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ARTICLE INFO ABSTRACT
Keywords: The praseodymium-based double perovskite compound with the composition of ProCoFeOg has been reported for
PryCoFeOs the very first time. The solid-state reaction technique was used for the synthesis of the ProCoFeOg compound. The

Structural property
Electronics property
Photoluminescence
Dielectric property
Magnetic property

structural, magnetic, vibrational, dielectric, and luminescent properties of ProCoFeOg double perovskite have
been investigated by X-ray diffraction, Ultraviolet-visible (UV-Vis) spectrophotometer, photoluminescence,
vibrating-sample magnetometer, Raman spectroscopy, and density functional theory calculations. From the X-ray
analysis, it is noticed that the compound crystallizes in orthorhombic structure within the Pbnm space group. It is
also noted that the calculated lattice constant and Wyckoff position values are in good agreement with the
experimental results. X-ray photoelectron spectroscopy validated the valence states of Pr, Co, and Fe, revealing
the presence of Pr°* and Pr*t, Co?" and Co®*, as well as Fe>* and Fe*'. The semiconducting nature of the
prepared compound was identified with UV-Vis analysis and the obtained energy gap value of 2.73 eV is also
quite consistent with the theoretical predictions. The Photoluminescence spectrum revealed two emissions (blue-
green) caused by transitions of 3P0—>3H4, 3P0—>3H5, and 3P0—>3H6, which are mostly due to the contribution of
Pr3* ions. The dielectric property is characterized by varying frequencies in the range from 1 kHz to 1 MHz when
the temperature changes from 423 to 563 K. We demonstrate, for the first time, that the magnetic properties are
ferromagnetic. The magnetization behavior of the title compounds exhibits the ferromagnetic nature. The M-T
curve at 2k Oe for ProCoFeOg indicates a decline in magnetization with increasing temperature, revealing a Curie
temperature at 562 K, signifying the loss of ferromagnetic property due to FM-AFM ordering interplay. With the
tailored properties, therefore, this compound is a potential candidate for application in data storage devices and
light-emitting diodes.
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1. Introduction

Perovskite (ABO3) materials have advantages for new functional
materials and accommodate a wide range of element substitutions [1].
These materials reveal interesting magneto-resistance [2], supercon-
ductivity [3], and ferroelectricity [4]. At present, double perovskite
materials based on transition metals attract peculiar attention [5-10], in
particular BisFeMnOg [11], LagFeMnOg [12] and LasNiMnOg [13],
because of their magneto-electric properties. The praseodymium cobalt
oxide-based materials have attracted much attention for catalysis and
LED applications [14]. Recently a few research works have been carried
out on praseodymium with transition metal oxide double perovskite
[15-19] for multifunctional applications. Nibedita Das et al. [15] re-
ported that the ProFeCrOg compound was found orthorhombic structure,
ferromagnetic nature at room temperature and magnetic transitions
occur under the below 250 K. Zhongqi Dong and Suhua Yin et al. [16]
investigated the crystal structure, microstructure, and magnetic
behavior of the RE;FeCoOg (RE = Er and Gd) compounds. They reported
that these compounds possess a single-phase structure and Gd,FeCoOg
compound considerable for cryogenic magnetic refrigeration. G. R.
Haripriya et al. [17] investigated the temperature-dependent structural
studies on AyFeCoOg (A= Dy, Eu, Sm, and Ho) compounds, Dy»FeCoOg
and Ho,FeCoOg exhibited mixed phases of orthorhombic with mono-
clinic, but SmyFeCoOg and EuyFeCoOg compounds exist as single phases
with orthorhombic structure. Moumita Das and Prabhat Mandal [18]
have investigated the magneto-dielectric, magneto-caloric, and mag-
netic properties of the HopoFeCoOg compound. They have observed spin
reorientation transitions at ~45 K and Neel temperature at ~ 270 K.
Under the applied magnetic field, they identified the high non-linear
difference of the dielectric constant at low temperatures. G. R. Har-
ipriya et al. [19] investigated the ordering of magnetic phase transitions
of SmyFeCoOg and DyyFeCoOg compounds. They reported that the
disordered double perovskites of these compounds exhibit spin
re-orientation at ~86 K and magnetic transition found at ~210 K. These
both (SmyFeCoOg and Dy,FeCoOg) compounds exhibited first-order spin
re-orientation. The electronic and structural properties of PryCoFeOg
have been investigated by XPS, Raman, and XAS spectrum analysis at
300 K [20]. It is reported that the Co and Fe ions exhibit + 3 oxidation
states, which are turning to form the B-site disordered of this compound.
Further XPS spectra identified that Pr ions yielded the trivalent valence
states and not presented electronic states at the Fermi level. HaoWu
et al. [21] reported ProCoFeOg to have non-toxic, low cost, excellent
thermal stability, and thermoelectric properties. It is an interesting and
significantly expanded research for industrial application. This com-
pound exhibits a narrow band gap with a p-type semiconductor. Based
on the literature, there is no reported solid-state reaction technique
utilizing ProCoFeOg preparation and a combination of experimental and
theoretical results of structural, electronic, and magnetic properties,
dielectric, and luminescence behavior. It has motivated us to investigate
structural, Raman, luminescence, magnetic, dielectric, and electronic
properties of the ProCoFeOg compound by combining experimental and
theoretical methods. In the present work, we have the synthesis and
characterization of X-ray diffraction, UV-vis, photoluminescence, and
Raman spectroscopy of the ProCoFeOg compound.

