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Abstract
Double perovskite  Sm2CoFeO6 (SCFO) compound has been synthesized by the conventional solid-state reaction route for the 
first time. The Rietveld refinement has been carried out using the X-ray diffraction data; it confirms the single-phase formation 
of orthorhombic structure with the Pnma space group. UV-DRS results show that SCFO was observed in semiconducting 
behavior. Spin–phonon coupling of SCFO was observed from Raman spectroscopy investigation. The Raman analysis and 
group theory confirms that the IR and Raman active modes of SCFO. The amount of Sm, Co, Fe and O elements in the SCFO 
compound was examined by energy-dispersive spectroscopy (EDS) with the assistance of field emission scanning electron 
microscopy (FE-SEM) analysis. The photoluminescence excitation and emission spectra of SCFO were examined. The results 
show that the phosphor is excited in the region from 320 to 500 nm, and it emits orange at 607 nm, due to the resultant of 
4G5/2 → 6H7/2 transitions. The SCFO compound exhibited ferromagnetic behavior, which is confirmed by VSM analysis. The 
obtained results demonstrated that SCFO double perovskite is extensive for application of spintronic devices and LED’s.

Keywords Rietveld analysis · Raman analysis · Vibrating sample magnetometer · Diffuse reflectance spectroscopy · 
Photoluminescence

1 Introduction

Double Perovskites  A2BB’O6 (A is a rare earth element; 
B and B’ are transition metals) have a revival of scientific 
importance due to their prosperous physical properties and 
potential of technical utilization at room temperature. It also 
exhibits a variety of properties like electromechanical cou-
pling, nonlinear optical response, photo-catalytic activity 

and piezoelectricity [1–3]. Hence, it attracts substantial 
interest in fundamental research and for applications in spin-
tronics, sensor, transducer, actuator and other technological 
field [4–8].

To address all ambiguities, regularly distributed, iden-
tical and single-phase material is needed so that the real 
mechanism of the  A3+ dependence of magnetization can 
be explained. Hence,  A2CoFeO6 (ACFO) family was syn-
thesized by the solid-state reaction technique and taking 
into account the interesting variety of structure, electronic 
properties and competing magnetic relations in the family, 
a broad study has been performed to establish the control of 
the rare earth size on the structural and the magnetic ground 
states of these compounds. Such a complete study of the 
ACFO family is a new addition to the ongoing research in 
the field.

Recently, there has been a resurgence of importance in 
Cobalt Ferrite materials of vital technological interest due to 
their abundant physics and potential applications in the prep-
aration of the optoelectronics, microwave frequency devices, 
storage media and gas sensors [9–12]. Owing to their impor-
tant magnetic and optical properties, ferrites are extensively 
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used in the electronic industry. Thermal stability, mechanical 
hardness, and a large coercive field are all advantages. Many 
studies on the structural, electrical and magnetic properties 
of various double perovskite oxides have been published 
recently. The discovery of Cobalt ferrite-based double per-
ovskites oxides has recently heightened the family's promi-
nence, The coercivity of  SmCoO3 has recently been reported 
to be greater than 30 kOe. It would be fascinating to look 
into this phase further for spintronic applications [13, 14]. 
Due to intriguing ferromagnetic properties,  SmFeO3 ortho-
ferrite has been widely explored for magnetic properties [15, 
16]. At the same time, investigations on the magnetic proper-
ties of the double perovskite  Sm2CoFeO6 compound have yet 
published in the literature. The samarium cobalt ferrites with 
a chemical formula  Sm2CoFeO6 related to double perovskite 
structure  (A2BB'O6) have caused greater attention in recent 
years for two reasons. First, they are key materials for any 
high technical applications such as recording devices, sen-
sors, magnetic drug delivery, magnetic cards, catalysis, bio-
medical, solar cells and biotechnology. Second, they exhibit 
the features of cobalt ferrites that are intensely charged on a 
sequence of features such as micro structural characteristics 
and chemical composition.

Cobalt ferrites containing double perovskites have been 
advised as potential compounds for magnetic data storage 
device applications. The lack of work in the literature of 
the double perovskite SCFO compound [17–22]. So for, we 
have chosen to investigate magneto-optical properties. The 
aim of the present study is synthesize, structural, optical and 
magnetic properties of the double perovskite SCFO com-
pound for the magneto-optical and spintronic applications. 
The methodology is presented in Sect. 2. The result and 
discussion and conclusions are presented in Sects. 3 and 4, 
respectively.

