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Abstract

The present study focuses on the investigation of magnetic and temperature-dependent dielectric properties of Co-CuFe,0,
nanoferrites. CuFe,0,, Cu, sCo, sFe,0, and CoFe,0, nanoparticles were prepared using sol—gel auto-combustion. X-ray
diffraction (XRD) pattern shows a phase transformation from tetragonal (for CuFe,0,) to cubic (for Cu, ;Co, sFe,0, and
CoFe,0,) structure. Surface morphology of synthesized samples was analyzed by scanning electron microscopy, which
shows formation of agglomerated, irregular shaped nanoparticles. Fourier transform infrared and Raman spectra of CuFe,O,,
Cuy, 5Co, sFe,0, and CoFe,0O, nanoparticles support the results of XRD analysis. The UV—visible spectra of all the sam-
ples show strong absorption maxima in the visible range and are used to calculate the energy band gap of the synthesized
nanoferrites. It was noticed that the value of band gap is highest for CuFe,0, (1.58 +£0.02 eV) nanoparticles in comparison
to Cuy 5Co, sFe,0, (1.18 +£0.02 eV) and CoFe,O, (1.01 +0.02 eV) ferrite systems. Magnetic study shows the highest value
of coercivity (H,) and squareness ratio (S) for Cu, sCo, sFe,0, (H,=959.10+0.30 Oe, and §=0.45 +0.05) ferrite. The
dielectric measurement revealed a significantly lower value of tangent loss (tand) at higher frequencies for Cu,, sCo, sFe,O,
and CoFe,0, ferrite samples in comparison to that for CuFe,O,. The high value of magnetic parameters, high resistivity
(~107-10* Q cm), and low dielectric loss at high frequencies for Cu, sCo, sFe,0, and CoFe,0, nanoferrites suggests that
the materials are potential candidate for high density magnetic recording media and also to be used in power transformers
at high frequencies.
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Introduction

Nanotechnology has initiated a renewed interest in the field
of material's science to explore the properties of materials
and enhance their technological applications in comparison
to their bulk counterpart. Spinel ferrites are attractive multi-
functional ferrimagnetic materials that have attracted much
attention of researchers due to their outstanding magnetic,
electrical, and optical properties.'™

Copper ferrite, with the chemical formula CuFe,0,,
where Cu and Fe ions exist in divalent and trivalent
states, respectively, is an important inverse spinel ferrite.
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CuFe,0, is known to crystallize in either tetragonal (I141/
amd space group) or cubic (Fd3m space group) structure
depending upon the annealing temperature.’ In copper fer-
rite, the tetragonal phase arises from distortion along one
axis of the octahedron (c/a > 1), caused by the presence of
Cu*?ions (d°) in octahedral position. It was observed that
in tetragonal phase, the copper ferrite is always partially
inverted, and the inversion parameter depends on the syn-
thesis condition, annealing temperature, and the cooling
mode.® The soft magnetic material CuFe,O, has inter-
esting properties due to its ferrimagnetic behavior, high
resistivity, and low eddy current losses. Because of such
fascinating properties, it provides a variety of promising
scientific and technological applications in optoelectronic
devices,’ catalyst,8 sensors,’ microwave devices,'” etc. On
the other hand, CoFe,0, is a well-known hard magnetic
material which exhibits high coercivity along with a mod-
erate saturation magnetization ~ 80 emu g~! and high Curie
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temperature (672 + 5 K).? The value of room temperature
resistivity for cobalt ferrite is about 1.44 x 10% Qcm.* The
low value of dielectric loss at high frequencies with excel-
lent magnetic properties makes it a promising candidate
for microwave application as well as high-density storage
devices.

It is crucial to focus on the study of the physical proper-
ties of materials to explore their innovative applications. The
synthesis of nanostructured materials with controlled size,
shape, and morphology is critical for scientific and techno-
logical applications. It was noticed that the properties of
ferrite nanoparticles crucially depend on the method of syn-
thesis, reaction time, annealing temperature, annealing time,
distribution of cations at tetrahedral (A) and octahedral sites
(B), introduction of dopants, etc.!! Different synthesis tech-
niques have their own limitations as well as benefits. Sol-gel
auto-combustion is an economical method which produces
homogenous ultrafine particles, with high purity and control-
lable size.'? Several researchers have studied the structural
and magnetic properties of Co-substituted ferrites, such as
Ni-Zn ferrite,'>!3 Li ferrite,'* Ba—Sr ferrite,'> Mn-Zn,'® Mg
ferrite,'” and Ni ferrite.'® The substitution of cations at the A
and B sites produces significant changes in the physical and
chemical properties of parent ferrite nanoparticles.

