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�Co /Au� and �Au /Co /Au� nanomagnet arrays grown on nanostructured self-organized SiGe templates have
been characterized by means of x-ray photoemission electron microscopy, x-ray magnetic circular dichroism,
and by extended x-ray absorption spectroscopy using synchrotron radiation. In-plane magnetization is observed
at room temperature for practically all Co thicknesses, a stable macroscopic perpendicular magnetic order only
at low temperature. The spin reorientation transition in these dot arrays takes place for smaller Co thicknesses
over a broader thickness range than in two-dimensional systems. This finding appears to be related with
structural relaxation modifications, occurring within the local Co atom environment, which are not necessarily
connected with the orbital moment variations. These variations appear in the form of a systematic increase,
correlated with the existence of out-of-plane magnetization.
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I. INTRODUCTION

At the present rate of advance in the process of miniatur-
ization of the bit sizes in magnetic storage media, which
even surpasses the famous Moore’s law for semiconductor
devices,1 storage densities of the order of Tb /cm−2 are about
to be reached in the near future.2 At such densities the size of
the individual bits must be of the order of a few nanometers,
a range in which the magnetic characteristics of bulk mate-
rials change substantially. Hence, the characterization and
understanding of the magnetization processes in those nano-
structured materials becomes essential.

One of the main problems faced when reducing the vol-
ume of the individual magnetic bits is the appearance of the
superparamagnetic effect, that is, the tendency of the object’s
magnetic moment to change direction due to the increased
influence of thermal fluctuations. Different strategies have
been proposed to overcome this limitation,3 but the most
promising one relies on switching the magnetization direc-
tion from in plane, as is commonly used nowadays, to out of
plane. This would facilitate higher storage densities4 by in-
creasing the materials’ magnetic anisotropy �and hence the
thermal stability of their magnetic moments� and it would
also improve the signal-to-noise ratio in readout due to the
better alignment of the bits magnetization with the reading
head.5 The directions of the easy axes of magnetization result
from interplay between different energetic contributions:
while the interfacial anisotropy favors out-of-plane
orientation,6 the shape term usually tends to rotate the mag-
netization into the surface plane. In general, the magnetic
anisotropy is a subtle effect derived from spin-orbit coupling
and it is therefore very sensitive to even the minor details of

the electronic structure and the local atomic environment of
the material under investigation. The strategy to continue
increasing the storage density also involves substituting the
currently used continuous media, in which a bit is formed by
hundreds of grains, by discrete ones where a bit of informa-
tion is stored in a single particle, separated from the rest. In
this way, the need for averaging would be suppressed and the
noise caused by the deviations in the signal produced by
each grain could be greatly reduced.2 Most of the approaches
undertaken so far along this line have been based on nano-
lithography methods to define the desired structures on the
appropriate medium. This approach offers the highest degree
of control over the nanostructures sizes, shapes, and arrange-
ment, but on the other hand its processing time, technical
complexity, and, hence, economic cost increase exponen-
tially with any further step of miniaturization.

These facts have prompted the search for other, more ef-
ficient alternatives. A very suggestive approach, featuring
both high production speed and low cost, although at the
expense of more difficult control over the nanostructures’
characteristics and uniformity, relies on the phenomenon of
self-organization.7 In recent years several promising methods
for creating ordered arrays of magnetically independent nan-
odots based on self-organization have been developed.8,9 In
particular, the fabrication of patterned media by UHV graz-
ing incidence deposition on spontaneously structured SiGe
substrates has demonstrated a potential for parallel mass pro-
duction of structures reaching lateral sizes as small as 25 nm
with good long-range periodicity.10,11 In arrays of magneti-
cally decoupled nanodots, the reduced dimensionality of the
objects further facilitates the destabilization of their magne-
tization by thermal fluctuations, as compared to continuous,
two-dimensional thin films. Materials with high magnetic an-
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isotropy energy need then to be used in order to stabilize a
remanent magnetization at relatively high temperatures. For
this purpose, we have chosen the well-known �Co /Au�
system.12 Multilayer stacks of alternating magnetic or non-
magnetic metal layers have been exploited to induce a per-
pendicular alignment of the magnetization by taking advan-
tage of the accumulation of interfaces. This effect would be
reinforced by the use of Au, which introduces a strong spin-
orbit scattering of the electronic states at the Fermi level and
thus provides a unique possibility to tailor the magnetic an-
isotropy of the dots. Nevertheless, the translation of these
concepts from an infinite, two-dimensional system to a
quasi-zero-dimensional one seems far from evident. Many
properties are known to change substantially when the mate-
rials’ dimensions are reduced: for instance, the magnetization
reversal mechanism may change from domain nucleation and
growth to coherent rotation.13 Also the spin excitation and
the magnetic normal mode are different.14 Furthermore,
novel crystal phases may be stabilized which are not gener-
ally preferred in bulk samples. In particular, the predomi-
nance of surface and interface effects in nanometric dots can
give rise to anomalous relaxations and changes in the nearest
neighbor distances that strongly affect magnitudes such as
spin-orbit coupling or magnetic anisotropy. It is therefore
necessary to carefully explore the characteristics of these
novel types of materials.

