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Fe single crystal film with thickness of 45 monolayer was fabricated on vicinal Si�111� substrate
using ultrathin p�2�2� iron silicide as buffer layer. Scanning tunneling microscope images
show that the Fe nanoclusters form chains on vicinal substrate. The first- and second-order
magnetocrystalline anisotropies, uniaxial magnetic anisotropy constants of the films were obtained
by fitting the ferromagnetic resonance data. The sixfold symmetry of the in-plane resonance field for
Fe�111� film was changed into the superposition of a fourfold and a twofold contribution due to the
effect of the vicinal substrate. © 2010 American Institute of Physics. �doi:10.1063/1.3396077�

The structure and magnetic properties of Fe grown on
Si substrate have been widely studied for decades,1–7 since
it allows the integration of magnetic devices in silicon
technology and opens new opportunities in the field of
magnetoelectronics.8 However, a strong intermixing at the
Fe/Si interface makes the system uncontrollable and com-
plex. An alternate approach is often adopted by inserting a
buffer layer such as copper or iron silicides to prevent the
interdiffusion between the Fe and Si substrate.9,10 A detailed
work, concerned the growth and magnetic properties of Fe
film on Si�111� using an ultrathin c�8�4� iron silicide tem-
plate by means of the unique TBIIST technology, focuses
mainly on the flat Si�111� substrate.11 The vicinal Si�111�
surface,12–16 known for its controllable step type, density and
height, have been naturally chosen as the substrate to tune
the magnetic anisotropy, the domain structure and the topog-
raphy of the ferromagnetic film.17–19 In particular, the do-
main wall velocity in ultrathin magnets might also be con-
trolled at atomic-level by modifying the step density of the
Si�111� substrate.20 In our previous work,21 the quasi-one-
dimensional Fe chains on 4° miscut Si�111� substrate with a
Pb film as a buffer layer were fabricated. However, due to
the large lattice mismatch �aFe=2.87 Å, aPb=3.5 Å� and the
vastly different surface free energy between Fe and Pb ��Fe
=2.48 J /m2, �Pb=0.5 J /m2�, Fe nanoclusters tend to form
polycrystalline structure and the effect of magnetocrystalline
anisotropies of Fe on the magnetic properties of the system is
omitted.

In the present paper, we report the structure and the mag-
netic properties of single crystal Fe film with thickness of 45
monolayer �ML� grown on vicinal Si�111� substrates using
flat ultrathin p�2�2� iron silicide seed layer. The epitaxial
growth mode between the Fe films and substrate is preserved
in this system. It provides the opportunity of investigating
the influence of magnetocrystalline anisotropies on the mag-
netic properties of the system. By ferromagnetic resonance
�FMR� measurements, it was observed that the magnetic an-
isotropy of the sample exhibit superposition of a fourfold and

a uniaxial contribution. Meanwhile, the first- and second-
order magnetocrystalline anisotropies, uniaxial magnetic
anisotropy constants were precisely obtained by fitting the
experimental data within a theoretical model. The corre-
sponding experimental results were also confirmed by the
vibrating sample magnetometer �VSM� approach.

The experiments were carried out using an ultrahigh
vacuum molecular beam epitaxy chamber equipped with the
scanning tunneling microscope �STM� and low-energy elec-
tron diffraction �LEED�. Substrates were Si�111� wafers with
miscut angle 4° along �11–2�. After a well-established flash-
ing procedure,21 the regular arrays of bunched steps were
obtained. Fe was deposited on the vicinal well-defined
Si�111�− �7�7� reconstructed surface at the normal inci-
dence from a Fe wire �99.999% purity� heated by e-beam
bombardment with a deposition rate of 1.5 ML/min. The
atomic density of 1 ML was assumed to correspond to 7.8
�1014 cm−2 atoms as an average value of the unrecon-
structed Si�111� surface.11 During the growth process the
base pressure was around 2�10−10 mbar and the substrate
was kept at room temperature �RT�. In order to prevent the
Fe/Si intermixing, an iron silicide as a buffer layer was first
grown by deposition of 1.5 ML Fe followed by annealing to
700 K for 10 min. This procedure gives a highly ordered
2�2 periodic structure.3 Fe film with thickness of 45 ML
was deposited on the iron silicide template. STM measure-
ments �VT-STM omicron� were performed at RT. FMR mea-
surements were performed at 9.0 GHz at RT. A nonmagnetic
NaCl with thickness of 14 ML was deposited on the sample
as a capping layer to protect samples from being oxidized.21

A schematic configuration of the sample is shown in Fig.
1�a�. The coordinate system used in our FMR measurements
and data analysis is illustrated in Fig. 1�b�.

