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Abstract
The structural, electronic, magnetic and optical properties of transition metal doped rare earth neodymium sesquioxide (Nd2XO3, where X =
Co, Cr, Mn, Ni and Zn) was investigated here by �rst-principles simulations considering the density functional theory (DFT) framework.
Comparing with the energy band structures, density of states and the overall charge density distribution, we �nd that the transition metal
doping improves the application of the Nd2O3 (NDO) in many technological aspects. Spin-polarized calculations are quite satisfactorily
described, and from this theoretical interpretation using DFT we fruitfully explain the mechanism behind the magnetic behavior of all doped
samples. Electronic and optical properties of doped NDO samples are well tuned by transition metal atoms. Finally, we have seen that the
values of total magnetization of transition metal substituted NDO samples are substantially enhanced compared to that of pure NDO. 

1. Introduction
Rare-earth (RE) oxides and sesquioxides are now-a-days an interesting area of research for their signi�cant applications in numerous
electronic industries. Within the �eld of nanoscience and nanotechnology these sesquioxides materials are very attractive for their peculiar
physical properties. From the beginning of RE technology, RE systems research were in focused by different experts to discover many
fascinating characteristics. There are so many important applications of RE oxides and sesquioxides as catalysis and are enormously
important materials in �eld of RE [1]. In spite of the fact that voluntarily oxidized RE elements, they appeared through their �uctuating
strength [2]. For appropriate conditions the RE oxides from neodymium (Nd) onward (except Tb) arise naturally as sesquioxides RE2O3, and

RE atoms are found in the trivalent (RE3+) con�guration in their ground state [3]. It has been found that the RE sesquioxides (RES) of wide-
gap are translucent in the visible region [4]. In case of RES, the stalwartly electronegative oxygen ions are subsidized with three electrons by
the rare earth atom and at the site of rare earth, residual 4f electrons powerfully are restricted. Whereas in case of lightweight lanthanides,
the f electrons are comparatively loosely bounded, therefore it shows a greater number of oxygen coordination in case of compounds. RES
shows many strange physical properties as conduction or valence electrons are interacting with con�ned 4f electrons [5–7]. RES has also
been examined for their high permittivity performances, speci�cally as gate material insulators [8]. Considering the electronic properties, RES
is very convenient for both scientists and technologists. Presently, density functional theory (DFT) based calculations in electronic structure
has considered as a very fruitful way for explaining electronic properties of travelling valence electrons in solid-state structures. In the �eld
of condensed-matter physics �rst-principles calculations of f-electron systems are of great challenges for the presence of localized as well
as current theoretical methods based itinerant states, particularly in the local-density or generalized gradient approximation [9]. The optical
properties based on optical phonon structure of RES are found in different literatures [10–14]. The analytical escalation and elemental
properties such as density of states, band structures are main focused areas for theoretical and computational investigations on RES [15–
17]. Recently, due to its extensive range of applications, neodymium sesquioxide (NDO) has drawn more attention to the several researchers
in this modern era. NDO has vast applications in ceramic capacitors, high temperature coatings, carbon-sweep-light electrodes, vacuum
depositions and in solid-state lasers [18]. By doping appropriate transition metal (TM) ions, we can manipulate charge and spin degrees of
freedom in a single material. Also, currently investigation on laser optical ampli�er, worked on electronic transition of RE ion has drawn
attention of a group of researchers in the fabrication of metal ions doped RE materials. Even though several report on calculation of
electronic structure, yet there are lot of gaps for the proper calculations on the electronic properties of TM substituted NDO. In this work we
report a detail DFT calculation of TM doped rare earth neodymium sesquioxide (Nd2XO3, where X = Co, Cr, Mn, Ni and Zn) using Quantum-
ESPRESSO (QE). A lot of interesting results were found from analysis of band structure calculations, density of states, projected and partial
density of states, spin polarized magnetic properties and also from optical properties. Our results point out the main factors responsible for
the enhanced magnetic properties, namely geometric and ionic contributions due to substitution of TM. Finally, we have addressed the way
how TM substitutions contribute for tuning the desired electronic as well as optical properties.