In this paper we report on the study of the spin reorienta-
tion for in situ prepared �Au /Co /Au� dots on SiGe at both
room temperature and 100 K using spectromicroscopy and
x-ray magnetic circular dichroism �XMCD� methods. We
have been able to stabilize an out-of-plane macroscopic re-
manence only at 100 K while stable macroscopic in-plane
remanence could be detected at the temperatures of 100 and
300 K. These results reveal that, with respect to the previous
study with pure Co11 by adding Au we have been able to
introduce an enhanced magnetic anisotropy in the dots ca-
pable of stabilizing an out-of-plane magnetization at 100 K.
At the same time we find an anomalous behavior of the mag-
netic orbital moments through the spin reorientation transi-
tion. This anomaly could be related to the dot formation. The
extended x-ray absorption fine structure �EXAFS� measure-
ments made at the Co K edge on the �Au /Co /Au� dots show

that the spin reorientation transition is correlated with the
structural changes of the Co lattice in the dots.

II. EXPERIMENT

In order to produce the arrays of magnetic dots, a self-
organized, Si0.5Ge0.5 thin film9,15 grown by molecular beam
epitaxy and capped with 3 nm Si was used as a template. The
surface consists of isotropically arranged, �113�-faceted
pyramids terminated by a �001� top surface, which was char-
acterized by atomic force microscopy �AFM�, as shown in
Fig. 1�a�. Due to the lateral size of the base length of about
200 nm the features are well suited for the detection of in-
dependent magnetic areas by x-ray photoemission electron
microscopy �XPEEM�-XMCD and the �113� facets, which
are tilted 25.3° with respect to the surface, are advantageous
to generate isolated nanomagnets, with no magnetic material
in between, by shadow deposition.

�Au /Co /Au� stacks were grown by electron beam evapo-
ration, with the base pressure in the 10−10 Torr range; Au
was deposited at room temperature under normal incidence
to cover the substrate more efficiently, whereas Co was
evaporated at grazing incidence �16 degrees�, taking advan-
tage of the surface pattern relief to selectively cover deter-
mined areas while avoiding others �“shadow effect”� as
previously described.11 In this way, the metallic film sponta-
neously arranges itself into aggregates distributed as dictated
by the surface template. The samples were then studied as a
function of Co and Au cap thickness.

A detailed understanding of the complex phenomena be-
hind the magnetic anisotropy demands a very sensitive,
element-specific probe of the local electronic structure, such
as x-ray absorption spectroscopy �XAS�. Furthermore, with
the development of synchrotron radiation sources x-ray mag-
netic circular dichroism �XMCD�, a technique based on
XAS, has emerged as a powerful tool for the study of mag-
netism, allowing for a separate determination of the spin and
orbital magnetic moments on a per-atom basis in ferromag-
netic and antiferromagnetic systems.16 The XAS process for
3d transition metals involves transitions from localized 2p
core levels to the 3d states above the Fermi level with the
same symmetry. The dipole selection rules ensure that the 2p
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FIG. 1. �a� 1 �m�1 �m AFM image of a self-organized Si0.5Ge0.5 surface consisting of �113�-faceted pyramids with �001� top surface;
gray scale range: 20 nm. �b� LEEM image of a self-organized Si0.5Ge0.5 template after covering it with a 25 ML buffer of Au. �c� and �d�
XPEEM and XMCD-PEEM images of the same sample after deposition of 3 ML �approximately 6 Å� Co at grazing incidence onto the
Au /SiGe template. �e� XMCD-PEEM image of a 6-ML-thick Co film on the same substrate. All images were measured at room temperature.
The field of view is 10 �m in images �b�–�e�. For images �c�–�e�, the photon energy was tuned to the Co L3 edge �778 eV� and circularly
polarized light was used. Polar angles of both the Co beam and the x rays with respect to the sample plane were 16°. Their projections to
the sample plane are the same for all the experiments and are shown in �c� and �d�. The crystallographic directions are shown in �b� for all
the experiments.
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core levels are excited into the unoccupied 3d levels, here
the states driving the magnetism.16 Analysis of the spectral
areas obtained by XMCD using magneto-optic sum rules
yield the spin �mS� and orbital �mL� moments.16 XMCD can
provide the orbital moment anisotropy, which is related to
the magnetic anisotropy energy, via ab initio theory calcula-
tions or even via a simple perturbation model approach.17

The XMCD signal is proportional to k ·M, where k is the
radiation wave vector and M is the sample magnetization.
Therefore, only the projection of the magnetization along the
direction of the k vector is detected. This implies that for the
experiments performed under normal x-ray incidence only
the out-of-plane component of the magnetization is probed.
Conversely, in the measurements carried out with the x rays
impinging on the sample under grazing incidence, mainly the
in-plane component of the magnetization is detected. The
obtained magnetic moment values were corrected taking this
fact into account, and also for the finite degree of helicity of
the x rays.