A large scale STM image of the iron silicide film on the
4° miscut Si�111� substrate is displayed in Fig. 1�c�. The
vicinal structure of the bare Si�111� substrate is well pro-
duced by the buffer layer of iron silicide. The corresponding
2�2 LEED pattern is displayed in Fig. 1�c�. This film com-
prises bunches of steps separating the flat 2�2 reconstructed
terraces with a mean width of 25 nm. The bunched steps are
parallel to each other and regularly distributed on the surface.
The height of steps oscillates around 1.6 nm. An atomically
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resolved 2�2 reconstructed surface is shown in the inset of
Fig. 1�c�. Each protrusion in the figure is a Si adatom.3

Figure 1�d� displays the STM images of Fe film with
thickness of 45 ML grown on p�2�2��111� /Si�111� surface.
The morphology of Fe film is characterized by self-organized
nonuniform Fe grains preferentially aligning along the step
direction. Due to the decoration of the step, Fe chains are
formed with the center to center distance the same as the
terrace width of the substrate. Consequently, a uniaxial an-
isotropy, correlated this particular surface shape, is consid-
ered with the easy axis along the step direction in the
model of fitting FMR data. The epitaxial relationships be-
tween the Fe layer, the iron silicide template and the Si sub-
strate are following,9 Fe�111� �p�2�2��111� �Si�111� and
Fe�−1–12� �p�2�2��−1–12� �Si�1 1–2�.

The magnetic anisotropies of the sample were measured
by FMR. The total free energy density of the system with the
external field H is considered as the following form:4

E = − �0MSH · �̂ + K1��1
2�2

2 + �2
2�3

2 + �3
2�1

2�

+ K2��1
2�2

2�3
2� − Ku��̂ · n̂u� + Kd��̂ · n̂d� − Ks��̂ · n̂s� ,

�1�

where the first term is the Zeeman energy, �̂ is the unit
vector of the magnetic vector and MS is the saturation mag-
netization of Fe �taken as the bulk value 1.74�106 A /m�;
the second and third terms are cubic magnetocrystalline an-
isotropy energy, �i represents the directional cosines of the
magnetic vector �̂ with respect to the cubic axes �100�,
�010�, and �001��, K1 and K2 are the first two cubic magne-
tocrystalline anisotropy constants; the last three terms se-
quentially refer to the uniaxial magnetic anisotropy energy,
surface magnetic anisotropy energy and out of plane demag-
netization energy. Ku, Ks, and Kd �1 /2�0Ms

2� are the corre-
sponding magnetic anisotropy constants. The unit vector n̂u
with its orientation along the step direction represents the

direction of the easy axis of the uniaxial magnetic anisotropy.
n̂s and n̂d, shown in the Fig. 1�b� as dot arrows, are the unit
vectors normal to the �111� plane and vicinal �111� film
plane, respectively. It should be noted that the unit vector n̂d
is perpendicular to the vicinal plane, which is different with
a simple flat thin �111� film sample with its hard axis of the
out of plane demagnetization energy perpendicular to the
�111� crystallographic plane.

The in-plane FMR spectra with different azimuthal
angles are displayed in the left panel of Fig. 2. The azimuthal
angle dependence of the resonance field is shown in the right
panel of Fig. 2 �green circles�. Four maxima and minima of
the resonance fields are observed within the azimuthal angle
range 0° ���360°. It indicates that the in-plane magnetic
anisotropy is the superposition of a fourfold and a uniaxial
contribution. Fitting the experimental data using Eq. �1� and
standard FMR conditions4 yields the following parameters:
K1=4.5�104 J /m3, K2 /K1=0.04, KS /Kd=0.09, and Ku
=9.2�103 J /m3. The in-plane uniaxial anisotropy constant
Ku, originating from the in-plane demagnetizing field of Fe
films, can be accurately calculated from the STM roughness
data in Fig. 1�d� by means of the correlation function method
developed by Bubendorff et al.2 This calculation of shape
magnetic anisotropy yields the uniaxial magnetic anisotropy
constant Ku=1.2�104 J /m3, which is in consistence with
the one Ku=9.2�103 J /m3 by FMR data fitting.