2. Computational Method
Here in the present investigation of TM substitution in Nd2O3, we have used DFT in the pseudopotential formalism as executed in QE
package [19, 20]. Ultrasoft pseudopotentials have been accustomed to demonstrate the connections between valence electrons and nuclei
[21]. The generalized gradient approximation (GGA) is hired for the approximation between the exchange-correlation potential and the
Perdew–Burke–Ernzerhof (PBE) exchange correlation functional [22]. It is very familiar that RES crystallizes in three different structures with
space group such as hexagonal structure P63/mmm, monoclinic structure C2/m, and cubic structure Ia3. Here in the present work RES

Nd2O3 crystallizes in the hexagonal structure [23]. The RE atoms are found be positioned at 2d sites ±(
1
3 ,

2
3 , u), one oxygen (O) atom at 1a

site (0,0,0) and the other two O atoms at 2d sites ±(
1
3 ,

2
3 , v) [7]. Here it is to be mentioned that, this cell comprising formula units as a 1 × 1

× 1 cell of Nd2O3, which contains a total of 5 atoms. The calculated equilibrium lattice parameters are: a=5.82987 Å, b=5.82987 Å,
c=3.02702 Å, which are in very good agreement with the other literature surveys [1, 7, 18]. For this present work we have used 1 × 1 × 2
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supercell, with a Monkhorst–Pack k-mesh of 4 × 4 × 4. TM substitution effects are exhibited by means of periodic repetition of supercells of
1 × 1 × 2 covering 10 atoms, with the reduction of number of k-points in accordance with the modeled supercell. For calculations a plane
wave cutoff of 60 Ry was used everywhere. In the calculations of convergence threshold of 10−9 Ry was done by using the Davidson
diagonalization algorithm [24]. With the help of Broyden-Fletcher-Goldfarb-Shanno (BFGS) algorithm, relaxation of the structures [25],
variable cell relaxation to a pressure convergence threshold of 0.5 kBar was done and with Hellmann-Feynman forces reduced to less than
10−4 Ry/Bohr. The optical properties of pure and doped NDO samples were measured by using random phase approximation (RPA)
approach, as executed in the epsilon.x toolset [26]. The joint density of states (JDOS) is well-de�ned as [26, 27],

J(ω) = ∑
n

∑
n'

V
(2π)3∫d3kδ(Ek ,n' − Ek ,n − ℏω)… f Ek ,n − f Ek ,n'

1
where, V is the volume of the lattice cell, δ is the spin component, n, n' belong respectively to conduction and valence bands, Ek ,n are the
eigenvalues of the Hamiltonian and f (Ek ,n) is the Fermi distribution function due to the occupation of the bands. The Dirac delta function
is approached by a Gaussian distribution, normalized to one [26, 27],

G(ω) =
1

Γ√πexp
Ek ,n' − Ek ,n − ℏω 2

Γ2

2
where, Γ is the broadening parameter. The real part of dielectric function originates from the Kramers-Kronig transformation [26],

ϵ1αβ
(ω) = 1 −

4πe2

VNkm2 ∑
n,k

df Ek ,n

dEk ,n

ω2M̂α ,β

ω4 + η2ω2 + ⋯ +
8πe2

VNkm2 ∑
n≠n'

∑
k

M̂α ,β

Ek ,n' − Ek ,n
⋯

ωk ,n' − ωk ,n
2 − ω2 f Ek ,n

ωk ,n' − ωk ,n
2 − ω2 2 + Γ2ω2

3
The complex dielectric function is given by [26, 27],

ϵ2αβ
(ω) = 1 −

4πe2

VNkm2 ∑
n,k

df Ek ,n

dEk ,n

M̂α ,β

ω2 + iηω
+ ⋯ +

8πe2

VNkm2 ∑
n≠n'

