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Abstract. Patterned Co/CoO thin film structures have been investigated by magnetization and polarized
neutron reflectivity measurements in order to study the influence of finite size and shape anisotropy effects
on the magnetization reversal. An anomaly was found in the upper branch of the hysteresis loops, probably
caused by incomplete bias in the patterned structures. The asymmetry in magnetization reversal mechanism
commonly found in the two branches of the hysteresis loops of unpatterned Co/CoO layers is altered in
the patterned structures, consistent with the existence of interfacial domains.

PACS. 75.70.Cn Magnetic properties of interfaces – 75.25.+z Spin arrangements in magnetically ordered
materials

1 Introduction

The steady advance in lithography and deposition tech-
niques has created opportunities for the production of
well-defined micron and nanometer sized magnetic struc-
tures. From a scientific point of view, the motivation is
twofold: first, new physical effects are encountered when
the mesoscopic regime is explored in which the size of
the magnetic structures becomes of the same order of
magnitude as some relevant physical length scale [1,2] or
when the magnetic entities interact with each other [3],
with a semiconducting layer [4], or with a superconduct-
ing layer [5,6]. The second main reason is that the better
understanding of the physics governing these mesoscopic
structures can be used in large-scale industrial applica-
tions like, e.g., magnetic storage media, computer memo-
ries, and sensors. The latter is certainly the case for pat-
terned exchange bias structures. Although exchange bias
materials are already commonly used in certain devices,
the precise mechanism of the exchange bias effect has not
yet been elucidated [7,8] and there is currently ample at-
tention for the influence of finite size and artificially im-
posed anisotropy effects on exchange bias [9–16].
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In this paper we discuss magnetization measurements
carried out with a superconducting quantum interference
device (SQUID) and with a vibrating sample magnetome-
ter (VSM), as well as polarized neutron reflectivity (PNR)
experiments. Our aim is to study the effects of finite
dimensions and shape anisotropy on the exchange bias
behavior of patterned Co/CoO structures. PNR has the
particular and unique advantage of providing a magnetic
depth profile and direct information about the magnetiza-
tion reversal mechanism [17,18]. This is a very attractive
feature for the study of particular exchange bias systems,
such as Fe/FeF2 and Co/CoO where it has been observed
that the magnetization reversal mechanism can be differ-
ent in the descending and the ascending branches of the
hysteresis loop [19–22]. Two types of patterns will be dis-
cussed: small squares (with a side between 200 nm and
900 nm and set in a square grid with period varying be-
tween 1000 nm and 1700 nm, respectively) and wires with
a very high aspect ratio (width of 2 µm and length of
2 cm). The lateral period of the wires is 15 µm.

2 Experimental details

The samples were prepared by a combination of lithogra-
phy methods and deposition techniques. A resist mask was
made on oxidized Si wafers, after which the deposition of
the magnetic material occurred. A lift-off step in boiling
acetone removes the resist. For the small squares electron
beam lithography was used. An area of 5 mm by 5 mm
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Fig. 1. SEM pictures of the square Co/CoO structures. The
white marker corresponds to a length of 1 µm. The side of
the squares is (a) 900 nm, (b) 800 nm, (c) 400 nm, and
(d) 200 nm and the center-to-center distances are 1700 nm,
1600 nm, 1200 nm, and 1000 nm, respectively.

was patterned, which is sufficient for SQUID magnetiza-
tion measurements but too small for PNR experiments.
Figure 1 shows scanning electron microscope (SEM) pic-
tures of the different samples.

For the wires, with the view on the PNR experiments,
UV-lithography was used and an area of 4 cm2 was pat-
terned. The magnetic layer is prepared by DC magnetron
sputtering, followed by an in-situ oxidation by exposing
the sample to pure oxygen at a pressure of 10−4 torr dur-
ing 90 s. No buffer or cap layers were deposited. For the
squares the Co thickness was approx. 22 nm, while for
the wires it was 12 nm. The CoO thickness is inferred
from X-ray reflectivity measurements to be 2 nm. Fig-
ure 2 shows an atomic force microscopy (AFM) picture of
the wire sample surface.

