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Magnetic behaviors of Fe nanowires grown on 4° miscut Si�111� substrate with Pb buffer layers
have been investigated by means of Monte Carlo method. A simple model is constructed, in which
the Fe chains are assumed to be assemblies of single domain Fe nanoclusters with magnetostatic
energy and exchange coupling energy. The coverage dependence of the magnetic ordering
temperature TC of the system is discussed. By accurately calculating the magnetostatic energy of the
Fe chains, the simulated results are in agreement with the experimental ones measured by in situ
surface magneto-optical Kerr effect. In addition to the magnetostatic energy, the exchange coupling
between the overlapping islands is also responsible for the ferromagnetic ordering of high coverage
Fe chains at room temperature. Our model was able to predict the essential features of the system.
© 2010 American Institute of Physics. �doi:10.1063/1.3494086�

I. INTRODUCTION

Since the eighties of last century, much work has been
devoted to investigate the properties of low dimensional
magnetic materials, such as nanodots, wires, and films, due
to their relevance to magnetic recording and other devices.1

Contrary to the complexity of zero dimensional or two di-
mensional �2D� magnetic materials, one dimensional �1D�
models, where analytical solutions exist, often appear to be
the best theoretical vehicle for studying many phenomena.2

Nowadays, it is possible to fabricate 1D magnetic nanowires
through various experimental techniques, such as self-
assembly of lateral superlattices in bimetallic system, and
shadow deposition on grating templates.1 Besides these
methods, epitaxial growth that utilizes vicinal substrate is a
topic of growing interest since the width of step can be tuned
over a wide range by simply changing the inclination angle
of the substrate. The promising work was done by Elmers
and co-workers3 on Fe stripes grown on W�110� substrate. A
series of 1D magnetic systems,4–7 such as Fe/Cu�111�, Fe/
Pt�997�, Fe/NaCl�100�, and CrFe/W�110�, were fabricated.
Attracted by the special magnetic properties of the system
with step-induced or roughness-induced shape magnetic an-
isotropy, in our precious work, 1D Fe chains grown on the
stepped Pb/Si�111� substrate was fabricated.8

Electron spin resonance and surface magneto-optical
Kerr effect �SMOKE� measurements indicate that the easy
magnetization axis of Fe chains is along the wires direction,8

which inferred that the shape magnetic anisotropy, originat-
ing from magnetostatic interactions among the Fe islands,
might be the dominant factor that determinates the magnetic
properties of system. In this paper, we investigate the mag-
netic properties of the Fe chains by means of Monte Carlo
�MC� method. In the most cases of MC simulation, the single
domain nanoparticles are treated only as a pure dipole. The

magnetostatic energy between the nanoparticles is just ap-
proximated as the simple dipolar–dipolar interaction
energy,9–11 which may result in large discrepancies for
densely packed assemblies of nanoparticles.12 Thus, some
efforts have been made to improve the accuracy of calculat-
ing the magnetostatic energy. Poulopoulos et al. introduced
the areal correction in addition to the dipole sum to offset the
discrepancies in their MC simulation on the metastable mag-
netic properties of Co/Cu�001� film, but they left the shape of
Co islands out of consideration. In the present simulation, we
will adopt the approach developed by Beleggia et al. to treat
the effect of shape magnetic anisotropy on the magnetostatic
coupling among Fe islands.13,14

II. EXPERIMENT AND MODEL

Experiments were done in ultrahigh vacuum chamber
with base pressure below 2�10−10 mbar. First, 27 mono-
layer �ML� stepped Pb film was deposited at T=135 K from
a resistively heated crucible on 4° miscut Si�111� surface,
then Fe was deposited at T=135 K on Pb surface with a
deposition rate of 0.2 ML/min. The detailed description on
experiment can be found in Ref. 8.

