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Abstract

The present work uses first-principles methods to investigate the structural, electronic, optical,
and thermoelectric properties of the perovskite MoMnOs. This research utilizes density
functional theory (DFT) within the Wien2k code. The structure of MoMnO3 has a trigonal
symmetry, with typical lattice parameters of ao = by = 5.456 A and co= 14.867 A. The electronic
results show that MoMnOs is a semiconductor with a majority spin energy gap of approximately
0.333 eV and a minority spin energy gap of around 1.987 eV, allowing good light absorption.
While, the valence band is mainly composed of the 3d manganese orbitals, while the 4d
molybdenum orbitals dominate the conduction band. The analysis of the high absorption
coefficient shows that this optical absorption is important in the visible and near-infrared range.
MoMnOs has a non-negligible power factor at room temperature. These results clearly show
that this perovskite has specific and interesting physical properties that offer numerous
advantages for applications in fields such as electronics, energetics, optoelectronics and

spintronics.
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1. Introduction

Recently, a new class of materials called perovskites has emerged due to their multiple
applications. These materials exhibit interesting magnetic, optical, electronic and catalytic
properties [1-7], attracting the attention of many applications. Moreover, perovskite oxides
have an ABOs-type chemical formula, where the A site contains alkaline earth metals (e.g. Ca,
Sr, etc.) or rare earth elements (e.g. Y, La, Er, Sm, Dy, etc.), while the B sites in the structure
host transition metal elements like Ti, Cr, Mn, Co, and Fe, making them effective choices for
applications in magnetic refrigeration, Spintronic and fuel cells, etc., due to their considerable
activity [8-14].

Lanthanide-based perovskite LaMOs (where M= Fe, Co, Mn, etc.) with orthorhombic
structure have been studied enormously and have emerged as promising candidates for a vast
array of applications, spanning catalysis [15, 16], Spintronic [17], optoelectronics [18], sensors
[19] and oxide fuel cells [20]. In addition, REMnO3 rare-earth-based multi-ferroic manganites
are of great scientific interest due to their interesting electronic, optical and magnetic,
magnetocaloric properties [21-24]. Certain studies have demonstrated that REMnO3 materials
are among the most promising magnetocaloric materials for applications [25-29]. However,
other studies show an interesting coupling between magnetic and electrical properties, which is

of interest for several applications such as Spintronic [30-34].

Multiferroic manganite HoMnOs was instigated using non-collinear spin density functional
theory to explore their potential for use in photovoltaic applications [35]. On the other hand, it
should be noted from a previous study that the antiferromagnetic transition temperature (Tn) of
the hexagonal HOMnOs crystal is 72 K, while its ferroelectric transition temperature (Tc) is 875
K [36, 37]. B. Bouadjem et al. [38] have investigated the electronic, magnetic and optical
properties of the orthorhombic perovskite oxide NdMnOs. The results obtained in this study
make orthorhombic NdMnOz a promising candidate for applications in Spintronic and
optoelectronics. RMnO3s manganite perovskites (where R = Gd and Tb) have been extensively
studied in terms of their ferroelectric and magneto-electric physical properties [39, 40].
Theoretical studies of PrMnQs's structural, electronic and magnetic properties reveal its semi-

metallic nature in the orthorhombic crystal [41, 42].

MoMnOz3 is a ternary oxidized compound composed of molybdenum (Mo), manganese
(Mn) and oxygen (O). Its crystal structure belongs to the perovskite family, known for its

diverse properties. This compound exhibits interesting physical phenomena, such as multi-
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ferroicity and magnetism, making it a fascinating material for both fundamental research and
technological applications. In addition, DFT calculations can shed light on the coupling

between magnetic and ferroelectric properties in multi-ferroic MoMnOs.