2. Synthesis and characterization
2.1. Preparation of PraCoFeOg

PrgO11, Co304, and Fe;O3 were used as starting materials to make the
bulk PryCoFeOg material. The mixture of starting ingredients was first
pre-calcined at 900 °C in the air. The motivation of the pre-calcined
temperature is to easily remove the impurities from the pristine mate-
rial. The oxides were then blended, and crushed and stoichiometries
ratios were placed in an alumina crucible. To get a homogenous mixture,
the mixture was heated several cycles in the air at 1000 °C and 1200 °C
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with different intermediate grind steps and then collected samples.
2.2. Characterizations

Using the X-ray diffraction technique, the crystal structure of the
prepared ProCoFeOg compound has been analyzed and Rietveld refine-
ment has been performed by FULLPROF software [22]. For the exami-
nation of morphology, the Bruker Scanning Electron Microscopy (SEM)
apparatus was used to produce the emission scanning electron micro-
graphs and Energy Dispersive X-ray (EDX) analysis data. The UV ab-
sorption spectrum (Shimadzu UV-2600i with ISR-2600 plus
UV-VIS-NIR spectrophotometer) has been used to analyze the absorp-
tion behavior. The Raman spectrum has been taken by the Mono Vista
CRS+ Raman microscope system with excitation wavelength 532. The
oxidational compositions and chemical valence states of the examined
samples were analyzed using X-ray photoelectron spectrometry (XPS)
with an ESCALAB 220i-XL instrument manufactured by VG Scientific.
The photoluminescence (PL) spectrum was measured by Omni Chrome,
Model 532-MAP USA with an Argon ion laser. The magnetic properties
have been studied in the Lakeshore VSM 7410 S instrument. The
dielectric measurements have been carried out by N4L PSM1735
Numetriq (Phase sensitive multimeter) — LCR Active Head (N4L) in the
frequency from 10 Hz to 1 MHz.

2.3. Computational method

The electronic structure calculation of the PryCoFeOg has been
investigated by the Vienna Ab initio Simulation Package [23]. The
Generalised Gradient Approximation (GGA) has been used for the PBE
exchange-correlation function [24]. The electronic configurations
explicitly used in the computations were as follows: Pr_3 — [Xe] 6 s 4 {5
Co_sv-3d84s! ;Fe_sv-3d” 4 sh,o-2¢? 2p4. The symbol _sv represented
s electrons, which treated semi-core s states as valence electrons. The
symbol _3 indicates valence electron, most of the rare earth compounds
adopt a valence state 3, and the remaining f electrons are placed in the
core. An interaction between core and valence electrons is treated by a
projector augmented wave method (PAW) [25] and electronic wave
functions are expanded with the cut-off energy 650 eV. The 6 x 4 x 6
k-point mesh was selected for the Monkhorst-Pack scheme [26]. The
total energy was set to be less than 107® eV/atom for self-consistent
convergence and the highest force on the atom was set to be less than
0.01 (eV/Z\). The volume and atomic coordinates are fully optimized.
For the ferromagnetic calculations, we have selected spin-polarised
options. The GGA+U coulomb corrections have been used to calculate
the electronic density of states. The transition metals and rare earth
elements are strongly correlated d electrons, it is required to improve
descriptions instead of GGA. This correction is solved by DFT+U [27,
28]. In general, DFT energy functional approximations (LDA and GGA)
are corrected by additional terms of effective onsite electron-electron
interaction using the Hubbard model (U) [29,30]. This is one of the
common methods to determine the appropriate U value to compare the
band gap for the set of U values with the experimental band gap. Thus,
we find the suitable U parameter for the Pr, Co, and Fe atoms by
increasing the U parameter. Within the GGA+U approach, the band gap
increases with the increase of the U parameter, confirming the fact that a
Hubbard-like correction term (U) substantially improves the accuracy of
the calculated band gap. Finally, the obtained accurate gap with U = 14
eV, which is 90% agreement with our experimental results.

