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ABSTRACT: Designing electromagnetic materials, particularly those
based on transition-metal-containing spinel ferrites, with a controlled
structure, phase, and chemistry at the nanoscale dimensions while
realizing enhanced electrical and magnetic properties continues to be a
challenging problem. Herein, we report on the synthesis and structure−
property correlation of dysprosium (Dy)-substituted iron-rich cobalt
ferrite (Co0.8Fe2.2−xDyxO4; CFDO; x = 0.000−0.100) oxides with
variable Dy3+ concentration. Chemical bonding analyses of CFDO
nanomaterials using Raman spectroscopic analyses supported the spinel
phase formation with high quality. Cation distribution determined from
Mössbauer spectroscopy reveals the fact that Dy3+ occupies the
octahedral site of the spinel lattice. Saturation magnetization (Ms)
values calculated using Neel’s two-sublattice model and cation
distribution derived from Mossbauer’s studies correlate well with the magnetization values obtained from SQUID measurements.
The B-site hyperfine field decreases from 52.24 ± 0.10 to 49.26 ± 0.00 T, as evidenced by the Mössbauer spectra, with Dy
substitution, which decreases the Fe-ion occupancy from the octahedral site of CFDO. Frequency-dependent dielectric constant
indicates electron hopping in the grain interior, which ceases above 6.3 kHz. Dielectric measurements indicate that these CFDO
compounds are useful for absorption at higher frequencies. Thus, using the combined approach based on Raman and Mössbauer
spectroscopic analyses, the present work elucidates the structure, chemical bonding, and magnetic properties of Dy-substituted Fe-
rich cobalt ferrite. CFDO may serve as a model system to apply to a class of Fe-rich ferromagnetic nanomaterials for electromagnetic
and sensor applications.

■ INTRODUCTION

Spinel ferrites continue to attract the attention of the scientific
and research community for the design and development of
smart materials for application in numerous technologies.1−16

All spinel ferrites, which can be represented by the universal
chemical formula MFe2O4 (where Fe exists in the trivalent
state (Fe3+), and “M” represents divalent cations such as Zn2+,
Ni2+, Co2+, etc.), crystallize (see Figure 1) in the Fd3̅m space
group.2,7 By virtue of tunable magnetic properties and the
ability to obtain materials with variable morphology and
magnetic behavior, cobalt ferrites (CFO) have been subjected
to extensive studies in recent years. Additionally, CFO exhibit
excellent thermal and chemical stability.17 All of these
properties make cobalt ferrite an excellent candidate for
many industrial applications.17−20 At present, CFO are at the
center of research activities, where efforts are primarily directed
to obtain enhanced and/or variable properties by simply
doping different cations with varying amounts.14,17−24 The
attention given to intrinsic or doped-CFO is primarily due to
their fundamental properties and potential applications in
different areas, such as magnetic hard drives,1,4,6 magnetic
ferrofluid technology,4,10 magnetocaloric refrigeration,10 chem-
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Figure 1. Crystal structure of a cubic spinel ferrite with a chemical
formula of MFe2O4. The unit cell, tetrahedral (A) site, and octahedral
(B) site are represented.
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ical sensors,4,6,7 photocatalysis and cleaner fuel production,15
rod antennas, good-quality filters and magnetic field
sensors,4,6,7,12,25 and magnetostrictive phase in magnetoelectric
(ME) composite materials.13 Furthermore, cobalt ferrite,
owing to its magnetocrystalline anisotropy, high coercivity,
and chemical stability, has been used widely in automotive and
environmental engineering.14,17 In these fields, special
attention is given to device applications, such as sensors,
environmental protection, catalysis, microwave absorption,
etc.17 However, the properties and performance characteristics
of these ferrites are dependent on the structure, chemistry, and
cation distribution, which in turn depend on the methods of
preparation, processing conditions, and dopant ions (if
any).7−9,16,26 Most importantly, the structural, magnetic,
electrical, and dielectric properties of spinel ferrite materials
greatly depend on the chemistry and precise distribution of
cations.7,16,26 Furthermore, in the spinel ferrite system, which
exhibits two crystallographically distinguishable sublattices
such as tetrahedral site (A-site) and octahedral site (B-site)
(Figure 1) in the general MFe2O4 spinel structure, the
distribution of cations is also highly important, especially
when using other dopant ions to derive tunable properties.7,16
Structurally, depending on the distribution of cations at
tetrahedral or octahedral sites (Figure 1), the resulting material
may be in a normal, inverse, or mixed spinel structure.
Rare-earth substitution (Gd3+, Dy3+, Er3+, etc.) in cobalt

ferrite is extensively studied due to the highly interesting and
tunable magnetic properties of the resulting materials.3,27−29

However, for intrinsic and substituted/doped nanoferrites, the
properties and performance characteristics are significantly
affected by the particle size, size distribution, and cation
distribution at A- and B-sites in the crystal structure.16,19−22

Even a slight change in the method of synthesis and/or
processing parameters along with precursor chemicals in the
synthesis can result in variability in microstructure, crystal
chemistry, and material properties.14,16−22 For instance, Aziz et
al. showed comparisons of the properties of Dy3+-substituted
cobalt ferrite between ultrasonication using ethanol and dry
grinding, and the properties of magnetic materials changed.30
Thus, as evident from the literature, the degree of inversion
depends on heat treatment, synthesis method, concentration,
and nature of substituted ions.29,30
The iron-rich cobalt ferrite, which can be represented by

Co1−xFe2+xO4 (x = 0.2; referred to as Fe-CFO), materials are
fascinating since they exhibit quite attractive features in
addition to structural and electromagnetic properties that are
desirable for numerous technologies. Fe-CFO exhibits
pronounced magnetostrictive contraction; λ = −590 ppm has
been reported for the (100)-oriented single crystal.31−33 Iron-
rich cobalt ferrite, Co0.8Fe2.2O4, possesses higher magnetic
anisotropy (1.1 × 106 erg/cm3)34 accompanied by large
anisotropic magnetostriction (∼166 to 200 ppm).14,35 More-
over, it has been reported that the replacement of trivalent iron
cation (Fe3+) by rare-earth ions (such as Dy3+, Er3+, Gd3+) in
the spinel structure causes structural deformation, which
induces strain in the lattice.33,36 Furthermore, Co0.8Fe2.2O4 is
the most attractive composition due to its higher stress
sensitivity. Also, dysprosium single crystal has shown a higher
magnetostriction coefficient (7500 ppm). Thus, if dysprosium
is considered for substitution for ferric ions in Fe-rich
Co0.8Fe2.2O4 composition, enhancement in magnetic properties
is expected. Therefore, and also due to their ability to obtain
desirable properties by simple means, the Fe-rich composition