This study aims to explore the physical properties of MoMnOs, including the structural,
electronic, magnetic and optical properties of MoMnO3 perovskites. These calculations were
carried out using DFT theory as implemented in the computer simulation code. As a result, this
investigation will aid in improving comprehension of the fundamental characteristics of the
novel MoMnOz manganite perovskites. This knowledge paves the way for new applications and

the exploitation of MoMnOs's unique properties in advanced technological fields.
2. Computational methods

As part of this investigation, particular attention will be paid to the structural, electronic,
optical and thermoelectric properties of the MoMnO3 material. These properties were computed
through the full-potential linearized augmented plane wave technique FP-LAPW [43, 44] based
on DFT theory as employed in the Wien2K simulation code. The exchange and correlation
potential were calculated using the generalized gradient approximation (GGA) according to the
parameterization of Perdew, Burke and Ernzerhof (PBE) [45]. To study the effect of spin-orbit
coupling (SOC) as well as Hubbard potential (U) on the electronic and magnetic properties of
MoMnNOs, Uess = U-J = 3.9 eV for Mn and 4.38 eV for Mo were performed. The Hubbard
correction has been used to account for Coulomb interactions between electrons in Mo and Mn
atoms [46]. To ensure the separation of the core and valence states, the cut-off energy was set
at -6.0 Ry. To control the size of plane-wave basis sets, the kinetic energy cutoff was set to
RvtxKmax = 9.0. For all of our computations, we have also selected a 10 x 10 x 10 k-points
mesh for the Brillouin zone integration. Furthermore, the thermoelectric characteristics of the
considered material were investigated by combining electronic band structure results and

Boltzmann transport theory as implemented in the BoltzTraP simulation program [47].
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3. Results and discussion

3.1. Crystal structure and structural properties

Using the DFT theory with GGA+SOC+U approaches, the structural, electronic, optical and
thermoelectric properties of MoMnOz material have been investigated. The MoMnOs
perovskite has a trigonal crystal structure with the space group R-3 (N° = 148). The structure
of this system, illustrated in Figure 1, consists of Mo, Mn and O with the electronic
configuration [Kr] 4d°5st, [Ar] 3d°4s? and [He] 2s?2p*, respectively. The atomic positions of
each element making up the MoMnO3 material are shown in Table 1.

The structural properties are studied in depth to optimize key parameters such as the lattice
constants, the modulus of elasticity, and the pressure-induced phase transitions for both the
ferromagnetic (FM) and the antiferromagnetic (AFM) orders of the material under
investigation. These parameters are optimized using the empirical Birch-Murnaghan equation
of state [48]. The obtained results are summarized in Table 2. This table clearly shows that Earm
< Erm. The result suggests that the AFM phase is more energetically interesting than the FM
phase, making it the configuration of the stable ground state for the candidate compound. In
addition, the equilibrium lattice parameters for the hexagonal perovskite MoMnOs3 in the FM
and AFM states are as follows: ap = bo = 5.456 A and co= 14.867 A.
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O g

Fig. 1: The crystal structure of MoMnOg, obtained using Vesta software [49].
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Table 1. The atomic positions of the perovskite MoMnO:s.

ISSN: 0067-3064

Atoms | X y z
Mo 0.66667 0.33333 0.47824
Mn 0.00000 0.00000 0.64080
O 0.34761 0.37457 0.41995
—a— AFM
295727 44 FM
% 295727.7 4
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o
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Fig. 2: The energy vs. the volume of the MoMnOz compound.

Table 2: Calculated equilibrium lattice parameters, such as: volume Vo (in A%), bulk modulus By (in
GPa), its first pressure derivative B’ and the minimum total energy Eo (in €V) for the trigonal

MoMnO; compound by employing the GGA+SOC+U approximation.

