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We present a study of the influence of substrate roughness on the magnetic properties of thin fcc Co films
�7 and 17 nm thick� grown on Cu�001�/Si�001�. A significant decrease in cubic anisotropy with increasing film
roughness was observed with Brillouin light scattering and magneto-optical Kerr effect magnetometry. In
addition, the rougher samples showed a substantial broadening of the spin wave peaks. Both effects were found
to be more pronounced for the thinner Co layers. Our observations are discussed in the framework of a
theoretical model which takes into account the morphology of the Co films as measured by atomic force
microscopy. While roughness effects are usually discussed in the context of Néel’s “orange-peel” model, we
propose a qualitatively different effect in this work whereby the magnetization follows coherently the substrate
morphology �“undulating” state� resulting in the absence of magnetic surface charges. This magnetic configu-
ration gives rise to a reduction in the magnetic anisotropy of epitaxial thin films, which is in good qualitative
agreement with the experimental observations.
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I. INTRODUCTION

Roughness at surfaces and interfaces has crucial implica-
tions for the physics of thin films and multilayer systems,
and several methods and experimental techniques have been
developed to provide a good microscopic characterization of
the surface morphology, such as x-ray scattering and atomic
force microscopy �AFM�. Magnetic systems, in particular,
have been shown to be very sensitive to the surface morphol-
ogy and roughness, the latter affecting the magnetic M-H
characteristic,1–3 the magnetization switching mechanism,4

and the effective magnetic coupling in multilayer systems5

through the so-called orange-peel effect.6 The latter effect is
of special importance in the context of giant magnetoresis-
tance and tunnel magnetoresistance multilayer structures.7–10

In Néel’s orange-peel model, the effect of surface rough-
ness is that of creating a surface magnetic charge distribution
that contributes an extra term to the magnetic energy. This
additional magnetostatic energy term leads to a reduction in
the perpendicular uniaxial surface magnetic anisotropy,11–13

but otherwise is isotropic in the plane of the film. A different
magnetic configuration may be envisaged in ultrathin films
when the magnetization distribution follows coherently the
substrate morphology. In this case, volume instead of surface
charges are generated, in direct contrast to the orange-peel
effect; adapting Néel’s analogy for the configuration we pro-
pose, one could speak of an “apple-peel” effect, where the
magnetization follows smoothly the surface profile of the
substrate. For ultrathin epitaxial magnetic films, this mecha-
nism will result in an extra contribution to the magnetic
anisotropy.14

For our experimental studies of the effect of roughness on
the magnetic properties of thin epitaxial films, we chose to
investigate fcc Co layers grown on Cu�001�/Si�001�. This is
a well studied and characterized system,15–17 allowing us to

directly relate any observed changes in magnetic behavior to
the morphology of the film. By modeling the roughness con-
tribution to the effective magnetocrystalline anisotropy con-
stants, we are able to explain the observed decrease in aniso-
tropy. Our model furthermore enables us to quantify the
contribution of film roughness to the magnetic anisotropy as
a function of the roughness parameters of the epitaxial mag-
netic film.

II. SAMPLE GROWTH AND SURFACE MORPHOLOGY

For the present study, two sets of epitaxial fcc Co samples
were prepared with different nominal film roughnesses. The
Co films were deposited onto 100 nm thick Cu�001� buffer
layers grown on undoped Si�001� substrates with different
surface treatments: a smooth surface was obtained after re-
moval of the native oxide layer of a polished Si wafer upon
etching in a 10% HF solution for 10 min prior to the sample
growth; a rougher Si substrate was obtained by reactive ion
etching the Si substrate using SF6+O2 for 1.5 min, after
which it was etched in a 10% HF solution for removal of
native oxides prior to the metal growth. The metal layers
were deposited in an ultrahigh vacuum molecular beam epi-
taxy chamber, with a base pressure of �3�10−10 mbar. The
layer thickness was monitored by a calibrated quartz mi-
crobalance. A 100 nm thick Cu�001� layer was deposited on
the Si substrate, which develops an ordered �001� surface
rotated by 45° with respect to the Si lattice, suitable for ep-
itaxial growth of the fcc Co phase, which grows in registry
with the Cu�001� surface;16,17 two Co thicknesses were stud-
ied, 7 and 17 nm. A 4 nm thick Cu layer was deposited onto
the Co layers so that a similar interface is present at the top
and bottom, and the structure was finally capped with 3 nm
Au in order to prevent oxidation during the ex situ measure-
ments.
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In Fig. 1, we show reflection high energy electron diffrac-
tion �RHEED� images of the Si�001� substrate and the Co
layer for the rough and smooth samples; it is observed that
while the smooth Si substrate presents streaky diffraction
spots and Kikuchi lines �Fig. 1�a�� characteristic of smooth
surfaces, the rough Si substrate shows a diffraction pattern
�Fig. 1�b�� typical of rough substrates with large asperities,
corresponding, in fact, to a transmission diffraction pattern.
The RHEED patterns of the Co layers �Figs. 1�c� and 1�d��
also show that the film grown on the rougher Si substrate
displays much broader diffraction spots, indicative of a much
rougher Co film.