2  Experimental method

2.1  Sample preparation

Commercially available  Sm2O3 (Alfa Aesar 99.99%),  Co3O4 
(Alfa Aesar 99.99%) and  Fe2O3 (Alfa Aesar 99.85%) pow-
ders were purchased and weighed accurately in required 
proportions, then mixed thoroughly and ground well with 
an Agate mortar and pestle to convert very fine powders. 
The polycrystalline sample of  Sm2CoFeO6 compound was 
prepared by the traditional standard solid-state ceramic 
technique. Then, heated for 24 h in an air environment at 
1000 °C with intermediate regrinding. To ensure that the 
full reaction, efficient, high temperature annealing process 
is adopted, it is followed by the final sintered at 1100 °C for 
48 h with intermediate regrinding and repelling.

2.2  Characterizations

To study the structural phase purity, cell dimensions and 
uniformity, the powder X-ray diffraction (XRD; X-ray 
powder SIEMENS diffractometer) at room temperature 
was employed using Cu-Kα radiation from 20° to 80°. 
The structural features were obtained by the Rietveld 
refinement [23]. The Raman spectral analysis was per-
formed with Renishaw Plc. micro-Raman spectrometer 
with a 514  nm excitation wavelength. The Argon ion 
laser was used as a source in the extended range of 100—
2000  cm−1 wavenumber. Diffuse reflectivity spectroscopy 
(DRS) measurement was used to determine the band gap 
energy of the produced sample. The test was carried out by 
UV–VIS–NIR spectrophotometer at the wavelength range 
of 200 to 800 nm (JASCO V-670). The photoluminescence 
measurement was performed by using an Argon ion laser 
(Omni Chrome, Model 532-MAP, USA), excitation source 
wavelength 465 nm, power of 90 mW, monochromator 
(SPEX, Model 207, USA) and InGaAs detector (Electro-
Optical Systems, Model ILN-030, USA). Scanning elec-
tron microscopy (SEM) was used to investigate the micro-
structure behavior and phase purity of SCFO by utilization 
of Philips FEI QUANTA 200 field emission equipment 
with the energy-dispersive spectra (EDS). The magnetic 
measurements were carried out at room temperature using 
a Lakeshore VSM 7410S instrument.

3  Results and discussion

3.1  Structural analysis

Single-phase SCFO double perovskite sample was pre-
pared using the conventional solid-state reaction route 
at 1100 °C without any impurities or secondary phases. 
The powder XRD data were carried out for SCFO at 
room temperature. The Rietveld refinement of XRD pat-
terns for SCFO has been presented in Fig. 1a. Figure 1a 
shows that the black color solid line indicates the observed 
(experimental) XRD data, whereas the red color dots rep-
resent the calculated XRD data. The green color vertical 
lines represent the difference between the calculated and 
observed data. The XRD results indicate that SCFO com-
pounds exist in single-phase orthorhombic structure with 
the Pnma space group. The crystal structure of the SCFO 
with the Pnma space group is drawn using Vesta software 
[24], which is shown in Fig. 1b. The Rietveld refinement 
optimized crystallographic data are presented in Table 1.

The modified tolerance factor is used to determine the 
structural perfection and structural stability. The tolerance 
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factor (Tf) of  Sm2CoFeO6 compound can be stated as in 
the usual form of double perovskites with mixed  A2 BB'O6 
[25].

where Rsm, Rco, RFe and Ro are the ionic radii of the cor-
responding ions. From the literature [25], the tolerance 
factor (Tf) of the double perovskite characterized into (1) 
cubic (1.05 > t > 1.00), (2) orthorhombic either monoclinic 
(t < 0.97) and (3) tetragonal (1.00 > t > 0.97). As our esti-
mated value of Tf for SCFO is less than 0.97, the structure of 
the compound may be predicted in the orthorhombic crystal 
system. It is worth noting that based on the ionic radii by 
calculated Tf of  Sm2CoFeO6 is 0.81, i.e., very close to 0.81, 
which, in turn, is also in good agreement with orthorhombic 
structure observed as per XRD analysis.