of Co-ferrite (Co0.8Fe2.2O4) has been considered for
technological applications by tuning their properties. For
example, Shen et al. have reported excellent electromagnetic
absorption properties of Co0.8Fe2.2O4 integrated with graphene
oxide.17 Khodaei et al. reported that the (111)-oriented
Co0.8Fe2.2O4 thin films show higher coercivity in addition to
enhanced saturation magnetization and squareness ratio.21
Yang et al. reported that Co0.8Fe2.2O4 synthesized using a sol−
gel chemical method exhibits a higher saturation magnet-
ization, up to 61.96 emu g−1.23 Baik et al. have reported that
(111)-oriented C0.8Fe2.2O4 single-layer films have a strong in-
plane magnetic anisotropy as a result of orientation and stress-
induced magnetic anisotropy.20 Zi et al. reported that the
Co0.8Fe2.2O4 films, which were prepared by chemical solution
deposition, can be used for recording and magneto-optical
applications.19 Similarly and specific to this particular topic,
based on our extensive studies on intrinsic CFO, as reported
previously elsewhere, it is observed that CFO has the highest
strain sensitivity, (dλ/dH) ∼1.432 nm/A (for H ≤ 1000
Oe).14 From these considerations, it is appealing to further
investigate Fe-rich CFO and explore new avenues for possible
enhancement in properties and performance by means of
suitable dopants/cations.
Considering the doping or substitution of metal ions into

CFO, rare-earth metal (RM) ions play a vital role.14,33 As
documented widely in the literature, depending on the size and
nature, the RM-ions introduce considerable lattice strain in
CFO.14,33 The lattice strain broadly improves magnetic
properties and magnetostrictive properties, which are quite
attractive for the design and development of magneto-
mechanical sensors in addition to electromagnetic filters and
antennas.33 It was demonstrated that the Dy-substituted ferrite
exhibits high strain sensitivity (dλ/dH), high resistance, and
high magnetostriction values.14 All of these interesting
properties make Fe-rich cobalt ferrites favorable even for
advanced electromagnetic and ME composite applications.
However, while such efforts are critical, the fundamental
aspects, especially the cation distribution and its influence on
magnetic and dielectric properties, of rare-earth ion-substituted
Fe-CFO are not well understood at this time. Therefore, the
present work was focused on elucidating the effect of Dy
substitution on the structural, magnetic, and dielectric
properties of Fe-rich CFO nanomaterials. The Dy substitution
in Fe-rich CFO has been considered a model system to deeply
investigate the fundamental aspects of the structural chemistry,
cation distribution/redistribution, crystallographic site prefer-
ence of the dopant cation, and electromagnetic properties for
the following reasons.
Among the lanthanide elements, theoretically, the magnetic

moment is minimum (0 μB) for La3+ ion and maximum (10.5
μB) for Dy3+. The properties of lanthanide ions especially differ
due to the f-electron density, which varies from element to
element.36,37 Thus, it is inspiring to explore the magnetic
properties of dysprosium (Dy3+) ion substituted at the Fe3+ site
in terms of the saturated magnetic moments or the f-electron
density. Among all lanthanides, dysprosium ion (Dy3+) has the
maximum saturation magnetization value, which can be used
to enhance magnetic parameters, such as saturation magnet-
ization, remnant magnetization, etc.36,38 Also, the relatively
larger ionic size of Dy3+ (0.912 Å) is expected to induce strain
when substituted for a smaller Fe3+ (0.64 Å) ion at the B-
site.14,36,38 Applications such as data storage require a
squareness ratio close to 1 (Mr/Ms ∼ 1). Stress sensitivity
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requires a higher rate of change of magnetization in a material
as a result of the application of an external magnetic field (dM/
dH).14 Thus, it is expected that these requirements will be
fulfilled by Dy3+-substitution in CFO. The large magneto-
strictive effect observed in dysprosium single crystals and the
maximum linear strain of λ = 7500 ppm, at low temperature (5
K), are promising.39 Furthermore, the substitution of larger
Dy3+ ions for smaller Fe3+ at the octahedral site leads to
increased scattering, which makes the ferrite material more
resistive.14,38 Such materials with enhanced electrical character-
istics are quite useful in designing sensors for automotive
applications.40 However, the site occupation of cations in
spinel lattice is sensitive to the method of preparation,
processing parameters (rate of heating, rate of cooling,
sintering time, and temperature), radii of cation being
substituted, etc.7,8,14 Therefore, while rare-earth ion sub-
stitution is highly promising, precise determination of the
cation distribution and establishing a correlation between the
structural and electromagnetic properties are critical for their
utilization in practical device applications. This is the key
objective of the present work performed on the synthesis and
property evaluation of the Dy-substituted Fe-rich CFO
(CFDO) nanomaterials.
We relied on the spectroscopic technique to accurately

determine the cation distribution in CFDO nanomaterials.
Mössbauer spectroscopy is one of the most sensitive
techniques for determining the cation distribution of
ferrites.7,33 This analytical method has the highest resolution
(1 in 1012) compared to all spectroscopic methods.7,33,40,41
Therefore, an attempt is made to determine the cation
distribution of all of the CFDO samples using Mössbauer
spectroscopy, which is quite useful in studying ferrites. In
connection with the Mössbauer studies, specifically on cobalt
ferrites, reports existing in the literature shed light on the
fundamental aspects of crystal chemistry and cation distribu-
tion. For instance, Meng et al. have reported the use of
Mossbauer spectroscopy for the determination of the presence
of double sextets corresponding to the A- and B-sites.33
Moarris et al. studied the cobalt ferrites with Mössbauer
spectroscopy to confirm the magnetic phase and also to reveal
the magnetic ordering associated with the nanoparticles.42
Gasemi et al. have concluded the substitution of Fe at the B-
site based on the variation of the area of the B-site.43 Gingasu
reported the correlation of the hyperfine magnetic field at the
Mössbauer nucleus with particle size and observed it to
decrease with the decrease of particle volume.44 Theoretical
correlation between the cation distribution from Mössbauer
spectroscopy was reported by Shan et al.24 However,
unfortunately, such an important theoretical study is not
available for Fe-rich CFO with RM-ion, specifically Dy3+,
substitution. Further, to the best of our knowledge, either
experimental or theoretical studies on the correlation of
detailed cation distribution and magnetic properties for Fe-
CFO are not available at this time. Therefore, for the first time,
in the present work, an attempt is made to correlate the crystal
structure, chemical distribution, and magnetic properties using
combined Mössbauer spectroscopic studies with detailed
Raman spectroscopic and magnetic measurements. The cation
distribution along with Neel′s two-sublattice model is used to
calculate the saturation magnetization of all CFDO samples.
Also, experimental values of saturation magnetization (Ms) in
units of Bohr magneton per formula unit (μB/f.u.) were
obtained from magnetization versus magnetic field curves

