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Direct Imaging of Asymmetric Magnetization Reversal in Exchange-Biased Fe=MnPd Bilayers
by X-Ray Photoemission Electron Microscopy
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X-ray photoemission electron microscopy is used to probe the remnant magnetic domain structure in
high quality, single-crystalline, exchange-biased Fe=MnPd bilayers. It is found that the induced unidirec-
tional anisotropy strongly affects the overall magnetic domain structure. Real space images of the
ferromagnetic domains provide direct evidence for an asymmetric magnetization reversal process after
saturation along the ferromagnetic hard direction. The magnetization reversal occurs by moment rotation
for decreasing fields while it proceeds by domain nucleation and growth for increasing fields. The
observed domains are consistent with the crystallography of the bilayers and favor a configuration that
minimizes the overall magnetostatic energy of the ferromagnetic layer.
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The exchange bias effect is a result of the coupling at the
interface between a ferromagnet (FM) and an antiferro-
magnet (AFM) that have been field cooled through the
Néel temperature. This exchange bias (EB), represented
by a shifted magnetic hysteresis loop, and found in many
AFM/FM bilayer systems [1–3], shows a variety of un-
usual behaviors that include enhanced coercivity [4], mag-
netic training effects [5], perpendicular coupling [6],
kinked hysteresis loops [7,8] and an asymmetry in the
magnetization reversal process [8–12]. A number of theo-
retical models proposed [7,13–16] have provided varying
insight into the exchange bias phenomenon, but none of
them have been able to provide a comprehensive descrip-
tion of all its salient features.

Recently, there has been considerable effort in under-
standing one of the most important attributes of EB, i.e.,
the fundamental mechanism of hysteresis, with emphasis
on elucidating the intrinsic asymmetry in the magnetiza-
tion reversal process [8–12]. Even though this asymmetry
is now observed in magnetometry measurements of a
number of material systems [17,18], much progress in
understanding the associated reversal mechanisms has
been based on recent studies of a model thin film system
TMF2=Fe (TM is transition metal) [8,9]. Based on inter-
pretations of polarized neutron reflectivity measurements,
it is now understood that the magnetic reversal occurs by
domain-wall motion on one side of the magnetic hysteresis
loop and by magnetization rotation on the opposite side.
However, integral to this interpretation of EB in TMF2=Fe
systems is also the presence of a twinned microstructure of
the TMF2 antiferromagnet. In this Letter we demonstrate
that this phenomenon is more general by using high quality
samples of an alternative model system, MgO=MnPd=Fe,
where the underlying antiferromagnet is a single crystal
and not twinned in microstructure [19,20]. In addition, we
provide real space images of the ferromagnetic domains on
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either branches of the hysteresis loop, using photoemission
electron microscopy (PEEM) [21], as convincing proof of
the asymmetry in the reversal mechanism that is beyond
the scope of indirect scattering measurements. Direct in-
formation of the magnetization distribution of the
exchange-biased Fe=MnPd bilayers in the remanent state
after saturation along different in-plane crystallographic
directions is obtained from the PEEM images.

Thin film heterostructures of MgO=MnPd�380 �A�=
Fe�60 �A�=Pt�10 �A� (nominal structure) were grown epi-
taxially at 375 �C on single-crystalline MgO(001) sub-
strates in an ultrahigh vacuum ion-beam sputter depo-
sition system with a base pressure of 10�9 Torr. The
composition of the MnPd alloy in the samples was deter-
mined by energy dispersive x-ray (EDX) analysis to be
Mn(52 at. %)Pd(48 at. %). A magnetic field (300 Oe) was
applied along the Fe[100] crystallographic direction during
deposition. X-ray diffraction (XRD) texture measurements
revealed that the Fe layer is single crystalline with a (001)
growth orientation whereas the MnPd layer is single crys-
talline with a c-axis normal orientation, albeit with a very
small fraction (<10%) of grains in the a-axis normal
orientation. A more detailed description of the structural
properties of exchange-biased MnPd=Fe bilayers is given
in Refs. [19,20].

The microscopy experiments were carried out utilizing
the PEEM2 x-ray photoemission electron microscope at
the Advanced Light Source. In a photoemission electron
microscope the sample is irradiated by x rays of variable
polarization and photon energy. The resulting emission of
low energy secondary electrons from the surface are then
magnified onto a screen by electrostatic lenses and a spatial
resolution of typically 50 nm [21] can be achieved.
Magnetic contrast of the Fe film is obtained in such a
microscope by using circular polarized x rays and acquir-
ing images at the Fe L3 (706.8 eV) and Fe L2 (719.9 eV)
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core level absorption edges [x-ray magnetic circular di-
chroism (XMCD)]. Images shown here are the result of a
division of these two images. Because the ratio between
these two absorption intensities is determined by the pro-
jection of the magnetization onto the helicity of the incom-
ing light, it allows for the identification of the direction of
the magnetic moments in a domain. The sample was
saturated in a magnetic field of 1500 Oe along a specific
crystal axis before the magnetic domain images were
taken.

