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The spin reorientation transition �SRT� and magnetic domain structure of Co ultrathin films on faceted
Au�455� surfaces have been investigated as a function of thickness by using magneto-optic Kerr effect and
x-ray photoemission electron microscopy in combination with x-ray magnetic circular dichroism. The magne-
tization easy axis of the Co films is found to rotate from an out-of-plane to an in-plane orientation perpen-
dicular to the atomic steps of the substrate due to the dominant contribution of the step-induced magnetic
anisotropy. Moreover, magnetic stripe domains are observed to replicate the underlying periodic facets of the
Au surface. Depending on the facet, the SRT occurs at a well-defined critical thickness and proceeds via a
different mechanism: a state of uniform canted magnetization is formed for �233� facets, while the SRT
involves continuous magnetization rotation followed by the nucleation of small in-plane magnetic domains for
�677� facets.
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I. INTRODUCTION

Low-dimensional magnetism, which combines basic fun-
damental research and potential technological applications in
information processing and storage devices, has grown to
become an active and promising field of investigation in con-
densed matter physics.1,2 The drastic development of re-
search on magnetic nanostructures has greatly benefited from
the progresses of synthesis techniques.3 Among them, ad-
vanced nanolithography offers extraordinary possibilities to
fabricate well-defined homogeneous nanostructures, with
controlled size and shape. However, they are difficult to fab-
ricate on a large scale, mainly because of high cost and time
consumption. An alternative approach to overcome these in-
conveniences is self-organization. In particular, atomic beam
epitaxy on periodic patterns �such as strain relief patterns, for
example� on single crystal surfaces has been shown to pro-
vide very good templates for nanostructures.4–7

For monolayer-thick magnetic films, many interesting ef-
fects have been observed, among which two aspects have
attracted particular attention: magnetic domain structure and
spin reorientation transition �SRT� phenomena.8–10 The equi-
librium magnetic domain structure is determined by the com-
petition between exchange, dipolar, and anisotropy energies,
while the effective magnetic anisotropy constant governs the
direction of magnetization. Because of the broken symmetry
in low-dimensional systems, surface and interface magnetic
anisotropies often play an important role in stabilizing an
out-of-plane alignment of the magnetization in ultrathin
magnetic structures. With increasing material thickness, the
influence of the interface decreases, and dipolar interaction
gains strength. Then, demagnetization energy usually forces
the magnetization to lie within the film plane. More gener-
ally, any variation in the magnetic anisotropies, for example,
due to a modification of thickness11,12 or temperature,13,14

could result in a change of the magnetization direction, i.e.,
SRT.

Experiments on SRT in ultrathin films have revealed that
magnetic microstructures can determine the magnetic behav-
ior of the system to a large extent. Consequently, the study of
magnetic domain structure has attracted much interest in un-
derstanding SRT phenomena and magnetic long-range order
in magnetic ultrathin films. Theoretically, it is found that the
magnetic stripe domain phase has a lower energy than the
single domain phase. In addition, it is predicted that the
stripe domain width should rapidly shrink toward a mini-
mum value as the total effective magnetic anisotropy ap-
proaches zero. Experimentally, the existence of the magnetic
stripe phase at the SRT was verified in Fe/Cu�100� �Refs. 15
and 16� and coupled magnetic sandwiches.17–19 Recent stud-
ies have also proved that a new metastable magnetic
phase—a bubble domain phase20—could be stabilized within
a narrow SRT region. The discovery of this magnetic domain
phase has stimulated many research activities to investigate
domain dynamics, phase transitions, and ground-state spin
structures. Both the spin reorientation transition and the mag-
netic microstructure of monolayer thick-Co films grown on
Au�111� have been investigated.21–23 In this system, Co films
exhibit large out-of-plane magnetized domains with a typical
size of several microns. In the vicinity of the SRT, the do-
main size decays down to about 200–300 nm, with in-plane
and out-of-plane domains coexisting in a narrow thickness
range.

