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We have used the Monte Carlo simulation technique to investigate the effect of a ferrimagnetic disordered
shell on the hysteresis behavior of composite magnetic nanoparticles with ferromagnetic core/ferrimagnetic
disordered shell morphology. We have examined the cooling field (H,.,) dependence of the exchange bias
(H.y), the coercive field (H,), and the remanent magnetization (M,) and we find that an increase in H, results
initially in an increase in H,,, H,, and M,, while further increase in H, causes a reduction in H,, and H,, but
M, remains constant. Our simulations show that an increase in the shell thickness for a given core size
enhances the exchange bias field and reduces the remanent magnetization, the vertical shift, and the training
effect. We also find that a reduction in the core size for a given particle size results in an increase in both
exchange bias and coercive field. This behavior is reversed as the temperature increases. Our results are in

good agreement with experimental findings.
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I. INTRODUCTION

The exchange bias effect is observed in magnetic
materials! with two different spin structures in contact and it
is defined as the asymmetry, on the magnetic field axis, of
their hysteresis loops. This asymmetry is caused by a unidi-
rectional anisotropy, the exchange anisotropy, which is in-
duced by the exchange coupling in the interface between the
different spin structures, when they are cooled down in a
static magnetic field (H,.,). The effect was first observed in
Co/CoO composite nanoparticles? with ferromagnetic (FM)
core and antiferromagnetic (AFM) shell morphology.

The discovery of the exchange anisotropy was followed
by extensive studies of its effect on layered systems with a
FM/AFM interface.’ Subsequently it has also been reported
in several types of composite nanoparticle systems,*~® in-
cluding the ones with a ferromagnetic core and a ferrimag-
netic (FI) disordered shell’"'° and inverted structure compos-
ite nanoparticles.!!

Many experiments had been concentrated on the effect of
the surface oxidation on the magnetic properties of Fe nano-
particles. The surface and interface effects between the oxide
shell and magnetically hard Fe core were considered respon-
sible for the high coercivity values observed at low
temperatures>®!>13 and its drastic temperature dependence.
The highest coercivity obtained in Ref. 13 at room tempera-
ture 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
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 higher Fe oxide to Fe ratio. The
strong decrease in coercivity with temperature has been at-
tributed to the superparamagnetic behavior of the Fe oxide
shell and its low blocking temperature. It is estimated that
the Fe oxide shell becomes superparamagnetic at 7
~10-50 K8
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In addition to the exchange bias shift a vertical shift (DM)
of the hysteresis loops has been observed in FM/AFM core/
shell nanoparticles'* attributed to the uncompensated spins
of the shell.”> Also some systems with FM/AFM interface
exhibit the training effect, namely, the change in the ex-
change bias field and the coercive field by repeating the hys-
teresis loops after the field cooling procedure.’

The exchange bias field (H,,) and the coercive field (H,)
are expected to depend on the field cooling process and the
strength of the applied field. There are many studies!®20
mainly on FM/AFM bilayers which show that H,, and H,
can be tuned by the strength of the cooling field. For low
cooling field values the exchange bias and the coercive field
increase although for higher cooling fields the magnetic be-
havior depends on the kind of the interfacial couplings. Fio-
rani et al.?! in their study of granular systems where Fe par-
ticles are embedded in a Fe oxide matrix with a spin-
glasslike phase???* showed that H,, and H,. depend on the
cooling field and the temperature from which the cooling
field process initiates. They attributed this behavior to the
fact that depending on the cooling field value, an energeti-
cally favorable spin configuration at the spin-glass-like shell
is selected through the exchange interaction between the fro-
zen ferrimagnetic spins and the ferromagnetic spins at the
interface.

We have previously investigated the exchange bias
mechanism and the factors that influence the exchange bias
behavior in FM core/AFM (Refs. 24-26) shell nanoparticles
and the aging and the training effect of FM/FI (Refs. 27 and
28) nanoparticles with spin-glasslike shell nanoparticles.