obtained using a superconducting quantum interface device
(SQUID) magnetometer. Lastly, to determine the possible
applications as a microwave absorption material, detailed
dielectric measurements were made. We believe that the
fundamental understanding of the crystal structure, cation
distribution, magnetic properties, and structure−property
correlation in the CFDO nanomaterials will contribute to the
advancements in the field and apply to a large class of Fe-rich
ferromagnetic nanomaterials for electromagnetic and sensor
applications.

■ MATERIALS AND METHODS

Synthesis. Iron-rich cobalt ferrite (Co0.8Fe2.2−xDyxO4) com-
pounds with a variable concentration of Dy3+ (x = 0.000−0.100,
varying in small increments of 0.025) (referred to as CFDO) were
prepared by a versatile autocombustion method, which is widely
employed for nanoferrite synthesis.14,16,22,36−38 Among the chemical
methods available for the synthesis of nanoparticle ferrites,
autocombustion is the most convenient and effective method, which
involves lower reaction temperatures (80−100 °C) and rapid
production with less time.22,36,37 However, the quality and phase,
especially at the nanoscale dimensions, depend on the synthesis
conditions and precursor materials in addition to processing
parameters.14,16,22,36−38 Therefore, in this work, inexpensive metal
nitrates of respective cations (Co, Fe, and Dy) are employed to
produce CFDO inorganic compounds. For CFDO synthesis,
analytical reagent (AR) grade cobalt nitrate hexahydrate Co(NO3)2·
6H2O, iron nitrate Fe(NO3)3·9H2O, dysprosium nitrate pentahydrate
Dy(NO3)3·5H2O, and anhydrous citric acid (C6H8O7) precursors
were taken as starting materials. Metal nitrates act as an oxidizer, and
citric acid (C6H8O7) acts as a fuel for burning the final gel formed in
the autocombustion reaction. We adopted the previously established
procedures and methods,14,45 which are quite successful to synthesize
rare-earth ion-substituted, Fe-rich CFO nanomaterials. For CFDO
synthesis, the metal nitrates to fuel, i.e., oxidizer to fuel, ratio was
maintained as 1:1 (stoichiometric). The ratio of oxidizers to fuel was
calculated using the coefficients of oxidizing and reducing elements
and valency.46 The first step involved was accurately weighing cobalt
nitrate, ferric nitrate, and dysprosium nitrate to prepare their solutions
using deionized (DI) water as a solvent. These solutions were mixed
using a magnetic stirrer with continuous stirring using a magnetic
needle. After 15 min of continuous stirring without heating and
uniform mixing of solutes, the citric acid solution was poured
dropwise into the metal nitrate solution. The solution thus obtained
was heated at temperatures of ∼120 to 130 °C, which changes the
color of the solution from red to dark red.12 After the water
evaporated, the viscous complex gel was shifted to a hot plate at ∼300
°C, and the gel was completely burned with fire within a few seconds
to yield the preferred powder ash. Finally, powders obtained were
calcined within an alumina boat inside a tubular programmable
furnace at 700 °C for 5 h by keeping the heating and cooling rate at 2
°C/min. The final sintered pellets are chemically stable compounds
and nonhazardous.

Characterization. Raman Spectroscopy. Raman spectra were
collected for CFDO compounds as a function of Dy concentration to
understand the Dy substitution-induced effects. The measurements
were made at room temperature using a Renishaw Invia Raman
spectroscopy system LEICA DM 2500 M with a 532 nm green light
Ar-ion LASER source. To obtain reliable information on the chemical
bonding and structural information, the Raman scattering peaks were
fitted using the standard procedures as widely reported in the
literature.41,47 Briefly, Raman spectra were fitted using the Lorentzian
function
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where ω is the phonon frequency of the peak, “ω0” is the maximum
phonon frequency of the peak, W is full width at half-maxima
(FWHM), “A” is the normalization constant, and “I0” is the intensity
of the background.
Scanning Electron Microscopy (SEM). Field-emission scanning

electron microscopy (FESEM, Karl ZEISS JEOL) was used to
characterize the microstructure and morphology of the CFDO
compounds. The measurements were made on the CFDO
compounds as a function of increasing Dy concentration. The
energy-dispersive X-ray spectrometry (EDS) measurements were also
made, using the same equipment, to understand and validate the
chemical quality and composition of the samples. Platinum-coated
CFDO samples were employed for EDS measurements while taking
the Pt peak as a reference.

Mössbauer Spectroscopy. The room-temperature 57Fe Mössbauer
measurements were made for all of the samples at zero magnetic field
in a transmission geometry (Co57 (Rh) radioactive source) using a
standard PC-based Mössbauer spectrometer (WissEl - Wissenschaft-
liche Elektronik GmbH Germany). The velocity of the spectrometer
was calibrated with the natural iron absorber at room temperature.
Further, the recorded Mössbauer spectra were fitted using the
NORMOS program.41 Mössbauer spectra were recorded with a
constant linear acceleration drive, along with a 512-channel analyzer
using a 57Co radioactive source with 30 mCi activity. Calibration of
the Mössbauer spectrometer was done using an enriched iron foil.

Magnetic Measurements. The magnetic hysteresis measurements
were carried out using a SQUID magnetometer. The measurements
were made at room temperature and 5 K.

Figure 2. Raman spectra of Co0.8Fe2.2−xDyxO4 nanomaterials. The data shown are for (a) x = 0.000, (b) x = 0.025, (c) x = 0.050, (d) x = 0.075, and
(e) x = 0.100. The experimentally observed data and curve-fitted spectra are shown.