Finally, it must be kept in mind that by measuring in
remanence a reduced magnetization can be detected as com-
pared to the saturation value. For an oblique x-ray incidence
the XMCD signal has two contributions, one proportional to
the in-plane magnetization and the other one proportional to
the out-of-plane magnetization. To separate the perpendicular
from the longitudinal components of the magnetization we
apply the following procedure. To obtain the in-plane XMCD
signal two sets of absorption spectra were recorded. First a
magnetic field pulse of 650 G was applied in the horizontal
plane, along the sample surface. The absorption spectrum
was then recorded in remanence at an x-ray incidence of 45°,
to get a sizable in-plane magnetization projection but to
avoid saturation effects in total electron yield �see the inset
of Fig. 2�b��. Then, another pulse of magnetic field with
opposite polarity was applied and the corresponding absorp-
tion spectrum was recorded, keeping the same photon helic-
ity. For out-of-plane XMCD measurements both the incident
x-ray beam and the applied pulses of the magnetic field of
both polarities were perpendicular to the sample surface �in-
set of Fig. 2�a��. After magnetizing the sample either in- or
out-of-plane, the full polar angular dependence of the mag-
netization in the remanent state was measured: the angle of
incidence of the x-ray beam was varied to determine the easy
axes of magnetization. In this way it was observed that re-
manence could only be detected either in plane or out of
plane, according to the applied magnetic field, but never
along any intermediate direction. From the absorption spec-
tra measured with opposite magnetizations the XMCD di-
chroic difference was calculated at both the L3 and L2 edges
of Co. For the evaluation of the signal, the well-established
sum rule procedure was used yielding the magnetization
value per atom; the number of empty 3d states was set to 2.8.

The sample was characterized through XAS measure-
ments at the C and O K edges. The thicknesses of both Co
and Au were determined and cross-checked by means of a
quartz crystal microbalance and by the change of the Co
XAS signal-to-background ratio in the high energy con-
tinuum region of the spectra known as the “edge-jump
ratio.”18 For low Co coverage the Co edge jump ratio is
proportional to the amount of deposited material.18 The Au

deposition was monitored through the exponential decrease
of the Ge and Co edge-jump ratio as a function of Au thick-
ness, using an electron escape depth of 1.7 nm. The XMCD
spectroscopy measurements in x-ray absorption were per-
formed at the magnetism dedicated UHV experimental sta-
tion of the bending magnet-based beam line D1011 at
MAX-lab.19 The ability for independent polar rotation of
both the sample and the coils creating the applied magnetic
field, together with the possibility for in situ evaporation,
make this setup optimal for vector magnetometry experi-
ments. The degree of circular polarization of the x-ray pho-
tons was fixed at 75% during the dichroism experiments,
offering the best compromise between the signal-to-noise ra-
tio and long-term x-ray beam stability.20 All the spectra were
recorded in the remanent state using the photocurrent from
the sample. The measurements were performed at tempera-
tures of 300 and 100 K by cooling the sample with liquid
nitrogen after evaporation. The size of the x-ray beam at the
sample position is about 1 mm2, so that the measured mag-
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FIG. 2. �Color online� �a� Out-of-plane and �b� in-plane normal-
ized XMCD absorption spectra �left-hand vertical axes� and XMCD
difference �right-hand axes� measured at the Co L3 and L2

edges with circularly polarized light on a magnetized
�3 Å�Au / �4.9 Å�Co / �10 Å�Au trilayer grown under UHV on a
self-organized Si0.5Ge0.5 substrate template. The data are taken at
100 K. The insets show the experiment geometry employed for
both measurements. As can be seen in the inset �a�, only the out-
of-plane component of the remanent magnetization could be found
at normal incidence.
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netic signal is averaged within it. In spite of the small thick-
nesses employed, relatively high edge-jump ratios ranging
from 0.15 to 0.18 could be measured, which is sufficient for
XMCD signal analysis.21 The data were compared with
reference samples to determine the degree of circular
polarization—a thick Co film on Cu�111� and SiO2 charac-
terized in situ.

Hard x-ray XANES and EXAFS experiments were per-
formed at beam line I811 of MAX-lab22 on the same
�Au /Co /Au� sample studied previously by XMCD. The
beam was focused, collimated and cut to 1�1 mm2. EXAFS
spectra were measured at room temperature over the Co K
edge in fluorescence yield mode. To maximize the signal-to-
background ratio from the weak K-alpha fluorescence inten-
sity from the dots, and in order to obtain good statistics at
high k values we acquired the fluorescence signal at angles
close to grazing incidence with long accumulation times. In
order to prevent substrate Bragg reflections appearing in the
EXAFS energy range, specific angles were chosen. The EX-
AFS spectra were analyzed using the “Athena” and “Arte-
mis” codes.23

In this manuscript we refer to layer thickness in terms of
interlayer thickness. To calculate the correspondence be-
tween the deposited monolayers and layers thickness in ang-
stroms along the surface normal, the bulk lattice parameters
for Co and Au can be used for a good approximation. This is
justified by our EXAFS analysis which indicates a nonp-
seudomorphic Co growth and bulklike Co-Co distances as
discussed in Sec. III B.

