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A B S T R A C T

The present paper reports a complete study on the correlation between structure, morphology, and magnetic
properties of (111)-oriented cobalt ferrite (CoFe2O4) thin films with varying film thickness. The CoFe2O4 (CFO)
thin films were deposited on Pt-coated Si substrate by pulsed laser deposition (PLD) at 550 ◦C. The x-ray
diffraction (XRD) data confirms the (111)-oriented growth of the cobalt ferrite films. The in-plane morphology
of the films in the field emission scanning electron micrographs ensure the Stranski–Krastanov growth
mechanism, and the atomic force micrographs confirms the effect of lattice relaxation on the morphology
of the films with varying thickness. The possible cation distributions for the samples were determined from
the Raman spectroscopy, which revealed the crystal structure-magnetic property correlations in cobalt ferrite
films. The magnetic hysteresis (𝑀 −𝐻) loops show a significant spin reorientation by showing the variation
between the in-plane (IP) and out-of-plane (OP) magnetization. The presence of a kink on the OP 𝑀−𝐻 loops
and its variation with film thickness clearly establishes the existence of competing magnetic anisotropies in the
films. The high coercivity (𝐻𝐶 ) values observed for OP magnetization of cobalt ferrite films with thicknesses
115 nm and 125 nm may be explored for possible room-temperature (RT) device applications.
1. Introduction

Magnetic oxide materials have gained significant attention in recent
past on account of their intriguing physical properties and potential
device applications [1]. The room-temperature ferrimagnetic oxide thin
films, having distinct magnetic responses, are of immense concern
owing to the tunability of their properties suitable for device applica-
tions [2]. Cobalt ferrite, CoFe2O4, having an inverse spinel structure,
belonging to the magnetic ferrite family, is one among such oxide thin
films with high coercivity and considerable magnetization [3]. Owing
to their high magnetic coercivity, magnetic anisotropy, high Curie tem-
perature (𝑇𝐶 ) and chemical stability, ferrites are promising systems for
high density magnetic storage and recording [4–7]. The cobalt ferrite
thin films are also widely used as spin filters and pinning layers in
magnetic tunnel junctions and spin valve structures [8]. Interestingly,
cobalt ferrite with space group 𝐹𝑑3̄𝑚, have Co2+ and Fe3+ ions of which
50% of the Fe3+ ions along with Co2+ ions fill the octahedral (𝑂ℎ) sites
whereas the other 50% of Fe3+ ions fill the tetrahedral (𝑇ℎ) sites, giving
rise to the net magnetization in cobalt ferrite [9].
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The magnetization of cobalt ferrite thin films rely not only on the
cation distribution but also on the substrate, film thickness, interfacial
strain, lattice mismatch effect at the substrate–film interface, etc. In
view of these complexities, several studies have been carried out involv-
ing thin films of cobalt ferrite. Studies related to the growth of cobalt
ferrite films on different substrates like Au, Ru, W, etc. were carried
out by various research groups [10,11]. Later it was reported that
the deposition of the cobalt ferrite films on a hexagonal single crystal
substrate, Ru(0001), using molecular beam epitaxy led to the growth of
oriented crystallites [12]. The cobalt ferrite films deposited on a silicon
wafer were reported to have a larger coercivity of 0.7 T, enhancing the
magnetization of the samples [13]. Investigations on the thickness de-
pendence of magnetic properties were carried out by depositing cobalt
ferrite films on a quartz substrate where the magnetization reduced
considerably with film thickness [14]. The cobalt ferrite(111) films of
thickness 200 nm deposited on 𝛼-Al2O3(0001) substrate and on Pt(111)
were reported to show strong IP anisotropy [15]. Also, films with
lesser thickness were found to form smaller particles which directly
influence various properties of the materials [16]. The magnetization
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studies of the cobalt ferrite films on SrTiO3(001) are reported to show
significantly high magnetization and coercivity values, attributed to
the compressive strain. In contrast, films on MgO(001) shows weak
magnetic behavior due to the tensile strain at the film–substrate in-
terface [17]. Although many reports are seen in the literature, an
extensive investigation on the effect of interfacial strain on the physical
properties, particularly on magnetization, has not been explored yet.

