
Controlled magnetic roughness in a multilayer that has been patterned using a nanosphere array

Sean Langridge,1,* L. A. Michez,2,† M. Ali,2 C. H. Marrows,2 B. J. Hickey,2 T. R. Charlton,3,‡ R. M. Dalgliesh,1

M. Toohey,4 E. W. Hill,4 S. McFadzean,5 and J. N. Chapman5

1ISIS, Rutherford Appleton Laboratory, Chilton, OX11 0QX, United Kingdom
2School of Physics and Astronomy, E.C. Stoner Laboratory, University of Leeds, Leeds, LS2 9JT, United Kingdom

3Material Science Division, Argonne National Laboratory, Argonne, Illinois 60439, USA
4Department of Computer Science, University of Manchester, Manchester, M13 9PL, United Kingdom
5Department of Physics and Astronomy, University of Glasgow, Glasgow, G12 8QQ, United Kingdom

�Received 25 November 2005; published 14 July 2006�

The micromagnetic structure of an antiferromagnetically exchange-coupled multilayer constrained by a
periodic in-plane structure has been quantified using polarized-neutron reflectometry. The pattern was realized
through nanosphere lithography. The fabrication of the patterned array introduces a significant deviation in the
in-plane magnetization direction near to and at the surface of the heterostructure but does not significantly
perturb the domain structure. The characteristic length scale of this magnetic roughening is shown to be driven
by the feature size. The roughening is not observable by conventional magnetometry techniques but is con-
firmed by micromagnetic simulation. The combination of scattering techniques and numerical simulation
provides a powerful tool to study the subtle interlayer and intralayer ordering in patterned magnetic
heterostructures.
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Magnetic heterostructures have undergone extensive re-
search over the past two decades both as a way of artificially
testing fundamental physical interactions and for their tech-
nological applications. For example, this research has re-
sulted in the discovery of interlayer coupling,1,2

giant-magnetoresistance3 �GMR�, and more recently, effects
associated with the properties of spin-polarized currents,4,5:
namely, spin electronics. Moreover, high storage densities or
high current densities for the spin torque switching of
nanopillars,6 etc., requires systems that are nanoscaled in all
three dimensions. While significant insight can be gained
from a single device it is also important to understand their
behavior when placed in large-area arrays. This has attracted
recent interest ranging from artificial frustrated magnetism7

and digital computation8 to candidates for high-density re-
cording media.9 Interfacial effects or interfeature coupling
resulting in localized deviations in the magnetization direc-
tion will significantly affect electron transport: a significant
challenge is then to unravel the interplay between a con-
trolled structure and the competing balance of magnetic in-
teractions. To this purpose neutron scattering,10 polarized-
neutron reflectivity11 �PNR�, and x-ray resonant magnetic
scattering12 �XRMS� are the techniques of choice, providing
statistically significant sampling over large areas. Conven-
tional magnetometry and imaging are not well suited to
studying these interfacial and buried spins, either lacking
sensitivity or the ability to probe the internal chemical and
magnetic structure.

Here we show, through the use of off-specular neutron
reflectometry, that for samples with a controlled roughness
and in-plane morphology, local deviations in the magnetiza-
tion direction are generated, but the domain structure re-
mains unchanged. These results are further substantiated by
micromagnetic simulations.

Deviations in the magnetization directions and uncompen-
sated spins arising from structural disorder give rise to the
diffuse scattering of x rays and neutrons even in samples

which, according to conventional magnetometry, are satu-
rated. This magnetic morphology, which can be different
from the structural one, has come to be known as “magnetic
roughness,” and there are now several experiments in con-
tinuous systems which reveal the subtle interplay between
the structural and magnetic aspects of the disorder.13–17

Given that the magnetization is a vector quantity we can
envisage several different mechanisms for its disorder �cf. a
structural, scalar surface�. Broadly, these may be classified as
a nonuniform distribution of magnetization direction—i.e., a
domain distribution18—or a structurally rough interface
which will have a magnetic surface that deviates from an
ideal plane and is said to possess magnetic roughness. Here
we consider the additional complexity of a system that is
structurally patterned on a comparable length scale to typical
magnetic domain sizes. In this latter case one needs to con-
sider in more detail the balance between the competing mag-
netic interactions between the patterned structures. The dipo-
lar coupling and its competition with the exchange and the
Zeeman interactions may lead to ordering on very different
length scales ranging from short-range magnetic roughness
to long-range magnetic stripe order. The off-specular PNR
technique provides access to all of these phenomena and
complements surface-sensitive real-space imaging tech-
niques such as photoemission electron microscopy
�PEEM�.19

