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Abstract

We present Monte Carlo simulations of hysteresis loops of a model of a magnetic nanoparticle with a ferromagnetic core and an

antiferromagnetic shell with varying values of the core/shell interface exchange coupling which aim to clarify the microscopic origin of

exchange bias observed experimentally. We have found loop shifts in the field direction as well as displacements along the magnetization

axis that increase in magnitude when increasing the interfacial exchange coupling. Overlap functions computed from the spin

configurations along the loops have been obtained to explain the origin and magnitude of these features microscopically.

r 2007 Elsevier B.V. All rights reserved.
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1. Introduction

Compound magnetic structures formed by a ferro-
magnet (FM) in close contact with an antiferromagnet
(AFM) show interesting proximity effects which are
enhanced when going to the nanoscale range [1]. Among
them, one of the most studied phenomenon is the
displacement of the hysteresis loops along the field axis
observed in layered FM/AFM systems and core/shell
nanoparticles when measured after cooling in a magnetic
field, an effect that has been termed exchange bias (EB)
after its first observation by Meiklejohn and Bean in Co
particles [2]. In spite of the intensive research developed in
the last decades, there are still many open issues to be
understood and no clear-cut model has been able to
account for all the observed phenomenology [3,4]. Several
recent experiments based on spectroscopic techniques
[5–11] have focused on the observation of the magnetiza-
tion reversal at the FM/AFM interface in different layered
systems since it is widely accepted that the magnitude of the
- see front matter r 2007 Elsevier B.V. All rights reserved.
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EB field is related to the existence of uncompensated
moments at the interface. However, in nanoparticles with
FM core/AFM shell structure, details about the core/shell
interface cannot be accessed by these techniques and only
indirect information about the magnetic order at the
interface can be gained by magnetization measurements.
In this study, we present the results of Monte Carlo

simulations of the hysteresis loops of an individual core/shell
nanoparticle, which, apart from the usual shift in the field
axis direction demonstrated in previous reports [12–14],
display asymmetry between the positive and negative field
branches and also shifts in the vertical direction as observed
in some experimental systems [15–19]. By inspection of the
spin configurations during field cycling, we will show how
this phenomenology is related to the peculiar interplay
between exchange coupling at the core/shell interface and
the magnetic order of its uncompensated spins induced after
the field cooling process.
2. Model and results

The details of model for the core/shell particle on which
simulations are based were already presented in our

www.elsevier.com/locate/jmmm
dx.doi.org/10.1016/j.jmmm.2007.02.057
mailto:oscar@ffn.ub.es
http://www.ffn.ub.es/oscar


ARTICLE IN PRESS
O. Iglesias et al. / Journal of Magnetism and Magnetic Materials 316 (2007) 140–142 141
previous studies [12], where the details about the simula-
tion protocol used for the Monte Carlo method can also be
found. The simulations are based on the following
Hamiltonian:
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where ~Si are classical Heisenberg spins of unit magnitude
placed at the nodes of a sc lattice. In the first term, the
value of the n.n. exchange constants Jij depends on the
spins belonging to different particle regions. At the core, Jij

is FM and has been fixed to JC ¼ þ10K. AF spins at the
shell have JSh ¼ �0:5JC. The exchange coupling at the
interface (defined as those spins on the core (shell) with at
least one neighbor on the shell (core)) is JInt. In the second
term, the uniaxial anisotropy constants have values kSh ¼

10kC and kC ¼ 1K. The magnetic field h points along the
anisotropy z-axis. Hysteresis loops obtained for a particle
with total radius R ¼ 12a (where a is the unit cell length),
surface shell thickness RSh ¼ 3a and JSh ¼ �0:5JC, ob-
tained after cooling from above the Neél temperature of
the AF shell in a field hFC ¼ 4K are shown in Fig. 1
(circles) for three values of JInt. As can be clearly seen in
the upper panels of the figure, the loops display an
increasing shift towards the negative field direction with
increasing values of JInt, demonstrating that the obser-
vance of EB is related to the AF coupling of the shell spins
to the core spins at the interface.

