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Abstract A systematic study about the variation in
microstructure and magnetic properties of Cobalt ferrite
thin films, deposited on Si/SiO,/TiO,/Pt (111) substrate by
using pulsed laser deposition at a constant oxygen pressure
of 9 Pa with substrate temperatures ranging from 550 to
750 °C at an interval of 100 °C has been reported. All films
showed the (111) preferred orientation with single phase
confirmed by grazing incidence X-ray diffraction and
Raman spectra. Moreover, the films showed all the active
raman modes that were present in the cobalt ferrite target.
The films deposited at 550 and 650 °C exhibits uniform and
smooth surface features whereas deposition at 750 °C gives
rise to porosities and voids due to re-evaporation of atoms
from the deposited film. The grain size and roughness of the
films increased with increasing deposition temperature. The
induced in-plane tension in the film due to thermal expan-
sion mismatch between substrate and film causes the
increase in the perpendicular magnetic anisotropy. A sharp
increase in out-of-plane coercivity and the domain size was
observed at higher deposition temperatures.
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1 Introduction

In recent years, cobalt ferrite thin film has acquired
attraction because of its high coercivity, high magne-
tocrystalline anisotropy with higher chemical and
mechanical stability. Moreover, it shows low conductivity
and permeability (at higher frequencies), high magne-
tostriction coefficient and moderate saturation magnetiza-
tion among cubic spinels. Due to these properties of cobalt
ferrite, it can be used in many applications such as, mag-
netic sensors [1], magnetostrictive actuator [2], high—den-
sity recording media [3], magneto-optical devices [4],
anode materials for Li-ion batteries [5] and microwave
applications [6].

Cobalt ferrite has the inverse spinel structure with Fd3m
space group and eight formula units (8 x 7 = 56 ions) for
a unit cell. In inverse spinel structures oxygen ions closely
packed in FCC structure and there are two types of spaces
available between these oxygen ions. One type of space
will be available at the center of the tetrahedron in which
corners of the tetrahedron are occupied by oxygen ions,
called as tetrahedral site or A-site and the other type of
space will be available at the center of the octahedron in
which corners of the octahedron are occupied by oxygen
ion, called as octahedral site or B-site. Out of 64 A sites 8
sites are occupied by 8Fe®" ions and out of 32 B-sites 16
sites are occupied by 8Fe’™ and 8Co”" ions in a random
fashion [7].

Microstructure is one of the important properties in thin
films. It can be tailored by growth conditions such as
deposition temperature, pressure and also using substrates
having different lattice parameters. In case of magnetic thin
films, microstructure has its influence in magnetic proper-
ties, like magneto-crystalline anisotropy, coercivity and
saturation magnetization [8]. Usually in films magneto-
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crystalline anisotropy and stress anisotropy play the key
role. There are two types residual stresses that exist in
films. First one is intrinsic which depends on deposition
conditions. The other one is extrinsic residual stress, arises
from the difference between thermal expansion coefficient
of film and substrate [9].

Different research groups have studied the effect of
substrate temperature on structural and magnetic properties
of CFO films deposited on different substrates by using
pulsed laser deposition (PLD) technique. Zhou et al. [10]
reported that CFO films which were grown on Si (100)
substrates as a function of the substrate temperature, rang-
ing from 550 to 750 °C have the preferential orientation
along <111> direction. For the (111) orientation, in-plane
and out-of-plane coercivities of the CFO films increases
with the substrate temperature. The rate of deposition was
reported to be increasing up to a particular substrate tem-
perature and thereafter it decreases. Dorsey et al. [11] stated
that CFO films, grown on MgO (100) substrates at different
substrate temperatures varying from 200 to 800 °C show
(100) preferable orientation and the shift in diffraction
peaks was observed as a function of substrate temperature.
Coercivity values of CFO films were observed to be
increasing along <100> direction with the increase in
substrate temperature, but decrease along <001> and
<011> directions. Magnetic anisotropy changes from uni-
axial to a planar anisotropy as a function of substrate tem-
perature. It is very clear from the literature that different
substrates [12, 13] will drive the growth of the CFO films in
different preferred orientation. Moreover, a re-orientation
of anisotropy axis from in-plane to out-of-plane of the
sample is also associated with increasing substrate tem-
perature. Raghunathan et al. [12] studied various properties
of the CFO films deposited on SiO,/Si(100) substrates at
different substrate temperatures ranging from 250 to
600 °C. The preferred orientation of the CFO films changed
from (111) direction to (100) direction with the increase in
substrate temperature. Perpendicular magnetic anisotropy,
grain size and magnetic feature size increase with increas-
ing deposition temperature, whereas in-plane magnetic
anisotropy decreases with increase in deposition tempera-
ture. Thanga et al. [13] reported that the cobalt ferrite films
on TiO,-terminated (001) SrTiO5 substrates as a function of
substrate temperatures, varying from 500 to 700 °C exhibits
epitaxial growth. At lower temperatures films shown
smooth surface and in-plane magnetic anisotropy whereas
at higher temperatures the in-plane magnetic anisotropy is
less pronounced and film surface becomes rougher due to
presence of particulates.

