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The magnetization reversal in Permalloy �Py� and Py-IrMn disks �1 �m diameter� is investigated.
The Py disks reverse their magnetization via vortex state formation. Conversely, if the Py-IrMn
disks are field cooled from above the blocking temperature TB, a critical angle with respect to the
cooling direction is set, beyond which the vortex no longer nucleates. This angle can be
experimentally tuned by varying the magnitude of the exchange bias field. Furthermore, the
coupling with IrMn can also induce an enhancement of the vortex stability when the disks are
zero-field cooled from above TB. © 2006 American Institute of Physics. �DOI: 10.1063/1.2165290�
The study of magnetization reversal in patterned mag-
netic structures is interesting for both fundamental and tech-
nological reasons.1,2 When the size of the magnetic element
becomes comparable to critical length scales, such as the
domain wall width, the multidomain structure of the bulk
becomes energetically unfavorable and either single-domain
or inhomogeneous magnetization configurations are
preferred.3–7 Specifically, in circular magnetic dots, as the
magnetic field is reduced from saturation, the magnetization
tends to curl up along the edges of the nanostructures to
minimize the lateral stray fields, leading to a flux closure
�i.e., vortex� arrangement. The vortex formation results in a
sudden drop of the magnetization at the so-called nucleation
field. As the applied field is changed to negative saturation,
the core of this vortex moves perpendicularly to the field
direction until it is expelled from the dot at the so-called
annihilation field.

It is noteworthy that although the influence of dot shape,
size, and interdot distance on magnetization reversal has
been extensively investigated in homogeneous magnetic
systems,8–12 limited work has been carried out so far on how
possible interlayer exchange coupling effects can influence
the magnetization reversal in patterned elements. One ex-
ample would be the ferromagnetic �FM�-antiferromagnetic
�AFM� exchange coupled structures.13 These systems typi-
cally exhibit a shift of the hysteresis loop, along the magnetic
field axis, referred to as the exchange bias field �HE�, which
has found applications in many magnetotransport
devices.14–17

The effects arising from the competition between mag-
netostatic and exchange bias energies in rings, and circular or
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elliptical dots are controversial. Although some authors re-
port a suppression of the flux-closure states,18,19 others
clearly show that vortex configurations are possible in ex-
change biased systems.20–22 Furthermore, some studies on
submicron exchange biased rings show complex reversal
mechanisms with asymmetric hysteresis loops.23,24 Recently,
we have demonstrated that circular Py-IrMn nanostructures
can exhibit either reversal via an exchange biased vortex or
coherent rotation, depending on the measuring angle.20

In this letter, we demonstrate that the thermomagnetic
history in exchange biased disks determines their magnetiza-
tion reversal mechanisms and, in fact, this reversal can be
controlled by subjecting the disks to different heat treat-
ments. When the disks are zero-field cooled �ZFC� from
above the blocking temperature �TB� of the system, that is,
the temperature at which exchange bias effects vanish upon
heating, both the nucleation and annihilation fields of the
vortex increase with respect to unbiased Permalloy™ �Py�
disks, resulting in an enhancement of the magnetic field
range within which the vortex state persists. In contrast, if
the FM-AFM disks are cooled under the presence of saturat-
ing magnetic fields, a tunable critical angle can be intro-
duced, beyond which the vortex state no longer nucleates.

A continuous film with the composition Ta �5 nm� /
Py �12 nm� / IrMn �5 nm� /Pt �2 nm� �where Py stands for
Ni80Fe20 and is FM, whereas IrMn, i.e., Ir20Mn80, is AFM�
was deposited onto a thermally oxidized Si wafer by dc mag-
netron sputtering. For comparison, a sample with composi-
tion Ta �5 nm� /Py �12 nm� /Pt �2 nm�, was also prepared.
From the continuous films, arrays of circular disks with di-
ameter of 1 �m and periodicity 2 �m were fabricated by
e-beam lithography and subsequent ion etching. These struc-

tures were then subjected to different types of heat treatment
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procedures: �i� heating to 550 K, which is above TB,25 and
subsequently field cooling �FC� to room temperature in a
HFC= +2.5 kOe in-plane magnetic field; �ii� heating to
550 K, ac degaussing and zero-field cooling to room tem-
perature; and �iii� to tune the magnitude of the exchange bias
field, the samples initially FC in a positive field were subse-
quently heated again but to a lower temperature �TA�TB�
and cooled to room temperature in a negative field: HFC=
−2.5 kOe. Hysteresis loops were measured at room tempera-
ture with fields applied at various in-plane angles �m from
the FC direction, using a Durham Magneto Optics Kerr ef-
fect setup.