Here, we briefly recall the geometry of the faceted
Au�455� surface. More detailed information can be found
elsewhere.24–26 Au�455� surface is a �111� vicinal surface

misoriented toward the �2̄11� direction, which exhibits hill-
and-valley morphology with a period of facets of a few hun-
dred nanometers. Typical STM images of the Au�455� sur-
face are shown in Fig. 1, which reveal that the Au�455�
surface is made up of two different vicinal surfaces—
Au�677� and Au�233� facets, with the width of �677� facet
slightly larger than one of �233� facet. The corresponding
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vicinal angles with respect to the �111� direction are �1

= +3° and �2=−4° along the �2̄11� direction for �677� and
�233� facets, respectively, with the steps being parallel to the

�01̄1� direction. Previous magnetic investigations were per-
formed on Au/Co/Au�455� �Ref. 27� by magneto-optical
Kerr effect �MOKE� measurements and magneto-optical
Kerr microscopy. For Au �7.0 ML�/Co �4.0 ML�/Au�455�
films, magnetic hysteresis loops describe the average of the
magnetization on each facet: one lying in plane and the other
staying out of plane. The step density of the vicinal surface
has a dramatic effect on the magnetic anisotropy, the facet
with a high step density displaying in-plane anisotropy and
the other facet exhibiting perpendicular anisotropy.
Calculations24 also predicted that Au�455� vicinal surfaces
can induce a periodic anisotropy modulation due to the mag-
netoelastic effects on facet edges. From Kerr microscopy, it
is observed that the domain wall propagation is highly aniso-
tropic, with an easy propagation direction parallel to the step
direction.

In this paper, we focus on the magnetic domain structure
of Co/Au�455� films during the out-of-plane to the in-plane
SRT. Our experimental results show that the SRT occurs with
a rotation of the magnetization easy axes from out of plane to
in plane, with an in-plane preferred orientation perpendicular

to the steps. X-ray photoemission electron microscopy �X-
PEEM� experiments in combination with x-ray magnetic cir-
cular dichroism �XMCD� clearly show that magnetic do-
mains replicate the hill-and-valley shape of the Au substrate.
We also evidence that with increasing Co film thickness, two
different kinds of SRT processes take place within the two
facets: continuous canting of magnetization in �233� facets
and formation of small in-plane magnetized domains in
�677� facets.

II. EXPERIMENTAL DETAILS

Experiments were performed in an ultrahigh vacuum
chamber with a base pressure below 1.0�10−10 mbar.
Au�455� surfaces were prepared by using a standard method:
Ar+ sputtering at 900 eV kinetic energy followed by a short
annealing at 800 K. Co ultrathin films were deposited onto
the Au�455� surface at room temperature with a vacuum
pressure below 5.0�10−10 mbar. Cobalt films were evapo-
rated with a typical deposition rate of 0.1 ML/min. Magnetic
hysteresis loops were recorded in situ during the film growth
at room temperature by using polar and longitudinal MOKE
configurations with maximum applied magnetic fields of 800
and 2500 Oe, respectively.
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FIG. 1. �Color online� Morphology of the Au�455� surface. �a� 4000�4000 nm2 STM image of the Au�455� surface. �b� 60
�60 nm2 STM image of the faceted edge area on Au�455� surface. �c� Profile distribution of the Au�455� surface in �a�.
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X-PEEM measurements were carried out at the Elettra
synchrotron facility �Nanospectroscopy beamline� in Trieste
�Italy�. Co was evaporated in situ inside the microscope
chamber and the deposition rate was calibrated prior to the
experiments by observing the growth of Co on a W�110�
sample. Magnetic images of the Co films were obtained at
the Co L3 edge, with an incident x-ray beam at 74° with
respect to the surface normal direction. To obtain a good
signal to noise ratio in these images, sequences of images
were taken for each helicity of the circularly polarized light,
which is subtracted and normalized to the sum. A local
XMCD signal was deduced from the two X-PEEM images
excited by right �I+� and left �I−� circularly polarized lights
by using the expression Iasy= �I−− I+� / �I−+ I+�. Iasy is propor-
tional to cos �, where � is the angle between incident polar-
ized x rays and local magnetization. In the images shown
here, the typical resolution is 30 nm and a field of view is
5.0 �m.

III. RESULTS AND DISCUSSION

A. Magneto-optical Kerr effect measurements

Magnetic hysteresis loops of Co ultrathin films on faceted
Au�455� surfaces are investigated by in situ MOKE as a

