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The present work reports on Fe thin films grown on vicinal Si�111� substrates via rf magnetron
sputtering. The dependencies of the growth mode and magnetic properties of the obtained iron
nanostructures on both crystallographic surface orientation and on the direction of the very weak
stray magnetic field from the magnetron gun were studied. Scanning tunneling microscopy images
showed strong dependence of the Fe grains’ orientation on the stray field direction in relation to the
substrate’s steps demonstrating that, under appropriately directed magnetic field, Si surfaces can be
used as templates for well-defined self-assembled iron nanostructures. Magneto-optical Kerr effect
hysteresis loops showed an easy-axis coercivity almost one order of magnitude smaller for the film
deposited with stray field applied along the steps, accompanied with a change in the magnetization
reversal mode. Phenomenological models involving coherent rotation and/or domain-wall
unpinning were used for the interpretation of these results. © 2009 American Institute of Physics.
�DOI: 10.1063/1.3172926�

I. INTRODUCTION

Stepped surfaces obtained on vicinal substrates have at-
tracted much interest in many areas, such as magnetic thin
films, one-dimensional structures, self-organized nanoscale
patterns,1–3 and ultrathin films grown on vicinal Si substrates
in view of their potential applications in silicon
technologies.4 The effect of the surface symmetry breaking
on the magnetic anisotropy �MA� has been investigated by
several groups in various systems. For example, growth-
induced MA has been associated with directed surface
roughness5 and/or magnetic field6 during the deposition. In
Fe on W ultrathin films2,7 the steps favor perpendicular to
them magnetic moment alignment. MA with easy axis paral-
lel to the step edges, however, has been observed in Fe films
on stepped Ag�100�.8

Although Fe films grown on Si�111� treated with HF
showed clear striped structure,9 atomic steps are rarely ob-
served in HF-treated Si�111� substrates.10 Simple chemical
etching with 40%NH4F, however, is able to produce such
atomically flat surfaces.11 The surface preparation of Si�111�
alone is an actively pursued research area as well, specially
for generation of periodically ordered structures to be used as
templates. Due to the effect of dissolved oxygen on the flat-
tening process of Si�111� surfaces, visible etch pits often
form around single atomic scale defects, such as
dislocations.12 Formation of hillocks during NH4F etching of
vicinal Si�111� surfaces has been also observed.13

The influence of the cap layer on the properties of thin
Fe films grown on Si�111� has been recently studied. It has
been shown that their MA could depend on the thickness of
the cap layer as well as on its growth conditions.14 Strong

dependence of the iron growth mode and MA for Fe/Si�111�
on the substrate preparation has also been observed.15 It has
been found recently that magnetic field can influence the
hydrothermal growth of polycrystalline Co and Ni wires or
magnetite chains aligned along the magnetic field direction.16

In the present work we study the dependence of the morphol-
ogy and the magnetic properties of self-organized Fe films
deposited on vicinal Si�111� surface on both the crystallo-
graphic orientation of the stepped Si surface and on the di-
rection of the field from the magnetron during deposition,
Hm.

II. EXPERIMENT

The substrates used were of the p-type Si�111� wafers,
whose resistivities were in the 2–3 � cm range, with a mis-

cut angle of 0.5° toward the �112̄� azimuth, as estimated by
conventional x-ray diffractometry �XRD�, performed on a
Philips X‘Pert MRD machine employing Cu K� radiation.
The substrate cleaning procedure used is very similar to the
one described in Refs. 10 and 12 and is identical to that used
in our previous work.17

Iron films of thickness t=6 and 12 nm were deposited at
room temperature onto the Si substrates by means of rf sput-
tering in 3.2�10−4 Torr Ar atmosphere with base pressure
prior deposition better than 10−7 Torr and deposition rate
less than 0.1 nm/s. The target-to-substrate separation was 6.5
cm and the in-plane magnetic field measured at the substrate
surface was Hm=7 Oe. Along with the XRD, which indi-
cated �111�-textured Fe, the structural characterization was
also performed by ex situ atomic force microscopy �AFM�
and scanning tunneling microscopy �STM� using a Digital
Instruments Nanoscope IIIa. The magnetic properties of thea�Electronic mail: julian@if.ufrgs.br.
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samples were characterized by ex situ magneto-optical Kerr
effect �MOKE� magnetometry.

