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We report the observation of contrasting magnetic behavior in cobalt ferrite �CFO� thin films
deposited on single crystalline magnesium oxide �MgO� and strontium titanate �STO�. Epitaxial
films on MgO �100� with a lattice mismatch of 0.35% showed out-of-plane anisotropy whereas the
films on STO �100� with a lattice mismatch of 7.4% displayed in-plane anisotropy. Stress anisotropy
calculated from angle-dependent x-ray diffraction analysis confirmed that the change in anisotropy
originates from the lattice mismatch. An additional low-field switching characteristic is observed in
the M-H loops of the CFO films, which became prominent with lowering temperature as also
evidenced from the rf transverse susceptibility measurements. The obtained results revealed that the
low field switching is associated with the film-substrate interface. © 2010 American Institute of
Physics. �doi:10.1063/1.3327424�

I. INTRODUCTION

Cobalt ferrite �CoFe2O4� �CFO� is a hard magnetic ma-
terial with high degree of magnetic anisotropy and magneto-
striction. The unique magnetic properties of this material can
be understood from its electronic and structural configura-
tions. The divalent cobalt and trivalent iron cations are lo-
cated on the octahedral and tetrahedral sites, respectively, as
in an inverse spinel structure. In a normal spinel structure
�AB2O4�, the A2+ cations occupy the tetrahedral sites
whereas the B3+ cations occupy the octahedral sites. How-
ever, in an inverse spinel structure, half of the octahedral
coordination sites are occupied by A2+ cations and the re-
maining half as well as all the tetrahedral coordination sites
are occupied by the B3+ cations. A unit cell of CFO which is
a face-centered cubic �fcc� structure with lattice parameter
�ao� of 8.39 Å, consists of eight formula units.1 The eight
Fe3+ ions in tetrahedral sites are aligned antiferromagneti-
cally with respect to the remaining eight Fe3+ ions via super-
exchange interactions mediated by oxygen ions. Thus the
uncompensated Co2+ ions which have three unpaired elec-
trons in their d-orbitals would give a theoretical saturated
magnetization value of 3 �B per formula unit or in other
words per Co site. However, the experimental value of the
saturated magnetization in CFO is found to be around 4 �B.
This discrepancy between the theoretical and experimental
values could be attributed to two factors.1 First, the calcula-
tion was done by neglecting the contribution from the orbital
motion of electrons. Second, the Fe3+ moments were as-
sumed to be aligned perfectly anti-parallel, but in reality they
may be canted. In addition, the distribution of different ions
may not be as perfect as assumed.

The first order magnetocrystalline anisotropy �K1� en-
ergy constant for CFO has been reported to be of the order of

106 erg /cm3, which is one of the highest for ferrites.2 The
anisotropy direction changes depending on the growth
conditions,3,4 the choice of substrate, and whether the film is
grown under compression or tension.5,6 The large magneto-
crystalline anisotropy and the tendency of the CFO to grow
with the easy axis perpendicular to the substrate, if grown
under tension, makes this an attractive material for applica-
tions in magneto-optic recording.1 This is because, if the
magnetic easy axis is perpendicular to the substrate, a beam
of laser light pointed directly into the film will then interact
easily via Faraday rotation. This material also has a very
high magnetostriction coefficient ���. Reference 2 reported
the values of �100 for CFOs in the range between −200
�106 to −590�106. The high magnetostriction in CFO,
coupled with its large magnetocrystalline anisotropy, make it
a suitable material for integration into multilayered or com-
posite forms of multiferroic structures. Epitaxial
composites7,8 of CFO and lead zirconate titanate
�PbZrxTi1−xO3� �PZT� have been reported to exhibit multifer-
roicity. Strong magnetoelastic coupling is observed in the
vertically self-assembled nanostructure composite of
BaTiO3−CoFe2O4 at the ferroelectric Curie temperature.9

Similar strain mediated magnetoelastic coupling between co-
lumnar epitaxial BiFeO3 and CoFe2O4 nanocomposites have
induced magnetic reversal.10

