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Intralayer coupling in self-organized Fe nanoclusters grown on vicinal Si(111)
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This paper reports on the magnetic properties of Fe thin film grown on vicinal Si(111). The surface analysis,
performed via scanning tunneling microscopy, showed that the iron grows in a form of two distinct types of
elongated nanosized grains, aligned parallel and perpendicular to the substrate steps, respectively. A phenomenological model was used to interpret the experimental magnetization data which considers the two types of
Fe nanoclusters with both cubic and uniaxial anisotropies, where those of each type are all identical and
aligned. Every particle of the first type is coupled to the adjacent particle of the other type only via direct
exchange coupling through the corresponding surface atoms. The experimental hysteresis loops as well as the
coercivity and remanent magnetization angular variations are very well reproduced by the model, demonstrating that the magnetic behavior of this system is mainly determined by the ferromagnetic intralayer exchange
coupling.
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I. INTRODUCTION

Studies on magnetic thin films have shown a strong correlation between the substrate’s surface and the morphology
of the magnetic layers, whose properties can be significantly
modified as compared to those in the respective bulk materials. It has been shown that, in addition to the magnetocrystalline anisotropy, a uniaxial magnetic anisotropy is induced
when the film is either obtained by means of obliqueincidence deposition1–4 or grown on a stepped surface,5–7
even in the absence of magnetic field. In the case of iron thin
films, this induced anisotropy can favor magnetic moment
alignment perpendicular to the steps7 as well as parallel to
the step edges.8
Model calculations based on single-phase models have
successfully reproduced inverted hysteresis loops measured
for Fe films on Si(111) considering vicinal surfaces and competing anisotropies.9 Gester et al.10 have also explained the
magnetic behavior in their Fe/ GaAs films by coexistence of
cubic and uniaxial anisotropies. Systems consisting of two
distinct magnetic phases show different behaviors, suggesting antiferromagnetic interstripe coupling of dipolar origin11
in the case of double-layered nanostripes of Fe on vicinal
W(110) showing out-of-plane anisotropy. A ferromagnetic
coupling of magnetostatic type is found instead for stripes
with in-plane easy axis.12 Antiferromagnetic coupling of
nonmagnetostatic type (indirect exchange coupling) has been
observed in parallel Fe nanostripes on a vicinal W(110) covered by Au.13 The negative differential magnetization when
switching between magnetically saturated states in ultrathin
Fe films grown on stepped W(100) has been explained by
theoretical simulations that incorporates antiferromagnetic
exchange coupling between nanodomains.14 Valvidares et
al.15 showed that, for small angle between the individual
magnetizations, the anisotropy of two ferromagnetically
exchange-coupled uniaxial anisotropy layers can be substituted by competing twofold and fourfold anisotropies acting
on the average magnetization of the sample.
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Direct (interfacial) exchange coupling is found to play an
important role in materials with nanograin structure (see,
e.g., the recent Skomski’s review on nanomagnetics16). It is
well known that in the case of high-remanent magnets, the
effect of the exchange coupling between the magnetic grains
leads to a significant enhancement of the remanence and energy product as compared to the decoupled magnet.17–22
Clemente et al. proposed a model for this enhancement
which requires the magnetic grains to be in intimate contact
in order to maximize the ferromagnetic exchange interaction
between adjacent grains.23
In this paper we report experimental and theoretical results for a single 3 nm thick Fe layer grown on vicinal
Si(111). The origin of the anisotropies involved, as well as
the dependence on the Fe thickness of the morphological and
magnetic evolutions of the film, will be discussed in more
detail in a forthcoming work. Here, our attention will be
focused on the complex magnetic properties of the film and
on the model adopted to explain them.
II. RESULTS AND DISCUSSION
A. Sample preparation

The substrate we used was n-type Si(111) wafer with a
miscut angle of 0.5° towards the 关112̄兴 direction as estimated
by conventional x-ray diffractometry. The substrate cleaning
procedure used here is very similar to the one described in
Refs. 24–26. Initially, the wafer was cleaned in two volumes
of sulfuric acid and one volume of 30% by weight aqueous
hydrogen peroxide for 20 min at 100 ° C. It was rinsed with
18 M⍀ cm water between and after each cleaning step. The
clean wafer was then immersed and held vertically in 40%
NH4F contained in Teflon vials, and sparged with argon for
20 min. The 3 nm thick iron film was deposited at room
temperature by rf sputtering in 3.2⫻ 10−3 Torr argon atmo-
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FIG. 1. Left panel: 1 m ⫻ 1 m STM image
of the 3 nm thick Fe film as well as a schematic
perspective view of the grains oriented in-plane
parallelly and perpendicularly to the steps. Right
panel: 0.35 m ⫻ 0.35 m STM images of six
different areas of the film’s surface.

