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ARTICLE INFO ABSTRACT

Communicated by Ralph Gebauer The density functional theory (DFT) studies are made to calculate the electronic, magnetic, and transport
characteristics of potassium lanthanide KXO2 (X = Pr, Nd, and Pm) oxides have been studied by using the
WIEN2K code. Perdew Burke Ernzerhof-Generalized Gradient approximation (PBE-GGA) is used for the
exchange-correlation energy of the crystal structures in the hexagonal phase. However, the volume-optimized
graphs depict that these compounds are energetically stable in the ferromagnetic state. Moreover, the studies
of the spin-up channels of the band structure and density of states (DOS) reveal their metallic behavior whereas
semiconductor nature has been noticed through spin-channels. Therefore, studied materials have half metallicity
nature with 100% spin polarization at the Fermi level (EF). Total and partial magnetic moments of KXO2 (X = Pr,
Nd, and Pm) and individual atoms exist due to unpaired 4f electronic states of the lanthanide ions, present at the
EF. The energy difference between anti-ferromagnetism and ferromagnetism versus the volume optimization
curve gives the curie temperature (Tc). The volume optimization curves show a flat region where both magnetic
states have similar energies. This means the material can exist at the equilibrium volume in either state. Finally,
thermoelectric properties are calculated by the BoltzTraP code. Our results unveil that these potassium-based
lanthanide oxides are potential materials for devising spintronics devices and lifting future practical applications.
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1. Introduction

Nowadays, the development in the miniaturization of commercial
electronic devices has reached its physical limits. Still, an intensive
effort is required to replace the recent silicon technology, based on the
electric current (charge) as the primary information carrier, with a new
model that provides a faster and more energy-efficient transport and
processing of information as compared to ordinary electronic devices.
One of the best promising possibilities is to utilize electron spin (spin
current) as an information carrier, a keystone of spin electronics
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(spintronics), a rapidly growing branch of material physics. The spin-
tronic devices are fabricated by ferromagnetic materials where the in-
formation is transported in the form of spin current, and spin waves [1].
Therefore, Half Metallic Ferromagnetic (HMF) materials are deemed
potential ones for spintronics applications. Half metallic semiconductor
materials are types of magnetic materials that depicted unique charac-
teristics due to imbalanced spin at Ep for the spin-up and spin-down
channels. This way, conduction comes from charge carriers (electrons)
only through one spin channel. These spin-based semiconductor mate-
rials have offered several advantages over nonmagnetic materials [2].
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Fig. 1. Hexagonal crystal structure of KPrO,, KNdO,, and KPmO,.

Moreover, low T. and sustainability of the spin injection in magnetic
materials is one of the burning questions in spintronics [1]. Therefore,
the discovery of ternary alloy HMF materials become an attractive in-
terest for researchers of the era [3]. These materials offer higher T, and
maximum spin polarization and have a wide range of applications in the
field of spintronics and optoelectronic and thermoelectric devices [4].
These unique properties of HM show 100% spin polarization near Eg [5,
6]. HMF has a low magnetic moment, low magnetization, less stray field,
and small energy loss, which is not affected by the strong external
magnetic field. These fascinating properties of HMF make them a po-
tential candidate for enhancing the working efficiency of the spintronics
[3,6].

In the past decades, theoretical studies have been performed on HMF
materials for exploring novel magnetic semiconductor materials to
enhance efficiency of the spintronics devices. Hachimi et al. [7] inter-
preted the half-metallic as well as magnetic properties of rare earth el-
ements atoms doped in ZnO by WIEN2K software based on DFT.
Similarly, Yaqoob et al. [4] have also predicted the half-metallicity and
thermoelectric properties of XMnTe, (X = Li, Na, K) by using DFT.
Moreover, Chepkoech et al. [8] performed the ab-initio calculations for
thermoelectric properties of XCuO, (X = K, Rb, Cs) by VASP package and
discussed the efficiency of these materials by finding the figure of merit
(ZT). Likewise, Bin Dong et al. [9] have reported an experimental study
for the crystal structure, magnetic susceptibility, and heat capacity of
ternary potassium lanthanide oxides. Benmakhlouf et al. [10] explored
the half-metallic ferromagnetism in KMnQz (Q = O, S, Se, Te) by
plane-wave pseudopotential total energy system as implemented within
the CASTEP package. Similar studies exist and have formerly been re-
ported to explore various physical properties for their potential appli-
cations in a diverse range of optoelectronic, thermoelectric, and
spintronics devices [11-16].