The resistivity of CFO is relatively high ��107 � cm�.1

In addition ferrites are reported to have large permeability at
high frequency ��1000 MHz�.1,3 Since the square of the
depth of penetration of the applied magnetic field is directly
proportional to the frequency and the permeability, and in-
versely proportional to the resistivity,1 CFO can find appli-
cations in microwave devices. Because of the good insulat-
ing properties and high Curie temperature, an experimental
evidence of room temperature spin filtering in magnetic tun-
nel junctions �MTJ� containing CoFe2O4 is observed by
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Ramos11 and the group. Across such MTJs, they observed
tunneling magnetoresistance values of �18% and �3% at 2
and 290 K, respectively.

As discussed above, CFO thin films have a great poten-
tial for use in technological applications varying from mag-
netic recording to microwave devices. Exploitation of the
study of magnetic behavior of CFOs is thus essential to ac-
complish the aforementioned possibilities. For this purpose,
our work will focus on tuning the magnetic anisotropy in
CFO thin films with lattice mismatch strain and explain the
anomalies observed thereafter. Single crystalline substrates
with varying lattice parameters are used to introduce varying
strain at the film-substrate interface and the magnetic aniso-
tropy in the produced films is studied. A change in magnetic
anisotropy is observed as the thin films of CFO were grown
from one substrate to another. In addition, a low field switch-
ing is observed for the first time in intrinsic CFO thin films.
Such switching is observed in bilayers of CFO and other
magnetic materials.12,13 Suzuki et al.12 show that the switch-
ing is due to the strong exchange coupling between CFO thin
film and magnetically soft �Mn,Zn�Fe2O4 at room tempera-
ture. They showed an inverse linear dependence of exchange
field on �Mn,Zn�Fe2O4 thickness, which is an evidence for
the interfacial nature of the interaction. Ramos and
co-workers13 demonstrated that the switching behavior in the
epitaxial bilayer of CoFe2O4 and Fe3O4 is due to the mag-
netic interaction at the bilayer interface, but not from the
intrinsic properties of the either of the individual layers. We
observed the low field switching behavior in the intrinsic
CFO monolayer film and have shown quantitatively that it
arises from the interface between the film and the substrate.

II. EXPERIMENT

We have grown epitaxial CFO on lattice matched sub-
strates such as magnesium oxide �MgO� and strontium titan-
ate �STO� in order to investigate their influence on magnetic
anisotropy. Films of thickness around 200 nm were deposited
on MgO �100� and STO �100� substrates using pulsed laser
ablation. An excimer laser of wavelength 248 nm was used
to ablate a compressed powder target of CFO. The chamber
was kept at 10 mTorr pressure of oxygen during the growth
while heating the substrate to 450 °C. The repetition rate of
the laser pulse was kept at 10 Hz and the fluence at the target
surface was 2 J /cm2. The distance between the substrate and
the target was 6 cm. Under these growth conditions, the rate
of growth was measured to be around 0.1 Å /pulse. The film
crystallinity and orientation were assessed by conventional
�-2� x-ray diffraction �XRD� method, �-scan and rocking
curve techniques. The stress on the film was measured using
the standard sin2 � technique. In-plane lattice parameters
were obtained from the asymmetric XRD scans around some
particular planes. The magnetization of these films was mea-
sured with a physical property measurement system �PPMS�
from quantum design. A sensitive rf transverse susceptibility
�TS� method based on a self-resonant tunnel diode oscillator
�TDO� �Ref. 14� integrated into the PPMS, was also em-
ployed to study the low field switching and anisotropy char-
acteristics of the CFO thin films.