The antiferromagnetic �AFM� coupling and domain struc-
ture in smooth superlattices is well understood and has been
extensively characterized with PNR �Ref. 20� and XRMS
�Ref. 21� techniques. In summary, they are characterized by
micron-size magnetic domains at remanence that are for rea-
sonably strongly coupled systems, vertically correlated, and
in which there is no evidence of magnetic roughness. To
introduce a well-defined in-plane periodicity we have used
0.22-�m-diam polystyrene �PS� spheres22,23 to produce a
mask for the deposition of Au nanodots to act as a template
for the deposition of AFM-coupled Co/Ru multilayers. The
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nanosphere lithography was carried out by spin coating poly-
styrene spheres suspended in water onto 25 mm�20 mm
pieces cut from a �001�-oriented Si wafer that had just been
subjected to a pirahna etch �a combination of H2O2 and
HNO3�. A 50-Å Cr layer followed by a 150-Å layer of Au
was then evaporated over the spheres. The spheres were sub-
sequently removed with an acetone wash. An AFM-coupled
multilayer was deposited on top of the form
�Co�20 Å� /Ru�18 Å��50. The multilayers were deposited by
dc magnetron sputtering. A scanning electron micrograph
�SEM� and cross-sectional transmission electron micrograph
�XTEM� of the completed sample are shown in Fig. 1. The
multilayer structures were prepared with Ru spacer thick-
nesses corresponding to the second peak of the AFM cou-
pling oscillation.2 The surface consists of 2200-Å-sized, cir-
cular regions surrounded by raised regions. XTEM shows
that the multilayer structure follows smoothly the dots �see
Fig. 1�b��. An analysis of the x-ray reflectometry from these
samples reveals that the patterning process increases the
structural rms roughness from 3±0.4 Å up to 6±0.5 Å but
still retains the vertically coherent structure. The diffuse

x-ray scattering gives �s�250 Å and 400 Å for the struc-
tural in-plane and out-of-plane correlation lengths, respec-
tively. This compares to �s�250 Å and 580 Å, respectively,
for the unpatterned system. Moreover, the patterning results
in an increase in the coercive field from 40 to 50 Oe, pre-
sumably as a result of increased domain wall pinning centers
from the patterning process. Analyzing the magnetization24

curves gives a bilinear coupling of −0.62 mJ m−2 and
−0.58 mJ m−2 for the unpatterned and patterned films respec-
tively. The much weaker biquadratic coupling increases from
−0.05 mJ m−2 to −0.07 mJ m−2. This small change in cou-
pling is presumably due to the increased structural roughness
and an increase in thickness fluctuations caused by the pat-
terning process.25

Our main measurement technique was PNR, carried out at
the CRISP reflectometer at the ISIS facility.26 The instrument
was operated in both an unpolarized and polarized mode in
order to maximize the available flux at the sample and to
provide additional information on the magnetic structure, re-
spectively. The reflected neutrons were detected with a one-
dimensional 3He detector. The combination of the time-of-
flight technique and the multidetector ensures that both the
parallel �Qz� and perpendicular �Qx� �to the surface normal�
components of the neutron wave vector are obtained in a
single measurement. Typical acquisition times are of the or-
der of 2 h for an entire reciprocal-space map. All measure-
ments were performed at room temperature.

The measurement geometry used in the experiments is
shown in Fig. 2. The one-dimensional �1D� multidetector
was set up in the scattering plane, so that the transverse
component of the wave-vector transfer Qx is in the scattering
plane and perpendicular to the applied field. Hence the neu-
tron intensity is integrated over Qy. Representative �unpolar-
ized� data are presented in Fig. 3 and show the reciprocal-
space map for the unpatterned �a� and patterned �b� samples
at the coercive field, Hc=40 Oe and 50 Oe, respectively.
Concentrating on the upper panel: for Qz=0.165 Å−1, the
first-order Bragg peak �n=1� is visible. This arises from

FIG. 1. �Color online� �a� A scanning electron micrograph
�SEM� of the completed sample. The sphere size is 2200 Å, and
some degree of hexagonal close packing is clearly visible. The inset
shows the normalized magnetization curves for the unpatterned and
patterned samples. The solid lines are fits as described in the text.
�b� A schematic of the multilayer system. The line shows the struc-
tural surface profile extracted from the SEM. The inset shows an
XTEM image of the multilayer structure, the topography and the
substrate.