Figure 1�a� shows the scanning tunneling microscope
�STM� image of 1.3 ML Fe nanowires, which is composed of
the irregular Fe islands. For simplicity, in the calculation of
magnetostatic energy among Fe islands, we ignore the size
distribution of Fe islands and regard it as the elliptic cylinder
shape with semiaxes a=2.0 nm, b=2.5 nm, and height h
=0.6 nm, as sketched in Fig. 1�e�. With increasing the Fe
coverage, the islands mainly enlarge two dimensionally by
branching out, and coalescence of islands first occurred
along the y direction due to the limitation of the Pb step, as
shown in Fig. 1�b� with 1.7 ML Fe chains. In Fig. 1�d�, we
schematically show variation in the islands with the increas-
ing Fe coverage. In Fig. 1�c�, ax and ay are defined as the
interwire distance and the interparticle distance in one nano-a�Electronic mail: zhcheng@aphy.iphy.ac.cn.
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wire, respectively. The average values �ax�=6 nm and �ay�
=5 nm are obtained from the statistics of STM images.
Here, we mainly consider three coverage of Fe chains in the
MC simulation: �1� �=1.0 ML �separated islands�, �2� �
=1.3 ML �critical point�, and �3� �=1.7 ML �overlapping
islands�. The corresponding parameters are summarized in
Table I.

The total energy of system composed by uniform single
domain islands with a magnetic moment �i ��i=VMS, the
saturated magnetization of particles obtained from the bulk
bcc Fe are taken as MS=1.74�106 A /m� in an external
magnetic field H is given by

E = �
i
	Ei

self + �
j

Eij
in + �

j

Eij
J + �

j

Ei
ext
 , �1�

where the first two terms are the magnetostatic energy. In
Sec. III, we will demonstrate how to accurately calculate the
magnetostatic interaction between Fe islands. The third one
is the island-island exchange interaction energy, which only
exists while the neighboring islands overlap. It may be writ-
ten as Eij

J =−J�̂i · �̂ j between overlapping islands i and j, �̂i

is the unit vector of magnetic moment of island i, J is the
exchange stiffness constant. The last term is the Zeeman en-
ergy Ei

ext=−�0VMS�̂i ·H. Since the islands have no preferen-
tial crystallographic orientation in our system and the block-

ing temperature, originating from the magnetocrystalline
anisotropy, is estimated to be no more than 2 K, TB

=KuV /25kB�2 K, magnetocrystalline anisotropy is negli-
gible.

Based on the approach developed by Beleggia et al., two
uniform magnetized particles with identical shape function
D�r� �equal 1 inside and 0 outside the particle� are located at
a relative position �. The magnetostatic interaction energy
between the two islands is presented as Eij

in

=�0��i :N��� :� j�, where the colon represents tensor con-
traction, �i, � j are the magnetization of islands, and N��� is
the interaction tensor. We have its element

N����� =
1

V2� d3k
D�k�D��k�

k2 k�k�eik·�, �2�

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� /2V, and �N� is the volume
average demagnetization tensor. The element is expressed as

�N��� =
1

V
� d3k

�D�k��2

k2 k�k�. �3�

The key point of this approach is to calculate the tensor field
�N��� and N�����. Once the tensor fields are known, the
magnetostatic energy can be easily obtained. Both analytical
and numerical approaches may be employed to calculate the
tensor fields. However, analytical approach is only suitable
for a few special shapes of particles. The general method is
numerical approach, which is implemented as follows:

�1� Define the shape functions D�r� of the particles on a
discrete grid of Nx�Ny �Nz points. In our calculation,
the shape amplitude was computed on a grid 256
�256�128 with a grid spacing of 0.2 nm.

�2� Use a fast Fourier transform �FFT� routine to compute
the shape amplitudes D�k�.

�3� Use the inverse FFT to compute �N��� and N�����.

Using the numerical approach mentioned above, the di-
agonal elements of demagnetization tensor �N��� for three
typical coverages of Fe chains are calculated, as shown in
Table I. The off-diagonal elements are nearly equal to zero.
In order to compare the discrepancy of magnetometric tensor
field obtained by FFT approach and dipolar approximation
�DIP�, two islands of 1.3 ML Fe chains located at a distance
d nm along y direction is considered. Figure 2 shows the
dependence of distance d on diagonal elements of mageto-
metric tensor NFFT

yy �left, black block�, NFFT
xx �right, black

block�, and NFFT
zz �right, blue block�. The corresponding re-
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FIG. 1. �Color online� The STM images of Fe chains at �a� 1.3 ML and �b�
1.7 ML. �c� the schematic diagram of the model. �d� Schematic evolution of
the growth of Fe island, the initial nucleation �yellow area�, growth �blue
area�, and coalescence �gray area�; �e� the 3D diagrammatic sketch of one Fe
island.