The hysteresis loop corresponding to the Py disks �with-
out the AFM� is shown in Fig. 1�a�. The loop shape is typical
for magnetization reversal via nucleation and annihilation of
a vortex state. The nucleation and annihilation fields are
HN=35 Oe and HA=245 Oe, respectively. The loop shape
�and also HN and HA� are insensitive to the direction of mea-
surement. It should be noted that the reversal via vortex state
formation is what is expected for the diameter and thickness
of these disks.3,9

Shown in Figs. 1�b�–1�e� are the hysteresis loops of the
Py-IrMn disks after FC from 550 K to room temperature,
measured along several in-plane angles from the FC direc-
tion, which defines 0°. As can be seen in Fig. 1�b�, the loop
recorded along 0° resembles that of Py disks but is now
shifted along the magnetic field axis by HE=88 Oe. After
recentering the loop for the exchange bias field, one obtains
values for HN and HA very similar to those of the unbiased
Py disks. As the measuring angle is increased, a slight de-
crease in HN and HA is observed, which is accompanied with
the appearance of an asymmetry in the loop shape �see Fig.
1�c��. For angles larger than about 22° no traces of the vortex
state are visible, and the loops suggest reversal by coherent
rotation �Figs. 1�d� and 1�e��.

In exchange biased 400-nm-diameter Py-IrMn circular
dots, we have recently reported the existence of a critical
angle ��C�, beyond which the vortex state no longer
nucleates.20 Indeed, as a first approximation, one can de-
scribe the coupling with the AFM as an additional field �i.e.,
HE,0, the exchange bias field measured along 0°� superim-
posed to the applied external field. Along 0°, HE,0 can be
effectively compensated by the external field, thus allowing
the Py-IrMn disks to reverse via a shifted vortex state. How-

FIG. 1. Hysteresis loops, measured at room temperature of �a� the Py disks,
�b�–�e� the Py-IrMn disks after FC from 550 K and measured along several
in-plane angles ��m=0°, 22°, 30° and 90°�, and �f� the Py-IrMn disks mea-
sured after ZFC from 550 K.
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nucleation field for H along 0°� then, beyond a critical angle,
the external field is no longer sufficiently large to compen-
sate HE,0 and, as a result, the vortex state does not nucleate.
Using a simple geometrical argument, it can be shown that20

�C = arcsin�HN,0

HE,0
� . �1�

From the values of HN,0 and HE,0 for the 1 �m dots one
obtains a critical angle of around 22°, in agreement with the
experimental observations. In the 400-nm-diameter Py-IrMn
structures HN,0 was larger and HE,0 smaller and thus �C was
much larger than for the 1 �m disks.20

From this description, it can be envisaged that the value
of �C might be controllably varied if one could tune either
HN,0 or HE,0 �or both�. Although HN is, a priori, dependent
only on the geometry of the dots �i.e., diameter and thick-
ness� and it is thus constant for a given sample, such a tuning
of HE,0 can, in principle, be indeed carried out by combining
FC processes using fields of opposite sign.25,26 Namely, once
the array of dots has been FC from 550 K using a positive
field, HE,0 can then be subsequently decreased by heating
again the sample to a temperature �TA� below TB and then
cooling it using a negative field. This allows pinning differ-
ent parts of the AFM along opposite directions and, as a
result, the net exchange bias tends to average out; that is,
gradually decreases as TA increases. Taking advantage from
the fact that after the first FC �C of the 1 �m dots is rather
small, we have carried out this second FC under a negative
field with the aim of controllably increasing �C. As an ex-
ample, shown in Fig. 2 are the hysteresis loops measured
along different in-plane angles after cooling the disks in a
negative field from TA=350 K. This second FC procedure
decreases HE,0 to 56 Oe and, remarkably, �C consequently
increases to around 40°. In addition, an asymmetric loop
shape is again observed around the critical angle, which may
be ascribed to the delicate energy balance at �C between
reversal via vortex nucleation and coherent rotation.

