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Abstract

This research investigates the dielectric and magnetodielectric properties of spinel-type Cr**-substituted cobalt ferrites with
the general formula Co,_,Cr,Fe,0, (x=0.000, 0.125, 0.250, 0.375, 0.500) over a wide range of temperatures and frequen-
cies. The samples are synthesized by solid-state reaction via ball milling for 12 h and sintering at 1200°C. The grain size
estimated from scanning electron microscopic images shows a decreasing value with increased Cr** content. The compact-
ness of grain size reduces the dielectric behavior as analyzed from the frequency-dependent complex permittivity. The
temperature-dependent real permittivity reveals that the x=0.125, 0.250, and 0.375 samples behave as relaxor ferroelectric
compounds, whereas the x=0 and 0.5 samples behave as diffuse ferroelectrics. Detailed analysis of the electric modulus from
the complex permittivity reveals the grain boundary and grain contribution, respectively. Around the relaxation frequency,
a notable magnetodielectric response (maximum 6.5%, in the presence of 1 T applied magnetic field at room temperature)

is found for all samples.
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Introduction

In contemporary technology and the biomedical field,
AB,0O,-type spinel ferrites are valued for their affordabil-
ity and cost-effectiveness in electrical and magnetic sens-
ing applications.'® There are a variety of ferrites; among
them, cobalt ferrite (CFO) has become the main focus of
intensive research over the decades. This is because of the
wide variety of total solid solutions that can be achieved
with CFO by doping using transition or rare-earth ele-
ments that exhibit tuned and tailored physical properties.
It is very interesting to study the effect of dopant/substit-
uent on the magnetic and electric properties of the CFO
system for fundamental research to broaden the idea of the
physical mechanism behind the cause. Numerous research
teams have investigated the effects of substituting various
divalent or trivalent cations with cobalt ferrite on its vari-
ous physical and chemical properties.®*~!* Substitution of
Bi**, AP’*, Mn?*, Ni*** and Zn®* on the Co sites of CFO
improves the magnetic and dielectric behavior.'> Because of
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the Cr3* substitution, there is a reduction in the saturation
magnetization and coercivity in CFO.'®!” In addition, Cr**
substitution also affects the dielectric properties in CFO."”
Cr’** substitution in place of Co** affects the magnetic and
dielectric properties in CFO.'3!” Impedance spectroscopy is
utilized to study the AC electrical properties, providing valu-
able insights into conduction phenomena in ferrites based
on localized electrical charge carriers.?’ These properties
can be tuned by suitable substitutions of divalent/trivalent
cations in A-site or B-site cations in the spinel structure.?*%°
Various researchers have investigated the effect of frequency,
temperature, and substitution on CFO and have found excit-
ing behavior.?*>

The dielectric properties are of great importance for ferri-
tes, not only from the application point of view but also from
a fundamental perspective. The polycrystalline material
exhibits dielectric behavior due to the contribution of inter-
facial and hopping polarization. Lahouli et al.® studied the
frequency-dependent permittivity as a function of frequency
for Ni-Zn-Al ferrites. Kumar et al.>* studied the frequency-
dependent dielectric properties of Ni-doped cobalt ferrite.
Recently, the effect of temperature on dielectric properties
has been found where the para-ferroelectric phase transition
and the nature of ferroelectrics can be determined. Tiwari
et al.?® studied dielectric permittivity as a function of the
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temperature of Ba sSr, sNb,O¢/CoCr 4Fe, (O, multiferroic
composite that formed as a relaxor ferroelectric. Dalibor
et al.”’ studied the dielectric properties as a function of fre-
quency and temperature for MFe,O, (M =Mn, Ni, Zn) fer-
rites. Panda et al.> reported on the frequency- and tempera-
ture-dependent dielectric permittivity of bulk cobalt ferrite,
where relaxation frequency and grain and grain boundary
contributions were found.