State | Vo(A®) | Bo(GPa) B Eo(eV)
FM 119.949 | 182.682 | 4.649 | -295728.391
AFM | 118.209 | 186.842 | 4.406 | - 295727.815
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3.2 Electronic properties

To explore the electronic characteristics of the trigonal system MoMnO3, we employed
the optimized lattice parameters ao = bo = 5.456 A and co = 14.867 A, which were derived from
the assessment of the structural properties. The GGA+SOC+U approximation was employed to
compute the total and partial densities of states for MoMnOs in an antiferromagnetic
configuration between the Mo and Mn ions. These results are presented in Figure 3. The figure
demonstrates the semiconducting properties of the studied material, featuring a majority spin

energy gap of approximately 0.333 eV and a minority spin energy gap of around 1.987 eV.

We also note that MoMnO3 material are magnetic, due to the asymmetry between major
and minor spin states. This is also confirmed by the partial moments shown in Table 3, which
are calculated in this work. Furthermore, at majority spins, the maximum value point of the
valence band (MVB) and the minimum value of the conduction band (MCB) are dominated by
Mo-d with O-p states. In the case of minority spins, the MVB band is mainly formed by Mn-p
and Mo-d orbitals, while Mo-d hybridizes with O-p states to form the MCB band.

O:total

Total Mo:total Mn:total

TDOS (States/eV)

Energy (eV)
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Fig.3: The computed densities of states: (a) total density of state (TDOS) and (b, ¢ and d) the partial
density of state (PDOS) of MoMnOs using GGA+SOC+U approach.

Table 3: The calculated partial magnetic moments (in ug) and band gap (eV) of the MoMnOs
compound by using GGA+SOC+U approximation.

Mwo(ps) Muwin(ps) Mo(us) Eq(eV)-Up | Ey(eV)-Down
1.21694 -4.40208 0.01324 0.333 1.987 108
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3.3 Optical properties

For investigating the optical behavior of MoMnO3z material, the dielectric function
includes optical parameters such as real part &, (w) and the imaginary part &,(w) and the
refractive index n(w), optical absorption a(w), reflectivity R(w), energy loss function L(w),
real o, (w) and imaginary o, (w) parts of optical conductivity, were examined against photon

energy.

Initially, the real and imaginary parts of the dielectric function were calculated using

the GGA+SOC+U approximation within the Kramers-Kronig expressions [50]:

Imaginary part of dielectric constant &, (w) :

& (@) = 05 L, <UMI >2X FA = FD)S(Ex — Eyge — @)%k (1)

2w2
Where M represents the dipole matrix, i and j are initial and final states, respectively. The m, e,
o and k parameters stand for the mass, the charge of the electron, frequency and the crystal

wave vector, respectively. While £ (i) is the Fermi distribution function, Exy denote the free

electron energy.

Real part of dielectric constant &, (w) :
© ’ do'
el(a))=1+%Pfo w' & (w ).w,z—(:’wz (2)
Where P stands for the principal value of the integral.

On the other hand, the optical coefficients including a(w), L(w), 0, (w), 0,(w), n (w)
and k(w) are needed to study the optical behavior of the studied materials for various
applications in optoelectronics and other related devices. These parameters are obtained from

& (w) and &, (w) using the following mathematical formulas [51, 52]:

@) =2 ([H0) + 2~ 1(0)) @
L) = g0 o @
01 () = 22 ®)
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op(w) = =22 (6)
n(w) = %([ef(@ +ef (@i + e1<w>>2 ()
k(w) =5 ([ef(@ re3(@li—g <w>>2 (8)

Figs. 4(a) and 4(b) represent the evolution of the real &, (w) and the imaginary ¢,(w) parts of
the dielectric function in an energy range [0-13.5 eV] for the MoMnO3z compound. It is well
known that the real part &; (w) of the dielectric function describes the polarization of the crystal,
and it determines the propagation speed of electromagnetic waves in the material. Fig. 4(a)
clearly shows that the initial sharp peaks of the real dielectric constant for the MoMnOs
compound are observed in the visible range. At zero frequency, we notice that the static
dielectric constant value is 10.48, 10.48 and 6.31 along the xx, yy and zz directions,
respectively. In Fig. 4(a), we notice that the intensity is initially maximum at the energy point
of 0.5 eV, and then it decreases. The spectrum of &, (w) also cancels out at a point corresponding
to an energy value of 7.5 eV. Then it decreases and takes negative values up to an energy point

of 9 eV, and it presents major peaks in the UV and visible domains.