TABLE I. Summary of Fe islands parameters and magnetic states at different coverage.

Coverage
�ML�

Dimension
�nm�

V
�nm3� Demagnetization tensor

TC

�K�

1.0 a=2.0, b=2.0, h=0.6 7.4 Nxx=0.135, Nyy =0.135, Nzz=0.729 �150
1.3 a=2.2, b=2.5, h=0.6 10.4 Nxx=0.144, Nyy =0.109, Nzz=0.747 �150
1.7 a=2.5, b=3.0, h=0.6 13.1 Nxx=0.115, Nyy =0.110, Nzz=0.775 	290

083916-2 Du et al. J. Appl. Phys. 108, 083916 �2010�

Author complimentary copy. Redistribution subject to AIP license or copyright, see http://jap.aip.org/jap/copyright.jsp



sults calculated by DIP are also plotted as a red circle. While
the two islands are sufficiently close to each other, the dif-
ference of diagonal elements of magetometric tensor ob-
tained by two approaches is significant and mainly lies in
two aspects: �1� the magnitude of diagonal magetometric
tensor obtained by FFT is bigger than that taken from DIP.
�2� The relation among three diagonal elements of magneto-
metric tensor obtained by DIP is NDIP

yy �NDIP
xx =NDIP

zz , while it
is NFFT

yy �NFFT
xx �NFFT

zz corresponding to the FFT method.
From the value of these elements of interaction tensor, we
might deduce the direction of easy axis of two islands. If DIP
approach is used, the orientation of easy axis is relative to
the vector joining the centers of two islands. The tendency in
the plane perpendicular to the vector is isotropic, while it is
anisotropic, and the magnetic hard axis is along z direction
for the FFT method due to the effect of shape of islands. It is
obviously that the latter is close the physical reality for the
arrangement of two uniform magnetic Fe islands. When the
two islands are widely separated, the approximation of pure
dipole–dipole interaction is justified.

From the above analysis, we treat the magnetostatic in-
teraction energy in two ways in the MC simulation. If the
components of vector connecting two islands of Fe chains
�dy�
3ay or �dx�
3ax, the FFT approach is used. Others, the
DIP is adopted due to its small computation time-
consumption.

The traditional Metropolis algorithm is used to evaluate
the magnetic properties of the system. The Metropolis
method proceeds by changing the moment orientation of
each island randomly. The energy difference �E between the
new and current magnetization orientation is calculated from
Eq. �1�. The magnetization is allowed to change to the new
orientation with probability min�1,exp�−�E /kBT��, and kB is
Boltzman constant. Simulations are performed on a LX�Ly

2D array of islands with LX=40ax, LY =40ay and periodic
boundary conditions in x and y directions. For every field
and temperature values the first 10 000 MC steps per island
are used for thermalization and the subsequent 10 000 steps
are used to obtain thermal averages.

III. RESULTS AND DISCUSSIONS

Figure 3�a� shows the computed normalized magnetiza-
tion as a function of temperature for three samples: 1.0 ML,
1.3 ML, and 1.7 ML. During the simulation, the system was
initially saturated in y direction. The magnetic ordering tem-
peratures TC are 100 K, 160 K, and 320 K for coverages of
1.0 ML, 1.3 ML, and 1.7 ML, respectively. The calculated
values are in agreement with the experimental results shown
in Table I. It should be noted that the magnetic ordering
temperature equals to 260 K for overlapping 1.7 ML Fe
chains if we leave the island-island exchange coupling en-
ergy out of consideration. It means that pure magnetostatic
energy is insufficient to achieve ferromagnetic order of 1.7
ML Fe chains at room temperature. The exchange coupling
interaction must be considered and the coupling constant J
=12.4 meV is enough to fit the experimental result. Consid-
ering the Fe exchange constant of bulk value15 Jbulk