Hysteresis loops for the investigated Fe=MnPd sample
are shown in Fig. 1. The magnetic field is applied 0�

(positive field along Fe[100]) (a), 45� (positive field along
Fe[110]) (b), and 90� (c) with respect to the bias direction.
The hysteresis loop is shifted when the unidirectional
anisotropy has a component along the applied magnetic
field while it exhibits an intermediate magnetic state when
the unidirectional anisotropy is perpendicular to the field
[22,23]. Vibrating-sample magnetometer (VSM) measure-
ments on an exchange-biased MgO=Fe=MnPd=Au sample
with pickup coils perpendicular to the applied magnetic
field show that this intermediate state corresponds to a net
magnetic moment along the bias direction [7]. The hys-
teresis loops are shifted by �85 Oe (0�) and �75 Oe (45�)
while the coercivities are �200 Oe (0�) and �110 Oe
(45�). The reduced remanence (Mr=Mtot) for both the
descending and the ascending branch of the hysteresis
loop are close to unity when the magnetic field is parallel
to the bias direction, 0.89 and 0.85, respectively. No PEEM
measurements were therefore carried out for this orienta-
tion. When the field is applied at 45� with respect to the
bias direction along a magnetic hard direction the reduced
remanence is 0.68 (descending) and 0.52 (ascending), re-
spectively. For comparison, in an unbiased Fe(001) film the
reduced remanence is the same on both branches and equal
to 1=

���

2
p

(0.707. . .).
PEEM images from the Fe=MnPd bilayer are shown in

Fig. 2, where the bottom panel of the figure shows the
relationship between the in-plane crystallographic direc-
tions, the bias direction (Fe[100]), and the direction of
FIG. 1. VSM measurements in the direction parallel to the appli
Fe[100]) (a), 45� (positive field along Fe[110]) (b), and 90� (c) with r
(a) and (b), while there is an intermediate magnetic state when the
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saturation for the three cases studied. It also shows a
gray scale legend that links the direction of the magneti-
zation to the image intensity. Note that the gray color cor-
responds to both horizontal magnetization directions, since
XMCD contrast appears between ‘‘up’’ and ‘‘down’’ but
not between ‘‘left’’ and ‘‘right’’ domains. The PEEM im-
age for the descending remanent magnetic state after satu-
ration along Fe[110] is shown in Fig. 2(a). No magnetic
domains are observed in the image. The very weak features
appearing in this otherwise contrastless image are of topo-
graphic origin and lead to a variation of the work function
which does not completely cancel out in the normalization.
The observed domain structure is not related to these
features. Thus, the unidirectional anisotropy (or EB) is
strong enough to pull the sample magnetization to the
bias direction (Fe[100]). In an unbiased Fe(001) film the
magnetization along the two magnetic easy directions next
to Fe[110] is expected to be equal since the probability for
the magnetization to rotate clockwise and counterclock-
wise is the same.

The corresponding PEEM image for the ascending re-
manent magnetic state after saturation along the Fe[-1-10]
direction is shown in Fig. 2(b). Magnetic domains are in
this case clearly visible. The magnetization in the domains
is oriented along three of the four in-plane magnetic easy
directions: Fe[0-10] (gray), Fe[-100] (black), and Fe[100]
(white). As seen, most of the magnetization is along the
Fe[0-10] direction, followed by the Fe[-100] and the
Fe[100]. The domains with the magnetization along the
bias direction (Fe[100]) are due to the induced unidirec-
tional anisotropy; they are not expected in an unbiased
Fe(001) film after saturation along Fe[-1-10]. The domains
with magnetization parallel and opposite to the bias direc-
tion are elongated with a width of �0:5 �m and a length of
�1–5 �m; moreover, the long axes of these domains are
perpendicular to each other with 90� Néel walls oriented
along the Feh110i directions. This type of domain wall is
the most energetically favorable type in ultrathin films with
magnetic easy axes oriented 90� with respect to each other.
It should be noted that both the elongated shape and the
ed magnetic field. The field is applied 0� (positive field along
espect to the bias direction. The hysteresis loop exhibits a shift in
field is perpendicular to the bias direction (c).
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FIG. 2 (color online). PEEM images from the investigated
Fe=MnPd bilayer. The sample was saturated in a magnetic field
of 1500 Oe along Fe[110] (a), Fe[-1-10] (b), Fe[010] (c), and
then measured in zero field. The arrows indicate the direction of
the magnetization in the domains. The bottom panel shows the
relationship between the in-plane crystallographic directions, the
bias direction, and the direction of saturation, while the gray
scale legend links the direction of the magnetization (M) to the
image intensity.
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perpendicular orientation of the Fe[-100] and the Fe[100]
domains are due to the fact that most of the sample mag-
netization is along the Fe[0-10] direction. This means for
the Fe[-100] domains that only domain walls parallel to the
Fe[1-10] (or equivalently Fe[-110]) direction are energeti-
cally favorable. Domain walls parallel to Fe[110] (or
Fe[-1-10]) give rise to stray fields because the magnetiza-
10720
tion is not continuous across these walls. Similarly, for the
Fe[100] domains the magnetostatic energy is minimized
if the domain walls are oriented along the Fe[110] (or
Fe[-1-10]) direction.

