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We have investigated the correlation between magnetic and structural properties in exchange
coupled polycrystalline CoO/Fe thin films. It has been found that an increase in interface roughness
increases the exchange bias field as well as the coercivity. The magnetization reversal mechanism is
also influenced by the interfacial morphology. Smooth interfaces are characterized by an asymmetric
hysteresis loop, which is associated with domain wall motion for the first magnetization reversal
after field cooling and spin rotation in all subsequent reversals. This asymmetry diminishes as the
interface roughness increases, i.e., all magnetization reversals are dominated by spin rotation.
Moreover, we have observed that the blocking temperature decreases with increasing interface
roughness. We also report on a logarithmic time dependence of the magnetization which is different
for both branches of the hysteresis loop of smooth CoO/Fe bilayers. © 2010 American Institute of
Physics. �doi:10.1063/1.3391470�

I. INTRODUCTION

The interfacial exchange interaction in ferromagnetic
�F�/antiferromagnetic �AF� systems, induced after field cool-
ing through the Néel temperature �TN� of the AF, leads to an
unidirectional anisotropy, referred to as exchange bias
�EB�.1,2 The main features of this phenomenon are a shift of
the hysteresis loop along the field axis, generally known as
the exchange bias field �HEB�, and an increased coercivity
�HC�, which is defined as the half-width of the hysteresis
loop. In some AF/F bilayers the EB effect gives also rise to
an asymmetric magnetization reversal, which can be strongly
affected by “training,” i.e., cycling through consecutive hys-
teresis loops. The training effect is associated as well with a
decrease in the absolute value of HEB and HC with the num-
ber of measured hysteresis loops. The exchange coupling at
the interface vanishes above the so-called blocking tempera-
ture TB. This temperature strongly depends on the AF/F sys-
tem and can be reduced as compared to the bulk TN.

Owing to these unique physical properties and due to the
technological importance of the EB phenomenon, e.g., in
spin-valves3 and tunneling devices,4 EB has been an interest-
ing, though challenging subject since its discovery in 1956.
The EB effect has been observed in a great variety of sys-
tems, including small particles, inhomogeneous bulk mate-
rial or multilayers. Up to now, various theoretical approaches
have been put forward, for a review see,5–9 but an all-
encompassing theoretical microscopic understanding of the
EB phenomenon is still lacking. However, it has become

clear that in order to understand the origin of this effect good
knowledge of structural and magnetic properties, especially
at the AF/F interface, is a crucial factor.

Since it is very difficult to access and modify structural
parameters such as roughness, grain size, crystallinity, etc.
selectively, their precise role in the unidirectional anisotropy
remains unclear. Many contradictory results about the influ-
ence of the microstructure on the EB effect in textured or
polycrystalline AF/F layers have been published. Most inves-
tigations have led to the conclusion that the magnitude of the
EB field is decreasing with increasing film roughness.10–13

However, some systems show an opposite trend �i.e., in-
creasing EB field with increasing roughness�14,15 or even ap-
pear to be not sensitive to the interfacial roughness.16–18 A
nonmonotonic roughness dependence of the EB field has
been reported as well.19 The influence of the grain size14,18 or
the crystallinity20,21 of the films on the interface coupling is
likewise not understood yet.

