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Magnetic properties of irregular Fe islands grown on Si�111� substrate with Pb buffer layer by
molecular beam epitaxy have been investigated by means of Monte Carlo simulation. During the
simulation, the dipolar interaction energy among islands and the demagnetization energy of each
island were accurately calculated in the Fourier space with the aid of cluster multiple labeling
technique. The simulated results, i.e., the magnetic hysteresis loops and the temperature dependence
of remanent magnetization, are in good agreement with the experimental ones measured by in situ
surface magneto-optical Kerr effect �SMOKE�. © 2010 American Institute of Physics.
�doi:10.1063/1.3377814�

In nanostructured magnetic materials composed by mag-
netic nanoclusters, the long-range dipole-dipole interactions
among nanoclusters play a significant role in determining the
overall magnetic properties. Experimentally, the influence
of dipolar interactions on the magnetic properties of low di-
mensional magnetic systems,1–6 has been extensively inves-
tigated by means of dc and ac susceptibility,7 Mössbauer
spectroscopy,7 magnetic force microscopy4 and ferromag-
netic resonance,8 respectively. Mean-field approximation9

and Monte Carlo �MC� simulation10 are often used to help
understanding the experimental results in these systems.
In most cases of simulation or analytical calculation, the
long-range dipolar interactions are often treated as a point
dipole,11 which may result in large discrepancies for densely
packed assemblies or system of nanoclusters with irregular
shape.12 Some efforts have been made to improve the accu-
racy of calculated dipolar interactions energy of the system
using analytical expression of the magnetostatic interaction
energy among clusters with regular shape or the areal
correction.12,13 However, due to the irregular shape, nonuni-
form size, and disorder spatial distribution of nanoclusters in
real system, the magnetostatic energy is believed to be the
most challenging to compute properly.

Recently, an interesting approach to calculate the mag-
netostatic energy between magnetic clusters of arbitrary
shape has been developed with the framework of a Fourier
space by Beleggia et al.14,15 �here we call it fast Fourier
transform �FFT� method�. They are mainly focused on cal-
culating the shape-shape interaction between some magnetic
structures with cylindrical symmetry. Up to now, a complete
calculation for a disorder self-organized magnetic nanodot
systems is still absent. In this letter, we integrate FFT method
into the MC simulation by means of cluster multiple labeling
technique16 to investigate the magnetic properties of irregu-
lar Fe islands grown on Si�111� substrate with Pb buffer
layer. The magnetostatic energy among Fe clusters of irregu-
lar shape was accurately calculated without any approxima-
tion. Furthermore, the simulated results of magnetic hyster-

esis loops and the temperature dependence of remnant
magnetization are consistent with the experimental ones ob-
tained from the in situ surface magneto-optical Kerr effect
�SMOKE� measurements.

The experiments were performed in ultrahigh vacuum
chamber with base pressure of 2�10−10 mbar. The Si�111�
substrates were prepared by well-established flashing
procedures.18 Atomically flat Pb film was first deposited at
T=150 K onto Si�111� surface with a coverage of 27 mono-
layers �ML�,17 then Fe of 2.7 ML �1 ML=0.287 nm� thick
was deposited at T=150 K on Pb surface with a deposition
rate of 0.38 ML/min. Scanning tunneling microscopy �STM�
measurements were recorded at room temperature and
SMOKE measurements were carried out in temperature
range of 150�T�290 K.

Due to the large lattice mismatch and the vastly different
surface free energy between Fe and Pb,18 the irregular Fe
islands, shown in Fig. 1�a�, are formed. The magnetostatic
energy among these irregular Fe islands can be accurately
calculated if only the shape function D�r� �equals to 1 inside
and 0 outside the island� of the single domain islands is
obtained.14,15

We first recall the main results of FFT approach. Con-
sider two Fe islands i and j, located at a relative position �,
with volume Vi, Vj and shape function Di�r�, Dj�r�, respec-
tively. The magnetostatic interaction energy is presented as
Eij

in=�0��i :N��� :�j�, where the colon represents tensor con-
traction, �i, �j are the magnetization of islands ��i=ViMS
with saturation magnetization of the bulk bcc Fe MS=1.74
�106 A /m�, and N��� is the interaction tensor. We have its
element