Motivated by our previous works we have continued our
study on isolated composite nanoparticles with a ferromag-
netic core and ferrimagnetic disordered shell, in order to in-
vestigate the underlying mechanism of (a) the field cooling
dependence of the exchange bias field H.,, the coercive field
H,, and the remanent magnetization M,; (b) the shell thick-
ness dependence of H,,, H., M, and DM; (c) the influence of
the core size on the H,, and H,; and (d) the temperature
dependence of H. and H.,. Results are also presented for the
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training effect. In all cases we discuss the differences in the
magnetic behavior between the FM/FI and FM/AFM com-
posite nanoparticles and thin films.

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 exchange bias field, the
coercive field, the remanent magnetization, and the vertical
shift. In Sec. III we present numerical results of the depen-
dence of these quantities on the cooling field strength, the
core size, the shell thickness, the temperature and of the
training effect of H, and H,,. A discussion of our results is
given in Sec. IV.

II. MODEL

The simulated composite nanoparticles consist of a FM
core and a FI disordered shell. They are spherical nanopar-
ticles of a radius R expressed in lattice spacings on a simple
cubic (sc) lattice. We have divided the nanoparticles into
layers of thickness one lattice spacing each (see Fig. 1) in
order to get a better understanding of the contribution to their
magnetic behavior from each part separately. The outer shell
layer of one lattice spacing thickness is the surface. The in-
terface, of thickness two lattice spacings, consists of the last
layer of the FM core and the first layer of the FI shell.

We use atomic-scale modeling where the spins interact
with nearest-neighbor Heisenberg interactions and at each
crystal site they experience a uniaxial anisotropy. The energy
of the system includes the exchange interaction between the
spins in the core, the shell and at the interface, the single-site
anisotropy energy terms of the core, the shell, the FM and
the FI interfaces, and the Zeeman energy term;
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Here S ; 1s the atomic spin at site i and ¢; is the unit vector in
the direction of the easy axis at site i. We consider the mag-
nitude of the atomic spins in the FI sublattices to be equal to
1 and 1.5, respectively. The core and the interface anisotropy
are uniaxial along the z axis and the shell and surface aniso-
tropy is randomly oriented. The exchange coupling constant
of the core J.,.=Jry is taken equal to 1 and of the shell
Jaen=—Jpm/2 due to the fact that Curie temperature of the
FM in the core is higher than the critical temperature of the
FI in the shell. We set the interface coupling constant Jig
=Jpm/ 2,7 so the interfacial interaction is taken as ferromag-
netic.

The value of the loop shift on the field axis is expressed
by the exchange field Hox=~(Hjgn;+Hyer)/2 and the coerciv-
]ty is defined as HC=(Hdght—Hleﬁ)/2 with Hright and Hlefl
being the points where the loop intersects the field axis.
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FIG. 1. A schematic representation of the simulated FM core/FI
shell nanoparticle system.

The vertical shift (DM) is given by the expression DM
=(M ypsM gown) /2 with M, and M g, being the values of the
points where the loop intersects the magnetization axis. M, is
normalized to the magnetization at saturation M.

The fields H, H., and H,, are given in units of Jgy/gup,
the temperature 7" in units Jgy/kg and the anisotropy cou-
pling constants K in units of Jgy. The anisotropy constant for
the core is K ,=0.05/gy, for the ferromagnetic interface
Kippv=0.5Jgy which is one order of magnitude larger than
Ko, for the ferrimagnetic interface, the shell, and the sur-
face Kippr=1.5Jrm> Ksnen=1.5Jpm, and K p=1.5Jpy;, respec-
tively. Although the surface anisotropy is considered to be
the same with the shell anisotropy, we have distinguished the
shell from the surface region because we want to study the
contribution from each part separately. We introduce the
strong random anisotropy in the shell and at surface in order
to simulate a spin-glasslike phase.