To investigate the correlation between the microstructure
and the EB behavior bilayer systems are to be preferred since
they can be prepared and characterized in a more controlled
way. Moreover, they play a crucial role in most of EB based
applications. Therefore, we have investigated the influence
of interface roughness on the EB effect in thin CoO/Fe
�AF/F� bilayers. It has been shown that the CoO/Fe system
displays an EB effect and asymmetry that is comparable to
that of CoO/Co.22 The interfacial spin structure as well as the
chemical character of the interface in CoO/Fe bilayers has
also been studied using synchrotron-based techniques.23–26 In
our work, we manipulated the interface roughness by insert-
ing a Ag buffer layer under the CoO/Fe bilayer. Previous
studies have revealed that the morphology of a thin Fe film
can be systematically influenced by first growing a Ag buffera�Electronic mail: claudia.fleischmann@fys.kuleuven.be.
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layer that acts as a template.27 By varying the Ag buffer layer
thickness, the morphology of the successive layers can be
tuned, allowing to obtain AF/F interfaces with varying mor-
phology. This way, we were able to correlate the morphology
of the CoO/Fe bilayers with their magnetic properties, in-
cluding the magnitude of HEB and HC, the shape of the hys-
teresis loops, the magnetization reversal mechanism as well
as the blocking temperature TB.

II. EXPERIMENTAL DETAILS

Thin film Ag/CoO/Fe/Au multilayers were deposited at
room temperature onto oxidized Si�100� substrates using a
molecular beam epitaxy setup with a base pressure of
10−10 mbar. The Ag buffer layers �20–400 Å� as well as a
protective Au capping layer �60 Å� were evaporated from
Knudsen cells with typical growth rates of 0.2 Å/s and 0.4
Å/s, respectively. The Co �20 Å� and Fe �200 Å� layers were
evaporated at a rate of 0.1 Å/s and 0.2 Å/s, respectively,
using an electron-beam gun. Prior to the Fe deposition the
Co layer was oxidized in situ for 90 s in a partial oxygen
pressure of about 5�10−4 mbar. This results in the forma-
tion of a CoO layer with a thickness of approximately 20
Å.28 The lateral dimensions of the films are 20�20 mm2.
The characterization of the Fe surfaces was performed in situ
with scanning tunneling microscopy �STM� prior to the
deposition of the protective Au capping layer. The crystallin-
ity and roughness of the CoO/Fe films were investigated ex
situ by x-ray diffraction �XRD� and x-ray reflectivity �XRR�.
In order to determine the magnetic properties of the system,
vibrating sample magnetometry �VSM� and high-resolution
four-point measurements of the anisotropic magnetoresis-
tance �AMR� were performed in the temperature range 10–
300 K. The cooling field was 0.4 T. During the magnetization
measurements the applied external field Hex was aligned in
the plane of the films and swept from 0.4 to �0.4 T and back
to 0.4 T. This field strength was sufficiently strong to saturate
the films. The electrical current I for the AMR measurements
was oriented perpendicular to Hex within the sample plane.
To determine the evolution of HEB and HC as a function of
temperature the samples were heated to 300 K �above TN� in
between each measurement to avoid the influence of the
training effect.

III. RESULTS AND DISCUSSION

A. Structural characterization

From XRD measurements it was inferred that the depos-
ited layers are polycrystalline and exhibit only a weak tex-
ture. XRR profiles for CoO/Fe bilayers deposited on Ag
buffer layers of varying thickness are presented in Fig. 1
�open circles�. The loss of pronounced Kiessig fringes and
the change in the steepness of the decay of the spectra indi-
cate that the interface as well as the surface roughness in-
crease with increasing Ag film thickness. This confirms that
the Ag layer is acting as a template that determines the mor-
phology of the subsequent layers.27,29 The respective fits of
the measured reflectivity profiles are plotted in Fig. 1 as solid
lines, using the film thickness, roughness, and the density as
input parameters for data fitting.30 Based on these fits we find
that the root mean square �rms� roughness of the Ag layer
increases from 5 to 72 Å ��10%� with increasing Ag film
thickness. This induces a change in rms roughness of the Fe
films from 10 to 49 Å as determined from XRR. For com-
parison, the typical rms surface roughness of the Si /SiO2

substrates is about 5 Å. Table I provides a summary of the
Ag and Fe layer surface roughness ��Ag,Fe� with respect to
the actual Ag layer thickness �tAg�, as extracted from the
XRR profiles.