function of Co coverage. Figure 2 shows the typical hyster-
esis loops that are obtained at room temperature for different
film coverages. There, the polar configuration is used to mea-
sure the out-of-plane component of the magnetization. For
films thinner than 0.5 ML, no remanence magnetization sig-
nal is obtained, and Co nanostructures exhibit a superpara-
magnetic behavior since the critical temperature for ferro-
magnetic order is below room temperature.28 For coverages
thicker than 0.6 ML, Co films exhibit square hysteresis loops
with full remanence, indicating that the easy axis of magne-
tization �EAM� is perpendicular to the film plane. The
change in shape of the hysteresis loops between 0.5 and 0.6
ML corresponds to the transition from superparamagnetism
to ferromagnetism. This perpendicular magnetic anisotropy
is commonly ascribed to the dominant role of the interface
anisotropy between the substrate and the film.28 When the
film thickness further increases �up to around 2.0 ML�, Co
films exhibit canted hysteresis loops with a small remanence,
showing that the SRT from an out-of-plane to an in-plane
orientation has occurred. The detailed SRT behavior will be
analyzed in Sec. III B. For films thicker than 10.0 ML, linear
hysteresis loops are found, indicating that the magnetization
completely lies in the film plane. Figure 3 shows the rema-
nence squareness �MR /MS� that is obtained from the hyster-
esis loops as a function of the film thickness in �a� the polar
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FIG. 2. Typical MOKE hysteresis loops that are obtained in the polar configuration from Co films grown on Au�455� surface for different
film thicknesses.
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and �b� longitudinal �with the magnetic field applied in
plane, perpendicular to the steps� MOKE configurations. The
value of the remanence squareness around 1.0 corresponds to
the preferred magnetization direction. From the variation in
remanence squareness in the polar configuration, we deduce
that the SRT takes place for a thickness ranging between 2.0
and 4.0 ML �note that for a 4.0 ML thick film, the remanence
squareness in the polar configuration is still of 4.8%, i.e., an
out-of-plane component of the magnetization still exists�.

For Co/Au�111� films, isotropic in-plane magnetic domain
shapes were reported that show no preferential21 in-plane
magnetization axis. However, it is known that atomic steps
of vicinal surface induce uniaxial magnetic anisotropy since
the directions parallel and perpendicular to the steps are not
equivalent �symmetry breaking�. Then, for stepped surfaces,
there should exist an easy magnetization direction within the
film plane. We have investigated this effect on Au�455�.
MOKE measurements in the longitudinal configuration were
performed as a function of Co coverage with the magnetic
field applied parallel and perpendicular to the steps �see Fig.
4�. When the magnetic field is perpendicular to steps �a�–�c�,
hysteresis loops are very square with a large remanence
squareness, while they have a more complicated shape when
the magnetic field is parallel to the steps �d�. Clearly in this
case, higher fields are required to drive the magnetization to
saturation. According to the hysteresis loops in the two di-
rections, we deduce that the EAM runs perpendicular to the
steps. Whereas the shape anisotropy due to the steps always
makes the EAM along the steps, the magnetocrystalline an-
isotropy at the step edges can establish an uniaxial magnetic
anisotropy perpendicular or parallel to the steps. The compe-
tition between these two different anisotropies determines
the EAM. In our system, the stronger step-induced aniso-
tropy perpendicular to the steps dominates the in-plane an-
isotropy, leading to an EAM perpendicular to the steps. The
remanence squareness in the longitudinal configuration,
when the magnetic field is perpendicular to the steps, is
shown in Fig. 3. The remanence squareness is always larger
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FIG. 3. Remanence squareness that is obtained from hysteresis
loops in the polar �solid squares� and longitudinal �open squares�
�with magnetic field perpendicular to the steps� MOKE configura-
tions as a function of the film thickness.
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than 0.90 for films thicker than 3.5 ML, indicating that
the EAM is hard to reorient by simply increasing the film
coverage.

Similar results were reported for other systems, such
as Fe/Ag�100�,29 Fe/W�001� �Refs. 30 and 31�, and
Co/Cu�100�.32–35 A step-induced uniaxial anisotropy was ob-
served for ultrathin films grown on vicinal surfaces, which
results in an in-plane orientation of the easy axis remaining
parallel or perpendicular to the steps, depending on the thin
film system, structure, and step density. This step-induced
uniaxial anisotropy is believed to originate from two differ-
ent contributions:36 missing bonds at step edges and strain
within the film induced by the step edge torque. Therefore,
the effect of strain at step edges should also be considered in
the step-induced magnetic anisotropy in addition to the effect
of lattice symmetry breaking. In fact, Repetto et al.28 re-
ported that film-substrate interface effects play an important
role for stepped surfaces. This contribution to the magnetic
anisotropy can be much larger than the shape anisotropy,
thus dominating the overall magnetic behavior and inducing
an easy axis perpendicular to the steps rather than parallel to
the steps.