3. Results and discussion
3.1. Structural property
The structural properties of the ProCoFeOg sample have been

analyzed by powder X-ray diffraction (XRD) data and fitted with Riet-
veld refinement using FULLPROF software. The XRD and Rietveld
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refinement data are presented in Fig. 1. This figure shows that the sharp
peaks in the XRD result concluded that the compound exhibited a single
phase of orthorhombic structure with the Pbnm space group. Further,
electronic structure calculation has been performed in ferromagnetic
ordering spin polarised calculations. The experimental and simulated
lattice constant and atomic coordinates are presented in Table 1.

It shows that both results are a good match with each other. The
Wyckoff position of this structure observed that Pr and O1 atoms occupy
in 4c sites, Fe/Co atoms are located at the 4a site and the O2 atom oc-
cupies in 8d position [31]. Its crystal structure is presented in Fig. 2. The
Goldschmidt tolerance factor (Tg) [32] is used to identify the structural
stability along with the tendency for structural deformation, which can
be predicted by the following relation,

Rp: + Ro

T =———
S \/E[Rc,,;rkr[ + Ro]

(€Y

Where, Rp;, Rco, Rre, and Ro represent ionic radii of Pr, Co, Fe, and O
ions [33] respectively. The calculated Tf value was observed to be 0.90,
attributed to the influence of varying ionic radii of Co and Fe ions as
indicated by the XPS data [34]. Further, the width of the XRD peaks is
directly related to the size of the crystalline nature. The broadened and
strong nature of the XRD pattern concluded crystalline behavior. Its
crystallite size has been calculated by the Debye-Scherrer relations as,

D= 0-94\/p cosd 2

Where D represents the average crystallite size, A stands for the CuKa
radiation wavelength, p stands for full-width half maximum (FWHM)
and 0 represents the Bragg angle. The estimated average crystallite size
is 52nm. Our synthesized PryCoFeOg double perovskite exhibited
single-phase orthorhombic (Pnma) with a disordered structure as
confirmed by X-ray diffraction spectroscopy. Due to the disordered
orthorhombic structured ProCoFeOg compound turning the + 3 valence
state at B-site (Co and Fe) ions, which is confirmed by Pal Arkadeb et al.
[20] result. It is suggested that they investigated the ProCoFeOg com-
pounds by XRD, Raman spectroscopy, XPS, and XAS spectra and
compared the results with theoretical ones.

3.2. Morphological analysis

The morphology of the PryCoFeOg compound has been analyzed by
Scanning electron microscopy (SEM). The Energy Dispersive X-ray
(EDX) is used to identify the presence of each element. The SEM image
and EDX spectrum of the ProCoFeQOg are presented in Fig. 3. The SEM
image depicts that agglomerated tiny particles are uneven in shape and
size. The aggregation of the particles is attributed to the solid-state re-
action at very high temperatures [35]. The EDX data is presented in
Table 2, it reveals that these chemical compositions are near to the
nominal one and it is very close to the stoichiometry of ProCoFeOg. The
EDX data further confirm the successive synthesis of the ProCoFeOg.
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Fig. 1. Rietveld Refinement of the Pr,CoFeOg compound.
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3.3. Raman spectroscopy

