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The possibility of using exchange bias in a ferromagnetic-antiferromagnetic system to overcome the
effect of superparamagnetism in small ferromagnetic nanoparticles is explored. We have prepared
Co-Cr2O3 nanocomposite powders using a chemical method and shown that the effect of
superparamagnetism in cobalt nanoparticles could be overcome using exchange bias between Co
and Cr2O3. The superparamagnetic blocking temperature of 3 nm cobalt particles has been increased
to above room temperature. The choice of Cr2O3 is vital as its TN

I. INTRODUCTION

The possibility of achieving an ultrahigh-density data
storage system using magnetic particles as memory elements
and their uses in medicine has recently enhanced research
activities in the area of magnetic nanomaterials.1–3 These ap-
plications need the smallest possible magnetic particles for
effective usage. However, as the size of the magnetic grain is
reduced below a critical size, the domain wall formation is
not supported energetically and hence the single magnetic
domain particles are developed. These single domain par-
ticles are of great physical interest as they show some strik-
ing phenomena like spin-wave energy gap, enhanced coer-
civity, and increase in surface anisotropy energy.4–6

On further reduction of the grain size the anisotropy en-
ergy �being proportional to particle volume�, holding the par-
ticle magnetization in a particular direction, becomes com-
parable to that of the thermal energy at and above the
superparamagnetic blocking temperatureTB

SP. This makes the
particle magnetization flip in all easy directions. As a result,
the individual particles lose their ferromagnetic behavior.
This phenomenon, called superparamagnetism,7,8 limits the
use of ultrafine particles for various applications.

To increase the thermal stability of ultrafine particles by
the use of the ferromagnetic �FM�-antiferromagnetic �AFM�
exchange bias9–11 system is an important area of research.
The existence of spin-spin exchange interaction at the inter-
face of FM and AFM materials can qualitatively explain the
presence of extra anisotropy energy in this FM-AFM system.
This extra anisotropy energy turns out to be unidirectional
favoring the alignment of FM magnetization in a single di-
rection. When a large field is applied in the temperature
range TN�T�TC �TN , TC are the Néel and Curie tempera-
ture of AFM and FM material, respectively�, the FM spins
line up with the field, while the AFM spins remain random.
On cooling the sample to T�TN, keeping the magnetic field

on, the AFM spins next to the FM spins align ferromagneti-
cally to those of the FM �assuming ferromagnetic interaction
at the interface�. When the field is reversed, the FM spins
start to rotate. However, for sufficiently large AFM aniso-
tropy, the AFM spins remain unchanged. Therefore, the in-
teraction between the FM/AFM spins at the interface tries to
align the FM spins ferromagnetically with the AFM spins at
the interface.

In other words, the AFM spins at the interface exert a
microscopic torque on the FM spins, to keep them in their
original position �ferromagnetically aligned at the interface�.
Therefore, the FM spins have one single stable configuration,
i.e., the anisotropy is unidirectional. Thus the field needed to
reverse completely an FM layer magnetization will be larger
if it is in contact with an AFM material, because an extra
field is needed to overcome the microscopic torque of AFM
spins on FM spins. However, once the field is rotated back to
its original direction, the FM spins will start to rotate at a
smaller field, due to the interaction with the AFM spins
�which now exert a torque in the same direction as the ex-
ternal field�. The material behaves as if there was an extra
�internal� biasing field; therefore, the FM hysteresis loop is
shifted in the field axis, which is a signature of exchange
bias.

Since this exchange bias phenomenon is unidirectional it
can be used successfully to lock the magnetization of super-
paramagnetic particles in a single direction against the ther-
mal flipping. In this way, the superparamagnetic limitation
for ultrafine magnetic particles can be overcome. However,
the Néel temperature of an AFM phase limits the temperature
up to which exchange bias effect exists, leading to the defi-
nition of another blocking temperatureTB

EB. At this point we
would like to mention that the microscopic origin of the
exchange bias is open for debate.12,13

Although the exchange bias effect has been widely stud-
ied in multilayer systems,11 the polycrystalline powder sys-
tems also show considerable exchange bias effect.14 In fact,
the phenomenon of exchange bias was first observed by
Meiklejohn and Bean in Co-CoO particulate system.10

Skumryev et al.9 have used the exchange bias effect to over-
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is higher compared to other
antiferromagnetic materials used for this purpose such as CoO. The field cooled and zero field
cooled hysteresis measurements of the samples confirm the existence of exchange bias interaction
in this system.
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come the superparamagnetic limit in Co-CoO multilayer. In
the above study,9 the superparamagnetic blocking tempera-
ture of 4 nm cobalt nanoparticles was enhanced from 10 K to
around 290 K. In the present work, we have studied the
effect of exchange bias on the superparamagnetism of cobalt
nanoparticles embedded in the Cr2O3 matrix. The choice of
Cr2O3 as the matrix, in comparison to the previously studied
systems,9,15 has an advantage that the TN of Cr2O3�310 K.
Therefore it can be used to raise the blocking temperature of
Co nanoparticles beyond 300 K.

