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We investigate the step decoration growth and magnetic properties of Fe grown on a curved Pt�111� single
crystal by means of low-energy electron diffraction, scanning tunneling microscopy, and the surface magneto-
optical Kerr effect. We find that the step-induced magnetic anisotropy enhances the Curie temperature of Fe
ultrathin films. Fe grown on high-vicinal-angle surfaces has larger values of both the saturation magnetization
Ms and coercivity Hc compared with the flat surface. Ms��� increases quadratically with the vicinal angle �.
The atomic steps of the vicinal surface greatly affect the magnetic properties of ultrathin Fe films. Finally we
find that the step-induced surface anisotropy Ks��� is proportional to �4. The surface anisotropy of Fe on
curved Pt�111� substrate is related to the numbers of atoms at the step edges and the polarization of proximal
Pt atoms.
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INTRODUCTION

The study of low-dimensional magnetic epitaxial systems
is of great interest due to their technical applications as well
as their rich fundamental physics.1 Compared with bulk
structures, whose properties are well known, magnetic nano-
structure are complex and manifest a wealth of variety. This
is because the energies associated with various parameters
are comparable in nanostructures. These parameters include
the magnetocrystalline anisotropy,2 shape anisotropy, surface
anisotropy,3 step anisotropy,4 magnetoelastic effects,5 and the
interface between the material and substrate.6 It is well
known that an isolated one-dimensional �1D� chain with iso-
tropic finite-range exchange interactions cannot maintain
long-range ferromagnetic order at finite temperature.7 Nei-
ther does the isotropic 2D Heisenberg system.8 However, the
presence of magnetic anisotropy, finite size, and nonequilib-
rium effects could break the symmetry and affect this
conclusion.8,9 Due to the unique structure of the stepped sur-
face, it provides an ideal platform where different anisotropy
terms come into prominence. Recently, a great deal of effort
has been devoted to investigating 1D nanostripes10–15 and 2D
thin films16,17 of magnetic transition metals on vicinal sur-
faces. The magnetic anisotropy is related to and affected by
the local atomic and electronic structure. Understanding the
nature of the magnetic anisotropy is crucial to the develop-
ment of novel magnetic nanostructures. Both the magnetic
moment and the magnetic anisotropy energy of 1D Co chains
and 2D films are calculated to be enhanced with respect to
bulk Co.18–21 This enhancement is due to the symmetry
breaking in the surface and the introduction of atomic steps
on the vicinal substrate. To study the effect of step-induced
anisotropy on magnetic properties, curved substrates are
widely used to supply a continuous gradient in step density.22

Different systems have been explored in this area. The mag-
netic anisotropy of Fe /Ag�001� �Refs. 23 and 24� and
Fe /W�001� �Ref. 5� increases quadratically with step den-
sity. A quadratic dependence of anisotropy on step density
can be explained based on Néel’s pair bonding model,25 and

the consequence is that the anisotropy decays with film
thickness d as 1 /d. The magnetic anisotropy of Fe /Pd�001�
�Ref. 22� and Co /Cu�001� �Ref. 26� exhibits linear depen-
dence on the step density. These works indicate that the re-
sult strongly depends on the material and substrate. To better
understand the step-induced anisotropy, more research is
needed to probe the different material-substrate systems.

In the present work we explore the magnetic properties of
ultrathin Fe films grown on a curved Pt�111� substrate in the
coverage range of 0–3.6 monolayers �ML�. Pt is known to be
nearly ferromagnetic and can have an induced magnetic mo-
ment when it is in proximity to 3d ferromagnetic atoms. The
strong spin-orbit interaction in Pt produces a high value of
the perpendicular magnetic anisotropy in the Fe /Pt system.27

Both the saturated magnetization Ms and coercivity Hc of Fe
grown on a high-vicinal-angle surface show larger values
compared with the flat surface. We find that the step-induced
magnetic anisotropy enhances the Curie temperature of ultra-
thin Fe films. The atomic steps of the vicinal surface greatly
affect the magnetic properties of ultrathin Fe films. Finally,
we find that the step-induced surface anisotropy Ks��� de-
pends on the vicinal angle � as Ks�����4. The surface an-
isotropy of Fe on a curved Pt�111� substrate is due to the
step-induced magnetic anisotropy and the polarization of the
proximal Pt atoms.