The vibration properties of the ProCoFeOg compound have been
characterized by Raman Spectroscopy as presented in Fig. 4. From this
Raman spectrum, it shows that the peaks are observed at 637 cm™?,
which exhibits a strong phonon and corresponds to the octahedral
symmetrical stretching of BOg. The peak at 640 cm ™! is assigned to the
asymmetric stretching, vibration in BOg octahedral. At a wavelength
range of 524 cm ™! assigned as bending and anti-stretching. An octahe-
dral bending appears at 414 cm ™}, which is due to the Pr>" ion move-
ment of the x and z plane and outer phase tilt along the x-axes with Pr°*
and apical 0% move in x and z planes respectively. A single mode at a
high region (1261 cm™?) is presented, which corresponds to a combi-
nation of bending, symmetrical stretching, and symmetrical stretching
overtone. There are lots of difficulties in lack of intensity bands, over-
lapping of the bands, and instrumental poor resolutions observing all the
expected modes in polycrystalline samples. Since experimentally we
have achieved six first and second orders Raman modes, it is strong
evidence that ProCoFeOg belongs to the orthorhombic Pbnm symmetry.
Further group theory analysis has been performed in this compound,
and it shows that PryCoFeQg confirmed orthorhombic structure with
Pbnm space group, its point group is D21, and total and projected irre-
ducible representations are given in Table 3. The PryCoFeOg compound
has 10 atoms per molecular formula and its unit cell is Z = 2, which
means 20 atoms are presented per unit cell. Each atom has three degrees
of freedom. Totally obtained 60 numbers of irreducible representations
as given below,

Tiow=7Ag+8A,+ 5B o+ 10B;, + 7By, + 8By, +5B3, +10B3,,

The total numbers of modes (60) are further divided into two groups
acoustic (3) modes and optic modes (57) as given below,

Facoustic=B1 ut+B2y+B3y and
FopliC: 7Ag+8Au+5B1 g+9B1 ut7B2 g +7B2 ut+5B3 g+9B3 u

Finally, it exhibited 24 Raman-active modes (7Ag 4+ 5B1 ¢ + 7B2 ¢ +
5B3¢) and 25 IR modes (9B; y + 7B2y + 9B3 ).

3.4. X-ray photoelectron spectroscopy

The PryCoFeOg¢ compound underwent analysis of its elemental
composition and valence state through an XPS study, with the findings
depicted in Fig. 5. The wide-spectrum confirmation of elements such as
Pr, Co, Fe, and O in the compound indicates the absence of any addi-
tional or impurity phases. From Fig. 5b, Examining the Pr 3d spectrum in
XPS revealed two peaks at approximately 930 eV for Pr 3ds,» and
959 eV for Pr 3ds,, in the PryCoFeOg compound, aligning closely with
literature values [32]. Deconvolution of the Pr 3ds,, peak disclosed two
sub-peaks at 930.2 eV and 959.6 eV, corresponding to the presence of
Pr’* and Pr** ions in the compound [11]. The oxidation state of Co in
the ProCoFeOg compound was deduced from the high-resolution Co 2p
spectra. Fig. 5Sc illustrates the fitted XPS spectra, showing spin—orbit
components, Co 2ps,2, and Co 2pj /3, at binding energy values of 781 eV
and 796 eV. Deconvolution of the Co 2p3,; peak in the ProCoFeOg
compound revealed two peaks at 774.5 eV and 782.5 eV, indicating the
coexistence of Co®t and Co®* ions [10]. Additional satellite peaks at
786.6 and 804.3 eV were identified. The ratio of Co?*:Co®' in the
PryCoFeOg compound is determined to be 79:21 by using these decon-
voluted peak areas. Fig. 5d displays XPS Fe 2p core level spectra for the
PryCoFeOg compound. According to the spin-orbit coupling rule, the Fe
2p core level exhibited doublet peaks for Fe 2ps,, and Fe 2p;, at
binding energies of approximately 711 and 725 eV, respectively. An
additional satellite peak was observed at around 719 eV in the PryCo-
FeOg compound. Deconvolution of the Fe 2ps,, peak revealed two
sub-peaks at approximately 709.4 eV and 711.4 eV, indicating Fe>* and
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Table 1
The lattice constant and Wyckoff position of the Pr,CoFeOg compound.
Lattice constant (A) R, Rup Rexp %2 Wyckoff position
A b c x y z
5.439 7.688 5.456'" 33.8 18.5 8.24 5.04 Pr (4c) 0.4696 0.25@ 0.00®
5.435" 7.703" 5.488 0.4581" 0.2436" 0.9910"
Co/Fe (4a) 0.00» 0.00" 0.00")
01 (4¢) 0.0755'” 0.25 0.0604
0.0089" 0.2459 0.0687"
02 (8d) 0.2780° 0.9510° 0.2174®
0.2876"" 0.9602" 0.2119®

@ Present experimental work,
® present theoretical work

OPr
© Co
O Fe

Fig. 2. The crystal structure of the Pr,CoFeOg compound.