The partial substitution of transition metals,'>!3 rare
earth elements in spinel ferrites' and nanocomposites of
ferrites/multiferroics,’” ferrite/polymer,”! ferrite/grapheme
oxide,?? ferrite/metal oxides,? etc. are at the forefront of
modern research to modify the properties of ferrites. Recent
studies confirmed that Co-substituted copper ferrite offers
advantages as an excellent microwave absorber,>* a photo-
catalyst,?> high-performance supercapacitor, in biomedical
application,? etc. However, only few reports are available
that explain the properties of cobalt substituted copper fer-
rites. Bhaskaran et al. 2’ examined the magnetic proper-
ties of Co,_,Cu,Fe,0, (x=0.0, 0.1, 0.2, 0.4, 0.6, 0.8 and
1.0) nanoparticles. They observed that the crystal structure
undergoes transformation from tetragonal to cubic with
increasing concentration of Co*? ions. The saturation mag-
netization and coercivity was maximum for compositions
x=0.8 and x=1.0, respectively. The magnetic anisotropy
and remanent magnetization was found to increase with
increasing content of Co*? ions. The dielectric properties
of the Cu,_,Co,Fe,0, (x = 0.0, 0.1, 0.2, 0.4, 0.6 and 1.0)
ferrite system was measured at room temperature in the fre-
quency range of 1 kHz-1 MHz by Dar et al..?® These nano-
particles were prepared by a solid-state reaction. The highest
value of dielectric constant (¢) was found to be 4.2 x 10> for
composition x=0.1 and it starts to decrease with increasing
Co concentration. Thus, more investigations are required,
as different compositions show different behavior depend-
ing upon the method of synthesis. Therefore, in the present
work, we study all electrical and magnetic properties of 50%

Co-substituted CuFe,0, ferrites, to eliminate diverse effects
arising from the method of synthesis and composition.

Experimental Section

To synthesize CuFe,0,, Cy, sCo, sFe,O, and CoFe,0O, nano-
ferrites, a well-known sol-gel auto-combustion technique
was employed. All chemicals were purchased from Sigma
Aldrich (AR grade, purity >99.9%). Stoichiometric amounts
of precursors, cobalt nitrate hexahydrate, copper nitrate tri-
hydrate, ferric nitrate nonahydrate, and citric acid were dis-
solved separately in 100 ml of distilled water. These aqueous
solutions were stirred thoroughly to get transparent, homo-
geneous nitrate solutions. The obtained nitrate solutions
were mixed together at 80-85°C. To neutralize the mixture,
the pH was maintained at~7 by pouring the droplets of
ammonia solution. After continuous stirring for 5-6 h, a
gel was formed. This gel combusts in a controlled way and
produces a fluffy dark brownish powder. The obtained pow-
der of CuFe,0,, Cu, sCo, sFe,0, and CoFe,0, nanoferrites
were ground thoroughly using a mortar and pestle and then
annealed at 800°C for 2 h.

The synthesized samples were characterized by X-ray
diffraction (XRD) (Rigaku Ltd., Japan) with a monochro-
matic radiation source of Cu-K, (wavelength~1.541 A) for
structural and phase analysis. The surface morphology and
the presence of elements with expected stoichiometric ratio
were examined by scanning electron microscopy (SEM)
and energy-dispersive x-ray (EDX) technique, respectively.
A PerkinElmer Fourier transform infrared (FTIR) spec-
trophotometer was used to record the FTIR spectra in the
range of 400-4000 cm™' A HORIBA Scientific spectrom-
eter equipped with an Olympus confocal microscope was
used to record the room temperature Raman spectra over
the region 100-800 cm™!. A PerkinElmer UV-visible spec-
trophotometer was used to record the absorption spectra of
synthesized samples. To investigate the magnetic behavior, a
Lake Shore model 7410 series vibrating-sample magnetom-
eter (VSM) was used up to a magnetic field of + 15 kOe at
room temperature. The resistivity and dielectric properties
of the samples were studied using a Keithley Electrometer
model 6517B and an Agilent-4290 LCR meter interfaced
with LabVIEW software, respectively.

Result and Discussion
XRD Analysis
Figure la, b and c depicts the Rietveld refined XRD pat-

tern of CuFe,0,, Cu,;Co,sFe,0, and CoFe,0, nano-
ferrites, respectively. The presence of sharp peaks in the
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Fig. 1 Rietveld refinement of XRD pattern for (a) CuFe,0,, (b) Cu,sCo, sFe,0,, and (c) CoFe,O, nanoferrites.

XRD pattern indicates the crystalline nature of synthesized
nanoparticles. The XRD pattern confirmed the formation
of tetragonal phase structure (space group I41/amd) for
CuFe,0, and cubic phase structure (space group Fd3m)
for Cu, sCo, sFe,0, and CoFe,0, nanoparticles. The peaks
observed for CuFe,0,, Cu,sCo,sFe,0, and CoFe,0,
nanoferrites were compared and satisfactorily indexed with
JCPDS file no: 34-0425, 36-0153, and 22-1086, respec-
tively. Further, to estimate different structural parameters,
Rietveld refinement of XRD data is done by using FullProf
software considering the I41/amd space group for CuFe,0,
(tetragonal) and Fd3m space group for Cu, sCo, sFe,O, and
CoFe,0, ferrites (cubic), respectively. XRD peak profiles
were calculated using a pseudo-Voigt function.'® The refine-
ment was done continuously until a goodness factor very
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close to one was obtained. Table I shows the lattice param-
eters of direct and reciprocal space and the goodness factor
(7). The average crystallite size (D) was determined cor-
responding to the most intense diffraction peak (311) using
the Debye-Scherrer formula. The formulas, which were used
to calculate the crystallite size (D), x-ray density (p,), inter-
planar spacing (d), and specific surface area (S) are taken
from Ref. 29.