sphere with base pressure before depositing better than
10−7 Torr, and deposition rate of 0.2 Å / s.
B. Structural characterization

In addition to the conventional x-ray diffractometry,
which indicated (111)-textured Fe, the structural characterization was performed by x-ray absorption spectroscopy
(XAS) measurements as well as via scanning tunneling microscopy (STM) using a Digital Instruments Nanoscope IIIa.
The 0.5° tilt of the substrate from the (111) plane produced approximately 1.8 nm high bunched steps with a spacing of about 180 nm. Figure 1 shows a STM topography
images of the film, whose morphology is characterized by
self-organized elongated Fe nanoclusters, grown on the substrate’s steps, the latter being clearly visible in the left panel
of the figure as well. About half of the grains (with mean
length of 70 nm and standard deviation of 5 nm) are aligned
along the 关11̄0兴 direction, i.e., parallel to the steps. The rest
of these grains (with a mean length of 50 nm and and the
same  as the others) are oriented in plane along a direction
perpendicular to the steps, and are slightly larger than the
others. A schematic perspective view of this structure is also
shown in Fig. 1.
XAS measurements at the Fe K edge were performed at
the National Synchrotron Light Laboratory–LNLS, using the
XAS beam line.27 A “channel cut” Si(111) crystal was used.
The monochromator was calibrated at the Fe K edge using a
Fe metal foil. The spectrum of the 3 nm thick Fe film was
recorded at room temperature in fluorescence mode using a
Ge 15 detector and the standard compounds (Fe and Co
metal) in transmission. The sample was placed at 45° with
respect to the incident beam. The spectra were collected with
a point frequency of 0.8 eV in the near edge region [x-ray
absorption near edge structure (XANES)] and 2 eV in the
extended x-ray absorption fine structure (EXAFS) region.
The WINXAS program28 was used for the data analysis. The
EXAFS signal between 3 and 13.6 Å−1 was Fourier transformed with a k2 weighting and a Kaiser window (k is the

wave vector). Structural parameters were obtained from least
squares fitting using experimental phase shift and amplitude
functions extracted from a Co metal foil.
In Fig. 2 the Fe K edge XANES spectra for the 3 nm thick
Fe film and for standard Fe are presented. The similarity of
the XANES structures in the film and in bulk Fe demonstrates that the Fe structure in the film is bcc. The smoothening in the XANES features [Fig. 2(a)] points to a higher
disorder (thermal and static) in the film. The Fourier transforms (FT’s) of the EXAFS oscillations [Fig. 2(b)] recorded
for the 3 nm thick Fe film exhibit peak positions similar to
that for bulk Fe. In fact, the quantitative analysis of the first
peak of the FT for the 3 nm thick Fe film yields crystallo-

FIG. 2. (a) XANES spectra recorded at the Fe K edge; (b) Fourier transform of Fe K edge EXAFS signal.
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graphic parameters which correspond to bulk Fe. The XAS
results, although obtained at room temperature and after the
magnetic characterization, demonstrate the formation of bcc
Fe and no trace of oxide or silicide formation.
C. Magnetic characterization

The magnetic characteristics of the sample were measured
at room temperature and in ambient air via a homemade
magneto-optical Kerr effect magnetometer. The direction of
the magnetic field H was varied in the sample’s plane (here
the field angle H equals to zero for H along the 关11̄0兴 direction).
In order to understand the physics behind the magnetic
behavior of the sample, a phenomenological free energy
model was used. To prevent misleading interpretations based
on this approach, however, some basic rules of thumb were
followed.
It is known that if one uses a large number of fitting
parameters, it is possible to reproduce well, in practice, any
particular experimental hysteresis loop. So, the number of
these parameters should be kept to a minimum. Afterward, as
much parameters as possible should be related to values that
are already accepted by the scientific community as standards (extracted from published data, such as lattice parameters, anisotropy constants of known structures, etc.), and the
validity of their application should be evaluated for any particular case (which is the one of nanostructures in the present
work).
A strong validation of true representation of the physics
associated to the parameter set is thus obtained if one applies
the same set to adjust a systematic series of different data
curves (of the same system), that were measured varying an
extensive parameter such as, e.g., the in-plane angle of the
applied field in relation to a fixed reference line on the sample’s surface. Hence, a series of 36 experimental hysteresis
loops, measured along different in-plane directions, were
successfully fitted with only one minimal set of parameters.
Moreover, an excellent agreement between the experimental
and the calculated angular dependences of the coercivity Hc
and the remanent magnetization M r was found.
Representative hysteresis loops (symbols) for six magnetic field angles are plotted in Fig. 3. There, the lines are the
corresponding calculated curves obtained using the model
described below. As can be seen, the type of the anisotropy
cannot be determined from these loops since, excluding the
one for H = 0° and the peculiarity in the shape at 90°, the
other loops are rather similar. More information can be obtained from Fig. 4, which shows the angular dependence of
the measured Hc and M r / M s (where M s is the saturation
magnetization).
At first sight, it seems that the competition between
uniaxial and cubic anisotropies determines the observed behavior since Hc共H兲 for H 苸 共30° , 150° 兲 has almost identical shape to the one for pure sixfold anisotropy (not shown),
and the deep minima at H = 0° and 180° could be attributed
to a superposition by a uniaxial anisotropy with axis parallel
to the steps. If so, however, the maxima at H = 90° and 270°
should be much higher than those observed; also, the exis-