EXPERIMENTAL APPROACH

The experiments were carried out in an ultrahigh vacuum
�UHV� chamber with base pressure below 5�10−11 Torr.
The system is equipped with a scanning tunneling micros-
copy �STM�, surface magneto-optical Kerr effect �SMOKE�,
Auger electron spectroscopy, low-energy electron diffraction
�LEED�, and reflective high-energy electron diffraction
�RHEED� facilities. A Pt�111� single crystal with the size of
5�10 mm3 was carefully polished into a cylindrical curved
shape. It provides a continuous range of substrate from a flat
Pt�111� surface ��=0� up to vicinal angles of 15°, with an
average terrace width down to 0.85 nm. The steps are along

PHYSICAL REVIEW B 77, 024404 �2008�

1098-0121/2008/77�2�/024404�6� ©2008 The American Physical Society024404-1

http://dx.doi.org/10.1103/PhysRevB.77.024404


the close-packed �11̄0� direction and the vicinal angle �

varying along the �2̄11� direction. The vicinal Pt�111� surface
has straight atomic step arrays with a narrow terrace width
distribution, which is attributed to repulsive interactions be-
tween adjacent steps.28 The Pt crystal was loaded into our
UHV chamber and cleaned in situ with repeated cycles of Ar
sputtering at 900 eV followed by annealing at 1000 K. The
substrate was also annealed in oxygen at 5�10−8 Torr for a
few minutes to eliminate the surface carbon impurities. The
resultant substrate is free of oxygen and carbon contamina-
tion within the Auger detection limit. Once the surface is
atomically clean, Fe is deposited at room temperature with a
low dose rate equivalent to 0.2 ML /min, as calibrated by
RHEED and STM. During the deposition the chamber pres-
sure was below 2�10−10 Torr. An Fe wedge was grown in

the thickness range of 0–3.6 ML and it varies along the �11̄0�
direction. The film thickness and vicinal angle vary indepen-
dently. Two hours after the Fe deposition SMOKE was used
to study the magnetic properties along the wedge. The length
of the wedge is 4 mm and the focused He-Ne laser beam size
is 0.2 mm. Thus, the thickness gradient sampled for each
data point corresponds to ±0.1 ML. We performed both lon-
gitudinal and polar geometry SMOKE studies for our
samples in order to characterize the magnetic properties,
while only polar data are presented in this paper.

RESULTS AND DISCUSSION

Both LEED and STM were used to check the quality of
the substrate. An in situ STM image of the clean Pt�111�
surface on the curved substrate with �=8° is shown in Fig.
1�a�. At this vicinal angle the terrace width is about 1.6 nm.
The STM image is displayed in the derivative mode �dz /dx�
to highlight the step edges �where z is the height in a
constant-tunneling-current scan mode, and x is measured in
plane�. The corresponding LEED pattern of the surface is
shown in Fig. 1�b�. The image shows elongated, split spots
due to the change of step terrace width on the curved sub-
strate. The average distance between the split spots yields a
terrace width of �seven atomic spacings which agrees with
the STM data. As shown in Fig. 1�c�, the split diffraction
spots collapse into singlets as the vicinal angle is decreased
to 0. There is no other sign of reconstruction and the back-
ground is negligible. The growth was studied by monitoring
the RHEED intensity oscillations, as has been presented
elsewhere.29,30 According to the RHEED data, the initial
growth of Fe is smooth layer-by-layer growth due to step
decoration. Then the streaks start to blur and break into
spots, indicating 3D growth. Thus, initially Fe grows pseudo-
morphically on the Pt substrate. Then the Fe lattice gradually
starts to relax �real lattice spacing decreases� and the relax-
ation is observed after 1.6 ML. Due to the large lattice mis-
match of 10.6% between Fe and Pt, complete relaxation oc-
curs as Fe approaches a thickness of 4 ML. Large strain is
built into the films below this thickness.