We perform our calculations using the Monte Carlo (MC)
simulation technique,29 where the microstructure and the
temperature are explicitly included. During the numerical
procedure the hysteresis loops are calculated after the field
cooling procedure under a static magnetic field. The mag-
netic field is always applied along the z axis. We simulate the
field cooling procedure applying the H.,, starting at tem-
perature T=3.0Jgy/kp above the critical temperature of the
ferrimagnet (for the sc lattice T¢=2.1Jpy/kp)*® down to T}
=0.01Jgy\/ kg at a constant rate and then the hysteresis loop is
measured.

For the MC simulations we have used the METROPOLIS
algorithm. At this point it is useful to note that the time
evolution of the system does not come from any determinis-
tic equation for the magnetization; the dynamics obtained is
intrinsic to the MC method.?® This means that our time unit
is not related to a real time interval. However, we stress the
fact that we focus our attention on the role of the interface
interactions and the random shell anisotropy on the magne-
tization and magnetization reversal processes and not on the
determination of values for the relaxation times. The results
were averaged over 40 different samples (namely, indepen-
dent random number sequences) cooled down under the
same conditions.
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FIG. 2. Cooling field dependence of the coercive field (H,) and
the exchange bias field (H,,) for a nanoparticle with core size five
lattice spacings and shell thickness of seven lattice spacings.

III. RESULTS AND DISCUSSION

We present in this section results on spherical magnetic
nanoparticles with FM core/FI disordered shell morphology.
The parameters used in the model are the total nanoparticle
size R, the core size and the shell thickness of the nanopar-
ticles, the exchange coupling J in the core, in the shell and at
the interface, and the anisotropy coupling constants K for the
core, the interface, the shell, and the surface of the nanopar-
ticle. Results are presented for several particle sizes using the
values of J’s and K’s described in Sec. II, in order to discuss
the physics emerging from some morphology characteristics
of these systems.

We first examine the cooling field dependence of the H.,,
H,., and M,. Figure 2 shows the exchange bias and the coer-
cive field as a function of the applied cooling field for a
nanoparticle with FM core five lattice spacings and FI shell
seven lattice spacings. Initially as the H,, increases it
causes an increase in both H., and H,. The gradual increase
in H.y, tends to align a certain amount of FI spins at the
interface along the field direction. After some H,,, value
further increase in the cooling field results in a decrease in
these two quantities. In this case, for these higher cooling
field values the Zeeman coupling between the field and the
FI spins dominates the magnetic interactions inside the sys-
tem. So the FI spins follow the applied field and as a result
the exchange bias field and the coercive field decrease. Stud-
ies on the cooling field dependence of the H,, that have been
reported for systems of FM/AFM ultrafine particles’! have
shown that the H., increases with the increasing cooling field
and then saturates for field values above 20 kOe. This cool-
ing field behavior is attributed to the polarization of uncom-
pensated spins as the cooling field is increased. In the case of
FeF,/Fe bilayers,? there is a decrease in H,, for large
enough cooling fields whereas for NiFe/CoO bilayers!® the
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FIG. 3. Cooling field dependence of the remanent magnetization
(M,) normalized to the saturation magnetization (M,) for a nano-
particle with core size of five lattice spacings and shell thickness of
seven lattice spacings.

H,, increases and for large enough cooling fields saturates.
This behavior is attributed to the weaker anisotropy of FeF,
as compared to CoO. Whereas in our case the existence of
the spin-glasslike phase gives the downturn of the H, for
large cooling fields. This is also the case for other FM/AFM
based systems involving spin disorder.'®

Figure 3 displays the cooling field dependence of the rem-
anent magnetization for the same nanoparticle. For low cool-
ing field values, M, increases due to the increase in the align-
ment of the FI spins and then tends to saturate because most
of the spins have been aligned along the cooling field direc-
tion. Our MC results reproduce very well the behavior of the
cooling field dependence of H., H,, and M, of Fe/FeO nano-
particles systems in Refs. 33 and 34.