The computed imaginary part of the dielectric function versus energy is depicted in Fig. 4(b).
We observe that the spectrum of the dielectric function at 0.5 eV is maximal, and it also presents
major peaks. At photon energy of 7.5 eV, the & (w) cancels out and the &,(w) reaches a
maximum value at the initial peak. Beyond this value, the real part of the dielectric function
decreases and becomes negative and the imaginary part of this function decreases rapidly and

becomes weak.
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Fig.4: (a) The real and (b) imaginary parts of the dielectric function for MOMnOs.

The absorption coefficient of a material is a measure of its ability to absorb
electromagnetic waves such as light. In the visible range at low photon energies (<4.5ev) the
compound shows weak peaks, so it has minimal absorption of the violet and blue colors of
visible light and after (>4.5ev) shows higher absorption values for other colors green, yellow,
orange, red. Both the photon-electron interactions within the atoms and the structural
characteristics of MoMnO3 can cause the absorption peak to shift from lower to higher energy

levels.

The absorption spectra are shown in Fig. 5(a). The absorption threshold begins at
E=0.5eV. In the range (0.5-2eV) a peak is observed, then the absorption coefficient increases
regularly with the energy of the incident photons. A major peak is observed in the range (3.5-
4.5eV), and the highest absorption peak occurs at 8.5eV in the UV region. More precisely, the

perovskite MoMnOs shows dominance in the transition between the UV and visible spectra.

Fig.5 (b): The evolution of the energy loss function of the MoMnO3s; material is
represented in Fig.5 (b). This pattern shows 2 major peaks and reaches a maximum value near
the energy point 10.5 eV, then it decreases. This energy loss strongly depends on the absorption

coefficient of the material.
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Fig.5: The absorption coefficient (a), the electron energy loss (b) for MoMnO:s.

The optical conductivity is a complex quantity, and the patterns of the real and
imaginary components of the optical conductivity are represented in Fig.6 (a) and (b). The
calculations are done using the equation Egs. (5 and 6) in the energy range [0, 13.5 eV]. The
real optical conductivity shows significant and maximum peaks at the energy point of 7.5 eV.
At this point, the MoMnO3 material conducts electric current. It is observed that the real part of
the optical path reaching its maximum corresponds to the imaginary part being at its minimum,
and vice versa, with the imaginary part also becoming negative. The imaginary optical
conductivity presents a minimum, which means that the energy storage in MoMnOs is low, so
it disperses light. The optical conductivity of the MoMnOz3 perovskite is primarily determined

by the inter-band transitions involving the valence and conduction electrons.
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Fig. 6: (a) the real and (b) imaginary parts of optical conductivity for MOMnOs.

The refractive index characterizes the propagation speed of a light radiation in the
material and is directly related to the dielectric value of the material. Initially, the MoMnO3
compound has a higher refractive index due to its narrow band gap and high electron density.
This results in a strong interaction between light and the material. The refractive index depends
on the polarization of the magnetic field of an electromagnetic wave at the surface of the
material. The absorption coefficient is inversely related to the refraction coefficient, the lower
the refraction index, the lighter the material absorbs. The extinction coefficient of a material is
a measure that characterizes the material's ability to absorb an electromagnetic wave at a
particular wavelength.

The structure of the material causes photons to be scattered in different directions, and
this scattering is more likely to occur at shorter wavelengths (higher photon energies) because
the scattering centers are smaller compared to the light's wavelength. As photon energy
increases, both scattering and absorption tend to increase, leading to an overall rise in the
material's extinction coefficient.
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Fig. 7: The refractive index (a) and the extinction coefficient (b) for MOMnOs.