∑
k

M̂α ,β

Ek ,n' − Ek ,n
⋯

f Ek ,n

ωk ,n' − ωk ,n
2 + ω2 + iΓω

4
where, η and Γ are respectively the inter-band and intra-band smearing. The square matrix element M̂α ,β are de�ned as,

M̂α ,β = ⟨uk ,n' | p̂α | uk ,n⟩⟨uk ,n | p̂ †
β | uk ,n'⟩

5
By applying London transformation upon ϵ2αβ

(ω), we can get the dielectric tensor calculated on the imaginary frequency axis may be

written as [26, 27],

ϵα ,β(iω) = 1 +
2
π

∞

∫
0

ω'ϵ2αβ
ω'

ω'2 + ω2
dω'

6
Taking consideration of the imaginary part of the inverse dielectric tensor, energy loss spectrum (theoretical EELS count) is calculated [27].

Different optical parameters such as refractive index n(ω), absorption coe�cient α(ω), extinction coe�cient k(ω), re�ectivity spectrum R(ω)
of all TM doped NDO samples can be derived from real and imaginary part of dielectric constants [28–31].
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  (7)

  (8)

k(ω) =
α(ω)
2ω

9

R(ω) =
(n − 1)2 + k2

(n + 1)2 + k2

10

3. Results And Discussion

3.1 Crystal structures and Charge density distribution
Using QE, we have explored the properties of TM doped NDO on the structural, electronic, magnetic and optical background. All the
optimized structures were shown in a hexagonal 1 × 1 × 2 supercell (Fig. 1) of 2 formula units of NDO and entire 10 atoms were �rst found
by lowering the ground state energy. 25% doping was detected by replacing a Nd atom with a TM atom (Co, Cr, Mn, Ni, and Zn) in the
supercell (as shown in Fig. 1 (a)–(f)). Table 1 presents the lattice parameters, cell volumes, bond lengths and bond angles of the optimized
structural parameters of pristine NDO and all doped samples. We have found the reduction of volume of the supercell keeping crystal
systems unchanged after replacing one Nd with any one of Co, Cr, Mn, Ni, Zn atom. The volume change may be instigated by the smaller
ionic radii of Co (0.74Å), Cr (0.80Å), Mn (0.67Å), Ni (0.69Å) and Zn (0.70Å) with that of Nd (0.98Å). When X (Co, Cr, Mn, Ni, and Zn) elements
were incorporated to NDO, all crystal systems remain hexagonal, while the volumes changes become clearly visible. For Mn, Ni and Zn
doped NDO, the volumes shrink noticeably. It can be related for the reduction of lattice parameter and markedly different hexagonal angles
in these three doped samples. Nevertheless, the volumes for Co and Cr doped NDO display slight upsurge compared with Mn, Ni and Zn
doped NDO, which is due to slight difference between the sizes of ionic radii. It is already been established that a change in crystal structures
[32], plays a key role to magnetic interaction, therefore the magnetic properties of each doped samples are used for additional investigation.

Table 1  The lattice constants (a, 2c), cell volumes, Nd−O bond lengths, and Nd−O−Nd bond angles of optimized NDO, NDCoO, NDCrO,
NDMnO, NDNiO, and NDZnO structures.

Samples Lattice parameters

(Å)

Volume

(Å)3

Bond length,

Nd−O

(Å)