The influence of the Ag buffer layer on the grain size of
the Fe film was investigated using in situ STM. The topog-

FIG. 1. XRR profiles �open circles� and respective fits �solid lines� for
Ag�x�/CoO/Fe films deposited on an oxidized Si substrate where x repre-
sents the respective Ag film thickness. From upper to lower curve: no Ag
layer, x=21, 96, 144, 151, and 403 Å Ag layer. The curves have been shifted
vertically for clarity.

TABLE I. Relevant structural and magnetic properties for all samples �S1–S6� investigated.

S1 S2 S3 S4 S5 S6

tAg �Å� ¯ 21 96 144 151 403
�Ag �Å� ¯ 5 13 23 43 72
�Fe �Å� 10 17 22 34 25 49
�HEB,i� �mT� 18 11 19 14 17 17
�HEB,t� �mT� 12 6 12 6 9 9
HC,i �mT� 23 31 55 64 79 78
HC,t �mT� 16 23 42 51 64 59
HC,300 K �mT� 4 12 22 27 33 29
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raphy of the Fe films for a CoO/Fe and a Ag�151 Å�/CoO/Fe
sample are shown in Figs. 2�a� and 2�b�, respectively. Both
images reveal a granular structure, where the average in-
plane grain size of the Fe film increases from 150 to 500 Å
when the CoO/Fe films are grown on a 151 Å thick Ag film.
This indicates that the grain size is linked to the roughness of
the films and that the roughness and grain size cannot be
modified independently with the growth process used in this
study. These results are consistent with the previously re-
ported structural properties of Ag/Fe bilayers prepared in a
similar way.29

Although scanning probe microscopy is restricted to the
surface, it has the potential to probe the structural properties
on different lateral length scales allowing for a detailed char-
acterization of the surface morphology.31–33 Figure 2�c�
shows the evolution of the Fe rms surface roughness as a
function of scanning length L for CoO/Fe �filled circles� and
Ag�151 Å�/CoO/Fe samples �open circles�. These data are
taken from STM images recorded on approximately eight
different positions on the surface to account for local fluc-
tuations of the topography. In addition, these images were
subdivided into squares of decreasing linear dimensions.
From the rms roughness versus scan length plot �Fig. 2�c��
three important parameters can be extracted: The vertical
correlation length, i.e., the rms roughness ���, the lateral
correlation length ���, and the roughness exponent ���.34 The
roughness exponent �, determined from the linear part of the
curve with L�� is 0.3 for both samples. This indicates that
in both cases the growth process of the Fe layer is governed
by the same physical mechanisms, which are best described
with the ballistic deposition model.34 The lateral correlation
length � can be determined from the cross-over point of the

curve. For the sample with the Ag buffer layer, � is three
times larger than for the sample without a Ag buffer layer.
This reflects the increased lateral grain size as observed in
the topographic STM images. The rms roughness quoted in
this article is always obtained from the saturation regime L
��. The Ag buffer layer increases the rms roughness �Fe of
the Fe film from 6 to 12 Å. The discrepancy between � when
determined with XRR or STM can be related to the fact that
the x-ray beam probes a different lateral length scale.32 Nev-
ertheless, from both experiments it can be concluded that
with increasing Ag buffer layer thickness the surface rough-
ness and the average lateral grain size of the subsequent lay-
ers increase. As the information on the grain size is limited to
the F layer we will rather base our discussion on the rough-
ness data than on the AF grain size. However, it has to be
pointed out that grain volume effects may play an important
role as well in the interfacial exchange coupling as reported
in Ref. 35.

