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Exchange bias effects have been studied in elliptical dots composed of ferromagnetic
Ni80Fe20–antiferromagnetic Ir20Mn80 bilayers. The magnetization reversal mechanisms and
magnetic configurations have been investigated by magneto-optic Kerr effect and magnetic force
microscopy. Although the obtained bias fields in these dots are relatively small, the magnetization
reversal is found to be influenced by the ferromagnetic–antiferromagnetic coupling. Namely, for
some off-axis angles of measurement, the magnetization reversal mechanism of the
Ni80Fe20–Ir20Mn80 ellipses depends on whether exchange bias is induced along the minor or major
axis of the ellipses. Hence, exchange bias is shown to be an effective means for tailoring the
magnetization reversal of elliptical dots after sample fabrication. © 2008 American Institute of
Physics. �DOI: 10.1063/1.2840467�

INTRODUCTION

The coupling between ferromagnetic �FM� and antifer-
romagnetic �AFM� materials, also termed exchange bias,
manifests itself by the occurrence of a shift of the hysteresis
loop along the magnetic field axis and an enhancement of
coercivity.1,2 The first effect is typically ascribed to the pin-
ning exerted by the interfacial AFM spins to the FM, while
the coercivity enhancement is often attributed to irreversible
dragging of AFM spins during reversal of the FM.3 Both of
these effects have led to important technological applica-
tions. The hysteresis loop shift is currently exploited in mag-
netic read heads and magnetic random access memories
based on spin valves or tunneling junction structures.4 The
coercivity enhancement �and the associated increase of mag-
netic anisotropy� can be used to increase the magnetic hard-
ness of permanent magnets5 or to push the superparamag-
netic limit of FM nanoparticles.6

In recent years, the tendency toward miniaturization of
magnetic devices has triggered the study of exchange bias
properties in lithographed FM-AFM nanostructures.2,7,8 In
particular, the competition between magnetostatic energy and
exchange bias in circular dots can result in novel phenom-
ena, such as the change of magnetization reversal mechanism
as a function of the angle of measurement8 or the occurrence
of the so-called displaced vortex states.9 Although exchange
bias has been investigated to some extent both in circular

dots and rings,8–11 reports on exchange bias effects in mag-
netic ellipses are scarce.12 Note that the magnetization rever-
sal mechanism �i.e., rotation versus vortex formation� in ex-
change biased circular dots has been so far controlled by
structural parameters �e.g., dot size� and interface coupling
effects �e.g., magnitude of the loop shift�.9 However, due to
their symmetry, other effects, such as the direction of the
cooling field, play no role in the magnetization reversal
mechanism. Indeed, in circular dots, the relative orientation
of the applied field to the exchange bias field is the only
relevant parameter giving rise to a critical angle, where the
magnetization reversal changes from coherent rotation to
vortex nucleation and annihilation.8,9 However, in elliptical
structures the situation is more complex, since the elliptical
shape introduces additional shape anisotropy, whose direc-
tion with respect to the applied field and exchange bias is
also important.

Therefore, in this article, we investigate the exchange
bias properties of elliptical dots, with variable aspect ratio
�and hence different degrees of shape anisotropy�, composed
of exchange coupled Ni80Fe20–Ir20Mn80 bilayers. It is ob-
served that the nature of the magnetization reversal is mostly
determined by the shape anisotropy and the exchange bias
plays a lesser role compared to the circular dots. However,
for certain combinations of aspect ratios and applied fields,
varying the direction of the exchange bias can trigger a
change of the magnetization reversal from a reversal via vor-
tex formation to a reversal dominated by magnetization ro-
tation.a�Electronic mail: jordi.sort@uab.es.
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EXPERIMENTAL DETAILS