Since the lanthanide oxides show sufficient magnetic moment owing
to higher localized electronic states of f-orbitals. The magnetic interac-
tion between f-orbital with s- and p- orbitals is very weak as compared to
d-orbital electrons. As per literature, heretofore, no literature is found to
be available for comparing the structural, half metallicity, and magnetic
properties of potassium-based lanthanide oxides, i.e., KXO, (X = Pr, Nd,
and Pm) for various thermoelectric and spintronic applications. There-
fore, we are hereby motivated to investigate the structural, half metal-
licity, and magnetic behavior of novel material, i.e., KXO2 (X = Pr, Nd,

and Pm). To calculate the accurate exchange-correlation potential of
these oxides, we have used the PBE + GGA approximation. The half-
metallicity and magnetic response of these compounds are checked by
performing the spin calculation within the DFT approach [17,18].

2. Computational methodology

The first principles study of the structural, half metallicity, and
magnetic characteristics of potassium lanthanide oxides KXO; (X = Pr,
Nd, and Pm) are investigated by spin-polarized DFT calculations [19,
20]. All spin-polarized DFT calculations are based on a full
potential-linearized augmented plane wave plus local orbital (FP-LAPW
+ Lo) system. FP-LAPW -+ Lo system relay on the many-body system of
quantum mechanics within the WIEN2k code. The PBE + GGA
approximation scheme is used to investigate the exchange-correlation
potential energy of the studied materials [21]. The unit cell volume
was distributed in two regions; the muffin-tin radius and the interstitial
region. FP-LAPW + Lo was also used to demonstrate the electronic
behavior in the internal side of the muffin tin (Ry) sphere and the
interstitial region. For spin-polarized calculations, the wave function’s
angular momentum inside the atomic spheres expands up to Lyq = 10.
The selection of suitable Ry values plays a potential role to prevent the
leakage of the current of core electrons. The selected values of muffin tin
radii (Ryy) for individual potassium atoms (K), Lanthanide atoms, and
oxygen atoms (O) are 1.65, 2, and 1.5 (Bohr), respectively. In addition,
the plane wave cut-off parameters value is the product of the muffin-tin
radius sphere and largest reciprocal lattice vector; its value is selected as
Ryt X Kingx = 10. A k-mesh of 500 points was taken in the first Brillouin
zone (BZ). In addition, the value of Gaussian factor G, opts as 16 and
-9.0 R y energy has been chosen for the separation between the core
electronic states and valence electronic states.

3. Results and discussion
3.1. Structural properties

The crystal structure of potassium lanthanide oxides KXO, (X = Pr,
Nd, and Pm) have been optimized in the hexagonal phase with space

group (166_R-3m), and their unit cell crystal structures are depicted in
Fig. 1. To calculate the lattice parameters, bulk modulus and to draw the
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Fig. 2. Ground state energy as the function of volume (a.u®) for (a) KPrO, (b)
KNdO; (c) KPmO, in FM, AFM, and NM phases.

Table 1
The lattice parameters a, b & ¢ (10\), Bulk modulus B (GPa), bandgap E, (eV), and
formation energy AEs of potassium lanthanide oxides KXO, (X = Pr, Nd and Pm).

Compounds a =b(A) c(A) B Eg AE¢ Te (K)
KPrO, 4.18%P 18.04° 89.05 2.62 -2.91 282
KNdO, 4.23%¢ 18.17° 89.74 3.34 -2.95 305
KPmO, 4.20%P 18.26° 86.89 4.00 -2.98 295

Ref. [9]%

Ref. [22]°.

Ref. [23] ©.
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volume optimization curve, we used Birch-Murnaghan isothermal
equation of state [2]. The ferromagnetic (FM), antiferromagnetic (AFM),
and non-magnetic (NM) volume-optimized curves are plotted between
energy in (Ry) versus volume (a.u3). From Fig. 2; it is observed that all
studied compounds offer minimum ground state energy for FM states
[7]. Moreover, to ensure room temperature ferromagnetism, we have
calculated the T, by using the Heisenberg model such as T. = 2AE/3x K,
here AE is the difference between AFM and FM energy states, x repre-
sents the number of lanthanide atoms in compounds, and Kg is the
Boltzmann constant [21]. The lattice parameters (A), Bulk modulus B
(GPa), bandgap Eg (eV), and formation energy (AEy) are listed in Table 1.
The values of the lattice parameters determined for KXO5 (X = Pr, Nd,
and Pm) are consistent with the formerly reported experimental [9] and
theoretical results [22,23]. The negative value of AE¢ for these com-
pounds shows that these are energetically sustainable [24] compounds.