The structural parameters calculated by analyzing the
XRD data are tabulated in Tables I and II. The average crys-
tallite size is 25.26 +0.01, 34.15+0.02, and 38.40+0.02 nm
for CuFe,0,, Cu,sCo, sFe,O4 and CoFe,0, nanoferrites,
respectively. The largest crystallite size for CoFe,0O, is
expected due to large ionic radius of the Co*Zion (0.74 10\) as
compared to that of the Cu*? (0.70 A)ion® X-ray density is
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directly affected by the molecular weight and lattice param-
eter of the sample. The highest molecular weight of CuFe,0,
results in the largest x-ray density (10.81+0.01 g cm™>) of
CuFe,0,.

Williamson-Hall (W-H) method®! was also applied
to determine the crystallite size (D) and microstructural
lattice strain (&) (Fig. 2). The positive sign of the slope
indicates the tensile stress, while the negative sign shows
the presence of compressive strain. It was observed that
the sign of the slope for the CuFe,O, sample is negative

while the sign is positive for Cu, sCo, sFe,O, and CoFe,0,
ferrite samples. The presence of compressive strain is
also confirmed by the fact that in the CuFe,O, sample,
the value of crystallite size determined by W-H plot
(23.09 +0.01 nm) is smaller than that determined by
the Scherrer formula (25.26 +£0.01 nm). However, for
CoFe,0, Cu,sCo,;sFe,0, samples, the crystallite size
obtained by the W-H plot is larger than that obtained by
the Scherrer formula, which shows the presence of tensile
strain.

To determine the cation distribution, the occupancy val-

*9%4(c) CoFe,0, ues of the cations for all samples were obtained after fit-
o 0.0048 " ting XRD data using Rietveld refinement.'® The estimation
8 . = of cations occupying the A and B sites were calculated by
Q 000321 employing the least-squares refinement model. The cation
oooted @ distribution in ferrites is a function of various parame-
ters such as radii of cations, thermal history, and particle
0.008 b)Co, .Cu, Fe,O, size.?> The calculated cation distribut.ion for CuFe,0,
o 0.006 . .Cuo.scoo.sFezOft, and CoFeZQ4 nanoparticles are presented
8 in Table III. It is found that in CuFe,O, Cu,;Co,sFe,0,
g 0.004 I/r_.———-——"l""'l and CoFe,0, nanoferrites a remarkable fraction of metal
0.002] = '. ions occupy at A and B sites. Hence, the refinement result
shows the presence of high content of divalent ion at the
0.009 CuFe O tetrahedral site in all the synthesized samples, which sup-
o_oog.(a) ure,b, ports the formation of mixed spinel structure instead of
D 0.007. inverse spinel structure.
3 The Bond_Str program™® was used to estimate different
%0'006' i - u u bond length§, which are shown in Table I'V. From this table,
0.005+ i it is interesting to note that for CuFe,O, bond length Fe-O
0.004 . . . at the A site is highest while at the B site is smallest among
0.5 1.0 . 15 20 all the samples. This may be due to the incorporation of
4Sin6 more Fe*? ions with small ionic radii (0.67 A) at the A site

Fig.2 Williamson-Hall (W-H) plot for (a)
Cu, 5Co, sFe,0,, and (c) CoFe,0, nanoferrites.

CuFe,0,, (b)

and fewer Fe'*? at the B site in CuFe,0, as compared to
Cu, sCoy sFe,0, and CoFe,0, ferrite samples.***> A similar
result is observed in the bond length of the A and B sites of

Table| The Rietveld refined lattice parameter for CuFe,0, Cu, sCo, sFe,0, and CoFe,0, nanoferrites

Sample Direct lattice parameter Reciprocal lattice parameter X2
a(A) b(A) c(A) V(A a@A™h  pATH @A) VA
+0.002 +0.002 +0.002 +0.002 +0.002 +0.002 0.0001
CuFe,0, 5.813 5.813 8.685 293.488 +0.269 0.172 0.172 0.115 0.0034 1.34
Cu, sCo, sFe,0, 8.380 8.380 8.380 588.712 £ 0.421 0.119 0.119 0.119 0.0016 1.33
CoFe,0, 8.382 8.382 8.382 588.981+0.421 0.119 0.119 0.119 0.0016 1.26
Tablell Structural parameters Sample Crystallite size (nm) Lattice strainx 10™* X-ray density (g/cm®) Specific
of CuFe,0, Cu,sCosFe, 0, surface area
and CoFe,0, nanoferrites By Scherrer By W-H Plot (m%g)
calculated from XRD data
CuFe,0, 2526+0.01 23.09+0.01 1.98+0.02 10.81+£0.01 22.59+0.03
Cu,5Co,sFe,0, 34.15+0.02 46.12+0.03 1.41+0.26 5.38+£0.01 32.61+£0.03
CoFe,0, 38.40+0.02 52.62+0.03 1.67+0.23 5.31+0.01 29.41+0.04
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Table Il Distribution of cations for CuFe,O, Cu,sCo,sFe,0, and
CoFe,0, nanoferrites

Sample Cation distribution
CuFe,0, (Cu+20'45 Fe+30.55) A [Cu+20_55Fe+31_45] B
Cu, sCoy sFe,0, (Cu+22 226C0+22 231Fe+32 ,343) A
[Cu™,5C0™ 1sFe™ 571 5
CoFe,0, (Co*? o.esF‘fr3 032A [C0+20.32Fe+31.68] B

CuFe,0, by the substitution of In*® ion*® and the reported
value of bond length is comparable to that of present work.

