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We have investigated spin reorientation transitions on ultrathin Co films grown on a stepped Cu�1 1 17�
surface upon adsorption of Ag and NO by means of the magneto-optical Kerr effect, the magnetization-induced
second harmonic generation, x-ray magnetic circular dichroism, and laser excited photoemission magnetic
circular dichroism. Although a spin reorientation transition from the step parallel to perpendicular direction is
well known to occur after Ag deposition, the magnetization after the transition is found to be canted from the
film plane toward the terrace atomic plane. On the other hand, upon NO adsorption, the Co film is shown to
lose its inherent twofold uniaxial magnetic anisotropy without showing canted magnetization.
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I. INTRODUCTION

Magnetic anisotropy of thin metal films grown on sub-
strates has been investigated for more than a decade because
of both fundamental interest and technological requirements.
Lattice mismatch between the magnetic film and the sub-
strate, surface anisotropy, and interface anisotropy settle the
direction of the magnetization. The thickness dependency of
the anisotropy sometimes results in a spin reorientation tran-
sition �SRT�. Although a flat magnetic film is likely to show
an in-plane magnetic easy axis due to its demagnetization
energy, perpendicular magnetization is stabilized due to the
complementary terms. Since the balance between the differ-
ent anisotropies is subtle, the various surface modifications
by adatoms drive SRT such as in Ni/Cu�001� �Refs. 1–6�
and Co/Pd�111�.7,8

Step surfaces bring additional magnetic anisotropy within
the surface plane since the directions parallel and perpen-
dicular to the step edge are no longer equivalent. It is found
that Co on stepped Cu�001� surfaces gives a magnetic easy
axis parallel to the step.9–18 A double hysteresis loop is ob-
served in magnetic films on stepped surfaces, while a normal
rectangular shaped hysteresis is detected along the easy axis
�see Fig. 2�a��. The double hysteresis loop is phenomelogi-
cally attributed to the magnetic anisotropy from atoms lo-
cated at step sites.11 From a microscopic point of view, Dhesi
et al.19 have evaluated the spin-orbit coupling by means of
the x-ray magnetic linear dichroism measurements. They
have shown that the spin-orbit coupling parallel to the step is
larger than the one perpendicular to the step and have given
a quantitative comparison between the anisotropic spin-orbit
coupling and magnetocrystalline anisotropy. Although the
magnetic anisotropy due to the step edge seems quite strong
and thus hard to be reoriented, Weber et al.17,18 discovered
adatom induced SRT on Co/Cu�1 1 41� from the � step to
the � step direction. Adsorption of Ag, O, and Cu on the step
edge sites changes the step magnetic anisotropy, resulting in
SRT.

Beside the twofold symmetry in the step surface, the
breaking inversion symmetry perpendicular to the step gives
canted magnetization toward the surface normal. Mikuszeit

et al.16 have found canted magnetization on Co/Cu�1 1 13�
by means of MOKE �magneto-optical Kerr effect� measure-
ments. They have evaluated that the canting angle is 6.6° at
the thinnest limit, which corresponds to the angle between
the film and atom terrace planes of Cu�1 1 13�; namely the
magnetization is aligned within the atom plane. Although
their measurement on canted magnetization is highly reli-
able, they have performed the experiments basically along
the hard axis perpendicular to the step, and the magnetization
of 4 ML Co was not able to be saturated because of too
strong uniaxial anisotropy. It is thus interesting to investigate
possible canted magnetization of Ag-deposited thin Co films
that shows a � step easy axis.17,18

In the present work, we have investigated magnetic prop-
erties of Ag- and NO-covered Co films on Cu�1 1 17� by
means of MOKE, x-ray magnetic circular dichroism
�XMCD�, the magnetization-induced second harmonic gen-
eration �MSHG�, and laser excited photoelectric magnetic
circular dichroism �MCD�. The main subject is to evaluate
canted magnetization on Ag- and NO-covered Co films. For
Ag/Co/Cu�1 1 17� canted magnetization is observed with
high accuracy using XMCD. The variation of the orbital
magnetic moments before and after Ag deposition is also
estimated in order to discuss the role of the orbital magnetic
moments in the SRT.19–22 Moreover, magnetization curves
taken with the MSHG method are shown to discuss the tech-
nical magnetization process. On the other hand, NO adsorp-
tion induces a loss of inherent twofold uniaxial anisotropy,
resulting in a fourfold symmetric film, and no canted mag-
netization is found.