The magnetodielectric (MD) effect is the tendency
of a material to change the value of its permittivity in an
externally applied magnetic field. In recent years, research-
ers worldwide have devoted experimental and theoretical
research efforts to investigating the MD effect due to its
potential application in magnetic sensors, storage devices,
and microwave resonators.”®* It is well known that the MD
effect is attributed to hopping polarization and interface
effects. In addition, the Maxwell-Wagner and magnetore-
sistance effects contribute to this effect. Oh et al.?® reported
an MD ratio of less than 0.5% induced by a magnetic field up
to 9 T in ErFeOQ;. Pan et al.”’ reported an MD ratio of Mn-Zn
ferrite of 1.4% up to 4 T. In the extrinsic effect, grain and
grain boundaries are important in improving the MD effect
for ferrites at room temperature.

In this work, the surface morphology grain distribution of
Co,_,Cr,Fe,0, (x=0, 0.125, 0.25, 0.375, and 0.5) and the
effect of Cr>* substitution are studied, including a detailed
investigation of the dielectric properties as a function of fre-
quency and temperature. The behavior of ferroelectrics and
the electric modulus are discussed. A detailed study of the
MD effect is carried out by analyzing the magnetic field-
dependent dielectric permittivity.

Experimental

The required amount of raw materials, including Co,0;
(98.0%), Cr,05 (99.9%), and Fe,05 (96.0%), were used
to synthesize the nominal chemical compositions of
Co,_,Cr,Fe,0, (x=0.000, 0.125, 0.250, 0.375, and 0.500).
All the raw materials for each composition were mixed in
a mortar by a pestle for 2 h and then milled for 12 h on a
planetary ball mill (MSK-SFM-1). To conduct a complete
solid-state reaction, the milled powders were successively
calcined at 800°C for 6 h, pelletized using a uniaxial pres-
sure of 16,000 psi, and sintered at 1200°C for 6 h. Then,
x-ray diffraction (XRD) was conducted on the re-crushed
powder from a portion of the sintered pellets, and the single-
phase spinel-type ferrite formation with space group Fd-3 m
of sintered pellets was confirmed, as reported elsewhere.?!
The complex permittivity data were scanned for various fre-
quencies, temperatures, and magnetic fields on the sintered
pellets using a Wayne Kerr 6500B impedance analyzer.

@ Springer

Results and Discussion
Microstructure Analysis

The microstructure, including the shape, texture, and
distribution of materials at a surface, can be analyzed by
imaging the surface morphology, which provides evidence
to explain the electrical properties. In this research article,
we performed scanning electron microscopy (SEM) imag-
ing, and the line intercept method was used to estimate
the average grain size of Cr’™-substituted CFO. The SEM
micrographs for all the Cr’* concentrations and the histo-
grams are illustrated in Fig. 1. The SEM micrograph shows
a dense structure with good grains, low porosity, and low
agglomeration. For x=0.125-0.375, clear grain and grain
boundaries are evident, but for x=0 and x=0.5, less vis-
ible grain and grain boundaries are observed because, for
these two samples, a tendency towards agglomeration has
developed, which may be due to the moisture effect and
magnetic interaction.! The average grain size obtained
from the histograms (Fig. 1a, b, c, d, and e) reveals a micro
size in the range of 0.98 um—1.4 um, which is much larger
than the crystallite size (47—60 nm) as estimated from
XRD.?!' The larger grain size is ascribed to the agglom-
eration of many crystallites in high-temperature sinter-
ing. With the increase of Cr3* concentration, the average
grain size exhibits a decreasing trend (Fig. 1f) due to the
decreasing trend of crystallite size.?! For x=0.5, the aver-
age grain size is observed to be smaller than 1 um with
agglomeration, which is assumed to form due to centrip-
etal force, where the cohesive van der Waals force plays a
role as the bonding force holding these particles together
within the agglomerates.

Complex Dielectric Properties
Frequency Dependence

It is well known that polycrystalline materials exhibit
dielectric behavior due to the contribution of interfacial
(grain boundary) and hopping (within grains) polariza-
tion.>* The frequency-dependent real and imaginary parts
of dielectric properties provide insight into the interfa-
cial and hopping polarization. For this reason, we investi-
gated the real (¢') and imaginary (¢”) permittivity at room
temperature as a function of frequency for all examined
samples. The &' versus frequency is illustrated in Fig. 2,
where all samples exhibit higher ¢’ values at low frequency
(100 Hz), which is due to the interfacial and dipolar polari-
zation at the grain boundaries.** These higher values of &’
at low frequency generate a potential barrier and display
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Fig. 1 (a) SEM micrographs
for various Co,_ Cr Fe,O4

