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Angular dependence and origin of asymmetric magnetization reversal
in exchange-biased FeÕ FeF2(110)
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Asymmetric magnetization reversal in exchange-biased Fe/ FeF2 has been analyzed by magneto-optic Kerr
loops transverse to the measuring field. Noncollinear cooling-field and measuring-field directions yield a
complex phase diagram of distinct transverse reversal modes. The phase diagram is simulated by a simple
total-energy-density model, including noncollinear anisotropies and magnetization rotation. Asymmetric magnetization reversal occurs for 360° of cooling-field directions if these are noncollinear with measuring-field and
exchange-bias directions except near easy and hard axes.
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A bilayer system of an antiferromagnetic 共AFM兲 and a
ferromagnetic 共FM兲 layer exhibits a shift of the hysteresis
loop along the field axis, the so-called exchange bias 共EB兲.1–3
This shift may be observed after cooling the system below
the Néel temperature of the AFM in an external magnetic
field. Exchange-biased systems can, in addition to an enhanced coercivity, exhibit a very pronounced asymmetry of
the hysteresis loops.4
The magnetization reversal asymmetry was first investigated by polarized neutron reflectometry 共PNR兲 in Fe/ FeF2.5
Different reversal mechanisms have been attributed to the
left- and right-side coercive fields of the hysteresis loop as
due to, respectively, coherent magnetization rotation and
domain-wall nucleation as well as propagation. While the
former mechanism was identified by a magnetization component transverse to the magnetic-field direction, the latter
was assigned due to the absence of a transverse magnetization component. This behavior raises the general question as
to the origin of this unprecedented asymmetry in any switchable hysteretic physical system. Moreover, the asymmetry
in the hysteresis loop might also be reversed. For instance, in
Co/CoO magnetization rotation has been found only on the
right side of the hysteresis loop.6
A fast and powerful experimental probe of coherent magnetization rotation is the magneto-optic Kerr effect
共MOKE兲,7–9 particularly in terms of its net transverse magnetization component M T, which is perpendicular to the
magnetic field.9 Our initial MOKE measurements on
Fe/ FeF2 gave evidence for coherent rotation only on the
right side of the hysteresis loop, in contrast to the above PNR
results. This called for systematic studies of the magnetization reversal asymmetry as to different directions of the inplane cooling field with respect to the easy axis of the AFM
and of the measurement-field variation about the coolingfield direction. This angular dependence is also aimed at investigating the role of higher-order anisotropies in asymmetric magnetization switching, especially of odd symmetry as
considered previously.10
We present a systematic MOKE study of magnetization
reversal in exchange-biased Fe/ FeF2 in terms of M T, which
may appear generally near the coercive fields.9 Furthermore,
this method allows us to determine the rotational direction
1098-0121/2008/78共1兲/012401共4兲

共chirality兲 of the magnetization vector via the sign of M T.
Asymmetric magnetization reversal here is defined as appearance of a nonzero transverse magnetization component
near only one coercive field of a hysteresis loop.
A totally unexpected behavior of M T is found for different
directions of the initial cooling field all over 360°, about
which the measuring field is varied. For example, for the
cooling field along the easy axis of the AFM FeF2, the variation in the measuring field by only ⫾3° about this direction
results in two asymmetric transverse loops of opposite signs.
In these loops the M T component vanishes on one or the
other side of the hysteresis loop. These loops are simulated
by a simple model describing the coherent rotation of a
single magnetic moment or macrospin using a total energy
density comprising generally noncollinear unidirectional and
fourfold anisotropies. With the same set of parameters, the
model reproduces also the “phase diagram” of characteristic
M T loops for cooling-field directions throughout 360°. We
demonstrate that asymmetric magnetization reversal, originating from the unidirectional 共EB兲 anisotropy, can be observed only along certain “phase lines” for which the
measuring-field direction is noncollinear with both the
cooling-field direction and the direction of the exchange bias.