Table 1. Raman Active Modes Observed for CFDO Compoundsa

observed Raman mode (cm−1)

s. no. Raman mode reference mode (cm−1) x = 0.000 x = 0.025 x = 0.050 x = 0.075 x = 0.100

1 A1g(1) 695 684.1 684.5 677.7 683.2 685.2
2 A1g(2) 625 619.4 618.7 600.0 613.2 613.1
3 T1g(1) 575 552.2 534.5 532.7 601.5 609.5
4 T1g(2) 470 464.8 463.3 459.6 465.7 461.7
5 Eg 312 344.7 301.3 295.5 305.7 307.7
6 T1g(3) 210 297.0 217.8 176.1 176.3

aThe experimental peak positions are compared with reference data.
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Dielectric Measurements. A room-temperature dielectric constant
versus frequency graph was obtained using a Hioki 3532-50 LCR
HiTester meter in the frequency range from 50 Hz to 1 MHz.

■ RESULTS AND DISCUSSION

Chemical Quality and Chemical Bonding. The
chemical bonding and structural quality of the CFDO samples
were probed using Raman spectroscopy, while the chemical
composition was determined by the EDS analysis. The Raman
spectra of CFDO samples are shown in Figure 2. The data
shown are for CFDO materials with variable Dy concentration.
The Raman active modes observed for all CFDO nanomateri-
als are summarized in Table 1. The experimental peak
positions along with that of the ref 31 are shown (Table 1)
for comparison. Group theory suggests 16 vibrational and
rotational modes48,49 for the spinel structure; these modes are
A1g(R), Fg (R), T1g, 3T2g (R), 2A2u, 2Fu, 4T1u (IR), and 2Tu.
Among all modes, for Raman scattering, the only six modes

active are 2A1g, Eg, and 3T2g.
48,50 The A1g(1) and A1g(2)

modes were observed above 600 cm−1 for all CFDO samples.
These two modes are related to the symmetrical stretching and
vibration of Co2+ ion and Fe3+ ion with O2− ion at the
tetrahedral site of the spinel structure. On the other hand, the
Eg and 3T2g modes observed below 600 cm−1 for all CFDO
samples are related to the symmetrical stretching of Co2+ ion
and Fe3+ ion with O2− ion at the octahedral site of the spinel
structure and are the results of the local lattice vibrations at the
octahedral site.48−50

The experimental Raman scattering data can be used to
discuss the structural quality and Dy-ion incorporation-
induced effects in CFDO compounds. For all of the CFDO
samples, comparing the relative peak intensities of the modes
noted, the peak intensity is the highest for A1g(1). For bulk
spinel ferrite, the highest intensity peak for octahedral site
Raman active modes is reported at 470 cm−1, while the
tetrahedral site is at 695 cm−1. For CFDO nanomaterials with
variable Dy(x) concentration up to 0.025, the peak noted is
closer to 684 cm−1, which is lower (nearly 1.6%). The peak
shift toward the lower wavenumber may be due to lattice
strain. With a further increase in x values to 0.050, the peak
with the highest intensity is further shifted to 677.7 cm−1. This
decrease (∼2.5%) is the maximum shift noted in this work for
CFDO nanomaterials. This shift in tetrahedral site Raman
modes can only be attributed to the lattice strain induced by
Dy3+-ion substitution. Peaks corresponding to the sample with
x = 0.050 shifted to a lower value due to lower average particle
size.3 While the presence of desired Raman active modes
indicates the formation of a spinel ferrite structure in Dy-
substituted Fe-rich CFO nanomaterials, the peak shift is
primarily due to the effect of Dy substitution. The relatively
larger ionic radius of Dy3+ substituting for the smaller ionic
radius of Fe3+ causes lattice distortion and, hence, lattice strain.
The general remarks about the effect of Dy substitution on

the structural quality and chemical bonding in CFO nanoma-
terials can be further ascertained by comparison of the
observed experimental Raman scattering data of CFDO with

Figure 3. EDS data of Co0.8Fe2.2−xDyxO4 compounds. The data shown are for (a) x = 0.000, (b) x = 0.025, (c) x = 0.050, (d) x = 0.075, and (e) x
= 0.100. The characteristic X-ray peaks due to elements present in the samples are labeled in the figure.
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other cation-substituted CFO as available in the literature. First
of all, note that Raman spectroscopy is very sensitive to the
changes in the structure and chemical bonding and provides
accurate information on the chemical environment, bonding,
particle size effects, etc.1,51,52 Furthermore, it has been widely
employed to evaluate the cation substitution effects, size
effects, order−disorder, chemical inhomogeneities, and phase
separation (if any) in ferrites.2 Therefore, the peak shift noted
in CFDO nanomaterials in the present work can be compared
with the similar trend noted for CFO substituted with different
cations. We believe that the red shift observed is due to lattice
strain, which is a result of Dy3+ ion substituting for Fe3+ in the
CFO lattice. This claim and its validity are further supported
strongly by the Raman scattering peak shift reported
independently for Er-, In-, and Mn-substituted CFO
materials.53−55 In these metal-ion-substituted ferrites, the
lattice parameter expansion, which typically occurs due to
dopant cation size compared to that of Fe, is accounted for the
homogeneous strain in the crystal lattice leading to a Raman
peak shift.53−55 Therefore, in the present case, we believe that
the Dy substitution-induced effects and strain in the lattice are
dominant to account for the observed Raman peak shift. The
chemical bonding and structure information probed by Raman
scattering corroborates with the crystal structure and phase
analysis of CFDO as reported previously.14 Although such X-
ray diffraction analysis and refinements were performed and
confirmed, as reported previously, lattice constant enhance-

ment was noted for Dy3+ substitution. Among the lanthanide
series of elements, Dy3+ ions have f-electron density (4f9) with
large ionic radii (0.912 Å), and when they are substituted for
smaller ionic radii Fe3+(0.64 Å) ions, strain is induced in the
compound.56 Peaks corresponding to the sample with x =
0.050 shifted to a lower value due to lower average particle
size. With the substitution of Dy3+, the shift-increased intensity
of spectra is observed.57

After the detailed chemical bonding and structural analysis
of CFDO, the EDS measurements were used to understand
their chemical composition and chemical homogeneity. The
EDS spectra of CFDO nanomaterials are shown in Figure 3.
The spectra show the X-ray peaks due to all anticipated (O, Fe,
Co, Dy, along with Pt) elements. Thus, the EDS data reveal
that the CFDO compounds are chemically homogeneous since
the X-ray energy is characteristic of an individual element.58

The spectra (Figure 3) indicate that the CFDO samples exhibit
good chemical quality without any impurities incorporated
during the synthesis.