(a) x=0.0, (b) x=0.125, (c)
x=0.250, (d) x=0.375, and (e)
x=0.500. (f) Grain size versus
Cr concentration plots.
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Fig.2 The frequency dependence of the real part of the complex per-
mittivity for various Co,_,Cr Fe,0,.

inhomogeneous dielectric behavior. With the increased
frequency, the interfacial polarization decreases, and hop-
ping polarization develops at low resistive grains separated
by poorly conducting thin grain boundaries. The reduc-
tion of interfacial polarization and development of ionic
and electronic polarization decreases the €' values for all
samples as scanned in the frequency range of 100 Hz to
10 MHz (Fig. 2).

The dielectric loss (tan §) obtained from the €"/¢’ ratio
represents the energy loss of dielectric materials that
emerged from the space charge migration and movement of
molecular dipoles.** In this research article, the tan & values
as a function of frequency are represented in Fig. 3. At low
frequency, high resistive grain boundaries for all samples are
more effective than grains with higher values of tan 6. The
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Fig.3 The frequency dependence of dielectric loss for various
Co,_,Cr,Fe,0,.

tan 6 values show a decreasing trend and exhibit a peak value
at a certain frequency which is due to the resonance behav-
ior. After the peak value of tan 6, the values decrease con-
tinuously and approximately diminish in the high-frequency
region, which may be attributed to the low resistive grains of
the examined samples. From Figs. 2 and 3, it is demonstrated
that the decreasing values of &’ and tan 6 with the increase of
Cr’** is due to the decreasing grain size as explained in the
section "Microstructure Analysis".

Temperature Dependence

The temperature (T)-dependent complex permittivity is
measured for all samples at a high frequency of 1 MHz
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Fig.4 The temperature
dependence of the real part of
the complex permittivity (left
axis) and the inverse of the
real part of complex permit-
tivity (right axis) for various
Co,_,Cr,Fe,0Oy; (a) x=0.0,
(b) x=0.125, (¢) x=0.25, (d)

x=0.375, and (e) x=0.500.
(O Ln(1/¢' - 1/¢! ) versus
Ln(T - Tm) plots for various

Co,_,CrFe,0,.

because, in the high-frequency region, the dielectric loss
shows minimum values. Figure 4a, b, ¢, d, and e demonstrates
the T versus &' graph, where an increasing trend of €' is found
with increasing T for all samples due to thermally activated
hopping charge carriers”® From Fig. 4a, b, ¢, d, and e, the €'
values are found to increase up to 673 K, 743 K, 738 K, 728 K,
and 688 K, respectively, for x=0.00, x=0.125, x=0.250,
x=0.375, and x=0.500, after which they fall rapidly. These
maximum peak values of &' indicate the ferroelectric to
paraelectric transition temperature26’35, which is close to
the magnetic phase transition temperature as explained in a
previously reported article.”? The dielectric phenomenon in
all samples can be explained by plotting the 1/¢’ versus T
(Fig. 4a, b, c, d, and e) according to the Curie-Weiss law given
as follows®:
1 T-T,

g C

ey
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Here, C is the Curie constant and 7, is the Curie-Weiss
temperature. From Fig. 4 it is observed that the &’ values
of all samples deviate from the Curie-Weiss Law above
the Curie temperature. To explain these deviations, the
following expression is developed*®

AT, =Tew — Ty )

Here, AT, denotes the degree of deviation, T, denotes the
temperature at which the €’ value reaches the maximum, and
T represents the temperature from which it starts to devi-
ate from the Curie—Weiss law. The linear fit of 1/¢’ versus T
(Fig. 4a and b) above T- for all samples gives the parameters
C, Ty, and Ty, which are listed in Table I. The T,,, and AT,
and maximum real permittivity (¢/  )at 1 MHz obtained from
Fig. 4 are presented in Table I. From Table I, the C and T,
values are found to correspond to the Curie-Weiss behavior of