N����� =
1

ViVj
� k�k�eik·�Di�k�Dj

��k�/k2d3k , �1�

where Di�k� is the Fourier representation of shape function
Di�r�. k� and k� are the components of k vector in Fourier
space, respectively. Similarly, the self-energy of islands i is
written as Ei

self=�0��i : �N� :�i� /2Vi, and �N� is the volume
averaged demagnetization tensor. Its element is expressed as
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�N��� = 1/Vi� k�k��Di�k��2/k2d3k . �2�

A numerical approach is implemented to calculate the ten-
sors by defining the shape functions of each Fe island on a
discrete grid of Nx�Ny �Nz points with a certain grid spac-
ing a ,b ,c. In the present calculation, we choose Nx=Ny
=Nz=128 and a=b=1 nm, c=0.5 nm. At first, A three-
dimensional �3D� array N�nx ,ny ,nz�, with nx=1,2¯¯Nx,
ny =1,2¯¯Ny, nz=1,2¯¯Nz is defined. The value of
N�nx ,ny ,nz� is set to 1 or 0 according to the height
h�nxa ,nyb� of Fe film in point �nxa ,nyb� in the STM image
of Fig. 1�a�. If nz� �h�nxa ,nyb� /c+0.5�, N�nx ,ny ,nz�=1, oth-
ers, N�nx ,ny ,nz�=0. In this way, the 3D array represents the
whole shape function of the system and is equivalent to a
specific mathematical model as follows: site percolation on a
cubic lattice, 1 represents an “occupied” site �belong to a Fe
cluster� and 0 an “empty” site. Then, Hoshen–Kopelman
algorithm18 is naturally used to identify the cluster �resemble
of the nearest sites� of model. The constructed model is
shown in Fig. 1�b�. The light gray regions are the Pb layer,
the gray regions that are 0.5 nm thick of Fe film, and the dark
gray regions that are 1 nm thick. Each cluster in the Fig. 1�b�
is the counterpart of Fe island in the Fig. 1�a�. Meanwhile,
the spatial position and the volume distribution of Fe islands
can also be extracted from the 3D array, as shown in Fig.
1�c�.

The energy of system in an external magnetic field H
along y direction is given by

E = 	
i

Ei

self + 	
j

Eij
in + Ei

ext� , �3�

where the first two terms are the magnetostatic energy of Fe
islands. The last term is the Zeeman energy Ei

ext=−�0�i ·H.
The case of considering the magnetocrystalline anisotropy
energy �MAE� will be discussed later.

The algorithm of polar angle restriction19 is used. The
maximum changed range of polar angle is chosen to ensure
the ordering temperature of the system without interaction
close to 140 K that may be analytically estimated using the
equation TB��KSV� /25kB �KS and kB are the shape aniso-
tropy constant and Boltzmann constant, respectively�. Simu-
lations are performed on a 300�300 nm2 assembly of Fe
islands with 867 clusters. We discarded 10000 MC steps per
particle �MCS/P� before sampling for another 10000 MCS/P.

In order to compare the discrepancy of interaction tensor
obtained by FFT approach and dipole-dipole approximation
�DIP� method, two islands labeling A and B in Fig. 1�b� are
considered as an example. Using Eq. �2�, the volume average
demagnetization factors of islands are calculated, for cluster
A, �N�xx=0.094, �N�yy =0.086, �N�zz=0.806, and �N�xy

=0.011, which is consistent with the Brown–Morrish20 theo-
rem that the demagnetizing energy of an arbitrarily shaped
particle equals to that of a properly chosen ellipsoid. Accord-
ing to the demagnetization factors, the magnetic easy axis of
islands could be figured out, as shown in white arrow in Fig.
1�b�. Figure 1�d� displayed the dependence of elements of
interaction tensor on the moving distance d nm of island B
along x direction by means of FFT �blocks� and DIP �empty
circles� approaches, respectively. The center-to-center dis-
tance is used to calculate the tensor in the DIP approach.
When the two islands are sufficiently close to each other, the
difference of elements of interaction tensor obtained by two
approaches is significant. With the increase in the distance d,
the approximation of pure dipole-dipole interaction is justi-
fied.

From the above analysis, we treat the interaction energy
in two ways during the MC simulation. If the length of vec-
tor connecting centers of two Fe islands is less than 40 nm,
the FFT approach is used. Otherwise, the DIP method is
adopted owing to its small computation time-consumption.