In this regard, a study on the growth of cobalt ferrite films with
varying thickness was carried out by depositing thin films on a Pt-
coated Si substrate by using PLD technique. The structural and mor-
phological studies were performed by XRD, field emission scanning
electron microscopy (FESEM), magnetic force microscopy (MFM), and
atomic force microscopy (AFM). A thorough structure-magnetic cor-
relations were established by performing Raman spectroscopy. The
magnetization was investigated to understand the competition between
different magnetic anisotropies of the film and to verify their suitability
for possible device applications at RT.

2. Experimental details

The cobalt ferrite thin films with compositional formula CoFe2O4
ere deposited on platinum (Pt-) coated silicon substrate by PLD

echnique. The reason for choosing Pt-coated Si substrate in the present
ase is to promote the oriented growth of cobalt ferrite, as the lattice
arameter of cobalt ferrite is nearly equal to twice the lattice parameter
f Pt [18]. The cobalt ferrite films with varying thicknesses were
eposited by using a KrF excimer laser with 248 nm wavelength, 1.15
/cm2 fluence, and 5 Hz repetition rate by maintaining the substrate
cm away from the target. The films were deposited at the rate of

.1 Å/s. Prior to the film growth, the base pressure of the deposition
hamber was maintained at 0.3 mPa. The substrate temperature and
xygen (O2) partial pressure were maintained at 550 ◦C and 0.173
Pa, respectively. The samples were in situ annealed at 650 ◦C in

n O2 partial pressure of 0.3×10−5 Pa for 2 h. The samples with
hicknesses 115 nm, 125 nm, 160 nm, 175 nm, 250 nm, and 300 nm are
esignated hereafter as CFO-115, CFO-125, CFO-160, CFO-175, CFO-
50, and CFO-300, respectively. The structural characterization of all
amples was performed by using the x-ray diffractometer (PANalytical
’Pert3) with Cu-K𝛼 radiation source in out-of-plane (𝜃−2𝜃) configura-

ion. The morphological and compositional studies were performed by
sing the FESEM (CARL-ZEISS ULTRATM-55) at an operating voltage
f 5 kV. The FESEM was equipped with an energy dispersive x-ray
EDS) spectrometer. During the EDS measurements, the electrons were
ccelerated at 5 kV with a beam current of 2.27 A for an aperture
ize of 120 μm and the probe current was found to be 9.3 nA. The
aman measurements were carried out using the scanning near-field
ptical microscope coupled with the micro-Raman instrument (WITech,
lpha 300) equipped with Nd:YAG laser with wavelength 532 nm. The
agnetic and surface topography of the deposited films were studied

y analyzing MFM and AFM images recorded using (Bruker’s MESP-V2)
icroscope. The IP and OP magnetic hysteresis (𝑀 − 𝐻) loops were

arried out by vibrating sample magnetometer (LakeShore’ 7410, USA)
n an applied field range, 0 − ±1.5 T.

. Results and discussion

.1. X-ray diffraction

XRD is regarded as one of the best suitable techniques for phase
dentification and structural characterization of materials. In the
resent investigation, the deposited cobalt ferrite films with different
hickness were subjected to XRD measurements at RT and the corre-
ponding XRD patterns are shown in Fig. 1. From the figure, it is noticed
hat there are two categories of peaks corresponding to the substrate
nd cobalt ferrite films, respectively. The peaks corresponding to the
2

ubstrate are identified with the ‘*’ mark, and the cobalt ferrite-related
Fig. 1. The x-ray diffraction patterns of CFO thin film samples. The ‘*’ mark in patterns
represents the peaks corresponding to the Pt-coated Si substrate.