B. Magnetic domain structure

The next point we address is the switching behavior from
an out-of-plane to an in-plane magnetization during SRT. As
is known for ultrathin systems, different types of SRT pro-
cesses, such as canted magnetization or coexisting phases,
can occur if higher order anisotropy37 is considered. Accord-
ing to the higher order anisotropy contribution, there are dif-
ferent phases during SRT, which exhibit different micromag-
netic structures.38,39 So, we can investigate the detailed SRT
process that can be either40 a multidomain type, which in-
cludes the coexistence of perpendicularly and in-plane mag-
netized domains, or a spin canting type, which is accom-
plished by collective and continuous spin rotation. The
question here is whether the out-of-plane remanence de-
creases due to splitting into domains or continuous rotation
of the magnetization. We emphasize that one cannot dis-
criminate between the two switching processes from hyster-
esis loops only because MOKE signal averages the contribu-
tion of the two facets. To resolve the magnetic microstructure
of the Co films during the SRT, spatial X-PEEM microscopy
in combination with XMCD has been performed. Figure 5
shows the X-PEEM images obtained for a 2.5 ML thick Co
film: in the left panel �a�, the beam incidence is parallel to
the steps, while in the right panel �b�, it is perpendicular to
the steps. The different gray levels correspond to different
projections of the local magnetization onto the direction of
the incoming light.41 Analysis of these levels for two
X-PEEM images determines the local magnetization
direction.42 In Fig. 5�a�, no clear magnetic contrast is ob-
served, indicating that there is no component of the magne-
tization parallel to the steps. During our experiments, for the
whole thickness region, we never observed obvious contrast
to the x-ray incidence parallel to steps. In Fig. 5�b�, however,
two different periodic stripe contrasts are evidently visible in
the image, indicating different projections of magnetization

perpendicular to the steps. Comparing images �a� and �b�, we
conclude that the magnetization distribution is confined to

the plane determined by the �111� and �2̄11� directions. The
two stripes with different magnetic contrasts correspond to
the two facets of Au�455� surfaces: in Fig. 5�b�, the stripes
with gray and black contrast levels correspond to the �677�
and �233� facets, respectively. From a comparison of Figs.
5�a� and 5�b�, we deduce that the local magnetizations have
opposite projections along the beam and different canted
magnetizations. Moreover, we clearly see that the SRT from
out of plane to in plane has already started when the film
coverage reaches 2.5 ML. From the different tilt angles off
the normal direction for the two facets, we also deduce that
the critical thickness for the transition is smaller for the �233�
facets than for the �677� facets. This is consistent with the
fact that for magnetization that is tilted out of plane, the tilt
angle linearly depends on the vicinal angle when the magne-
tization has a component perpendicular to the steps. This is
because the strength of the step-induced magnetic anisotropy
increases with the vicinal angle.43

To investigate the SRT of the Co/Au�455� films in detail,
a series of magnetic X-PEEM images have been recorded as
a function of film thickness. Figure 6 shows the magnetic
domain structure of the Co films when the x-ray beam inci-
dence is perpendicular to the steps with different film thick-

FIG. 5. Magnetic domain images of the as-grown 2.5 ML thick
Co/Au�455� film. The field of view is 5 �m. �a� Magnetic domain
patterns for an x-ray beam incidence parallel to the steps and �b�
perpendicular to the steps, as indicated by the arrows labeled with
h�.

FIG. 6. Magnetic X-PEEM images for different thicknesses with
an x-ray beam perpendicular to the steps.
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nesses. For thicknesses ranging from 2.5 to 3.7 ML, regular
magnetic stripes are observed. As the film coverage increases
within this range, the magnetic contrast within each stripe
�on the both facets� stays uniform and continuously becomes
stronger, indicating that the magnetization rotates away from
the out-of-plane direction. At the coverage of 3.7 ML, the
magnetization lies almost in plane for the Au�233� facets.
For the Au�677� facets, there is no apparent magnetic domain
�within the 30 nm XMCD resolution�, so we can infer that
local magnetization is canted. This continuous SRT on the
two facets is consistent with the square shape of the in-plane
hysteresis loops that are obtained in the longitudinal MOKE
configuration �Fig. 4�a��, which has a remanence squareness
value of almost 1.0 �Fig. 3�. In addition, the modulation pe-
riod of the alternating magnetization direction is identical to
the modulation period of the facets: the magnetic domain
structure of the Co films replicates the surface structure of
the substrate,44,45 as predicted by calculations.24 We then
conclude that the magnetization crossover takes place by a
continuous rotation from an out-of-plane to an in-plane pre-
ferred orientation for the �233� facet. When the film thick-
ness further increases up to about 4.0 ML, two different pro-
cesses occur for the two facets. For the �233� facet, the
magnetic contrast level is completely black at 4.0 ML, and
then the contrast decreases up to 4.8 ML due, as explained in
the next paragraph, to the decrease in the uniaxial in-plane
anisotropy relative to the shape anisotropy, which favors a
parallel to the steps in-plane magnetization. For the �677�
facet, the situation is clearly different: the magnetization
changes from a uniform state to a multidomain state. Within
the film thickness from 4.0 to 4.8 ML, small, in-plane mag-
netized, circular shape magnetic domains with the magneti-
zation direction perpendicular to the steps appear at the facet
edges. This observation is in agreement with the MOKE hys-
teresis loops �from 4.0 to 5.0 ML�, for which the shape in
longitudinal configuration is curved close to remanence �Fig.
4�b��, indicating a switching process by nucleation of small
domains. Therefore, for the Au�677� facet, a continuous SRT
occurs below 3.7 ML, and in-plane magnetization then splits
into multidomains when the film is thicker than 4.0 ML.