Microstructure and Morphology. Figure 4 shows the
SEM images highlighting the microstructure and morphology
of CFDO nanomaterials as a function of Dy concentration.
The CFDO samples with x = 0.00, i.e., without Dy
substitution, show agglomerated particle size distribution.
Typically, under the transition from bulk to nanoscale
dimensions, ferrites drastically change the material’s magnetic
and structural properties, which are dependent on their particle

Figure 4. SEM images of Co0.8Fe2.2−xDyxO4 compounds as a function of variable Dy concentration. The images shown are for (a) x = 0.000, (b) x
= 0.025, (c) x = 0.050, (d) x = 0.075, and (e) x = 0.100.
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size and particle size distribution.1,59 In the present case, the
particles of CFDO (x = 0.00) are highly agglomerated and
nonuniform; such agglomeration is a result of their magnetic
nature. The individual particle size varies from 25 to 300 nm.
In all of the samples, a broad spread of the particle diameters
occurs with an average particle diameter of about 100 nm.
Initially, CFDO powder samples obtained by autocombustion
synthesis were porous and agglomerated. This porosity of
powders may be due to the sudden (less than 10 s)
evaporation of an enormous amount of gases (CO2, H2O,
etc.) during the autocombustion reaction.35,60 The sample with
x = 0.050 has smaller particle sizes and lesser interparticle
distance as compared to other samples. This is what caused
lower values of the Raman active modes as compared to the
other samples (see Table 1). It has been reported that, on
increasing the concentration of dysprosium in cobalt ferrite,
the crystallite size decreases.61 The average grain size
calculated for all of the samples shows that there is a reduction
in the average particle size with Dy3+ substitution, but
agglomeration is high for magnetic materials.
Cation Distribution. The room-temperature Mössbauer

spectra of CFDO compounds are shown in Figure 5. On the X-
axis, the velocity of the detector is given in mm/s, and the Y-
axis indicates the intensity (in arbitrary units) of a number of γ
rays detected. The Mössbauer parameters, namely, the isomer

shift (IS), quadrupole splitting (QS), hyperfine field (Hf), and
half-line width (Γ), are listed in Table 2. From Table 2, it is
seen that the isomer-shift (IS) values of Dy3+-substituted Fe-
rich CFO are observed to increase with the increase of Dy3+
content at B-sites, and therefore isomer-shift values of B-sites
are higher as compared to A-sites for all of the compositions.
Furthermore, a decrease of the ferric ion (Fe3+) concentration
is observed with x varying from 0.000 to 0.100. This may be
ascribed to the removal of the outermost 4s2 electrons and one
electron from 3d6 from the iron atom so that Fe3+ is formed
and, thus, the screening is reduced.33 As a result, the electron
density around ferric (Fe3+) ions is observed to increase at B-
sites due to Dy3+ substitution (see Table 2). In addition, the
distance between oxygen anion (O2−) and metal cations (Fe3+)
at A-sites is shorter than that of the B-sites; thus, the isomer-
shift value of the B-sites is higher than that of A-sites.62
Further, it is well known that quadrupole splitting (QS) gives
energy splitting due to the interaction between the nuclear
energy levels and the surrounding gradient of the electric field.
If the value of quadrupole splitting is positive, the shape of
nuclear charge distribution is prolate, and if it is negative, the
shape is oblate. In the present case, with the substitution of
Dy3+ at the Fe3+ site in Fe-rich CFO, there may be a drastic
change in the charge distribution, and as a result, the
quadrupole splitting is changed. For instance, the magnitude

Figure 5. Mössbauer spectra of Co0.8Fe2.2−xDyxO4 compounds. The spectra recorded for samples with variable Dy concentration. The data shown
are for CFDO samples with (a) x = 0.000, (b) x = 0.025, (c) x = 0.050, and (d) x = 0.075 at 300 K.

Table 2. Isomer Shift (IS), Quadruple Splitting (QS), Hyperfine Field (Hf), and Half-Line Width (Γ) Obtained from Mossbauer
Spectra for CFDO Samples

composition x (A)/(B) site IS(mm/s) QS(mm/s) Hf (T) Γ (mm/s)

0.000 A 0.103 ± 0.005 −0.014 ± 0.010 49.553 ± 0.059 0.536 ± 0.022
B 0.201 ± 0.013 −0.017 ± 0.026 52.492 ± 0.104 0.459 ± 0.051

0.025 A 0.098 ± 0.020 0.059 ± 0.037 48.349 ± 0.203 0.714 ± 0.078
B 0.232 ± 0.033 −0.065 ± 0.057 51.591± 0.225 0.407 ± 0.148

0.050 A 0.052 ± 0.019 −0.058 ± 0.029 48.996 ± 0.077 0.634 ± 0.036
B 0.348 ± 0.056 0.205 ± 0.067 49.783 ± 0.139 0.685 ± 0.112

0.075 A 0.090 ± 0.021 −0.097± 0.029 49.064 ± 0.010 0.679 ± 0.020
B 0.385 ± 0.012 0.627 ± 0.020 49.265 ± 0.080 0.477 ± 0.078
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of QS for the sample with x = 0.025 (CoFe2.175Dy0.025O4)
becomes nearly four times more compared with the QS value of
the sample with x = 0.000 (CoFe2.2O4) for both the B- and A-
sites, and for the sample with x = 0.075 (CoFe2.125Dy0.075O4),
the magnitude of QS becomes nearly seven times and 37 times
more compared with the QS value of CoFe2.2O4 for the A- and
B-sites, respectively. These results recommend that the Dy3+ is
substituted at the B-site (as expected), and as a result, we may
expect that the charge distribution will be disturbed. The
nuclear hyperfine field (Hf) for the sample with x = 0.000 is
49.553 ± 0.059 T at the A-site and 52.492 ± 0.104 T at the B-
site. From Table 2, it is apparent that the value of the hyperfine
field first decreases for the sample with x = 0.025 and then
increases with further Dy3+ substitution for the A-site.
However, for the B-site, the value of Hf is seen to continuously
decrease as a result of a decreasing concentration of Fe3+ at the
B-site. The line width (Γ) gives a broadening of the peaks in
Mössbauer.63 For the sample with x = 0.025, the line width is
maximum for the A-site.
In the present study, two separate sextets were fitted to two

sextets for different electron densities and nuclear fields of both
the tetrahedral and octahedral site iron cations in accordance
with64

+ =
[ ]

y
x y

n
n

(1 )
(1 )

