
Numerical study of the exchange bias effects in magnetic nanoparticles
with core/shell morphology

E. Eftaxias* and K. N. Trohidou
Institute of Materials Science, NCSR Demokritos, 15310 Athens, Greece

sReceived 3 September 2004; published 11 April 2005d

We have used the Monte Carlo simulation technique to investigate the effect of an antiferromagnetic shell on
the exchange bias and the coercive fields of composite magnetic nanoparticles with core/shell morphology. We
find that the exchange bias field depends mainly on the structure of the interface and less on its size, while the
coercive field depends mainly on the interface size. A reduction of the core thickness for a given particle size
results in an increase of both exchange bias and coercive fields. An increase of the shell thickness for a given
core size enhances the exchange bias field and reduces the coercive field. An increase in the strength of the
interface and shell-exchange coupling constant results in an increase of the exchange bias field and a reduction
of the coercive field. In all cases the exchange bias field has a stronger temperature dependence than the
coercive field. Our results are in good agreement with experimental findings.

DOI: 10.1103/PhysRevB.71.134406 PACS numberssd: 75.50.Tt, 75.50.Vv, 75.50.Ss, 75.40.Mg

I. INTRODUCTION

The requirement to increase the recording density in mag-
netic recording media leads to the reduction of the grain size
of magnetic nanoparticles. A limitation of this reduction is
the instability of the ferromagnetic behavior of the nanopar-
ticles because of thermal fluctuations. The requirement to
keep the magnetic behavior of the nanoparticles stable at
room temperature can be achieved by enhancement of the
magnetic anisotropy. In view of this, many experiments have
been concentrated recently on the effect of the surface oxi-
dation on the magnetic properties of ferromagneticsFMd
nanoparticles. In samples where the ferromagnetic core di-
ameters were smaller than 10 nm,1–3 enhanced coercivities
were measured after the oxidation, whereas in samples with
core diameters of the order of 50 nm, the coercive fields
measured before and after the oxidation were not very
different.4

In nanoparticles with an Fe core5 surrounded by an Fe-
oxide shell, high coercivity values were observed at low tem-
peratures with drastic temperature dependence.5 The highest
coercivity obtained in Ref. 5 at room temperature was 1050
Oe for a particle with a 14 nm core diameter, and its value at
10 K was 1425 Oe, whereas in a sample with a core diameter
of 2.5 nm the coercivity decreased from a value of 3400 Oe
at 10 K to a negligible value at 150 K. Thus, in smaller
particles the temperature dependence of the coercivity is
much stronger than in bigger particles. In smaller particles
the Fe core feels much more the effect of the Fe-oxide shell,
due to a higher Fe-oxide to Fe ratio. The strong decrease of
coercivity with temperature was explained by the superpara-
magnetic behavior of the Fe-oxide shell and its low blocking
temperature. It is estimated that the Fe-oxide shell becomes
superparamagnetic atT,10–50 K.1,2 In all experiments on
oxide-coated particles, shifted hysteresis loops have been ob-
tained at low temperatures. In nanoparticles with an Fe core
of radius 6–7 nm embedded in a Cr2O3 matrix the tempera-
ture below which the loops are asymmetric is close to 300
K,6 but it is much lowersclose to 120 Kd when they are

covered by a shell with Fe2O3 and Fe3O4.
7–10 Moreover, in

Co nanoparticles covered by a CoO shell this temperature is
below 200 K sRefs. 11 and 12d and in Co/MnOsRef. 13d
thin films it is between 90 and 200 K, depending on the
oxygen content. The loops always become symmetric at tem-
peratures above the Néel temperature of the oxide. The
shifted hysteresis loop has been attributed to the exchange
interaction between the ferromagnetic core and the oxide
shell that induces an anisotropy known as exchange aniso-
tropy, and it is unidirectional.14

The discovery of the exchange anisotropy on Co/CoO
nanoparticles14 was followed by extensive studies of its ef-
fect on several systems and mainly on layered systems15 with
a ferromagnetic/antiferromagneticsFM/AFMd interface. Up
to now several models have been developed to explain the
exchange anisotropy in layered structures. In the approach
introduced by Malozemoff16 there is no exchange bias field
in the perfect FM/AFM interface of a spin valve; the exis-
tence of the exchange bias field is attributed to the interface’s
roughness. According to the model developed by Schulthess
and Butler17 the exchange bias field is attributed to additional
mechanisms such as uncompensated spins at the interface of
the antiferromagnet. Nowak and his collaborators18 demon-
strated that the exchange bias field is due to magnetic do-
mains, which are created in a diluted antiferromagnet.
Though these models try to explain the effect of the ex-
change anisotropy in spin valves, we expect that the same
physical arguments will be held for the nanoparticles. The
fact that the spins of the AFM shell which are coupled to the
spins of the ferromagnetic core are not equally distributed on
the FM/AFM interface of the nanoparticle makes the inter-
face imperfect even in the absence of additional roughness16