Photoemission electron microscopy experiments with
x-ray magnetic circular dichroism �XMCD-PEEM� were car-
ried out at the nanospectroscopy beam line of the synchro-
tron laboratory Elettra, in Trieste �Italy�, following the same
procedure as described elsewhere.11 XPEEM measurements
were performed with the photon energy tuned to the L3 Co
absorption edge, 778 eV. The XMCD-PEEM micrographs
are obtained by subtracting two absorption images acquired
at the same place on the surface with circularly polarized
light of opposite helicities, and the experimental geometry
imposes a 16° grazing incidence for the x-ray beam with
respect to the surface. The samples were grown in situ by
evaporation under similar geometrical conditions as those
described above. Both deposition and imaging were con-
ducted at room temperature.

III. RESULTS

A. Co L edge XMCD

Figures 1�b�–1�e� display the results of XMCD-PEEM
measurements demonstrating that it is possible to fabricate
and image arrays of Co /Au /SiGe nanomagnets exhibiting a
macroscopic remanence at room temperature, with dimen-
sions as small as 200�110 nm2. A SiGe surface with trun-
cated pyramidal islands was covered ex situ with a 25 ML
�50 Å, assuming bulk lattice constants� buffer layer of Au by
evaporation in a separate ultrahigh vacuum system. It was
then transferred into the PEEM chamber, where it was used
as a template for the deposition of the magnetic material. No
carbon or oxygen contaminants could be detected by the

XPS and XAS measurements made on the Au /SiGe tem-
plates.

The low energy electron microscopy �LEEM� image in
Fig. 1�b� is sensitive to the topographic features and reveals
the surface morphology. On top of this substrate template,
Co was evaporated in situ step by step and imaged subse-
quently. The XPEEM image in Fig. 1�c� clearly shows that
Co-rich regions follow the surface relief pattern. As the ex-
perimental geometry for the XPEEM measurements imposes
a 16° grazing incidence for the x-ray beam the contrast ob-
served in the XMCD-PEEM micrographs in Figs. 1�d� and
1�e� is associated mostly to the in-plane component of the
surface magnetization. The “black” and “white” spots in the
images hence correspond to an antiparallel or parallel align-
ment of the magnetization component in the direction of the
x-ray wave vector in the surface plane, respectively. The ex-
cellent correspondence in average size, shape, and separation
between the features observed in all those images demon-
strates that the distribution of Co on the surface follows in-
deed the template dictated by the substrate pattern. The
XMCD-PEEM measurements made in remanence on these
samples reveal two important facts: first, that the Co nanois-
lands are ferromagnetic at room temperature, and second,
that the orientations of their magnetizations are not indepen-
dent from each other. Due to their small dimensions and
short separations, in-plane magnetized nanomagnets are
coupled by the magnetostatic interaction forming
micrometer-sized domains each one comprising only a few
dots.

The observation of in-plane magnetization in these
samples is surprising: for thin films, literature reports a rather
strong out-of-plane magnetism for 3.5 ML of Co on Au.12 In
fact, in the XMCD-PEEM image of Fig. 1�d� there exist
many “gray” areas which show no magnetic contrast under
the particular experimental conditions employed in these
measurements. As will be discussed later, those areas are
most likely out-of-plane magnetized. With further Co depo-
sition the number of in-plane magnetized particles increases,
in good agreement with the expectation that shape anisotropy
gradually overcomes the interfacial contribution. The aver-
age domain size also becomes larger with increasing Co cov-
erage, indicating that the dipolar coupling is becoming more
effective. The assignment of perpendicular magnetization to
the gray areas in the XMCD-PEEM images of Fig. 1 is sup-
ported by the observed spin reorientation transition, and it
can also be cross-checked by means of XMCD vector mag-
netometry.

Figure 2 shows some characteristic XMCD spectra at the
Co L3 and L2 absorption edges, measured at 100 K and at
different polar angles on a �Au /Co /Au� trilayer grown at
300 K on the SiGe substrate. Together with the two XMCD
spectra obtained for opposite directions of the sample mag-
netization, the dichroic difference is also depicted in each
case. The XMCD difference displayed in Fig. 2�a� demon-
strates that there exists a stable out-of-plane remanent mag-
netization at that temperature. Nevertheless, for the same
sample a strong in-plane magnetization can also be observed,
in good agreement with the magnetic configuration revealed
by the XMCD-PEEM results of Fig. 1. All in all, this is the
first report of out-of-plane remanence for individual �Co /Au�
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dots over a macroscopic sample area, allowing, in particular,
for a determination of the orbital part of the magnetic mo-
ment.