the inverse dc susceptibility graph as explained in a previously
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Tablel Curie Weiss N T, K Tew K T, K AT, K C v
temperature (7)) and
temperature (Ty,) at maximum 0.000 673 719 700 46 1754 1.70
fe;i)l:;’ti‘rzrz}’j\fivéiifi‘;tion 0.125 743 783 762 40 2000 1.95
of temperature A T,,, (K), Curie 0.250 738 775 752 37 1961 1.93
constant (C), and diffuseness 0.375 728 762 748 34 1613 1.92
coefficient (y) 0.500 688 688 688 31 1703 1.68
published article.?? In addition, the AT, was found to decrease 600
with increasing Cr3* concentration, which indicates a diffuse =1 Mz
phase transition that is enhanced by the decrease in grain size
as explained in the section "Microstructure Analysis". It is 4001 :’:g(:gg
well known that the Curie-Weiss law (Eq. 1) is applicable for z, ——x=0.250
the sharp permittivity peak at around T,,.. Since no sample ——x=0.375
in the present study shows a sharp permittivity peak, a modi- 200 TS0
fied Curie-Weiss law (Eq. 3), first proposed by Uchino and
Nomura,* has been employed. ol ]
v 300 400 500 600 700 800 900

11 (T-1,) T(K)
¢ e~ C ©)

max

Here, y is the diffuseness coefficient which shows the
character of the phase transition.’” y =1 signifies the ideal
Curie-Weiss law from which a clear concept of classical
transition of ferroelectric materials can be understood. y
values in the range of 1 <y <2 signify the diffuse transition,
and a clear concept of an ideal relaxor ferroelectric can be
known to form y values equal to 2.® The Ln(1/&’ — 1/’ _ )
versus Ln(T - Tm) graphs for all samples are illustrated in
Fig. 4f, where the slope of linear fit of the curves provide the
y values that are listed in Table 1. From Table I it is clear that
the y values for x=0.125, 0.250, and 0.375 are very close to
2, which indicates that these three samples are relaxor fer-
roelectric compounds. However, x=0.00 and 0.50 samples
behave as defuse ferroelectrics, which is due to the y values
between 1 and 2. The room-temperature dielectric loss as
a function of frequency shows a high loss at low frequen-
cies, but it shows much lower values at high frequencies.
However, the imaginary part of complex permittivity (¢')
as a function of T shows the same behavior as the dielec-
tric constant for all the samples, as demonstrated in Fig. 5.
From Fig. 5 it is found that the " values show a maximum
at around transition temperature which is due to the charge
accumulation at grain boundaries.*

Electric Modulus Analysis
The dielectric relaxation of a compound can be analyzed by

studying the complex electric modulus [M*(w)] as formu-
lated by the following equation:

Fig.5 The temperature dependence of the imaginary part of the com-
plex permittivity for various Co,_ Cr Fe,0,.
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Fig.6 The frequency dependence of the real part of electric modulus
for various Co,_,Cr,Fe,0,.
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where M" = —— and M" = —— are the real and imagi-

nary parts of the electric modulus.

The calculation of frequency-dependent real (M’) and
imaginary (M"') electric modulus can be used to find the
relaxation process. The M’ versus frequency plot for all
samples is illustrated in Fig. 6, where M’ values show an
increasing trend in the low-frequency region which is due
to the short-range mobility of charge carriers. However, at
the high-frequency region, it shows saturation when reach-
ing the maximum M’ values, which is known as the plateau
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Fig. 7 The frequency dependence of imaginary part of electric modu-
lus for various Co,_,Cr,Fe,0,.
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Fig.8 M" versus M’ plots for various Co,_,Cr,Fe,0,.

region, indicating the relaxation process.*’ From Fig. 6 it
is seen that the starting point in the plateau region shifts
towards low frequency with the increase of Cr**, which is
due to the decrease of grain size. Figure 7 demonstrates the
imaginary part of the electric modulus (M") as a function
of frequency where two peaks in each concentration have
been found, one of which is at low frequency and the other
is at high frequency. From Fig. 7 is seen that both peaks
shift towards the low frequency region with the increase of
Cr** concentration originating from the decrease in hopping
length as explained by Jing et al.'* The M’ versus M’ curves
for all samples are plotted in Fig. 8, where two semicircular
arcs are found, one of which is at low frequency and the
other is at high frequency. The two semicircles correspond to
the synthesized samples and behave as two types of relaxa-
tion. The grain boundaries contribute to the small semicircle
at low frequency where the grains/bulk response has been
dominated by another large semicircle at the high-frequency
region.
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Magnetodielectric Analysis