This qualitative assessment of the surface morphology
was confirmed and quantified by AFM and scanning electron
microscopy �SEM� measurements. Characteristic AFM im-
ages of the 7 nm thick Co samples are shown in Fig. 2,
revealing a significant difference in the degree of film rough-
ness. Values for the roughness correlation length � and am-
plitude � of all the investigated samples extracted by fitting
the autocorrelation function determined from the measured
AFM data are given in Table I. While � is found to be almost
identical for the four Co films, � is larger by a factor of 10
for the rough samples. Similar results were obtained by SEM
�not shown�.18 For the rough samples, � is of the same order
of magnitude as the Co film thickness. Furthermore, the
roughness parameter 4� /� �i.e., the average “slope” of the
film roughness� is relatively large for both rough Co samples
�0.28±0.03 for the 7 nm and 0.28±0.02 for the 17 nm Co
samples�. If we assume that the undulation of the Co layer
follows the surface morphology of the bottom Cu layer �i.e.,
both Co/Cu interfaces are coherent�, which ought to be the
case since Co tends to grow in a layer by layer mode on
Cu�001� surfaces,15 a cross-section profile as depicted in the
inset of Fig. 7 would be expected. This picture is further
supported by the fact that 4� /� is, within errors, identical for
both Co thicknesses, i.e., no smoothening of the films is
observed when more material is deposited. In order to further
investigate the detailed sample structure, we performed
cross-sectional transmission electron microscopy �TEM�
measurements on the rough 17 nm Co sample. A character-

istic TEM image is shown in Fig. 3. While the Cu and Co
layers cannot be distinguished in our experiments �due to
their similar transparencies for the electron beam energy
used, 200 keV�, the Au film can be clearly identified. It
grows in registry with the underlying Cu surface and exhibits
a relatively uniform thickness in the whole sample area
probed. The details of the surface morphology �� and �� are
in reasonable agreement with the AFM results �see Table I�.
However, it has to be noted that the Si/Cu interface and the
Cu/Au interface do not seem to be coherent. A possible ex-
planation for this observation may be interdiffusion at the
Si/Cu interface, resulting in the formation of a Cu silicide
layer possibly enhanced due to the TEM sample preparation
procedure. This would also account for the fact that the
total thickness of the metal structure measured with TEM
��170 nm� is larger than its nominal thickness �124 nm�. It
is apparent that our TEM data do not allow for definite con-
clusions on the exact morphology or thickness uniformity of
the Co layer. However, taking into account the corrugation at
the Cu/Au interface �Fig. 3�, which is in close proximity
�4 nm� to the relatively thin Co layer, it is safe to assume that
the Co film exhibits a significant degree of undulation. Nev-
ertheless, a decrease in thickness uniformity for the rougher
films cannot be ruled out completely.

III. MAGNETIC CHARACTERIZATION

The influence of film roughness on the magnetic proper-
ties of thin fcc Co films grown on Cu�001�/Si�001� was in-
vestigated by means of Brillouin light scattering �BLS�, su-
perconducting quantum interference device �SQUID�

(a)

(c) (d)

(b)

FIG. 1. RHEED images along the �110� Si�001� azimuth of the
�a� smooth and �b� rough Si�001� substrate, as well as the �c�
smooth and �d� rough 7 nm Co layer.