Bond angle,

Nd−O−Nd 

(degree)a 2c

NDO 5.82987 6.05403 211.08307 2.2634 83.9317

NDCoO 5.80448 5.96108 206.93765 2.2409 83.6624

NDCrO 5.80483 5.96135 206.95967 2.2389 83.7332

NDMnO 5.77310 5.90312 203.81757 2.2236 83.3277

NDNiO 5.77412 5.91242 204.17499 2.2258 83.2704

NDZnO 5.77978 5.92936 204.96092 2.2303 83.2782

To get a clear picture about the electric properties of pure NDO and TM doped NDO, charge density distribution (CDD) were shown in Fig.
2(a)–(f), furthermore electron localization function (ELF) are shown in Fig. 3(a)–(f) along (101) crystallographic plane. In Fig. 3. we have
noticed gaining of electrons and losing of electrons respectively near the yellowish area around different O2− ions and the greenish/blueish
area around Nd3+/TM ions. For TM doped samples if we consider the relative electronegativities and charge transfer among the different O
and Nd/TM atoms, we have observed an interesting fact that electron density of the bonding electron pair partially was nearer to one of the
bounded nuclei, which ultimately creates fractionally positive and negative atomic centers. We have further observed from both CDD and
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ELF that there was a slight asymmetry in Nd–O bonds with partially �nite covalency. Further noticeable asymmetric nature was observed in
NDCoO and there was an improvement of ionic character in Co–O bonds. From Fig. 3 we have seen that due to the extra electrons gathering
around Co2+ Cr2+, and Mn2+ which suggests greater ionic characteristics in Co–O, Cr–O and Mn–O bonds than Nd–O bond. After
substitution of TM into NDO, there might be a transmission of the bonded electrons from one atom to another ensuing an ionic bond and
consequent positive and negative charged ions are attracted by electrostatic force. For NDNiO, number of nearest electrons of Nd3+ reduce
and number of nearest electrons of Ni2+ upsurge a little, causing an intensi�cation of ionic character for Ni-O bonds. In case of NDZnO, the
electrons are in different concentration around Nd3+ and Zn2+. In case of metals, we might notice that individually atom delivers one or more
number of electrons which exist in atomic centers creating delocalized bonding electrons and therefore, a lot of interesting phenomena like
electrical conductivity and thermal conductivity may occur due to the random motion of the delocalized electrons [33].

3.2 Energy bands structure, Density of States, and Magnetic properties
Our calculations for band structures laterally the more regularity direction in the Brillouin zone were shown in Fig. 4 (a)–(f). As shown in
Table 2, the band gap (Eg) of NDO of 3.865 eV, which is similar with respect to the previously conveyed articles [1, 7, 14, 18, 34–37]. The
calculated band gaps for other doped samples are shown in Table 2. It is clear that band gap has been reduced, i.e., the band gap shows
less reduction rate due to substituting of transition element in pristine NDO. The changes detected here might occur in the bonding
environment due to TM doping, which ultimately results in the lowering of lattice symmetry. Energy bands of pure NDO and other TM
substituted samples are of two parts, one for the upper the Fermi energy (EF) which is denser than current lower portion of EF and other is
below the Fermi level which is primarily due to the O atom, alongside a minor in�uence of Nd. However, the energy bands above Fermi level,
due to Nd atom was observed and in�uence of O atom above the EF is nearly insigni�cant. This can also be seen from the Density of States
(DOS) of all the samples. In the energy bands an indirect band gap between the L-A points was detected.

Table 2 Fermi energy, the total magnetic moment and band gap of NDO, NDCoO, NDCrO, NDMnO, NDNiO, and NDZnO.

Samples Fermi energy, (eV) Total magnetic moment, Mtotal (μB) Band gap, Eg (eV)