peaks are identified with their respective (ℎ𝑘𝑙) planes. After a close
observation, it is clear that the single-phase cobalt ferrite films oriented
along [111] direction are formed with no detectable secondary phases.
The preferred growth in this particular direction is due to the least sur-
face energy of the (111) planes of spinel ferrites [19]. The intensity of
the peaks representing the substrate is invariant, whereas the intensity
of all the peaks corresponding to cobalt ferrite shows a linear increase
with the film thickness. Although the thickness of the films was varied
systematically, no noteworthy shift in the peak positions was observed,
which plausibly hints at the presence of a non-uniform strain due to the
interdependence of structural and magnetic interactions of the atoms
present in these samples. The present observation is in agreement with
the reported literature [20].

With a view to understanding the interfacial lattice strain in the
deposited films, the percentage of lattice mismatch (𝛿) between the
thin films and platinum-coated silicon substrate was estimated by the
equation,

𝛿 =
2𝑎𝑃 𝑡 − 𝑎𝐶𝐹𝑂

𝑎𝐶𝐹𝑂
× 100 (1)

where 𝑎𝑃 𝑡 and 𝑎𝐶𝐹𝑂 are the lattice parameters of platinum (𝑎𝑃 𝑡 =
3.9201 Å) and cobalt ferrite bulk (𝑎𝐶𝐹𝑂 = 8.3869 Å) respectively
[21]. The value of 𝛿 is found to be −6.5% indicating the existence
of a compressive strain in the thin films. As the thermal expansion
coefficients of Pt and cobalt ferrite are different at post annealing
temperature (650 ◦C) and may generate the significant strain at the
interface thereby resulting in impact on the morphology of films [18].

In order to know more about the dependence of lattice parameters
on thickness and strain of the films, lattice parameters were calculated
and tabulated in Table 1. It is noticed that there is an overall increase in
the lattice parameter with the increase of film thickness. This behavior
can be ascribed to the relaxation of strain with increase in film thick-
ness. The estimated 𝛿 values are enlisted in Table 1. In general, due to
the lattice mismatch, a huge lattice strain (𝜀) at the interface may be
generated, and the strain experienced by the films was quantified using
the formula,

𝜀 =
𝑎𝑓𝑖𝑙𝑚 − 𝑎𝑏𝑢𝑙𝑘

𝑎𝑏𝑢𝑙𝑘
× 100 (2)

here 𝑎𝑓𝑖𝑙𝑚 and 𝑎𝑏𝑢𝑙𝑘 are the lattice constants of cobalt ferrite film
and bulk counterpart (𝑎 = 8.3869 Å), respectively [21]. With the
𝑏𝑢𝑙𝑘



Thin Solid Films 770 (2023) 139763A. Das et al.
Fig. 2. (a–f) The FESEM micrographs of CFO thin film samples, (g) schematic representation of Stranski–Krastanov film growth, (h) elemental mapping for a typical CFO film,
and (i) cross-sectional FESEM image of CFO-300 film.
Table 1
The values of lattice parameter (𝑎𝑓𝑖𝑙𝑚), the percentage of lattice mismatch (𝛿), the
percentage of lattice strain (𝜀), crystallite size (D) and strain due to crystallization (𝜂)
of the CFO thin film samples. The values mentioned in the parenthesis represent the
estimated standard deviation of the corresponding parameter.