The neutron reflectometer V6 of the Hahn-Meitner-
Institut [23] was used for all our PNR investigations. It
is a typical setup for a neutron reflectometer at a reac-
tor source using a graphite monochromator in combina-
tion with a Be filter to produce a monochromatic neutron
beam. At the V6 a wavelength λ = 0.466 nm is used. The
neutron beam is collimated by two slit systems consist-
ing of neutron absorbing diaphragms made of Cd plates.
The neutrons coming from the reactor are not polarized
and have a randomly distributed spin orientation. Hence,
the beam needs to be polarized, which can be done very
efficiently by supermirrors. They filter out one spin com-
ponent by exploiting the fact that the transmission and re-
flection coefficients are different for spin-up and spin-down
neutrons. Spin-up neutrons have their spin oriented paral-
lel to the external field, whereas spin-down neutrons have
antiparallel spin with respect to the external field. At the
V6 the supermirrors consist of FeCo/Si multilayers pro-
viding an average beam polarization of 98.5 percent. The
down-neutrons are transmitted and used for the experi-
ment whereas the up-neutrons are reflected and absorbed
in the diaphragm. The spin-up neutrons are produced by a
Mezei-type spin flipper which rotates the neutron spin by

Fig. 2. Atomic force microscopy picture of the Co/CoO wire
structures. The period of the parallel wire structure is equal to
15 µm.

180 degrees by precession around a perpendicular mag-
netic field supplied by a coil. After the reflection at the
sample surface the neutron spin can be analyzed by an
additional supermirror. All four scattering cross sections,
i.e. the non-spin flip (NSF) intensities Iuu and Idd as well
as the spin flip (SF) intensities Iud and Idu can be mea-
sured. The “u” denotes up-neutrons and the “d” denotes
down-neutrons. The first superscript is the spin state be-
fore the reflection, the second one after the reflection. The
reflected neutrons are recorded either by 3He pencil detec-
tors or by a position sensitive detector (PSD). The PSD
is a multiwire proportional counter with an active area of
about 180 × 180 mm2 and a spatial resolution of 1.5 mm.
All data presented here have been corrected for inefficien-
cies of the optical elements.

The NSF intensities Iuu and Idd are both generated
by magnetization components (anti)parallel to the neu-
tron spin, while the SF intensities Iud and Idu are gener-
ated by magnetization components perpendicular to the
neutron spin. For a fully magnetized sample, the intensi-
ties Iuu and Idd differ. The spin flip intensities Iud and Idu

are always equal to each other. The ability to measure
separately these four neutron cross sections provides the
possibility to determine the in-plane components of the
magnetization vector. This allows to discriminate between
different possible magnetization reversal processes: when
domain wall nucleation and motion is occurring, all mag-
netization vectors are either parallel or antiparallel to the
applied field and NSF intensity will be recorded; in case
of reversal by rotation, there will be magnetization com-
ponents perpendicular to the applied field and, hence,
a SF signal. PNR has been successfully used to study
magnetization reversal in patterned ferromagnetic struc-
tures [24–29]. The use of the off-specular scattering geom-
etry allows to study even small structures and relatively
small sample areas.

3 Magnetization measurements

Figure 3 shows the low temperature hysteresis loops for
the Co/CoO squares with size 900 nm (a), 800 nm (b),



K. Temst et al.: Magnetization and polarized neutron reflectivity experiments on patterned exchange bias structures 263

Fig. 3. Hysteresis loops of the Co/CoO square dot arrays with
four different dot sizes. All magnetization curves have been
measured after cooling the array in a field of 0.4 T. The arrows
indicate the anomaly in the upper branch of the hysteresis loop.

400 nm (c), and 200 nm (d), respectively. The loops are
measured after cooling the arrays in an in-plane magnetic
field of +0.4 T, applied parallel to the side of the squares.
Loop (c) was measured at a temperature of 10 K, while
the other loops were measured at 5 K. Loop (b) was ob-
tained by the SQUID, while the other loops were measured
in the VSM. All loops were corrected by subtraction of
the diamagnetic background caused by the substrate. The
more reliable determination of zero magnetization for the
SQUID measurements allows one to identify the presence
of small vertical shifts of the hysteresis loops, which may
be linked to the freezing of uncompensated spins.