B. Magnetic characterization

The above described findings allow us to systematically
study the magnetic properties as a function of the AF/F in-
terface roughness. HEB �exchange bias field� as well as HC

�coercivity� are extracted ��1 mT� from the magnetic hys-
teresis loops recorded with VSM for various Ag�x�/CoO/Fe
samples �Fig. 3�. Table I shows a summary of these magnetic
data with respect to the structural properties, whereas HEB,i

�HC,i� and HEB,t �HC,t� are referring to the initial and the
trained system, respectively. We have found that the increase
in interface roughness leads to an increase in coercivity from
4 to 33 mT in the unbiased state at 300 K and from 23 to 79
mT in the biased state at 10 K �Fig. 4, circles�. These results
might be explained with an increased number of pinning
sites in rough films, which oppose the magnetization rever-
sal. The coercivity saturates in both the biased and the unbi-
ased state for Ag roughness values above 45 Å, i.e., tAg

�200 Å. The loop shift �HEB� increases nonmonotonically
with increasing interface roughness, i.e., with increasing Ag
film thickness �Fig. 4, triangles�. The maximum increase in

(a) (b)

FIG. 2. �Color online� Surface topography of Fe films recorded with in situ
STM for a scan area of 500�500 nm2 for �a� CoO/Fe and �b� Ag�151
Å�/CoO/Fe. The average grain size in �a� is 150 Å and 500 Å in �b�. Graph
�c� shows the evolution of the rms roughness as a function of scanning
length L derived from the STM measurements.

FIG. 3. �a�–�d� Initial �solid line� and trained �dashed line� VSM hysteresis
loops recorded consecutively after field cooling in 0.4 T to 10 K. �a� CoO/Fe
and �b�–�d� Ag�x�/CoO/Fe samples with x=21, 96 and 144 Å, respectively.
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HEB due to the increase in interface roughness amounts up to
8 mT for the investigated samples. The fact that HEB does not
vary linear with the interface roughness shows that there is
no simple correlation between the morphology and the EB.
As an example: The sample with a 96 Å Ag buffer layer
exhibits a loop shift of �19 mT, which is comparable to the
EB field for the sample without a Ag buffer layer �HEB=
−18 mT�. The above described experimental findings might
be explained in terms of the random-field model proposed by
Malozemoff.36,37 This model incorporates a rough AF/F in-
terface, which causes the AF to break up into small domains
in the vicinity of the interface in order to minimize the total
energy. Malozemoff predicts HEB values that vary inversely
proportional to the lateral size of the AF domains. The struc-
tural interface disorder induced by a thick Ag buffer layer
may then force the AF to break up into a domain state that is
different from smooth samples, leading to increased HEB val-
ues.

All investigated samples exhibit a pronounced training
effect, i.e., the absolute value �HEB� of the EB field strongly
depends on the number n of consecutively measured hyster-
esis loops. The decrease in loop shift is accompanied by a
reduction in HC, i.e., both �HC1� and HC2 decrease with n,
whereas the training effect is more prominent in the descend-
ing branch than in the ascending branch of the hysteresis
loop. The relative change in HEB and HC upon training does
not show any clear trend with variations in the interface
roughness.

The training effect is also known to considerably affect
the shape of the hysteresis loop. For the CoO/Fe system �Fig.
3�a��, the initial magnetization loop after field cooling exhib-
its a pronounced asymmetry. In the descending field branch,
where the field direction is antiparallel to the cooling field
direction, the magnetization remains in saturation down to
relatively high negative field values before a sudden reversal
takes place. On the other hand, in the ascending field branch
the field range where reversal takes place becomes wider,
leading to smooth edges of the hysteresis loops. This char-

acteristic behavior �asymmetry� can be attributed to a modi-
fication in the antiferromagnet38,39 which is accompanied by
a change in the dominant magnetization reversal mechanism.
Asymmetric hysteresis loops have been reported in literature
for CoO/Co,38,40–42 CoO/Fe,22 and other systems.43 Whereas
the first reversal after field cooling occurs via domain wall
nucleation and motion �DWM�, the second reversal and all
subsequent reversal processes are dominated by spin rota-
tion. Consequently, the above described asymmetry vanishes
for the trained loop. As a result, the trained hysteresis loop
becomes more rounded, i.e., the shape is distinctively differ-
ent from the initial hysteresis loop. An asymmetric magneti-
zation reversal behavior in the smooth CoO/Fe system has
been also observed in polarized neutron reflectometry mea-
surements �data not shown�.