FIG. 2. �Color online� AFM images of the smooth �top� and the
rough �bottom� 7 nm Co sample.
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magnetometry, and longitudinal magneto-optical Kerr effect
�MOKE� magnetometry. All measurements were carried out
at room temperature.

In the BLS experiment, the frequency shift of light inelas-
tically scattered from magnons is measured, allowing for the
identification of the spin wave frequencies in a given system.
The measurements reported here were performed in the
backscattering geometry with the plane of incidence orthogo-
nal to the applied field. An Ar+-ion laser with a wavelength
of 514.5 nm was used at an angle �=45° with respect to the
sample plane normal, corresponding to a probed spin wave
number of 1.73�107 m−1. By varying the experimental con-
ditions, such as the applied magnetic field strength and di-
rection, a number of magnetic parameters �e.g., magnetiza-
tion, anisotropies, and g-factor� can be determined with a
high degree of accuracy. Due to the reduced thicknesses of
the Co layers, only Damon-Eshbach �DE� surface spin wave
modes23 are observed in the investigated frequency range. In
the first set of experiments, the applied in-plane field was
kept constant at 1 kOe �which is sufficient to saturate the Co
films in plane, see M-H curves in Fig. 6� and the angle �
between the magnetic field and the magnetic hard axis �crys-
tallographic �100� direction� was varied from −90° to +90°.

The angular dependence of the spin wave frequency � is
shown in Fig. 4 for the 7 nm thick Co samples. For both the
smooth and the rough sample, � shows a periodic depen-
dence on � with a periodicity of 90°, reflecting the in-plane
cubic anisotropy of the Co films.16,22 As is apparent, this
oscillation has a smaller amplitude for the rougher Co layer.
The same behavior was observed for the 17 nm thick films,
however, with a less pronounced difference between the two
samples. In a second set of experiments, the magnetic field
was applied at a constant angle �=45° �i.e., along the crys-
tallographic �110� direction� and varied from 1 to 9 kOe �not
shown�. The variation of the DE mode frequency with exter-
nal field amplitude and direction allows for the saturation
magnetization Ms, the g-factor, and the anisotropy constants
to be determined. In order to obtain these parameters, we
iteratively fitted our measured data using the continuum
model proposed by Rado and Hicken,24 which takes into
account both dipolar and exchange interactions. It is impor-

TABLE I. Roughness correlation length �, roughness amplitude �, saturation magnetization Ms, cubic
anisotropy constants K1, and coercive fields HC of the investigated Co samples, determined by AFM �� ,��,
BLS �MBLS,K1BLS�, SQUID �MSQUID�, and MOKE �K1MOKE,HC�, respectively; literature values for bulk Co
and two thin Co films �6.5 and 10 nm� grown on Cu/Si are also given for comparison.

�
�nm�

�
�nm�

MBLS

�103 emu/cm3�
MSQUID

�103 emu/cm3�
K1BLS

�103 erg/cm3�
K1MOKE

�103 erg/cm3�
HC

�Oe�

Smooth Co �7 nm� 50±20 0.43±0.07 1.7±0.1 1.2±0.3 −6.4±0.1 −12±4 92±11

Rough Co �7 nm� 65±5 4.53±0.07 1.7±0.1 1.5±0.3 −4.8±0.2 −8.0±3.0 123±8

Smooth Co �17 nm� 55±5 0.54±0.07 1.5±0.2 1.2±0.3 −5.1±0.3 −8.4±3.0 63±11

Rough Co �17 nm� 93±5 6.42±0.08 1.5±0.2 1.6±0.3 −4.7±0.3 −6.5±2.5 84±11

Bulk Co 1.4 1a −12 2b

Co �6.5 nm� −6.1c

Co �10 nm� −4.6d

aReferences 19 and 20.
bReference 21.
cReference 22.
dReference 16.