Fe*" oxidation states in the PryCoFeOg compound [35]. Using these
deconvoluted peak areas, the ratio of Fe3*:Fe** in the ProCoFeOg
compound is found to be 77:33. Fig. 5e illustrates the O 1 s XPS peak of
the Pr,CoFeOg compound, with the spectra fitting well into a single peak
at 531.57 eV. The 531.57 eV binding energy is referred to as a shoulder
peak, arising from chemisorbed oxygen species on the sample surface
[10].

3.5. Optical, electronic and magnetic properties

The absorption behavior of the PryCoFeOg compound has been
investigated by UV-vis absorption spectroscopy from 220-1000 nm
ranges presented in Fig. 6. It shows that absorption peaks are detected at
246 and 370 nm. These peaks are due to the band transition from the
valence band (Oyp) to the conduction band (Fesq). The optical band gap
(Eg) has been estimated by Tauc’s relation [36],

(0Ep) = C (B, - Eo)™ (€))

Where E,, (E, = hv) denotes the incident photon energy, C denotes
the probability of the transition constant, and m specifies the optical
absorption transition nature. As shown in Fig. 6, the calculated band gap
of the prepared samples is 2.73 eV. It depicts that this material exhibits a
semiconductor nature.

cps/eV

The electronic behavior of ProCoFeOg compounds with Ferromag-
netic (FM) ordering was carried out theoretically. The calculated spin
polarised total and projected density of states of electron and charge
density contour are presented in Fig. 7. The band gap value is equal to
2.3 eV which is in agreement with our experimental measurements.

Table 2
EDX data of the ProCoFeOg compound.
Element Mass Norm. (%) Atom (%)
Pr 49.67 12.81
(0] 33.72 76.61
Fe 9.63 6.27
Co 6.99 4.31
Total 100 100
637 === Experimental
[ 2] Lorentzian

—o— Calculated

Intensity (a.u)

T ) T
200 400 600 800 1000 1200 1400

Raman Shift (cm™)

Fig. 4. Raman-active region of the ProCoFeOg compound.

L 3
3 4 5 6 7 8 9 10
Energy [keV]

Fig. 3. SEM image with 20 um field of view and EDX pattern of the Pr,CoFeOg compound.
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Table 3

Each atomic contribution of an irreducible representation, site symmetry, Raman, and IR active modes of the ProCoFeOg compound.
Atom Wyckoff sites Symmetry Irreducible representations Raman active IR active
Sr 4c Cs 2Ag + Ay +B1g + 2B1y + 2Bag + 2Bay + B3g + 2B3y Ag, By g, Bag, B3g B1u B2y, B3y
Co(Fe) 4b G 3A, + 3By 4 + 3By + 3B3y None Biw Baw Bsu
01 4c Cs 2A; + Ay +B1g +2B1y +2Bag + 2By + Bag + 2B3y Ag, By g, Bag, Bsg By uw B2y, B3u
02 8d C 3Ag + 3A, + 3By g + 3By y + 3Bag + 3By, + 3Bsg + 3Bsy Ag Big Boyg Bayg Biw Bauw B3y

Survey ——Pr3d
(a) (b) Prad
n

— - Pr3d,,
Y -]
S s
- Plb
> .? Pr '
7] 0
c c

960 950 940 930 920

0 100 200 300 400 500 600 700 800 900 1000 L

o Binding energy (eV)
Binding energy (eV)

(c) —-—Co2p (d) Fe 2p,, (e) O1s
3 _ 3
s > L
Z 2 2
z i ¢
$ £ g
£ £

e 780 %0 800 810 820 745 710 7:'55 7:'50 7;5 7;0 7:5 7:0 755 750 635 525 530 535 540

Binding energy (eV) Binding energy (eV) Binding energy (eV)

Fig. 5. (a) XPS wide spectrum and deconvolution peaks- (b) Pr 3d, (c) Co 2p, (d) Fe 2p, and (e) O 1 s of the synthesized ProCoFeOg compound.
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Fig. 6. UV-Vis absorbance spectra (left side) and Tauc plots of (ahv)? versus photon energy (hv) (right side) of the Pr,CoFeOg compound.