SEM and EDX

Figures 3a, b, ¢ and 4a, b and c represent the SEM
micrograph and particle size histograms of CuFe,0,
Cu, 5Co, sFe,0,4 and CoFe,0, nanoferrite, respectively.
The SEM micrographs indicate the agglomeration of small
sized irregular shaped particles. The enhancement in sur-
face-to-volume ratio of nanostructured materials usually
causes this agglomeration.?” It could also be attributed

to the grain growth mechanism involving diffusion coef-
ficients, sintering temperature, and the concentration of
different ions. The particle size is calculated using Image
J software. The average particle size is found to be 142 +2,
166 +2 and 152 +2 nm for CuFe,0,, Cu, sCo, sFe,0, and
CoFe,0, , respectively. The obtained particle size is larger
in comparison to crystallite size, as calculated by XRD
data (Table II), due to agglomeration of particles which
consist of many crystallites.

EDX spectroscopy is carried out to examine the quanti-
tative elemental analysis of synthesized samples. The EDX
spectra are shown in Fig. 5a, b and ¢, and the numerical
output is listed in the Table V. The proportion of constitu-
ent elements revealed by EDX output is approximately
the same as the chemical composition of respective ferrite
samples. The peaks corresponding to the constituent ele-
ments Fe, Co, Cu, and O are seen in EDX spectra, confirm-
ing the purity of the samples. However, an extra Au peak
is also observed which is due to the thin coating of Au on
the sample surface to make it conducting.

Table IV Bond length of

CuFe,0; Cug 5CopsFe;0; and CuFe,0, Cu, 5Co, sFe,0, CoFe,0,
CoFe,0, nanoferrites Bond type Distance+0.01  Bond type Distance+0.01  Bond type Dis-
(A) (A) tance +0.01
A
1 Fe(A)-O 2.11 Fe(A)-O 1.72 Fe(A)-O 1.88
2 Fe(B)-O 1.90 Fe(B)-O 1.99 Fe(B)-O 2.27
3 Cu(A)-O 2.27 Cu(A)-O 1.86 - -
4 Cu(B)-O 1.88 Cu(B)-O 2.32 - -
5 - - Co(A)-O 1.85 Co(A)-O 1.90
6 - - Co(B)-O 2.11 Co(B)-O 2.15
(a) ~(b) (c)

MIRAWTESCAN SEMHV: 15.00kV  WD:9.991 mm
[ Viewfield: 2.166 ym  Det: SE

SEM HV: 15.00 kV WD: 12.19 mm
View field: 2.167 ym  Det: SE
SEM MAG: 100.00 kx  Date(m/dAy): 10/20/21

CuFe204-

IUAC SEM MAG: 100.05 kx  Date(m/dAy): 10/20/21

o 5
MIRAW TESCAN SEM HV: 15.00 kV WD: 11.42 mm

7 Viewfield: 2.167 ym  Det: SE 500
IUAC SEM MAG: 100.00 kx  Date(m/dAy): 10/20/21
CoCuFO-01

MIRA\ TESCAN

IUAC n

CoFe204-01

Fig.3 SEM micrographs for (a) CuFe,0,, (b) Cu,sCo, sFe,0,, and (c) CoFe,O, nanoferrites.
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Fig.4 Particle size histograms for (a) CuFe,0,, (b) Cu, 5Co, sFe,0,, and (c) CoFe,0, nanoferrites.

FTIR Spectroscopy

FTIR spectroscopy is an effective technique for identifying
different functional groups in materials. The FTIR spectra
were recorded in the range of 400-4000 cm™! as shown in
Fig. 6. Waldron proposed that the vibration band in the range
of 350-450 and 500-600 cm™' correspond to metal-oxygen
at octahedral and tetrahedral sites, respectively.*
Presently, due to the instrument’s limitation, the vibra-
tion bands below 400 cm™' could not be observed and sin-
gle band corresponding to the tetrahedral site is observed
at 572+1, 579+1, and 581 +1 ecm™! for CuFe,0,
Cuy5Co, sFe,0, and CoFe,0, nanoferrites respectively.
However, in the case of CuFe,0,4 the band corresponding

to the octahedral site is also observed at 426 + 1 cm™!, which
disappeared in Cu, sCo,, sFe,0, and CoFe,0O, samples, indi-
cating the lower value of band position at the octahedral site.
The IR band position depends on variation in bond length,
ionic radii, mass, position, and interatomic forces between
vibrating atoms at respective sites.**! The cation distribu-
tion confirmed the increasing pattern of molecular weight
at the tetrahedral site for CuFe,0, Cu,;Co,sFe,0, and
CoFe,0, nanoferrites which support the observed trend in
band position at tetrahedral sites. The vibration band near
1385 cm™! represents the presence of the NO3_2 group. The
band corresponding to 1644 cm™! and 3406 cm™! represent
the vibrations associated with the -OH group.****
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Fig.5 EDX Analysis for (a) CuFe,0,, (b) Cu,sCo, sFe,0,, and (c) CoFe,O, nanoferrites.
TableV Elemental composition Elements CuFe,0, Cuy sCoy sFe,0, CoFe,0,
of CuFe,0, Cu,5CosFe,)0, - -
and CoFe,0, nanoferrites Weight% Atomic % Weight% Atomic % Weight% Atomic %
Cu 15.39 7.93 14.12 7.03 - -
Co - - 12.33 7.49 25.04 14.06
Fe 55.55 32.85 46.28 27.96 46.80 27.72
O 29.06 59.49 27.27 57.52 28.16 58.22
Total 100% 100% 100%