II. EXPERIMENTS

The experiments were performed in an ultrahigh vacuum
�UHV� chamber and its base pressure was 2�10−10 Torr.
The chamber was equipped with low energy electron diffrac-
tion �LEED� and an electromagnet. The LEED equipment
was also used for Auger electron spectroscopy �AES�. A
Cu�1 1 17� surface was cleaned by repeated cycles of Ar+

sputtering at 1 keV and subsequent annealing at 875 K for
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10 min. The cleanliness and order were verified by LEED,
AES, and x-ray absorption spectroscopic �XAS� measure-
ments. Co and Ag were deposited from commercial evapo-
rators, and the pressure was maintained below 5�10−10 and
2�10−9 Torr during Co and Ag deposition, respectively. The
sample temperature was kept at 300 K for Co and Ag depo-
sitions, while NO is adsorbed at 90 K to avoid dissociation
of molecules. All measurements for Co films after Ag depo-
sition and NO adsorption were done at 300 K and 90 K,
respectively. The Co coverage was calibrated by AES and
XAS. Scanning tunneling microscopy �STM� from Unisoku
with electrochemically etched W tips was used for the study
of the film morphology. In the STM measurements, we em-
ployed a Cu�1 1 41� crystal instead of Cu�1 1 17�, which
shows essentially the same magnetic properties including
Ag- and NO-covered Co films.

Magnetization curves were taken with MOKE and
MSHG. The longitudinal MOKE experiment was performed
using a diode laser �635 nm, CW, 5 mW�.4 The light inci-
dence and reflection angles were set at 45°. The MSHG mea-
surements were conducted using a similar system in the
literature.23 A Ti:sapphire laser was used as an excitation
source �800 nm, 80 MHz, 100 fs, Spectra Physics�.

The Co L-edge XMCD measurements were carried out at
Beamline 4B of UVSOR-II in Institute for Molecular
Science.4,24 The energy resolution was E /�E�1000. During
the XMCD measurements, a magnetic field of ±2500 Oe was
applied, which was large enough to saturate the magnetiza-
tion along the in-plane easy and hard axes, but was not suf-
ficient for the hardest axis along the surface normal. The
spectra were recorded by measuring the sample drain current
�total electron yield� and by flipping the magnetic field or the
x-ray helicity. In order to extract the XMCD spectra, the
subtracted spectra were divided by the correction factor of
Pc sin �i ��i is the x-ray incidence angle with respect to sur-
face normal�, and moreover, a so-called self-absorption
effect25 was taken into account with the assumption of the
electron escape depth of 25 Å and the unform film thickness.
The absorption coefficients were taken from the literature
table.26

In order to determine the magnetic easy axis including the
perpendicular component precisely, incident angle depen-
dence of MCD was investigated in remanent magnetization.
In case of Ag deposition, we employed XMCD. The XMCD
signal becomes zero when the magnetization M is perpen-
dicular to the light helicity. By varying the polar angle of the
sample crystal, the XMCD signals at the LIII peak top were
recorded. The accuracy of the incident angle was verified by
the laser reflection and was estimated as less than 0.5° at
most. In case of NO/Co/Cu�1 1 17�, due to unfortunate lack
of the beam time at Beamline 4B, we employed a laser-
excited photoelectric MCD method27,28 instead. We em-
ployed the same laser diode as for the MOKE measurements.
In order to overcome the work function, Cs was deposited on
the surface. We will assume here that Cs does not meaning-
fully affect the magnetic properties of NO/Co/Cu�1 1 17�
since no significant changes were observed in the longitudi-
nal MOKE measurements before and after Cs deposition.

III. RESULTS AND DISCUSSION

A. Clean Co films

We will first show the experimental results on clean Co
films on Cu�1 1 17�. Figure 1�a� shows a model surface
structure. The terrace is 8.5 atom wide, and is separated by a
monoatomic step. The Co atoms are classified into four
kinds: bulk, surface, step corner, and step edge atoms.11 For
the Co/Cu�1 1 17� film, the � step direction is known as a
magnetic easy axis, the � step direction is a hard axis, and
the direction perpendicular to the surface is the hardest axis.
Figures 1�b� and 1�c� show the experimentally observed
LEED patterns before and after Co deposition, respectively.
The fundamental spots clearly split into two after Co depo-
sition as well, confirming that the Co film grows in a layer-
by-layer fashion and the step edge is maintained on the Co
film surface. The STM image of Co�3 ML�/Cu�1 1 41� in
Fig. 1�d� also shows the maintenance of the step array after
deposition.