(Fe)
Fe

A

B (2)

where n(Fe)A/n[Fe]B is the ratio of the number of 26Fe57
atoms at the A-site to 26Fe57 atoms at the B-site. Further, x is a
composition of Dy3+, and “y” is the inversion parameter. The
ratio is calculated by taking the ratio of the area of a sextet of
tetrahedral sites to the area of a sextet of octahedral sites. The
cation distribution derived from Mössbauer spectral analyses is
listed in Table 3. According to earlier reports, the cobalt ferrite
system is mostly inverse spinel meaning that the Co2+ ions
mainly occupy the octahedral sites and Fe3+ ions equally reside
in tetrahedral and octahedral sites.65 However, for the iron-rich
CFDO system, we have observed that Co2+ mostly occupied
the B-site while Dy3+ occupied the B-site. Although it has been
previously reported that for the rare-earth-substituted CoFe2O4
phase, the ionic radii of Dy3+ ions are larger compared to Fe3+
ions and ions with larger ionic radii prefer to go to the B-site.66
The perfect inverse spinel structure is obtained, and thus, the
degree of inversion is complete for all CFDO samples. The
cation distribution, determined from the Mössbauer studies,
along with Neel’s two-sublattice model, was used to calculate
saturation magnetization. These saturation magnetization
values match well with the saturation magnetization values
obtained at low temperatures and high magnetic fields using
the SQUID magnetometer. This is discussed in the next
section.

The hyperfine field of Fe3+ at the octahedral site is higher
than that of Fe3+ at the tetrahedral site for all of the samples.
Similar results, which support our observations in this work,
have been reported in the literature.62 All of the recorded
spectra show two overlapping six-line hyperfine spectra
theoretically in a ratio of 3:2:1:1:2:3, corresponding to
hyperfine splitting. But in this case, observed ratios are
different for all CFDO samples. From these spectra, the ratio
of a number of 26Fe

57 atoms at the tetrahedral site and
octahedral site, i.e., n(Fe)A/n[Fe]B, of the area is calcu-
lated67,68 (see Table 3). Here, n(Fe)A is the number of 26Fe

57

ions at the tetrahedral site, and n[Fe]B is the number of 26Fe
57

ions at octahedral sites. It is necessary to understand
superexchange interaction to get a deeper understanding of
the Mössbauer spectra.
Out of all possible superexchange interactions, only three

AB, AA, and BB are considered. The AB interaction is the
strongest, the AA and BB interactions between iron ions via
oxygen ions are weaker, and all other possible interactions are
generally considered to be the weakest.62 Noticeable broad-
ening is observed for the sample with x = 0.025. Sixth-line
overlap is not observed for all of the samples, which is
indicated by the broadening of the absorption dip. Replacing
Dy3+ ions with Fe3+ ions at a tetrahedral site reduces the
superexchange interaction by a considerable amount.62,67,69 A
continuous decrease in the B-site hyperfine field from 52.49 ±
0.10 to 49.26 ± 0.00 T is observed with progressive Dy3+
substitution. With the replacement of Dy3+ for Fe3+, the overall
number of Fe3+ cations in the CFDO compound decreases.
Cation distribution reveals that Dy3+ is substituted at the
octahedral site in the Dy-incorporated Fe-rich cobalt ferrites.
This is reflected by a decrease in the octahedral site hyperfine
field. This may be due to the replacement of Dy3+ for Fe3+ ions
at the octahedral site.70 The substitution of Dy3+ at the B-site is
seen for the sample with x = 0.075. According to earlier
reports, Dy prefers octahedral void in the CoFe2O4 sample. But
in the present case, due to iron-rich compositions, iron prefers
octahedral sites compared to tetrahedral sites, and due to the
overflow of Fe ions at the octahedral site, Dy ions prefer to go
to octahedral sites.
From the Mössbauer spectrum, the presence of ferromag-

netic Fe3+ ions is identified at the A-site and B-site within the
spinel structure. The distance between O2− and Fe3+ in
tetrahedral sites is ∼0.67 Å, and in octahedral sites, ∼0.72 Å.
Less distance between O2− and Fe3+ in the tetrahedral site
corresponds to a greater overlap of the s-electron density of
iron ion.48,71 As the isomer-shift (IS) value of iron is inversely
proportional to the s-electron density, the isomer-shift values
of the octahedral sites are higher than those at tetrahedral
sites.72 Thus, the sextet that has higher values of both isomer

Table 3. Cation Distribution Obtained from Mo ̈ssbauer Spectral Analysis and the Saturation Magnetization Values

compositions x
(A)/(B)
site

area
(mm2) cation distribution

saturation magnetization (Ms) from cation
distribution (μB/f.n.)

saturation magnetization (Ms) from the M−H
curve at 5 K(μB/f.u.)

0.000 A 0.749 [Fe1.00]A [Co0.80Fe1.20]BO4 3.40 3.36
B 0.250

0.025 A 0.774 [Fe1.00]A
[Co0.80Fe1.175Dy0.025]BO4

3.28 3.21
B 0.225

0.050 A 0.699 [Fe1.00]A [Co0.80 Fe1.150
Dy0.050]BO4

3.15 3.22
B 0.316

0.075 A 0.830 [Fe1.00]A [Co0.80 Fe1.125
Dy0.075]BO4

3.03 2.99
B 0.153

Inorganic Chemistry pubs.acs.org/IC Article

https://doi.org/10.1021/acs.inorgchem.2c03125
Inorg. Chem. 2022, 61, 19319−19332

19326

pubs.acs.org/IC?ref=pdf
https://doi.org/10.1021/acs.inorgchem.2c03125?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as


shift (IS) and hyperfine field strength belongs to the Fe3+ at
octahedral sites, whereas the sextet that has lower values
belongs to the Fe3+ at the tetrahedral sites.33,73 The isomer
shift of Fe3+at the tetrahedral site decreased with increasing Dy
concentration at the B-site, indicating that the electron density
decreased around Fe at the A-site. Since the quadrupole
splitting for Fe2+ ion (>0.65 mms−1) is larger than that for
Fe3+(<0.65 mms−1), from the Mössbauer data, it is confirmed
that Fe2+ is absent in any of these CFDO compositions.74
Magnetic Properties. To confirm the cation distribution

obtained from Mössbauer studies, M−H hysteresis loops as
shown in Figure 6 are considered. The M−H data recorded by