We also study the effect of the shell thickness on the
cooling field dependence of the coercive and the exchange
bias field. In Fig. 4 we present our results for the cooling
field dependence of H, and H,, for a nanoparticle with core
radius of five lattice spacings and shell thickness of nine
lattice spacings. From Fig. 4 we see that the variation of H.
and H, with the cooling field have similar behavior to that
observed in Fig. 2, but the increase in the FI disordered shell
thickness results in an increase in the size for both H, and
H,. The increase is more pronounced in H, because we have
bigger contribution from the disordered shell, and less in H,,
confirming the fact that the major contribution of H,., comes
from the interface while in the H, we have contribution from
the whole particle.

Next, we study the influence of the shell thickness in the
behavior of the hysteresis loop and on the thermal depen-
dence of the coercive and the exchange bias field, starting
the field cooling procedure with a field H ,,,=0.4J/gup at
T=3.0Jp\m/ k. We consider four particles with total radii
R=9.0, R=12.0, R=14.0, and R=20.0 lattice spacings. They
all have the same core size of five lattice spacings and FI
shell thicknesses of 4, 7, 9, and 15 lattice spacings, re-
spectively. The surface thickness is one lattice spacing in
all cases. The results for the hysteresis loops for these
four particles are shown in Fig. 5 at a very low temperature
T=0.01Jg\y/kg. As we can see the hysteresis loops are
shifted and the nanoparticles with the bigger shell thickness
have the bigger shift and the bigger coercive field. So both
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FIG. 4. Cooling field dependence of H,. and H,, for a nanopar-
ticle with core size of five lattice spacings and shell thickness of
nine lattice spacings.

H. and H,, increase with the shell thickness while M, de-
creases. This is in agreement with the experimental findings
of Baker and his collaborators®* on Fe/FeO nanoparticles.
We also observe a small vertical shift in the hysteresis loops
of the two nanoparticles with the smaller shell thickness. The
asymmetry in the magnetization axis disappears for the two
bigger nanoparticles. The hysteresis loop for the nanoparticle
with the lower shell thickness has a shoulder, which is char-
acteristic of a two-phase system.?=37 This shoulder disap-
pears as the shell thickness increases because the shell domi-
nates in the hysteresis behavior of the sample. In Fig. 5 we
observe that the hysteresis loops of the nanoparticles with the
bigger shell thickness are less saturated due to the enhance-
ment of the spin-glass-like behavior.?>38

To further demonstrate the role of the shell, we keep the
core size constant and we increase the shell thickness. Our
results are presented in Fig. 6 where we have plotted H,., H,,
M,, and the vertical shift DM as functions of the shell thick-
ness. In this case we have started with a ferromagnetic nano-
particle with core radius of five lattice spacings and we add
ferrimagnetic layers. From Fig. 6 we observe that: (a) the
coercive field increases continuously with the shell thick-
ness, (b) H,, increases slowly with the increase in the shell
thickness and then it remains constant, (c) the remanent mag-
netization has an exponential decay with the shell thickness,
and (d) the vertical shift also decreases with the shell size
and vanishes after a critical size. The increase in H,. with the
increase in the disordered layer is expected due to the fact
that the thicker shell has bigger number of disordered spins.
Our MC results agree with the experimental findings for
Fe/Fe oxide core/shell nanoparticles by Baker et al.3* In ex-
perimental studies of FM/AFM (Refs. 3, 39, and 40) or FI
bilayers® and Co/CoO (Ref. 6) nanoparticles, they found that
H_, increases and then saturates for large AFM thickness. In
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FIG. 5. Hysteresis loops of core/shell nanoparticles with core
radius R,=5 lattice spacings and shell thicknesses of 4 (H), 7 (@),
9 (A), and 15 (V) lattice spacings, respectively.