These field directions coincide throughout 360° only near the
easy and the hard axes. We argue that only coherent rotation
is sufficient in describing asymmetric magnetization reversal
under these rather general anisotropy and angular measurement conditions.
Epitaxial, twinned FeF2共110兲 has been grown by molecular beam epitaxy on a MgO共100兲 single-crystal substrate.
The
complete
multilayer
structure
MgO/ FeF2
共110 nm兲 / Fe 共13 nm兲 / Al 共10 nm兲 consisted additionally
of polycrystalline Fe with 共110兲 texture and an Al cap layer.
Details of the sample preparation and structural characterization are given elsewhere.11
MOKE measurements have been carried out inside a
magneto-optical cryostat with the external-magnetic-field direction aligned parallel to the film plane. A motorized sample
rotator enabled sample rotations by about 360° with a precision of ⫾0.1°. For MOKE we chose a reflection plane parallel to the transverse magnetization component M T of our
sample and perpendicular to the external-magnetic-field di-
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external magnetic field under different angles H ⫽ 0° about
the field cooling angle FC = 0°. For each field step the magnetic moment follows the minimum of a total energy density
E comprising fourfold 共K共4兲兲 and unidirectional 共K共1兲兲
anisotropies. E is given by
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E = − HM cos共 M − H兲 + K共4兲关cos2共 M − 4兲sin2共 M − 4兲兴
+ K共1兲关cos共 M − EB兲兴,
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FIG. 1. 共a兲 Transverse Kerr signal 共Kerr rotation angle K兲,
which is proportional to M T, as a function of magnetic field for
Fe/ FeF2共110兲 at T = 20 K. The sample has been field cooled along
the easy axis of the AFM layer 共FC = 0°兲 in H = 1 kOe. The magnetic field has been applied under different angles H ⬎ 0 共H ⬍ 0兲
by rotating the sample clockwise 共counterclockwise兲. 共b兲 Simulated
M T vs H hysteresis loops for different sample orientations using the
simple model 共see text兲.

rection. To unambiguously detect a pure M T hysteresis loop,
we chose incident light polarized perpendicular to the reflection plane 共s polarized兲. Details of the experimental setup are
described in Ref. 9.
We first investigate how the magnetization reversal depends on the measuring-field direction 共H兲, which we vary
about the cooling-field direction 共FC = 0°兲 along the easy
axis of the antiferromagnetic FeF2 layer 共at 45° with respect
to the AFM twins along the 具001典 directions兲. Figure 1共a兲
shows a series of transverse hysteresis loops taken at T
= 20 K for different sample orientations 共positive angles correspond to a clockwise rotation of the sample兲. The data have
been taken after field cooling at FC = 0° in H = 1 kOe. At
H = −6° we clearly observe an M T component near both
coercive fields, indicating a symmetric reversal. Note that the
sign of M T is positive for both reversal directions, in contrast
to the loop at, e.g., H = 0° with opposite signs of M T. A
reversal similar to that at −6° is also seen at +6° but with the
opposite sign of M T. Most interestingly, M T reverses asymmetrically, i.e., shows a vanishing M T signal on only one side
of the hysteresis loop between 1° and 4° 共−1° and −4°兲 near
the left 共right兲 coercive field in Fig. 1共a兲 共see Fig. 3 for exact
values兲. Note that these angles of sign change of M T near one
coercive field mark the field orientations of asymmetric magnetization reversal. On the other hand, at almost all field
orientations we observe near the coercive fields a doublepeaked M T, which we attribute to coherent rotation of the
magnetization vector. Two peaks of the same sign or alternating signs indicate coherent magnetization rotations in the
same half plane or by 360°, such as in a Stoner-Wohlfarth
model,12 modified here by the relevant anisotropies. This
suggests that coherent rotation of the magnetization may be
the dominant reversal process at practically all stages of reversal.