The crystallite size (D) of the prepared material has 
been calculated by using the Scherrer's equation, D = 0.9λ/
βcosθ), Here, λ is the wavelength, β is the full-width 

Tolerance Factor
�

Tf

�

=
RSm + RO

√

2
�

RCo+RFe

2
+ RO

� ,

half-maxima (FWHM), and θ is the diffraction angle [26, 
27], and it was obtained to be 90 nm.

3.2  Scanning electron microscopy (SEM) analysis

Figure 2 shows the scanning electron microscope images 
of the SCFO sample viewed on the exposed microstructure 
character. It was observed that the oxide samples were highly 
dense with no porosity developed as revealed in figure for 
 Sm2CoFeO6 composition. It was clear from the SEM image, 
so as to the micron scales (5 and 20 μm) were obtained for 
SCFO compound.

3.3  Energy‑dispersive spectroscopy (EDS)

The elemental composition and their proportion of the 
SCFO have been confirmed by EDS with the assist of SEM 
image spectra that are shown in Fig. 2. EDS spectra show 
the peaks of the elements, Sm (43.45%), Co (7.88%), Fe 
(13.87%), O (34.80%), and there is no impurity peak in it 

Fig. 1  a The Rietveld refine-
ment of the room temperature 
XRD pattern for SCFO com-
pound. b The Orthorhombic 
structure with Pnma space 
group of SCFO represented on 
Vesta software program

Table 1  a Crystallographic data and b fractional atomic coordinates for SCFO at room temperature determined by Rietveld refinement of the 
powder XRD pattern

(a) Crystallographic data

Space group = Pnma (62)
a = 5.4986 Å V = 224.584 Å3 Chi2 = 3.784
b = 7.6254 Å Rwp = 10.7 GOF = 1.9
c = 5.3563 Å Rexp = 5.52

Atom (site) X Y Z

(b) Fractional atomic coordinates
Sm (4c) 0.05359 0.25000 0.99090
Co/Fe (4b) 0.000 00 0.000 00 0.50000
O1 (4c) 0.48420 0.25000 0.07986
O2 (8d) 0.70552 0.95177 0.30209
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which is the evidence of pattern pure phase of SCFO in the 
atomic concentrations.

3.4  UV‑diffuse reflectance spectroscopy (DRS)

The optical properties of SCFO were determined using 
UV–Vis DRS spectroscopy, which is presented in Fig. 3. It 
shows the diffuse reflectance spectrum (DRS) of the SCFO 
compound at room temperature in the range of 200–800 nm. 
The strong absorption edge near 420 nm (eV) relates to p–d 
charge transfer transition [O (2p) → Co/Fe (3d)] in the octa-
hedral centers in SCFO.

The absorption coefficient can be performed for the 
SCFO compound from the diffuse reflectance data using 
the Kubelka–Munk (KM) function [28, 29]

where F(Rα) represents the KM function, α shows the 
absorption coefficient, S performs the scattering coeffi-
cient, and R represents the reflection coefficient. The band 
gap energy (Eg) of these compounds was projected from the 
graph of the square root of the Kubelka–Munk function (hυ 
(1-R)2/2R2) versus photon energy (hυ(eV)) as shown in inset 
Figure. The obtained result of UV–Vis diffuse reflectance 
(UV-DRS) and the optical band gap energy (Eg = 2.56 eV) 
of the compound indicate that they can be ordered as a semi-
conductor compound.

3.5  Micro‑Raman spectroscopy

Raman spectroscopy is a powerful probe to observe the crys-
tal structure, spin-phonon coupling, cation disorder, impu-
rity phases and dynamical/local lattice distortion present in 
the materials [30]. The distortions from orthorhombic pnma 
lattice (D16

2h) result in SCFO ordered double perovskites. 
The vibrational modes arise from the (Co/Fe)O6 octahedra 
and Sm–O bonds. The Raman spectra of the SCFO sample 
were calculated with excitation wavelength 514 nm that is 
presented in Fig. 4. The vibrational modes of the synthe-
sized samples were investigated in order to recognize the 
non-radiative relaxation. Raman spectral study was used to 
expect the vibrational phonon modes of SCFO in the range 
100–2000  cm−1. According to group theory analysis [30, 