The magnetization curves in Figure 3 reveal an asym-
metry which strongly depends on the magnetic dot size: a
small shoulder appears in the upper branch of the magne-

Fig. 4. Hysteresis loops of the Co/CoO wire array after cooling
in a field of 0.4 T. The upper panel shows the loop with the
field perpendicular to the wires; the lower panel for the field
parallel to the wires.

tization curve in Figure 3a, and this shoulder (indicated
by the arrows in Fig. 3) becomes more pronounced as
the size of the dots is reduced, leading to an apparent
destruction of the exchange bias effect for the smallest
dots in Figure 3d [13]. The presence of a partly unbi-
ased Co layer which is free to move with the externally
applied field might explain the origin of this anomaly in
the upper branch of the hysteresis loop. This was inferred
from minor magnetization loops, which indicate that the
observed loops are a superposition of a normal ferromag-
netic loop and an exchange bias-shifted loop. The relative
importance of the unbiased parts increases with decreas-
ing dimension of the Co/CoO squares and only a small
fraction of biased material remains for the dots with a
side of 200 nm. Since the squares are sufficiently close to
each other, magnetostatic coupling between the dots may
also play a role in enhancing this effect. Apart from the
anomaly, it can be observed that the coercivity of the loops
increases with decreasing dot size. It has been argued that
this may be due to the role of the edges of the patterned
structures as barriers for domain wall propagation [15].

Figure 4 shows hysteresis curves (measured using the
VSM) of the Co/CoO wires at 5 K after field cooling (in
a field µ0H = 0.4 T) in fields perpendicular or parallel
to the wires. The upper panel of Figure 4 shows the hys-
teresis curve taken with the field applied perpendicular
to the wires; the lower panel shows the hysteresis curve
taken with the field applied parallel to the wires. In the
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perpendicular configuration the hysteresis loop clearly
shows an entirely different shape compared to the parallel
configuration. The hysteresis loop in the parallel configu-
ration has a symmetrical shape, while in the perpendicular
configuration the hysteresis loop shows a more asymmetric
behaviour. In both configurations the exchange bias shift
and the coercivity are comparable. They are also compa-
rable to the exchange bias shift and coercivity measured in
an unpatterned Co/CoO reference film. Again an anomaly
can be observed in the upper branch of the hysteresis loop.
The magnitude and shape of the anomaly depend on the
direction of the magnetic field.

4 PNR experiments

Reference PNR measurements (not shown) on an un-
patterned Co/CoO film reveal that the two branches of
the hysteresis loop are characterized by different rever-
sal mechanisms: domain wall nucleation and motion in
the descending (left) branch and rotation in the ascend-
ing (right) branch, in agreement with earlier observa-
tions [20,22].

The upper panel of Figure 5 shows the spin-analyzed
specular reflectivities measured at T = 10 K (the tem-
perature used for all the PNR measurements on the
Co/CoO wires) when the wire sample is at the first co-
ercive field (left hand side branch of the hysteresis loop).
It is subjected to a field µ0H = −0.09 T perpendicu-
lar to the wires (after field cooling in a field of 0.4 T
perpendicular to the wires). The reflectivity is obtained
by normalizing the experimentally observed reflection in-
tensity to the intensity in the total reflection regime.
The non-spin-flip (down-down and up-up) reflectivities
are denoted by Rdd and Ruu, respectively. The spin-flip
(down-up and up-down) reflectivities are denoted by Rdu

and Rud, respectively.
It can be observed that there is no magnetic splitting

between the two NSF-signals. This is consistent with the
absence of a net magnetization at the coercive field. The
SF signal is very low and its magnitude is comparable to
that measured when the sample is in the saturated state
(not shown). These observations point to the presence of
domain wall nucleation and motion which has set in for
the magnetization reversal. It should be noted, however,
that the near absence of a SF signal might also occur if
the magnetic domains are much smaller than the coher-
ence length of the neutron beam, leading to a situation
where the perpendicular component of the magnetization
in those domains averages out to zero and, therefore, is
invisible in the SF signal. This will be investigated in the
future by low-temperature domain imaging techniques.

The situation is different at the second coercive field
(right hand side branch of the hysteresis loop). The lower
panel of Figure 5 shows the spin-analyzed specular re-
flectivity at µ0H = 0.012 T. Again there is no splitting
between Rdd and Ruu, indicating the coercive state. There
is now also a clear enhancement of the spin-flip intensity
(the spin-flip signal lies closer to the non-spin-flip signal
than at the first coercive field, see upper panel of Fig. 5),

Fig. 5. NSF and SF neutron reflectivity at 10 K at the first
(upper panel) and second (lower panel) coercive field of the
Co/CoO wire sample for a field applied perpendicular to the
wires. Prior to this experiment, the sample was cooled in a field
of 0.4 T perpendicular to the wires.

pointing to the presence of a significant magnetization per-
pendicular to the applied field. This is consistent with a
magnetization reversal occurring (mainly) by magnetiza-
tion rotation. This is in agreement with the observations
made on unpatterned Co/CoO films where different rever-
sal mechanisms are active in the different branches of the
hysteresis loop [20,22].