Finally, the SRT that is observed in Co/Au�455� films can
be summarized from the magnetic contrast of X-PEEM im-
ages, as shown in Fig. 6. The variation in the local XMCD
asymmetry as a function of the film thickness can be recon-
structed for the two facets �see Fig. 7�. For the �233� facet,
the SRT from out of plane to in plane mainly finished be-
tween 2.0 and 4.0 ML, in which the magnetic contrast con-
tinuously changes, keeping a uniform contrast level. The
SRT in this facet can be attributed to a spin cantinglike tran-
sition, which is accomplished by collective and continuous
rotation of the magnetization vector. When the film coverage
is larger than 3.7 ML due to the vanishing effect of the in-
plane anisotropy, the magnetic contrast begins to decrease.
For the �677� facet, the SRT can be explained by two differ-
ent processes. First, when the coverage is lower than 4.0 ML,
the magnetic contrast is uniform and the magnetization di-
rection continuously changes, corresponding to a continuous
SRT as observed for the �233� facet. Second, when the cov-
erage is higher than 4.0 ML, white and black domains appear
with an in-plane magnetization perpendicular to the steps,

corresponding to a discontinuous SRT. The complicated SRT
processes for Co/Au�455� films are associated with the com-
petition of shape anisotropy �Kv�, interface anisotropy �Ks�,
and step anisotropy �Kstep� contributions to the effective an-
isotropy. If higher order anisotropy is considered, it was re-
ported that interplay between first order anisotropy �K1� and
second order anisotropy �K2� determines different magneti-
zation switching behaviors, such as a continuous or discon-
tinuous transition.37,38 In our system, surface and step aniso-
tropy can contribute to K1, which can be written as �K1
=Ks / t+Kstep / tw+Kv, where t is the film thickness and w is
the step width�. For the Au�233� facet, due to the dominant
role of Kstep, it is possible to stabilize a canted magnetization
during SRT. Since Kstep anisotropy effect decreases with in-
creasing film coverage, the step anisotropy �perpendicular to
the steps� becomes comparable to the shape anisotropy �par-
allel to the steps�, resulting in the decreasing contrast in
Au�233� facet above 4.0 ML. For Au�677� facet, we find
coexisting phases. The two different SRT processes on the
two facets can be associated with different relations between
K1 and K2, which may come from several possibilities. First,
the Co ultrathin film crystalline structure is not exactly same
on the two facets,6,7 which exhibits different anisotropies.
Second, these two facets are vicinal surface with different
step densities, which can induce different step anisotropies
on each facet. If we consider these different contributions to
the effective magnetic anisotropy, it is not surprising to have
different relations between K1 and K2, which can result in
different SRTs on the two facets. The quantitative analysis of
the origin of higher anisotropy is beyond the scope of this
paper for this complicated system.

IV. SUMMARY

In summary, Co ultrathin films have been grown on fac-
eted Au�455� surfaces, and the SRT has been investigated by
MOKE measurements and X-PEEM experiments. From the
X-PEEM images, we observe magnetic stripped domains
that replicate the underlying periodic faceted substrate. With
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FIG. 7. �Color online� Normalized XMCD asymmetry of the Co
films for the two facets as a function of the film thickness that is
derived from the images in Fig. 6.
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increasing film thickness, different SRT processes occur for
the two facets. The SRT proceeds via a state of uniform
magnetization canting for the �233� facet within the thick-
ness region between 2.0 and 4.0 ML, whereas the transition
involves the continuous transition below 3.7 ML that is fol-
lowed by the formation of small in-plane multidomains at
film thickness larger than 4.0 ML for the �677� facet. Fur-
thermore, the preferred direction of magnetization reorients
itself from out of plane to in plane perpendicular to the
atomic steps due to the dominant contribution of the step-
induced magnetic anisotropy.
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