3.4 Thermoelectric properties

The thermoelectric properties of the compounds are examined for potential applications
in energy conversion, thermoelectric refrigeration, computer cooling, and miniature detector
components. The thermoelectric effect is driven by the generation of a potential difference,
which subsequently creates a heat gradient. To calculate the necessary transport quantities, such
as electrical conductivity (o/t), Seebeck coefficient (S), electronic thermal conductivity
(k./7), and the power factor (PF) as a function of temperature, we employed the BoltzTraP
code interfaced with WIEN2k. The relaxation time t depends, in principle, on both the wave
vector and frequency. However, BoltzTraP treats the relaxation time to be a constant, which is
a reasonable assumption. Our calculations for all TE properties were performed with a constant
relaxation time approximation ¢ = 107*s, which is the value often chosen in similar
calculations [53-54].

The Seebeck coefficient is a measure of the intrinsic capacity of a material to generate
an electrical voltage under the effect of a thermal gradient. The Seebeck coefficient (S) of
MoMnOs within the temperature range from 10 to 800 K is shown in Fig. 8(a). The curve of
S starts to increase with the increase in temperature to reach the maximum value is 230 uV /K
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obtained at 100 K then it decreases. The increase in S is attributed to a perfect concentration of
the holes where the Seebeck coefficient begins to increase as the temperature increases. The
positive Seebeck coefficient indicates that MoMnOs is a p-type material. This high value
indicates that MoMnO3 has a high thermoelectric power, making it an interesting material for
thermoelectric applications. The variation of electrical conductivity with temperature is shown
in the Fig. 8(b). The electrical conductivity (o /) increases sharply with increasing temperature
to reach the maximum value is 0.165 x 102027 1.m~1.s~1 obtained at 800 K. This behavior
indicates the semiconducting nature of MoMnOz.Similar results were found previously [54].
The electronic part of thermal conductivity (x./t) within the temperature range from 10 to
800 K is illustrated in Fig. 8(c). The curve increases very fast with the temperature. The
electronic part of the thermal conductivity is therefore fairly low, which is favorable for
thermoelectric performance. The power factor (s?a/7) is an interesting parameter for assessing
the thermoelectric performance of a material and is illustrated in Fig. 8(d) for MoMnQOs. The
power factor rises rapidly with increasing temperature, reaching a maximum value of 3.2 x
10 at 800 K. These results show the thermoelectric performance of the MoMnO3 compound

at high temperatures.
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Fig. 8: Seebeck thermoelectric coefficient (a), electrical conductivity (b), electronic
component of thermal conductivity (c) power factor (d) of MoMnOs by using GGA+SOC+U
approach.

4. Conclusion

The present theoretical work involves the study of the physical properties of a typical
material, MoMnOs, in the framework of DFT theory employing the GGA+SOC+U
approximation. Structural optimization has confirmed that the compound studied belongs
trigonal structure with lattice constant values of ao = bo = 5.456 A and co= 14.867 A. In addition,
the semiconducting character with a non-zero band gap of the compound under study is justified
by the densities of electronic states. Moreover, the non-symmetric nature between minority and
majority spins describes the magnetic characteristic of the material. Concerning the optical
properties, evaluating the complex dielectric constant helped us to identify other fundamental
optical characteristics, namely the refractive index, reflectivity and extinction coefficient. We
found that these materials have a high absorption in the energy range of 6.0-12 eV. In addition,
the calculations established the zero-frequency value of the dielectric constant &;(0), the

refractive index n(0) and the reflectivity R(0). These materials appear to have promising
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potential for applications in systems operating in the visible-ultraviolet parts of the
electromagnetic spectra. A crucial aspect of our current research concerns the thermoelectric
response of these compounds. Our results indicate that MoMnOs has good thermal and
electrical conductivity and a higher power factor. Our study concludes that the perovskite oxide
MoMnOs could be a potential candidate for use in Spintronic, thermoelectric and optoelectronic

applications.
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