This information has been obtained from a detailed analy-
sis of the XMCD data; an overview of the most relevant
results is given in Fig. 3 as a function of the Co and the
capping Au layer thicknesses. Both the in- and out-of-plane
remanent magnetization can be analyzed using the magneto-
optic sum rules yielding the spin and orbital moments sepa-
rately, in �B per Co atom. Due to the averaging related to dot
formation, the dipolar correction term �Tz� is expected to be
small. The previous studies of two atomic layers, 8 nm di-
ameter Co islands grown on Au�111� suggest the effective
spin magnetic moment to be anisotropic and introduce a
thickness-independent dipolar correction term Tz equal to
0.04�B for the out-of-plane direction of magnetization and
−0.02�B for the in-plane one.24 In the case of the �Co /Au�
dots under study here, the out-of-plane magnetic moment is
isotropic and lower than that reported for the smaller Co
islands �around 2�B per Co atom�. This observation, the fact
that our �Co /Au� dots are much larger, and our EXAFS stud-
ies �see below� suggest that in this case Co atoms have a
different local environment. Thus, based on the fact that we
measure on an array of dots, the value of the spin moment is

not corrected for the dipole term contributions. We still refer
to an effective spin moment to avoid confusion even if this
value should be rather close to the real one. Figures 3�a� and
3�b� present the dependence of both the effective spin mo-
ment and the ratio of the orbital-to-effective spin moment
with Co and Au layer thicknesses. Solid �open� symbols in-
dicate the values of out-of-plane �in-plane� moments; the
open circles refer to in-plane moments measured at 300 K.
No out-of-plane signal could be detected at that temperature.

As can be seen from Fig. 3 the deposition of Co and Au
influences differently the effective value of the spin moment
and the ratio of orbital-to-spin moment in remanence. Both
the spin and the orbital moment scale to the amount of rem-
anent magnetization, therefore the orbital-to-spin moment is
independent from it.

Let us discuss first the behavior of the effective spin mo-
ment. The stable remanence increases steeply with Co depo-
sition onto the Au buffer layer, both at 100 and 300 K. When
the Co layer thickness reaches 4.9 Å the effective in-plane
spin moment nearly reaches 100% of the corresponding Co
reference standard value of 1.6�B �see Fig. 3�a�, right-hand
vertical axis�. The out-of-plane component, in turn, reaches
only about 10% of the full possible remanence, expected
from previous results for Co /Au thin films and multilayers
given in the literature.12 The predominance of in-plane mag-
netization at the expense of the perpendicular alignment seen
at Fig. 3�a� can result from magnetostatic coupling between
the dots. In this case the magnetocrystalline anisotropy en-
ergy associated with the orbital moment anisotropy counter-
acts the magnetostatic interaction that favors an in-plane
magnetization.25

In another study, combining theory and experiment,26,27 it
is shown that the proportionality between the magnetocrys-
talline anisotropy and the orbital moment anisotropy17 breaks
down, due to the strong d-d hybridization of the Co with the
Au ligand atoms influenced by the large spin-orbit interac-
tion with the Au atoms. Following these theoretical results,
it may appear as a surprise that for uncapped
�4.9 Å�Co / �10 Å�Au dots, the d-d hybridization is stronger
than for �3 Å�Au / �4.9 Å�Co / �10 Å�Au. One would have as-
sumed here more Au neighbors per Co atom. However, the
observed presence of the orbital moment anisotropy for
�3 Å�Au / �4.9 Å�Co / �10 Å�Au indicates also the influence
of a structural modification, which leads to a decrease in the
strength of the Co-Au d-d hybridization. These results agree
with the coexistence of in-plane and out-of-plane regions ob-
served in the XMCD-PEEM data of Fig. 1, and support our
assignment of the gray patches in Fig. 1�d� as areas with
out-of-plane magnetization.

We now turn to the evolution of the remanent magnetiza-
tion upon Au capping. With the deposition of just 3 Å of Au
on the �4.9 Å�Co / �10 Å�Au structure the in-plane compo-
nent of the effective spin moment at 100 K remains nearly
constant at about 85% of its bulk value. The in-plane rema-
nence at 300 K, though, increases up to 35%. The addition of
more Au should, in principle, lead to an increase of the dots’
magnetocrystalline anisotropy.28 An increase of the out-of-
plane response at the expense of the in-plane one indicates
that more out-of-plane domains oriented in one direction are
formed. The existence of a nonsaturated stable out-of-plane
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FIG. 3. Values of �a� the spin moment and �b� the orbital-to-spin
moment ratio, derived from XMCD measurements performed at
remanence on different �Co /Au� and �Au /Co /Au� structures grown
on self-organized Si0.5Ge0.5 substrates. Squares �circles� correspond
to data measured at 100 K �300 K�. Filled and open symbols are for
out-of-plane and in-plane magnetic moments, respectively. All the
Co and Au thicknesses are given in angstroms.
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magnetization component at 100 K would also be consistent
with a tendency of the out-of-plane component to break up in
domains with alternating “up-down” orientations. A strong
magnetocrystalline anisotropy favors a single domain state in
thin films. Thus the low values obtained here must be as-
signed to the relaxation of the remanence magnetization
through the formation of “plus-minus” domains, as the
strength of the coercive field should still remain below the
applied field. In this context we note that for a couple of Co
monolayers in Au /Co /Au sandwiches a coercive field of less
than 1 kG was measured.29 Due to the reduced lateral dimen-
sions of our dots, a better guidance may be derived from
another work in which Co nanopillars were grown on recon-
structed Au surfaces.30 Based on these results we expect the
coercive field to be much smaller than 1 kG, allowing us to
magnetically saturate the sample.