An interesting observation is that hysteresis loops
obtained after cooling in a magnetic field applied in a
direction negative with respect to the measuring field (see
for example the dashed lines in Fig. 1. for
JInt=JC ¼ �0:5;�1) are shifted towards the positive field
axis by the same amount as for a cooling field in the
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Fig. 1. (Color online) Upper panels display the hysteresis loops for a

particle with radius R ¼ 12a obtained after FC down to T ¼ 0:05K in a

field hFC ¼ 4K (circles) and hFC ¼ �4K (dashed lines) for three values of

the exchange coupling constant JInt at the core/shell interface. Lower

panels show the average magnetization projection of the core spins along

the field axis mC
n (blue squares) and the hysteresis loops for the component

of the magnetization transverse to the field direction M tr (red circles).
positive direction. This corroborates the fact that a net
magnetization component along the field direction (also
revealed by inspection of the configurations attained after
the FC process [12]) is induced at the shell interface which,
depending on the cooling field direction, generate local
exchange fields on the core of the particle responsible for
the positive or negative shift of the loops.
In addition, a clear asymmetry between the upper and

lower loop branches develops with increasing values of the
interface coupling. A similar feature has been observed in
simulations of FM/AFM bilayers within the context of the
domain state model [19]. However, the asymmetry was
linked there to the angle between the external field and the
easy axis direction of the AFM. This feature can be more
clearly understood by computing the average absolute
value of the magnetization projection along the field axis

through the reversal process, MC
n ¼

P
ij
~Si � ẑj, as displayed

in the middle panels of Fig. 1 for the core spins. The origin
of the loop asymmetry can be traced by monitoring the
values of the so-called overlap qðhÞ and link overlap qLðhÞ

functions along the hysteresis loops, that are a general-
ization of similar quantities commonly used in the spin-

glass literature [20] defined as qðhÞ ¼ 1
N

PN
i¼1
~SiðhFCÞ � ~SiðhÞ

and qLðhÞ ¼
P
hiji

1
Nl

~SiðhFCÞ � ~SjðhFCÞ ~SiðhÞ � ~SjðhÞ. InqLðhÞ,

the summation is over nearest neighbors and Nl is a
normalization factor that counts the number of bonds. An
example of the field dependence of these overlaps
computed only for the interfacial spins is shown in
Fig. 2, where we have separated the contribution of the
shell and core spins. A departure of qL from unity is known
to be proportional to the surface of reversed domains
formed at field h and, therefore, qL is sensible to the
existence of non-uniform structures. The sharp decrease of
qL for core spins and the symmetry of the peak around the
negative coercive field indicates uniform reversal. However,
the progressive reduction of qL along the ascending branch
and the asymmetry of the peak around the positive coercive
field indicates the formation of reversed nuclei at the
particle core that sweep the particle during reversal. The
function qðhÞ measures differences of the spin configuration
at field h with respect to the one attained after FC.
Therefore, the decrease of q for the interface shell spins
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Fig. 2. (Color online) Field dependence of the link overlap qL (a) and

overlap q (b) functions for the interfacial spins at the shell (circles) and at

the core (squares) for JInt ¼ �0:5JC.
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Fig. 3. (Color online) Snapshots of the remanent spin configurations of

the upper (a,c panels) and lower (b,d panels) branches of the hysteresis

loops showing midplane cross sections of the particle parallel (a,b) and

perpendicular to the z-axis (c,d) for the case JInt ¼ �JC shown in Fig. 1.

Dark (light) blue cones represent core (core/interface) spins while green

(yellow) ones are for spins at the shell (shell/interface).
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when reducing the magnetic field indicates the existence of
a fraction of shell spins that reverse dragged by core spins,
while the constancy of q in the ascending branch reveals the
existence of spins pinned during core reversal.

Clearly correlated to the observation of EB and the loop
asymmetry, the loops experience a shift along the vertical
ðMzÞ axis which increases with JInt, as reflected in Fig. 1 by
the difference of the Mz values in the high field region of
the two loop branches or at the remanence points. The field
dependence of magnetization transverse to the field
direction Mtr (circles in the lower panels of Fig. 1),
indicates that M tr has higher values for the descending loop
branch that in the ascending branch, and also that M tr

increases with JInt. Snapshots of the spin configurations at
the remanence points displayed in Fig. 3, show the
existence of a higher amount of core spins with transverse
orientation near the interface at the lower branch (Figs. 3b,
d) than at the upper branch (Figs. 3a, c). This is in
agreement with the results of some experiments of oxidized
particles where this vertical shift was also observed [15–18].
Our simulation results above indicate that the microscopic
origin of the vertical shift is in the different reversal
mechanisms on the two loop branches due to the existence
of uncompensated pinned moments at the core/shell
interface that facilitate the nucleation of non-uniform
magnetic structures during the ascending field branch of
the loops.
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