This Work Other

Theoretical works

Other

Experimental

works 

NDO 8.3060 0.00 3.865 3.58a 

3.80b

3.57c

3.69d

4.65e

5.09f

4.70g

4.80h

NDCoO 7.0831 4.14 3.452    

NDCrO 7.6946 3.00 2.525    

NDMnO 7.6354 4.00 3.230    

NDNiO 6.9541 2.90 3.575    

NDZnO 6.3723 0.10 3.658    

aReference 1, bReference 7, cReference 18, dReference 30, eReference 31, fReference 32, gReference 14, hReference 33.
The spin-polarized DOS, total DOS and the expected density of states (PDOS) for individual atoms for NDO, NDCoO, NDCrO, NDMnO, NDNiO,
and NDZnO were shown in different Figs. 5-9. DOS are testi�ed for spin-up and spin-down electrons with respect to the central horizontal
line, respectively (Fig. 5). Here the overlapping of O p, Nd s, Nd p, Nd d and X (where, X= Co, Cr, Mn, Ni, Zn) 3d electrons in doped NDO deliver
the indication for interaction between them. It was perceived that most prominent peaks seemed in the energy region of −1 ∼ −4eV and from
5 ∼ 12eV for X (where, X= Co, Cr, Mn, Ni, Zn) doped NDO. Investigations from PDOS, the peaks are composed of O s, O p, Nd s, Nd p, Nd d
and TM 3d electrons. The variable density of states for each orbit electrons can be ascribed to holes and electrons presented by doping of
transition elements, as in case of Co, Cr, Mn and Ni there are more valance electrons than Nd. For TM substituted NDO, some states credited
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by Co, Cr, Mn, Ni, Zn 3d states, appear in the energy region of −5 ∼ 2.5eV. If we compare with the PDOS of all doped samples in Fig. 6, we
can �nd out that Nd p states and O p states suffer some changes when introducing TM atoms into NDO. The PDOS of all individual atomic
orbitals for all the samples were shown in Fig. 7(a)–(f). The projected density of states of Nd 5d orbitals of NDO and doped NDO samples
were shown in Fig. 8 (a)-(f). Whereas the projected density of states of Co, Cr, Mn, Ni and Zn 3d orbitals of TM doped NDO were shown in
Fig. 9 (a)-(e). These �gures suggest that the Nd 5d, Co, Cr, Mn, Ni and Zn 3d states get divided into t2g (dxy, dyz, dxz) and eg (dz2, dx2−y2)
manifolds. In the presence of asymmetrical �eld, splitting of the d orbitals occurs depending upon the nature of the crystal �eld. In the up-
spin channel, Nd dxy, dyz, dxz, d

z2, dx2−y2 states lie from 1.27 to 12.91 eV in the conduction band for NDO (Fig. 8), while for doped

samples dxy, dyz, dxz, dz2, dx2−y2 states lie from 2.65 to 12.44 eV for NDCoO, from 2.20 to 11.59 eV for NDCrO, from 2.47 to 11.95 eV for

NDMnO, from 2.82 to 12.58 eV for NDNiO, and from 3.25 to 12.72 eV for NDZnO in the conduction band.

The calculated DOS for both spin up and spin down are observed to be asymmetric here and therefore give rise to an enhanced magnetic
moment in TM doped NDO structures as shown in Fig. 6. The changes of Co, Cr, Mn, Ni and Zn 3d states (Fig. 9.) may result in change of
total magnetic moment for doped samples. The total magnetic moment (Mtotal) of all the samples were shown in Table 2. Interestingly, we
have seen an enhancement in net magnetic moments for all �ve TM atoms (Co, Cr, Mn, Ni, Zn) substituted NDO samples and which are
4.14µB (Co doped), 3.00µB (Cr doped), 4.00µB (Mn doped), 2.90µB (Ni doped) and 0.10µB (Zn doped) respectively. To explain the
mechanism of magnetism in each TM atom doped NDO sample we have calculated Nd–O–Nd bond angles (shown in Table 1), and
ultimately which plays a leading role in controlling the magnetism. We have noticed that Nd–O–Nd bond angles are not equal for all doped
samples. Compared with the pristine NDO, we have observed that Nd–O–Nd bond angle changes with small variation after one Nd atom is
being replaced by each of these transition Co, Cr, Mn, Ni, Zn atoms. However, when TM ions are introduced into NDO, the Nd–O–Nd bond
angles decrease clearly. This Nd–O–Nd bond angle is not only having a vital role to control the orbital overlap between Nd and O atoms but
also plays a great role in imposing the strength of magnetic exchange interaction in TM doped Nd2O3. This antiferromagnetic nature in TM

substituted NDO might be due to a strong superexchange interaction of Nd3+ ions via O2− ions [38, 39]. When we substitute Co2+, Cr2+, Mn2+,
Ni2+ and Zn2+ ions in place of Nd3+, effective sizes of Nd-O bond length also decrease due to the smaller ionic sizes of these TM ions, which
might cause a net enhancement of magnetic moments.