With further deposition of Au, no stable macroscopic out-
of-plane remanence could be stabilized even at 100 K and
the in-plane component at 300 and 100 K was greatly re-
duced. Such a result is clearly unexpected for continuous
films, and it appears to be specific to the existence of Co
entities on the surface. This behavior can be tentatively ex-
plained in terms of structural relaxation effects causing a
decrease of the magnetocrystalline anisotropy or the effec-
tive magnetic dot volume, which would lead to a relative
increase of thermal fluctuations. As a summary of this
section, the present set of data provides a characterization of
the spin reorientation transition for a regular array of
�Au /Co /Au� nanodots; this appears to be much closer to the
case of �Co /Au� monolayers on Au�111� single crystal12

than to the �Au /Co /Au� trilayers grown on sapphire.31

Next, we will discuss the variation of the ratio of orbital-
to-spin moment, which is displayed in Fig. 3�b�. As men-
tioned above, this ratio is independent of the magnetic rema-
nence value. Any strong changes of this ratio, as those
observed in Fig. 3, can thus be understood as the result of
variations of the orbital moment. The spin moment is ex-
pected to vary much less, of the order of 10% or less of its
value.32 This has indeed been found in previous studies for
this system, both for Co monolayers on Au and as a function
of Co thickness in capped �Au /Co /Au� trilayers.24,27,28 From
Fig. 3�b� it can be seen that the in-plane and out-of-plane
data points at 100 K �squares� and the in-plane ones at
300 K �open circles� follow initially a roughly linear trend
versus total Co and Au thickness. The initial slope, as defined
by the second Co evaporation step for the
�4.9 Å�Co / �10 Å�Au sample, is the same for in and out of
plane at 100 K, and much higher than for in plane at 300 K.
The increase of the ratio in a thickness range in which the
spin moment is also increasing, as demonstrated in Fig. 3�a�,
implies an even stronger growth of the orbital moment. This
reveals not only the importance of real-space structure ef-
fects in favoring a stable out-of-plane remanence as the over-
all thickness increases, but also the likely existence of a
structure-related distortion, lowering the local crystal sym-
metry and leading to an increased anisotropy of the orbital
moment as the magnetization rotates from in plane to out of
plane.

The data for the two first Co evaporation steps measured
at 100 K show the existence of a spin reorientation transition

without an associated variation of the orbital moment, a fact
that seems to contradict earlier calculations.17 Our data indi-
cate that, for a spin reorientation taking place in �Co /Au�, it
appears of more fundamental importance to induce a struc-
tural distortion in the lattice, mirrored in an overall increased
value of the orbital moment.

The orbital-to-spin moment ratio for the in-plane data
points at 100 K �open squares� is increasing with the two
first Co evaporation steps. Moreover the observed trend �in-
crease� for the out-of-plane data �filled squares� at 100 K is
stronger than for in-plane data at 300 K �open circles� before
the first Au capping. Such an observation appears to be cor-
related with the variation of a macroscopic out-of-plane re-
manence and therefore highlights a modification of the mag-
netic anisotropy energy, directly responsible for this stronger
slope and overall high value of the orbital moment. Overall
we observe that the spin reorientation transition for an array
of dots takes place over a much wider temperature range
�more than 200 K� than for other Au /Co /Au thin films.31

Also important is the fact that almost no change in the slope
of the out-of-plane ratio can be seen as the previously dis-
cussed �4.9 Å�Co / �10 Å�Au sample is covered with another
Au layer 3 Å thick �solid squares in Fig. 3�b��, whereas the
slope for the in-plane data points at 100 K decreases. Finally,
with further Au capping an anomaly is found in the variation
of the orbital moment at 100 K. For the highest Au capping
thickness studied �4.3 Å� no out-of-plane magnetization
could be observed. On the other hand, a similar increase of
the in-plane ratios is detected at both 100 and 300 K. It is not
clear which type of structural changes can be responsible for
this behavior. Only upon cooling the �Co /Au� and
�Au /Co /Au� samples we observe variation of the orbital mo-
ment, indicating either that structural distortions may occur
upon cooling, or some variation in the roughness of the
Co /Au interface takes place. In summary, the data of Fig. 3
for the orbital moment highlight the importance of structural
distortions for the occurrence of a stable, macroscopic out-
of-plane remanence.