F(R�) =
�

S
=

(1 − R�)2

2R�
,

Fig. 2  Scanning electron micro-
graphs at various magnifications 
(5 µm and 20 µm) and Energy 
Dispersive Spectra for SCFO 
compound

Fig. 3  UV-DRS Spectra of SCFO. Inset shows Kubelk Munk Plot
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31], the following modes assigned as the SCFO compound 
is crystallized in primitive orthorhombic structure with the 
Pnma space group, and its point group is D2h (mmm). The 
SCFO compound is 10 atoms per primitive cell and two 
formula (Z = 2) per unit cell, So for 20 atoms per unit cell. 
Each atom has three degrees of freedom, so it has 60 normal 
modes of vibrations.

The total mechanical irreducible representation is,

The irreducible representation of each atomic contribu-
tion, site symmetry, Wyckoff position, IR and Raman active 
modes are presented in Table 2. Among all of 60 modes of 
vibrations, there are 25 IR active modes  (9B1u +  7B2u +  9B3u), 
24 Raman active modes  (7Ag +  5B1g +  7B2g +  5B3g) and 8 Au 
modes are silent [32, 33].

The Raman spectrum with a fitted Lorentzian curve of 
SCFO compound is presented in Fig. 4. From the figure 
observed, the presence of Raman active mode of the SCFO 
compound is given in Table 3. It shows that the Raman 
active modes of SCFO are 172, 352, 513, 636, 1070 and 
1220  cm−1. These resultant modes are consistent with avail-
able references [34, 35]. There are two strong Raman active 
modes exhibited at 636  cm−1 and 1220  cm−1. The strong 
mode of 636  cm−1 (Lower frequency) is attributed to the 
 B3g mode, while the remaining mode at 1220  cm−1 (Higher 
frequency) is allocated to the  2B2g mode.

The first order phonon (lower frequency) Raman modes 
were assigned to the A–O bonds, while the second order 
phonon (higher frequency) Raman modes were attributed to 
the B–O bonds. A recommendation can be formed into first 
order mode peaking around the range of 900–2000  cm−1, 
almost the higher order frequency values of  Ag, and  Bg 

Γtotal = 7Ag + 8Au + 5B1g + 10B1u + 7B2g + 8B2u + 5B3g + 10B3u,

Γaccoustic = B1u + B2u + B3u,

Γoptical = 7Ag + 8Au + 5B1g + 9B1u + 7B2g + 7B2u + 5B3g + 9B3u.

Fig. 4  Raman active region of SCFO compound (The Black lines are 
experimental data, the strong curves with green shade are the fitting 
of Lorentzian shapes, and the solid curves with red shade are the total 
intensities of the Lorentzian lines)

Table 2  The irreducible representation of each atomic contribution, site symmetry, Wyckoff position, IR and Raman active modes

Atom Wyckoff 
position

Site symmetry Atomic coordinates Irreducible representations Raman active IR active

X Y Z

Sm 4c Cs 0.0535 0.2500 0.9909 2Ag +  Au +  B1g +  2B1u +  2
B2g +  B2u +  B3g +  2B3u

Ag,  B1g,  B2g,  B3g B1u,  B2u,  B3u

Fe(Co) 4b Ci 0.0000 (0.0000) 0.0000 (0.5000) 0.5000 (0.5000) 3Au +  3B1u +  3B2u +  3B3u None B1u,  B2u,  B3u

O1 4c Cs 0.4841 0.2500 0.0798 2Ag +  Au +  B1g +  2B1u +  2
B2g +  B2u +  B3g +  2B3u

Ag,  B1g,  B2g,  B3g B1u,  B2u,  B3u

O2 8d C1 0.7055 0.9517 0.3020 3Ag +  3Au +  3B1g +  3B1u +  
B2g +  3B2u +  3B3g +  3B3u

Ag,  B1g,  B2g,  B3g B1u,  B2u,  B3u

Table 3  Symmetry assignments 
of Raman active modes for the 
observed peaks

Raman shift  (cm−1) Assignment of modes

Experimental References [30, 33]

172 172 B2g

352 352 B1g

513 513 B2g

636 637 B3g

1070 (The stretching vibration modes in Co–O–Fe sub-lattices 
are attributed to the modes observed at 1070 and 
1220  cm−1)

2B1g Present work. (See text)
1220 2B2g Present work. (See text)
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(above 900  cm−1) normal modes present in SCFO, based 
on the case of the broad higher order frequency modes. It is 
the displacement of oxygen atoms along the B–O axis with 
B–O bonding forces and distance influencing its frequency 
the most [36, 37].