To explain this scenario, we use a simple model describing the coherent rotation of a single magnetic moment or
macrospin to simulate the prominent features of all M T loops
in Fig. 1共a兲. The reversal of the moment is induced by an

where H describes the external magnetic field and M is the
saturation magnetization of the FM layer; H and  M are the
angles of H and M, respectively, measured relative to the
AFM easy axis. The angles 4 and EB represent the corresponding angles of the fourfold and unidirectional easy axes,
respectively. Note that the cooling-field angle FC does not
enter explicitly. For optimum values of the anisotropy constants, we obtained K共1兲 = −12.1⫻ 103 J / m3 and K共4兲 = 5.25
⫻ 103 J / m3 from the simulations of the transverse Kerr
loops in Fig. 1共a兲. The angles result as 4 = 5° and EB
= 3.5° for FC = 0°. These values were obtained by varying
the parameters in the simulation in order to reproduce the
measured coercive fields, exchange bias, and angles of vanishing M T component on one side of the loop. The fourfold
anisotropy constant K共4兲 of Fe is significantly smaller than
single-crystal values in the literature.13,14 This might be related to the polycrystalline fraction of the Fe film. For M we
use the bulk value of 1760 Oe for iron.14 The value of K共1兲
agrees within a factor of 3 with the one extracted from the
literature.10,15 Note that for K共1兲 = 0, we always obtain StonerWohlfarth-type loops as for FC = H = 0°.
In order to take into account changes in local anisotropies
that might result from the polycrystalline structure of the Fe
layer, we assume a small normal distribution of 4 and EB
with a standard deviation of  = 0.5°. These considerations
enter mainly the line shapes in the simulations displayed in
Fig. 1共b兲. Note that the only variable parameter is the direction of the external magnetic field H. The sign change of M T
on one or the other side of the hysteresis loop proceeds in the
simulation at the same angles as for the measured loops.
Differences in the shape and position of the simulated and
measured loops are attributed to the use of a simple macrospin model in the simulations, which neglects coupling between the magnetic moments and a resulting fanning. This is
evident from more realistic Monte Carlo simulations by
Beckmann et al.,16,17 describing the magnetization reversal
of an averaged ensemble of moments. Nevertheless, our
simple macrospin model of coherent rotation can reproduce
qualitatively all salient features of the magnetization reversal
in the experiments. For example, for −1 ° ⱕ H ⱕ + 1° the
physics of the reversal mechanism in experiment and that in
simulation are identical, despite slight differences in shape.
From our simulation of the experimental data, we conclude
that anisotropies of higher than fourth order and particularly
of odd symmetry do not play a role in describing the reversal
asymmetry in the EB system under investigation. This observation confirms the asymmetric reversal mode simulated by
Beckmann et al. for untwinned16 and twinned17 EB systems.
In addition to the above experiments of varying H about
FC = 0° along the AFM easy axis, we performed measure-
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FIG. 3. 共Color兲 Measured phase lines 共full green squares and
open red circles, averaged for better statistics over the two 180°
intervals兲, determined exchange-bias angle EB 共blue line兲, and resultant simulated phase lines 共green and red lines兲. AFM easy axes
are located near 0° modulo 90°.

ϕFC (deg)
FIG. 2. 共Color online兲 共a兲 Measuring-field angle H at which for
a given cooling-field angle FC the transverse peak disappears
asymmetrically on the left side 共full green squares兲 or on the right
side 共open red circles兲 of the hysteresis loop; 共b兲 phase diagram of
共H − FC兲 as a function of the cooling-field direction FC, with the
phase lines from 共a兲 separating the regimes of symmetrical and
antisymmetrical reversal modes. The regimes are marked by the
corresponding types of transverse magnetization loops.