II. EXPERIMENT

The Co-Cr2O3 nanocomposite powders are prepared by
thermal decomposition of the combined solution of the metal
nitrates. The calculated amounts of cobalt nitrate
�Co�NO3�2 ·6H2O� and chromium nitrate �Cr�NO3�3 ·9H2O�
are taken so as to have the desired weight percentage of Co
and Cr2O3 in the final product. The nitrate salts are dissolved
separately in ethylene glycol by stirring for 45 min. These
solutions are then mixed thoroughly and the resulting mix-
ture is uniformly heated until it forms a gel. The gel is then
reduced in hydrogen atmosphere in an electric furnace. The
reduction is carried out at different temperatures for different
durations to get various sizes of the cobalt and chromium
oxide particles. Two different compositions of FM Co and
AFM Cr2O3 are studied. The samples with Co to Cr2O3

weight ratio of 30:70 are termed as series I, while that with
Co to Cr2O3 weight ratio of 40:60 are in series II. Samples A,
B, and C belong to series I, while samples D and E fall in
series II.

The nanocomposites so formed are characterized by
x-ray diffraction �XRD� �Panalytical XPert Pro MPD� using
Cu K� radiation. A JEOL 2100 model high resolution trans-
mission electron microscope �HRTEM� is used for imaging
nanoparticles dispersion, in ethanol, put on a carbon coated
copper grid. The magnetic measurements are carried out us-
ing SQUID magnetometer �Quantum Design, MPMS�. The
field cooled �FC� hysteresis loops are measured after cooling
the sample in the presence of an external magnetic field of 30
kOe to the measuring temperature �50 and 300 K�. Before
applying the cooling field, the sample is heated to 350 K.

The zero field cooled �ZFC� hysteresis loops are measured
after cooling the sample from 350 K to the measuring tem-
perature in absence of any external field. In both FC and
ZFC cases the magnetic hysteresis loop is measured up to a
maximum field of 20 kOe. For FC and ZFC magnetization
versus temperature measurements, the cooling of the samples
�in the case of FC� and magnetization measurement are per-
formed in the presence of 100 Oe magnetic field.

III. RESULTS AND DISCUSSION

Figure 1 shows the XRD patterns for the samples A to E.
The peak around 44.40° corresponds to cobalt and the re-
maining peaks correspond to that of Cr2O3. The data is con-
sistent with the formation of cubic Co and rhombohedral
Cr2O3 phases. It is evident from the broadening of the dif-
fraction peaks that the crystallite size increases with the in-
crease in temperature and/or duration of heat treatment. The
crystallite size is calculated from Scherrer’s formula16 for Co
and Cr2O3. The values are presented in Table I.

FIG. 1. X-ray diffraction patterns �a�, �b�, �c�, �d�, and �e� for samples A, B,
C, D, and E, respectively, showing the presence of Co ��111� peak� and
Cr2O3 �remaining peaks� phases separately.

TABLE I. Crystallite size, HEB, HC �300 K�, and HC �50 K� for different samples.

Sample
Heat treatment

�in H2�

Crystallite size
of Co

from XRD �St. Dev.�

Crystallite size
of Cr2O3

from XRD
�St. Dev.�

HEB

at 50 K
�Oe�

HC

at 300 K
�Oe�

HC

at 50 K
�Oe�

FC ZFC FC ZFC
A 500 °C 43 nm 27.3 nm 110 192 184 249 209

Series I �3 h� �3.5� �2.9�
B 700 °C 3.1 nm 3.2 nm 85 296 270 355 502

Series I �15 min� �0.4� �0.5�
C 700 °C 15.4 nm 35.3 nm 427 332 324 1037 934

Series I �2 h� �2.4� �3.0�
D 600 °C 3.3 nm 4.4 nm 150 98 104 315 279

Series II �1 h� �0.6� �0.7�
E 700 °C 20.85 24.40 194 250 242 349 252

Series II �3 h� �2.7� �2.8�
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The HRTEM images of samples A and B, shown in Fig.
2, confirm the formation of nearly spherical nanoparticles.
From the images it can be seen that the agglomeration of Co
particles is absent. However, it is not clear from the images if
Co-Cr2O3 is forming a core-shell system. In the samples B,
C, D, and E, the sizes of Cr2O3 particles are greater than that
of Co �Table I�. This indicates that the Co-Cr2O3 system does
not form a core-shell structure. So it is likely that in these
samples the Co nanoparticles are embedded in uniform
Cr2O3 matrix with crystallite sizes as indicated in Table I.