The second order phonon Raman scattering was asso-
ciated with two strong wide modes found near 1070 and 
1220  cm−1 [32, 33]. Because it contains phonons across 
the whole Brillouin-zone, it also contains the frequencies 
of detected second order phonons at the Г-point. The two 
strong second order modes identified between 1070 and 
1220  cm−1 are slightly asymmetric, as seen in the figure and 
may be characterized using Chandramohan's [38] approach 
in the following way, first way to begin with the Co and Fe 
sites may not be totally ordered, and the altered Co/Fe–O 
stretching vibrations are close in frequency, allowing the 
band envelope to contain the uncertain contributions from 
distinct  CoO6 and  FeO6 environments. Second, domains 
with varying degrees of Co and Fe order will contribute to 
the Co/Fe–O stretching bonds in different ways. Finally, the 
movement of oxygen atoms along the B–O axis corresponds 
to the second order frequency Raman active modes  Ag and 
 Bg, and their frequency is primarily influenced by bonding 
forces and B–O distance [39, 40].

3.6  Photoluminescence

The excitation spectra of SCFO phosphor recorded at 607 nm 
emission are shown in Fig. 5. SCFO phosphor features a 
broad band in the UV region, centered at about 402 nm, with 
many sharp lines in its excitation spectra between 320 and 
420 nm. The excitation range of 320–420 nm is sufficient to 
ensemble the needs of UV LED’s [41]. The most powerful 

peak at 402 nm appears to show that the excitation spectrum 
is divided into two portions, as shown in Fig. 5. (1) Due 
to the samarium-oxygen interactions, the broad absorption 
band between 320 and 500 nm is known as the charge trans-
fer state (CTS) band. An electron transfer from an oxygen 2p 
orbital to an empty 4f shell of samarium causes the strongest 
excitation peak, which is about 402 nm. (2) The  Sm3+ f–f 
transition is responsible for a sequence of sharp lines rang-
ing from 320 to 420 nm. Phosphor can absorb the energy 
of natural light efficiently and completely due to its broad 
excitation band.

The strongest sharp peak occurs at 402 nm, which cor-
responds to the  Sm3+ is 6H5/2 → 6P3/2 transition. Other broad 
excitation peaks at 331 and 346 nm are associated with intra 
configurationally 4f—4f transitions of  Sm3+ ions in host lat-
tices, which are assigned to 6H5/2 → 4P3/2 and 6H5/2 → 4D7/2 
transitions, respectively [42]. Near UV (NUV) at about 
402 nm can successfully excite the produced SCFO Phos-
phor [43]. As a result, it works well with UV and NUV-LED, 
indicating that it has a lot of practical uses [44].

SCFO phosphor emission spectra were measured in 
the 550–750 nm region. The resulting phosphor's emis-
sion spectrum consisted of a series of hard emission lines 
when excited at 401 nm. Three observed emission peaks 
in the SCFO emission profile (Fig. 5) correspond to dis-
tinctive emission transitions from the excited states 4G5/2 
to the ground state 6Hj/6 (j = 5, 7, 9) [45–47]. The mag-
netic dipole transition is represented by the yellow emis-
sion at roughly 579 nm is 4G5/2 → 6H5/2 transition, while the 
mixed magnetic-electric dipole 4G5/2 → 6H7/2 transition of 
 Sm3+ is represented by the orange emission at 607 nm. The 
transition rarely fluctuates with the crystal field intensity. 
The red emission at 659 nm is due to  Sm3+ electric dipole 

Fig. 5  Photoluminescence 
emission spectra of SCFO com-
pound. Inset shows excitation 
Spectra
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4G5/2 → 6H9/2 transition, which is extremely sensitive to the 
surrounding environment and is determined by the crystal 
field's symmetry [48, 49]. Inset Fig. 5 shows the results of 
monitoring the excitation at 402 nm in solid state at room 
temperature. The strongest orange emission peak will be 
dominated for the SCFO phosphor developed in our work, 
which is positioned at 607 nm. The inversion symmetric 
center in the host lattice is thought to be occupied by  Sm3+ 
ions. Figure 6 shows a schematic energy level diagram of 
SCFO phosphors with different emission bands.