PEEM measurements were also carried out after satura-
tion perpendicular to the bias direction along the magnetic
easy Fe[010] direction, which means that the intermediate
magnetic state in Fig. 1(c) is investigated. Magnetic do-
mains are clearly seen also in this case. The magnetization
is either along Fe[100] (white) or Fe[010] (gray), there are
in this case no domains with the magnetization opposite to
the bias direction. In an unbiased Fe(001) film the magne-
tization would remain along Fe[010] when the field is
reduced to zero because it is a minimum energy state.
The Fe[100] domains are due to the unidirectional anisot-
ropy, which is strong enough to pull most of the sample
magnetization (�70%) to the bias direction. The domains
are in this case somewhat longer while the width is roughly
the same. As in the foregoing measurement, both the
elongated shape of the domains and their orientation are
a result of minimization of the magnetostatic energy, only
domain walls along the Fe[1-10] (or equivalently Fe[-110])
direction are energetically favorable. Interestingly, the
same type of stripe domains have also been observed in
an epitaxial Fe(001) film after saturation along a magnetic
hard Feh110i direction [24]. Thus, the PEEM image in-
dicates that the reversal mechanism for this field orienta-
tion is domain nucleation and growth and not moment
rotation. The symmetric hysteresis loop [Fig. 1(c)] sug-
gests that the reversal mechanism is the same on both
branches. For comparison, it has been found that in epi-
taxial Fe(001) films the magnetization reversal proceeds
exclusively by domain nucleation and growth when the
magnetic field is applied along one of the magnetic easy
axes [25], while in exchange-biased NiO=NiFe bilayers the
reversal proceeds by incoherent magnetization rotation
when the field is perpendicular to the bias direction [12].

It is evident from the PEEM images that the induced
unidirectional anisotropy strongly affects the magnetic
domain structure as well as the magnetization processes.
As seen in Fig. 2, the images show no magnetic domains
after saturation along Fe[110] while a clear domain struc-
ture is observed after saturation along the Fe[-1-10] direc-
tion. This strongly indicates that the reversal occurs by
moment rotation for decreasing magnetic fields and pro-
ceeds by domain nucleation and growth for increasing
fields. A single-crystalline Fe(001) film exhibits a magne-
tocrystalline anisotropy with a fourfold symmetry, and the
same type of reversal mechanism on both branches of the
hysteresis loop. In the exchange-biased Fe=MnPd bilayers,
on the other hand, the induced unidirectional anisotropy
along the Fe[100] direction breaks this fourfold symmetry.
The Fe[100] direction is now the lowest energy state and
the Fe[-100] is the highest while the two perpendicular
directions (Fe[010] and Fe[0-10]) are intermediate min-
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ima. Hence, the observed asymmetry in the magnetization
reversal process is therefore most likely a result of the
broken symmetry. It should be noted that our results are
consistent with recent neutron reflectivity measurements
on exchange-biased TMF2=Fe [8,9] bilayers. However, the
opposite behavior has been observed in exchange-biased
CoO=Co=Au multilayers; i.e., the main mechanism for
decreasing fields is domain-wall motion and moment rota-
tion for increasing fields [10]. The reason for this discrep-
ancy is not completely understood. It has been proposed
that the reversal mechanism depends on the properties of
the used AFM materials, the strength of the EB, and the
thicknesses of the layers [10]. The fact that the strength of
the EB and the layer thicknesses of the investigated
Fe=MnPd bilayer are much closer to the corresponding
values for the TMF2=Fe bilayers than to the CoO=Co=Au
suggests that these parameters are of importance.

In conclusion, we have studied experimentally the re-
manent magnetic domain structure in high quality, single-
crystalline, exchange-biased Fe=MnPd bilayers. Direct
imaging by PEEM clearly shows that the exchange bias
strongly affects the overall magnetic domain structure.
Moreover, we offer direct evidence for an asymmetric
magnetization reversal process when the field is applied
along the ferromagnetic hard direction. The magnetization
reversal occurs by moment rotation for decreasing fields
while it proceeds by domain nucleation and growth for
increasing fields. The observed domains are consistent
with the crystallography of the bilayers and favor a con-
figuration that minimizes the overall magnetostatic energy
of the ferromagnetic layer.
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