Raman Spectroscopy

Figure 7a, b and ¢ shows the Raman spectra of CuFe, O,
Cu, 5Co, sFe,0, and CoFe,O,4 nanoferrites in the range of
100 to 800 cm™!. According to group theory, five Raman
modes, A1g+Eg+3T2g , are associated with cubic spinel,
and ten modes, 2A;,+ 3B, ,+ B, +4E,, , are associated with
the tetragonal structure.* In the present study, we observed
six Raman modes (/A ,,, 1B,,, 3B,,, and E,,) for tetragonal
structure (CuFe,0,) and five Raman active modes (/A,,,
IE,, and 3T,,) for cubic structure (Cu, sCo, sFe,04 and
CoFe,0,) in the range of 100-800 cm™' . The recorded
Raman spectra confirmed the presence of Raman vibrational
modes as expected in the case of tetragonal and cubic spinel
ferrites. The A;, mode is due to the symmetric stretching
vibration of oxygen-metal ions present at the tetrahedral site,

@ Springer

whereas the modes (B,,, B,, E,, , etc.) at lower wavenum-
ber are ascribed to the phonon vibrations corresponding to
symmetric and antisymmetric bending of oxygen ions with
respect to metal ions present at the octahedral site.*’

Fityk software*® was used for peak profile fitting, and best
fit was observed for the Gaussian-type profile. Information
such as peak center, full width at half maximum (FWHM),
and area of individual Raman modes thus obtained is shown
in Table VI. The band position of Raman vibrational mode
associated with tetrahedral sites are at higher wavenumber
for Cu, sCo, sFe,0, and CoFe,0, samples in comparison
to the CuFe,0, system. This variation in band position of
Raman modes is because vibrational frequency depends on
both the bond strength and the reduced mass of the vibrat-
ing species.*’*® On the other hand, in all the samples, the
position of Raman modes at the octahedral site is lower in
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Fig.6 FTIR spectra for CuFe,0,, Cu,sCo,sFe,0,, and CoFe,O,
nanoferrites.

comparison to the tetrahedral site, which represents the pres-
ence of a higher effective mass at octahedral sites. A similar
result is confirmed by the observed wavenumber shifting in
FTIR spectra, which is well supported by the cation distribu-
tion analysis as discussed earlier.

UV-Visible Spectroscopy

The optical properties of synthesized nanoferrites were dem-
onstrated by recording the absorption spectra in the wave-
length range of 200-800 nm as depicted in Fig. 8a. The
absorption maxima were strong in the visible region around
the wavelength range of 500—-600 nm for all the samples. A
small kink observed at 400 nm for all three samples is due
to the change of a deuterium light source (ultraviolet range)
to a tungsten-halogen source (visible range).

The value of the optical band gap depends on various fac-
tors such as crystallite size, structural parameters, annealing
temperature, displacement of atoms, lattice defects, carrier
concentration, and the presence of impurities.*’ The elec-
tronic transition takes place between the valence band (O
2p states) to the conduction band (Fe 3d). The optical band
gap energies for synthesized CuFe,0,, Cu, sCo, sFe,0, and
CoFe,0, nanoferrites were calculated by using the Tauc
plot (Fig. 8b). The Tauc plot represents the incident photon
energy (hv) on the X-axis and (ahv)™ on the Y-axis, where
a is the absorption coefficient of materials, m represents the
type of transition.”® The value of m can be 2, 1/2, 3, and
3/2, which indicates direct allowed, direct forbidden, indi-
rect allowed, and indirect forbidden transitions, respectively.
The intercept on the X-axis after extrapolation of the linear
region of the Tauc plot gives the value of optical band gap
energy.

Considering the synthesized nanoferrites as a direct band
gap material®!? the calculated values of the band gap for
CuFe,0,, Cu sCo, sFe,0, and CoFe,0, nanoferrites came
outtobe 1.58+0.02 eV, 1.18+0.02 eV, and 1.01 £0.02 eV,
respectively. In the present work, the smallest band gap of
CoFe,0, is expected due to its largest average crystallite
size which results in the reduction of grain boundaries.
Subsequently, the decreased scattering of carriers at grain
boundaries leads to the small band gap energy.! The value
of direct optical band gap was 1.59 eV and 1.11 eV as pro-
posed by Gupta et al. for tetragonal structured CuFe,O, and
CoFe,0, nanoparticles with an average crystallite size of 16
and 34 nm, respectively.>? In the present work, the obtained
values of band gap are lower than that reported in Ref. 52
for both CuFe,0, and CoFe,0, nanoparticles, which may be
attributed to the larger crystallite size of synthesized samples
in comparison to reported work. Tatarchuk et al. reported
the optical properties of Co-Zn ferrites and observed that
the estimated optical band gap decreased significantly from
1.89 eV to 1.31 eV with the increase in Co*? concentration,
and crystallite size was found to increase from 37 nm to
51 nm.> A similar trend is observed in the present work, i.e.
the band gap is smaller for the sample with a larger crystal-
lite size.