FIG. 3. In-plane hysteresis loop data (symbols) and the corresponding calculated curves (lines) for six representative magnetic
field angles; the parameters used are VB / VA = 1.5, Hi1 = 170 Oe, Hi2
= 36 Oe, HAu = 9 Oe, HBu = 13.5 Oe, Heff
d,i = 18.7 kOe, and HE = 3.8 Oe,
whose definitions are given in the text.

tence of the sharp maxima at the vicinity of 180°, for example, cannot be explained by no means using such an argument. All our attempts to reproduce the measured Hc共H兲
and M r共H兲 variations, assuming two independent magnetic
phases, each characterized by cubic magnetocrystalline and
in-plane uniaxial anisotropies with any orientations and
strengths, have failed. Recently, Fu et al.29 observed very
similar shape for the coercivity angular variation in their Per-

FIG. 4. Angular dependences of the experimentally measured
coercivity, normalized remanent magnetization (symbols), and the
corresponding calculated variations (lines). The fitting parameters
used in the calculations are the same as those given in Fig. 3. The
insets show the polar plots of the same variations, where the gray
lines correspond to model hysteresis loops calculated using HE
= 1.9 Oe instead of 3.8 Oe.
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malloy film on Mo stepped surface, and also did not succeed
to fit it considering coexisting cubic and uniaxial anisotropies.
Based on the STM images and on XAS atomic structure
information, as well as on the discussion above, we adopted
the following model. Let us consider the Fe film as a magnetically heterogeneous system composed of two parts, denoted as A and B, consisting of elongated magnetic particles
whose anisotropy has both cubic magnetocrystalline and
uniaxial components. The particles in each part are all identical and aligned, with magnetization vectors Msi (where
M si = M s, i = A or B), characterized by the direction cosines
␣1,i, ␣2,i, and ␣3,i, referred to the cube axes, and volumes Vi,
respectively. Every A particle is coupled to the adjacent B
particle only (via direct exchange coupling) through the contact area . For fixed H, neglecting the thermal activation
effects and considering only coherent magnetization rotation,
the anisotropic part of the total free energy of this system is
E = VAEA + VBEB + Eint .

共1兲

The energies involved in Ei are of the form
2 2
2 2
2 2
Ei = Ki1共␣1,i
␣2,i + ␣2,i
␣3,i + ␣3,i
␣1,i兲
2 2 2
␣2,i␣3,i − Kiu共Msi · uˆi/M s兲2
+ Ki2␣1,i
eff
− Kd,i
共Msi · n̂/M s兲2 − Msi · H,

Ki1

共2兲

Ki2

and
are the first two cubic anisotropy constants,
where
Kiu the uniaxial ones, and the last two terms refer to the
eff
) and
effective demagnetization energies (with constants Kd,i
the Zeeman energy terms, respectively. The unit vectors uˆi
and n̂ represent the directions of the corresponding uniaxial
anisotropy axes and the normal-to-the-film direction. The last
term in Eq. (1), Eint, where
Eint = − JEMsA · MsB/M s2

共3兲

is the exchange coupling one. As the particles A and B are in
direct contact, they are exchange coupled via the corresponding surface atoms, and this interaction is represented by the
effective coupling constant JE (positive). As seen, the coupling term is directly proportional to the surface contact area,
and the influence of the intergrain exchange coupling predominates as the ratio of the surface area to volume  / Vi
increases with decreasing the grain size. The negative sign in
the above expression corresponds to ferromagnetic interactions.
As seen, the expression for Eint does not include a term
that accounts for the dipolar A-B interparticle interactions.
Actually, we have examined such a possibility, considering a
dipolar energy of a form
Edip =