Figure 2 shows the results of MOKE, MSHG, and XMCD
on clean Co on Cu�1 1 17�. In the longitudinal MOKE of
Fig. 2�a�, the magnetization hysteresis curve along the � step
direction is a simple rectangular shape, while the � one
shows zero remanence and a double hysteresis loop with the
shift field of �220 Oe. Figure 2�b� shows the Co L-edge
XMCD spectra of 3 ML Co on Cu�1 1 17� with M � step and

FIG. 1. �Color online� �a� Model surface structure of a Co film
on Cu�1 1 17�; �b�, �c� the LEED patterns with the primary electron
energy of 127 eV before �b� and after �c� 5 ML Co deposition. The
STM images �40�40 nm2� of �d� clean 3 ML/Cu�1 1 41� and �e�
NO-adsorbed 3 ML Co/Cu�1 1 41�. Vs=0.3 V; It=0.15 nA.
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M�step. As seen in the LIII edge around 779 eV in Fig.
2�b�, the � step intensity is larger than the � step one, while
the LII-edge XMCD intensities are nearly the same. From the
sum rule,31 the larger LIII XMCD is ascribed to a larger or-
bital magnetic moment in the � step direction than that in the
� step direction. A quantitative sum-rule analysis31,32 yields
the orbital and effective spin magnetic moments, morb and
mspin

eff . The effective spin magnetic moment mspin
eff is given as

mspin
eff =mspin+7mT, where mspin is the real spin magnetic mo-

ment and mT the magnetic dipole term.32 The numerical re-
sults of the ratio, morb/mspin

eff are indicated in Fig. 2�b� since
the mspin

eff values show no difference between the � step and
the � step. Although the difference of the ratio between the
� step and � step directions are also not so significant, the �

step direction shows larger orbital magnetic moments, as can
be expected from the spectra. According to the well known
concept given by Bruno,33 the present finding is consistent
with the fact that the magnetic easy axis isparallel to the step
edge.

In Fig. 2�c�, we show the MSHG results that were re-
corded with H�step. Three polarization dependences of
Sin-Pout, Pin-Pout, and Pin-Sout are given. We examined the
Sin-Sout polarization as well, but omit it in Fig. 2�c� since no
meaningful hysteresis was obtained �only a straight back-
ground�. The features of the polarization dependent magne-
tization curves are considerably different from those of

MOKE and it is worth discussing what we observe. Here, we
can recall the selection rule in MSHG.29 When the Cartesian
coordinate is defined as in Fig. 2�c� �note that the definition
is different from that of Fig. 1�, nonzero elements of a rank-3
tensor that are responsible for the second harmonic genera-
tion from the fcc�001� surface are tabulated in the
literature.29 Although the present system is slightly inclined
from the ideal �001� surface and more nonzero elements ap-
pear, simple description of the �001� surface is sufficient for
the following qualitative discussion on the features of the
magnetization curves.

In the Pin-Sout configuration, when M �x �longitudinal�,
there exist nonzero yxx and yzz terms, which are odd func-
tions with respect to M. On the contrary, all the even and odd
terms vanish when M � y �transverse�, which implies that the
Pin-Sout MSHG shows a similar magnetization curve to that
of longitudinal MOKE. Actually in Fig. 2�c�, a double hys-
teresis loop emerges. The different shift field in MSHG from
the MOKE result in Fig. 2�a� is caused by slight differences
in the sample qualities such as the differences of the long-
range order of the crystal and/or the contamination on the
film surface. On the other hand, in the Sin-Pout configura-
tions, when M �x, the even zyy term is nonzero but there
remains no odd term, while the odd xyy and the even zyy
terms are nonzero when M � y. The Pin-Pout configuration is
similar to the Sin-Pout one. Only the even xzx, zxx, and zzz
terms are nonzero when M �x, while the odd zzx, xxx, xzz
and the even xzx, zxx, and zzz terms are nonzero when M � y.
Since only the transverse contribution contains odd terms in
the Sin-Pout and Pin-Pout configurations, MSHG gives a mag-
netization hysteresis curve perpendicular to H �y axis�. Ac-
tually, the signal intensities at ±300 Oe are almost equivalent
to each other and the longitudinal contribution is thus quite
small. The observed features from −200 to +200 Oe are thus
ascribed to the transverse magnetization.