or lattice vacancies.18

In our previous study on composite FM/AFM
nanoparticles19 we have demonstrated that the existence of
the AFM shell itself induces the exchange anisotropy along
the interface that is in turn responsible for the fact that the
smaller nanoparticles have higher coercive fields than the
bigger ones at low temperatures. In this work using the
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Monte CarlosMCd simulation technique we perform a sys-
tematic study of the exchange bias effects of composite FM/
AFM to reveal the factors that influence the size and the
temperature dependence of the shifted hysteresis loops.

In the experimental situation there are several cases in
which the ferromagnetic core is surrounded by a ferrimag-
netic oxide.7 In the present work only the case of an antifer-
romagnetic shell is considered. There is experimental evi-
dence that the effect of the exchange anisotropy is more
pronounced in this case.14,15,20

The remainder of the paper is organized as follows. In
Sec. II, we describe the model of the magnetic structure of
the nanoparticles and the method of calculation of the ex-
change bias field. In Sec. III we present numerical results and
discuss the dependence of the exchange bias and the coercive
fields on the interface structure, the shell thickness, and the
strength of the interface and the shell exchange coupling
constant. A discussion of our results is given in Sec. IV.

II. THE MODEL

We consider spherical nanoparticles of radiiR, expressed
in lattice spacings, on a simple cubicsscd lattice. The spins in
the particles interact with Heisenberg exchange interaction,
and at each crystal site they experience a uniaxial anisotropy.
At the surface of the particles, the crystal symmetry is re-
duced and consequently the anisotropy is stronger than the
bulk.21 The same argument holds obviously for the interface
of the composite particles. The antiferromagnetic shell is
considered as a layer surrounding the core.

In the presence of an external magnetic field, the energy
of the system is

H = − JFM o
ki,jPFMl

SW i ·SW j − o
iPFM

KiFMsSW i · êid2

− JAF o
ki,jPAFl

SW i ·SW j − o
iPAF

KiAFsSW i · êid2

− JIF o
kiPFM,jPAFl

SW i ·SW j − HW ·o
i

SW i .

HereSi is the atomic spin at sitei andêi is the unit vector in
the direction of the easy axis at sitei. The angular brackets in
the sums denote a summation over the nearest neighbors
only. The first term gives the exchange interaction between
the spins in the ferromagnetic coresthe exchange coupling
constantJFM, which is taken as equal to oned. The second
term gives the anisotropy energy of the ferromagnetic core.
If the site i lies in the outer layer of the ferromagnetic core
KiFM=KIF, andKiFM=KC elsewhere. The third term gives the
exchange interaction in the antiferromagnetic shellsthe ex-
change coupling constantJAFd, and the fourth term gives the
anisotropy energy of the antiferromagnetic shell. The fifth
term gives the exchange interaction at the interface between
the core and the shellsthe exchange coupling constantJIFd,
and the last term is the energy in the presence of an external
magnetic field. We setJAF=JFM/2, because the Neél tem-
perature of the antiferromagnetic oxide is lower than the Cu-
rie temperature of the corresponding ferromagnet. The
interface-exchange coupling constantJIF is equal to theJAF

in size, in agreement with theoretical studies in layered
systems17,18,22sJIF=JFM/2d, and the interaction is considered
ferromagnetic. Ifi lies in the outer layer of the antiferromag-
netic shell thenKiAF=KS andKiAF=KSH inside the shell. We
take the anisotropy along thez axis in the core, at the inter-
face, and in the shell. At the surface of the nanoparticles the
anisotropy is taken random.23

The Monte Carlo simulations are performed using the
Metropolis algorithm. We use from 18 000 up to 40 000
Monte Carlo steps per spin,24 depending on the system size.
Our results are checked by repeating the runs for a sequence
of ten random numbers. The statistical error is negligible, so
it does not appear in our plots.