B. Co K-edge EXAFS

Given the anomalous increase of the orbital moment
found on the �Au /Co /Au� dots with respect to thin films it is
of importance to correlate this observation with possible
structural variations occurring at the level of the first few
neighbor shells of the Co atoms. An increase of the orbital
moment may be linked to structural distortions of the dots,
lowering the local symmetry around the Co atoms, as com-
pared to bulklike samples, but it may also be due to elec-
tronic structure effects. The latter are, in particular, related to
the strong spin-orbit energy of the Au atoms. The informa-
tion provided by Co K-edge EXAFS on the local environ-
ment of the Co atoms allows disentangling structural from
electronic effects.

The EXAFS data were taken at room temperature for the
�4.3 Å�Au / �4.9 Å�Co / �10 Å�Au sample and compared with
the direct x-ray transmission from a Co foil, which was used
as the reference sample.

The k-weighted EXAFS spectra of both samples are
shown together after atomic background subtraction and nor-
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malization to the atomic cross section of the K-absorption
edge using the “Athena” software as thick and thin line in
Fig. 4�a�. The threshold energy E0 was taken at the first
inflection point at the value of 7709 eV for all the spectra.
The data were then converted into photoelectron wave vector
k space. To obtain the Fourier transform �FT� of the EXAFS
signal in R space for the Co foil we used a k range from 2.7
to 13.4 Å−1, whereas for the nanostructured sample we used
a k range from 3.4 to 11.9 Å−1. The FT of the EXAFS spec-
tra for the �Au /Co /Au� dots and for the Co foil were calcu-
lated using the “Athena” and “Artemis” software and are
shown in Fig. 4�b� as a thick and thin line, respectively. No
phase shift correction was included in the FT data of Fig.
4�b�.

For the �Au /Co /Au� dots, the atomic distances within the
first two nearest neighbor shells contributing to the Fourier
peak around 2 Å in Fig. 4�b� were calculated using a back
Fourier transform of the first peak of the FT using the range
1.24 Å�R�3.20 Å. Here only single scattering is impor-

tant. The FT of the standard Co foil shown in Fig. 4�b� �thin
line� reproduces well the results from the literature33,34 for
Co with hcp stacking for both the distance and amplitude of
the two first neighbor shells contributing to the main peak. In
contrast, the atomic distances for the Co foil were calculated
in a range of R: 1.24 Å�R�5.60 Å also accounting for the
contribution of more distant neighbor shells and the
multiple-scattering contributions within this distance range.
The simulations were performed using the back filtered os-
cillations and the FEFF6 code from Artemis software.23 The
results of the best fit for the nanostructured sample and the
Co hcp foil are shown in Fig. 4�b� as dashed lines with
respect to each sample. The inelastic loss factor, S0

2 param-
eter, was obtained by fitting the Co foil EXAFS for the near-
est neighbor shells within the first peak and was 0.78. The S0

2

factor was fixed for the dots to the same value. The E0, the
effective coordination number N*, the distances of the two
close lying nearest neighbor Co-Co shells R1 and R2, and
mean-square relative-displacement factor �2, were deter-
mined by the Artemis fits. The E0 value was found
6.0�0.5 eV for both the Co foil and the dots. The results of
the fits are presented in Table I.

Despite the fact that two close distances in the forward
Fourier transformed �FFT� oscillations corresponding to the
first peak are not completely resolved by the EXAFS experi-
ment, the first peak can be fitted using the single scattering
formalism with two close shells of 2.49 and 2.51 Å each
comprising six neighbors with a mean-square relative dis-
placement factor ��2� of 0.003 Å2. The other peaks include
single- and multiple-scattering contributions.

For the �Au /Co /Au� dots �thick lines in Fig. 4� we find a
strong reduction of the EXAFS amplitude for all peaks with
respect to the Co �hcp� foil. The best EXAFS fit indicates a
loss of about 5 of the Co neighbors within the first peak of
the FT. The effective coordination number N* was calculated
only for Co neighbors neglecting the Au nearest neighbor
contributions.

All attempts to include Au neighbors considerably dete-
riorated the quality of the fit in agreement with the results for
Au /Co /Au multilayers34 and Co on Au�111�.33 These stud-
ies already indicate that in the EXAFS signal the Au atoms
are not making a contribution due to the increased disorder
of the Co-Au bonds. The strong reduction in coordination
number confirms the fact that only a couple of Co monolay-
ers are embedded in Au. The data analysis and FEFF calcu-
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FIG. 4. �Color online� �a� Raw EXAFS oscillations of
�4.3 Å�Au / �4.9 Å�Co / �10 Å�Au nanostructures grown on a self-
organized Si0.5Ge0.5 substrate �thick solid line� and of a Co �hcp�
foil �thin line� recorded at 12° grazing incidence of the x-ray beam
at 300 K. For comparison the FEFF6 calculations of the nanostruc-
tured sample for the first two shells in the range 1.24 Å�R
�3.20 Å and for the Co �hcp� foil performed in the range 1.24 Å
�R�5.60 Å are presented at the same plot. �b� Fourier transform
of k��k� of the EXAFS spectra of the nanostructured sample �thick
solid line� and FT of Co �hcp� foil at 300 K are shown for compari-
son �thin line�. Both best fits to the experimental results �a� and �b�
�dashed lines� are shown together with the experimental results
�solid lines�.

