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ABSTRACT: We report on the simple, single-step, and cost-
effective fabrication, characterization, and performance evaluation
of cobalt ferrite (CoFe2O4; CFO) nanocrystalline (NC) thin films
on a flexible mica substrate. The chemical solution-based drop-
casting method employed to fabricate crystalline CFO films and
their characterization was performed by studying the phase
formation, surface morphology, and magnetic parameters, while
sensor applicability was evaluated using combined magnetic and
magnetostrictive properties. X-ray diffraction (XRD) indicates the
single-phase and nanocrystalline nature of CFO films, where the
crystallite size is ∼60 nm. The optimum conditions employed
resulted in CFO NC films with surface particles exhibiting a
spherical shape morphology with a homogeneous size distribution, as revealed by scanning electron microscopy analyses. Raman
spectroscopic characterization of the chemical bonding indicates all of the active bands that are characteristic of the ferrite phase
confirm the spinel structure, which is in agreement with XRD studies. The saturation magnetization (MS) and coercivity (HC), which
are extracted from the field-dependent magnetization data, of CFO NC films were found to be 15.8 emu/g and 1.6 kOe, respectively,
while the first-order magnetocrystalline anisotropy constant K1 was ∼1.07 × 106 erg/cm3. The magnetostriction strain curve
indicates that the CFO NC films exhibit a strain value of ∼86 ppm at an applied magnetic field of 8 kOe, indicating their suitability
for flexible sensor devices.

■ INTRODUCTION
Magnetostriction is a process where the physical dimension of
a magnetic material changes under the application of an
applied magnetic field, which is of enormous interest to
develop advanced sensors for automotive and energy
technologies.1−6 Typically, magnetostriction is a reversible
exchange of energy between the mechanical form and the
magnetic form. In fact, the ability of magnetostrictive materials
to convert a specific amount of energy from one form into
another allows their utilization in industrial applications,
especially in sensors and actuators.4 Thus, magnetostrictive
smart materials (MSMs), which exhibit magnetostriction,
belong to an important class of functional materials. Due to
their magneto-elastic features, these materials find widespread
usage in numerous technological applications, such as stress
sensors, actuators, magnetostrictive filters, controlled fuel
injection systems, sonar transducer systems, sensors, micro-
actuators, vibration control, and ultrasonic generation.3,4,6−8

Alloy-based MSMs, such as Terfenol-D and Galfenol, exhibit
outstanding magnetostriction strain (λ), along a particular
crystallographic direction/s, but only in the single-crystal
form.3,9−11 However, in the polycrystalline or nanocrystalline

form, their magnetostriction parameters (λ and dλ/dH) are
significantly low.12

In recent years, great attention has been directed toward the
design and development of thin-film-based MSMs as these
films can be employed to miniaturize devices and enhance
their overall performance.3,5,8 Shirsath et al. developed a single-
crystal-like textured cobalt ferrite thin film over an amorphous
SiO2/Si substrate and reported giant magnetic parameters (HC
= 14.1 kOe,MS = 475 emu/cm3, and remanent ratio of 0.92) at
room temperature.13 In another study, Shirsath et al.
demonstrated that high magnetization is achieved for cobalt
ferrite thin films decorated on 4 nm-sized gold (Au) quantum
dots deposited on an amorphous SiO2/Si substrate.14 These
quantum dots provide a high degree of surface area and
minimize the surface area at the interface. At low temperatures,
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a strong preferred oriented cobalt ferrite thin film of thickness
40 nm has been grown and reported a very high coercivity of
11.3 kOe.15 Compared to alloy-based MSMs, metal oxide-
based magnetostrictive materials are highly recommended for
applications owing to their simple synthesis and processing,
cost-effectiveness, high chemical and mechanical stabilities, and
suitability for high-frequency devices.1,5−8 In this context,
cubic-structured metal oxide-based cobalt ferrite (CoFe2O4;
CFO) has received significant attention in recent
years.5−7,16−19 CFO is known for its higher magnetostriction
parameters at ambient conditions owing to the presence of a
higher content of anisotropic Co2+ ions in the octahedral sites
of the spinel ferrite lattice.5,7,20 Numerous studies exist in the
literature on the magnetostrictive properties of cobalt ferrite
and its metal substituted counterparts; however, in the
majority of the cases, these are mostly sintered from their
bulk or micron-sized powders.6,7,19,21−23 However, studies on
the magnetostrictive properties of cobalt ferrite thin films are
limited. On the other hand, there is immense scope for
developing thin-film-based cobalt ferrite magnetostrictive
materials aiming to design miniaturized and flexible devices
such as sensors, actuators, and transducers.5,23

