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A detailed study of the angular dependence of the magnetization reversal in polycrystalline
ferromagnetic �FM�/antiferromagnetic Co/IrMn bilayers with noncollinear FM and unidirectional
anisotropies shows a peculiar asymmetric magnetic behavior. The anisotropy configuration is set
via a field cooling �FC� procedure with the magnetic field misaligned with respect to the easy
magnetization direction of the FM layer. Different magnetization reversal modes are observed
for either positive or negative angles with respect to the FC direction. The angular dependence of
both coercivity and exchange bias also clearly displays the broken symmetry of the induced
noncollinearity. Our findings are reproduced with a modified Stoner–Wohlfarth model including the
induced anisotropy configuration. Our results highlight the importance of the relative angle between
anisotropies in exchange bias systems, opening a new path for the tailoring of their magnetic
properties. © 2009 American Institute of Physics. �doi:10.1063/1.3236768�

Ferromagnetic/antiferromagnetic �FM/AFM� structures1

are at the heart of today’s spintronic devices, stabilizing the
direction of FM reference layers, while taking advantage of
the interfacial exchange interaction effects.2 The most no-
table consequences of the FM/AFM exchange coupling are a
shift in the hysteresis loop of the FM layer, called exchange
bias �0HE, an enhanced coercivity �0HC, and an asymmetry
in the magnetization reversal process. Experiments have
shown that pinned �unpinned� uncompensated AFM spins at
the interface are correlated with �0HE �Ref. 3� �coercivity
enhancement4�, and that the competition between anisotro-
pies determines the asymmetric behavior of the magnetiza-
tion reversal.5,6

Different intrinsic parameters �e.g., materials, anisotro-
pies, thicknesses, and shapes�2 as well as extrinsic ones �e.g.,
field cooling �FC� procedures7–10� have been explored to un-
derstand the exchange coupling phenomena in FM/AFM sys-
tems, aiming at improving the performance of magnetic de-
vices. In general, the interfacial exchange coupling effects
depend on the strength of the anisotropies5 as well as their
relative orientation,6 exhibiting a complex phase diagram of
different reversal modes.5,6,11–15 In fact, the relative orienta-
tion between the intrinsic FM anisotropy and the induced
interfacial unidirectional anisotropy can be controlled by dif-
ferent FC procedures, varying both strength,7,8 FC angle,6,9,10

and/or interfacial magnetic frustration.14,15

In this letter we present a detailed study on the magne-
tization reversal of FM/AFM systems with a noncollinear
uniaxial, KU, and unidirectional, KE, anisotropy configura-
tion. Our work reveals the importance of taking into account
the misalignment between the KU direction and the direction
of the applied field during the FC procedure in order to prop-
erly account for the asymmetry of the magnetization reversal
and the angular dependences of �0HC and �0HE.

The collinear and noncollinear relative orientation be-
tween the intrinsic uniaxial anisotropy of the FM, KU, and
the induced unidirectional anisotropy, KE, is achieved after
warming a sputtered polycrystalline Co�12 nm�/IrMn�4 nm�
bilayer5 to 420 K and FC to room temperature �RT� in a 0.3
T external field either aligned �collinear, �FC=0°� or mis-
aligned by an angle �FC=20° �noncollinear� with respect to
the easy magnetization direction of the FM layer. Angular
dependent, high resolution, vectorial Kerr magnetometry
measurements have been performed at RT to study the de-
pendence of the reversal of both parallel �M�� and transverse
�M�� magnetization components with respect to the applied
field angle �H, where �H=0° is defined as the FC direction.

Figure 1 compares in-plane magnetization hysteresis
loops parallel and perpendicular to the FC direction for the
collinear ��FC=0°� and noncollinear ��FC=20°� coupling
configurations �as depicted in Fig. 1�a��. For �H=0°, the top
graphs of Fig. 1�b� show that both the induced exchange bias
and the coercivity for both cooling angles are similar and
that the magnetization behaves symmetrically whether thea�Electronic mail: julio.camarero@uam.es.
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field is swept along �increasing field branch� or against �de-
creasing field branch� the FC direction. However, the rever-
sal in each system takes place in a different fashion. In both
cases, M� reverses mainly via a sharp irreversible transition,
indicating that the reversal is mainly governed by nucleation
and propagation of magnetic domains. For the collinear con-
figuration M�=0 in the whole field loop, where as for the
noncollinear case a clear hysteresis with both smooth revers-
ible and sharp irreversible transitions is observed. This indi-
cates that during the sharp transitions the magnetization in
the nucleated magnetic domains is aligned parallel to the
external field for the collinear coupling configuration, while
it is nonparallel for the noncollinear case. For �H=90°, per-
pendicular to the FC direction, smooth reversible transitions
are observed in both M� and M� loops for both coupling
configurations, indicating that magnetization rotation is the
relevant process during reversal. Remarkably, the M� hyster-
esis loop exhibits a shift along the field axis for the noncol-
linear anisotropy configuration �marked with a vertical
dashed line in the right bottom graph of Fig. 1�b��.