Further, this figure shows ferromagnetic spin alignment ordering. O p
states are the main contributors to the valence band, while unoccupied
Fe d, Co d, and Pr d states dominate near the bottom of the conduction
band. The charge density contour indicates that the Co-O, Fe-O, and Pr-
O bonds are mainly ionic. It shows that absorption peaks are detected at

246 and 370 nm. These peaks are due to the band transition from the
valence band (O2p) to the conduction band (Fe3d). This is well agreed
with our calculated electronic partial density of states and charge den-
sity contour.

The magnetic behavior of the PryCoFeOg compound at room
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Fig. 7. The electronic density of state and charge density contour of the ProCoFeOg compound.

temperature has been analyzed by using the M-H hysteresis curve and a
zoomed view of the M-H curve also presented in Fig. 8. From the figure,
the M-H hysteresis curve observed retentivity (Mr), coercivity (Hc) and
Magnetization (Ms) values are 0.0013 emu, 1322.9 Oe, and 0.0083 emu
respectively. The Curie temperature (Tc) is 562 K, which is obtained
from the dielectric constant versus temperature in Fig. 12. The
maximum dielectric constant at temperature is the Curie temperature.
These values show that PrpCoFeOg exhibited weak ferromagnetic
behavior at room temperature due to larger saturation magnetization.
This ferromagnetic nature is confirmed by theoretical data. Each atomic
contribution of the magnetic moment is presented in Table 4. It shows
that Fe and Co atoms make the magnetic moments as 6.34 pp for Fe and
1.36 pp for Co atoms. The calculated net magnetic moment is ~8 pg,
which is in good agreement with our experimental (VSM) result. Un-
expectedly, we found a weak ferromagnetic nature and it may be un-
compensated surface spins associated with large surface areas and its
orientation can even exist at room temperature [33].

The magnetization property of materials in a distorted system can be
influenced by the structural changes or distortions that occur in the
crystal lattice or molecular arrangement. When a material undergoes
distortion in its crystal structure, it can impact the magnetic properties
of the compound in ways such as magnetic anisotropy, changes in ex-
change interactions, electronic structure change, magnetic frustration,
and domain structure. Understanding the interplay between crystal
structure, electronic configuration, and magnetic interactions is crucial
for predicting and controlling the magnetization properties of materials
in distorted systems. In the present work, it is noticed that the ProCoFeOg
compound has been formed in a distorted orthorhombic structure.
Further, there is a buckling in the position of Pr has also been noted due

0.010
=== Pr CoFeO
2 6 o
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o
0.005 « o
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#
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Yo oSes
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1 “o A o 7
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= ) Joot: » ////
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o S /S
“4‘ = /, ]
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X vnm:;rLA__—-—
-5000 ~2500 2500 5000
H (Oe)
-0.010 T T T T
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H (Oe)

Fig. 8. Room-temperature magnetization curves of the ProCoFeOg compound.

Table 4
Projected magnetic moment of the Pr,CoFeOg compound.

Tons Magnetic moment (i)

s P d Total
Pr 0.004 0.008 0.026 0.042
Co 0.008 0.008 1.35 1.365
Fe 0.026 0.024 6.298 6.348
01 0.04 0.35 0 0.39
02 0.06 0.42 0 0.48

to the analysis of the Wyckoff position of individual elements, which
leads to the strong interplay of magnetic force of attraction between the
intermediate layers in the ProCoFeOg compound. While considering the
ferromagnetic nature of Co and Fe, the intermediate combination Pr-O
and Co-Fe layers enhances the anti-spin alignment on their domain
and so the net magnetic moments of the prepared compound get
reduced.

To further assess the magnetic characteristics of the ProCoFeOg
compound, we examined an M-T curve under a magnetic field strength
of 2k Oe. Analysis of Fig. 9 reveals a decline in magnetization as tem-
perature increases. The temperature-dependent reciprocal magnetic
susceptibility (Xfl) is fitted by the Curie-Weiss (CW) law, as expressed
by Eq. (4):

T-0,

—1
x (T) ol @

where C stands for the CW constant and 6, represents the CW temper-
ature and it can be determined by setting y *(T) = 0. Notably, an
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Fig. 9. M-T curve for ProCoFeOg compound at 2k Oe field.
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extrapolation line intersects at 562 K, indicating the presence of the
Curie temperature at this point. Concurrently, the susceptibility and
inverse susceptibility values on the y-axis also intersect around 562 K.
This suggests that beyond this temperature, the material forfeits its
ferromagnetic property, which arises from the interplay between
ferromagnetic (FM) and antiferromagnetic (AFM) ordering.