Sample code 𝑎𝑓𝑖𝑙𝑚(Å) 𝛿 𝜀 D (nm) 𝜂

CFO-115 8.311(9) −5.677(4) −0.681(1) 40(4) 0.008(9)
CFO-125 8.309(2) −5.646(8) −0.713(4) 80(0) 0.011(1)
CFO-160 8.314(7) −5.709(2) −0.647(6) 40(4) 0.007(2)
CFO-175 8.317(7) −5.743(2) −0.611(8) 180(4) 0.011(1)
CFO-250 8.317(2) −5.737(5) −0.617(8) 185(2) 0.011(1)
CFO-300 8.327(3) −5.851(8) −0.497(1) 100(2) 0.012(7)

enhancement of film thickness, it is observed that there is an increase
in 𝑎𝑓𝑖𝑙𝑚, and the values tend to 𝑎𝑏𝑢𝑙𝑘 value. The decrease in strain with
increase in film thickness gives an impression that the thicker films are
more lattice relaxed than thinner ones. It can also be concluded that the
strain experienced by the film is compressive in nature. In addition,
the lattice strain experienced by the film is also manipulated by the
crystallization and orientation of the films. Therefore, the net strain due
to crystallization and the crystallite size of the films were determined
by employing the Williamson–Hall method given by the equation,

𝛽𝑐𝑜𝑠𝜃 = 𝜆
𝐷

+ 𝜂𝑠𝑖𝑛𝜃 (3)

and are listed in Table 1. Though there is an overall increase in the
crystallite sizes, a minimal variation in the strain is only observed for
higher film thicknesses. This might be due to the different crystal-
lization growths happening in different directions and the competition
between the strain caused due to crystallization and interface lattice
mismatch.
3

3.2. Surface morphology

3.2.1. FESEM
With a view to understanding the nature of surface of films, FESEM

was carried out for all the samples, and the corresponding micrographs
are shown in Fig. 2(a–f). A 3-dimensional cluster kind of growth,
referred as Stranski–Krastanov growth (schematically represented in
Fig. 2(g)), is anticipated in all the FESEM images. The film growth
pace is determined by the deposition of constituent atoms of the film
over the substrate or pre-existing clusters [22]. The size of the clusters
seem to be increasing with an increase in film thickness. The balance
between the growth and disintegration of the cluster is determined by
the overall behavior of its free energy. For a particular cluster size, a
positive derivative of free energy with respect to constituent atoms of
the cluster confirms the instability of the cluster, and its dissolution
takes place thereafter. However, in the present case, as the cluster size
increases, the derivative is negative, the cluster is found to be stable,
and the growth of the cluster is dominating over dissolution [23].

The compositional quality of the deposited films was confirmed by
performing the EDS measurements for all the films, and a typical EDS
spectrum is presented in Fig. 2(h). The composition of the constituent
elements estimated from the EDS data is in good concurrence with
the nominal composition of the cobalt ferrite, which confirms the
compositional quality of the prepared thin films. To know the multidi-
mensional aspects of the film and the clusters, a cross-sectional FESEM
was performed on the films, and a typical FESEM image is depicted in
Fig. 2(i). The figure, infers that the thickness of the film is determined
to be 300 nm and it is consonant with the thickness measured from
surface profilometer. The clusters seen in the cross-sectional FESEM
confirm the 3-dimensional nature of the clusters.
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Fig. 3. (a–f) The MFM and (g–l) AFM images of CFO thin film samples.
3.2.2. MFM and AFM
As the surface morphology was analyzed, it is important to look into

the magnetic morphology of the samples to understand the nature of
the domains in them. Therefore MFM images were recorded and are
presented in Fig. 3(a–f). The micrographs show that the bright and
dark spots refer to the repulsive and attractive magnetic force gradient,
respectively. The magnetic domains were found to exhibit two different
contrasts in the images. The size of domains was assessed quantitatively
by the line scan at various points, and the corresponding parameters are
given in Table 2. It has been observed that the magnetic domains are
of an irregular band-like nature. As the thickness of the film increases,
the magnetic phase difference (MPD) is found to increase substantially,
and for the CFO-300 film, the MPD value is two times that of the CFO-
115 film. As the MFM probes the OP signal, the OP contrast could be
correlated to the MPD in the MFM images of the films. For an increasing
film thickness, the OP magnetic contrast is also found to increase by
enhancing the magnetization of the films. The domain size growth
4

Table 2
The values of magnetic phase difference (MPD), magnetic domain width (𝑊𝐷) and
surface roughness (𝑅𝑞) of the CFO thin film samples.