In order to separate the effect of the parameters of the
system on the in-plane magnetic anisotropy symmetry, we
first consider the flat Fe�111� film without uniaxial magnetic
anisotropy. It is known that the easy axis induced solely by
the first order magnetocrystalline anisotropy is along the
�100� directions. However, the effective out of plane demag-
netizing field forces the magnetic moment of the system to
lie in the �111� plane. Despite �Kd−Ks��K1, the competition
of the effective out of plane demagnetizing field and the first
order magnetocrystalline anisotropy field results in a small
deviation of magnetization with respect to the Fe �111� plane
in the resonance condition. As a result, the in plane reso-
nance field displays sixfold symmetry with the easy axis
along the �11−2� directions for a positive K1. According to
the expression of the second cubic energy in the �111� film
E�111�

2 =K2�1+cos 6�� /108,11 the positive value of K2 corre-
sponds to the easy axes along the six equivalent �−110� di-
rections. It is opposite to the effect of the first cubic magne-
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FIG. 1. �Color online� �a� Schematic configuration of the sample; �b� the
coordinate system used in our FMR measurements and data analysis, dot
arrows: the unit vectors n̂s and n̂d; �c� the STM images and LEED patterns
of 2�2 iron silicide phases obtained at annealing temperature Ta=700 K
for 10 min after 1.5 ML Fe deposited on 4° vicinal Si�111� surface; �d� 45
ML Fe on p�2�2� /Si�111�.
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FIG. 2. �Color online� Left: The angular dependence of the in-plane ESR
spectra taken at RT. Right: Experimental �circles� and fitting �line� curves of
the relations between the resonance field and the rotated angle for in plane
configurations, the calculated curve without the effect of uniaxial magnetic
anisotropy for flat �111� plane: empty blocks, vicinal plane: empty triangles.
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tocrystalline anisotropy. Thus, the sixfold symmetry of the
resonance field in the flat Fe�111� film, illustrated in the right
panel of Fig. 2 �empty blocks�, should be displayed under the
influence of effective out of plane demagnetization energy
and the first two cubic magnetocrystalline anisotropy energy
by means of the numerical calculation.

For the Fe films on 4° miscut Si�111� substrate, the di-
rection of the hard axis corresponding to the demagnetizing
field of the film is slightly tilted by 4° along �11–2� direction
from the �111� plane. Compared with the case of flat �111�
plane, a relative large deviation of magnetization with re-
spect to the Fe �111� plane is induced. On the other hand, the
cubic anisotropy contribution to the sixfold anisotropy for a
flat �111� film is very small �The variations in the resonance
field for a perfectly aligned �111� film is less than 1 mT� and
easily hidden. In this case small misorientations are sufficient
to reduce the sixfold symmetry to fourfold one, resulting in
variations in the resonance field much larger than in �111�
plane, as shown in the right panel of Fig. 2 �empty triangles�
by the numerical calculation. Finally, a twofold symmetry of
the in plane resonance field, originating from the uniaxial
magnetic anisotropy, is superimposed to the fourfold one.

Besides FMR measurements, the magnetic properties of
the sample are also characterized by VSM. The experimental
in-plane magnetic hysteresis loops for several angles ��
=0°, 45°, 70°, and 90°� are shown in Fig. 3. The loops ap-
proximately show the same shape in the angle range 0°
���40°. With the increase in azimuthal angle, a magnetic
hysteresis loop of hard axis is observed in the angle �=90°.
These magnetic loops justify qualitatively the experimental
FMR measurements.

In summary, we investigated the magnetic anisotropies
and structure of 45 ML Fe single crystal film on 4° vicinal
Si�111� substrates using flat ultrathin p�2�2� iron silicide as

buffer layer. Fe tends to form grains on the vicinal substrate.
Due to the presence of the step, a uniaxial anisotropy with
the easy axis along step direction and miscut angle are in-
duced to change the sixfold symmetry of the in-plane reso-
nance field into the superposition of a fourfold and a uniaxial
contribution.
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FIG. 3. In-plane magnetic hysteresis loops for several azimuthal angles by
means of VSM.
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