This should now be compared with the situation where
the field is applied parallel to the Co/CoO wires. Prior
to the measurement, the sample was cooled in a field
µ0H = 0.4 T parallel to the wires. The upper panel of
Figure 6 shows the situation at the first coercive field
(µ0H = −0.12 T, applied parallel to the wires). In the
coercive state there is no clear difference between the Rdd

and Ruu reflectivities. The SF reflectivities are again very
low and indicate that the magnetization reversal occurs
by domain wall nucleation and motion.

At the second coercive field (µ0H = 0.02 T), shown
in the lower panel of Figure 6, the situation is compara-
ble to the first coercive field, i.e., no enhancement of the
SF intensity can be observed. This indicates that, for a
field parallel to the lines, the magnetization reversal in
both branches of the hysteresis loop occurs by domain
wall nucleation and motion. The hitherto observed asym-
metry in reversal mechanism is therefore suppressed in
this configuration.
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Fig. 6. NSF and SF neutron reflectivity at 10 K at the first
(upper panel) and second (lower panel) coercive field of the
Co/CoO wire sample for a field applied parallel to the wires.
Prior to this experiment, the sample was cooled in a field
of 0.4 T parallel to the wires.

5 Discussion of the PNR experiments

The PNR results suggest the following model of the mag-
netization reversal in a magnetic field perpendicular to
the wires. At the first coercive field the reversal occurs via
domain nucleation and domain wall propagation. Radu
et al. [22] suggested the presence of ‘interfacial domains’
which are strongly coupled to the antiferromagnet and
which do not get aligned with the external field direc-
tion, even in saturation. Near the interface, the magneti-
zation in the Co layer is not free to follow the external field
and, hence, a magnetization depth profile is created in the
layer. These interfacial domains act as seeds for the sec-
ond magnetization reversal which then occurs via domain
rotation. Welp et al. [30] observed with magneto-optical
imaging that during the first reversal an irregular domain
pattern is created with typical domain sizes ranging be-
tween 5 µm and 10 µm. This domain structure cannot be
erased, even in high fields. For a field perpendicular to the
wires, the interfacial spins will align along the length of
the wires, a direction favoured by the shape anisotropy.
The interfacial spins will be available to seed the rever-
sal by rotation at the second coercive field and, indeed,
an enhanced spin-flip signal is observed. When the field
is applied parallel to the wires, the formation of interfa-
cial domains with spins aligned perpendicular to the long
axis of the wires is not favored due to the strong shape

anisotropy. In this case the interfacial domains cannot act
as seeds for a second magnetization reversal by domain
rotation. Instead the second magnetization reversal pro-
ceeds also via domain growth and domain wall motion,
similar to the first magnetization reversal.

6 Conclusions

The influence of finite dimensions and shape anisotropy
was studied in patterned Co/CoO structures. Magne-
tization measurements have revealed an anomaly in
one branch of the low-temperature hysteresis loop, as well
as a trend for increasing coercivity with decreasing fea-
ture size. Polarized neutron reflectivity was used to study
the influence of shape anisotropy on the asymmetric mag-
netization reversal commonly observed in Co/CoO struc-
tures. For a field perpendicular to the wires the asymmetry
observed in unpatterned films is retained, but for a field
parallel to the wires the magnetization rotation in the as-
cending branch of the hysteresis loop is suppressed. This is
consistent with a picture in which interfacial domains are
formed during the first reversal starting from saturation:
in patterned samples the shape anisotropy will favor or
inhibit domain formation depending on the orientation of
the applied field. Work is under way to study more system-
atically by PNR structures with different sizes and aspect
ratios, as well as the behavior of the asymmetry when the
measurement field is applied under an angle with respect
to the cooling field direction, as was recently discussed
theoretically [31].
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15. J. Sort, B. Diény, M. Fraune, C. Koenig, F. Lunnebach,
B. Beschoten, G. Güntherodt, Appl. Phys. Lett. 84, 3696
(2004)

16. V. Baltz, J. Sort, B. Rodmacq, B. Diény, S. Landis, Appl.
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