100 nm

Epoxy

Si
substrate

Au

Cu/Co/Cu

FIG. 3. Cross-sectional TEM image of the rough 17 nm Co
sample.
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FIG. 4. Spin wave frequency vs applied magnetic field angle
�H=1 kOe� for the smooth �solid diamonds� and the rough �empty
circles� 7 nm Co sample. The solid lines are fits to the data based on
the theoretical model described in Ref. 24.
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tant to note that since Ms has an influence on both the angu-
lar and the field dependence of �, both sets of data were fitted
simultaneously. Angular fits for the 7 nm thick Co films are
shown in Fig. 4 �solid lines�. The g-factor was found to be
2.21±0.05 for all investigated samples, which is close to the
value reported for a 105 nm thick fcc Co�100� film by Liu et
al.25 �g=2.08±0.02�. No measurable in-plane uniaxial aniso-
tropy was observed, in agreement with earlier ferromagnetic
resonance studies on similar structures.16 Table I shows val-
ues for Ms and the cubic anisotropy constant K1 obtained
from the BLS measurements. In this paper, the following
definition of K1 is used:

eani = K1��1
2�2

2 + �2
2�3

2 + �3
2�1

2� , �1�

where eani is the anisotropy energy density and �i are the
direction cosines of the magnetization. We find no influence
of the surface morphology on the sample magnetization, and
the values determined for Ms agree reasonably well with that
of bulk fcc Co.19,20 �K1� was found to decrease with increas-
ing thickness, as observed for fcc Co in this thickness
range.16,22 In addition, a significant reduction in cubic aniso-
tropy was observed for the rough samples that is more pro-
nounced for the thinner pair of Co films. The origin of this
effect will be discussed in detail in the following section.

Furthermore, the spin wave peaks measured with BLS
were found to be considerably broader for the rougher films
over the whole angular and field ranges. Figure 5 shows a
comparison of the full width at half maximum peak line-
widths 	� for the two 7 nm Co samples as a function of the
applied magnetic field. The thicker pair of samples shows the
same behavior but, as for the DE mode frequency shift dis-
cussed above, the differences are less pronounced. For ultra-
thin magnetic films, the observation of remarkably broad
spin wave peaks has been reported by Kerkmann et al.26

They observed a spin wave peak linewidth of the order of
10 GHz for 1 ML �monolayer� of Co grown on Cu�100�.
Stamps et al.27 attributed this effect to the influence of im-
perfections and surface roughness. In their simplified theo-

retical approach �exchange interaction was not included�,
they investigated two mechanisms: scattering of spin waves
by imperfections �such as “bumps” or holes on the surface�
into different states and formation of new allowed spin wave
modes due to changes in the local anisotropy field caused by
thickness variations. The first effect is found to be relatively
small and cannot explain the increase in linewidth observed
for our rough set of samples. The second mechanism relies
on the assumption that the film roughness induces local
changes in film thickness, which is not expected to be the
case for our magnetic layers. As detailed above, the Co films
should closely follow the surface morphology of the
Cu�001� /Si�001� substrates and consequently have a homo-
geneous thickness within the probed area. In the following
section, we will introduce a third spin wave peak broadening
mechanism which we believe to be responsible for the ef-
fects observed in our measurements.

In order to gain further information about the magnetic
sample properties and to confirm the results obtained by
BLS, SQUID and longitudinal MOKE measurements were
carried out. Hysteresis loops for the Co �7 nm� samples mea-
sured along the hard magnetic axis by SQUID are shown in
Fig. 6. Both curves show a very similar field dependence and
exhibit the shape characteristic for a cubic hard axis. Close to
the coercive field HC, however, a steplike feature is observed
that is much more pronounced for the rough samples �Fig. 6,
bottom� and disappears when the field is applied along the
easy magnetic axis. This finding will be discussed in the
following section. The SQUID data allow us to estimate Ms
for comparison with the BLS results �see Table I�, and the
resulting values are found to be in good agreement. The rela-
tively large errors are mainly due to inaccuracies in the de-
termination of the sample volume. Both SQUID and MOKE
measurements revealed an increase in coercive field HC for
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FIG. 5. Spin wave peak linewidth vs applied magnetic field
amplitude ��=45° � for the smooth �solid diamonds� and the rough
�empty circles� 7 nm Co sample.
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FIG. 6. M-H characteristics measured along the hard magnetic
axis by SQUID for the smooth �solid diamonds� and the rough
�empty circles� 7 nm Co sample. In the inset, a schematic of a
hysteresis loop is shown with the gray filled area denoting the de-
magnetizing energy.
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the rougher samples, as has been observed in previous
studies.1–3 Values for HC measured by MOKE with the mag-
netic field applied along the easy magnetic axis are shown in
Table I. Furthermore, an angular dependent MOKE study
enabled us to determine K1, allowing for a comparison with
the results obtained by BLS. The angle between the easy
magnetic axis and the applied field was varied from 0° to
180° in steps of 5° and hysteresis loops were recorded. The
demagnetizing energy, which approximately equals the an-
isotropy energy,28 was then calculated for each correspond-
ing angle �see inset of Fig. 6�. Finally, plotting eani versus the
applied magnetic field angle � and fitting the resulting curve
to the anisotropy energy density expression for a thin fcc
Co�001� film,