In this present study, we have investigated the role of
deposition temperature on structural and magnetic proper-
ties of the CFO films deposited on Pt (111) substrate. Since
Pt (111) substrate can be used as a bottom electrode while

doing the electric properties measurements and also it has
advantages such as high electrical conductivity and sta-
bility in high-temperature oxidizing environments [14], so
it is important to optimize and understand the deposition
temperature effect on microstructural and magnetic prop-
erties of CFO films deposited on the Pt substrate.

2 Experimental procedure

Cobalt ferrite target was prepared by conventional solid
state sintering route. Initially, Fe,O3 and Co;0,4 were taken
as the precursors in the stoichiometric ratios. The precur-
sors were ball-milled for 2 h for uniform mixing and then
calcined at 600 °C for 2 h. Finally, it is sintered at 1250 °C
for 5 h. Cobalt ferrite films were deposited on Si/SiO,/
TiO,/Pt 111) (Pt = 150 nm, TiO, = 50 nm,
Si0, = 300 nm, Si = 0.5245 mm) substrate from the
cobalt ferrite target by pulsed laser deposition technique
(PLD) using a KrF excimer laser (248 nm) at laser energy
250 mJ with repetition rate of 10 Hz. Before deposition,
substrate was ultrasonicated using acetone and methanol.
During the deposition, target to substrate distance was kept
fixed at 4 cm. To ensure the uniform deposition and stoi-
chiometry in the films, target was allowed to rotate con-
tinuously across the laser beam [15]. By maintaining 9 Pa
constant background oxygen pressure a series of three
different deposition temperatures: i.e., 550, 650, 750 °C
were investigated with same deposition time of 45 min.
Prior to deposition, the chamber was pumped down to
2.7 x 107* Pa. After deposition, the films were cooled
down to room temperature under the same background
oxygen pressure at the rate of about 5 °C/min.

Phase formation and crystal structure of the CFO films
were determined by grazing incidence X-ray diffraction
(GI-XRD) Bruker (model: D8 discover) with Cu-K,, radi-
ation (A = 1.5406 10%). For further confirmation about
phase, Raman spectra of the CFO films were recorded with
Laser Raman spectrometer (Bruker, Senterra). The exper-
iments were carried out at room temperature with an
excitation source of wavelength 785 nm. Microstructures
and cross-section of the films were observed from the field
emission scanning electron microscopy (FESEM) (model:
Carl Zeiss, Supra 40). Field dependent magnetization val-
ues of the films were measured at room temperature with
super conducting quantum interference device (SQUID)
magnetometer (Quantum Design, MPMS-5T) by applying
magnetic field along the parallel (in-plane) and perpen-
dicular (out-of-plane) to the film surface. Roughness and
surface morphologies of the deposited films were examined
by Atomic Force Microscopy (AFM). The domains width
and orientation of the domains in the films were determined
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by using Magnetic Force Microscopy (MFM) (model:
Bruker, dimension icon).

3 Results and discussion

Figure 1 shows the X-ray diffraction patterns of the CFO
films deposited at 550, 650, and 750 °C and these patterns
are indicating that all CFO films are stabilized in single
phase pure CoFe,O, with Fd3 m space group and the films
showed diffraction peaks corresponding to (311), (511) and
(400) planes (JCPDS PDF No. 221086) of cubic structure of
spinel system. The higher intensity of the (311) and (511)
peaks reveal that the film is textured along (111) direction.
Intensity of (400) peak enhances with increase in deposition
temperature. With the increasing deposition temperature the
major intense peaks {(311), (511) and (400)} in the X-ray
diffraction getting sharper which is related to enhancement
of the grain size of the deposited films.