our previous study?® on nanoparticles with AFM shell we
found that at low temperature the H,, increases rapidly with
the shell thickness and then remains constant up to a shell
thickness comparable to the size of the core, while for further
increase in the shell thickness it decreases. We have attrib-
uted this behavior to the increase in the AFM character in the
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FIG. 6. Shell thickness dependence of the coercive field (H,),
the exchange bias field (H.,), the normalized remanent magnetiza-
tion (M,/M,), and the vertical shift (DM) with core radius R.=5
lattice spacings.
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FIG. 7. Temperature dependence of H,. and H,, for nanoparticles
with core radius R.=5 lattice spacings and shell thicknesses of 4
(M),7 (@), 9 (A), and 15 (V) lattice spacings, respectively.

nanoparticle. We expect that in the case of the FI disordered
shell the reduction will also occur but for much bigger shell
thickness than in the AFM ordered shell case. The remanent
magnetization is reduced because the disorder is enhanced
with the increase in the ferrimagnetic shell, so its magnetic
contribution is diminished as it has also been observed
experimentally.3**! The behavior of the vertical shift con-
firms the fact that DM originates from the uncompensated
spins in the shell as in the AFM shell case.'> Thus as the
shell thickness increases, the number of the uncompensated
spins?® relatively to the total number of the spins in the nano-
particle decreases; subsequently DM decreases. We must no-
ticed here that there are situations where the observed loop
shifts are coming from minor loops.!! However our simula-
tions for the hysteresis loops are extended to applying field
values that assure that we are not in the minor loops field
range.

Also we have studied the temperature dependence of H,
and H,, for FI shell thicknesses of 4, 7, 9, and 15 lattice
spacings. In Fig. 7 we show the coercive field and the ex-
change bias field, respectively, as functions of temperature.
We observe that H, decreases rapidly with increasing tem-
perature, because the interface interaction is masked by the
thermal fluctuations. We also observe that the decrease in H,,
is exponential as it is observed experimentally in Ref. 34.
Baker et al.>* showed a fast decay of H,, with temperature
similar to that in Fig. 7. The coercive field also exhibits an
exponential decay with temperature for bigger shell thick-
ness in agreement with the experimental findings in Ref. 42.
The observed temperature dependence of H, and H,, is dif-
ferent from that reported in FM/AFM bilayers?>*} and FM/
AFM nanoparticles.??423:44
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FIG. 8. Hysteresis loops of nanoparticles with shell thickness of
seven lattice spacings and core sizes of three (H), five (O), and ten
(A) lattice spacings, respectively.

Next we consider the core size dependence of the ex-
change bias field and the coercive field. In Fig. 8 we present
results for the hysteresis loops for three nanoparticles with
the same shell thickness of seven lattice spacings and three
different core sizes of three, five, and ten lattice spacings at a
very low temperature 7=0.01Jpy/kg. As we can see, the
hysteresis loops are shifted and the nanoparticle with the
smaller core radius have the bigger coercive and exchange
bias field, in agreement with the experimental findings of
references.®*-47 This is due to the fact that the biggest con-
tribution from the interface is obtained in the nanoparticle
with the smallest core radius.

In Fig. 9 the coercive and exchange bias fields are dis-
played as functions of temperature for these nanoparticles of
constant shell thickness. It can be seen that at low tempera-
tures there is a size reversal to the temperature dependence of
the coercive and exchange bias fields. The coercive field is
decreasing faster with temperature in the case of the smaller
core nanoparticles than in the bigger ones. There is a cross-
ing temperature above which the behavior is changed and the
nanoparticles with the bigger core radius have higher coer-
civity. This is the temperature at which the shell becomes
totally disordered. Above this temperature the coercivity fol-
lows the temperature dependence of the core. The smaller in
size core becomes faster superparamagnetic. This is in agree-
ment with experimental findings by Gangopadhyay et al.*’
on Fe nanoparticles surrounded by a disordered iron oxide
shell. In the case of the two smaller nanoparticles the H,
decays exponentially as in the case of the varying shell thick-
ness (see Fig. 7) due to the dominance of the disordered
shell. For the biggest nanoparticle H. has a monotonic tem-
perature dependence due to the dominant ferromagnetic
character. The exchange bias field vanishes very quickly with
the increase in the temperature.