Recent rapid developments and the continuously increasing
need for flexible devices, which are expected to contribute
significantly to the emerging electronic, optoelectronic, and
magnetic technologies, in turn impose restrictions on the
processing and performance of component functional materi-
als. Specifically, functional materials, such as CFO, must be
fabricated easily using simple methods without needing
expensive equipment and/or elevated processing conditions.
Furthermore, specifically in the case of CFO films, rigid
substrates, such as Si, Ag, MgO, Al2O3, SrTiO3, and MgAl2O2,
are frequently used to realize high-quality epitaxial thin
films.24−26 Moreover, in terms of processing, to fabricate
high-quality epitaxial CFO films or multilayered structures,
methods employed are typically based on physical vapor
deposition methods, such as pulsed laser deposition (PLD),
molecular beam epitaxy (MBE), and atomic layer deposition
(ALD),5,23−26 where elevated processing conditions or special
processing gases are required to realize such high-quality films.
Therefore, based on our previous contributions and under-
standing developed toward the structural, electrical, and
magnetic properties of nanomaterials based on CFO and its
derivatives,6,7,23 we directed our efforts in the present work on
the fabrication, characterization, and performance evaluation of
CFO films over the surface of single-crystal mica substrates
through a simple, single-step, and cost-effective solution drop-
casting route. The impetus is to produce high-quality CFO
layers with reasonably good magnetic and magnetostriction
properties using a simple chemical approach onto flexible mica
substrates. The choice of single-crystal mica as a substrate was

primarily due to its flexible nature and other properties, such as
thermostability, transparency, being cheaper, nontoxic, and
rich in resources.5,27−29 In fact, in view of the excellent
advantages and high-temperature resistance, different elec-
tronic oxide films were successfully grown on mica for a wide
variety of applications.28,29 Furthermore, magnetic thin films
and devices fabricated on flexible substrates are attractive in
emerging applications, where flexibility, biocompatibility,
reduced dimensionality, portability, and survivability under
harsh conditions are the key requirements. Furthermore,
magnetostrictive materials like CFO with magnetostrictive
effects are also expected to contribute to the development of
biosensors, which can effectively be used in detecting
dangerous viruses that have emerged suddenly (COVID-
19).30 Therefore, the simple chemical processing, flexibility,
and magnetostriction properties of cobalt ferrite films as
presented and discussed in this paper are expected to
contribute to the development of flexible sensors for
integration into various technologies.

■ EXPERIMENTAL DETAILS
Crystalline Cobalt Ferrite Thin-Film Synthesis. In this

work, a simple, economically viable, and eco-friendly wet-
chemical method (solution drop-casting) involving acetonates
of the respective cations, i.e., Co and Fe, was used to prepare
CFO NC thin films. Our choice of the simple solution drop-
casting method is due to the fact that, over other chemical
methods, it is a relatively easy and inexpensive method to
prepare films. Furthermore, unlike other conventional methods
based on either physical or chemical vapor deposition
methods, sophisticated instrumentation is not required to
fabricate the films, and moreover, a high degree of particle
homogeneity can be achieved after calcination at a suitable
temperature. Also, multilayering becomes much easier; it is
possible to coat multiple layers of ferrite particles over the
substrate to have better contact between the ferrite particles,
which is an essential requirement for magnetostriction strain.
The chemical reaction yielding CFO NC films is presented in
Scheme 1. In this chemical processing, initially, 0.01 M cobalt
acetyl acetonate (Co(acac)2) and 0.02 M iron acetyl acetonate
(Fe(acac)3) solutions were transferred into a beaker containing
5 mL of glacial acetic acid. The reaction mixture was subjected
to magnetic stirring for about 30 min to obtain homogeneity of
the solution. Later, a single layer of mica substrate having the
dimension 1 cm2 was taken, washed with acetone, and then
placed on a hot plate under a temperature of ∼180 °C. In the
subsequent step, the precursor solution was drop-cast on the
mica substrate followed by calcination at 620 °C (lower than
the melting point of mica) for 2 h at the heating rate of 5
°/min. The same procedure was replicated 10 times to have
multiple layers of coating. Using SEM cross-section imaging,