Factor group analysis predicts the following phonon
modes for the spinel structure: A;, (R) + E, (R) +
Tz + 3T (R) + 2A5, + 2E, + 4T}, (IR) + 2T,,. Out of
these phonon modes five are Raman active modes, namely
A, Eg and 3T,,. As indicated in the Fig. 2a, b, the CFO
target showed the Raman modes at 180, 308, 472, 562, 618
and 684 cm™' and CFO films also showed the all Raman
modes at the same frequency as CFO target with change in
the intensity. This confirms the formation of single phase
CFO films deposited at different substrate temperature. The
Raman modes at above 600 cm™' corresponds to the
symmetric stretching of oxygen atom with respect to the
metal ion in tetrahedral void, tetrahedral breath mode and
is assigned as A,,. The other low frequency modes corre-
sponds to symmetric and anti-symmetric bending of oxy-
gen atom in metal-ion (M—O) bond at octahedral voids and
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Fig. 1 X-ray diffraction patterns of CFO films deposited at 550, 650
and 750 °C
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assigned them as E; and (3) Ty, All modes are assigned
according to literature [16]. In order to estimate the ratio of
Co™*? ions at the tetrahedral site and octahedral site, we
calculated the intensity ratio of the peaks corresponding to
the tetrahedral (618 cm™ ') site [16] and octahedral
(472 cm™ ') site [17]. As displayed in the Fig. 2c, the peak
intensity ratio rises with increasing of the deposition tem-
perature which specifies that some of the Co®" ions shift
from octahedral sites to tetrahedral sites with the effect of
higher deposition temperature. This result is similar to the
observation made (according to crystal field theory) by
Sharma and Khare [18], studied with increasing annealing
temperature.

Figure 3a—c, depicts the surface FESEM micrographs of
the deposited CFO films. The grain size of the CFO films
increased from 40 to 100 nm with increasing the deposition
temperature from 550 to 750 °C. For the films deposited at
550 °C, the grains may not be fully grown due to insuffi-
cient thermal energy and for films deposited at 650 °C
shows uniform and smooth features. Interestingly the films
deposited at 750 °C shows the flakes type of grain structure
but films have the more porosity and voids when compared
with other films. Usually the film growth (nucleation) rate
on a substrate consists of several processes such as arrival
of film atoms on bare substrate areas or pre-existing cluster
surface. Diffusion of these atoms over the substrate surface
or cluster surface will construct mobile or stationary clus-
ters, diffusion of atoms to cluster or dissociation of atoms
from cluster, re-evaporation of atoms from cluster or sub-
strate. The balance between growth and dissolution pro-
cesses for a given cluster will be governed by the total free
energy of the cluster, relative to the assembly of individual
atoms. The total free energy can be written as

AG = a\P’To_, + ar*Ts_. — ayr’T5_, + a3’ AG,

where r is the radius of the cluster, I" are the interface
energies, a’s are constants that depend on the shape of the
nuclei and AG, is the change in volume free energy on
condensation of the cluster. For a given cluster, if the
derivative of the free-energy change with respect to atom in
cluster is positive, then the cluster is not stable and will
shrink on average. If the derivative is negative, then the
size of cluster is stable and will grow an average. The
volume free-energy will become more negative for
increased supersaturation of vapor atoms on the surface
and supersaturation will increase with the decrease in the
substrate temperature, Hence in practice, we do make free-
energy change more negative by decreasing the substrate
temperature. An increase in the magnitude of the negative
volume free energy will increase the cluster nucleation
rate. A decrease of substrate temperature will also give rise
to decrease the surface diffusion coefficient of the adsorbed
vapor atoms. The competition between increased
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Fig. 2 Room temperature Raman spectra of a CFO target, b CFO films deposited at 550, 650 and 750 °C, ¢ variation of intensity ratio of Raman
peaks at 618 and 472 cm™" with variation of deposition temperature

Fig. 3 FESEM surface micrographs of CFO films deposited at a 550 °C, b 650 °C, ¢ 750 °C

supersaturation and decreased diffusion coefficient with  Taple 1 Results from the FESEM micrographs and cross sectional
decreasing the substrate temperature leads to a maximum  images

nucleation rate at certain temperature and decreased
nucleation rate above and below that temperature [19].