The MD effect is the magnetic response on dielectric proper-
ties of a material that can be estimated by using the follow-

ing equation*!:

H)—¢€(0
M) - S0 =0

where €(H) and £(0) represent the dielectric constant at the
applied magnetic field and zero magnetic field, respectively.
The MD (%) versus f graphs are presented in Fig. 9a, b, and
c, respectively, for 0.1 T, 0.5 T, and 1.0 T, where at 0.1 T a
lower MD (%) with a chaotic curve is evident for all sam-
ples. However, at 0.5 T and 1.0 T, MD (%) is found to have
a larger value, and the smoothness of the MD (%) versus f
curve that develops indicates that the applied magnetic fields
are responsible for the change in dielectric constant. From
Fig. 9¢c, MD (%) shows an obvious peak value at around a
certain frequency for all samples, corresponding to the relax-
ation frequency as evident from the section 3.3. At around
the relaxation frequency, the MD effect is induced by hop-
ping polarization and an interface effect which is ascribed
to the most intense peak of MD (%) which is combined with
the Maxwell-Wagner effect. In addition, the spin-phonon
coupling is the possible cause behind the most intense peak
for the MD effect at around the relaxation frequency.”®
From Fig. 9c the shifts of the most intense peak of MD
(%) towards the optical phonon frequency with an increase
of Cr** content have been found which may be induced by
spin-spin correlation and interaction of Co**-Cr’**. After the
relaxation peak, the MD (%) decreases rapidly and almost no
MD effect has been shown in high-frequency regions. MD
(%) as a function of the magnetic field has been illustrated
in Fig. 9d where an increasing trend of MD (%) with the
increase in magnetic field has been found. The maximum
MD (%) is found to be in the range of (2.5-6.5%) for 1 T
which is much larger than the previously reported data®®*?
indicating a potential divergence in the observed methodol-
ogy used in the study. The enhancement of MD (%) with
the increase of magnetic field may arise due to the mag-
netic ordering that corresponds to the magnetic moment as
described in detail in the previously published article. The
applied magnetic field causes the force alignment of Fe?*
and Fe*" ions distributed into the tetrahedral and octahedral
site’! decreasing the scattering of charges and promoting
Fe?*-Fe’* dipoles which results in the positive MD effect.
From Fig. 9d it is observed that the MD (%) decreases with
the increase of Cr’* content. As the saturation magnetiza-
tion decreases within Cr’* it results in the drop-down of
MD (%).?*> Abnormal grain growth and pore blockage due
to a larger ratio of Cr**/Co?" at tetrahedral sites compared

x 100 5)
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Fig.9 The frequency dependence of MD % for various Co,_,Cr Fe,O, (a) for 0.1 T, (b) 0.5 T, (¢) 1 T, (d) MD (%) versus H plots for various

Co,_,Cr,Fe,0,.

to Cr’*/Co?* at octahedral sites might reduce the magnetic
moment, increase charge scattering, and lower MD (%).

Conclusions

The Co,_,Cr Fe,0, (x=0.0, 0.125, 0.250, 0.375, and 0.500)
compounds, with Fd-3 m space group of the cubic system,
have been synthesized by solid-state reaction via ball mill-
ing. The Cr’* substitution with cobalt ferrite reduces the
permittivity as corresponds to the average grain size. The
existence of a ferro/paraelectric phase transition around
magnetic phase transition has been established by the die-
lectric measurements. The empirical parameter y indicates
that the compounds for x=0.125, 0.250, and 0.375 are the
relaxor ferroelectric, which is expected to be applicable for
high-efficiency energy storage and conversion. However,
the compounds for x=0.00 and 0.50 are diffuse ferroelec-
tric, which is suggested to be applicable to electrocaloric
cooling systems. All synthesized samples dominate grain
boundary and grain response, respectively, at low- and high-
frequency regions. The existence of large MD (%) at around

the relaxation frequency has been observed from the dielec-
tric measurements. Cr>* substitution plays a vital role in
decreasing MD (%), which corresponds to saturation mag-
netization. Based on these findings, Cr*_substituted cobalt
ferrite appears to be a promising candidate for multifunc-
tional device applications.
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