Magnetic Study

The M-H hysteresis curves for CuFe,0,, Cu, sCoq sFe,0y
and CoFe,0, nanoferrites examined by VSM measurement
at room temperature are shown in Fig. 9 and the obtained
magnetic parameters are summarized in Table VII. The
saturation magnetization and coercivity for synthesized
nanoferrites are in the range of 45.07-80.06 emu/g with
an error of 0.02 and 182.45-959.10 Oe with an error of
+0.30, respectively. Magnetic parameters crucially depend
on the arrangement, concentration, occupancy, anisotropy,
additives, and exchange interaction of cations at A and B
sites.”*>> The magnetic moment (77), anisotropy constant (K),
and squareness ratio (S) are calculated using the relations®
given below:

M XM,
5585

Mg x H M
= —5oc S=11 (1)

= 0.96 M

Here M is the molecular weight of the sample, M, M,
and H,, are the saturation magnetization (emu g~'), retentiv-
ity (emu g~!), and coercivity (Oe), respectively.

The large value of magnetic parameters for
Cu, sCo, sFe,0, and CoFe,0, nanoferrites can be explained
mainly by the presence of highly magnetic Co*? ions with
a magnetic moment of 3ug in comparison to 1ug for Cu't?
ions.'* The cation distribution in CuFe,0,, Cuy 5Coq sFe, 0,
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Fig.7 Raman spectra for (a) CuFe,0,, (b) Cu, sCo, sFe,0,, and (c) CoFe,0, nanoferrites.

and CoFe,0, ferrite systems, obtained by Rietveld refine-
ment also supports the obtained pattern of M| in three
samples. Based on Neel’s two-sublattice model, magnetic
moments for synthesized ferrites are calculated theoreti-
cally using the cation distribution obtained by Rietveld
refinement. As can be seen from Table VII, the theoretical
magnetic moment calculated by cation distribution follow a
similar trend as the experimental magnetic moment obtained
by VSM measurement. The quantitative difference between
these values can be because of not an exact antiparallel
arrangement between the spins of A and B site cations or
the role of spin canting.

The lowest values of M and H, for CuFe,0, are attrib-
uted to the lower magneto-crystalline anisotropy and the
weaker magnetic moment of Cu*? ions compared to Co™

@ Springer

ions. The highest value M for CoFe,0, is because of its
largest crystallite size. The larger crystallite size consists
of many magnetic domains. In the presence of an external
magnetic field, the magnetic domain tends to be aligned in
the direction of the field. Magnetic materials with a large
number of domains give rise to large values of M, Moreo-
ver, the energy required for the alignment of large number of
domains in particular direction is higher.>* Therefore, sam-
ples with larger crystallite size are expected to have high
anisotropy energy as observed in the present study. A similar
trend was observed for magnetic parameters with variation
in crystallite size for Ni,_,Zn Fe,0, (x=0.0,0.3 0.5, & 0.7)
by Costa et al.,”’ for Nij ,Mn, ;Gd,Fe, ,O, ferrites by Zhao
et al.,”® for Mg-Zn ferrite by Choodamani et al. >
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Table VI Raman band position

Sample Raman modes Peak center Area (A.U.) FWHM (cm™")
for CuFe,0,, Cu, sCo, sFe,0, (cm™)
and CoFe,0, nanoferrites
CuFe,0, E,, 169 2031.14 42.243
By, 266 964.42 64.14
By, 338 571.73 32.538
By, 477 4116.99 99.085
By, 576 2431.06 62.502
Ay, 670 6666.04 85.402
Cu, sCo, sFe,0, T,, 181 2229.93 43.265
E, 297 3906.87 73.924
T,, 469 12,264 74911
T,, 598 19,743.2 113.44
Ay, 682 11,894.9 63.306
CoFe,0, T,, 191 2750.05 44.5878
E, 297 13,855.6 72.3469
Ty, 466 24.376.6 73.5235
Ty, 596 40,864.8 123.79
A, 679 19,481 56.463
CuF6204 (a)
Co, Cu FeO,
CoFe,0,
5 n
< §
[
2 :
© ~
s )
<) £
n 3
2 —
<
I T T T T T - T T T T
200 300 400 500 600 700 800 0 1 2 3 4 5
Wavelength (nm) Energy(eV)

Fig. 8 (a) UV-Visible absorption spectra; (b) Tauc's plot for CuFe,0,, Cu, sCo, sFe,0,, and CoFe,0, nanoferrites.

The change in coercivity may originate from the effect
of spin canting, the exchange anisotropy and the change in
superexchange interactions.®® The higher saturation mag-
netization and coercivity lead to large anisotropy coefficient
of Cu, sCo, sFe,0, and CoFe,0, samples than the CuFe,0,
system. The highest value of coercivity and squareness ratio
is achieved for Cu, sCo, sFe,O, (H.=959.10+0.30 Oe and
§=0.45+0.05) samples, which makes them suitable candi-
dates for high-density recording media.