eani = �K1/4�sin2�2�� , �2�

allowed us to obtain the cubic anisotropy constant K1. Since
the measured Kerr intensity cannot give the sample magnetic
moment, the MOKE curves were normalized and the satura-
tion magnetization values obtained by BLS were used. The
resulting values for K1 are shown in Table I. This method for
determining the anisotropy constants �which is described in
detail, for example, in Ref. 28� is less accurate than the an-
gular dependent BLS measurements discussed above, which
is reflected by the relatively large errors found for K1MOKE. It
is, however, a reliable way of determining relative changes in
anisotropy. As can be seen, K1MOKE is in reasonable agree-
ment with K1BLS for all four investigated samples. More im-
portantly, a decrease in K1MOKE is observed for the rougher
films for both Co thicknesses, which is in good agreement
with the BLS experiments.

IV. DISCUSSION

From the previous results, it follows that film roughness is
responsible for a decrease in the effective anisotropy of the
fcc Co films, and we proceed now to discuss the mechanisms
that may be responsible for the observed changes in K1.

A well-known mechanism which generally contributes to
a change in the magnetic anisotropy of epitaxial films is the
effect of strain relaxation introduced by roughness;29 this
leads to a decrease in the magnetoelastic energy and there-
fore to a change in the magnetic energy. In this case, for
islands of a given material with a high symmetry plane such
as �001�, the strain is biaxial, and strain relaxation induced
by film roughness leads to a change in the magnetic aniso-
tropy via magnetoelastic interaction.30 However, for ultrathin
films deposited onto a substrate with a given roughness pro-
file as we have been considering in the present work, strain
relaxation due to the substrate roughness is less likely �since
the thin film grows in registry�, although strain relief due to
the onset of misfit dislocations could, in principle, modify
the in-plane magnetic anisotropy. As mentioned, given the
length scale of the Cu�001� substrate roughness, we expect
strain relaxation through misfit dislocations to be the domi-
nant mechanism, with a small contribution to the magnetic
anisotropy in our thin Co films. Furthermore, K1 might be
affected by the crystal dispersion �mosaicity� present in our
samples.31 However, since the degree of mosaicity is ex-

pected to be the same for all four investigated Co layers, this
mechanism cannot account for the observed differences in
magnetic anisotropy. Interface effects could also play a role
in the observed variations of the magnetic anisotropy with
roughness �via changes in interface anisotropies,11 interdiffu-
sion, or changes in the interface magnetic moment�, but such
effects should be relatively small for 7 and 17 nm thick films
where the interface is already a comparatively small portion
of the system.

Depending on the values of �, �, and the nominal film
thickness d, the sample magnetization M could adopt a va-
riety of different configurations: �
d would favor an in-
plane alignment of M along the easy magnetic axis, i.e., the
classical uniform state �orange-peel effect�, thus minimizing
the anisotropy and the exchange energy. There is, however, a
magnetostatic contribution to the total magnetic energy due
to the presence of magnetic surface �but not volume�
charges. On the other hand, for ��d, M should follow the
profile of the magnetic layer �inset of Fig. 7�, thereby avoid-
ing the creation of surface pole charges. This configuration,
which we term the “undulating” state, gives rise to the for-
mation of volume charges and is therefore the exact counter-
part of Néel’s case. In the general case, the orientation of M
will be determined by the competition between the different
energy contributions �magnetostatic, exchange, and aniso-
tropy�, leading to a state which would resemble a mixture of
these two extreme cases.