Deposition temperature (°C) Grain size (nm) Thickness (nm)

Figure 4a—c displays the cross sectional images of the 550 40 247
CFO films. As shown here, except the film deposited at 650 67 267
550 °C, all the films exhibited uniform deposition 750 100 290

throughout the film and the films are well attached to the
substrate. The thickness of the films increases from 247 to
290 nm with increasing the deposition temperature from
550 to 750 °C indicating that deposition rate increases with ~ On the other hand the films deposited 650 °C has the
the substrate temperature as shown in Table 1. Even though uniform thickness throughout the film. In addition, there is
the deposition rate is high for the film deposited at 750 °C @ gradual increase of grain size as shown in Table 1.

due to re-evaporation of atoms from the film, it contains Now, in order to estimate the magnetic properties of the
more porosities and voids. Small amount of the film  films, room temperature hysteresis loops (M—H loops) are

diffuses into the substrate for the films deposited at 750 °C.
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Fig. 4 FESEM cross-sectional images of CFO films deposited at a 550 °C, b 650 °C, ¢ 750 °C

@ Springer



450

J Mater Sci: Mater Electron (2017) 28:446-453

measured with applying external magnetic field along the
plane and out of the plane with respect to the sample
surface as shown in Fig. Sa—c for the films deposited at
550, 650, and 750 °C respectively. There is no significant
variation in the in-plane coercivity with the increase in
substrate temperature while the out-of-plane coercivity
has increased with increasing substrate temperature. As
shown in the Fig. 5a—c the films which were deposited at
lower temperature (550 °C), exhibits more in-plane
coercivity and the films deposited at 650 °C show nearly
equal value of in-plane and out-of-plane coercivity but
the films deposited at 750 °C exhibits a large out-of-plane
coercivity compared to the in-plane one. The CFO films
shown (111) preferred orientation because the closed-
packed {111} planes of spinel ferrites have the lowest
surface energy which makes the energetically favorable
{111} oriented spinel surfaces [20]. According to the
magnetocrystalline anisotropy theories, the direction

<111> is the direction of easy magnetization in all the
cubic ferrites, except cobalt ferrite or mixed ferrites
containing a large amount of cobalt which has <100>
direction as the direction of easy axis of magnetization
and <111> direction as hard axis of magnetization [10].
The direction of easy magnetization of a crystal is the
direction of spontaneous domain magnetization in the
demagnetized state, hence in the demagnetized state, the
magnetic moments are favorable to be in the plane of the

temperatures are exhibiting more in-plane coercivity. As
shown in the Fig. 5f, the out-of-plane coercivity rises with
increase in the substrate temperature. Thermal expansion
coefficient of Platinum and CFO are reported 9 x 107°
and 14.9 x 107% °C™! respectively [21, 22]. Due to this
mismatch, an in-plane isotropic tension will be induced in
the film during the cooling process of the substrate-film
combination from deposition temperature to room tem-
perature. The amount of strain induced in the film due to
the mismatch in thermal expansion coefficient of film and
substrate can be calculated from the formula given as
[23]:

e = (o — o) AT

where AT is the difference between the deposition tem-
perature and the measuring temperature. o, and o are the
thermal expansion coefficients of substrate and film
respectively. Since CFO has a negative magnetostriction
(10), in-plane isotropic tension expected to give rise to the
perpendicular magnetic anisotropy, hence increases in
deposition temperature leads to an increment in the amount
of strain induced in the film which results in enhancement
of the out-of-plane coercivity. Apart from induced strain,
(grain size also will affect the coercivity) or coercivity will
also depend on the grain size [24]. As shown in the
Fig. 3a—c with the increase in grain size, the coercivity of
the system also increases (Fig. 5a—c) due to the increase in

surface. Therefore, the films deposited at lower  magnetic anisotropy energy (K, x V). Due to this, thermal
Fig. 5 M-H 1 d at
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in-plane and out-of-plane N Py 650°C ]
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Fig. 6 a AFM with depth histogram as inset and b MFM images for CFO films deposited at substrate temperature 550, 650 and 750 °C (from

left to right)

Table 2 Results from the AFM

and MFM images Deposition temperature(°C)

Roughness (nm)

Threshold height (nm) Domain size (nm)

550
650
750

54 150
64 208
16 101 221

energy becomes less effective to change the magnetization
and more external field is required for magnetization
reversal. Hence, coercivity increases. This is true when the
grain size is smaller than the domain size, as in our case
[25].