A continuous film with the composition
Ta�5 nm� /Ni80Fe20�30 nm� / Ir20Mn80�5 nm� /Pt�2 nm�
�where Ni80Fe20 is FM and Ir20Mn80 is AFM� was deposited
onto a thermally oxidized Si wafer by dc magnetron sputter-
ing. From the continuous film, arrays of elliptical disks with
a minor axis of 2b=0.5 �m and aspect ratios �ratio between
the major and minor axes, a /b� of 1.5, 2, and 3 were fabri-
cated by e-beam lithography and subsequent ion etching. The
periodicity of the dots was 5 �m for the smaller dots and
7 �m for the larger, chosen to be �2a to minimize interdot
dipolar interactions. These patterned structures were heated
to 480 K, which is above the blocking temperature of the
system �estimated to be around 470 K� and, subsequently,
field cooled �FC� in a HFC=3 kOe magnetic field, applied
either along the minor or the major axis of the ellipses. Hys-
teresis loops were measured at room temperature with fields
applied at various in-plane angles from the FC direction,
using a Durham Magneto Optics Kerr effect setup. Each pre-
sented loop corresponds to an average of 300 measured hys-
teresis loops. Since exchange bias systems typically exhibit
variations in the exchange bias field and/or coercivity during
the first few hysteresis cycles �i.e., the so-called training
effect�,13 the data acquisition was started after having re-
versed ten times the magnetization of the patterned dots. In
this way, the first few hysteresis loops are not part of the
acquired data and the presented results correspond to the
trained state, i.e., when no further variations of exchange
bias or coercivity occur. The loops were corrected for the
diamagnetic signal from the substrate. However, note that
since this means subtracting a linear slope to the hysteresis
loops, the overall shape of the loops �i.e., constricted versus
nonconstricted� is not affected. Magnetic configurations were
imaged at various magnetic fields using a Nanoscope III
Digital Instruments, Inc., magnetic force microscope
�MFM�. Finally, a Landau–Lifshitz–Gilbert micromagnetic
solver14 was used to simulate the spin configurations of the
system at some given magnetic field values after having in-
duced the exchange bias either along the major or minor axis
of the ellipses. Typical material parameters for bulk Permal-
loy were used: saturation magnetization MS=8�10−5 A /m
and exchange stiffness constant A=1.3�10−11 J /m. The ex-
change bias field was represented by an additional external
field of 20 Oe, applied either along the major or minor axis
of the ellipses. The magnetic configurations of the ellipses
were obtained using cells of approximately 5�5 nm2. The
simulations were started from an approximation of the de-
sired final state and the system was allowed to relax toward
equilibrium in fields matching those in the experiment. The
MFM images were simulated from the calculated stray fields
generated at a lift height of 100 nm.

RESULTS AND DISCUSSION

Shown in Fig. 1 are the hysteresis loops of the
Ni80Fe20 / Ir20Mn80 ellipses, with axis lengths equal to 0.5
�0.75, 0.5�1, and 0.5�1.5 �m2, FC and measured along
their minor ��a�–�c�� and major ��d�–�f�� axes. Constricted
loops are observed along the minor axis of the ellipses, evi-

dencing reversal via formation of a vortex state. This is in
agreement with the previous reports on unbiased Ni80Fe20

ellipses.15 The constriction is the least prominent for the
most elongated ellipses. Moreover, a constriction in the cen-
tral part of the loop is also observed for the 0.5�0.75 �m2

Ni80Fe20–Ir20Mn80 ellipses measured along their major axis.
For larger aspect ratios, the loops recorded along the major
axis tend to lose their central constriction and progressively
become squarer, evidencing the increasing role of shape an-
isotropy, which tends to suppress reversal via single vortex
state formation.

The hysteresis loop shifts HE are small, between 20 and
25 Oe for all the arrays. This is due to the relatively large
Ni80Fe20 thickness. HE of the corresponding continuous
Ni80Fe20 / Ir20Mn80 bilayer was found to be around 20 Oe. It
is noteworthy that the vortex nucleation and annihilation
fields, evaluated from the loops recorded along the minor
axis, tend to increase with the aspect ratio, as it has been
reported in the literature for pure Ni80Fe20.

16 This indicates
that the stability of the vortex state is enhanced along this
direction for larger aspect ratios.

MFM imaging has been used, together with the
magneto-optic Kerr effect �MOKE� measurements, to shed
light onto the magnetization reversal mechanisms when HE

is along the major axis of the ellipses. The images reveal
that, as a general trend, when the ellipses are FC along the
major axis, exchange bias tends to favor single domain states
at remanence, in agreement with other results obtained on
exchange biased patterned structures.2,12,17 When this occurs,
a strong dipolar contrast due to the stray fields emanated
from the dots is obtained by MFM. This is clearly observable
in panel �b�, which corresponds to the 0.5�1.5 �m2

Ni80Fe20 / Ir20Mn80 ellipses. For lower aspect ratios �0.5
�0.75 �m2 Ni80Fe20 / Ir20Mn80 ellipses�, a mixture of vortex

FIG. 1. ��a�–�c�� Hysteresis loops of Ni80Fe20 / Ir20Mn80 ellipses, with dimen-
sions of 0.5�0.75, 0.5�1, and 0.5�1.5 �m2, field cooled �FC� and mea-
sured along their minor axis. ��d�–�f�� Hysteresis loops of the same ellipses
FC and measured along their major axis. Also shown are scanning electron
microscopy images of the ellipses �5�5 �m2 frames� with different aspect
ratios.

07C109-2 Sort et al. J. Appl. Phys. 103, 07C109 �2008�
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and single domain states is observed at remanence �Fig.
2�a��. Note that when the magnetization inside the ellipses
forms vortex states, no magnetic fields are emanated from
the dots and, consequently, virtually no magnetic contrast is
observed by MFM. The mixture of single domain and vortex
states observed in the ellipses with lower aspect ratio is the
reason for the slightly constricted loop shape shown in Fig.
1�d�. In the ellipses with higher aspect ratios, where MFM
images reveal only single domain states �Fig. 2�b��, the hys-
teresis loops correspondingly lose the constriction in their
central part �Figs. 1�e� and 1�f��.