3.2. Half metallic ferromagnetism

The spin-polarized electronic behavior of potassium lanthanide ox-
ides KXO5 (X = Pr, Nd, and Pm) has been analyzed along high symmetry
points, i.e., I', H, N, and P in the first BZ. Fig. 3(a—c) represents the spin-
polarized band structures of KXO, (X = Pr, Nd, and Pm) compounds
which unveil that all these three compounds show metallic behavior for
the spin-up channel, whereas a significant forbidden energy gap has
been noticed through their spin-down states, leading to the semi-
conducting nature of these materials. The considered compounds have
shown a direct band gap semiconducting nature [25,26]. The band gap
value in the spin-down channels of these compounds is noted as 2.62 eV
for KPrO», 3.34 eV for KNdO,, and 4.0 eV for KPmO,. These values are
listed in Table 1. The increase in energy band gap from Pr < Nd < Pm
follows the similar anomaly that occurred in their ionic radii. Generally,
in HMF materials, the conduction of spin electrons with charge comes
through one spin channel only. So, the spin channels have shown
half-metallic ferromagnetism (HMF) [2,4]. It is anticipated that the
presence of lanthanide ions in these oxides might be responsible for their
HMF behavior. HMF materials are considered a potential candidate for
spintronic applications.

The atomic orbital electronic states of the studied compounds can be
understood by calculating the total densities of states (TDOS) and partial
densities of states (PDOS). The results describing the DOS of KXO5 (X =
Pr, Nd, and Pm) can be visualized through Fig. 4(a—c). It is noticed
through pictorial views of the TDOS and PDOS that electronic energy
states for the majority spin-up channel and minority spin-down channel
are unsymmetrical around the Eg. For the spin-up channel, the electronic
states of potassium, oxygen, and lanthanide atoms are seen overlapping
at Ep depicting metallic behavior. While, spin down channel shows
semiconductor behavior due to a significant energy band gap between
the electronic states of potassium, oxygen, and lanthanide atoms present
in the VB and CB. In addition, f-orbitals of X ions are found to be hy-
bridized with the s-orbital of potassium atoms and p-orbitals of oxygen
atoms in the VB and CB. It can further be noticed through Fig. 4(a—c) that
electronic energy states of f-orbitals contributed maximally as compared
to the p-orbitals of X ions and oxygen atoms. It is probed furthermore
that one spin is contributing mainly to the conduction mechanism in all
compounds. For spintronics devices, spin control has been a major
challenge to the researchers of this era. Therefore, these half-metallic
materials may resolve the issues about the spin control and may have
the ability to offer 100% spin polarization near Eg. The spin polarization
can be calculated by the following relation [2,4].

P:xT(EF) — N.(Er) b
1(Er) + Ny (EF)

Here, N;(Ep) and N, (Eg), are the number of up spins, and down spins
across Ep, respectively. So, spin can be sustained and controlled while
using HMF materials for spintronics applications. The results obtained
through the spin-polarized band structures and DOS are found to be
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Fig. 3. (a): The spin-polarized band structure of KPrOs.
Fig. 3 (b): The spin-polarized band structure of KNdO,.
Fig. 3(c): The spin-polarized band structure of KPmOs.

consistent with each leading to the viewpoint that these compounds
have confirmed half-metallic ferromagnetism.

3.3. Magnetic properties

In this sub-section, the crystal field splitting mechanism of the
electronic distributions f-states of X ions into three parts consisting of t1,
tog (the highest three folds degenerate energy states), and azq (the lowest
single-fold degenerate energy state) as explored by John Teller distor-
tion [27,28]. The degeneracy of these energy states is shown in Fig. 5
(a—c). The crystal field theory has demonstrated the splitting of f-orbital
energy states of lanthanide ions, which are found to be responsible for
the occurrence of the magnetic moment in these compounds [7,29]. For
rigor, it has been observed that during the hybridization mechanism,
oxygen ions approached the lanthanide ions, i.e., (X = Pr, Nd, and Pm)
by octahedral environment and split into seven electronic states of
4f-orbitals. In response to the splitting of f-orbitals energy states, the
magnetic moment is produced at sites of various atoms and interstitial
sites that are present in the unit cell. The magnetic moment noted for
KXO,, K, X, and O atoms is presented in Table 2. PDOS unveils that the
magnetic moment of potassium and oxygen atoms comes from the hy-
bridization between the s-orbital of K and f-orbital of lanthanide atoms

—
T
z
=3
-

©

(s-f) and the p-orbital of oxygen atoms and f-orbital of lanthanide atoms
@

In addition to the above, during the bonding formation, rare earth
metal atoms donate three electrons to the oxygen atoms. The splitting of
quantum electronic states and electronic configurations of these
lanthanide ions are fz, fg, and f4 as depicted in Fig. 5(a—c) [7]. The
electronic configurations of these compounds have depicted that mag-
netic moment has occurred due to the availability of unpaired electrons
and splitting of the orbital states of lanthanide ions, i.e., (X = Pr, Nd, and
Pm). The total magnetic moment of these compounds is an integer form
that endorses half metallicity [2,4,30].