There was another explanation of magnetic interactions from the Anderson’s Theory, which was based upon the two superexchange
interactions, kinetic exchange and potential exchange [40]. Antiferromagnetic structure was developed when there was kinetic exchange
between eg electrons, created due to fraternization of the ligand-�eld orbitals with 180° metal–oxygen–metal bond. Whereas ferromagnetic
structure was obtained when exchange of kinetic energy between t2g electrons, on account of the direct exchange interaction among ligand-
�eld orbitals. There was a key role played by dpσ bonds for kinetic exchange but the potential exchange was resulted by rather weaker dpπ
interactions, consequently the kinetic exchange was substantially stronger than the potential exchange [41]. Here in TM doped NDO
samples, we have observed an indirect exchange between neighboring Nd3+ ions, which was actually linked by kinetic exchange between eg
electrons, �nally causes antiferromagnetic ordering in doped samples. After TM doped into NDO, the kinetic exchange between eg electrons
changed and NDO suffer additional distortion which might cause a further decrease in Nd–O–Nd bond angles as represented in Table 1.
Consequently, eg − eg coupling in doped NDO samples originates a strong antiferromagnetic superexchange interaction [32, 42], and was

fragmented so that we get an improvement in magnetic ordering in TM doped NDO samples.

3.3 Optical properties
For the analysis of band structures of solids, optical spectrum and energy-loss of electron excitation spectrum have been extensively used
as in�uential measurement techniques. Over a wide energy range, excitation spectrum was experimentally measured in the form of either
re�ectivity or electron energy-loss function, because most of the interbond transition oscillator strength has been fatigued during that energy
region. It was therefore a regular practice to apply Kramers-Krönig dispersion relations to analyze observed data, considering several optical
parameters likely, the real and imaginary portions of the dielectric constants, refractive index, extinction coe�cient, absorption co-e�cient,
optical joint density of states and the oscillator strength integral [43]. Here in this work the measured optical joint density of states (JDOS) of
the all the undoped and doped NDO structures were shown in Fig. 10(a)-(f). As JDOS is a pointer in the measurement of accessible states
for photons which is interacting in optical emission or absorption procedure, which is restrained as most important part in the measurement
of optical characteristics for sample material [27]. Under the rigorous investigations, at the sharpness of all peaks of all samples, JDOS has
been found to change separately from their position as well as the number of peaks. Here, the number of sharper peaks in case of NDCoO,
NDNiO, NDZnO more than NDO. The extension of JDOS peaks for NDCoO, NDZnO are in greater range and also in number. A cascade of
small but precise peaks in the range 2-8eV for transition element doped NDO be more than those in pure NdO. Around the 2-4eV energy
range, NDCoO, NDNiO, NDMnO, and NDNiO show more possibilities in transitions than NDO. Also, around a higher energy of 6-9.5eV, there
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exists a signi�cant difference in terms of the JDOS among the doped and undoped NDO samples. The TM doped NDO are characterized by
a weighty enhance in the JDOS roundly 2-6eV energy range.