Scheme 1. Chemical Reaction between Co- and Fe-Acetylacetonates Yielding CFO
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the estimated CFO film thickness was ∼500 nm. We
performed several studies with sample growth to optimize
conditions to realize the crystalline CFO films. Specifically,
CFO films obtained at room temperature and at intermediate
temperatures were all amorphous and/or showed problems of
adhesion to the substrate in order to result in the formation of
well-adhered and mechanically robust crystalline CFO films.

This study is thus focused on evaluating the structure,
properties, and performance of crystalline CFO films to
demonstrate that simple chemical processing can result in the
formation of near-epiquality CFO layers for sensor applica-
tions.

Cobalt Ferrite Thin-Film Characterization. The X-ray
diffraction (XRD) patterns of the mica substrate and CoFe2O4-

Figure 1. Schematic illustration of CoFe2O4 thin-film fabrication on a mica substrate and magnetostriction measurement leading to sensor
development.

Figure 2. XRD patterns of (a) mica muscovite single-crystal substrate and (b) CoFe2O4; the peaks labeled with * symbols are attributed to the
CoFe2O4 phase. (c) SEM image and (d) the corresponding particle size distribution histogram of cobalt ferrite thin films grown on the mica
substrate.
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coated mica substrate samples were recorded at room
temperature by means of a “PANalytical X’pert pro”
diffractometer using an X-ray source of Cu Kα radiation.
Morphological features of the CoFe2O4 thin-film sample were
investigated by SEM (Quanta 200, FEI). Using a Renishaw
Raman spectrophotometer (U.K., Model inVia), the Raman
spectrum of the fabricated cobalt ferrite film was recorded
using an excitation source of 532 nm.

Magnetic and Magnetostrictive Property Evaluation.
Magnetic field-dependent magnetization measurements were
carried out using a Lakeshore vibrating sample magnetometer
(VSM), with a step size of 150 Oe. For magnetostriction
measurements, a strain gauge of resistance 350 Ω was
cemented on a fabricated film using M-bond resin followed
by curing at 80 °C for 10 h. Later, the sample was attached to
the sample holder and placed between the poles of an
electromagnet, as illustrated in Figure 1. The magnetostriction
strain of the fabricated film was measured along the direction
parallel to the applied magnetic field.

■ RESULTS AND DISCUSSION
Crystal Structure, Phase, and Surface Morphology.

The XRD patterns of the mica muscovite single-crystal
substrate and CFO NC thin films are shown in Figure 2b.
The substrate exhibits a layer structure with weak van der
Waals interactions between the layers, and it also belongs to a
monoclinic crystal system with unit cell parameters of a = 5.19,
b = 9.01, c = 19.96 Å, α = γ = 90°, and β = 95.89°. The XRD
(Figure 2b) of CFO NC films indicates the phase purity. As is
evident in XRD (Figure 2b), the reflections marked with *
correspond to a spinel-structured cobalt ferrite film. The XRD
data indicate the formation of a single-phase cobalt ferrite film
on the surface of the mica substrate. However, the CFO film
XRD peaks are considerably broader due to their nanocrystal-
line nature. The average crystallite size, estimated from the
Scherrer formula, is found to be around ∼60 nm. Estimated
from XRD, the unit cell parameter of the CFO films is 8.38 Å,
which is comparable to those reported in the literature.7,31

However, while the CFO films deposited in this work are
crystalline, chemically processed films are not epitaxial
compared to PLD CFO films deposited onto mica
substrates.5,24 On the other hand, as discussed later under
chemical bonding and magnetic/magnetostriction properties,
the CFO films are comparable to those deposited using
PLD.5,24 The SEM image of the CFO films is shown in Figure
2c. The corresponding histogram of particle size distribution is
presented in Figure 2d. It is clear from the SEM image that the
ferrite particles are in the nanometer size with an average grain
size of 80 nm. Also, the ferrite particles are nearly spherical
shaped and agglomerated into the form of clusters, which is
due to the magnetic nature of the particles.