FIG. 2. The experimental geometry used. The incident beam of
neutrons from the left is reflected by the sample and detected on the
1D detector to the right. Intensity is integrated over Qy. Typical
values for the angle � are �1°. Note that in principle the geometry
is not limited by the sample horizon, in contradistinction to the
x-ray case, and the detector may extend below the sample plane to
collect data in transmission as well as in reflection. The magnetic
field H is applied perpendicular to the scattering plane.
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the structural periodicity of the multilayer and also conveys
information on any magnetic contribution of the same
periodicity—i.e., ferromagnetic �FM� ordering between
neighboring bilayers in the multilayer. At the coercive field
the magnetic contribution at this wave vector is zero—i.e.,
no net magnetization. There is no evidence of diffuse scat-
tering which would be indicative of a large degree of corre-
lated structural �magnetic� roughness. At half of this wave
vector, Qz=0.083 Å−1, a Bragg peak �n= 1

2
� is visible that

corresponds to AFM ordering and hence this peak is purely
magnetic in origin. Away from the specular ridge significant
diffuse scattering is visible, indicative of a vertically corre-
lated in-plane AFM domain structure through the entire
multilayer ��2000 Å �Ref.18�� structure. The anomalies in
the peak shape at the two Bragg peaks are due to a general-
ized Yoneda effect27 in which the scattered neutron wave
vector satisfies the Bragg condition.28 The dashed line in the
top panel indicates the expected Yoneda scattering. The solid
loci indicate the reciprocal-space coordinates which satisfy
this condition—i.e.,

� =
Qz

2Q
−

Qx

Qz
, �1�

where Q=2� /� for the neutron wavelength � satisfying the
Bragg condition. The loci are in good agreement with the
experimental observations. The scattering from the patterned
system �lower panel� at the coercive field shows a similar
AFM domain distribution but does not show the generalized
Yoneda features due to the additional structural roughening
induced by the patterning process.

In order to quantitatively analyze the off-specular neutron
scatter it is necessary to develop a theoretical framework for
diffuse scatter in systems in which both structural and mag-
netic disorder is present. We include structural fluctuations
by following a slightly simplified version of the model of
Sinha et al.,29 where the height of the surface is treated as a
Gaussian random variable z�r� and is characterized by a cor-
relation function

C��r − r��� = �z�r�z�r��	 = �s
2exp�− �r − r��/�s� , �2�

where �s is the rms roughness, the width of the Gaussian
distribution of z, and �s is the in-plane structural correlation
length.

It is necessary to parametrize any magnetic domain struc-
ture in a similar manner: we assume that the perpendicular
component of m�r� is zero due to the shape anisotropy of the
film, so the vector r is now restricted to only two dimen-
sions, and that �m � =msat is constant inside the magnetic
layer—i.e., the magnetic inhomogeneities are solely direc-
tional variations within the x-y plane; it is then convenient to
parametrize in terms of an in-plane angle 	�r�, giving

m�r� = msat„sin 	�r�,cos 	�x�,0… , �3�

measuring the angle relative to the applied field. Again we
treat 	 as a Gaussian random variable,30 and write a mag-
netic correlation function

M��r − r��� = �	�r�	�r��	 = �m
2 exp�− �r − r��/�m� , �4�

with �m being the rms deviation of 	 from the field direction
the width of the Gaussian distribution in 	 and �m the mag-
netic correlation length. This yields, for example, the global
magnetization in the field direction as m0exp�−�m/2�. For
scattering which is sufficiently weak �such as at the reason-
ably large scattering wave vectors Q employed in our mea-
surements� we are able to make use of the more tractable
Born approximation �BA� as opposed to the distorted-wave
Born approximation31 which includes dynamical scattering
effects. This approach then allows one to readily characterize
the magnetic order in a computationally efficient manner.
Here we can separate the scattering into the long-range-