the SQUID magnetometer indicate that even after applying a
maximum external magnetic field intensity of 1 Tesla, the
magnetic hysteresis graphs are not saturated for any of the
CFDO samples. This confirms the higher value of magneto-
crystalline anisotropy of CFDO samples. The magnetic
parameters such as saturation magnetization (Ms), remnant
magnetization (Mr), coercivity (Hc), and squareness ratio (Mr/
Ms) are obtained from M−H curves, which are shown in Table
4. The highest saturation magnetization (Ms) of 3.53 μB/f.u.
(Bohr magneton per formula unit) is obtained for the sample
with x = 0.100. First, the squareness ratio (Mr/Ms) decreases
with Dy3+ content, then it reaches a minimum value for the
sample with x = 0.050 and then increases for x = 0.075. This
may be because anisotropic energy and thermal activation
energy, kBT, where T is the temperature (K) and kB is the
Boltzmann constant, become comparable for the CFDO
sample with x = 0.075. Thus, magnetic moments are tilted

away from the easy axis with the help of a small anisotropy
energy barrier due to an external magnetic field and/or heat
energy.74,75 For the CFDO samples with x = 0.075, the
magnetostatics energy might be reduced because many
domains are arranged such that no poles exist at the surface
and no lines of force go out of the material. The anomaly
behavior of the sample with x = 0.050 is mainly due to smaller
particle sizes compared to other samples.3 The sample with x =
0.100 shows higher coercivity due to larger particle size
distribution. When a large strain is generated due to the
substitution of the Dy3+ (0.912 Å) for Fe3+(0.64 Å) at the B-
site, the lattice strain is created, which can generate disorder in
the crystal structure which may be responsible for the canting
of magnetization and a decrease in magnetization values for the
sample with x = 0.025 to x = 0.075.30 Whereas the sample with
x = 0.100 Dy concentration shows higher values of saturation
magnetization, which may be due to the formation of an
additional impurity phase DyFeO3 with additional Dy−Dy
interactions.76
Also, if the magnetic particle size approaches the nanometer

scale, the magnetic properties of materials are strongly affected.
Because of this, heat energy competes over the magnetic
moment ordering.77,78 The magnetization M values are
converted from emu/gram to Bohr magneton per formula
unit (μB/f.u.) using the formula65,79

= [ × ]
M

M
(in /f. u. )

molecular weight (in emu/g)
5585B

(3)

where f.u. is a formula unit (one CFDO molecule), and M is
magnetization. The magnetic anisotropy constant K plays a
crucial role in explaining the magnetic properties of spinel
ferrites.75 The value of the anisotropic constant is calculated
using the following formula79

= ×
K

M H
0.96
s c

(4)

Anisotropy constant (K) data determined for CFDO
compounds are tabulated in Table 4. As expected, high values
of anisotropy constant (K) were obtained due to the
occupation of octahedral sites by Co2+ ions.36,80 Ferrimagnet-
ism of Co0.8Fe2.2O4 is due to an antiferromagnetic intra-
sublattice exchange. The Fe3+ ions at the tetrahedral and
octahedral sites are antiferromagnetically coupled. When
trivalent Dy3+ is substituted for trivalent Fe3+ ions at the
octahedral sites, the antiferromagnetic coupling does not
exactly cancel, as the number of ferric ions at tetrahedral and
octahedral sites are unequal. This would alter the magnet-
ization, as there is an extra contribution from the uncoupled
Fe3+ ions.60 In the present study, Neel’s two-sublattice model78
fits for all of the CFDO samples, which is36

=M M x M x( ) ( )total B A (5)

Figure 6. Magnetic (M−H) hysteresis loops of Co0.8Fe2.2−xDyxO4
nanomaterials. The data shown are for CFDO samples with x = 0.000,
x = 0.025, x = 0.050, x = 0.075, and x = 0.100. All of the data
presented are obtained at 300 K.

Table 4. Magnetic Parameters Obtained from the M−H Hysteresis Loops at 300 K

composition x Ms(μB/f.u.) Mr(μB/f.u.) Hc (Oe) squareness ratio Mr/Ms anisotropy constant (K) (erg/cm3)

0.000 3.07 1.34 185.9 0.44 7.455 × 106

0.025 2.43 1.03 287.1 0.42 9.217 × 106

0.050 2.50 0.81 16.4 0.32 5.478 × 106

0.075 2.49 0.97 240.9 0.39 8.103 × 106

0.100 3.53 2.30 750 0.65 27.103 × 106
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where Mtotal is the resultant magnetic moment of the
ferrimagnetic sample, and MB(x) and MA(x) are the octahedral
and tetrahedral sublattice saturation magnetization, respec-
tively. The values of Neel’s magnetic moments (Mtotal) were
obtained by taking the magnetic moment per ion of Dy3+, Fe3+,
and Co2+ as 10.5 μB, 5 μB, and 3 μB, respectively. Initially, we
tried to correlate the measured saturation magnetization values
(at room temperature) with the magnetization values
estimated from cation distribution derived from Mössbauer
spectra, but they could not be matched. On the other hand, at
low temperature (T) = 5 K and maximum applied external
magnetic field intensity (H) = 50 kOe, the M−H curve
undoubtedly shows a good correlation of the saturation
magnetization data. Figure 7 shows the M−H curve of CFDO

at 5 K. Table 4 shows the comparative data of saturation
magnetic moments obtained from the SQUID magnetometer
and cation distribution. Neel’s two-sublattice model fits iron-
rich ferrimagnetic CFDO samples. For all CFDO samples, the
saturation magnetization value matches. Magnetization values
for all of the compounds were lower as compared to the low-
temperature magnetization. This may be attributed to lower
values of the particle size distribution for all of the samples
inducing superparamagnetic behavior.81 The magnetization of
the sample with x = 0.100 gradually increases and reaches a
maximum value of 3.77 μB/f.u. Also, the final sintering
decreases coercivity and increases saturation magnetization
with an increase in temperature.82
The squareness ratio (Mr/Ms) gives the direction of

magnetization reorientation to the closest easy axis of
magnetization direction after the magnetic field is switched
off.83 According to the Stoner−Wohlfarth theory, the
squareness ratio value for ferrite nanoparticles is close to 0.5
and 0.83 for uniaxial and cubic anisotropy, respectively.
Magnetic nanoparticles are known to exist in multimagnetic
domain structures if the squareness ratio is greater than or
equal to 0.5. For a sample with x = 0.000 to 0.075, the
squareness ratio is less than 0.5, indicating that they are single-
domain structures.27 Whereas the sample with x = 0.100 has a
higher value of squareness ratio, meaning it has multimagnetic
domains. For the sample with x = 0.050, the value of coercivity
is 16.4 Oe, which is the minimum, and the sample with x =
0.100 has a maximum, which is 750 Oe. The coercivity of a
magnetic material is dependent on many factors, such as
magnetic anisotropy, nonmagnetic ion substitution, density,
grain size, macrostrain, and concentration of Dy3+ ions.28 An