The orange-peel effect is not expected to lead to a change
in the in-plane magnetic anisotropy, since for a random sur-
face morphology, all directions in the plane of the film
should be equivalent, i.e., the orange-peel effect should be
isotropic in the film plane. Since no directional preference in
the island orientation is observed in our surfaces, we can rule
out this contribution to the magnetic energy as responsible
for affecting the in-plane magnetic anisotropy. However, for
epitaxial films, the undulating configuration will cause a
change in the effective magnetic anisotropy, since there is a
change in magnetic energy which is different when the mag-
netization points along the hard and easy magnetization axes.
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FIG. 7. Normalized anisotropy energy density difference vs
roughness parameter 4� /� for several film roughness shapes. In the
inset, a schematic of a rough Co film cross section is shown. The
arrows denote the direction of the sample magnetization.
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We have developed a simple model that aims to estimate the
magnitude of this contribution to the magnetic anisotropy.14

The model consists in calculating the change in the effective
magnetic anisotropy for a thin epitaxial film covering a non-
magnetic island of a given shape. It assumes that the mag-
netization follows the film profile in order to avoid the cre-
ation of surface pole charges. For simplicity, we considered
islands with cylindrical symmetry �namely, with conical,
sinusoidal, and Gaussian radial cross sections�, and we show
that the values obtained do not depend significantly on the
shape chosen. This finding gives us confidence that the re-
sults of the calculations may have practical relevance. In this
model, the changes in anisotropy ensue from the tilting of the
magnetization away from the in-plane hard and/or easy axis,
leading to a variation of the anisotropy energy contribution
and from the fact that this contribution is different for the
easy and hard magnetic axes. Simply speaking, for the case
of fcc Co�001�, the hard axis becomes less hard and the easy
axis becomes less easy, resulting in a reduction of the effec-
tive magnetic anisotropy. A detailed discussion of this model,
including its limitations, is provided in Ref. 14. In Fig. 7, we
show the results of our model for the change in the cubic
magnetic anisotropy constant as a function of the dimension-
less roughness parameter 4� /�, which corresponds to a mea-
sure of the island slope. We see that for small values of 4� /�,
the change in the anisotropy constant is relatively small, but
it increases for larger values of 4� /�. For the 4� /� values
measured for our samples ��0.03 for the smooth and �0.3
for the rough samples�, we expect a change in K1 of 0.1% for
the smooth films and 4.4% for the rough films in the undu-
lating state.

In order to get an indication of the expected magnetiza-
tion alignments for the samples investigated in the present
study, we performed two-dimensional micromagnetic simu-
lations of a cross section of the Co film using the OOMMF

package,32 assuming bulk fcc Co parameters �Ms=1.4
�103 emu/cm3, K1=−1.2�106 erg/cm3, and exchange con-
stant A=3�10−6 erg/cm�. The cell size was �0.5 nm�2 and
the modulation values used were the ones determined by
AFM �see Table I�. While this is not a simulation of the real
three-dimensional film, it reflects the basic features of our
system and provides a qualitative description of the mecha-
nisms underlying our picture. The results for the 17 nm Co
samples are shown in Fig. 8. It is found that for the rough
sample, M follows closely the morphology of the Co layer,

suggesting that the film is in the undulating state. For the
smooth sample, however, only a very small tilt of M away
from the easy axis direction is observed �it has to be noted
that the color scale is increased by a factor of 10 in Fig. 8�a��
and the magnetic configuration is very close to that of the
uniform state. The same behavior is observed for the 7 nm
Co samples. Similar results have recently been reported for
the case of patterned zigzag structures.33

We calculated the relative change in anisotropy constant
	K1, defined as

	K1 = �K1
smooth − K1

rough�/K1
smooth, �3�

for both the values of K1 given by our model and those
obtained experimentally by BLS �see Table II�. A comparison
of 	K1

exp with 	K1
theory shows that, while the simplicity of the

model does not allow for a very accurate determination of
the changes in the measured effective anisotropy, it is suffi-
cient to account for the sign and magnitude of such changes.
The observed discrepancy between experiment and theory is
likely to be due to the fact that real surfaces tend to be more
complex, often with complicated island distributions34,35 �see
Fig. 2, bottom�. In addition, the possibility that some degree
of smoothening �or roughening� occurs during the growth of
the Co films, leading to a nonuniform thickness distribution,
cannot be completely excluded in our experiments. Such de-
viations from a perfect undulating film �as assumed in our
model� would influence the extent to which M is tilted out of
plane and thus affect the measured value of 	K1.