FIG. 3. �Color online� The reciprocal-space map for the unpat-
terned �a� and patterned �b� structures at the coercive field. The
colorbar indicates the logarithm of the measured intensity. The inset
�panel �a�� shows the calculated reciprocal space surface for the
AFM domain structure described by Eq. �5� over the same range of
reciprocal space. Note that the range of the experimental data is
restricted by the kinematical limits of the measurement.
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ordered structure �both magnetic and structural� which gives
rise to specular scattering Sspec and to the three diffuse com-
ponents within Sdiff �Ref. 18�:

Sdiff�Q� 

 d2reiQ·r�s + m + sm� , �5�

where s arises from the structural roughness, m from the
angular variation of the magnetization, and sm the interfer-
ence between the two terms—i.e., the magnetic roughness.
To quantify the domain structure we then apply the previ-
ously described formalism to the transverse cuts through the
Bragg peaks as shown in Fig. 4. For the unpatterned sample,
deposited onto a native oxide silicon substrate during the
same growth run, the extracted domain size is 3.4±0.5 �m.
For the patterned system, the domain size extracted is
3.9±0.5 �m. The domain size does not change significantly
with patterning and is much larger than the pattern size. The
magnetization direction is then coherent over �15 sphere
diameters. This long-range magnetic order is not surprising
given the smooth nature of the layers as revealed by the
XTEM.

At the AFM ordering wave vector the scattering is en-
tirely diffuse in nature for both samples, showing that the
AFM domains are completely randomly oriented within the
plane of the multilayer at the coercive field; i.e., the distri-
bution of the domain magnetization direction can be charac-
terized by an angular spread �m�2� rad. Moreover, the
AFM domains are vertically correlated throughout the entire
structure.

Through the application of a large magnetic field it is then
possible to produce a single-domain state. For both our un-

patterned and patterned samples in fields close to saturation,
weak AFM correlations are still present. For the unpatterned
sample there is no evidence of diffuse scattering at the FM
ordering wave vector, while for the patterned sample, diffuse
intensity was observed around the first-order Bragg peak as
shown in Fig. 5. Through the application of a magnetic field
we have almost suppressed the AFM domain structure �note
that according to our magnetometry measurements the bulk
sample is saturated at this field� but have generated weak
diffuse scattering at the first-order Bragg peak position. The
applied magnetic field dependence of this scattering signifies
magnetization which is not aligned with the bulk magnetiza-
tion of the sample: this is a signature of magnetic roughness.
Furthermore, the sensitivity to the applied field implies that
this noncollinear magnetization is not pinned but is free to
rotate.

By now using an incident polarized beam we can take
advantage of the spin dependence of the neutron scattering
potential to isolate the magnetic contribution to the scatter-
ing. The transverse cuts through the first-order Bragg peak
are shown in Fig. 6 for H=4.7 kOe for incident spin-up
�-down� polarized neutrons as indicated by the circle �square�
symbols. As the sample approaches saturation the neutron
spin-dependent Bragg peak increases in intensity due to the
FM contribution and additional diffuse scattering above the
background level is apparent. Analyzing the diffuse scatter-
ing as shown in Fig. 6 yields a length scale for the magnetic
roughness of �sm�1900±500 Å, roughly the sphere diam-
eter. The width of the effective angular distribution of the
magnetic moments at 4.7 kOe is characterized by �m
=0.5±0.1 rad. Surprisingly, the length scale of the magnetic

FIG. 4. �Color online� Transverse cuts �QX� at the coercive field,
normalized to the incident beam intensity, through the FM/
structural �n=1� and AFM �n= 1

2
� Bragg peaks for the unpatterned

and patterned samples. The solid lines are fits to the model de-
scribed in the text.

FIG. 5. �Color online� Reciprocal space maps for the patterned
system at an applied field, H=4.7 kOe. Weak vertically correlated
AFM correlations are present along with a correlated magnetic
roughness at the first order Bragg peak position; cf. Fig. 3. The inset
shows the calculation for the scattering solely from the short-range
disorder described in the text.
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roughness is comparable to the size of the PS spheres; i.e.,
the patterning process determines the length scale over
which the moments are coherent. At an applied field of
4.7 kOe the moments are still significantly misaligned with
respect to the bulk magnetization and applied magnetic field.
Conventional magnetometry indicates that for this field the
sample is magnetically saturated �see Fig. 1� but clearly this
is not the case. Conversely, for a pinned structure the mag-
netic roughness would not move in reciprocal space upon the
application of a saturating magnetic field as is the case here.
This leads us to conclude that the moments are approxi-
mately aligned with the bulk in a single-domain state.