Sample code MPD (±2 m◦) 𝑊𝐷 (±5 nm) 𝑅𝑞 (±0.5 nm)

CFO-115 166 159 1.59
CFO-125 244 178 0.93
CFO-160 233 237 0.97
CFO-175 255 263 0.84
CFO-250 419 286 0.72
CFO-300 333 291 0.67

observed for the films may be attributed to the increased thickness due
to fast deposition at higher temperatures [22].

With a view of understanding the topography and surface roughness
of the films, AFM measurements were carried out and are depicted in
Fig. 3(g–l). The surface roughness values for the thin film samples are
listed in Table 2. From the table it is evident that the surface roughness
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Table 3
The different vibrational modes, cation distribution (at A- and B-sites), force constants (measured in dyne/cm), and magnetic moment (𝜇) of CFO films obtained
from Raman spectra.

CFO-115 CFO-125 CFO-160 CFO-175 CFO-250 CFO-300

A1𝑔(1) 694 691 695 693 691 692
A1𝑔(2) 678 662 679 677 675 670
A1𝑔(3) 619 616 622 617 614 617
T2𝑔(1) 183 179 171 176 170 170
T2𝑔(2) 457 456 457 454 454 457
T2𝑔(2) 477 475 476 473 473 477
T2𝑔(3) 567 570 573 569 572 575
E𝑔 305 306 306 305 304 305
𝐼
(

T2𝑔 (2)
)

𝐼
(

A1𝑔 (1)
) 0.489 0.619 0.522 0.535 0.676 0.471

A-site (Co0.281Fe0.719)𝑇 (Co0.244Fe0.756)𝑇 (Co0.295Fe0.705)𝑇 (Co0.329Fe0.671)𝑇 (Co0.258Fe0.742)𝑇 (Co0.229Fe0.770)𝑇
B-site (Co0.719Fe1.281)𝑂 (Co0.756Fe1.244)𝑂 (Co0.705Fe1.295)𝑂 (Co0.671Fe1.326)𝑂 (Co0.742Fe1.258)𝑂 (Co0.770Fe1.229)𝑂
𝐾𝑇 × 105 2.08 2.06 2.09 2.08 2.06 2.06
𝐾𝑂 × 105 1.13 1.13 1.13 1.12 1.12 1.13
𝜇 (𝜇𝐵/f.u.) 4.12 3.98 4.18 4.32 4.03 3.92
Fig. 4. (a) Raman spectra for CFO thin film samples and (b) de-convoluted Raman
spectrum of CFO-175 sample.
5

decreases with increase in film thickness which is a consequence of
the minimization of compressive strain. As the stray field nearby the
dislocations may give rise to misfit dislocations in the thicker films,
there will be a change in the surface morphology. The islands on film
surfaces seen in AFM images occur when nucleation of dislocations
happens, leading to roughness in the system. Thus the islands in AFM
images is attributed to the dislocations, indicating the lattice relaxation
occurring in the films [24].

3.3. Raman spectroscopy

Raman spectroscopy is a distinctive technique used to understand
the various chemical species and their vibrational modes, thereby
giving information about the crystal structure and physical properties
exhibited by them. In the case of ferrites, it also can contribute to
understanding the cation distribution in the materials. In this regard,
Raman spectroscopy of all the thin films was carried out at RT in a
frequency range 150–800 cm−1, and the related spectra are shown
in Fig. 4(a). According to the group theory analysis, the spinel cubic
cobalt ferrite has 16 optical phonon modes, out of which 5 are Raman
active viz., E𝑔 , 3T2𝑔 and A1𝑔 [25,26]. The presence of these modes in
the spectra with no peaks pertaining to any detectable secondary or
impurity phases confirms the establishment of the cubic spinel phase
of cobalt ferrite. It is in well agreement with the XRD analysis [27].

