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Ultrathin Ni films are grown on vicinal Cu�001� substrate with the steps parallel to the �110� axis and with
the vicinal angle ranging from 0° to 12°. Spin reorientation transition �SRT� thickness of the Ni film is studied
in situ using magneto-optic Kerr effect with step decoration of Mn, Fe, Co, Cu, and Pd. Surprisingly, the Ni
SRT thickness is only affected by the Co step decoration with the other elements having little effect on the Ni
SRT thickness. Further experiment using Co normal growth and a thin separation Cu layer confirms that the
affected Ni SRT by the Co decoration comes from the Ni-Co interaction at the step edges.
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I. INTRODUCTION

Magnetic crystalline anisotropy in magnetic crystals is
generated by the spin-orbit interaction which transfers the
spatial symmetry of the electron orbits to the electron spin
freedom.1 Magnetic anisotropy plays an important role in
magnetic properties of materials, especially in low dimen-
sional magnetic systems. For example, long-range magnetic
order would not exist at any finite temperature in a two-
dimensional Heisenberg system without the help of the mag-
netic anisotropy.2,3 While the strength of the spin-orbit inter-
action depends sensitively on the electronic structure of the
materials, the expression form of the magnetic anisotropy
depends only on the crystal symmetry.4 For example,
uniaxial magnetic anisotropy, which assigns one easy/hard
axis to the electron spin, could not exist in a three dimen-
sional lattice with cubic symmetry but in a thin film where
the translational symmetry is broken in the film’s normal
direction. For a thin film with in-plane square lattice �e.g.,
the �001� film of bcc or fcc lattice�, in-plane uniaxial mag-
netic anisotropy cannot exist either due to the fourfold rota-
tional symmetry. Because the overall magnetic anisotropy
depends on both the spin-orbit interaction strength and the
lattice symmetry-breaking, it is very difficult to trace the
behavior of the magnetic anisotropy by simply comparing
one system to the other system. In an attempt to separate the
lattice symmetry-breaking from the spin-orbit interaction
strength in the magnetic anisotropy, magnetic thin films
grown on vicinal surfaces have been studied recently. It is
found that the atomic steps on a �001� vicinal surface breaks
the fourfold rotation symmetry to induce an in-plane uniaxial
magnetic anisotropy.5–7 This step-induced magnetic aniso-
tropy has a profound effect on various properties of magnetic
thin films such as the enhancement of the Curie
temperature,8 spin canting structure,9 anisotropic
susceptibility,10 and the spin reorientation transition �SRT�,11

etc. To better understand the step-induced magnetic aniso-
tropy, curved substrates were applied to explore the relation
between the step-induced magnetic anisotropy and the step
density,12 and the result shows that different lattice symmetry
seems to induce different forms of the step-induced magnetic
anisotropy.13 X-ray magnetic linear dichroism measurements

confirm that spin-orbit interaction indeed changes at the step
edges, supporting the fact that the step-induced magnetic an-
isotropy comes from the electronic change at the step
edges.14

Although the above result indicates a localized effect of
the step-induced magnetic anisotropy in the lateral direction,
thickness-dependent study shows that the step-induced mag-
netic anisotropy does not have a simple one-over-thickness
behavior,15 showing a nonlocalized effect in the vertical di-
mension. To further understand the step-induced magnetic
anisotropy, research on vicinal surfaces has been recently
advanced by developing quasi-one-dimensional systems, ei-
ther by growing magnetic wires on vicinal surfaces16–18 or by
step decoration of foreign atoms on a stepped magnetic thin
film.19 In the latter case, it is shown that side growth of
foreign atoms can effectively decorate the step edges of a
stepped film. The experiments, however, seem to show con-
troversial result with the step-induced magnetic anisotropy
depending sensitively on the step decoration for some
systems20 but insensitive for other systems.15 Theoretical cal-
culation using tight-bonding model suggests that the change
of the step-induced magnetic anisotropy by step decoration
comes from both the d-orbit change at the step edges and the
structural relaxation near the step edges.21 While the calcu-
lation could successfully explain the in-plane SRT of stepped
Co film with Cu decoration, it is difficult to extend the cal-
culation result to other systems which show a negative effect
to the step decoration. Obviously, a systematic study of the
step decoration by experiment is needed in order to provide a
guideline for future theoretical calculation. In this paper, we
studied the SRT of Ni film on curved Cu�001� with step
decoration using the elements of Mn, Fe, Co, Cu, and Pd. Ni
film grown on Cu�001� has a volume-type out-of-plane mag-
netic anisotropy and a surface-type in-plane magnetic aniso-
tropy, leading to a SRT from in-plane to out-of-plane with
increasing the film thickness.22 Therefore, the addition of the
step-induced magnetic anisotropy is expected to shift the Ni
SRT thickness. Then a comparison of Ni SRT thickness with
step decoration of different elements should provide some
insight on the step-induced magnetic anisotropy. The five
decorating elements we choose are around the element Ni in
the Periodic Table and represent antiferromagnetic, ferro-
magnetic, diamagnetic, and paramagnetic elements, thus
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should cover a wide spectrum of different electronic struc-
tures. Our experiment shows a surprising result that only the
Co step decoration produces a significant effect on the Ni
SRT thickness, while the other four elements have virtually
no effect on the Ni SRT.