increase or decrease in the saturation magnetization values
resulted from the superexchange interaction.30 Magnetic
anisotropy depends on multiple factors, such as the anisotropy
of the cations, the symmetry of the interstitial sites, and cation
distributions at A- and B-sites.
It is known that the saturation magnetization values depend

on the cation distribution of the magnetic materials. Therefore,
we have made a correlation of saturated magnetic values (refer
to Table 3) obtained from the magnetic measurements and
cation distribution derived from the Mössbauer spectra. Dy3+
prefers to occupy the B-site, but due to its larger ionic size
(compared with Fe3+), it generates strain at the B-site. Thus,
we expect that the resulting strain leads to an alteration of the
cation distribution, and hence the saturation magnetization
values are observed to fluctuate. We have analyzed the
Mössbauer spectra and derived the cation distribution from
which the saturation magnetization values are calculated.
These magnetization values are found to be in good agreement
(see Table 3) with the measured magnetization values.

Dielectric Properties. Figure 8 shows the dielectric
constant versus frequency for all CFDO samples. With Dy3+

substitution, an increase in the real part of the dielectric
constant (ε) is observed. For all CFDO samples, the dielectric
constant sharply decreases initially with higher values of
frequency. The maximum value of the dielectric constant is
obtained for the sample with x = 0.075. Comparing the value
of the dielectric constant at 50 Hz, it is observed that with Dy3+
substitution, a uniform increase in the dielectric constant is
clearly visible. This is attributed to the higher resistance of the
materials with Dy3+ content and electron hopping.38,72
According to the Maxwell−Wagner model, the dielectric
constant of ferrite is contributed by larger conductive grains
and smaller resistive grain boundaries.
Electron hopping at a low frequency between conductive

grains causes polarization, which diminishes with high
frequency because electrons cannot move with high frequency.
This frequency is found to be 6.3 kHz for all CFDO samples.
At high frequency (6 MHz), the dielectric constant becomes
equal for all samples and it is 49 for all CFDO samples. The
obtained values of the dielectric constant suggest that all

Figure 7. M−H curves obtained for Co0.8Fe2.2−xDyxO4 nanomaterials.
The data are measured at 5 K.

Figure 8. Dielectric constant of CFDO compounds. The data shown
are frequency-dependent dielectric constants measured for CFDO
compounds with variable Dy concentration.
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CFDO samples are suitable for microwave absorbers in high-
frequency applications.
It is well known that the dielectric properties of the ferrites

are due to the hopping of electrons between the grain
boundaries. Maxwell−Wagner interfacial polarization84−86 and
Koop’s phenomenological model87 defined dielectric constant
with frequency for spinel ferrites. According to these theories,
it is expected that dielectric materials consist of two
components as grains and grain boundaries. Large grains are
of lower-resistance layers and, second, grain boundaries with
high resistance. When an external electric field is applied to the
dielectric materials, the electrons get trapped at the grain
boundaries during hopping because of the high resistance of
grain boundaries, which contributes to interfacial polarization.
This is the reason for the resulting high dielectric constant (at
lower frequencies) in magnetic materials. Further, Rabinkin
and Novikova88 proposed that the dielectric polarization in
ferrites is also an equivalent mechanism to the conduction
process. The electron hopping between ferric Fe3+ and ferrous
Fe2+ ions produces the local displacement of electrons around
the nucleus that generates polarization in ferrites. Therefore, at
lower frequencies, the dielectric constant (ε′) has a higher
value. With the increase in frequency, the polarization
decreases, an exchange of electrons between Fe2+ and Fe3+
cannot respond to the ac electric field, and then the dielectric
constant (ε′) decreases and becomes nearly constant. We have
noticed that the dielectric constant of Fe-rich CFO increases
with increasing Dy3+ substitution. This may be ascribed to the
ionic radius of Dy3+ (0.912 Å) being larger than Fe3+(0.64 Å)
and Co2+(0.74 Å). Therefore, for samples with Dy3+ content (x
= 0.025 to x = 0.100), dysprosium preferred to occupy the
octahedral sites. Thus, with Dy3+ substitution, the content of
Co2+ and Fe3+ decreases at the octahedral sites. Further, the
replacement of Co2+ and Fe3+ ions at octahedral sites by Dy3+
ions increases the hopping rate between ferrous Fe2+ and ferric
Fe3+ ions. Therefore, the polarization is observed to increase
with increasing Dy3+ content in ferrite samples, and as a
consequence, there is a decrease in dielectric permittivity
observed up to x = 0.075. However, for the sample with x =
0.100, a decrease in the dielectric constant is observed due to
the presence of an additional Fe2O3 phase.

■ SUMMARY AND CONCLUSIONS

Dysprosium (Dy3+)-substituted Fe-rich cobalt ferrite com-
pounds were synthesized and characterized thoroughly by
studying the structure, chemical bonding, microstructure and
morphology, magnetism, and dielectric properties. Magnet-
ization studies confirm the ferrimagnetic nature of all of the
CFDO compounds. Mössbauer spectroscopic analyses allowed
us to precisely determine the distribution of cations at A-site
and B-site for all of the CFDO compounds with variable Dy
concentration. The Mössbauer spectral analyses confirm the
substitution of Dy3+ at the B-site of the spinel structure. The
Raman scattering analyses with a peak shift also validate the
claim that Dy3+ ions occupy the B-site leading to the strain of
the CFDO compounds. To match the theoretical value of
saturation magnetization, the low temperature (5 K) and high
magnetic field (5 T) saturation magnetization values are
required. These obtained values from the SQUID magneto-
metry experiment match well with the magnetization values
obtained from cation distribution. Neel’s two-sublattice model
employed to estimate saturation magnetization (Ms) correlates
well with the magnetic properties estimated with the aid of

cation distribution obtained from Mössbauer data. Dielectric
studies confirm the frequency above which the hopping of
electrons stops to be 6.3 kHz. Dielectric results show that
CFDO samples are useful for absorption in high-frequency
applications. The present approach, which is based on
combined Raman and Mössbauer spectroscopic analyses,
successfully explains the chemical bonding and cation
distribution and enhances our ability to derive a better
understanding and correlation between the chemical, structural
and magnetic properties for utilization of CFDO nanomaterials
for sensor applications.
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