A careful inspection of the hysteresis loops for various
Ag�x�/CoO/Fe samples leads to the conclusion that the above
reported change in the hysteresis loop due to training is most
pronounced in the smooth sample �Fig. 3�a��. For rough
samples the shape of the hysteresis loops does not vary dras-
tically with n. Both, the initial and the trained hysteresis
loops are symmetric and round. From this we might con-
clude that in rough samples the initial magnetization reversal
seems to be different from that in smooth systems.

To identify more precisely the magnetization reversal
processes that are present in the Ag�x�/CoO/Fe samples,
AMR measurements are performed. AMR is a well-
established technique to study the magnetization reversal in
exchange bias systems.22,40,44,45 The AMR effect is originat-
ing from spin-orbit coupling and magnetization direction-
dependent anisotropy in scattering probabilities. In a ferro-
magnetic film the resistance R changes as a function of the
angle 	 between the magnetization and the current direction:
R�	�=R�+
R0 cos2�	�. Here, R� is the resistance with the
magnetization perpendicular to the current and 
R0 is the
difference in resistance between the magnetization parallel
and perpendicular to the current.46,47 Therefore, the contribu-
tion of pure DWM to the AMR effect is negligible since the
magnetic moments in the film are all oriented �anti�parallel
to the applied field direction during magnetization reversal.
On the other hand, a reversal process dominated by spin
rotation causes a change in the AMR effect between a mini-
mum and maximum resistance value. If in saturation the
magnetic moments are aligned perpendicularly to the current
direction a minimum resistance will be recorded. An appre-
ciable increase in resistance indicates the dominance of spin
rotation during magnetization reversal.

The AMR results �Fig. 5� are consistent with the conclu-
sions drawn from the VSM �Fig. 3�. In the smooth sample
we observed a smaller AMR effect, i.e., less spin rotation for
the first reversal when compared to the trained reversals �Fig.
5�a��. This implies that the magnetization reversal is asym-
metric. With increasing interface roughness the difference in
AMR effect between the first and the trained reversals is
slowly decreasing �Fig. 5�b��. For rough samples �Figs. 5�c�
and 5�d�� there is no significant difference in the AMR signal
between the initial and the trained reversals, i.e., the magne-
tization reversal is symmetric.

FIG. 4. �Color online� Evolution of �HEB,i� �triangles� and �HEB,i−HEB,t�
�squares� as well as HC �dots� with the Ag film roughness �and thickness� as
determined from magnetization measurements after field cooling in 0.4 T to
10 K for Ag�x�/CoO/Fe films. The open symbols refer to a CoO/Fe sample
without a Ag buffer layer. The dashed lines are a guide for the eye.
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It is widely accepted that the training effect is related to
a change in the domain state of the AF layer and/or at the
AF/F interface during the initial magnetization reversal. In
smooth samples, the field cooling forces the AF into a single-
domain state. Upon the first magnetization reversal the AF
layer breaks up into a multidomain state, which will trigger a
magnetization reversal via rotation and exhibits a lower HEB

when compared to the initial state. In rough samples, the
interface roughness results in a fragmentation of the AF layer
immediately after field cooling before reversing the magnetic
field.36,37 Consequently, the interfacial disorder �orientation
of the interfacial magnetization� is expected to gradually in-
crease. Therefore, the AF domain structure �at the interface�
that is established during field cooling will be different in
rough samples when compared to smooth samples. As a re-
sult, the training effect, i.e., the asymmetry of the hysteresis
loop is strongly affected by the interface roughness.