ments at different cooling-field angles FC ⫽ 0° up to 360°
about which we subsequently varied H, in general with
FC ⫽ H. The measurement-field angles H at which M T
vanished on one or the other side of the loop are displayed in
Fig. 2共a兲 as a function of FC. Obviously for each coolingfield orientation there is a measurement-field angle 共sample
orientation兲 where M T disappears on one side of the hysteresis loop. These phase lines principally follow the coolingfield angle but are superposed by a distinct fourfold “oscillation.” In Fig. 2共b兲 we plot the difference between the
measurement-field angle H and cooling-field angle FC as a
function of the cooling-field direction. This results in the
phase diagram with the phase lines as separations between
symmetrical and antisymmetrical reversal modes. Here the
fourfold symmetry is even more distinct. An additional twofold symmetry, weakly discernible by the maximum values
of both phase lines, is not taken into account to keep the
simulation as simple as possible.
The phase diagram can be understood as follows: For
each cooling-field angle, measuring at a field angle located
above the highest phase line 共below the lowest phase line兲
will exhibit an M T component with two peaks “down” 共“up”兲
on both sides of the loop. For angles in between the two
phase lines, the two transverse peaks show different signs.
This situation corresponds to a 360° Stoner-Wohlfarth-type
rotation, modified here by the relevant anisotropies.
Beyond the above described simulation for FC = 0° in
Fig. 1共b兲, we now attempt to reproduce with the same set of

parameters the complete phase diagram in Fig. 2. One question arises as to the identification of the unidirectional 共EB兲
easy axis 共angle EB兲 for different cooling-field directions
共angle FC兲. Parametrized simulations with different angles
EB show that for the measurement-field angle H = EB, the
calculated M T component exhibits always two peaks of opposite signs. This Stoner-Wohlfarth-type rotation 共in between
the phase lines兲 in most cases does not include the coolingfield direction 关H = FC in Fig. 2共b兲兴. Hence, the latter cannot in most cases be equal to the easy axis of the unidirectional anisotropy.
In order to determine the EB direction for general
cooling-field and measurement-field directions, we carried
out a parametrized simulation of the phase lines for different
values of EB. Comparison between the simulated phase
lines as function of EB and the measured phase lines as
function of FC yields a correlation between EB and FC.
This is represented by the blue line in Fig. 3. The excursion
of EB from the experimentally set values of FC is due to
the anisotropies.
Under this assumption, the simulated phase lines 共green/
red lines in Fig. 3兲 describe the measured phase lines 共full
green squares and open red circles兲 fairly well. Larger deviations appearing in the phase diagram between the experimental data and the simulation for cooling-field angles between
about 45° and 90° can be attributed to the neglect of the
small twofold anisotropy.
Despite these deviations, our simple model with the same
set of parameters is capable of reproducing in first order the
magnetization reversal for cooling-field directions throughout 360°. It is obvious from Fig. 3 that the asymmetric magnetization reversal 共phase lines兲 occurs for cooling-field
angles all over 360° modulo 180°, for measuring fields
which in general do not coincide with FC and EB. All these
fields coincide throughout 360° only near roughly 0° modulo
45°, i.e., near the easy and hard axes.
A recently published paper dealing with asymmetric magnetization reversal in polycrystalline Co/IrMn relates the
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asymmetry of the transverse magnetization component to the
ratio of uniaxial FM anisotropy and unidirectional EB anisotropy as well as to the appearance of finite coercivity.18 However, the authors treated only the special case of collinear
uniaxial and unidirectional anisotropies and did not observe
the appearance of a transverse magnetization component
only on the right side of the hysteresis loop. Moreover, they
did not vary the cooling-field direction and thus did neither
cover nor predict the complexity of the different phases revealed in our work.
In summary, the magnetization reversal in exchangebiased Fe/ FeF2共110兲 as probed by the transverse magnetization component M T exhibits a complex phase diagram of
different reversal modes. The phases depend strongly on the
measuring-field angle H and the cooling-field angle FC,
which is varied about 360°. Only the phase lines mark the
actual locations of truly asymmetric magnetization reversal.
The exchange-bias direction 共angle EB兲 is determined besides the cooling-field direction by the fourfold and unidirec-
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