The real part of the complex dielectric function (ϵ1) of all the undoped and doped NDO samples were shown in Fig. 11(a)-(f). The imaginary
part of the complex dielectric function (ϵ2) were shown in Fig. 12(a)-(f) with two in-plane components (x and y) and one out of plane (z)
component. For all the samples, the z-component of ϵ2 appears shifted as compared with the in-plane components. We have noticed a
prominent shift in case of NDCoO, NDCrO, NDMnO and NDZnO. Taking into the consideration of position for in-plane characteristics,
additional distinct peaks at lesser energies between 0-2eV was observed for TM substituted NDO than pure NDO. In the lower energy range,
the peaks of NDCrO and NDMnO are more concentrated together. These results substantiate with the JDOS spectra deliberated in previous
section. The barb in accessible states in Co, Cr, and Zn substituted NDO for transition around the 0-2eV, are also observed by the occurrence
of a sturdier retort in this region by the TM substitution, as compared to pure NDO. Here it is to be noted that, the results discussed here are
constructed on a random-phase approximation (RPA) process as de�ned by Benassi et. al. [26]. This application grounded on a multi-
particle approach and suggests greater precision over simulations with the single particle dielectric tensor [27].

Due to inelastic interactions, electron energy-loss spectroscopy (EELS) becomes an important investigation of the electron energy embryonic
distribution from a provided sample. An EELS spectrum covers an important information about the specimen atoms. In addition, we get their
electronic structures, bond-states, nearest neighbors’ distributions, coordination numbers, dielectric constants, and band gaps from EELS.
Depending on the energy lost in different energy regions [44], the above characteristics are observed in different prepared samples. Here the
theoretical EELS counts were depicted in Fig. 13(a)-(f), displayed the maxima for the NDO at 2.36, 2.66 and 3.15eV for the x, y and z
components respectively. For NDCoO the x, y and z components respectively observed at 9.48, 9.77 and 9.87eV; for NDCrO 2.67eV, 2.32eV,
and 3.16eV; for NDMnO 2.71eV, 2.53eV, and 3.60 eV; for NDNiO 2.69eV, 6.58eV, and 3.51 eV; for NDZnO 1.12eV, 1.15eV, and 1.53eV.

Furthermore, optical properties of pure and doped NDO samples are examined from the analysis of different parameters such as refractive
index n(ω), absorption coe�cient α(ω), extinction coe�cient k(ω), re�ectivity spectrum R(ω). Here from Fig. 14(a) for refractive index n(ω)
we have noticed that the shape of the curves changes prominently after the incorporation of transitional metal atom into the pristine NDO.
For undoped NDO the refractive index was 9.5 at 0.30 eV. Whereas in case of NDCoO n(ω) was 2.8 at 0.85 eV, for NDCrO n(ω) was 14.5 at
0.45 eV, for NDMnO n(ω) was 5.0 at 0.47 eV, for NDNiO n(ω) was 5.1 at 0.42 eV and for NDZnO n(ω) was 5.8 at 0.05 eV. We have seen that
there has been a nice tuning of n(ω) between the energy range 0-3 eV and the value of n(ω) was decreased due substitution of transitional
elements (Co, Mn, Ni, Zn) except Cr. Such kind of observation suggests that the doping of transitional atoms deliberately change the nature
of refractive index, which may �nally result to manipulate the desired optical properties in doped NDO samples. Fig. 14(b) shows the
absorption coe�cient α(ω) of all the samples. Form Fig. 14(b) we have noticed that the prominent peak for pure NDO was at 0.34 eV, while
for NDCoO, NDCrO, NDMnO, NDNiO, and NDZnO respectively were at 0.42 eV, 0.46 eV, 0.78 eV, 2.03 eV and 0.73 eV, i.e., within the region of 0-
2 eV. Thus, we might say that absorption peaks position and intensity change slightly when we introduced transitional elements inside pure
NDO. The re�ectivity spectrum R(ω) of undoped and doped samples was shown in Fig. 14(c), and from that particular �gure we have
detected that the shape and positions of the re�ectivity curves changes signi�cantly. The highest re�ectivity peaks were situated between 1-
3 eV region. The changes among the re�ectivity’s of doped NDO samples are very prominent than pure NDO. Fig. 14(d) shows the extinction
coe�cient k(ω) of all the samples. It was noticed that peaks of extinction coe�cient for transitional atom doped NDO samples move
towards low energy region compared with pure NDO, and the intensities are also stronger than pristine NDO. Therefore, we might have a
good modulation of optical properties due to the incorporation of TM atoms inside of pure NDO.

