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The role of monoatomic steps at the mutual interface between a ferromagnetic and an antiferromagnetic
layer in a Ni81Fe19/Fe50Mn50 exchange bias system is enlightened. For this purpose a special ripple substrate
with a well defined morphology is used. Due to the film morphology a strong uniaxial anisotropy is induced in
the polycrystalline Ni81Fe19 layer, which is fixed in its orientation. By means of different field annealing cycles
the direction of the induced unidirectional anisotropy can be chosen. For all mutual orientations both aniso-
tropy contributions are superimposed independently and the angular dependence of the magnetization reversal
behavior can be described perfectly by a coherent rotation model with one parameter set. In addition it is
demonstrated that the magnitude of the unidirectional anisotropy contribution scales with the step density of
the substrate, which is in full agreement with theoretical predictions.
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A thin ferromagnetic layer experiences a unidirectional
anisotropy when an internal magnetic field is created due to
the exchange coupling to an antiferromagnetic layer of suf-
ficient thickness.1,2 A shift of the hysteresis loop, the so-
called exchange bias field Heb, is observed if the induced
internal field exhibits a well defined direction. This is con-
ventionally achieved by a field annealing cycle, i.e., the mag-
netization of the ferromagnetic layer is aligned along any
desired direction, when the antiferromagnetic layer is cooled
down below the blocking temperature. By doing so the spin
configuration of the antiferromagnetic layer is frozen and
generates an internal magnetic field which acts on the ferro-
magnetic layer. Since in a polycrystalline film the grains are
usually randomly oriented in the film plane, no higher-order
anisotropies are present and the angular dependence of Heb
follows a simple cosine behavior, Heb��M�=Heb�cos��M

−�K1
�, as expected from a coherent rotation model. �M ��K1

�
is the angle between the magnetization direction �field-
cooling direction� and a reference direction. However, if
higher-order anisotropy contributions are present, as, for ex-
ample, magnetocrystalline contributions in epitaxial
systems,3–6 buffer induced anisotropy contributions,7,8 or
shape anisotropy contributions in patterned films,9,10 a com-
plicated angular dependence of the magnetization reversal
behavior is observed. If in addition interfacial roughness
comes into play, even more parameters enter the magnetiza-
tion reversal process,11–13 which further complicate the inter-
pretation. In general, in experimental papers addressing the
effect of interfacial roughness published so far, the amount of
roughness could neither be varied easily nor quantified abso-
lutely. Thus no consensus about the effect of interfacial
roughness on the unidirectional anisotropy could be
achieved.

In this Rapid Communication a special template system is
used which allows us �i� to easily determine the step density
and thus the interfacial roughness, and �ii� to induce a strong
uniaxial anisotropy which is directly related to the highly
anisotropic step distribution. Thereby we can �i� unambigu-
ously determine the roughness induced increase in unidirec-
tional anisotropy, and �ii� since by means of different

magnetic-field annealing cycles the mutual angle between
uniaxial and unidirectional anisotropy can be chosen inde-
pendently, we can study their potential intercorrelation.

In order to create such a template system, self-organized
ripple formation during low-energy ion erosion is employed.
This process is well known for semiconductor surfaces,14,15

where rather high topographic modulations �typically
2–20 nm� can be achieved. However, due to the ion erosion
process the sample surface is amorphized. Ripple formation
has also been studied for metallic surfaces and magnetic thin
films.16–18 In these cases the topographic modulations are
much smaller ��0.2 nm� and so far these investigations are
restricted to single crystalline surfaces. Therefore step-or
morphology-induced anisotropy contributions are always su-
perimposed by magnetocrystalline contributions. In order to
simplify the interpretation of our results, magnetocrystalline
anisotropy contributions have to be circumvented. This has
been achieved by the deposition of initially low anisotropic
polycrystalline Ni81Fe19 films on top of rippled Si surfaces.

The Si templates are created by 500-eV Ar+ sputtering of
a Si�001� wafer with an incident angle of 67° with respect to
the surface normal in high vacuum. A sputter fluence of 1
�1018 ions/cm2 leads to a modulated Si surface which after
deposition of a metallic buffer produces subsequently a high
anisotropic step density �see Fig. 1�. After ion erosion the
templates have been removed from the vacuum chamber
which leads to a natural oxide of 2–4 nm on the surface.
Subsequent to initial atomic force microscopy �AFM� char-
acterization the template was inserted into a molecular-beam
epitaxy system. Prior to film deposition the sample was
heated to 250 °C in order to clean the sample surface. Sub-
sequently the whole layer stack, 2-nm Mn/9-nm
Ni81Fe19/10-nm Fe50Mn50/2-nm Cr, was deposited at room
temperature by e-beam evaporation �Cr, Ni81Fe19, Fe� and
from a Knudsen cell �Mn�, respectively. In order to compare
the exchange bias system with the single ferromagnetic layer,
the antiferromagnetic FeMn layer was deposited on half of
the sample only. Subsequently the surface topography was
reinvestigated by means of ex situ AFM. In order to further
clarify the film morphology, cross-sectional transmission
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electron microscopy �TEM� was performed for a different
sample fabricated using the same recipe.