3.4. Transport properties

BoltzTraP code is based on the semi-classical Boltzmann theory used
to calculate the thermoelectric properties of the materials within the
DFT framework. These properties are based on the electronic band
structure of the materials [31]. The materials, which are found to have
good thermoelectric properties, are used to convert squandered heat
energy into useful electrical energy. Such materials are widely being
used to devise spin caloritronic devices, which is a new emerging
research field that has been introduced as a novel way for generating
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Fig. 4(a). Spin-based total and partial density of states of KPrOs.
Fig. 4(b): Spin-based total and partial density of states of KNdOx.
Fig. 4(c): Spin-based total and partial density of states of KPmO,.

heat current valves [32]. Moreover, the demand for green energy is
increasing globally which may be fulfilled by using spin caloritronic and
thermoelectric materials. Therefore, thermoelectric devices are widely
utilized in power generation for the production of electricity by coal
energy. Temperature-dependent parameters like electrical conductivity
(0/7), Seebeck coefficient (S), Hall coefficient (Ry), Thermal conduc-
tivity (x/7), heat capacity (Cy), magnetic susceptibility (y), and ZT have
a significant role to explain the transport behavior of any semiconductor
materials [33]. Where the ZT parameter is capable enough to explain the
efficiency of thermoelectric devices [2,34,35]. In this regard, the ther-
moelectric properties of KXO, (X = Pr, Nd, and Pm) are studied in the
temperature range (100 K-800 K).

The electrical conductivity is computed by using the relation (¢ =
pne) [1,2]. The o of semiconductor materials depends upon the mobility
(1) of charge carriers and concentration of charge carriers (ne).
Although, when the number of charge carriers and mobility increases
then the electrical conductivity shows its inverse relationship with the
increment of thermal agitation. The electrical conductivity plots for
KXO5 (X = Pr, Nd, and Pm) are depicted in Fig. 6(a). It is observed that
initially, electrical conductivity is higher for KPrO, and KNdO, from
100 K to 200 K, which however, starts decreasing beyond this specific
limit of 200 K-800 K temperature due to variations of band gap values
and thermal agitation process. KPmO; has depicted linear behavior with
the temperature due to its higher band gap.

The Seebeck coefficient (S) is associated with the thermoelectric
voltage across the ends of the semiconductor materials. The thermo-
electric voltage arises due to the difference of temperature across the

ends of materials accordingly to this relation S = -AV/AT [36]. Fig. 6(b)
shows the Seebeck coefficient of the studied compounds. It is observed
that the thermoelectric voltage is generated due to the negative charge
carriers. The S of KPmO, and KNdO, shows higher values with variation
of temperature as compared to KPrO,, due to variation of band gap
values and easy movement of charge carriers from VB to CB within
materials. This causes to induce a thermoelectric voltage across the
studied materials. Furthermore, the KmO, band gap value is 4.0 eV,
therefore the movement of charge carriers from VB to CB is less and the
temperature difference is higher across KPmO, than the other two
semiconductors, i.e., KNdO3 and KPrO,. Hence, KPmO5 shows a higher
value of Seebeck coefficients.

The temperature-dependent Hall coefficient determines the type of
charge carriers in semiconductor materials, either the materials have n-
type charge carriers or vice versa [37]. Fig. 6(c) depicts the variation of
the Hall coefficient of these materials. It has been noticed that its value
for KPrO, is shifted from a negative value to a positive one with a
variation of temperature (100 k to 800 K). So, KPrO, shows the n-type
semiconductor nature from 100 K to 400 K. After that, it becomes pos-
itive showing p-type behavior owing to phase shifting. Whereas, KNdO5
has depicted a positive value of Hall coefficient throughout the tem-
perature range from 100 K to 800 K leading to the fact that it is a p-type
semiconductor. In the case of KPmO,, the negative charge carriers are
dominant so, its negative Hall coefficient recognizes it as an n-type
semiconductor.