Electrical Properties

Resistivity Measurement

To carry out electrical measurements powders were
ground and pressed into circular shaped pellets of 10 mm

in diameter and ~2 mm in thickness using a hydraulic
press pelletizer. The electrical behavior of the CuFe,0,,
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Cug sCoq sFe,0, and CoFe,0, nanoferrites was examined
by measuring dc resistivity (p) as a function of tempera-
ture using the Four-probe technique. The variation in dc
resistivity in the temperature range 100—400 K is shown in
Fig. 10. The plot shows that by increasing the temperature,
the resistivity of all synthesized nanoferrites decreases,
hence the conductivity increases. The transportation of
electrons takes place between Fe*? and Fe*t? ions, result-
ing in thermally activated charge interaction, whose drift
velocity increased with temperature during the hopping
process, which might be the reason for the increased
conductivity of synthesized nanoferrites with increasing
temperatures.®!

Moreover, it is noticed that the resistivity of
Cuy, sCo, sFe,0, and CoFe,0, sample is less in comparison
to CuFe,0, nanoparticles. The observed values of resistiv-
ity at 300 K for CuFe,0,, Cu, sCo, sFe,0, and CoFe,0,
nanoferrites are (6.03+0.28)x 107, (4.01 +0.20)x 10’ and
(2.11£0.03) x 10" Qcm, respectively. The variation in resis-
tivity can be explained by the Verwey conduction mecha-
nism.%? From cation distribution, as mentioned in Table IIL,

100

—=—CuFe,0,
80
——Cu, Co Fe,O,

60 - COF8204

40 <
204

0

.20

40

Magnetization (emul/g)

-60 <

-80 o

-100

L LJ v L v v
-15000 -10000 -5000 0 5000 10000 15000

Magnetic Field (Oe)

Fig.9 Hysteresis curve of CuFe,0,, CujsCo,sFe,04 and CoFe,O,
nanoferrites.

it can be seen that in Cu, sCo, sFe,0, and CoFe,0, nano-
ferrites, more Fe*? ions are present at B sites in comparison
to the CuFe,0, system; therefore, more electron hopping
takes place between ferric (Fe™?) and ferrous (Fe*?) ions in
Cuy, 5Co, sFe,0, and CoFe,0, ferrite samples, causing the
low resistivity or higher conductivity.®

The variation in resistivity can also be understood on the
basis of crystallite size. The sample with the smaller crys-
tallite size contains a larger number of grain boundaries.
These grain boundaries act as a barrier for the movement
of charge carriers.% In the present work, the calculated
crystallite size of CuFe,O, (25 nm) is less in comparison
to Cu, sCo, sFe,0, (34 nm) and CoFe,0, (38 nm) ferrites.
Therefore, the resistivity of CuFe,0, is higher among the
synthesized samples. The present outcomes are consist-
ent with previous studies conducted by Venkataraju et al.
for Mn,, s_ Ni Zn, sFe,0, (x=0.0, 0.1, 0.2, 0.3 and 0.5),°
Shinde et al. for Ni;_,Zn Fe,0, (x=0.0, 0.2, 0.4, 0.6, 0.8,
and 1.0).%” Thus, the decreasing order of resistivity for
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COO.SCUO.SFe204
CoFeZO .

1.6x10°4

1.4x10°4
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8.0x10"

ist

6.0x10"

Res
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0.0
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Fig. 10 Variation in resistivity as a function temperature for
CuFe,0,, Cu, sCo, sFe,0,, and CoFe,0, nanoferrites.

Table VIl Magnetic parameters

of CuFe,0,, Cu, sCo, sFe,0,,
and CoFe,0, nanoferrites

Magnetic parameters CuFe,0, Cu, sCo, sFe, 0, CoFe,0,
Saturation magnetization (emu/g) 45.07+0.02 53.99+0.02 80.06 +£0.02
Coercivity (Oe) 182.45+0.30 959.10+0.30 779.44+£0.30
Retentivity (emu/g) 12.66 +0.03 24.16+0.03 27.40+0.03
Squareness ratio 0.27+0.05 0.45+0.05 0.33+0.05
Magnetic moment (ug)

By VSM measurement 1.93+0.02 2.29+0.02 3.36+0.02
By cation distribution 4.28+0.02 5.73+0.02 6.21+0.02
Anisotropy coefficientx 10° (erg/cm?) 8.56+0.32 53.93+0.32 65.02+0.32
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CuFe,0,, Cu,sCo, sFe,0, and CoFe,0, is attributed to
increasing order of their crystallite size.

Dielectric Measurement

The dielectric measurement was done over the tempera-
ture range of 100-400 K and the frequency range 50 Hz
to 2 MHz as shown in Figs. 11 and 12. It can be seen that
temperature, frequency, and substitution of additives influ-
ence the dielectric properties of ferrites. The silver coating
was done on opposite faces of the pellets to make the parallel
plate capacitor geometry with ferrite material as the dielec-
tric medium. The dielectric constant (¢') and dielectric loss
(tand) of the samples have been calculated using the formula
mentioned in Ref. 55

100 «l=50Hz
i [(a) CuFe0,
~ a0l i
J’_", «@=250KHz
‘s’ «@=350KHz
+ 60+
c
o
(3]
L 40-
©
K
2 204
(a]
o v ) T ) T ) 1
100 150 200 250 300 350 400

Temperature (K)