III. RESULTS AND DISCUSSIONS

A. Crystallinity and stoichiometry

Figure 1 shows the XRD peaks for the powder target and
the films grown on MgO and STO substrates. The powder
target showed all the characteristic peaks �Fig. 1�a�� of
CFO.15,16 The peaks that appear match with CFO fcc lattice
with space group Fd-3m �227�. The films grown on MgO
�100� and STO �100� show epitaxial growth �Figs. 1�b� and
1�c��. The �-2� peaks show only �400� peak of CFO and no
trace of any impurity peak even in the logarithmic scale. A
close up view shows both CFO �400� and MgO �200� peaks
side by side as shown in the inset of Fig. 1�c�. Figures 2�b�
and 2�e� show the �400� rocking curves of the lattice-
matched CFO grown on STO and MgO, respectively. The
full width at half maximum �FWHM� for the film grown on
MgO is 0.076°, which confirms an excellent crystallographic
texture along �100�. Since �200� of MgO and �400� of CFO
are very close to each other, �-scan measurements were con-
ducted using Bragg’s reflection from �311� plane of CFO
�Fig. 2�d��. The peaks of the � spectra occur at intervals of
90° confirming the cubic symmetry and in-plane epitaxial
growth. Because of larger lattice mismatch in the case of the
film grown on STO substrate, �400� peak of CFO is shifted
significantly as shown in Fig. 1�b�. In addition, FWHM is
also large �0.915°� in the case of the film grown on STO
substrate �Fig. 2�b��. �-scan curves from �311� reflection of
CFO film grown on STO substrate as shown in Fig. 2�a�
demonstrate excellent in-plane epitaxy. Because of the shift
in the CFO peak on the film grown on STO, the film lattice
could be tetragonally distorted. In-plane lattice parameters
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FIG. 1. �Color online� �a� XRD peaks of powder target of CFO. �b� XRD
peak of epitaxial 200 nm thick film of CFO grown on STO �100� substrate.
The peak from CFO �400� is shifted toward the left due to large lattice
mismatch with substrate. The left and right peaks are from the substrate. �c�
XRD peak of epitaxial 200 nm thick film of CFO grown on MgO �100�
substrate. The �400� peak of CFO appears overlapped with the �200� peak of
MgO. The inset is a close up view, which clearly shows both MgO �200�
�left� and CFO �400� �right� peaks.
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were obtained from the asymmetric scan of the two CFO
planes, viz., �511� and �440� �Figs. 2�c� and 2�f��. The value
of the in-plane lattice parameter given in Table I is the aver-
age of the values obtained from the reflections off of these
two planes. The difference between the out-of-plane lattice
parameter �a�=8.486 Å� and the in-plane lattice parameter
�a� =8.297 Å� confirms the tetragonal distortion in the film
grown on STO. In the case of the film grown on MgO, in-
plane and out-of-plane lattice parameter differ by only
0.15%. Values of in-plane strain presented in Table I are
calculated by using the formula �a� −ao� /ao. To confirm the
stoichiometry, energy dispersive spectroscopy �EDS� was
used. In each of the thin films of CoFe2O4 used, it was found
that the Fe:Co ratio was very close to 2 �Table I�. This con-
firms the single crystalline stoichiometric growth of CFO
thin films.

B. Magnetization measurements

Magnetic measurements were conducted for in-plane
and out-of-plane configurations of the films in magnetic
fields up to 50 kOe. Figure 3 shows the M-H loops measured
at 300 and 10 K for the epitaxial thin films of the same
thickness �200 nm�. The hysteresis graphs in Fig. 3 were
obtained after subtracting the diamagnetic contribution from
the substrates. The saturation magnetization �Ms� value of
the film grown on STO at 300 K is around 490 emu /cm3

which corresponds to 3.9 �B per Co-site. This value is
around 2.6 �B per Co-site in case of the film grown on
MgO. However, at low temperature �10 K�, the saturation
magnetization is closer to the bulk value of the CFO.1 One of
the reasons could be that the Curie temperature of the films
grown on MgO might have decreased. It can be observed
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FIG. 2. �Color online� Left column of graphs represent the film grown on
STO and the right column represents films grown on MgO. �a� and �d� �
scan spectra from �311� reflection. �b� and �e� Rocking curve of CFO �400�
peaks. �c� and �f� Asymmetric scans of the �511� and �440� textures of the
CFO films. The in-plane lattice parameters are obtained from these scans.