Finally we study the training effect on H. and H,, for the
nanoparticles. This effect is present in the FM core/FI spin-
glasslike shell systems since one of the characteristics of
spin-glass systems is their multiple configuration of the
ground state.”> So the frozen spins, which are originally
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FIG. 9. H. and H as a function of temperature for nanopar-
ticles with shell thickness of seven lattice spacings and core sizes of
three (M), five (O), and ten (A) lattice spacings, respectively.

aligned in the cooling field direction, may change their di-
rections and fall into other metastable configurations during
the hysteresis measurements. This characteristic of spin-
glasslike phase essentially influences the exchange bias be-
havior of the system and results in a decrease in H,. and H,,
with the field cycling. The behavior of the training effect for
the composite FM core/FI spin-glasslike shell nanoparticles
will depend on its microstructure characteristics. Indeed in
Fig. 10 we have plotted H., and H,. as functions of the loop
cycling for three nanoparticles with core radius of five lattice
spacings and shell thicknesses of 7, 9, and 15 lattice spac-
ings. Following the same field cooling process as above, with
cooling field H ., =0.4Jp\/ g, the hysteresis loop was cal-
culated six consecutive times at temperature 7=0.01Jgy/ kp.
We observe that H,, in the case of the nanoparticle with shell
thickness of seven lattice spacings after the first loop has a
big reduction, while H,, for the other two nanoparticles has a
small reduction with the loop cycling and very similar. These
two nanoparticles have the same size of the exchange bias
field as it can be seen from Fig. 6. H,. has a bigger reduction
with the loop cycling for the smaller shell nanoparticle than
in the other two. This behavior indicates that the interface
has the major contribution in the training effect for the cho-
sen nanoparticles. As the shell thickness decreases we expect
contribution from the shell and the core to the training effect.
So a ~50% reduction in H,, during cycling has been ob-
served in FM/FI nanoparticles,”?” with small shell thickness,
whereas a ~12% reduction in the case of Co/CoO
nanoparticles.® In any case we expect that the behavior of the
training effect depends not only on the magnetic microstruc-
ture but also on other factors, in agreement with the experi-
mental observations in FM/AFM bilayer systems.'
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nanoparticles with core size of five lattice spacings and shell thick-
nesses of 7 (M), 9 (O), and 15 (A) lattice spacings, respectively.

IV. CONCLUSION

We have presented a systematic study on the coercive
behavior of composite nanoparticles consisting of a ferro-
magnetic core and a ferrimagnetic disordered shell. We as-
sumed Heisenberg exchange interaction between the spins in
the nanoparticle. Our simulations show that: (a) the cooling
field value affects the hysteresis behavior of the nanopar-
ticles with spin-glasslike shell in agreement with the experi-
mental findings, (b) the increase in the shell thickness results
in an increase in the coercivity and the exchange bias field
and a decrease in the remanent magnetization as it has been
observed experimentally, (c) at low temperatures there is a
reversal in the core size dependence of coercivity and the
exchange bias field, namely, the smaller nanoparticles have
the higher values of H,, and H,, and (d) the behavior of the
training effect depends on the shell thickness for a given
magnetic microstructure. The exchange bias field in all cases
disappears at temperature where the shell becomes totally
disordered, while above this temperature the coercive field is
higher for the bigger nanoparticle.

In the present study we consider isolated nanoparticles in
order to investigate the exchange bias mechanism and the
dependence of the exchange bias effects on the nanoparti-
cle’s microstructure. We expect that the interparticle interac-
tions will affect the coercive behavior of the nanoparticles.
However our preliminary results*® on FM/AFM nanopar-
ticles and recent experimental findings*-> indicate that in
order to determine the behavior of composite nanoparticle
assemblies one has to take into account the microstructure of
the nanoparticle and their description certainly has to go be-
yond the Stoner-Wohlfarth single-spin model.’!
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