TABLE I. Summary of the results of the EXAFS analysis using
the FEFF6 code for the first two neighbor shells of Co. N* is the
effective coordination number, R is the first nearest neighbor dis-
tance, and �2 is a mean-square relative displacement factor. For the
�Au /Co /Au� dots, a strong decrease of N* is observed, and the first
two Co shells are 0.12 Å apart.

Sample N* ��1� R �Å2� �2 �Å2�

Co foil 6 2.49�0.01 0.0030�0.0005

6 2.51�0.01

Au /Co /Au 4 2.47�0.02 0.0050�0.0005

dots 3 2.59�0.02
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lations give the best fit to the back-filtered EXAFS oscilla-
tions for the first peak of the FT, with two distinct Co shells
around 2.5 and 2.6 Å, respectively. These values are both
smaller than 2.88 Å, indicating a nonpseudomorphic growth
of Co on the Au underlayer in contrast to what has been
found by EXAFS for �Co /Au� multilayers.34

It must be kept in mind that the Au underlayer is depos-
ited directly onto amorphous native oxide existing on the
semiconductor substrate surface.9 We thus expect that this
Au underlayer will be polycrystalline with �111� texture,
since this is the face with the lowest energy, and our results
can be compared with previous work on layered systems.35

Such a model is in agreement with the observation of the
occurrence of the spin reorientation �SR� at the specific Co
thickness for our dots, similar as for Co /Au�111�.12 The spe-
cific thickness for the appearance of the SR is strongly influ-
enced by the Co crystallographic structure.26 Indeed a similar
Co-Co nearest neighbor distance coupled with a nonpseudo-
morphic growth was found for Co /Au�111�.33

In the case of Co monolayers on a single Au�111� crystal
the first Co-Co distance was determined as 2.51 Å.33 We
observe, however, the existence of two distinct Co shells in
the case of our dots. The EXAFS results, obtained after Au
capping �data point �4.3 Å�Au / �4.9 Å�Co / �10 Å�Au in Fig.
3�b�� indicate the existence of considerable strain in the Co
lattice. The sudden increase of in-plane orbital moment upon
increasing the Au capping to reach 4.3 Å suggests the occur-
rence of a structural relaxation releasing partly the Co lattice
epitaxial strain. This observation leads to the assumption of
even higher strain in the Co lattice, correlating with the out-
of-plane magnetization at lower layer thickness shown in
Fig. 3.

First-principle calculations for a Co monolayer embedded
in Au report that s, p-d hybridization at the interface leads to
orbital moment anisotropy �min plane-mout of plane� of 0.08�B.36

Experiments have demonstrated even higher values for the
orbital moment anisotropy, correlating with the occurrence of
out-of-plane magnetization.24,25 The data of Fig. 3�b� indi-
cate however, surprisingly, that it is possible to obtain an
out-of-plane magnetic moment also with a very weak in-
versus out-of-plane anisotropy of the orbital moment �data
point for �4.9 Å�Co / �10 Å�Au in Fig. 3�b��. At the same

time only a bulklike value of 0.14�B is found for the orbital
moment. The EXAFS analysis thus highlights the importance
of the magnetoelastic contribution to the magnetic anisotropy
energy in this context.

IV. CONCLUSION

We have demonstrated the existence of stable remanence
in arrays of self-organized �Co /Au� and �Au /Co /Au� mag-
netic nanodots grown on nanostructured self-organized SiGe
substrates. In-plane magnetic order, favored by the magneto-
static coupling between dots, becomes stable even at room
temperature for nearly all Co thicknesses. On the contrary,
the well-known perpendicular anisotropy characteristic of
�Co /Au� multilayers is reduced in these low-dimensional is-
lands, in such a way that out-of-plane magnetization can
only be stabilized at low temperature �100 K�, and is corre-
lated with an increase of the orbital magnetic moment. Our
structural and magnetic characterization of the spin reorien-
tation transition in these nanomagnet arrays by means of
XPEEM, EXAFS, and XMCD measurements reveals several
interesting features. It takes place over a much broader thick-
ness range than in two-dimensional multilayers, and is not
necessarily accompanied by a variation in the orbital mo-
ment as previously expected. Significant structural relax-
ations have been detected in the Co that probably play a
major role in determining the magnetic behavior of these dot
arrays.
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