TABLE I. Co to Fe ratio obtained by energy dispersive x-ray analysis �EDS�, in-plane and out-of-plane lattice
parameters obtained from XRD peaks, and the strain calculated using in-plane lattice parameters.

CFO film
on Co/Fe ratio

a�

�Å�
a�

�Å� In-plane strain
Stress

�dyn /cm3�
Anisotropy �Ka�

�erg /cm3�

MgO 2.040 8.388 8.401 0.0013 −12.19�109 a 10.79�106

STO 2.014 8.486 8.297 �0.011 −16.50�109 14.60�106

aIn case of the film grown on MgO, sin2 � technique is used to calculate the stress. Anisotropy is calculated by
using the stress.
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FIG. 3. �Color online� �a� and �c� M-H loops measured at 300 and 10 K,
respectively, of the 200 nm thin film grown on STO �100� for in-plane and
out-of-plane configuration. �b� and �d� M-H loops measured at 300 and 10
K, respectively, of the 200 nm thin film grown on MgO �100� for in-plane
and out-of-plane configuration.
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that the easy axis of magnetization of the films grown on
MgO is out of the plane of the film along the �100� direction,
whereas the films grown on STO have the easy axis of mag-
netization along the plane of the film. We would like to point
out that the easy axis in case of the film grown on MgO is
not well defined. Although, the saturation field is smaller for
the out-of-plane magnetization, the coercivity is small, atypi-
cal for an easy axis. However, the difference in magnetic
anisotropy for these two films could have arisen from the
fact that the CFO films �lattice constant=8.39 Å� grow with
tensile strain on MgO �2� lattice parameter=8.42 Å� sub-
strate and undergo compression when grown on STO �2
� lattice parameter=7.81 Å�. In particular, the stress
present due to the mismatch between the film and the sub-
strate may have played a significant role in the observed
anisotropy.

To address this, we have calculated the uniaxial aniso-
tropy by using the difference between the in-plane and out-
of-plane magnetization obtained from Fig. 3. The uniaxial
magnetic anisotropy is given by17

Ku = �
0

Ms

�Heff
out − Heff

in �dM , �1�

where Heff=Hex−NM, N=demagnetization factor, M
=magnetization, Hex the external field applied, and Ms is the
saturation magnetization. The superscripts out and in corre-
spond to the out-of-plane and in-plane orientation of the
films with respect to the applied magnetic field. For the case
of a thin film with uniform magnetization in all x, y, and z
direction, Eq. �1� reduces to

Ku = Hex
outMs

out − Hex
in Ms

in −
1

2
�Ms

out�2 �2�

The uniaxial magnetic anisotropy calculated for the film
grown on MgO substrate is Ku=9.13	0.34�106 erg /cm3.
This value of Ku is threefold larger than the intrinsic magne-
tocrystalline anisotropy of bulk CFO �3�106 erg /cm3�.2,3

This indicates that the large anisotropy seen in the film
grown on MgO likely arises from the presence of large stress
due to the mismatch between the film and the substrate.

For the case of the films grown on STO �100�, the out-
of-plane magnetization is not saturated up to an applied field
of 50 kOe �see Fig. 3�. Therefore, it is not precise to use Eq.
�2� to estimate the magnetic anisotropy for this film. Alter-
natively, we have estimated the magnetic anisotropy of this
film by using the difference between the lattice parameter of
bulk �8.39 Å� CFO and the corresponding thin film �8.297
Å�. This large change in the thin film value is caused by the
large mismatch between the lattice parameter of CFO and the
STO substrate �2�3.905=7.81 Å�. The strain �
� due to the
difference between the bulk and in-plane film lattice constant
is �0.011. Thus the stress �=Y 
 �Young’s modulus2 Y100