We can consequently get information on the magnetiza-
tion reversal process including the transverse direction.
When we start from H= +300 Oe, the magnetization M is
completely aligned to H �+x, hard axis�. With decreasing H,
M turns downwards �−y, easy axis� at H= +100 Oe. At H
=−100 Oe, M is once reversed to the upward direction �+y,
easy axis�, and at H=−200 Oe M is resultantly aligned to the
left �−x, hard axis�. Although the MSHG technique is usually
emphasized to be surface sensitive,30 it also allows us to
extract the transverse Kerr-like effect without changing the
experimental configuration, which is useful in investigating
technical magnetization processes of ultrathin films.

B. Ag-deposited Co films

Figures 3�a� and 3�c� show the magnetization curves re-
corded by the longitudinal MOKE and the polarization de-
pendent MSHG of Ag�1 ML�-deposited 5 ML Co on
Cu�1 1 17�. In contrast to the results of the clean Co films,
the � step magnetization curve shows a simple rectangular
shape, while the � step gives a double hysteresis loop with
the shift field of �200 Oe. This observation implies that the
magnetic easy axis is perpendicular to the step within the
film plane and that SRT actually occurs upon Ag deposition.

FIG. 2. �Color online� �a� Longitudinal MOKE magnetization
hysteresis curves of 5 ML Co on Cu�1 1 17� with H � step and
H�step. �b� Grazing incidence Co L-edge XMCD spectra of 3 ML
Co on Cu�1 1 17� with M � step and M�step. �c� MSHG magneti-
zation hysteresis curves of Co�5 ML�/Cu�1 1 17� with H�step.
Polarization dependence is also given; for instance Sin-Pout denotes
the s-polarized incident fundamental light and the p-polarized gen-
erated second harmonics. Also shown are the scan directions of the
magnetic field, and the schematic magnetization direction during
the technical magnetization.
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Our result confirms the previous SRT in Co/Cu�1 1 41� by
Weber et al.17,18 although the magnetic anisotropy is larger in
Co/Cu�1 1 17�. The MSHG magnetization curves exhibit
similar features to those of the clean Co films in Fig. 2�c�.
The magnetization reversal process should be essentially the
same as the above case, although the easy axis is rotated
from the � step to � step direction by 90°. Figure 3�b� shows
the Co L-edge XMCD spectra of Ag�1 ML�/Co�3 ML�/Cu�1
1 17�. There can be seen almost no difference between the �

step and � step spectra. From the sum rule analysis given in
the figure, the ratio of morb/mspin

eff is actually equivalent.
When one compares the results with those of the clean ones,
one can find that the � step orbital magnetic moment is sup-
pressed, while the � step one is unchanged. Although these
results cannot conclude the magnetic easy axis, it is not con-
tradictory to the occurrence of the SRT possibly because the
difference is too small to detect by XMCD.

Next we will discuss the possibility of canted magnetiza-
tion. We have measured the canting angle of the
Ag/Co/Cu�1 1 17� using the XMCD technique. Figure 4
shows the incident angle dependence of the Co LIII-edge
XMCD intensity at the peak top energy. In the case of clean
Co, where the magnetic easy axis is along the step edge, the
intercept is found at �i=0°, in agreement with the fact that
the easy axis lies on the film plane with no canting. On
depositing Ag, the easy axis turns to the � step direction
even at 0.2 ML Ag, which is approximately equal to the
density of the steps. According to the previous work,18 the
Ag atoms adsorb at the step edges, which modifies the mag-
netic anisotropy at Co atoms at the step, resulting in the SRT.