The thermal conductivity can be computed by Wiedemann-Franz law
such as k = LoT [3]. Fig. 7(a) shows the behavior of the thermal
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Fig. 5(c): splitting mechanism of electronic distributions f-states of Pm*in t1g and tag are the highest three folds degenerate energy states and ayg is the lowest single-

fold degenerate energy.

Table 2
Total, partial magnetic moment and interstitial (pup), and interstitial magnetic
moment (pp) in KXO, (X = Pr, Nd, and Pm) compounds.

Parameters total (pp) K (pp) X (pg) O (pp) Interstitial (yp)
KPrO, 5.01 —0.00028 4.851 0.087 0.082

KNdO, 3.006 —0.01379 2.950 0.0850 —0.099
KPmO, 3.996 —0.00149 3.911 —0.08394 0.171

conductivity of KXO5 (X = Pr, Nd, and Pm). For KPmO,, it increases as
does the electrical conductivity with increasing temperature which
further reveals that low charge carriers move from VB to CB and produce
less thermal agitation due to the wide band gap (4 eV) of KPmOs,.
Whereas, in the case of KPrO; and KNdOj, the thermal conductivity is
low as compared to KPmOs. As the band gap values of KPrO, and KNdO,
are low than KPmO,, hence a large number of charge carriers shift from
VB to CB which produce higher thermal agitation [38,39]. Therefore,
KPrO; and KNdO; have less values of thermal conductivity.

A combined impact of the electron, phonon, and heat absorption in
semiconductor materials is described by specific heat capacity (Cy) [4].
Fig. 7(b) indicates the heat capacity of these materials. The heat capacity
of KPmOs is increased linearly with increasing temperature. The graph
of heat capacity for KPmO, obeys the Debye temperature relation, i.e.,
Cyx T3 [5,6]. While, for KNdO,, heat capacity is higher than KPmO; and
KPrO, which unveils that it has a higher ability to absorb heat.

The temperature-dependent parameter such as magnetic suscepti-
bility (y) is concerned with the magnetic response of any materials
against the applied magnetic field [7]. The plots of y for KXO; (X = Pr,
Nd, and Pm) are depicted in Fig. 7(c). Initially, all compounds, i.e., KXO,
(X =Pr, Nd, and Pm) show the positive values of their y, which however,
descends linearly with the increasing temperature range from 100 K to
800 K. The shifting of its positive value towards zero or negative value of
magnetic susceptibility reflects the nonmagnetic behavior [8]. It is
noticed from Fig. 7(c) that these studied materials have magnetic
behavior owing to have positive value of magnetic susceptibility.
Finally, efficiency of the thermoelectric devices is described by figure of
merit (ZT) [9,10]. ZT results are shown in Fig. 7(d). It is clear that the ZT
value of KPmOy, linearly increased with increasing temperature due to
the combined effect of 6S°T. In the case of KNdO, value of ZT is also
increased linearly with increasing temperatures beyond 500 K temper-
ature. Where, in the case of KPrO,, ZT becomes constant at 500 K
temperature due to the constant value of the Seebeck coefficient. KPmO,
has a greater value of ZT than KNdO, and KPrOy which can be a po-
tential material for thermoelectric applications [17,18].

4. Conclusions
In this manuscript, the structural, electronic band gap structure for

both spins and DOS, and magnetic properties of KXO5 (X = Pr, Nd, and
Pm) compounds are implemented by first-principles study in WIEN2K
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Fig. 6. Plots results (a) electrical conductivity (b) Seebeck coefficient (c)
Hall Coefficient.

software, and thermoelectric properties are computed by Boltzmann
transport theory. Direct electronic band gaps of 2.62 eV, 3.34 eV, and
4.0 eV were predicted for KPrOy, KNdO,, and KPmO,, respectively.
Moreover, half metallicity has been determined while analyzing spin
channels. One channel has shown metallic nature, whereas, the other
one has reflected the semiconducting behavior of these compounds. In
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Fig. 7. Plots results (a) thermal conductivity (b) Specific Heat Capacity (c)
magnetic susceptibility (d) Figure of merit.

addition, the total magnetic moments are found to be integers that
confirmed half metallicity of these materials. The results show that
being 100% spin polarization at the Fermi level, these potassium-based
lanthanide oxides play a key role in spintronics devices closer to the
realm of practical applications. The ZT value is higher for KPmO, as
compared to KNdO5 and KPrO; which has shown its increasing trend on
increasing temperature. Thus, the predicted thermoelectric results have
declared KPmO; a more promising candidate for thermoelectric appli-
cations than the other two compounds.
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