The temperature dependence of HEB and HC for samples
with a different interface roughness is presented in Fig. 6 in
the upper and the lower graph, respectively. The reduction in
HEB with increasing temperature is much steeper for the
samples with a Ag buffer layer when compared to the
CoO/Fe sample. Moreover, the rough samples do not exhibit
the linear temperature dependence of HEB that is observed
for smooth CoO/Fe samples.48,49 A fundamentally different
shape of HEB�T� for AF/F interfaces with different structural
disorder has been reported in literature for other systems as
well.50 The blocking temperature TB which is defined as the
temperature above which exchange bias vanishes, decreases
with increasing interface roughness from 150 to 60 K. The
fact that the blocking temperature differs from the bulk Néel
temperature has been explained in literature6 based on finite
size effects, which implies that with decreasing grain diam-
eter �or layer thickness� the Néel temperature of the AF is
reduced. An increase in film roughness is accompanied by an
increased structural disorder. This will result in a reduction in
the AF domain size. As a consequence, finite size effects will
be more pronounced in rough samples compared to smooth
samples, leading to a decrease in the blocking temperature.

Nowak et al.49 claim that the blocking temperature in epitax-
ial CoO/Fe bilayers depends on the stoichiometry, and thus
on the thickness of the CoOx layer and not on the interface
roughness. However, according to Gruyters et al.28,51 the ex-
posure of thin Co films to a reduced oxygen atmosphere
leads to CoO with a 1:1 stoichiometry and a thickness of
around 20 Å. Therefore, we expect the stoichiometry as well
as the layer thickness of the AF to be constant for all inves-
tigated samples and not to be the origin of the change in TB.

The coercive fields HC1 and HC2 for the untrained hys-
teresis loops increase slowly with decreasing temperature.
When the blocking temperature is reached, the coercive field
HC1 increases faster than the coercive field HC2, reflecting
the loop shift along the horizontal axis opposite to the initial
cooling field direction. Consequently, the increase in coer-
cive field with decreasing temperature is more pronounced
for the descending branch of the hysteresis loop, i.e., for
decreasing magnetic field. The behavior of HC1 reflects for
all samples the temperature dependence of HEB. It is remark-
able that the coercive field values HC2 exhibit an inflection
point. This point shifts with increasing interface roughness
toward lower temperatures. To clarify the origin of this ex-
perimental finding more detailed investigations are needed.

In Fig. 7, we present the change in magnetoresistance as
a function of time for a Ag�21 Å�/CoO/Fe sample. The mea-
surements were carried out at the coercive fields on both
sides of the hysteresis loop �HC1 and HC2� after field cooling
to 10 K in 0.4 T. Additionally, the trained system was mea-
sured on the descending field branch, i.e., at HC1. A time-
dependent magnetization is expected for all hysteretic mate-
rials. Consequently, the magnetization of a F material in
absence of EB will change with time when the field sweep is
stopped in the vicinity of the coercive field. Considering the
respective alignment of the current and the external field dur-
ing these experiments �see above�, a decrease in magnetore-
sistance as observed in Fig. 7 is equivalent to a decrease in
the perpendicular component of the magnetization. There-

FIG. 5. �a�–�d� AMR of the initial �solid line� and trained �dashed line� loop
recorded consecutively after field cooling in 0.4 T to 10 K. �a� shows a
CoO/Fe and �b�–�d� Ag�x�/CoO/Fe samples with x=21, 96, and 144 Å,
respectively. The data were taken with the current in plane and perpendicu-
lar to the in-plane magnetic field.