As the coverage of Ag increases, the intercept is shifted to
the negative side that corresponds to the magnetization cant-
ing from the film plane to the atom plane �see Fig. 1�. The
canting angle at 1 ML Ag is estimated as �5.5±0.5°, which
is approximately equivalent to the angle between the film
and atom planes of 4.76° of Cu�1 1 17�. The magnetization
thereby is close to the atom plane, and lifted up toward the
surface normal direction. In the previous work by Mikuszeit
et al.,16 it was concluded that the direction of canted magne-
tization approaches the atomic plane at the thinnest limit,
which seems in accordance with the present work. It should
be noted that Mikuszeit et al.16 have measured the spin cant-
ing on Co/Cu�1 1 13� along the hard axis with the magnetic
field applied to saturate the magnetization.

C. NO-adsorbed Co films

Figure 5�a� shows the magnetic hysteresis curves of the 6
ML Co film after the dosage of a saturated amount of NO
�3L�L=10−6 Torr s�� at 90 K, recorded with the longitudinal
MOKE method. The hysteresis loops are completely identi-
cal between the � step and � step directions. The step in-
duced anisotropy vanishes and the film behaves as if the film
symmetry is fourfold. Figure 5�b� gives the variation of the
shift field as a function of NO exposure. There can be found
no abrupt decrease in the shift field, which is gradually sup-
pressed with increasing the NO coverage. The gradual de-
crease of the shift field indicates that the NO adsorbs uni-
formly on the surface, not restricted to the step edge, which
is supported by the STM observation in Fig. 2�b�, showing
uniformly adsorbed NO. The different adsorption behavior
between Ag and NO may result in the difference in the SRT
and the canting angle. Figure 5�c� shows the grazing inci-
dence Co L-edge XMCD spectra of NO-adsorbed 6 ML Co
on Cu�1 1 17� with M � step and M�step. One can find
almost identical XMCD spectra between the two directions.
This indicates that the two axis is equivalent, in agreement

FIG. 3. �Color online� �a� Longitudinal MOKE magnetization
hysteresis curves of 1 ML Ag-deposited 5 ML Co on Cu�1 1 17�
with H � step and H�step. �b� Grazing incidence Co L-edge XMCD
spectra of Ag-deposited 3 ML Co on Cu�1 1 17� with M � step and
M�step. �c� MSHG magnetization curves of Ag�1 ML�/Co�5 ML�/
Cu�1 1 17� with H � step. Polarization dependence is also given.

FIG. 4. �Color online� Incident angle dependence of Co
LIII-edge XMCD at the peak top energy for clean 5 ML Co and
Ag�0.2, 0.5, and 1.0 ML�-deposited 5 ML Co on Cu�1 1 17�. The
zero �−4.8� degree corresponds to the angle perpendicular to the
film �atom� plane. In the case of the clean Co film, the magnetiza-
tion is parallel to the step edge, while all the Ag-deposited Co give
magnetic easy axes perpendicular to the step.
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with the longitudinal MOKE results. Note also that the
XMCD intensity is noticeably suppressed compared to those
of clean and Ag-deposited films �see Figs. 2 and 3�.

We have similarly examined canted magnetization in the
NO-adsorbed 5 ML Co film. The measurement method is
different from the one in the Ag-deposited film, and the laser
excited photoelectric MCD was recorded as a function of the
incident polar angle �i. Figure 6�a� shows the magnetization
hysteresis curve. Although in the present sample there re-
mains still some shift field and the transition is not com-
pleted, it may be less important to measure the canting angle
in the surface normal direction. To ensure that the magneti-
zation is in the single domain, we measured the canting angle
under 300 Oe. Figure 6�b� gives the incident angle depen-
dence. It is clearly found that the MCD asymmetry vanishes
exactly at the normal incidence and that the magnetization is
lying on the film plane. The result of the NO adsorbed film is
in good contrast to that of the Ag-deposited one.

D. Magnetic anisotropy

We will finally discuss the magnetic anisotropy observed
in the present systems of Ag- and NO-covered Co films on
Cu�1 1 17�. According to the Néel model,11,34,35 the differ-
ence of the magnetic anisotropic energies �Ea between
M � step and M �step �within the film plane� is expressed
within the fourth order as

�Ea = − �K2v +
K2s

t
+

K2se

tw
+

K2sc

tw
�sin2 � + K4v sin4 �

−
K4se

tw
�1 + cos2 �� +

K4sc

tw
sin 2� ,

where t is the thickness of the film, w is the width of the
terrace, and � is the angle between the film and atom planes.
In the anisotropic constants K, subscripts 2 and 4 denote the
second and fourth orders, while subscripts s, v, se, and sc
correspond to the surface, volume, step-edge, and step-corner
atoms, respectively. In this equation, since the third term that
originates from K4se��0� is apparently dominant, the � step
direction is consequently a magnetic easy axis in clean Co
films.