Chemical Bonding. To further assess the chemical
bonding and structural quality of CFO films, we relied on
spectroscopic characterization, particularly Raman scattering,
which provides direct information on chemical bonding.32−34

Cation distribution, which is one of the primary factors,
strongly affects the magnetic properties of spinel fer-
rites.16,19,23,35 As the spinel ferrite exhibits two crystallo-
graphically distinguishable sites (tetrahedral and octahedral),
the magnetic cations’ distribution among these sites dictates
the magnetization of the spinel ferrite samples.35 Raman
spectroscopy can be employed as an effective tool to identify
the cation distribution and also the phase formation of the

nano and bulk ferrite samples.32 Therefore, Raman scattering
measurements on CFO films on mica substrates are expected
to provide information on their structural quality and chemical
bonding. The Raman spectrum of CFO NC films is shown in
Figure 3. All of the observed Raman scattering bands

correspond to the spinel ferrite (CoFe2O4) phase. As seen in
the spectrum (Figure 3), seven active bands, more than the
number of bands predicted by factor group analysis, are
present, signifying that the ferrite particles are crystallized in a
mixed spinel structure. The presence of seven active bands has
been reported for single-phase cobalt ferrite systems.6,31,32 The
present Raman spectrum of CFO NC films is consistent with
those reports. The observed Raman bands situated at
wavenumbers of 696.5, 616.5, 570, 470.7, 365, 309.3, and
210 cm−1 are assigned to A1g(1), A1g(2), T2g(3), T2g(2), Eg(2),
Eg(1), and T2g(1), respectively. A1g(1) and A1g(2) bands
correspond to symmetric stretching vibrations of Fe−O and
Co−O bonds in FeO4 and CoO4 tetrahedral units, respectively.
The T2g(2) is due to the stretching vibration of the Fe−O
bond in the FeO6 octahedral unit, whereas the T2g(3) band is
due to the asymmetric bending vibration of the oxygens
coordinated to the cobaltous ion (Co2+) in the tetrahedral
sites. Eg bands correspond to the symmetric bending motion of
the oxygen atom within the AO4 units (CoO4 and FeO4). The
weak signal at 210 cm−1, due to T2g(1), pertains to the
translational motion of the BO6 units against the A-site
cations.32

Magnetic and Magnetostrictive Properties and
Performance. The magnetization dependence of the DC
magnetic field (M × H) hysteresis loop of the cobalt ferrite
film, measured at room temperature in the magnetic field
ranging from −20 kOe to +20 kOe, is presented in Figure 4a.
The presence of a well-defined magnetic hysteresis loop in the
M−H curve indicates the long-range ferromagnetic behavior of
the CoFe2O4 NC film sample with a saturation magnetization
(MS) of 15.8 emu/g. The saturation magnetization of cobalt
ferrite depends strongly on the particle/grain size. If the grain
size of cobalt ferrite is more than 2 μm, the magnetization will
be closer to bulk magnetization (∼80 emu/g).36 However, in
the present study, the cobalt ferrite particles are nanocrystalline
in nature with an average size of ∼60 nm and, therefore, have
less magnetization in comparison with bulk magnetization of

Figure 3. Raman spectrum of CFO NC films. The observed Raman
bands are as indicated.
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the material. The coercivity (HC) of the CFO NC film
amounts to 1.6 kOe, which is larger than that reported for
sintered polycrystalline cobalt ferrites.31 The higher coercivity
associated with the sample is primarily attributed to the smaller
crystallite size of the CFO NC films, as the coercivity of the
spinel ferrites is inversely proportional to crystallite size
through the Brown equation (except in single-domain
particles).37 The other magnetic parameters, namely, satu-
ration magnetization (MS) and magnetocrystalline anisotropy
constant (K1), of the CFO NC films extracted using the law of
approach to saturation (LAS),38 is described by
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Herein, the initial magnetization data of the CFO films
obtained at a higher magnetic field has been plotted as M vs 1/
H2. The resultant data was fitted with a linear equation (see,
Figure 4b). The intercept on the magnetization axis gives the
MS, while K1 of the sample can be estimated from the slope.
The obtained MS and K1 values of the CFO NC films are 15.8
emu/g and 1.07 × 106 erg/cm3, respectively. The anisotropy
constant obtained in the present study is comparable to the
reported value.31