By progressively increasing TA, HE,0 decreases and �C
increases, while the average HN and HA fields for �m=0°
remain constant. Such dependences of HE,0 and �C on TA are
shown in Figs. 3�a� and 3�b�. In addition, plotted as inset is
the dependence of sin��C� on 1/HE,0. It is observed that a
linear relationship exists between sin��C� on 1/HE,0, as ex-
pected from Eq. �1�, taking into account that the HN,0 re-

FIG. 2. Hysteresis loops of the Py-IrMn disks measured along various in-
plane angles ��m=0°, 30°, 40°, 50°, 70°, and 90°� after field cooling from
550 K using a positive field, HFC=2.5 kOe, and subsequently field cooling
again but now using HFC=−2.5 kOe from TA=350 K.
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from the slope of the fit, a value of 33 Oe is obtained, which
approximately corresponds to the nucleation field of the vor-
tex along 0° once the loop has been recentered �Fig. 1�b��.

The Py-IrMn disks have also been ZFC from 550 K. The
resulting hysteresis loop measured at room temperature is
shown in Fig. 1�f�. It is remarkable that the disks again re-
verse via vortex state for any value of the angle of measure-
ment �without appreciable angular dependence�. However,
both HN and HA now increase with respect to the unbiased Py
disks or the FC Py-IrMn disks. This means that during the
hysteresis loop, starting from saturation, the vortex state
nucleates at a higher decreasing field and annihilates at a
larger opposite increasing field than in Py disks, indicating
an enhanced magnetic stability of the vortex state. Note also
that the vortex deformation when a field is applied between
the nucleation field and annihilation field is much more re-
versible than in simple Py disks or after FC.

Interestingly enough, the enhancement of both HN and
HA is of about 90 Oe; that is, the enhancement is identical to
the HE,0 value obtained after FC the Py-IrMn disks from
550 K. This suggests that during the ZFC process, the vortex
state has been imprinted into the AFM and that, once at room
temperature, the coupling with the AFM acts like a 90 Oe
local effective pinning field of cylindrical symmetry.

Finally, it should be noted that the fact that it is possible
to tune HE by combining two FC using fields of opposite
sign means that, actually, the AFM layer is composed of a
certain number of subunits �most likely, regions of correlated
uncompensated spins�, whose orientation can be modified so
as to be either parallel or antiparallel to 0° �in the case of the
FC treatments�27 or following a vortex-like configuration �as
suggested by the loops measured after ZFC�.

In conclusion, it has been shown that the magnetization
reversal mechanisms in Py disks can be modified in a con-
trolled manner by exchange coupling the Py with an AFM

FIG. 3. �a� Dependence of HE,0 on the second field cooling �i.e., using
HFC=−2.5 kOe� temperature TA, �b� dependence of �C on TA, and as inset,
dependence of sin��C� on 1/HE,0. The continuous lines in �a� and �b� are
guides to the eye, whereas the discontinuous line in the inset is a linear fit of
the data.
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158.109.223.71 On: Thu, 2
layer, without the need of varying the disks thickness or di-
ameter. Depending on the thermomagnetic history of the
sample, these disks can reverse via vortex state or by coher-
ent rotation. Actually, after subjecting them to a field-cooling
process in a saturating field from above the blocking tem-
perature, a critical angle is found to be set, beyond which
reversal occurs by coherent rotation. This angle can be ex-
perimentally tuned by adjusting the value of the exchange
bias field. Furthermore, if the Py-IrMn disks are subjected to
a zero-field cooling process, the stability of the vortex state is
enhanced, in the sense that both the nucleation and annihila-
tion fields increase with respect to unbiased Py disks.
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