Furthermore, our calculations show that if the sample is in
the undulating state, 	K1 depends only on the roughness
parameter 4� /� but not on the thickness of the magnetic
layer. However, experimentally, we observe a significant de-
crease in 	K1 when d is increased from 7 to 17 nm �Table
II�. This finding might be due to a gradual transition from the
undulating to the orange-peel state with increasing Co thick-
ness. While the micromagnetic simulations �which only give
a qualitative measure of the magnetization configuration in
real surfaces� suggest that for both the 7 and the 17 nm
rough Co sample M closely follows the roughness of the
magnetic layer �Fig. 8�b��, in reality, the tilt of M away from
the easy axis might be less pronounced for the thicker film.
In order to gain more information on the details of the un-
dulating state �e.g., how closely the magnetization follows
the film morphology for a given thickness and set of rough-
ness parameters�, the magnetization configuration would
have to be probed directly. In principle, this could be achiev-
able by off-specular polarized neutron scattering

(a)

(b) x

z

FIG. 8. �Color online� Cross-section magnetization profiles at
zero applied magnetic field for the �a� smooth and the �b� rough
17 nm Co sample as simulated by OOMMF. The x axis is along an
easy magnetic axis of the system and the z axis is along the surface
plane normal. The color scale denotes the z component of M and is
increased by a factor of 10 for the smooth film in order to facilitate
visualization.

TABLE II. Relative changes in magnetic anisotropy as deter-
mined experimentally by BLS �	K1

exp� and as calculated using our
suggested model �	K1

theory� �Ref. 14�.

Thickness
�nm�

	K1
exp

�%�
	K1

theory

�%�

7 25±4 4.3

17 8±11 4.3
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experiments36 or x-ray resonant magnetic scattering
measurements.37

Furthermore, the model detailed above offers a possible
explanation for the observed increase in spin wave peak line-
width with film roughness. Since the diameter of the BLS
laser spot ��500 �m� is significantly larger than the rough-
ness correlation length � �Table I�, the areas probed in our
experiments comprise a large number of Co film undulations.
The tilting of the spins away from the easy axis will lead to
local variations in the magnetic anisotropy energy, giving
rise to new allowed spin wave modes. This interpretation is
similar to the explanations given by Stamps et al.,27 with the
only difference that in their case the anisotropy field changes
are assumed to be induced by film thickness variations.
While they restrict their study to ultrathin �1–3 ML� films,
their main arguments are still applicable to the Co layers
investigated in the present work.

The observation of a pronounced steplike feature in the
M −H loops of the Co rough samples also lends support to
our interpretation. It has been shown for the case of thin
epitaxial Fe films grown on GaAs�001� that this behavior can
be explained by the persistence of a domain structure up to
large magnetic fields �similar to ripple domains� and to the
presence of submicrometer scale irregularities in the film
structure.38 For our rough films, the dispersion in the mag-
netization direction away from the hard axis due to rough-
ness is expected to lead to an increase in hysteresis at fields
above the coercive field.

V. CONCLUSIONS

In conclusion, we investigated the effect of film roughness
on the magnetic properties of thin fcc Co�001� films. The
sample morphology was found to have a strong influence on
the cubic magnetic anisotropy: BLS and MOKE measure-
ments revealed a significant decrease in K1 for the rougher
set of samples. Furthermore, the spin wave peak linewidth
was found to increase substantially with increasing rough-
ness. Both effects were more pronounced for the thinner pair
of samples and could not be understood in the framework of
current theory. In order to explain the observed behavior, we
introduced a simple model that assumes a magnetic configu-
ration where the sample magnetization closely follows the
Co film morphology, the so-called undulating state. Our cal-
culated changes in K1 are in relatively good agreement with
those observed experimentally. Further support to our inter-
pretations is added by micromagnetic simulations that show
a substantial effect of the film undulations on the magnetiza-
tion orientation.
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