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Domain structures during magnetization reversal
in exchange-biased layers

A. Kirilyuk and Th. Rasing
Research Institute for Materials, University of Nijmegen, Toernooiveld 1, 6525 ED Nijmegen,
The Netherlands

H. Jaffrès, D. Lacour, and F. Nguyen Van Dau
Unité Mixte de Physique CNRS/Thales, Domaine de Corebeville, Orsay, France

The magnetization reversal of an exchange-biased Co/NiO layer is studied with the help of
magneto-optical microscopy, as a function of the angle between the applied magnetic field and the
biasing direction. Based on domain patterns, a model of the magnetization reversal in these layers
is presented. The drastic changes in the domain patterns indicate different domain nucleation
conditions for different directions of the effective field. ©2002 American Institute of Physics.
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The exchange-biased antiferromagnet/ferromagnet bi
ers are very interesting from both technological as well
fundamental point of view. When cooled down in an appli
magnetic field through the Nee´l temperature of the antiferro
magnetTN (TN,TC , whereTC is the Curie temperature o
the ferromagnetic layer!, the hysteresis of the ferromagn
becomes asymmetrically shifted from zero field. In oth
words, the anisotropy of the ferromagnetic layer becom
unidirectional,1,2 its coercivity being increased as well. Se
eral possible mechanisms have been invoked to explain
increased coercivity in exchange-bias systems, such as
versible switching of the antiferromagnet of the antiferr
magnet or inhomogeneous reversal of the ferromagnet.3

Ideally speaking, the unidirectional anisotropy shou
lead to the absence of magnetic domains in such a struc
Indeed, with only one equilibrium azimuthal angle ofM , the
whole sample would rotate coherently into the effective fi
direction. This is in most cases contrary to the experime
observation of magnetic domains in such layers,4–6 although
for some cases, a coherent magnetization rotation has
also reported.7 Measurements of the exchange bias and co
cive field as a function of the applied field angle8,9 are very
informative and provide a good test for the validity of exis
ing theoretical models.10

This article presents a study of the domain patterns d
ing the magnetization reversal in exchange-biased Co/
bilayers, for different angles between the applied magn
field and the exchange biasing axis. In some way, our m
surements are similar to what has been done for the
ferromagnetic layer in spin-valve structures,4 with a corre-
sponding theoretical model.11 The influence of the interface
between the ferromagnet and antiferromagnet, however,
only be studied via the reversal of thepinnedlayer. Domain
patterns have been shown to exist in all investigated confi
rations. In some cases, the whole sample area is reverse
a single high-mobility domain wall producing a very sha
7740021-8979/2002/91(10)/7745/3/$19.00
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edge of the hysteresis loop. We present the complete pic
of domain formation in the magnetization reversal proc
and further discuss the influence of the balance between
directional and uniaxial anisotropy and coercivity.

Our samples were sputtered Co layers on top of N
with a full structure of Si~100!//NiO~300 Å!/Co~150 Å!/
Au~50 Å!. To create the bias, they were post-annealed
300 °C in an applied magnetic field.

The magnetization reversal was studied with the help
spatially resolved magneto-optical Kerr effect~MOKE! as
well as with magnetization-induced second harmonic gen
tion ~MSHG!. The setup was built in such a way that bo
effects could be measured in the same configuration an
the same spot on the sample. For convenience, the trans
magneto-optical geometry was used. The MOKE hystere
loops were measured from the same spot~by size and posi-
tion! where the images were taken, approximately 300mm in
diameter.

For the light wavelength of 800 nm the amplitude of t
Kerr rotation in this configuration was 2QKerr570 mdeg. To
obtain a visible magnetic contrast with such small rotatio
subtraction of the nonmagnetic background is requir
Therefore, the imaging was done in the following way:~a!
saturating the sample in one direction;~b! taking the refer-
ence image;~c! applying the field in the opposite direction
with an amplitude roughly equal to that of the coercive fie
~d! after a given time~5–500 s! the field was switched to a
value roughly in the middle of the hysteresis loop, to achie
a metastable state;~e! taking the image of the domain patter
in this state; and~f! making subtraction of the reference im
age. In this way the images corresponding to various part
the hysteresis loop could be obtained.

It was also possible to record the images directly on
hysteresis loop. Though showing domain patterns, such
ages were of very low quality because of magnetic afte
fect in these samples~slow domain motion in applied field!
5 © 2002 American Institute of Physics
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that restricted the image acquisition time. It was evide
however, that the subsequent field reduction to the cente
the hysteresis loop did not change the patterns but m
them ~meta!stable.

Figure 1 shows the magnetization hysteresis loop m
sured with MOKE in the applied field parallel to th
exchange-biasing axis. The shape of the loop is extrem
square which can be a consequence of either a coherent
netization flip ~such as in monodomain particles! or of the
presence of high-mobility domain walls. Our measureme
~see images in Fig. 1! clearly demonstrate the latter case. O
these images, white~black! domain corresponds to the u
~down! magnetization direction. Small deviations from th
vertical axis are not distinguished.

Except for the difference in the domain wall shape t
pattern is quite similar for both magnetization reversal dir
tions: domains are very large so at the scale of the im
~300 mm! we observe a single domain wall running throu
the sample~compare the opposite case in Ref. 6!. We have
also an indication that the whole sample are~approximately
438 mm2! is reversed by a single domain wall nucleat
somewhere at the edge. Such a behavior is in perfect ag
ment with the square hysteresis loop. The difference in
domain wall shape that is seen at the images~randomly
curved in an easy direction and a sort of ‘‘zig–zag’’ structu
in the hard one!, although reproducible, is not clear at th
point.