Both longitudinal and polar SMOKE measurements were
made. For the longitudinal geometry the magnetic field was
applied in plane along the step direction, while for the polar

geometry the magnetic field was applied normal to the sur-

face, which is perpendicular to the �11̄0� step edge. The Kerr
signal in remanence is proportional to the remanent magne-
tization Mr. We performed polar SMOKE measurements as a
function of Fe thickness for different vicinal angles at room
temperature. The data are shown in Figs. 2 and 3. Figure 2
illustrates the magnetic hysteresis loops measured at indi-

(a)

(b)

(c)

FIG. 1. �Color online� �a� STM images of the clean Pt�111�
surface with vicinal angle of 8° and average terrace width �1.6 nm.
�The image size is 40�40 nm2.� �b� the corresponding LEED pat-
tern of the surface shown in �a�. �c� LEED pattern of the flat Pt�111�
surface.
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cated Fe thickness deposited on the flat Pt�111� substrate
��=0� and a highly stepped surface with �=13°. �The linear
background slope of the loops is from the UHV window or
paramagnetic impurities in the substrate.� Notice that we use
the same scales in these two figures. Comparing the data for
�=0 and 13°, it is clear that the onset of long-range magnetic
order requires a thicker Fe film ��1.5 ML� for �=0 than for
�=13° ��1.2 ML�. Since the Curie temperature Tc sensi-
tively scales with the thickness of the ferromagnetic layer as
100–200 K/ML, the data indicate that the step surface en-
hances the Curie temperature. Variable-temperature measure-
ments will be done in our laboratory to confirm the result.
Theoretically it is known that the isotropic 2D Heisenberg
model does not give rise to long-range magnetic order at
finite temperature.8 In our system, due to the symmetry
breaking of the vicinal surface, the step-induced magnetic
anisotropy results in the ferromagnetic order at finite tem-
perature. In addition to the Tc enhancement, we also find that
both Ms and Hc of Fe grown on a high-vicinal-angle surface
have larger values compared to on the flat surface. The sig-
nificant enhancement of Kerr signal is not likely completely
caused by the Fe atoms, but from the additional induced
moment of the proximal Pt atoms. It has been shown that Pt
atoms in the interface with Fe atoms can have an induced
magnetic moment due to the coupling with Fe via 3d-5d
hybridization. As the step density increases with �, more Pt
atoms are magnetically polarized by the Fe. For ultrathin Fe

films, the contribution from Pt atoms plays an important role
and the total Ms value of the system increases compared with
the flat substrate. In the meantime on the vicinal surface the
strong magnetic polarization of Pt substrate could also stabi-
lize the long-range ferromagnetic order at a lower Fe thick-
ness. As a result, it enhances the Tc value on the vicinal
surface.

The magnetic reversal process is a combination of nucle-
ation, expansion of domains through morphological constric-
tions, and the coherent rotation within domains. Compared
with the flat surface, monatomic steps on the vicinal surface
introduce more pinning sites and impede the motion of do-
main walls. As a result of that, the atomic steps cause an
increase of the Hc value. In summation the magnetic proper-
ties of ultrathin Fe films is greatly altered by the step struc-
ture on a vicinal surface.