It is noteworthy that for the range of geometries investi-
gated the Ni80Fe20 / Ir20Mn80 ellipses always reverse via vor-
tex state formation �i.e., displaying a constricted hysteresis
loop� when measured along their minor axis, independently
of the direction along which exchange bias is induced. How-
ever, in some ellipses �particularly those with higher aspect
ratio�, the magnetization reversal at certain angles of mea-
surement has been found to depend on the direction along
which exchange bias has been previously established. This is
illustrated in Fig. 3, where, although the direction of mea-
surement is the same in both panels �a� and �b�, the direction
of the exchange bias �previously established by the field
cooling procedure, as described in the experimental section�
is different. As indicated in the bottom panels of Fig. 3, in �a�
the exchange bias is induced by field cooling along the minor
axis of the ellipses while in �b� the exchange bias is induced

along their major axis. Note that although the direction of
measurement is the same in �a� and �b�, both the hysteresis
loops recorded by MOKE and the MFM images are dis-
tinctly different depending on the thermomagnetic history of
the sample. This occurs for angles of the field cooling direc-
tion ranging between 15° and 30° from the minor axis. For
these angles, a clear vortex reversal is observed when the
dots are FC along the major axis, while no clear vortex �no
constriction� is observed if the dots are FC along the minor
axis. Indeed, MFM imaging shows that in the latter case no
vortex states nucleate before remanence �see the strong di-
polar contrast in panel �a.1� in Fig. 3� suggesting, together
with the lack of constriction in the hysteresis loop, that mag-
netization reversal occurs either by coherent or incoherent
rotation. This is opposite to the case where the HFC is applied
along the major axis of the ellipses. In this case, the MFM
images at remanence do not reveal a simple dipolar contrast
but a regular arrangement of dark and bright regions �see
panel �b.1� in Fig. 3� indicative of the occurrence of a
double-vortex state.15 Correspondingly, the loops exhibit a
more pronounced constriction. At sufficiently strong negative
magnetic fields, the saturated state is reached and, conse-
quently, dipolar contrast is observed �see panels �a.2� and
�b.2��. For the sake of clarity, the spin configurations and the
MFM images simulated using a lift height of 100 nm, corre-
sponding to panels �a.1�, �a.2�, �b.1�, and �b.2�, are shown in
panels �a.3� and �a.5�, �a.4� and �a.6�, �b.3� and �b.5�, and
�b.4� and �b.6�, respectively. For larger angles of measure-
ment, the ellipses reverse without forming vortex states �re-
gardless of the thermomagnetic history of the sample�.

It is worth mentioning that the transition from magneti-
zation reversal via vortex formation to rotation of incoherent
magnetization states with increasing angle between the mag-
netic field and FC direction was already reported for circular
dots. This was ascribed to the competition between magne-
tostatic and exchange energies.8 In the ellipses, for FC along
the major axis, setting exchange bias along the major axis of
the ellipse is analogous to increasing shape anisotropy, which
will favor coherent rotation over vortex reversal when mea-
sured parallel to the major axis. However, this does not ex-
plain why vortex reversal should be observed at intermediate
angles. Interestingly, the MFM images in Fig. 3�b� reveal
that the constricted loop for FC along the major axis is as-
sociated with the formation of not one but two vortices in the
ellipse. Previous reports have shown that Ni80Fe20 ellipses
will reverse via two vortices for fields applied along the ma-
jor axis and by single vortex when the field is applied along
the minor axis.15 In Fig. 3�b�, the measurement angle is
closer to the minor axis; however, whenever there is an angle
between the exchange bias and the measurement direction,
an S-state curvature will be introduced into the spin distribu-
tion as the field is reduced. This configuration will favor the
formation of two vortices of opposing chiralities, a state that
is metastable in these ellipses, provided the relative fields are
such that nucleation can be established. Interestingly, the
chirality of the two-vortex state is the same for the various
ellipses that were imaged indicating that a preferred direction
for the spins along the ellipse edges is favored by the ex-
change bias. Thus, the exchange bias can be used to stabilize

FIG. 2. �Color online� Magnetic force microscopy images recorded at re-
manence, after field cooling and saturating the ellipses along their major
axis, corresponding to �a� the 0.5�0.75 �m2 Ni80Fe20 / Ir20Mn80 ellipses and
�b� the 0.5�1.5 �m2 Ni80Fe20 / Ir20Mn80 ellipses.
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a vortex-pair state with specific chiralities at angles close to
the minor axis of the ellipses when exchange bias is induced
along their major axis.

CONCLUSIONS

In summary, exchange biased ellipses have been found
to reverse by formation of a vortex state when they are FC
and measured along their minor axis, while mainly single
domain states are observed after FC and measurement along
their major axis. For the most elongated ellipses �aspect ratio
of 3�, the magnetization reversal mechanism of these dots
can be tailored to either favor or suppress the formation of a
vortex-pair magnetization state through the choice of off-axis

measurement angle and the direction of the exchange bias.
Hence, our work may open up new perspectives toward the
utilization of lithographed elliptical dots in spintronic micron
and submicron devices.
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