The coercive fieldHc is defined as the magnetic field that
reverses the magnetization of the particle in the simulation
time, so that thez component of the magnetization vanishes.
The exchange bias fieldHex, induced by the exchange aniso-
tropy, is defined as the mean difference of the fields that
vanish thez component of the magnetization in the two
branches of the hysteresis loops.H, Hc , andHex are given in
units of JFM/gmB, T in units of JFM/k, and the anisotropy
coupling constants in units ofJFM. For the sc lattice,Tc
=2.9 andTN=1.5.25

In the experiments, the observed coercive loops of these
particles after the field-cooling procedure are shifted.14,15We
simulate the field-cooling procedure starting with an unmag-
netized nanoparticle at temperatureT=2.5 swhich is between
theTc of the ferromagnetic core and the Neél temperature of
the antiferromagnetic shelld, and consequently we cool the
nanoparticle in the presence of a magnetic fieldhL along the
z axis.

III. RESULTS AND DISCUSSION

We present in this section our results on spherical mag-
netic nanoparticles with core/shell morphology using the MC
simulation technique, in which the microstructure and the
temperature are explicitly included. The parameters used in
the model are the particle sizeR expressed in lattice spac-
ings, the three exchange coupling constantsJ, and the four
anisotropy coupling constantsK, for different parts of the
particle. Our results are presented for a set of these param-
eters in order to discuss the physics emerging from some
morphology characteristics of these systems. We start with a
shell thickness equal to four lattice spacings; the surface
thickness is one lattice spacing. The values we use for the
anisotropy coupling constants areKC=0.05,KIF=0.5,KSH
=0.5, andKS=1.0. The cooling field is taken ashL=0.7 in
our units.

If we assume that the exchange interaction along the in-
terface is ferromagnetic the bond energy for the spins across
the FM/AFM interface is minimum when they are aligned as
parallel and maximum when they aligned as antiparallel. The
opposite would happen in the case of an AFM interaction
along the interface. During the field-cooling procedure the
spins are aligned in such a way that the energy of the system
is minimum. Along these lines, for an FM interface interac-
tion the parallel spin alignment is favorable. This alignment
together with the strong interface anisotropy makes it hard
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for the spins to turn when the field goes fromh to −h, and it
results in a high coercive field. When the spins align along
the negative direction, by changing the field again from −h to
h they need less energy to turn. Developing this picture we
will call up bonds the pairs of spins along the FM/AFM
interface which are parallel and down bonds the antiparallel
ones. So a nanoparticle with a radius ofR=10.0 has up
bonds=360 and down bonds=318, and the nanoparticle with
a radius ofR=11.0 has up bonds=606 and down bonds=288.
We can see that though these two particles are very close in
size they have very different numbers of up and down bonds.
The same holds for the nanoparticles with sizes 17.0 and
19.0. They haveR=17.0 sup bonds=1590, down bonds
=1584d and R=19.0 sup bonds=2502, down bonds=1752d.
The effect is more pronounced in the case of radii ofR
=12.0 sup bonds=552, down bonds=630d and R=12.35 sup
bonds=840, down bonds=486d. Though these nanoparticles
are very similar in size the proportion of up bonds is 46.7%
and 63.3%, respectively.

Our results for the coercive field and the exchange bias
field as a function of temperature are shown in Fig. 1 for the
pairs of particles with radii of 10.0 and 11.0scirclesd, 12.0
and 12.35strianglesd, and 17.0 and 19.0ssquaresd. What we
observe in Fig. 1 for the coercive field is the following: if we
compare each pair of particles of similar size, the ones with
a bigger proportion of up bonds have higher coercive fields.
The difference is more pronounced in the pair of particles
with sizes 12.0 and 12.35. They have the biggest difference
in the proportion of up bonds. As the temperature increases
the thermal fluctuations cancel the interface effects. If we
now compare the pair of particles, the size dependence of the

coercive field as a function of temperature has no difference
in behavior from the one observed previously.19 The smaller
particles have a higher coercive field at low temperatures
than the bigger ones, and this behavior is reversed at higher
temperatures.

In the exchange bias field curves, however, we observe
that the size dependence on the number of bonds and not so
much on the actual size of the particle plays on important
role in the temperature dependence of the exchange bias
field. When the difference of the up and down bonds is big,
such as theR=11.0, 12.35, and 19.0 cases, the particle mag-
netization turns easily by going from the −h to the h field.
The exchange bias field is stronger, and it follows the tem-
perature dependence of the coercive field, while in the case
of small up or down bonds, the difference in the behavior of
the two branches of the hysteresis loop is similar. This results
in a reduced exchange bias field with a strong temperature
dependence. The temperature dependence of the exchange
field is in good agreement with the experimental findings of
Ref. 13.