II. EXPERIMENT

A Cu�001� single crystal disk of 10 mm diameter and
2 mm thick was polished into a curved shape with the steps
running along the �110� in-plane direction. The vicinal angle
� varies continuously from 0° up to 12°. The substrate was
cleaned in situ by cycles of Ar ion sputtering at 2 keV and
annealing at 600 °C. All samples were grown at room tem-
perature in vacuum with pressure below 9�10−10 torr. A
water-cooled quartz balance was used to calibrate the evapo-
ration rate prior to the sample growth. The Ni film was
grown into a wedge shape �0–20 ML with 4 ML/mm� by
moving the sample behind a knife edge shutter and with the
wedge slope parallel to the substrate vicinal step edges. At
the end of the wedge, a thick Ni shoulder of 40 ML was
grown for the purpose of registering the Ni wedge position
�Fig. 1�a��. For the step decoration, the substrate was rotated
90° with the curved side of the substrate facing the deposi-
tion flux direction �Fig. 1�b��. In this way, the deposited at-
oms are forced to reach the step edges and each step should
receive the same amount of decoration atoms regardless of
the vicinal angle. In this paper, we fix the step decoration
amount to be one row of atoms per step for all of the five
different elements so that a direct comparison can be made.
Low energy electron diffraction �LEED� was used to charac-
terize the sample. The sharp LEED spots before and after the
film growth show that high quality single crystalline films
have been achieved �Fig. 2�. On the vicinal surface, the regu-
lar arranged atomic steps should split each LEED spot into
double spots with their separation proportional to the vicinal
angle.6 Indeed we observed split LEED spots on our vicinal
surface whose splitting increases with the vicinal angle. The
slight elongation of the LEED spots is probably due to the
finite size of the LEED electron beam which covers a range
of the vicinal angle. Nevertheless, the split LEED spots in-
dicate that well aligned atomic steps are formed before and
after the Ni film growth. The sample was then transferred to
the stage where the electromagnet resides for the magneto-
optic Kerr effect �MOKE� measurement. The local vicinal

angle was determined by the reflection angle of the MOKE
laser beam. The finite beam width ��0.2–0.3 mm� covers a
range of vicinal angle so that the reflection beam spreads into
a range of �1–2°. To reduce the error bar of the vicinal
angle in the MOKE measurement, a slit was placed in the
path of the reflected beam to narrow the vicinal angle spread-
ing �0.2° in the MOKE measurement.

III. RESULT AND DISCUSSION

The Ni SRT was studied by taking the polar magnetic
hysteresis loop �magnetic field perpendicular to the film�
measurements at room temperature. Figure 3 shows the rem-
anent polar Kerr signal, which is proportional to the perpen-
dicular component of the magnetization M�, as a function of
the Ni film thickness. Representative polar Kerr loops at dif-

FIG. 1. Schematic drawing of �a� the Ni/curved Cu�001� system
and �b� side growth for the step decoration.

FIG. 2. �Color online� LEED diffraction patterns of 10 ML Ni
�right column� on curved Cu�001� �left column� at �=0° �top�, �
=4° �middle�, and �=8° �bottom�, respectively. The electron energy
is 132 eV.