An unusual asymmetric magnetization reversal behavior
is found for the noncollinear coupled FM/AFM bilayer. The
right and left panels of Fig. 2 show the hysteresis loops ac-
quired around the FC direction for negative and positive �H
values, respectively. In general, both smooth reversible and
sharp irreversible transitions are observed in both compo-
nents of magnetization, indicating rotation and nucleation
and further propagation of magnetic domains, respectively.
The asymmetric reversal behavior is found by the differently
rounded M� transitions and different maximum values of M�

observed in the decreasing and increasing field branches of
the hysteresis loop. Similar features were also observed in
other collinear coupled FM/AFM systems.5 In contrast, sev-
eral remarkable differences are found in the present study.
For the noncollinear coupled bilayer, depending of the field
angle, M� can reverse in one semicircle �i.e., M� can be

either always positive or negative� or in both semicircles
�positive and negative�, whereas for the collinear
case M� only reverses in one semicircle. Moreover, the an-
gular range where M� reverses in both semicircles is not
symmetric around the FC direction. For instance, M� re-
verses in both semicircles at �H=−9° whereas only in one at
�H=+9°. Additionally, the reversal asymmetry is not sym-
metric around the FC direction in the noncollinear case.
Magnetization reversal via rotation processes is not always
more relevant in the same field branch but can be found in
either descending or ascending branches of the hysteresis
loop, depending on the sign of the applied magnetic field
angle with respect to the FC direction.

When comparing the angular dependence of the ex-
change bias and the coercivity, the symmetry breaking of the
noncollinear coupling can be clearly observed �see Fig. 3�.
For example, �0HE=0 is not found perpendicular to the
FC direction, but at �H=−81° and +99°. Both coercivity
and exchange bias are not symmetric around the FC
direction, i.e., �0HC�−�H���0HC�+�H� and �0HE�−�H�
��0HE�+�H�. Around the FC direction, i.e., �H=0°, the co-
ercivity displays almost no variation which coincides with
the occurrence of M� reversal in both semicircles �see the
area highlighted around 0° in Fig. 3�. Additionally, the angu-
lar range where an asymmetric reversal behavior is observed
is also not symmetric around the FC direction. In this case,
we assign two critical angles at �−25° and �+40° to ob-
serve asymmetric magnetization reversal. Finally, these criti-
cal angles coincide with the onset of coercivity, i.e., �0HC
�0, the onset of reversible processes, and the maximum
exchange bias values found around the FC direction. In fact,
the induced asymmetries can be exploited to tailor the mag-
netic behavior of FM/AFM systems, e.g., by significantly
reducing �0HC while virtually keeping �0HE unchanged or
having a biased 90° loop.
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FIG. 1. �Color online� Magnetization reversal of a Co/IrMn bilayer for
different FC angles �FC with respect to the FM anisotropy axis. �a� Sche-
matic representation of the anisotropy configuration after the FC procedures.
The size of the arrows is scaled to the experimental values of KU and KE. �b�
Hysteresis loops M��H� �circles� and M��H� �squares� at selected field
angles �H, parallel �top panels� and perpendicular �bottom� to the FC direc-
tion. To clarify the evolution of the magnetization, the two branches of the
experimental loops have been depicted with different filled symbols. The
solid lines are the simulated curves obtained using the SW model with the
anisotropy configurations depicted in �a�.
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FIG. 2. �Color online� In-plane hysteresis loops, M��H� �circles� and M��H�
�squares�, of the noncollinear coupled Co/IrMn bilayer at the labeled field
angles �H. The two panels show measurements acquired at symmetric
angles around the FC direction. To clarify the evolution of the magnetiza-
tion, the two branches of the experimental loops have been depicted with
different filled symbols. The solid lines are the simulated curves obtained
using the SW model with the anisotropy configurations depicted in Fig. 1
�a�.
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All the nonsymmetric magnetic behaviors found experi-
mentally in the noncollinear coupled FM/AFM bilayer are
well reproduced without any fitting parameter with a simple
coherent rotation Stoner-Wohlfarth model5 including KU and
KE misaligned 20°, i.e., the FC angle with respect to the FM
anisotropy direction, as shown the solid lines in the figures.
Similar noncollinear configurations have already been used
ad hoc to model recent experimental observations in ex-
change bias systems.6,12–15 In our case, the values KU and KE
were extracted from the experimental data of the reference
FM film and the FM/AFM bilayers. The same anisotropy
values were used to simulate the behavior of bilayer with
collinear anisotropies, i.e., �FC=0°, shown in Figs. 1 and 3.

In summary, the detailed angular dependence magnetic
studies in exchange biased systems with collinear and non-
collinear uniaxial and unidirectional anisotropies shows
that a number of asymmetries can be induced by the
noncollinearity �e.g., magnetization reversal, �0HE�−�H�

��0HE�+�H� and �0HC�−�H���0HC�+�H��. This reveals
the importance not only of the relative intensity of the dif-
ferent anisotropies in the system but also of the angle be-
tween them. The induced anisotropic behavior can be used to
tailor the magnetic properties in exchange biased systems.
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FIG. 3. �Color online� Angular dependence of exchange bias, �0HE, and
coercivity, �0HC, for the �a� noncollinear and �b� collinear coupled Co/IrMn
bilayer. The range of angles where only reversible processes take place
during the reversal are marked by gray shadowed areas. The angular range
around the FC direction where M� reverses in both semicircles is also
highlighted in light yellow. The symbols are the experimental values derived
from Kerr measurements as those shown in Fig. 2. Continuous lines are the
simulated curves obtained using the SW model with the anisotropy configu-
rations depicted in Fig. 1�a�.
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