Upon adsorption of NO, the Co film seems to lose two-
fold step-induced magnetic anisotropy and the magnetic easy
axis lies on the film plane as in the clean film. This means
that the above �Ea is essentially zero. Although the adsorp-
tion geometry of NO on stepped Co surfaces is not known,

the present STM image indicates uniform adsorption of NO;
NO adsorbs on both the step edge and terrace atoms. Since
NO adsorption quenches the orbital magnetic moments of
the adsorbed Co atoms, the surface and step edge anisotro-
pies should be suppressed. The present observation of the
loss of the step induced anisotropy is thus quite reasonable.

On the other hand, Ag deposition induces the transition of
the magnetic easy axis from the � step to the � step direc-
tion. Since Ag atoms interact predominantly with the step
edge Co atoms, the step edge anisotropy is suppressed, while
the step corner anisotropy may be less influenced due to
weaker interaction with Ag. This argument can partly explain
the SRT. The magnetization is however found to lie closely
on the atom plane in Ag/Co/Cu�1 1 17�. The energy differ-
ence between the M � step and M�step �within the atom
plane� is given as

�Ea = − 2�Ms
2 sin2 � −

2K4se

tw
.

The energy difference is always negative as long as K4se is
positive. Skomski et al.13 discussed unidirectional anisotropy
on Co/Cu�1 1 17� based on the experimental observations of
the unambiguous unidirectional shift.14,15 This is not pre-
dicted by the Néel model, because the contribution from the
step corner atoms is canceled on the atom plane. The situa-
tion of the present observation is quite similar to the previous

FIG. 5. �Color online� �a� Lon-
gitudinal MOKE magnetization
hysteresis curves of 3 L NO ad-
sorbed 6 ML Co on Cu�1 1 17�
with H � step and H�step. �b�
Variation of the shift field as a
function of NO exposure. �c�
Grazing incidence Co L-edge
XMCD spectra of NO-adsorbed
6 ML Co on Cu�1 1 17� with
M�step and M � step.

FIG. 6. �a� Magnetization hysteresis curve of NO-adsorbed 5
ML Co on Cu�1 1 17� at 90 K recorded with the laser-induced
photoelectric MCD method. �b� Incident angle dependence of the
nearly normal incidence laser photoelectric MCD for NO-adsorbed
5 ML Coon Cu�1 1 17� at 90 K. The remanent magnetization was
nearly aligned to the � step direction. The zero �−4.8� degree cor-
responds to the angle perpendicular to the film �atom� plane.
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case and the physical origin of the canted magnetization can-
not be explained by the Néel model. In isolated nanowire
systems on substrates as well, similar magnetic anisotropy
was reported36,37 and was partly understood theoretically.38

The one-dimensional Co atomic wires on Pt�997� show an
inclined magnetic easy axis. The understanding of the mag-
netic easy axis of Ag/Co/Cu�1 1 17� needs further
quantum-mechanical works.

IV. CONCLUSIONS

We have investigated SRT on Co films on vicinal
Cu�1 1 17� upon Ag deposition and NO adsorption. On clean
Co films, which show the � step magnetic easy axis, interest-
ing information on the technical magnetization process is
obtained from the MSHG measurements. XMCD confirms

that the orbital magnetic moment is slightly larger along the
� step direction than the � step one. After depositing of Ag
on the Co films, where Ag adsorbs predominantly at the step
edge and the SRT from the � step to the � step direction
takes place, the canted magnetization is observed with re-
spect to the films plane; the obtained canting angle indicates
that the magnetization lies on the atom plane instead of the
inherent film plane. The magnetic anisotropy model by Néel
fails in explaining the observation of the canted magnetiza-
tion, and the physical mechanism requires future theoretical
works. On NO adsorption, it is found that NO molecules
locate on both the step edge and terrace atoms and the Co
film loses the twofold uniaxial magnetic anisotropy. No cant-
ing angle is observed for NO adsorption, leaving the magne-
tization on the film plane. The confinement of the magneti-
zation in the film plane can be explained within the Néel
anisotropy model.
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