III. RESULTS AND DISCUSSION

The morphology of the substrates and that of the Fe

films deposited onto them with Hm aligned along the �112̄�
direction are shown in Fig. 1. Panel �a� shows an AFM image
of the clean substrate, where large terraces with uniform step
height distribution are observed. The mean step height is
�2.1 nm with an average step corner to step edge separation
of �180 nm, a value similar to others reported in the
literature.1 The surface also shows visible hillocks with tri-
angular shape that could be formed by step-step collisions
during silicon etching.13,18 Panels �b� and �c� show the STM
topography images of the corresponding Fe�t� /Si�111� films.
Extended x-ray absorption fine structure spectra, obtained at
room temperature and after MOKE characterization of the
films with t=3 nm �Ref. 17� and 6 nm,19 have shown for-
mation of bcc Fe and no traces of oxide or silicide formation.
We recall that for t=3 nm,17 the iron grows in a form of two
distinct types of elongated grains, aligned parallel �with a
mean length of �50 nm� and perpendicular ��70 nm in
length� to the substrate steps, respectively. Apparently, when

Hm � �112̄�, it turns to be energetically more favorable for the
grains that at t=3 nm have long axes parallel to the steps to
grow along the perpendicular direction when further increas-
ing t. The iron films studied here are thicker, and parallel-to-
the-step grains are no longer visible. At t=6 nm, the grains

oriented along the �112̄� direction are bigger �mean length of
�170 nm and width of �50 nm� than at 3 nm; further in-
crease in t leads to even thicker well-defined elongated
grains �for t=12 nm, the grains are �180 nm long and
�50 nm wide�, as seen in panel �c�, i.e., the length of the
parallel-to-the-step grains at 3 nm is the width for higher
thicknesses. Since the length of these nanosized grains cor-
responds to the terrace width, our results strongly suggest
that the steps serve as a matrix for formation of self-
assembled iron structure.

We have systematically checked the dependence of the
MOKE hysteresis loops and the corresponding coercivity HC

on the in-plane external field angle �H for the films whose
topography is shown in Fig. 1. Figure 2 displays representa-
tive loops recorded with the tracing magnetic field H ori-

ented along three crystallographic directions, namely, �112̄�,
�01̄1�, and �11̄0�, and Fig. 3 shows the full angle range

HC��H� variations for the case of Hm parallel to the �112̄�

direction. In a previous work17 we reproduced the data for
t=3 nm considering two types of Fe nanosized grains with
both cubic and uniaxial anisotropies �in thin films based on a
cubic crystal system, such as bcc Fe, sixfold MA in the �111�
plane is a natural consequence of the crystalline symmetry
and the thin-film geometry; the uniaxial MA comes, in the
present case, from the elongated shape of the grains�. The
nanograins of each type are all identical and aligned, and
every grain of the first type is coupled to the adjacent grain
of the other type only.

For the higher Fe thicknesses here considered and when

Hm is aligned with the �112̄� direction, the magnetization

curves show rectangular shape for H along the �112̄� direc-
tion �the easy magnetization axis� and loops with very small
remanence and coercivity along the perpendicular, i.e.,

�11̄0�, direction �hard axis�. These are clear characteristics of
dominant uniaxial MA. The HC��H� variations, however,
show evidences for coexistence of uniaxial and sixfold
anisotropies, in accordance with the XRD data. Although the
HC local maxima around the global minima tend to vanish
when increasing the Fe thicknesses, they are still visible for
t=12 nm.

The above considerations are strongly supported by the
numerical calculations �see the solid curves in Figs. 2 and 3�.
Since there is only one type of nanoparticles for the Fe films

FIG. 1. 1�1 �m2 AFM and STM images. �a� AFM image of the clean
Si�111� substrate. ��b� and �c�� STM images of the 6 and 12 nm thick Fe

films, respectively, both grown with Hm parallel to the �112̄� direction.

FIG. 2. �Color online� Experimental in-plane hysteresis loops �symbols� for
the samples whose surface topology is illustrated in Figs. 1�b� and 1�c�; the

lines are fittings for tracing field parallel to the �112̄�, �01̄1�, and �11̄0�
directions using 2K1 /MS=170 Oe, 2K2 /MS=36 Oe, and Hd

eff=8.7 kOe,

and easy axis along �112̄�, where the only parameter varied was 2KU /MS

�=41 and 55 Oe, respectively�.

FIG. 3. �Color online� Angular dependencies of the experimentally mea-
sured coercivity �symbols� and the corresponding calculated variations
�lines� extracted from the hysteresis loop fittings for the Fe films grown with