3.6. Photoluminescence

The luminescence behavior of the Pr,CoFeOg has been studied using
the photoluminescence spectrum as shown in Fig. 10. This figure
observed a broad excitation band at 350 nm, which is due to the tran-
sition of 4 f—»3d transition and strong excitation peaks observed be-
tween 300 nm and 400 nm due to 4 f—3d transition from intra-
configuration of Pr’" ions. The PL spectrum consists of four narrow
bands, which is characteristic of Pr3* jons in the region of 300 to
400 nm, it is connected with the 1G4—>1D0, 3H4 —>3P2, 3H4 —>1D2 and
116—>150 transitions [34], which is due to the crystal-field effects [34,37].

An emission peak is presented at 532 nm due to the transition
3py—3Hs. The energy level diagram of an emission process in ProCoFeOg
is schematically provided in Fig. 11, it exhibits the main observed
radioactive transitions in the system. The 1G4—'Dy and 3H; —°P,
transitions are presented at 332 and 350 nm peaks respectively. Tang
Wei et al. [38] recently observed a single blue-green emission from the
3p, level. The electrons non-radioactively cross over to the 1Dy level as a
result of total quenching of the 3P, level emission due to the tight
coupling between the virtual intervalence charge transfer and the 3Py
level at room temperature [39,40]. The figure shows the emission
spectra of pret phosphors excited at 350 nm at concentrations ranging.
Three manifolds of the 3P;—3H, level are responsible for the violet
spectral lines detected at 412, 436, and 468 nm. The green spectral lines
seen at 532 nm are assigned to the 3p,—3Hs level, while those shown at
584 and 596 nm are related to the 3Po—>3H6 level manifold [38]. The
3P0—>3H5 transition’s green emission appears brighter than the 3P1—>3H4
and P,—3H, transitions blue emission. This is in contrast to what has
been observed in other oxide phosphors such as CayZnWOg: prit,
Y,Mo401s5: Pr®™ and LiLaMgWO: Pr3* [41,42], where the emissions due
to 3Pg—°>Hs transitions are substantially stronger than those owing to
3py—3Hs. The presence of emission due to the transition from the 3p, to
F levels may indicate that the virtual charge transfer state is positioned
in such a way that it is unable to entirely quench this emission in this
case. Because multi-phonon relaxation is inefficient, emission from the
1D, level was more difficult to achieve. The energy gap between the 3P
and the next lower lying level, the D, is about 4000 cm™! which is
larger than the host lattice’s low-phonon energy and the strong emission

El
£
2
:
Ny
=S |
L]
~
2
0
c
Q
-
£
-l
o

450 500 550 600
Wavelength (nm)

Fig. 10. Photoluminescence emission and excitation spectra of the PryCo-
FeOg compound.

Materials Today Communications 38 (2024) 108120

& l
15,
P,
Py Mg
Sllo
.DI

436 nm
468 nm
491 nm
532 nm
584 nm
596 nm

Fig. 11. Energy level diagram of the Pro,CoFeOg compound.
lines are related to Pr3" ion transitions originating from the 3P level.

3.7. CIE chromaticity diagram

Using the CIE color chromaticity diagram, we have determined the
primary emission color of the ProCoFeOg compound with the help of the
photoluminescence spectrum. The color matching is necessary to
determine the color of the light source. The color mixing functions are
listed below and it simulates a certain spectral power (P (1)) [43].
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These x, y, and z indicate tristimulus systems; this is based on the
three basic colors: green, yellow, and red. The mixing of these colors
reproduces the tone of a certain spectral power density (P). This may be
useful to generate a phosphor’s chromaticity coordinates of x and y [44].
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The CIE Chromaticity system employs some brightness parameters
such as Y and other two-color coordinates (x and y) and it defines the
mixing of colors, these coordinates correspond to points on the chro-
maticity diagram. From the CIE diagram, the color triangle is made by
mixing three basic colors (blue, green, and red). The calculated CIE
Chromaticity diagram of PCFO is presented in Fig. 12, it shows that the
color spectrum formed around the color space, and it contains all visible
colors. Moreover, it shows that PCFO compounds exhibited blue-green
emission as indicated in black dotted points. Computational chroma-
ticity coordinates x =0.210 and y = 0.252 for the PryCoFeOg
compound.