Figure 3 shows Mr and Hc measured at the indicated vici-
nal angles as a function of Fe thickness. We noticed that,
above 3 ML coverage of Fe, only longitudinal hysteresis
loops are observed, the polar signal being vanishingly small.
The magnetic easy axis is in plane due to the shape aniso-
tropy or demagnetization. As the Fe coverage decreases, the
polar Mr first increases, as illustrated in Fig. 3�a�, exhibiting
full remanence at �1.6 ML, and then decreases due to the
decreased amount of Fe. We attribute the spin reorientation
from in plane to perpendicular due to the competition be-
tween the shape anisotropy and the magnetocrystalline aniso-

FIG. 2. Polar Kerr hysteresis loops at room temperature for Fe
films grown on �a� flat Pt�111� surface and �b� stepped Pt�111� sur-
face with vicinal angle of 13° with indicated Fe thickness. �The
coordinate axis scale is the same for the two figures.�

FIG. 3. Fe-coverage-dependent �a� remanent magnetization Mr

and �b� coercivity Hc of Fe grown on curved Pt�111� substrate at the
indicated vicinal angle measured at room temperature via polar
Kerr effect.
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tropy associated with the step edges.31 Ultrathin Fe on
stepped Pt�111� exhibits magnetic anisotropy perpendicular
to the surface in our system. It appears to have a stronger
surface anisotropy compared to Fe /Pd�110�,32 for which the
spin reorientation occurs at 0.7 ML. One of the important
sources of large magnetic anisotropy of the Fe-Pt system is
the proximal polarization of the Pt atoms. Pt would contrib-
ute a stronger spin-orbit interaction than Pd due to its higher
Z value.

Figure 3�b� shows the dependence of Hc as a function of
the film thickness for different � values. The behavior is
complex. Intuitively, we expect the coercive field to decrease
with increasing film thickness, because the high anisotropy
energy is dominated by the surface and step sites, and the
ratio of the anisotropy energy to the total energy is propor-
tional to the surface-to-volume ratio. However, this is not the
case when the step-induced anisotropy is extended to the
overall film instead of the step edge local effect. We specu-
late that anomalous behavior is caused by the strain built in
the films since the lattice mismatch between Fe and Pt is
substantial. We notice that the slope of Hc with thickness
increases as � increases. This is because the Tc value is en-
hanced by the introduction of the step surface. For a fixed Fe
thickness, the results at the larger vicinal angle involve a
significant enhancement of Tc. The temperature at which
measurement were made is thus further below Tc, since
Tc��� is enhanced with �. This results in the observed higher
Hc values for the stepped surfaces.

To better understand the dependence of magnetic aniso-
tropy upon the step density, we also performed polar
SMOKE measurements as a function of � at different Fe
thickness. The hysteresis loops for 1.6 and 2.2 ML Fe are
plotted in Fig. 4 and the data for Ms and Hc are summarized
in Fig. 5. The reason that the polar magnetization of the 2.2
ML Fe film is smaller than that of 1.6 ML is due to the spin
reorientation from in plane to out of plane around 1.6 ML. It
is clear that, as � increases, the magnetization increases. Our
qualitative discussion above relates this to the polarization of
Pt atoms at the step edges. For a high-vicinal-angle surface,
the density of step edge atoms increases, as does the contri-
bution from proximal Pt atoms, so the magnetization in-
creases. The polarization of Pt atoms is expected to produce
a linear dependence with �. However, the solid-line data
fitting shown in Fig. 5�a� indicates that the magnetization
increases quadratically on �. This discrepancy implies that
there is an additional contribution to the magnetization in our
system. We know that the magnetization scales with tem-
perature further below Tc. The data in Fig. 5 confirm the fact
that in the Fe /Pt system the step-induced anisotropy en-
hances Tc. At higher-vicinal-angle surfaces, the Tc value in-
creases, and the magnetization at room temperature increases
as it is further below Tc.