FIG. 3. Polar remanence of Ni film grown on flat Cu�001�.
Arrow indicates where the spin reorientation transition takes place.
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ferent thicknesses are shown in Fig. 4�a�. The rapid increase
of the polar Kerr signal above 7 ML Ni signatures the Ni
SRT from in-plane to out-of-plane directions at �7 ML
thickness. For practical convenience, we define the Ni SRT
transition thickness dSRT as that which the polar Kerr rema-
nence reaches �20 �rad �indicated by the arrow in Fig. 3�.
Then the Ni SRT transition thickness was determined as a
function of the vicinal angle. For the pure Ni film, we find
that the Ni SRT thickness has little dependence on the vicinal
angle, suggesting that the atomic steps do not have a signifi-
cant effect on the SRT thickness. Since the Ni wedge was
grown at the same time on the flat and on the curved part of
the substrate, the � dependence of dSRT should be indepen-
dent of growth rate variations. Here � and dSRT are the vici-
nal angle and the SRT thickness, respectively. However, if
the wedge position was not registered carefully, a wedge
position shift at different vicinal angles could cause an arti-
ficial error in the determination of dSRT. To ensure that we do
not have this artificial error, we determined the Ni wedge
position from the thick Ni shoulder at each vicinal angle. The
40 ML Ni shoulder has a greater coercivity than the 20 ML
Ni film at the end of the wedge, thus a step in the Ni hyster-
esis loop due to these two different coercivities is expected
once the MOKE laser beam covers the Ni wedge-shoulder
boundary. This step should be exactly at the middle of the
hysteresis loop when the center of the MOKE laser beam is
exactly at the position of the wedge end �Fig. 5�. Moving
away from the shoulder position causes a change of the step
position in the hysteresis loop. From Fig. 5, it is obvious that
we can register the Ni position with an accuracy of ±25 �m
in position. Given the Ni wedge slope of 4 ML/mm, a
25 �m position change is equivalent to a thickness change of
0.1 ML. Therefore we can claim that the dSRT value deter-
mined in our experiment has an accuracy of ±0.1 ML.

Step decorations with Mn, Fe, Co, Cu, and Pd were per-
formed on the Ni wedge with the amount of decoration at-
oms being 1 row/step for all the elements. The Ni dSRT was
then determined by MOKE measurement and the result is

shown in Fig. 6. Surprisingly, only Co step decoration has a
significant effect to increase the dSRT while all other elements
of Mn, Fe, Cu, and Pd have virtually no effect at all on the
Ni SRT thickness. To ensure that the effect of Co on the dSRT
comes from the step decoration, we did two more experi-
ments. First, we deposited 0.07 ML Co ��equivalent to 1
row/step at 4° of vicinal angle� onto the Ni wedge using
normal growth instead of side growth. Co atoms on Ni sur-
face do not have a high mobility to migrate to the Ni step
edges as in the case of Cu on a Co surface20 thus the Co
atoms grown in this way stay mostly on the Ni surface rather
than decorating the Ni step edges. MOKE measurements
were then performed. For a comparison, MOKE hysteresis
loops at different Ni thicknesses are shown in Fig. 4 for the
Co side growth �Fig. 4�b�� and for the Co normal growth
�Fig. 4�c�� at 4° of vicinal angle. While the Co step decora-
tion with side growth obviously increases the Ni SRT thick-
ness, the normal growth of Co has little effect on the dSRT.

FIG. 4. Polar hysteresis loops of Ni film on vicinal Cu�001� with
�=4° �a� pure Ni, �b� after Co step decoration using side growth,
and �c� after normal growth of 0.07 ML Co.

FIG. 5. Polar hysteresis loops near the Ni wedge/shoulder posi-
tion. Z denotes the position of the Ni wedge. The steps in the hys-
teresis loop are used to register the Ni wedge position �see text�.

FIG. 6. Ni spin reorientation transition thickness vs the vicinal
angle with step decoration of different elements.
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This result shows that the effect of Co on the Ni dSRT comes
mainly from the Ni-Co interaction at the Ni step edges rather
than from the Ni-Co interaction on top of the flat Ni surface.
In the second experiment, we first grew 2 ML Cu to cover
the Ni wedge and then performed the Co step decoration
with side growth. In this way, the 2 ML Cu is expected to
separate �or weaken� the Ni-Co interaction at the Ni step
edges. Indeed MOKE measurement shows that the Co step
decoration in this way has little effect on the Ni dSRT �� in
Fig. 6�. The above two experiments prove that the effect of
the Co step decoration on the Ni SRT comes from the Co-Ni
interaction at the Ni step edges. This conclusion is further
supported by the fact that the dSRT increases monotonically
with the vicinal angle for the Co decorated Ni film.