Hm along �112̄�. The parameters used in the calculations are the same as in
Fig. 2.
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here investigated with t=6 and 12 nm, the model used to
interpret the corresponding experimental data is simpler than
that employed to explain the magnetic behavior of the 3 nm
thick Fe film.17 Since it is almost identical to that used in our
previous works,9,15 it will be only sketched here. It takes into
consideration a ferromagnet with saturation magnetization
MS, whose total free energy contains cubic and uniaxial
anisotropies �being K1, K2, and KU the first two cubic and the
uniaxial anisotropy constants, respectively� as well as the
effective demagnetization and Zeeman energies. Note that
although for magnetization rotation in the �111� plane the
cubic anisotropy is given by the K2 term only, since our Fe
films are grown on vicinal Si�111�, the magnetization rota-
tion does not necessarily occur in this plane, and the K1 term
must be taken into account as well. Also, the normal-to-the-
film direction was chosen to be almost parallel to �111� by
taking its polar angle to be 55.2°, thus providing the ob-
served by XRD 0.5° tilt. In all calculations we used
2K1 /MS=170 Oe, 2K2 /MS=36 Oe, and effective demagne-
tization field Hd

eff=8.7 kOe. Thus, the only parameter actu-
ally varied in order to adjust the experimental magnetization
was 2KU /MS since the easy magnetization axis was fixed to

be the �112̄� one. The best fitting for t=6 and 12 nm was
obtained for 2KU /MS=41 and 55 Oe, respectively.

In order to investigate the effect of the magnetic target
field Hm during the film growth, we deposited a 12 nm thick
Fe film under the same conditions as above, but with Hm

parallel to the steps. As clearly seen in Fig. 4, very different
morphology is observed, as compared to the case of Hm per-
pendicular to the steps �see Fig. 1�c� and the upper image of
Fig. 4�. The bottom image in Fig. 4 shows that now the
grains grow with their long axes parallel to the steps; they
are bigger and less defined, i.e., the structure is more stripe-
like than particulate. Similar strong influence of the magnetic

field, applied during the austenitic decomposition in medium
plain carbon steel at slow cooling rate, on the proeutectoid
ferrite grain growth has been recently observed by Zhang et
al.20 There, it has been attributed to opposing contributions
from the atomic dipolar interaction energy of Fe atoms and
the interfacial energy, making the elongation along the field
direction energetically favorable. In our case, however, the
magnetic field with a magnitude of 7 Oe applied during the
thin iron films’ growth is much lower than that used in the
above cited work, i.e., 120 kOe.

The different growth mode for different stray field ori-
entation reflects on the MA and on the switching mechanism
as well. It is demonstrated in Fig. 4, where four representa-
tive hysteresis loops are plotted. Now, contrary to the sample

grown with Hm perpendicular to the steps, �11̄0� and �112̄�
are the easy and hard axes, respectively. The dashed lines are
fittings obtained using the same model �that involves coher-
ent magnetization rotation only� and parameters as above
except the slightly higher 2KU /MS �=62 Oe�.

The solid lines in Fig. 4 correspond to calculations that
involve combined coherent magnetization rotation and
domain-wall nucleation and unpinning,21 i.e., the rotation is
coherent at all fields and angles except near the switching
fields. Any irreversible jump is anticipated by spin transition
to the nearest lower energy minimum direction, and the
switching is mediated by formation and sweeping of a do-
main wall. Clearly, the irreversible jumps occur at switching
fields rather lower than those expected for the coherent rota-
tion mode, being the easy-axis HC approximately eight times
smaller than that for the film with the same thickness but
deposited with Hm perpendicular to the steps. Also, the an-
gular variation in the coercivity is in accordance with the
Kondorsky relation,22 i.e., HC� �cos �H�−1, valid for magne-
tization reversals that take place by nucleation and growth of
reverse domains. The very good agreement between the solid
curves and the experimental data strongly supports the as-
sumption of such a switching mechanism. The detailed de-
scription of the model used to explain the magnetic behavior
of this �111�-oriented sample goes beyond the scope of the
present letter and will be presented in a forthcoming paper.

In summary, strong dependence of the morphology of
self-organized Fe grown onto stepped Si�111� surfaces on the
direction of the field from the magnetron during deposition
was observed. Magnetization hysteresis loops showed an
easy-axis coercivity almost one order of magnitude smaller
for the 12 nm thick Fe film deposited with the stray field
parallel to the Si steps as compared to the perpendicular con-
figuration, accompanied with a change in the magnetization
reversal mode. Phenomenological models involving coherent
rotation and/or domain-wall unpinning were used for the in-
terpretation of these results. We demonstrated that, under ap-
propriately directed magnetic field, stepped Si surfaces can
be used as templates for well-defined self-assembled iron
nanostructures. Their size, orientation, and magnetic proper-
ties can be tuned by varying the substrate cut, its orientation
during deposition, and the film thickness.

FIG. 4. �Color online� 1.8�1.8 �m2 STM images of 12 nm thick Fe films

grown with magnetron field Hm oriented along the �112̄� �upper image� and

�11̄0� directions �bottom image�, respectively, as well as experimental hys-

teresis loops �symbols� for the film grown with Hm parallel to �11̄0�. Dashed
lines correspond to fittings considering coherent rotation only; solid lines are
fittings that involve combined coherent rotation and domain-wall nucleation
and sweeping. The parameters used are the same as in Fig. 2 except for
2KU /MS=62 Oe.
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