Atomic force microscopy (AFM) is carried out for all
the three CFO films deposited at 550, 650 and 750 °C. For
the first two films, roughness comes about 4 and 3 nm, but
for the third one roughness increases to 16 nm and a par-
ticulate feature is observed in the topography image. We
have calculated the depth histogram which indicates the
particle size distribution over the entire area of scan. This
shows the threshold heights are almost 54, 64 and 101 nm
for our three films deposited at 550, 650, and 750 °C
respectively. These values are also comparable to the grain
sizes as obtained from FESEM images. To check the
domain structure [26] in our films, we have performed

magnetic force microscopy (MFM) at room temperature
without application of external magnetic field. Formation
of domains in magnetic materials is the result of mini-
mization of competitive energies of the system due to
magnetostatic interaction between spins, anisotropy,
exchange coupling and Zeeman energy due to external
magnetic field and magneto-elastic interactions [7]. For
thin films, the correlation between magnetostatic energy
and anisotropy energy decides the domain formation. The
effective anisotropy (k,) of the film is the addition of
volume and surface anisotropy. With the increase in
thickness, the volume anisotropy gets enhanced and when
it is comparable to the surface anisotropy, the system
breaks into domains. In this situation, magnetostatic energy
due to flux closure is high enough to support the domain
formation. With MFM, we probe the films with a magne-
tized tip, having a fixed lift height (30 nm in our
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experiment) from the surface of the film. Our MFM images
(Fig. 6b) show the existence of magnetic domains having
two different contrasts. As MFM is sensitive to the out-of-
plane signal from the material and useful to image the
magnetic state at equilibrium [27], so two different con-
trasts basically designate the magnetization parallel or anti-
parallel to the surface normal. The domain size is measured
by performing line scan over the domains at different
locations and is observed to be increasing around 48 %
when the deposition temperature was varied from 550 to
750 °C. Increase in thickness due to higher deposition rate
at higher temperature may result to this effect [28]. But the
orientation of the domains does not change. A systematic
study with temperature and field dependent MFM [29] will
surely throw light over the orientation of anisotropy axis
and possible spin-reorientation in the material with varying
deposition temperature, which is our future goal. The
results obtained from the AFM and MFM studies are
depicted in Table 2.

4 Conclusions

We have performed the study of microstructure and mag-
netic properties for CFO thin films deposited by PLD
technique. The films, grown over Si/SiO,/TiO,/Pt (111)
substrates with background oxygen pressure of 9 Pa
showed (111) preferred orientation and the major intensity
peaks become sharper with the increase in substrate tem-
perature. Raman spectra of the CFO films displayed all
modes as observed for the CFO target. Films deposited at
550 and 650 °C exhibit uniform and smooth surface
whereas the film deposited at 750 °C showed more
porosities and voids. Moreover, the cross-sectional FESEM
study showed higher film thickness at elevated temperature
due to the higher growth rate. The films show higher values
of grain size at higher deposition temperature. Depth his-
togram analysis of the AFM images reveals that the particle
size distribution over the scanned area gets broadened
along with the increase in threshold height nearly by 50 %
for the films deposited at 750 °C compared to that of
550 °C. From the results of the M—H loops, it is evident
that the out-of-plane coercivity sharply increases with
deposition temperature whereas the change in in-plane
coercivity is not that significant. The variation in domain
size also follows the similar trend as that of out-of-plane
coercivity. MFM being very sensitive to the out-of-plane
signal from the magnetic material, an indication about the
growth of perpendicular anisotropy is observed for the
films, deposited at higher temperatures. This can be
attributed to the mismatch of thermal expansion coeffi-
cients between the film and the substrate which results in

@ Springer

an in-plane isotropic tension induced in the film at higher
deposition temperature. An indication of increase in per-
pendicular magnetic anisotropy is observed as the per-
pendicular coercivity and the domain size show increasing
trend at higher deposition temperature. Future study with
films having same thickness, deposited at different tem-
perature along with extensive microscopy can throw light
to the proper spin re-orientation in CFO thin films.
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