In Fig. 1�a� an AFM micrograph of the layer stack surface
is shown. The ripple periodicity can be determined to �
=32 nm from the satellite peaks observed in the two-
dimensional �2D�-Fourier transform of the AFM image. A
peak-to-valley height of �2 nm is observed. This corre-
sponds to a mean local inclination of the fiber-textured �111�
surface of 7°, i.e., one monoatomic step per seven atoms.
The rms roughness of the ripple structure is determined to
w=0.74 nm. Although the metallic layer thickness is much
larger than the surface corrugation of the initial template sys-
tem, the ripple structure is reproduced completely with re-
spect to periodicity and modulation amplitude. This can be
observed nicely by inspection of the cross-sectional TEM
image shown in Fig. 1�b�.

For the interpretation of the magnetic measurements one
of the crucial issues is to determine the different anisotropy

contributions with the highest achievable accuracy. There-
fore the whole angular dependence �360°� of the magnetiza-
tion reversal behavior was measured �1° step size� and com-
pared to numerical simulations based on a coherent rotation
model which allows for the calculation of the hysteresis
curves and subsequently of the angular dependence of Heb.
In this extended Stoner-Wohlfarth model19,20 the free-energy
density can be written as

f��M� = − �M� ��H� �cos��M − �H� − K1 cos��M − �K1
�

− K2 cos2��M − �K2
� .

K1 and K2 are the unidirectional and uniaxial anisotropy

constants, respectively, H� is the applied field, and M� is the

magnetization. All angles �i, corresponding to K1, K2, H� , and

M� , are defined with respect to the ripple direction. Since this
direction corresponds to the easy axis of the uniaxial aniso-
tropy �see below�, �K2

=0. The mutual angle ��K1 ,K2� is
then only given by �K1

. For the calculation of the magneti-
zation reversal curves the perfect-delay convention is used,
i.e., the magnetization remains in a local-energy minimum
until the energy barrier between local and global energy
minimum vanishes.

Experimentally �K1
is set by applying a magnetic field of

2 kOe along different directions during a field annealing
cycle. Three different configurations are discussed in the
present Rapid Communication. In order to achieve a com-
plete comparison between experimental and theoretical mag-
netization reversal curves a special graphical data represen-
tation is chosen. The longitudinal magnetization component
is displayed color coded �−M: black; +M: white�. A single
hysteresis curve is displayed as a vertical line from −H→
+H→−H as indicated in Fig. 2. The experimental data are

FIG. 2. �Color online� �a� Angular dependence of the magnetization reversal behavior for three different configurations �left: �K1
=1°;

middle: �K1
=86°; right: �K1

=41°� as sketched. In each case the left �right� image corresponds to the experimental data �simulation�. The
longitudinal magnetization component is displayed color coded �−M: black; +M: white�. One image contains 360 hysteresis curves. �b�
Conventional plots of the measured �full symbols� and simulated �line� magnetization reversal curves for �H=200° for the different
configurations shown above.

FIG. 1. �Color online� �a� AFM image of the surface topography
of the exchange bias layer stack. �b� Cross-sectional TEM image of
the Si ripple and metallic layer structure. The film morphology per-
fectly reproduces the ripple substrate.
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obtained by means of longitudinal magneto-optic Kerr effect
measurements.

The whole angular dependence of the magnetization re-
versal curves, measured and simulated, are shown in Fig.
2�a� for three different configurations of K1 with respect to
K2, i.e., �K1

=0° ,90° ,45°. For all simulations the same an-
isotropy constants K1=7.9�104 erg/cm3 and K2=2.8
�104 erg/cm3 are used. The only free parameter in the
simulations is the mutual angle between both anisotropy con-
tributions �K1