MsA · MsB − 3共MsA · r̂兲共MsB · r̂兲
,
R3

where r̂ is a unit vector along the direction that connects the
magnetic moments MsA and MsB, and R is the distance between them. Taking into account the above energy term,
however, led to calculated (using a wide range of possible
combinations of the other parameters) coercivity and remanence angular dependences very different from the experi-

mentally measured ones. It is most likely that the net dipolar
field, if one considers the effect of all neighboring particles,
is negligible. Thus,the dipolar energy term has been neglected in the present model. The four-variable minimization
procedure used here for the hysteresis loop calculations was
established in our previous works.9,30
The lines in Figs. 3 and 4 correspond to the calculations.
As can be seen, all experimental hysteresis loops (except, to
some extend, the one for H = 0°) as well as the Hc and M r
angular variations are very well reproduced by the model.
The small asymmetry in the model Hc共H兲 is due to the tilt
from the (111) plane. Such an asymmetry has been observed
by Fu et al.29 as well. Four nonequivalent maxima in the
M r共H兲 have also been observed (although not explained) in
Fe on Si(111) films.31
The effective fields used the calculations are the cubic
anisotropy fields Hi1 = 2Ki1 / M s and Hi2 = 2Ki2 / M s, the uniaxial
anisotropy ones Hiu = 2Kiu / M s, the effective demagnetization
fields (which contain any surface anisotropy contribution)
eff
= 4 M seff, and the exchange coupling field HE
Hd,i
= JE / 共VAM s兲. For magnetization rotation in the (111) plane,
the cubic anisotropy is given by K2 only. In the case of
vicinal surface, however, the K1 must be taken into account
in Eq. (2) as well. The 0.5° tilt from the (111) plane, obtained
by the conventional x-ray diffractometry, has been provided
by taking the polar and the azimuthal angles of n̂ to be 55.2°
and 45°, respectively. We also took uˆA 储 关11̄0兴, uˆB 储 关112̄兴, and
VB / VA = 1.5, in compliance with the STM topography images. The best results have been obtained for Hi1 = 170 Oe,
eff
= 18.7 kOe, HAu = 9 Oe, HBu = 13.5 Oe, and
Hi2 = 36 Oe, Hd,i
HE = 3.8 Oe. The difference between HAu and HBu can be attributed to the more elongated shape of the clusters which
are perpendicular to the steps.
At first glance, the number of parameters used seems to
be rather large. However, although Hi1 and Hi2 influence the
general shape and the mean values of the coercivity and the
remanence dependences, deviations of even 15% from these
parameters do not significantly modify the fine details of the
eff
: values 15%
shape of these curves. The same holds for Hd,i
higher or lower than that used here do not change signifieff
cantly the shape of the curves. Moreover, the Hi1 and Hd,i
values are in a very good agreement with those obtained by
Gester et al.10 for Fe films of similar thickness.
The fine adjustment of the Hc and M r angular variations,
which was one of the challenging tasks of the present study,
has been actually done by changing Hiu and HE only. We
obtained that variations of HAu and HBu strongly influence the
values of the coercivity and the remanence in the global
minimum and local maximum regions, i.e., H ⬇ 180° and
90°, respectively. For example, 15% deviations from the best
fitting parameter values led to variations of ⬇50% in the
corresponding Hc in these regions.
It is worth noting that although the HE value of 3.8 Oe is
rather small as compared to the other effective fields, taking
into account the exchange interactions is of crucial importance for the fittings. (This value is low mainly because HE is
proportional to the contact area, the latter being very small in
the present case.) Decreasing the HE value to 1.9 Oe, for
example, the “butterflylike” polar plots of Hc and M r change
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considerably (the gray lines in the insets in Fig. 4), thus
demonstrating the strong influence of the intralayer coupling
on the magnetic behavior of the sample.
In summary, STM topography images of our 3-nm-thick
Fe film deposited on vicinal Si(111) showed that the iron
grows in a form of two distinct types of self-assembled mutually perpendicular elongated nanoclusters. A phenomenological model, which incorporates competing cubic and
uniaxial anisotropies as well as interparticle interactions was
used to reproduce the experimental magnetization data. It
considers that every particle of one type is directly exchange
coupled to the adjacent particle of the other type only. The
excellent agreement between theory and experiment indi-
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