The magnetostriction strain curve of the cobalt ferrite film
grown on the mica substrate was measured using the standard
strain gauge method. The magnetostriction strain curves of the
CFO NC films were recorded at room temperature along the
direction parallel to the applied magnetic field. The measured
magnetostriction strain curve of the cobalt ferrite film is
presented in Figure 5a. It is evident (Figure 5a) that there is no
appreciable magnetostriction strain up to a magnetic field of 1
kOe. After 1 kOe, the magnetostriction strain increases almost
linearly with an increase in the applied magnetic field. For
instance, the magnetostriction values are found to be 0, −3,
−16, −45, −67, and −86 ppm at magnetic fields of 0 kOe, 1

Figure 4. (a) M × H hysteresis loop of the CoFe2O4 NC film at 300 K; (b) fitting of M−H data in the high-field region for the CoFe2O4 thin film.

Figure 5. (a) Magnetostriction strain curve of the CoFe2O4 thin film recorded at room temperature using the strain gauge technique. (b)
Measurement results of the magnetostriction constant in the absolute value of different magnetic thin films. Reprinted from ref 3 with the
permission of AIP Publishing.
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kOe, 2 kOe, 4 kOe, 6 kOe, and 8 kOe, respectively. The
magnetostriction constant and the behavior seen for flexible
CFO films are comparable to the magnetic alloy films reported
in the literature.3 For comparison, the magnetostriction
constant of different magnetic thin films is shown in Figure 5b.

The magnetostriction strain of −86 ppm is obtained at a
maximum magnetic field of 8000 Oe (8 kOe). This value is
comparable to the best-quality single-crystal or polycrystalline
cobalt ferrite thin films made by PLD.5,30,39 In fact, in a recent
contribution, Liu et al. already demonstrated the superior
performance of CFO films made by PLD onto mica.5 They
attributed the superior performance of the CFO−mica
bimorph to the nature of weak interaction between the film
and the substrate. Liu et al. convincingly presented that such a
flexible CFO/muscovite bimorph provides a new platform to
develop next-generation flexible magnetic devices.5 Further-
more, as seen in Figure 5a, for chemically processed CFO films
on mica, even at a maximum measuring field, magnetostriction
does not attain saturation, indicating that there is a possibility
of achieving an even higher magnetostriction strain at higher
magnetic fields. Note that the magnitude of magnetostriction
of cobalt ferrite depends on various factors such as grain size,
porosity, density, grain connectivity, cation distribution, and
grain orientation.5,7,30,39 Additionally, the robust magnetic
behavior against mechanical bending for the CFO/mica film−
substrate pair has been already demonstrated by Liu et al.5 and
Oh et al.24 Therefore, taking those results into consideration,
the present work and the results of the CFO NC films made by
the simple, eco-friendly chemical processing are outstanding
(better HC, MS, and K) compared to all trials of Co-ferrite thin
films, making them applicable in many technological areas,
such as sensors, and in data storage.39

■ CONCLUSIONS
Summarizing the results, we have demonstrated the fabrication
of high-quality magnetic cobalt ferrite thin films onto a flexible
mica substrate. The present simple, eco-friendly, and
economically viable approach results in CFO/mica flexible
films with a quality and magnetostrictive performance
comparable to those of PLD CFO/mica films reported in
the literature. The average crystallite size of cobalt ferrite
nanocrystalline films made by the present approach involving
chemical processing is 60 nm, and the morphology is
characterized by uniform distribution of ferrite particles that
are spherical in shape. The magnetic parameters, namely, MS,
HC, and K1, of the cobalt ferrite nanocrystalline films are 15.8
emu/g, 16 kOe, and 2.03 × 105 J/m3, respectively. These films
exhibit a linear increase in the magnetostriction strain with an
applied magnetic field. The highest value of magnetostriction
was obtained as −86 ppm at an applied magnetic field of 8
kOe. The CFO NC films, which are flexible in nature, with
relatively high-quality structural, magnetic, and magneto-
striction parameters, are suitable for the development of
flexible sensor devices.
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