To further understand the magnetic ordering introduced
by the patterning process we have performed micromagnetic
simulations33 of the idealized system.34 Using the bulk Co
magnetization, exchange stiffness, and the coupling energies
extracted from the hysteresis loop, it is possible to simulate
the magnetic microstructure.

This simulated microstructure is complicated as it con-
tains the behavior characteristic of a continuous AFM-
coupled multilayer and a patterned structure �see Fig. 7�.
Close to the coercive field the essentially continuous region
of the multilayer exhibits micron-sized magnetic domains.
This is consistent with our neutron observation of compa-
rable domain sizes in the patterned and unpatterned samples.
In this field, the surface regions are then single-domain states
which are AFM coupled to the bulk domain structure. This is
the well-known effect of AFM coupling to stabilize domain
structures as used in commercial recording media.35 The pat-
terned structure is therefore AFM coupled and vertically co-
herent with the bulk domain structure and as such has a
similar, but weaker, neutron scattering profile and is not vis-
ible above the large bulk domain signal. As the field is in-

creased the bulk domains increase in size and the moments
focus around the applied field direction with a sizable FM
component. For the surface-patterned regions it is now ener-
getically more favorable to form Néel-type domain states
within a given structure, which tends to break the in-place
correlations even though the continuous bulk of the structure
approached a single-domain state. It is this magnetic phase,
near to the surface, with a correlation length given by the
approximate patterning size, that is observed in our neutron
measurement �Fig. 6� near to saturation. Moreover, the angu-
lar variation �Fig. 7� between the towers is �m� ±0.44 rad
and so agrees with our neutron analysis. This variation is
primarily in-plane and orthogonal to the applied field direc-
tion �y direction� due to the shape anisotropy. This result is
analogous to studies on mesoscopic antidot arrays36 which
develop a nonuniform, micron-size, domain distribution. At
true saturation all of the structure is aligned and no magnetic
diffuse scattering would be visible in the neutron experiment.
We now turn to the differing behavior from unpatterned sys-
tems. XRMS studies of ferromagnetic thin films and
trilayers17,37 show the structure-magnetism correlation length
to be correlated with and longer than the structural correla-
tion length �typically 1500 Å and 1000 Å, respectively�. In
such studies the surface structural disorder is controlled
through deposition techniques and results in a length scale
much shorter than the typical domain size. These types of
measurements were significantly extended by Takeda et al.38

to AFM-coupled Fe/Cr multilayers using PNR. No definitive
conclusions or quantitative analysis were possible on the na-
ture of the disorder �domain versus roughness�; nor were
there any differences observed between the different sub-
strates used. In contrast to this, in our patterned systems the
magnetic roughness length scale is driven by the feature size
and not the grain size, which is typically of the order of
200 Å.39 That the magnetic roughness exhibits a significantly
longer correlation length scale is not surprising given that the
grains are not isolated but are magnetically coupled. It is
interesting to note that in perfect systems simulated numer-
ous interesting magnetic phases are observed depending on
the applied field direction. From our patterning process the
physical template consists of a distribution of structural do-

FIG. 6. �Color online� Transverse cuts �Qz=0.165 Å−1� through
the FM/structural Bragg peak �Ref. 32� for incident neutron spin
eigenvectors of up �down� as indicated by the circle �square� sym-
bols. The solid lines are fits to the model described by Eq. �5�. The
dashed line is the scattering from a system with a length scale
driven by the structural correlation length ��s�250 Å� for compari-
son and is offset for clarity.

FIG. 7. �Color online� The micromagnetic simulation of the ide-
alized surface region at 4.7 kOe applied in the −ve x direction. The
color scale refers to the angular variation �deg� in the x-y plane.
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mains which will mask out the predicted phases from our
neutron measurements which is sampling over an area of
�625 mm2.

To summarize, the patterning of an AFM-coupled
multilayer generates a magnetic roughness on a length scale
driven by the sphere size while the domain structure is es-
sentially unperturbed. The experimental observations are in
quantitative agreement with numerical simulations of the

micromagnetic structure. The quantified magnetic roughness,
generated by interfeature interactions, will significantly in-
fluence the transport of spin-polarized currents, particularly
as the feature size is reduced as in the case of nanopillars and
the interactions �dipolar, self Oersted field etc.� increase.
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