
code is link with the WEIN2K code to determine the thermoelectric properties. PrIn3 has highest Seebeck
coefficient value, 50.68 µV/K among these compounds. The peak value of electronic thermal conductivity
per relaxation time of NdIn3 is 22.50× 1014 W/mKs among these compounds.
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