The Hc value increases with increasing � in all films,
consistent with simulation33 and theoretical calculations.34

This behavior is consistent with the physical intuition that
steps on a vicinal surface introduce pinning sites that impede
the motion of domain walls. It was shown that the magnetic
anisotropy in Fe films grown on stepped Ag�001� increases
quadratically with increasing step density,23,24 while the co-
ercivity of Co /Cu�001� films increases almost linearly with

increasing step density.26 Compared with the flat surface, the
stepped surface introduces additional anisotropy. Shown as
Fig. 5�b�, Hc of thick Fe films shows a stronger dependence
on � compared with low Fe coverage. This is related to the
strain built into the film. The step-induced anisotropy ex-
tends over the entire film surface instead of being a local
effect at the step edge.

Although the out-of-plane anisotropy of Fe on curved
Pt�111� might result in antiferromagnetic ordering of adja-
cent steps due to dipolar interactions,35,36 no sign of this was
observed. We attribute this to the strong ferromagnetic polar-
ization of the Pt substrate. Consider that when the spin reori-
entation transition occurs, the perpendicular anisotropy
field compensates the in-plane demagnetizing field,37

2Ks�T ,�� /MsdSR=4�Def fMs, where dSR is the Fe coverage at
the spin reorientation transition and Def f is the effective de-
magnetization factor. First, we notice that dSR is almost inde-
pendent of T in our system;29 this implies that the perpen-
dicular surface anisotropy Ks has a T dependence that varies
as Ks�T��Ms

2�T� due to the anisotropic Fe-Fe exchange cou-
pling via the polarized Pt atoms. Second, dSR is independent
of � as illustrated in Fig. 3�a�. This implies that the perpen-
dicular surface anisotropy Ks��� varies as Ks����Ms

2���. Al-
though the strong surface anisotropy does not show a depen-
dence on � explicitly, the surface anisotropy does increase as
the vicinal angle increases and depends on � as Ks�����4,
since Ms��� increases quadratically with � as discussed ear-

FIG. 4. Polar Kerr hysteresis loops at room temperature as a
function of vicinal angle of Fe films grown on curved Pt�111� sur-
face with indicated Fe thickness. �The coordinate axis scale is the
same for the two figures.�
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lier. In our Fe /Pt system, the anisotropy shows a stronger
dependence on � compared with other systems. In previous
studies the step-induced anisotropy was found to depend lin-
early on the step density for Co /Cu,26 and quadratically on
step density for Fe /Ag.23,24 The reason for the stronger de-
pendence in our system is due to the contribution from both

the step structure of the vicinal surface and the magnetic
polarization of the Pt substrate. The step structure is related
to the rotational symmetry breaking, and is also present in
other systems, such as Fe /Ag and Co /Cu. However, mag-
netic polarization of the substrate does not exist in those
systems; it is unique in our Fe /Pt system. Summarizing, the
anisotropy of our Fe /Pt�111� system strongly depends on the
vicinal angle and step density due to the contribution of
symmetry-breaking-induced magnetic anisotropy and the
proximal polarization of Pt atoms.

CONCLUSIONS

We investigated the growth and magnetic properties of
ultrathin magnetic films of Fe grown on a curved Pt�111�
vicinal single-crystal surface at room temperature. Pt is
known to be nearly ferromagnetic and can have an induced
magnetic moment when in proximity to 3d ferromagnetic
atoms. The strong spin-orbit interaction in Pt produces a high
value of the perpendicular magnetic anisotropy in the Fe /Pt
system. We find that the step-induced magnetic anisotropy
enhances the Curie temperature of the Fe ultrathin films.
Both the saturated magnetization Ms and coercivity Hc of Fe
grown on high-vicinal-angle surfaces show larger values
compared with the flat surface. Ms��� increases quadratically
with �. The atomic steps of the vicinal surface greatly affect
the magnetic properties of the ultrathin Fe films. Finally, we
found that the step-induced surface anisotropy depends on �
as Ks�����4. The reason for the stronger dependence in the
Fe/stepped Pt�111� system is due to the contribution from
both the step structure of the vicinal surface and the mag-
netic polarization of the Pt substrate.
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