=1.5�1012 dyne /cm2� is −16.50�109 dyne /cm2. Magne-
toelastic stress anisotropy constant can be estimated by Ka

= �3 /2� �100 �, where �100 for CFO �Refs. 2 and 3� is
−590�10−6. Ka calculated this way is 14.6�106 erg /cm3.
This value is larger compared to that obtained for the film
grown on MgO �100�. This is consistent with the fact that

stress is larger for the film grown on STO than for the film
grown on MgO. It is the presence of larger stress in the film
grown on STO that causes a larger shift in the �400� Bragg
reflection compared to the bulk �Figs. 1�a� and 1�b��. The
anisotropy field �Ha� of the film grown on STO is estimated
to be about 59.6 kOe, using the expression Ha=2Ka /Ms.

C. Stress measurement „sin2 � technique…

To provide further insights into the importance of stress
in the observed anisotropy in the CFO thin films, we have
used the sin2 � technique �the direct stress measurement
technique� to evaluate the stress and hence the anisotropy of
the films grown on MgO. Since the in-plane lattice parameter
�a� =8.401 Å� is very close to the bulk lattice parameter
�ao=8.390 Å� for the film grown in MgO, stress in this case
is measured using this method. The sin2 � technique is a
standard nondestructive technique to measure residual stress
in a material. In this technique, a textured film is scanned in
the vicinity of the Bragg reflection �2��. A shift in the Bragg
reflection �2�� is observed if a strained film is tilted by an
angle ���. The schematic is shown in the lower inset of Fig.
4. The shift in 2� is used to calculate the new value of inter-
planar spacing �d�. It has been found that d is linearly varied
as a function of sin2 � as shown below18

d� = �1 + �

Y
	d0� sin2 � −

�

Y
��11 + �22�d0 + d0. �3�

The slope of d� and sin2 � gives the value of the stress � if
the Poisson’s ratio ��� and the Young’s modulus �Y� of the
particular material are known. d0 is the interplanar distance
corresponding to the unstrained cubic lattice. It should be
noted here that above relation is modified for =0.

Figure 4 shows the 2� scans of CFO–MgO film for vari-
ous � tilts. The values of d were calculated using the shift in
the Bragg reflection for different tilt ��� angles. The different
values of d are plotted as a function of sin2 � �Upper inset of
Fig. 4�. A fairly linear curve was observed indicating that the
residual stress within the area under scan was nearly homo-
geneous. The slope of the curve obtained provides a qualita-
tive measurement of the residual stress in the thin films. By
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FIG. 4. �Color online� �-2� scan about 2�=43.006° by varying the � angle
from 0° to 15° keeping the  at 0° on the CFO films on MgO �100� sub-
strate. The legend shows the values of �. The upper inset shows the plot of
d vs sin2 � and a linear fit to the data points. Schematic for sin2 � technique
is shown in the lower inset.
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using the slope of the fit and equating that to the coefficient
of sin2 � term in Eq. �3� we have calculated the stress ��� for
CFO–MgO to be �=−12.19�109 dyne /cm2. Due to the
proximity of the substrate and the film peak, a background
due to MgO substrate was subtracted from the slope. The
values Y, �, and d0 used were as follows for CFO: Y =1.5
�1012 dyne /cm2, �=0.2619 and d0=2.0979 Å. The stress
anisotropy �Ka� is obtained from Ka= �3 /2� �100 �, where
�100 for CFO is −590�10−6 and �=−12.19
�109 dyne /cm2, to be 10.79�106 erg /cm3. The value of Y
and � are specific for �100� direction and thus are good es-
timates for our epitaxial films. A possible error in the calcu-
lation could be due to the bulk Poisson’s ratio ��� used.
However, by changing � by 25%, the value of anisotropy
�Ka� changes by only around 5%. The value of the anisotropy
thus obtained is very close to that calculated from the M-H
data using Eq. �2� �Ku=9.13�106 erg /cm3�. The consis-
tency of these two independent methods clearly indicates
that stress plays a dominant role in the observed anisotropy
in the CFO thin films grown on lattice mismatched sub-
strates. The anisotropy field �Ha� of the film grown on MgO
is determined to be about 66.8 kOe, whereas that for the film
grown on STO is 59.6 kOe.