40

Variation in dielectric properties of the materials accord-
ing to crystallite size can be explained on the basis of Max-
well-Wagner and Koops models.®® According to these
models, the smaller crystallite size means smaller grains
and a larger grain boundary. Ferrite nanoparticles consist of
well-conducting grains separated by resistive grain bounda-
ries. If the resistance of grain boundary is high enough then
charge carriers are piled up at the grain boundaries. The
accumulation of charge at the grain boundary leads to a high
dielectric constant of the material. In the present study, due
to the smallest crystallite size, CuFe,O, has highly resis-
tive grain boundaries. Therefore, it has the highest dielectric
constant among the studied samples. The trend of dielectric
constant with crystallite size was reported by Yousuf et al.®
for yttrium-substituted manganese ferrite (MnY Fe,_,O,).
Their study is consistent with the result of the present work
that the smallest crystallite size of CuFe,O, leads to the

16

i | (b) Co, Cu, Fe,0,

12222424
¥
:
3

Dielectric Constant (<')

100 150 200 250 300 350 400

Temperature (K)

(c) CoFe,O,

304

204

104

Dielectric Constant (¢')

200

250 300 350 400

Temperature (K)

Fig. 11 Variation in dielectric constant (¢) as a function of temperature for (a) CuFe,0,, (b) Cu,sCo, sFe,0,, and (c) CoFe,O, nanoferrites.
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Fig. 12 Variation in loss tangent (tand) as a function of temperature for (a) CuFe,0,, (b) Cu,sCo, sFe,0,, and (c) CoFe,0, nanoferrites.

highest dielectric constant. However, the observed values
of dielectric constant for Cu, ;Co, sFe,O, and CoFe,0,
ferrite show a pattern opposite to the crystallite size. The
crystallite size and dielectric constant of Cu, sCo, sFe,O,
(D~34.1540.02 nm) is less in comparison to that of
CoFe,0, (D ~38.40+0.02 nm). This observed trend in
dielectric constant might be due to some other factors such
as microstructure, interfacial dislocations, homogeneity, or
imperfections distribution of cations.’” The collective behav-
ior of dielectric constant with temperature and frequency is
discussed below.

The real part of the dielectric constant (¢') and tangent
loss (tand) remains almost constant at lower temperatures,
while it starts to increase monotonically with an increase in
temperature. A similar trend of the temperature-dependent
dielectric constant and dielectric loss has been reported in
the case of different spinel ferrites.* At low temperatures,

@ Springer

the thermal energy provided to the sample is insufficient to
raise the mobility of charge carriers, and as a result, there is
less hopping and polarization. However, by further raising
the temperature, the increasing values of dielectric constant
for all frequencies can be accredited to the enhanced mobil-
ity of thermally activated charge carriers.

The temperature dependence of ¢ is different at different
frequencies. At lower frequencies, € increases more rapidly
as compared to that at higher frequencies. The contribu-
tion of interfacial, dipolar, ionic, and electronic polarization
results in the dielectric constant of material.'? The interfacial
and dipolar polarizations have strong dependence on tem-
perature, as well as frequency which is the reason behind
the rapid increase in dielectric constant at low frequencies.
On the other hand, it is noticed that at higher frequencies,
the change in polarization becomes insignificant. This
behavior is due to the presence of both electronic and ionic
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polarization, which remains almost independent of tempera-
ture and frequency.’!

It is noticed that the value of the dielectric constant
(¢) and dielectric loss tangent (tand) is higher for the
CuFe,0, ferrite system in comparison to Cu, sCo, sFe,O,
and CoFe,0, ferrites. The Cu,sCo, sFe,O, nanoparti-
cles have the smallest value of dielectric constant (¢’). In
Cu, sCo, sFe,0,, the contribution of both Cu*? and Co*?
ions provides a higher limit to the movement of Fe*? ions
leading to the decrease in polarization, and hence dielec-
tric constant.® The temperature dependence of dielectric
constant as a function of frequency exhibits dielectric
maxima for CuFe,0, and CoFe,0, samples. However, for
Cuy, 5Co, sFe,0, ferrites, the dielectric maxima shift at the
higher temperature, above 400 K. It can be seen from Fig. 10,
that the dielectric tangent loss is less for Cu, sCo, sFe,O,
and CoFe,0, samples as compared to CuFe,0, ferrites.
Magnetic materials with low dielectric tangent loss are
important for the electronic systems involved in high-fre-
quency applications. Hence, CoFe,0, and Cu,, sCo, sFe,0,
with low dielectric loss may be recommended for effective
use in high-frequency data storage applications.

Conclusions

CuFe,0,, Cu,sCo, sFe,0,, and CoFe,0, samples were
prepared using sol-gel auto-combustion. XRD pattern
confirmed the tetragonal phase structure of CuFe,0,
and cubic structure of Cu, sCo, sFe,0, and CoFe,0, fer-
rite system. The distribution of cations obtained by Full
Prof software confirmed the formation of mixed spinel
nanoferrites. The observed shift in the FTIR and Raman
spectra supports the result obtained by XRD analysis and
the cation distribution. The highest values of coercivity
and squareness ratio were observed for Cu, ;Co, sFe,0,
nanoferrite, which makes it suitable for magnetic applica-
tions such as magnetic data storage devices and magnetic
tapes in comparison to CuFe,0, and CoFe,0, ferrites.
The variation in resistivity with temperature represents
the semiconducting nature, which is also supported by the
calculated band gap of synthesized nanoferrites. The low
value of dielectric loss in Cug sCo, sFe,O, and CoFe,0,
suggests that the synthesized nanoferrites are promis-
ing candidates to be used in power transformers at high
frequencies.
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