There is one little feature, however, that is visible in t
hysteresis loop but not appearing in the images: when
magnetization is saturated opposite to the bias direction
then the field is sweeped back to the ‘‘easy’’ side, there i
little dip in the magnetization before the actual reversal ta
place~shown by an arrow in Fig. 1!. As far as the imaging is
concerned, no change is observed at that point.

When the applied magnetic field has an angleu with the
biasing axis, the magnetization pattern changes~see Figs. 2
and 3!. While the magnetization reversal into the easy dir
tion still takes place via the motion of extended domain wa
~at least for smaller values ofu, u<20°, see Figs. 2 and 3!,
the domains become smaller in the opposite direction. W

FIG. 1. Magnetization hysteresis and domain pattern for the case whe
magnetic field is applied along the exchange-biasing axis.
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that, a characteristic stripe pattern appears on the images
interesting point is that the stripe pattern does not align w
the sample exchange-biasing axis. Indeed, Fig. 2 cle
shows that while the sample is rotated clockwise, the pat
seems to be rotated counterclockwise, and vice versa.

The hysteresis loop shape changes as well~Figs. 2 and
3!. For the positive angle values, the right-bottom corn
becomes rounded while for the negative ones, a kind o
kink appears. Such a change can be explained by an ap
ance of a magnetization component perpendicular to the
plied field, i.e., in the plane of light incidence. The directio
of this component depends on the sign of the angle
therefore in one case, it adds to the total magneto-opt
signal and in the other, it subtracts from it. MSHG measu
ments were used to confirm this ‘‘longitudinal’’ componen
Indeed, the MSHG intensity in thePinSout polarization com-
bination is zero unless there is a component ofM in the
plane of incidence.12 The hysteresis loop measured in th
configuration ~see Fig. 3! clearly shows an increase o
MSHG intensity corresponding to the magnetization

he

FIG. 2. Magnetization hysteresis and domain pattern for the case whe
magnetic field is applied at an angle of610° with respect to the exchange
biasing axis.
IP license or copyright, see http://ojps.aip.org/japo/japcr.jsp
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away from the field axis. A complete analysis of MSHG da
will be published elsewhere.13

At larger anglesu the domains become smaller an
smaller. In addition, the domain pattern is not stable anym
so at some point~at angles of more than 40°! the imaging
becomes impossible, from both resolution~of the order of
2–3 mm! and contrast point of view. For the field directio
orthogonal to the exchange-biasing axis we were not abl
visualize any pattern whatsoever.

We can summarize the magnetization reversal
exchange-biased layer in the following way. After the sam
has been saturated into the easy direction, the applicatio
the opposite magnetic field along the biasing axis leads
creation of a single domain wall that quickly sweeps acr
the sample. As a result, the sample becomes saturated
the ‘‘hard’’ direction. Afterwards the field is swept across t
hysteresis loop again; a slight kink in the hysteresis lo
indicates a partial relaxation of the magnetization. No d
mains can be observed at this point, however. After the fi
reaches the ‘‘positive’’ coercive field value, the magnetiz
tion is finally reversed again via a formation of a large-sc
domain wall. As we have already mentioned, the shape of
domain wall is different for the positive and ‘‘negative’’ re
versals. This difference can probably be explained by
difference in effective magnetic field during the reversal.

The kink remains unclear; the formation of tiny opp
sitely magnetized magnetic domains~not visible on the im-
ages! can be excluded because otherwise such dom
would serve as the nucleation centers during reversal;
presence of a single domain wall is in clear contradict
with this assumption. The MSHG data~see Fig. 3 and Ref
13! clearly show that magnetization may deviate from t
field axis also at this point. In this case, however, it happ
also with the applied field parallel to the exchange-bias
axis.

When the applied field constitutes an angle with the
asing axis, the magnetization reversal changes. First, w

FIG. 3. Magnetization hysteresis and domain pattern for the case whe
magnetic field is applied at an angle of 20° with respect to the excha
biasing axis. Dotted line shows the MSHG intensity hysteresis inPinPout

polarization combination.
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field is swept from the negative saturation value to the po
tive side, there is an obvious relaxation of the magnetizat
into the easy direction, i.e.,the coherent rotationof the
sample magnetization. Then, at a positive coercive field,
reversal takes off by formation of stripe domains directed
some angle with both the applied field and the sample axi
may be supposed that the domains are formed along the
fective field in the sample~i.e., the effective field when the
applied field is given by the positive coercive field value!.
This is a tricky point, however: if the magnetization wa
already tilted to that side, why should the system bothe
create domains at all?

Afterwards the magnetization is finally saturated to t
positive direction.

Reversing the field again allows us to observe the k
on the hysteresis loop without revealing anything on the
main pattern. Also as in the previous case, we observe a
of the magnetization from the field axis~see small bump of
the MSHG intensity in Fig. 3!. After this tilt, the formation
of domains occurs that can be large for small azimut
angles~up to 20°! and stripelike with preferable orientatio
roughly along the biasing axis for large ones. Finally t
magnetization is saturated back into the positive directio

To conclude, the observation of the domain patterns d
ing the magnetization reversal in exchange-biased magn
layers confirmed the domain formation mechanism as
dominating one. The coherent magnetization reversal
found to be responsible for a small part of the total mag
tization change.
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