Figure 2�a� shows the measured �empty blocks� and cal-
culated magnetic loops at T=150 K, the simulated curve by
FFT approach �solid circles� reproduces the SMOKE loops
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FIG. 1. �Color online� �a� STM image of a 50�50 nm2 section of Fe
islands grown on Si�111� with Pb buffer layer. �b� The constructing model of
the same area as the STM image of Fe clusters. The light gray regions are
the Pb buffer layer, the gray regions that are 0.5 nm thick, and the dark gray
regions that are 1 nm thick. The white circle represents the center of islands,
and the arrows indicate the magnetic preferential axis of clusters resulting
from the shape anisotropy. Island B moves along x direction with a distance
d nm. �c� The volume distribution of the whole simulated system from a
300�300 nm2 STM image with 867 clusters. �d� Comparison of the inter-
action tenor dependence on the distance d for two interacting islands A and
B between the FFT �solid blocks� and DIP �empty circles� approach. The
vertical scalar is divided by a factor 10−5.
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FIG. 2. �Color online� �a� The measured �empty blocks� and calculated
�DIP: empty circles, FFT: solid circles� hysteresis loops of the system at T
=150 K. �b� A partial snapshot �70�70 nm2� of the remanent magnetiza-
tion, the light gray areas represent the Fe islands. Local ordering configura-
tions, the alignment of moments �dotted lines� and head-to-head flux
�dashed lines� microstructure are illustrated. The external field is along y
direction.
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very well. However, the calculated loop by DIP method
show a significant deviation with the experimental results.
The system reveals small coercivity field HC�20 Oe. This
clearly corroborates the typical features of soft ferromag-
netism of the dipolarly coupled superferromagnetic system.21

The calculated magnetic moments configuration of remanent
state is shown in Fig. 2�b�. The image reveals that the whole
moments nearly arrange themselves in-plane and the mag-
netic microstructures are strongly depended on the topologi-
cal distribution of the clusters. Besides the global magnetic
ordering along the y direction through dipolar field, several
local magnetic microstructures can be observed. The dotted
lines show the alignment of the moments, and it is because
that both shape anisotropy energy of the clusters and the
interaction energy among the clusters are favorable. The
head-to-head configuration, exhibited by dashed lines, is
analogous to flux-close structure.1 Since the simulated con-
figuration corresponds to the metastable of the system, the
nonzero remanent magnetization forces the head-to-head
structure instead of the general head-to-tail.

Figure 3 presents the normalized remnant magnetization
�MR� of the system as a function of the temperature T. If DIP
method is used, the dipolar interaction only raised the order-
ing temperature TC �black blocks� by 42% compared with
noninteracting clusters. However, if FFT method is used, the
ordering temperature of the system was raised by 128%
�solid circles�. By means of FFT method, the simulation re-
sults well reproduced the experimental measurements �empty
blocks� in the temperature range of 150�T�290 K. The
effect of the magnetocrystalline anisotropic energy on the
magnetic properties is also considered by aligning the islands
crystallographically along the major crystal axis of the sub-
strates. Using the bulk anisotropy constants, the calculated
results, shown as empty circles and in the inset of Fig. 3,
indicate that it has a weak influence on the blocking tempera-

ture. Since the blocking temperature, originating solely from
the MAE, is estimated less than 20 K.

The magnetic properties of irregular Fe islands grown on
Si�111� substrate with Pb buffer layer are investigated by
means of MC simulation. Based on the STM image of Fe
islands, a model is constructed, in which the function shape
of each Fe islands is obtained with the aide of the cluster
multiple labeling technique and the dipolar interaction en-
ergy among islands and demagnetization energy of each is-
land were accurately calculated by FFT approach. The simu-
lated results of magnetic loops and the temperature
dependence of remnant magnetization are well consistent
with the experimental ones measured by SMOKE. While the
strict dipolar interaction approximation results in large
discrepancies.
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FIG. 3. �Color online� Remanent magnetization as a function temperature,
the experimental data is shown by empty blocks. The black dots show the
simulation results �empty circles: FFT approach, solid circles: add MAE,
solid blocks: DIP approach, upper triangles: no interaction�. The inset shows
the simulated magnetic hysteresis loops at T=150 K by FFT methods,
�empty circles: add MAE, solid blocks: no MAE�.
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