, which has been set to 1° �left column�, 86°
�middle column�, and 41° �right column�, respectively. The
small deviations in �K1

from the nominal values are attrib-
uted to a misalignment during the field annealing procedure,
which causes slight asymmetries in the angular dependence.
With these values of anisotropy and �K1

a perfect agreement
between the experimental data and the numerical simulations
is obtained simultaneously for all three configurations and
also the experimental asymmetries are well reproduced. In
addition, in Fig. 2�b� the measured and simulated magneti-
zation reversal curves are shown for an in-plane angle of
�H=200° in a conventional way. Although both coercive
fields are underestimated by the model in general, the ex-
change bias field, i.e., the loop shift, is reproduced perfectly.
Its angular dependence, which has been extracted from the
experimental and simulated magnetization reversal curves of
Fig. 2, is shown in Fig. 3. Also this data representation dem-
onstrates the perfect agreement between experimental data
and the simulated angular dependence. The origin of mini-
mal discrepancies are asymmetric deviations in coercivity.
However, since no nucleation and domain-wall motion pro-
cesses are considered in our model, the degree of congruence
is still stunning.

The present results demonstrate that both anisotropy con-
tributions are superimposed independently and that no inter-

correlation between them is present. Furthermore, this also
proves that dipolar effects arising from the film morphology
exhibit only a negligible contribution to the unidirectional
anisotropy and thus to the exchange bias effect. For a given
interfacial roughness or step density the direction of the uni-
directional anisotropy does not influence its magnitude.
However, this finally leads to the question of whether the
unidirectional anisotropy is influenced by the amount of in-
terfacial roughness at all.

In order to address this issue, the same layer stack was
deposited on a flat Si�001� substrate which has not been
treated by ion erosion. After deposition both anisotropy con-
stants have been determined using the same procedure as
described above. In Table I the different anisotropy contribu-
tions are compared. The uniaxial anisotropy depends
strongly on the step density and an increase by more than a
factor of 10 is observed. In principle, this enhancement can
have different microscopic origins: �i� dipolar effects due to
the generation of stray fields,21,22 or �ii� step-edge anisotro-
pies due to reduced atomic coordination originating from
spin-orbit coupling.23,24 Based on Schlömann’s theory21 the
dipolar contribution of one rough surface can be calculated
by

K2
dip = 2�M2�w2

�D

with w the rms roughness �0.74 nm�, � the periodicity
�32 nm�, and D the film thickness �9 nm�. Using the experi-
mental values we obtain K2

dip=2.8�104 erg/cm3, exactly the
value determined experimentally. However, since two inter-
faces are involved the calculated K2

dip is even larger than K2.
In any case, it becomes immediately clear that the dipolar
contribution governs the uniaxial anisotropy. In contrast to
epitaxial systems,16 the step-edge anisotropies are negligibly
small. This can be understood considering the fact that the
grains are oriented randomly in-plane and that consequently
the step-edge orientation is random. The possible anisotro-
pies arising from the step edges are thus canceled to a large
extent.

In addition to the uniaxial anisotropy, also the unidirec-
tional anisotropy is increased which can be attributed to an
enhancement of uncompensated spins at the interface for a
rippled interface with respect to a flat one. This is exactly
what is expected11 if a compensated antiferromagnet is con-
sidered. For uncompensated antiferromagnets a decrease in
unidirectional anisotropy is predicted.11 For the FeMn sys-

FIG. 3. �Color online� Angular dependence of Heb �experiment:
full symbols; simulation: line� for the same configurations as in Fig.
2 �top: �K1

=1°; middle: �K1
=86°; bottom: �K1

=41°�.

TABLE I. Unidirectional K1 and uniaxial K2 anisotropy contri-
butions of exchange bias films deposited either on a flat or a rippled
Si substrate. To further characterize the substrates the corresponding
maximum step densities are given.

Flat Rippled

Step density �steps/nm� �0.01 �0.7

Step distance �atomic units� �500 �7

K1 �erg/cm3� 6.6�104 7.9�104

K2 �erg/cm3� 2.5�103 2.8�104
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tem investigated here it is agreed that the magnetic ground
state is the 3Q noncollinear magnetic structure, in which the
magnetic moments align toward the center of the unit cell
and thus create an ideally compensated antiferromagnetic
material.25,26 Consequently, the observed increase in unidi-
rectional anisotropy is in full agreement with theoretical pre-
dictions.

In summary we have demonstrated that a ripple structure
gives rise to an increase of both unidirectional and uniaxial
anisotropy contributions in exchange bias systems in agree-
ment with theoretical predictions. However, the origin of the
increase is different for both cases; dipolar effects �uniaxial
anisotropy� and uncompensated spins �unidirectional aniso-

tropy�. Since the direction of the unidirectional anisotropy
can be set along any in-plane direction with its magnitude
remaining unchanged intercorrelation effects between both
anisotropies can be ruled out. The magnetization reversal
behavior can be perfectly reproduced by an extended coher-
ent rotation model for all different configurations simulta-
neously with one parameter set only.
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