FIG. 6. Temperature dependence of HEB �upper graph� as well as HC1 and
HC2 �lower graph� deduced from the initial hysteresis loops recorded with
VSM after field cooling in 0.4 T to 10 K. The squares correspond to the
CoO/Fe sample. The triangles/dots represent Ag�x�/CoO/Fe samples with
x=96 and 144 Å, respectively.
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fore, the orientation of the magnetic moments in the Fe layer
is not stable as a function of time, but is rather relaxing
toward an �anti�parallel alignment with respect to the exter-
nal applied field. Since the AMR signal originates from the F
layer we cannot draw any conclusions from these measure-
ments concerning the AF spins. Nevertheless, it is known
from literature52,53 that a magnetic relaxation effect also oc-
curs at the interface and/or in the AF layer. Considering the
interfacial exchange coupling between the CoO and Fe film,
it might be expected �though not confirmed experimentally
in this study� that magnetic relaxation could play a similar
role at the interface and the CoO film. The magnetic relax-
ation measured at HC1 after field cooling roughly follows a
logarithmic time dependence �Fig. 7, squares�. This effect
occurs in the loop branch for which magnetization reversal is
dominated by DWM. The other curves �field fixed near HC2

of the initial loop and HC1 of the trained loop� show a weaker
logarithmic dependence with time. In both cases the mag-
netic moments reverse primarily by rotation. The difference
in relaxation behavior for the respective loop branch might
be correlated with the reversal asymmetry found in this
sample �Fig. 5�b��. It has been previously reported54–58 that
for systems with a wide range of energy barriers that oppose
magnetization reversal, e.g., rough films with many pinning
sites and nucleation centers that favor domain wall nucle-
ation, the time dependence of magnetization is logarithmic.
On the other hand, systems with a narrower distribution of
energy barriers, as would be expected in systems that reverse
via spin rotation, show a nonlogarithmic time dependence.
These samples reveal a typical s-shaped variation in the mag-
netization with ln t, as can be seen in Fig. 7 �triangles/
circles�. Therefore, the relaxation behavior found in this
sample may originate from characteristic energy barrier dis-
tributions within the layers. However, it has to be noted that
in the present experiment we have only been probing the
orientation of the magnetization rather than the magnetiza-
tion vector. Moreover, it has to be pointed out that in the case
of an exchange biased system the behavior will be even more
complex due to the interfacial coupling. Therefore, more de-
tailed experiments have to be undertaken in order to obtain a
better understanding of the underlying mechanisms. Never-

theless, it has become clear that due to relaxation effects,
even at low temperatures �10 K�, the interfacial exchange
coupling, i.e., HEB may decrease with time.

IV. CONCLUSION

In summary, we have systematically investigated the in-
fluence of the interface roughness on the magnetic properties
of polycrystalline CoO/Fe exchange biased bilayers. A major
finding is that the magnitude of HEB increases nonmonotoni-
cally with increasing interface roughness. Moreover, we find
that an asymmetric magnetization reversal behavior only oc-
curs in samples with a smooth AF/F interface. In these
samples the first magnetization reversal after field cooling is
governed by domain wall nucleation/motion, whereas all
subsequent reversal processes are dominated by spin rota-
tion. With increasing interface roughness this asymmetry
gradually disappears and spin rotation becomes increasingly
important in the first reversal process after field cooling.

The results of our study can be explained by relying on
theoretical models that take into account the importance of
the AF domain structure and spin configuration at the inter-
face on the exchange bias effect. Based on these models we
assume that the increase in HEB with an increase in interface
roughness is linked to a fragmentation of the AF layer in the
vicinity of the interface. The origin of an asymmetric hyster-
esis loop can be attributed to the transformation of a stable
single-domain state, established in the AF layer during field
cooling, into a less stable multidomain state upon the initial
magnetization reversal. In rough samples the AF domain
structure after field cooling will be distinct from that of
smooth samples due to the roughness-induced fragmentation
of the AF layer. Hence, in rough bilayers the rearrangement
of the magnetic domain structure in the CoO layer upon the
initial magnetization reversal will be different, resulting in a
more symmetric reversal behavior. Our results tend to indi-
cate that in contrast to some previous reports the EB strongly
depends on the interface morphology. Our experimental find-
ings likewise demonstrate that the asymmetry in magnetiza-
tion reversal is a function of the interface roughness.
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