4. Conclusions
In short, we have done a broad DFT analysis of the structural, electronic, magnetic and optical properties of TM substitution in neodymium
sesquioxide structures, replacing a Nd atom by a TM (Co, Cr, Mn, Ni and Zn) atom. The electronic effect of various TM substitution in NDO
has been studied computationally and enhancement of total magnetization has been detected in doped NDO structures with Co doping
shows the maximum magnetization. The DOS and PDOS calculations of all the optimized structures recommend a P63/mmm evenness in
all samples and there is no severe change in the structure except the lattice parameters and cell volumes. The DOS calculations
correspondingly specify the enhanced magnetic properties in all the doped samples. We have examined the fact that the optical parameters
were remarkably in�uenced in low energy region due to transitional atoms substitution in pristine NDO system and it might be very effective
for the modi�cation and manipulation of optical as well as electronic properties in RE NDO for optoelectronic applications. Such a detailed
theoretical analysis within DFT framework by using QE might be accommodating in the future experimental prospect of RE sesquioxides
and their technical applications.
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Figures

Figure 1

Structural models of (a) pristine NDO; transition metal doped NDO (b) NDCoO, (c) NDCrO, (d) NDMnO, (e) NDNiO, and (f) NDZnO.

Figure 2

Charge density distribution (CDD) of (a) NDO, (b) NDCoO, (c) NDCrO, (d) NDMnO, (e) NDNiO, and (f) NDZnO.

Figure 3

Electron localization function (ELF) of (a) NDO, (b) NDCoO, (c) NDCrO, (d) NDMnO, (e) NDNiO, and (f) NDZnO [Plotted using VESTA software].

Figure 4

The comparative study of calculated electron band structure along the high symmetry K points in the Brillouin zone in (a) NDO, (b) NDCoO,
(c) NDCrO, (d) NDMnO, (e) NDNiO, and (f) NDZnO.
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Figure 5

Calculated density of states (DOS) of undoped and transition metal doped NDO (a) NDO, (b) NDCoO, (c) NDCrO, (d) NDMnO, (e) NDNiO, and
(f) NDZnO.

Figure 6

Total density of states (TDOS) and projected density of states (PDOS) of undoped and transition metal doped NDO 1×1×2 superlattice, (a)
NDO, (b) NDCoO, (c) NDCrO, (d) NDMnO, (e) NDNiO, and (f) NDZnO.

Figure 7

PDOS (s, p, d - spin up and spin down) of (a) NDO, (b) NDCoO, (c) NDCrO, (d) NDMnO, (e) NDNiO, and (f) NDZnO.

Figure 9

See image above for �gure legend.

Figure 10

The calculated joint density of states (JDOS) of (a) NDO, (b) NDCoO, (c) NDCrO, (d) NDMnO, (e) NDNiO, and (f) NDZnO.
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Figure 11

The calculated real part of the complex dielectric function of (a) NDO, (b) NDCoO, (c) NDCrO, (d) NDMnO, (e) NDNiO, and (f) NDZnO.

Figure 12

The calculated imaginary part of the complex dielectric function of (a) NDO, (b) NDCoO, (c) NDCrO, (d) NDMnO, (e) NDNiO, and (f) NDZnO.

Figure 13

The electron energy loss spectra of (a) NDO, (b) NDCoO, (c) NDCrO, (d) NDMnO, (e) NDNiO, and (f) NDZnO.

Figure 14

The calculated optical parameters: (I) the refractive index n(ω), (II) the absorption coe�cient α(ω), (III) the re�ectivity spectrum R(ω), (IV) the
extinction coe�cient k(ω), of (a) NDO, (b) NDCoO, (c) NDCrO, (d) NDMnO, (e) NDNiO, and (f) NDZnO.
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