Then the interesting question is as follows: Why does
only Co has a significant effect but the other four elements
do not? We discuss several possibilities here. First, the addi-
tion of Co atoms is equivalent to the addition of a thin fer-
romagnetic film and thus should increase the in-plane mag-
netic shape anisotropy of 2�M2. This effect could be
appreciable even if the amount of Co is small, because the
magnetic moment of Co is about 3–4 times greater than the
magnetic moment of Ni. But we rule out this possibility be-
cause the normal growth of Co on a Ni film does not affect
the Ni SRT thickness. The next possibility is the formation of
Co chains at the Ni step edges which could result in a mag-
netic shape anisotropy to favor an alignment of the magne-
tization parallel to the step edges. Then this additional in-
plane shape anisotropy should shift the SRT to a thicker Ni
film thickness. It seems this mechanism could explain the Co
decoration result alone, but will not work when analyzing the
step decoration result of other elements. For example, fcc Fe
on Ni is ferromagnetic below 4 ML Fe thickness,23 and Fe
has a greater magnetic moment than Co. Thus if the shape
anisotropy of the Co chains were responsible for the Ni SRT
thickness shift, the Fe step decoration would have produced
the same effect as Co. The fact that Fe step decoration has no
effect on the Ni dSRT rules out the mechanism of the Co-
chain shape anisotropy. The next mechanism is the strain
effect due to the step decoration. For Ni/Cu�001� system, the
lattice mismatch between Ni and Cu causes a tetragonal dis-
tortion of the Ni film which generates a perpendicular vol-
ume magnetic anisotropy. Then a modification at the Ni step
edges could in principle modify the lattice distortion to
change the perpendicular magnetic anisotropy. However, the
fact that the Ni SRT thickness changes very little with the
vicinal angle suggests that the atomic steps on the vicinal Ni
surface have only a limited effect on the perpendicular mag-
netic anisotropy. After step decoration, the foreign atoms
may cause a local strain change to change the step-induced
magnetic anisotropy.21 This decoration-induced strain is ex-
pected to be proportional to the lattice mismatch between the
foreign atoms and the Ni lattice even though a single row of
foreign atoms at the step edges does not form a lattice.

Among the five elements we choose, Co certainly has less
lattice mismatch to Ni than some of the other elements �e.g.,
Mn and Pd �Ref. 24��. Therefore, local strain effect induced
by the step decoration does not seem to explain our experi-
mental observation.

After excluding the above mechanisms, the plausible
mechanism left is the electronic hybridization at the step
edges. Generally speaking, heavy elements have a stronger
spin-orbit interaction to generate a stronger magnetic aniso-
tropy. That is why Co/Pd and Co/Pt multilayers consist of a
strong magnetic anisotropy. In our experiment, however, Pd
decoration has little effect on the Ni SRT so that the effect of
step decoration is unlikely caused by the increased spin-orbit
interaction strength by the foreign atoms. Another possibility
is the magnetic properties of the decorating elements. In our
experiment, Mn, fcc Fe ��4 ML�, Co, Cu, and Pd are anti-
ferromagnetic, ferromagnetic, ferromagnetic, diamagnetic,
and paramagnetic, respectively. The experimental result
shows that there is no apparent relation between the effect of
the step decoration and the magnetic state of the decorating
element. This fact suggests that the strong modification of
the step-induced magnetic anisotropy by the Co step decora-
tion is unlikely originated from the Co ferromagnetic nature.
Theoretical calculation shows that the major effect of the
step decoration comes from the crystal field splitting of the d
orbits due to the foreign atoms.21 If the theory is correct then
our experimental result suggests that the Co step decoration
causes a much greater crystal field splitting on the Ni atoms
at the step edges than the other four elements. From the point
of view of Néel’s pair bonding model �although the model
does not hold quantitatively for metals�, our result suggests
that a Ni-Co bond should generate a much stronger uniaxial
magnetic anisotropy than the bond between Ni and other four
elements. This mechanism needs further confirmation from
future theoretical calculations. We here only provide our ex-
perimental fact in the hope of stimulating more theoretical
interest.

IV. SUMMARY

In summary, we studied the SRT of Ni films grown on
vicinal Cu�001� using step decorations with Mn, Fe, Co, Cu,
and Pd atoms. We find that the Ni SRT thickness depends
very little on the vicinal angle before the step decoration.
After the step decoration, the Ni SRT thickness increases
with the vicinal angle for Co step decoration but remains
unchanged with the step decoration of the other four ele-
ments.
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