Next, we study the influence of the shell thickness on
the behavior of the hysteresis loop and the thermal depen-
dence of the coercive and exchange bias fields. We consider
three particles with radii of R=9.0 sN=3071, NFM

=515, NAFM =2556d, R=12.35sN=7881, NFM=2469, NAF

=5412d, and R=16.0sN=17077,NFM=7153, NAF=9924d
an AFM shell of 4 lattice spacings thick and particles with
the same total radii but antiferromagnetic shells of 6
lattice spacings thick,R=9.0 sN=3071, NFM=123, NAFM

=2948d, R=12.35sN=7881, NFM=1045, NAF=6836d, and
R=16.0sN=17077,NFM=4169, NAF=12908d. Here N,
NFM, andNAFM are the total number of spins, the number of
the core spins, and the number of the shell spins in the nano-
particles, respectively. In the former case the inner part of the
shell is considered 3 lattice spacings thick and in the latter 5
lattice spacings thick. The surface thickness is 1 lattice spac-
ing in both cases. The results for the hysteresis loops for
these three particles are shown in Figs. 2 and 3 at a very low
temperatureT=0.05, for shell thicknesses 4 and 6 lattice
spacings, respectively. As we can see, the hysteresis loops
are shifted. Also it appears that the smaller particles have the
bigger shifting and the bigger coercive field. This is in agree-
ment with the experimental findings.7,11,26In Fig. 4 we show

FIG. 1. Coercive field and exchange bias field versus tempera-
ture for three sets of particles with similar sizes but very different
proportions of up bonds at the interfaceR=10 sclosed circlesd and
R=11.0 sopen circlesd, R=12.0 sclosed trianglesd and R=12.35
sopen trianglesd, and R=17.0 sclosed squaresd and R=19.0 sopen
squaresd.

FIG. 2. Hysteresis loops for particles with radii ofR=9.0
ssquaresd, R=12.35 scirclesd, andR=16.0 sstarsd at T=0.05 and a
shell thickness of 4 lattice spacings.
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the coercive and exchange bias fields as a function of tem-
perature. We can see that for the thickness of 4 lattice spac-
ings ssolid linesd at low temperatures there is a size reversal
to the temperature dependence of the coercive and exchange
bias fields. In the second case we consider a shell of 6 lattice
spacings thick with the other parameters being the same as
those we show in Fig. 3. The hysteresis loops for the nano-
particles are of the same size as previously, but in this case
the core and shell thickness have changed. We observe in this
case the same size dependence of the coercive field, but an
increase in size of both the coercive and exchange bias fields.
This increase is also shown in the temperature dependence of
these quantities in Fig. 4sbroken lines and open symbolsd.
This behavior is in agreement with experimental results27 on

Co/CoO nanoparticles, in which the authors they observe an
increase in size with an increasing oxygen dose. These re-
sults demonstrate once more the important role of the inter-
face, because they show that the particles with the smaller
ferromagnetic radii, i.e., bigger interface contributions, have
stronger coercive and exchange bias fields.

To further demonstrate the role of the interface and the
shell thickness, we keep the core thickness constant and we
increase the shell thickness. In Fig. 5, we plot the coercive
and the exchange bias fields versus temperature, respectively,
for two particles of sizesR=10.0 andR=12.0, with the same
core thickness equal to 6 lattice spacings and shell thick-
nesses of 4 and 6 lattice spacings, respectively. We observe
that the results are the same for both particles at all tempera-
tures for the coercive field. The exchange bias field is the
same for both particles at low temperatures, but as the tem-
perature increases the one with the biggest shell thickness
has higher values for theHex. The exchange bias field is due
entirely to the existence of the FM/AFM interface of the
core/shell nanoparticle. Consequently the influence of the
thermal fluctuations on the interface will depend on the shell
thickness.

For a further study of the effect of the shell thickness on
the exchange bias field we consider a ferromagnetic particle
with core radii of 7 lattice spacings and anisotropy coupling
constants ofKc=0.05 andKIF=0.5, and we start to add AF
layers with uniaxial anisotropy along thez axis and aniso-
tropy constantKSH=0.5. As it can be seen from Fig. 6 where
we plot the exchange bias field as a function of the shell
thickness for two temperatures, at the low temperature this
field is approximately constant after the second layer. This
result is in agreement with the experimental findings of Ref.
27, in which they observe very fast stabilization of the ex-

FIG. 4. Coercive field and exchange bias field vs temperature
for particles with radii ofR=9.0 ssquaresd, R=12.35scirclesd, and
R=16.0 sstarsd, and a shell thickness, of 4 lattice spacingssclosed
symbolsd and 6 lattice spacingssopen symbolsd.