D. Probing magnetic switching using rf TS

While the low field switching feature is clearly observed
in the M-H loops, it is difficult to determine precisely mag-
netic switching field and particularly its dependence on mea-
suring temperature. In this work, we have used a very sensi-
tive and precise rf TS technique developed by Srikanth et
al.14 to probe magnetic switching and its temperature depen-
dence in both the film grown on STO and the film grown on
MgO. The rf TS, which is based on a sensitive, self-resonant
TDO, has been validated over the years to be an excellent
technique for probing effective magnetic anisotropy and
switching in a wide range of magnetic materials ranging
from thin films,20 nanoparticles21 to single crystals.22 In TS
experiments, a small perturbing ac or rf field ��10 Oe� is
applied to the sample in addition to the swept dc magnetic
field. Since the sample is placed in an inductive rf coil that is
part of a self-resonant circuit, the shift in the resonant fre-
quency with varying dc magnetic field and/or temperature
give a direct measure of the change in inductance and hence
the sample susceptibility. The change in TS with dc magnetic
field has been expressed by

���T

�T
	% = 
��H� − ��Hmax�

��Hmax�
� � 100%, �4�

where Hmax is the maximum applied dc magnetic field.
Theoretically, the TS spectrum in a unipolar field scan

from positive to negative saturation should consist of three
singularities of which two occur at the anisotropy fields
�	Hk� and one at the switching field �	Hs�.

23,24 However, it
has been experimentally shown that depending upon the
magnetic nature of the sample and the orientation in which
the sample is introduced in the inductive coil, either aniso-
tropy peaks or switching peaks could be prominently ob-
served.

In the present study, rf TS measurements were conducted
at different temperatures �T=300, 200, and 10 K� for the
CFO films grown on both MgO and STO. The maximum dc
field applied was 5 kOe. The results are displayed in Fig. 5
and its inset. It can be clearly seen from this figure that the
TS curves show only switching peak, but no anisotropy
peaks are detected. The absence of anisotropy peaks can be
understood due to the fact that the anisotropy fields of the
films investigated were beyond the maximum applied dc
magnetic field. However, it was possible to detect the low
field switching present in the CFO films. The change of TS
peak position with temperature �see inset of Fig. 5� clearly
reveals that for the CFO films investigated, the switching
field increases as the temperature is decreased. For the film
grown on MgO, the switching fields at 300, 200, and 10 K
were 	70, 	80, and 	115 Oe, respectively. In case of the
film grown on STO, the switching fields obtained for 300,
200, and 10 K were 	80, 	90, and 	135 Oe, respectively.
The larger values of switching field for the case of the film
grown on STO may be reconciled with the fact that the lat-
tice mismatch and thus the stress is larger in this sample. The
stress due to lattice mismatch would be more significant at
the interface. This indicates that the origin of the steps seen
in the M-H loops of the CFO films is associated with the
stress at the interface between the substrate and the film.

IV. CONCLUSIONS

We showed that stress is a dominant factor in the ob-
served anisotropy in single crystalline thin films of CFO. The
film with larger strain �on STO substrate� showed larger
stress anisotropy. Films grown on STO experienced com-
pression and showed in-plane anisotropy. On the other hand,
films grown on MgO with tensile strain exhibited easy out-
of-plane switching, which will have a good application in
magneto optical recording devices. An additional step like
feature at low field is attributed to the soft magnetic switch-
ing of the domains at the film-substrate interface. However,
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FIG. 5. �Color online� TDO measurement of CFO films on STO at 300 K
with the film plane perpendicular to the dc field. The line with solid square
represent the field sweep from positive to negative, where as the solid circles
represent the field sweep from negative to positive.
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further investigation is needed to find the microscopic
mechanism of the magnetic switching at the interface.
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