The vibrations of Fe and Co at the 𝑂ℎ and 𝑇ℎ sites give rise to
peaks in the Raman spectra. To throw more light on the sub-lattice
vibrations and the cation distribution for varying film thicknesses,
the Lorentz profile fitting function was employed to de-convolute the
Raman spectra and are presented in Fig. 4(b). The de-convoluted peak
positions are listed in Table 3. The peak at 694 cm−1 represents the
A1𝑔(1) mode which is found to have 2 satellite peaks A1𝑔(2) and A1𝑔(3)
around 680 cm−1 and 620 cm−1 respectively. These modes arise due
to the symmetric stretching of O - Fe2+, O - Fe3+ and O - Co2+ ions
in the 𝑇ℎ site [28]. The peak identified around 170 cm−1 represents
the T2𝑔(1) mode corresponding to the translational motion of the metal
cation which is in conjugation with the oxygen ions at the 𝑇ℎ site. The
peak at 477 cm−1 is attributed to the T2𝑔(2) vibrational mode, which
results from the antisymmetric stretching of the O - Fe bond. However,
the shoulder peak around 460 cm−1 is accounted to the antisymmetric
stretching of the O - Co bond in the 𝑂ℎ sites. The T2𝑔(3) mode observed
around 570 cm−1 indicates the asymmetric bending of the 𝑂ℎ O - Fe
bond. Also, the symmetric bending of O ions concerning the metal
cations occurring at the 𝑂ℎ sites gives rise to the E𝑔 vibrational mode
as observed in the spectra [29–31]. The vibrational peaks in the spectra
above 600 cm−1 are due to the 𝑇ℎ sublattice, and those below 600 cm−1

are due to the 𝑂ℎ sub-lattice vibrations [27–31]. As the intensity of the
Raman peak is determined by the amount of cations present in the sub-
lattice, the appearance of shoulder peaks indicate the existence of more
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han one cation. Therefore the intensities and positions of T2𝑔(2) and
A1𝑔(1), representing the 𝑂ℎ and 𝑇ℎ sites, respectively, were thoroughly
nalyzed. The ratio of the intensities of the above mentioned peaks
re given in Table 3. The ratios were found to be nearly same for all
he samples as they have the same chemical composition. The cation
istribution of AB2O4 crystal structure at A and B sites was calculated
rom the peak intensities of the de-convoluted peaks and are given
n Table 3. The estimated cation arrangement confirms the inverse
pinel structure of the cobalt ferrite film samples. As the film thickness
ncreases, there is an overall shift in the vibrational peaks towards the
ower frequency side. This shift can be estimated from the peak force
onstant of the vibrating cation. As the frequency of vibration is found
o be proportional to the force constant, the force constants of the 𝑇ℎ

and 𝑂ℎ cations, 𝐾𝑇 and 𝐾𝑂, respectively, were calculated from the
equations [28,32],

𝐾𝑇 = 7.62 ×𝑀𝑇 × 𝜈2𝑇 × 10−3 (4)

𝐾𝑂 = 10.62 ×𝑀𝑂 × 𝜈2𝑂 × 10−3 (5)

where, 𝑀𝑇 and 𝑀𝑂 are the molecular weights of the ions present in the
𝑇ℎ and 𝑂ℎ sites, respectively, and 𝜈𝑇 and 𝜈𝑂 are the frequencies of the
A1𝑔(1) and E𝑔 modes, respectively. The determined 𝐾𝑇 and 𝐾𝑂 values
from the above equations are given in Table 3.