Figures 3�a�–3�e� show the FC and ZFC hysteresis loops
of samples A, B, C, D, and E at temperatures 50 and 300 K.
All five samples show nonzero hysteresis loss at both tem-
peratures. The existence of exchange bias between FM and
AFM systems is manifested by a shift in the hysteresis loop

along the field axis.10,11 Figure 3 shows that there is a con-
siderable loop shift at 50 K in FC configuration in all five
samples. The amount of the loop shift, termed as the ex-
change bias field �HEB�, is determined for all five samples
and they are mentioned in Table I. A maximum HEB of 427
Oe is observed in the case of sample C. However, the value
of HEB in the present study is less compared with the corre-
sponding values usually obtained from multilayer systems,11

but is in accordance with the values observed in powder
samples.18 A small exchange bias field is observed for the
samples A, C, and E in ZFC configuration also. The ex-
change bias field in the ZFC case is attributed to the effect of
the FM magnetic moment in aligning the AFM moments.17,18

The shift in the ZFC case requires a considerable magnetic
moment of FM particles, which is possible in samples con-
taining larger particles of Co �A, C, and E�. The loop shift in
the ZFC case is absent in samples B and D as these consist of
smaller Co particles. The exchange bias effect in FM-AFM
systems is also reflected by an enhancement in the coercivity
in the FC hysteresis loop.11 In the present study, an enhance-
ment of coercivity �HC� at 50 K in FC configuration is ob-
served in all the samples except in sample B.

It is important to mention that Co nanoparticles of small
size ��3 nm� have a small TB

SP value and hence are definitely
superparamagnetic at temperatures above �50 K.9,19 This
limits the use of these small Co nanoparticles in applications
such as in magnetic storage media. It is evident from our
present studies that Co nanoparticles of similar size �samples
B and D�, when embedded in Cr2O3 matrix, are not super-
paramagnetic even at room temperature. Thus the use of
Cr2O3 as a matrix is effective in raising the superparamag-
netic blocking temperature of �3 nm Co particles to above
room temperature. The effectiveness of Cr2O3 as a matrix in
raising the superparamagnetic blocking temperature of the
embedded Co particles to above 300 K could be attributed to
the fact that the Néel temperature TN of bulk Cr2O3 is 310 K.
Interestingly, the Néel temperature of Cr2O3 nanoparticles is
much higher than 310 K.20 Thus it is expected that Cr2O3

nanoparticles would raise the TB
SP of embedded Co nanopar-

ticles to temperatures even higher than the room temperature.
The FC and ZFC magnetization �M� versus temperature �T�
curves �Fig. 3�f��, indeed, gives an indication that the block-
ing temperature of 3 nm cobalt particles has been increased
to about 350 K. However, the nature of M vs T curves �Fig.
3�f�� may also suggest the existence of interparticle interac-
tions and surface effect in small particles. This we would like
to verify in the future.

Our study clearly shows that the inclusion of 3 nm Co
particles in the Cr2O3 matrix containing nanosize grains
raises the superparamagnetic blocking temperature to
�350 K. This makes it possible for these 3 nm sized Co
particles to be used effectively as magnetic data storage units
over a wide range of temperatures. Though various efforts
were made earlier to enhance the blocking temperature using
exchange bias,21,22 the present work deals with the lower
particle sizes of a few nanometers and yet provides a mecha-
nism for obtaining a TB above room temperature. The sim-
plicity of preparation of the system from low cost materials
makes the present system favorable from the economic point

FIG. 2. HRTEM micrographs of samples A �top� and B �bottom�. �Dark
areas represent Co while lighter areas represent Cr2O3.�
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of view also. However, the system has to be synthesized in
layered form and the possibility of increasing cobalt percent-
age is to be checked in order to attain higher data storage
densities.

IV. CONCLUSIONS

We have demonstrated the exchange bias effect in
Co-Cr2O3 nanocomposite powders, prepared by a simple
chemical method. The blocking temperature of �3 nm Co
particles is observed to be increased to �350 K, due to ex-
change bias effect. Hence this mechanism may be a possibil-
ity to overcome the superparamagnetic effect in small nano-
particles.
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