3.7  Magnetic properties

An M–H investigation was carried out at room temperature 
to explore the magnetic characteristics of SCFO compounds, 
as shown in Fig. 7. This is done with a magnetic field of 
− 15 to + 15 kOe applied. The examined compound showed 
a hysteresis, which was attributed to ferromagnetic (FM) 

activity [50]. The material was designed to have hysteresis, 
with a residual magnetization value of 0.018124 emu/g and 
a coercive field value of 1726.8 Oe. The saturation of mag-
netic moment/mass was calculated to be 0.04124 emu/g. 
Magnetic hysteresis in combination with non-zero values 
of magnetic properties (retentivity and coercivity) suggests 
ferromagnetic behavior [51, 52]. The magnified regions 
around the origin (inset in Fig. 7) shows that the coercivity 
is more obvious.

The saturation magnetization is found possible in the 
 Sm2CoFeO6 compound due to fact that of parallel spin 
alignment of  Sm3+,  Co3+ and  Fe3+ ions in the crystal sym-
metry of  Sm2CoFeO6 compound. At room temperature, the 
alternate alignment of  SmCoO3 and  SmFeO3 sub-lattices 
formulate the magnetic structure of the material. This com-
plex magnetic ordering exist in the material competes with 
each other and leads to ferromagnetic ordering. Hence, the 
anti-phase interface between two areas and/or antisite faults 
may cause FM interactions. FM interaction between (Co, 
Fe) and Sm ions located at two separate locations on the 
 A2B'B"O6 perovskite structure may explain this result. This 
cobaltite behavior can be explained using either a super-
exchange (SE) or a double-exchange (DE) mechanism. How-
ever, if the ferromagnetism of the stoichiometric perovskite 
 Sm2CoFeO6 can be characterized by the presence of ferro-
magnet SE  Co3+–O–Co4+ contacts, the Goodenough-Kan-
amori rule can be applied. Antiferromagnetic  Co3+–O–Co3+ 
(SE) interactions should be detected as well, but this is not 
the case. In  Sm2CoFeO6, the Fe and Co cations have mixed 
valence states of 3 + /4 + and 3 + /4 + , respectively. The 
mixed valency and random crystallographic occupancy set 
the setting for ferromagnetic interactions among the tran-
sition metal cations, resulting in inhomogeneous magnetic 
behavior in  Sm2CoFeO6. The magnetic exchange in a fully 
ordered double perovskite is dominated by the ferromagnetic 
 Fe3+–O–Co4+. Electronic transfer from  Fe3+ high spin state 
(S = 5/2) to  Co4+ low spin state (S = 1/2) can be facilitated 
via Fe–O–Co exchange pathways[53]. Ferromagnetism in 
the related system is described within an exchange mecha-
nism model by Pradheesh et Al. [54] and Samia Ben Ham-
mouda et al. [55]. As a result, the DE mechanism, which 
was earlier proposed for perovskites based on Lanthanum 
cobaltite, has been confirmed [56, 57].

4  Conclusions

In the present work, double perovskite oxide SCFO com-
pound was synthesized by the solid-state reaction tech-
nique. The crystal structure of SCFO was found to be 
orthorhombic with Pnma space group. UV-DRS result 
observed that SCFO exhibit in semiconductor nature. The 
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occurrence of first and second order Raman's modes in 
the deconvolution of Raman's spectra of SCFO compound 
offers structural evidence. UV radiation in the range of 
320–420 nm has activated the phosphor and the transi-
tion from 4G5/2 to 6H7/2 results in an orange emission at 
607 nm. Broad bands in the excitation photoluminescence 
spectra between 320 and 410 nm were linked to the charge 
transfer band of SCFO. The magnetic property revealed 
that the SCFO was exhibit in ferromagnetic behavior, so 
this compound is useful in the fields of solid state lasers, 
orange LEDs and spintronic applications.
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