The 𝐾𝑇 and 𝐾𝑂 are found to have a random increase and decrease
with the increase in thickness of the film. The force constant inversely
varies with the bond length and affects the lattice parameter for ferrites.
From the cation distribution, the magnetic moment of the films was
calculated by,

𝜇 = 𝑚𝐵 − 𝑚𝐴 (6)

where 𝑚𝐴 and 𝑚𝐵 are the magnetic moments of atoms at A and B sites,
espectively, as per Neel’s sub-lattice model. The enhancement in the
agnetic moment from the expected value of bulk cobalt ferrite (3.31
𝐵) may be ascribed to the variation in the cation arrangement between
6

he 𝑇ℎ and 𝑂ℎ sites [21]. o
3.4. Magnetization

With a view to understanding the magnetic behavior of the cobalt
ferrite films, both IP and OP magnetic measurements (𝑀 − 𝐻) of
ll the samples were carried out at RT. The diamagnetic contribution
as subtracted from the magnetization of the deposited films and the

orresponding 𝑀 − 𝐻 curves are presented in Fig. 5. The presence of
kink in the 𝑀 − 𝐻 loop measured in OP near the zero-field region

s worth mentioning. This can be related to the strain, which initiates
n IP magnetic anisotropy due to the competing magnetocrystalline
nd shape anisotropies. The negative magnetostrictive behavior of the
ilm may also be responsible for this observation [33]. This behavior is
ignificant in thinner films compared to thicker ones, as the crystalline
ature is more pronounced for thicker films. In addition, in the present
ase, the kink observed in 𝑀 −𝐻 loops at low fields indicates the pres-
nce of a minute secondary soft magnetic phase, likely to be magnetite,
ith a smaller 𝐻𝐶 , which is a typical secondary phase often found

n cobalt ferrite films. Due to the isostructural nature of magnetite
ith cobalt ferrite, XRD could not identify it as a secondary phase.
he confirmation of the second phase requires a highly sophisticated
haracterization tool, which is beyond the scope of the present paper. It
s well evident from the obtained graphs that the 𝑀 −𝐻 loops for both
P and OP show a change in 𝐻𝐶 values and the technical saturation
agnetization (𝑀𝑆𝑇 ) at 1.5 𝑇 as film thickness increases. Although

he magnetic parameters are obtained from the minor 𝑀 −𝐻 loops, as
he applied field is insufficient to saturate the magnetization of films,
he variation of these parameters with film thickness is assumed to
e unaffected in the present investigation. The variation in 𝐻𝐶 and
𝑆𝑇 with respect to the thickness of film is depicted in Fig. 6(a,

). The variation of the 𝐻𝐶 with film thickness for IP and OP are
howing opposite variation up to film thickness of 175 nm. The large
alues of 𝐻𝐶 for OP 𝑀 − 𝐻 loops are attributed to the significant
P magnetization expected for thinner films in general. However, the
ariation of 𝐻𝐶 for 𝑀 − 𝐻 loops measured in IP is by the variation

f 𝐻𝐶 with particle size for nano/bulk cobalt ferrite materials [34].
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Fig. 6. The variation of (a) 𝐻𝐶 , (b) 𝑀𝑆𝑇 and (c) 𝐾𝑒𝑓𝑓 with thickness of CFO thin film samples. The error bars represent the estimated standard deviation from the measurement
of the corresponding parameter.
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This observation follows the Stoner–Wohlfarth (SW) model of oriented
uniaxial anisotropy. As per the SW model, the easy and hard axis
of magnetization is IP and OP respectively [35]. The higher values
of OP 𝐻𝐶 also support this argument. Since the 𝑀𝑆𝑇 values of IP
is greater than the OP, the cobalt ferrite films are having strong IP
magnetic anisotropy [36]. The IP magnetization values are found to
be comparable with the previous studies, and also, the IP and OP
magnetizations are observed to be smaller than that of cobalt ferrite
bulk (425 kA/m) [18].