3.8. Dielectric properties

The dielectric properties of the ProCoFeOg compound as a function of
frequency at different temperatures have been investigated as shown in
Fig. 13. The study of dielectric behavior is mainly used to find the
polarising nature of the materials. This figure shows that both dielectric
constant and loss factor drop with increasing frequency. It indicates that
this compound exhibits polar dielectric in nature. At higher
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Fig. 12. CIE color phase diagram of the Pr,CoFeOg compound.

temperatures, an accumulation of charge carriers takes place in the grain
boundaries and the hopping process requires more energy. Therefore, its
permittivity is very high [45,46], whereas this value increases with an
increase in the temperature, it does not show any dielectric anomaly in
the measured temperature range. This is a similar kind of
frequency-dependent on dielectric performance found in many ferro-
electric ceramics [47,48]. The dielectric dispersion obtained by lack of
invariance translation in free energy barriers of ion diffusion. The
dielectric constant exhibits due to the mixing of valence state of Co and
Fe ions with two different cations ordered at the B site and this is caused
by oxygen vacancies created during sample synthesis and sintering
owing to incomplete oxidation. The underlying mechanism is enhanced;
the hopping electrons due to mixed valence reduce the resistance in the
grains, which causes electrons to reach the grain boundaries and
generate dipoles as well as polarization. There are other possibilities
where observed relaxation in this system could be related to the elec-
trical inhomogeneity, in which the charge carriers in the grains are
imprisoned by the high potential of grain boundary areas. It can be
viewed as a very thin capacitor and it has a large dielectric constant.
Further, the dielectric constant is nearly constant at the high frequency;
it shows a rapid polarisation process with no permanent drastic elec-
tronic hopping towards the field direction. The dielectric constant and
dielectric loss as a function of temperature at different frequencies have
been studied and presented in Fig. 14. The figure shows that The value of
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dielectric constant and loss is increased with increasing the temperature
up to ~500 K for different frequencies and above the 500 K decreases.
That maximum of the dielectric constant at a temperature is called Curie
temperature. Further, Based on the two-layer model proposed by
Maxwell and Wagner, dielectric materials with non-uniform structures
are thought to be composed of many well-conducting grains spaced
apart by thin, highly resistive boundaries that are poorly conducting
between the grains. Assuming that the mechanism of dielectric polar-
isation is similar to that of the conduction process, the
composition-dependent dielectric constant has been explained. As a
result, when the sample is subjected to a high voltage, the voltage pri-
marily drops across the grain boundaries, where space charge polar-
isation is formed [48].

4. Conclusion

The PryCoFeOg compound was synthesized and the compound is
crystallized in orthorhombic structure with the Pbnm space group it was
confirmed by the Rietveld refinement XRD analysis. The obtained lattice
constant and other parameters are good agreeing with our theoretical
and available results. For the Raman spectrum analysis and group theory
analysis, the ProCoFeOg sample totally presented six Raman modes of
vibrations. The UV-DRS spectrum and calculated electronic band
structure results found that the band gap value was around 2.73 eV. This
compound exhibits weak ferromagnetic order, which is confirmed by the
magnetic hysteresis curve and estimated theoretical values. The M-T
curve at 2k Oe for ProCoFeOg demonstrates a reduction in magnetization
with increasing temperature, unveiling a Curie temperature at 562 K,
indicative of the ferromagnetic-to-antiferromagnetic (FM-to-AFM)
ordering interplay resulting in the loss of ferromagnetic property.
Dielectric property results concluded that this compound exhibits a
polar dielectric constant. The charge transfer band is attributed to broad
bands between 330 and 380 nm in the excitation PL spectrum due to the
transition from 3Py—°Hs to 3Hg. The phosphor can be activated by UV
radiation from 300 to 400 nm and emits green light at 532 nm. Finally,
overall the property of the compound is concluded that the material is
very supportive and useful in different applications such as spintronic
devices, LED, and data storage devices.
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