FIG. 3. Hysteresis loops for particles with radiiR=9.0
ssquaresd, R=12.35 scirclesd, andR=16.0 sstarsd at T=0.05 and a
shell thickness of 6 lattice spacings.

FIG. 5. Coercive field and exchange bias field vs temperature
for two particles with the same ferromagnetic radii ofRFM=6.0
lattice spacings and a shell thickness of 4 lattice spacingsftotal
radius ofR=10.0 ssquaresdg and 6 lattice spacingsftotal radius of
R=12.0 sstarsdg.
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change bias field with the oxygen dose in Co/CoO nanopar-
ticles. However, with the increase in the temperature toT
=1.0 in our units, more AF layers are needed to increase and
stabilize the exchange bias field. These results show that be-
cause of the thermal fluctuations at the interface configura-
tion we need a thicker shell to stabilize the interface contri-
bution.

Finally, we examine the effect of the strength of the
interface-exchange coupling and the antiferromagnetic ex-
change coupling constant, keeping the shell thickness of 4
lattice spacings and the other parameters as they were previ-
ously. We first increase the interface coupling constantJIF,
taking it now as equal toJFM. The results for the temperature
dependence of the coercive and the exchange bias fields for a
particle with sizeR=11.0 are shown in Fig. 7scirclesd. In the
same figure the results forJIF=JFM/2 strianglesd are shown
for comparison. From this figure we can see that an increase
in the strength of the interface-exchange coupling results in a
reduction of the coercive field at low temperatures and an
enhancement of the exchange bias field. This is due to the
fact that the stronger interface-exchange coupling results in a
faster reversal of the ferromagnetically aligned spins with the
antiferromagnetic shell. At temperatures higher thanTNeel the
behavior is similar to that ofJIF=JFM/2, because at these
temperatures the shell becomes paramagnetic and does not
influence the ferromagnetic core.

Keeping the interface-exchange coupling constant en-
hanced as previously and increasing also the exchange cou-
pling constant for the AF shell, we takeJAF=JFM, and we
calculate the exchange bias and the coercive fields forR
=11.0 as functions of temperature. In this case theTNéel and
TCurie are identical. Results are also shown in Fig. 7
ssquaresd. The increase in the antiferromagnetic exchange
coupling constant strength results in a reduction of the coer-
civity. The exchange bias field is increased and also persists
at high temperatures as expected because nowTNéel is higher
than it was in the previous cases.

We note here that taking the surface anisotropy radial28,29

in our simulations has a minor effect on our results. This is
expected because, as we showed above in the composite
nanoparticles, the major contribution to the exchange bias
effects comes from the interface and the first surface layers.

IV. CONCLUSIONS

We have presented a systematic study of the coercive be-
havior of composite nanoparticles with core/shell morphol-
ogy, consisting of ferromagnetic and antiferromagnetic
shells. We assumed a Heisenberg exchange interaction be-
tween the spins in the ferromagnetic core and the antiferro-
magnetic shell, and we showed that at low temperatures this
interaction together with a strong interface anisotropy results
in an exchange bias field and a reversal in the size depen-
dence of coercivity.

The exchange bias field always disappears at temperatures
greater thanTNéel of the antiferromagnet in agreement with
the experimental findings, and it depends strongly on the
specific characteristics of the ferromagnetic or antiferromag-
netic interface. We show that the exchange bias field is stron-
ger in the interfaces with a stronger difference between up
and down bonds. Generally this difference as a percentage
the of total bonds is stronger in smaller nanoparticles and
results in more asymmetric hysteresis loops.

The strength of the exchange constant at the FM/AFM
interface of the nanoparticles at low temperatures reduces the
coercive field and increases the exchange bias field. The in-
crease of both the antiferromagnetic exchange constant and
the interface constant causes a reduction in the coercivity,
and the exchange bias field persists at higher temperatures.
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FIG. 7. Coercive field and exchange bias field vs temperature
for a particle with a radius ofR=11.0 with sad JIF=0.5 andJAFM

=0.5 strianglesd, sbd JIF=1.0 andJAFM =0.5 scirclesd, and scd JIF

=1.0 andJAFM =1.0 ssquaresd.

FIG. 6. Exchange bias field as a function of the shell thickness,
starting from a particle with a ferromagnetic radii ofRFM=7.0, at
two temperaturesT=0.05 ssquaresd andT=1.0 scirclesd.
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