=23.8 meV and the effect of the grain boundary of islands
on the coupling constant, the fitted exchange constant
J /Jbulk=0.52�1 is a reasonable parameter, which should
also be proportional to the overlapping volume of islands.16

Figure 3�b� presents the calculated magnetic ordering
temperature TC of the system as a function of the coverage
with FFT �blue diamonds� and DIP �red circles� methods. In
order to distinct the contribution of magnetostatic energy and
the exchange energy to the ordering temperature of the Fe
chains, the case that exchange energy is omitted is also con-
sidered �FFT method without exchange energy: green dia-
monds, DIP method without exchange energy: black block�.
We have calculated that the ratio of NFFT

yy to NDIP
yy is near 2:1

for the two islands with separated distance d=5 nm. How-
ever, for J=0.0, the corresponding value of ordering tem-
perature by the FFT approach is approximately ten times that
by DIP, which manifests that the relative small deviation
between the elements of magnetometric tensor obtained by
two methods has a dramatic impact on the magnetic proper-
ties of arrays of nanoparticles. Mermin et al. have proved
that ferromagnetic order in one or 2D isotropic Heisenberg
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FIG. 2. �Color online� Comparison of the magnetometric tenor for two
interacting islands located at a distance d along y direction between the FFT
numerical approach and DIP. The red circle represents the dipolar approxi-
mated results, whereas the black block indicates the FFT results. The three
diagonal elements are all compared. The nondiagonal elements of magneto-
metric tenor are nearly equal to zero.
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FIG. 3. �Color online� Left: the M-T curves for three samples at different
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cases. Blue diamonds: FFT method with exchange interaction; Green dia-
monds: FFT method without exchange interaction; red circles: DIP method
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mode is absent at any nonzero temperature. However, due to
existence of magnetostatic energy in our system,17 the ex-
change interaction helps the system increase the ordering
temperature.

Figures 4�a� and 4�b� show calculated magnetic hyster-
esis loops at coverage �=1.3 ML ��a� T=150 K� and �
=1.7 ML ��b� T=290 K�, respectively. The corresponding
experimental ones are plotted in Figs. 4�c� and 4�d�. In both
cases, it is seen that the easy axis is along y axis and no
magnetic hysteresis loops are observed in the x and z direc-
tions, which is a good coincidence between the experimental
and calculated data. It is also shown that the calculated loops
have a good square shape, which suggests that the magnetic
switching is finished by rapid rotation of the magnetization.
This behavior is clearly revealed by the variation in magne-
tization of the system with the MC step �MCS� in Fig. 5 �the
sample of coverage �=1.3 ML, H=−26 Oe and T=150 K
is considered�. While the external field H is equal to the
coercivity HC of system, only 1500 MCSs are required to
completely reverse the magnetic moments to the opposite
direction. The microstructure of the partial magnetic mo-
ments is also displayed. Dissimilar to the shape of calculated
loops, the experimental hysteresis loops exhibit a continuous
change in magnetization with the external field, which might
be attributed to the nonuniform distribution of size and vol-

ume of Fe islands. This might be also reason that the simu-
lated coercivity is larger than that of experimental measure-
ments.

IV. CONCLUSION

We have investigated the effects of magnetostatic inter-
action and exchange coupling on the magnetic properties of
array of Fe islands using a simple MC model. It is found that
the system is dominated by magnetostatic interaction, and
the exchange coupling is also responsible for the ferromag-
netic order of system in the case of overlapping Fe islands.
While the approach of calculating the magnetostatic energy
is properly used, the simulated results show a good agree-
ment with the corresponding experimental ones obtained
from the in situ SMOKE measurements.

Since the general quality of fabricating Fe chains results
in the difficult statistics on volume and size distribution of
islands. Consider the distribution will lead to the complexity
of exchange coupling interaction. For simplicity, we ignore
the volume and size distribution of Fe islands in our model,
which might significantly affect the magnetic properties of
the system composed by nanoparticles. With the aim of ob-
taining more precise results, improvement of quality of fab-
ricated Fe chains and the richness of experimental measuring
method is required, which is goal of our effort in the future.
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