Fig. 6(b) shows the variation of 𝑀𝑆𝑇 values for both IP and OP
magnetization with film thickness. It is interesting to note from the
Table 3 that the magnetic moment values calculated from Raman data
are mimicking the 𝑀𝑆𝑇 values and its variation with film thickness.
Since the magnetic moment obtained from Raman data is sensitive
to the cation distribution, then the modulation in magnetization is
a consequence of changes in the cation distribution. Therefore, this
particular observation clearly ensures the establishment of structure–
property correlations in cobalt ferrite thin films. However, the existence
of a secondary soft magnetic phase and the degree of crystallization
cannot be ignored in this case [33,36–39]. The IP and OP 𝑀 − 𝐻
loops show a hysteric behavior due to the cubic anisotropy originating
from the cubic symmetry associated with the bulk cobalt ferrite for an
undistorted film lattice. Along with this, the shape anisotropy induces
magnetization to be IP aligned, as evident from the 𝑀 −𝐻 loops [40].

As there is no saturation happening for the cobalt ferrite films in
the range of applied field, the law of approach to saturation (LAS) was
employed to estimate the saturation magnetization (𝑀𝑆 ) and effective
anisotropy constant (𝐾𝑒𝑓𝑓 ), which give a better understanding of the
magnetic nature of the films. The equation corresponding to LAS is
given as,

𝑀 = 𝑀𝑆

(

1 − 𝑏
𝐻2

)

(7)

where, 𝑏
𝐻2 is the contribution from anisotropy. The above-mentioned

equation was fitted to the experimentally obtained virgin curves for
both IP and OP hysteresis loops. The parameter b obtained from the
itting can also be given by the equation,

= 0.0762

(

𝐾2
𝑒𝑓𝑓

𝜇2
0𝑀

2
𝑆

)

(8)

here, 𝐾𝑒𝑓𝑓 and 𝜇0 are effective anisotropy constant and free space
ermeability, respectively. The 𝐾𝑒𝑓𝑓 values were calculated from the
bove equation, and the variation of K𝑒𝑓𝑓 with thickness for both IP
nd OP magnetization is shown in Fig. 6(c). It is clear from the figure
hat IP and OP magnetic anisotropy follow the same trend as 𝐻𝐶 . In
ddition, there is a gradual rise in the OP 𝑀𝑆𝑇 and 𝐾𝑒𝑓𝑓 values with an
ncrease in film thickness, as predicted from the increased OP magnetic
ontrast from the MFM analysis. Also, it is to be noted that the obtained
7

nisotropy constant (IP and OP) for the films are much larger than the
ulk cobalt ferrite values [34]. This significant difference in the values
an be ascribed to the stress in the deposited thin films, originating
rom the mismatch between the film and substrate [41].

. Conclusion

The oriented cobalt ferrite(111) thin films, with varying thickness,
ere deposited by using PLD technique. The XRD analysis confirms the

ormation of inverse spinel structure of cobalt ferrite and the growth
f the films oriented along its [111] crystallographic direction. Due
o the interface effects, the strain resulted in an increase in lattice
arameters, confirming the lattice relaxation, and the thicker films tend
o show the bulk behavior. The FESEM images confirm the existence
f clusters known as the Stranski–Krastanov growth mechanism. The
urface roughness of the films was found to decrease with the thickness
ue to lattice relaxations, which might also contribute to the above-
entioned growth mechanism. Hence, the AFM images again confirm

he influence of strain on the film morphology. The Raman analysis
dentifies the vibrational modes in the samples. An agreement with
he variation of magnetic moment (estimated from cation distribution)
rom the Raman data and technical saturation magnetization values
rom magnetization data as a function of film thickness ensures the
tructure–property correlations in cobalt ferrite thin films. The IP and
P 𝑀 − 𝐻 data depict the reorientation of OP magnetization into IP

with increasing thickness. The smaller values of IP 𝐻𝐶 and the presence
of a kink on the OP 𝑀−𝐻 loops for thinner films establishes the strong
IP magnetic anisotropy of the films and possibility of minute soft mag-
netic secondary phase in the films. The magnetic parameters associated
with some of the samples widen the applicability of the cobalt ferrite
thin films in suitable device applications at room temperature.
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