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Nanopatterning of magnetic domains: Fe coverage of self-assembled alumina nanostructure
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Nanosized ultrathin magnetic ﬁlms were prepared by controlling the deposition of Fe onto an oxidized NiAl(001) surface with an alumina
nanostructure on it. Because the ultrathin ferromagnetic Fe ﬁlms on the bare NiAl(001) surface are separated by paramagnetic Fe nanoparticles on
the alumina stripes, as determined by scanning electron microscopy with spin analysis, they form rectangular domains with sizes ranging from tens
of nanometer to larger than a micrometer. Magnetic domain patterning can thus be achieved by controlling the Fe coverage and nanostructured
template. © 2015 The Japan Society of Applied Physics

abrication of magnetic nanostructures has attracted
much attention in recent decades, stimulated mainly
by advances in magnetic storage technology and their
novel properties at small length scales.1) Many lithographic
approaches and bottom-up self-assembly methods have
been reported.1–10) However, in the regime of ultrathin ﬁlms
that are several monolayers thick, magnetic nanostructures
at room temperature are seldom reported.11,12) Here we
propose a method of in situ preparation of ultrathin ﬁlms
with magnetic nanopatterns at room temperature in which the
pattern size can be tuned from tens of nanometers to larger
than a micrometer.
Magnetic nanopatterns can be prepared by depositing an
ultrathin ferromagnetic ﬁlm onto a surface with nanosized
heterostructures. It has been well demonstrated that ultrathin
single-crystalline alumina layers can be formed on the
NiAl(001) surface by suﬃcient oxygen exposure at around
1000 K in ultrahigh vacuum.13) When a very low oxygen
dosage is used to oxidize the NiAl(001) crystal, its surface is
covered with alumina stripes with widths of nanometers
to tens of nanometers and lengths from tens to hundreds
of nanometers, depending on the oxidation parameters.14,15)
Because Fe grows as particles on alumina but as a continuous
ﬁlm on the uncovered NiAl(001) surface, the Fe deposited on
such a nanostructured template forms nanosized iron ﬁlms
separated by nanoparticle chains.16,17) Furthermore, because
the Curie temperature of Fe particles is lower than that of Fe
ﬁlms, the ferromagnetic ﬁlms are separated by paramagnetic
nanoparticle chains at room temperature.18–20) The Fe coverage range in this scenario is 2 atomic monolayers (MLs) to
10 MLs. Within this coverage range, the oxygen dosage
determines the underlying alumina structure as well as the
magnetic domain pattern size, which continuously decreases
from larger than a micrometer at 1 L (deﬁned as an oxygen
dosage of 1.0 × 10−6 mbar·s) to 100 nanometers at 6 L and
ﬁnally disappears at 20 L, where the entire sample is covered
by paramagnetic nanoparticles. This method enables in situ
preparation of ultrathin Fe ﬁlms having a controllable domain
size ranging from tens of nanometers to larger than a
micrometer.
The experiment is conducted in an ultrahigh vacuum
chamber equipped with surface science analysis tools, such
as low-energy electron diﬀraction (LEED) and Auger

F

electron spectroscopy (AES).21) The NiAl(001) substrate is
cleaned by a standard sputter annealing procedure.16) Next,
the substrate is heated to around 1000 K and held at that
temperature for 1 h before oxygen exposure. Oxidation is
performed by exposing the sample to oxygen ambient with a
pressure from 1.0 × 10−8 to 5.0 × 10−8 mbar, depending on
the oxidation condition. After oxidation, the sample is held at
high temperature for another 1 h and then cooled to room
temperature for Fe deposition. Magnetic domain images
are taken by the scanning electron microscope with polarization analysis (SEMPA) facilities at the Center for
Nanophase Materials Science Division of Oak Ridge
National Laboratory. The SEMPA was equipped with a
spin-polarized LEED detector, which measured the spin
contrast in two orthogonal directions simultaneously during
scanning. Thus, the in-plane magnetization vectors at each
pixel of a SEMPA image can be determined.
For convenient description, the NiAl(001) sample with an
n L oxygen dosage is called an n L alumina sample hereafter.
Figure 1(a) shows the LEED pattern of a 10 L alumina
sample. Aside from the main body-centered-cubic diﬀraction
pﬃﬃﬃspots,
pﬃﬃﬃthere are two additional superstructures. The
cð 2  3 2ÞR45 superstructure corresponds to the Alcovered NiAl surface after 1000 K annealing.22) The
ð2  1; 1  2Þ superstructure results from the θ-alumina on
the NiAl(001) surface.13) The coexistence of these two
structures indicates that the NiAl surface is partially covered
by the alumina, and the uncovered surface retains the same
structure as that with no oxygen dosage. The topography of
this sample, shown in Fig. 1(b), is observed by a scanning
tunneling microscope (STM) in constant current mode with a
scanning direction rotated by 45°. The feedback parameters
are a sample bias of +2.5 V and tunneling current of 1.0 nA.
The tunneling conductance map of the same area, shown
in Fig. 1(c), is taken simultaneously with the topography
image under the same feedback parameters using a lock-in
technique. Clearly two contrast levels can be identiﬁed,
corresponding to areas of alumina and uncovered NiAl
surface. The tunneling spectra, taken under the feedback
parameters of a +2.5 V sample bias and a 1.0 nA tunneling
current and averaged over the bright and dark regions in
Fig. 1(c), are shown in Fig. 1(d), where the solid (dashed)
lines correspond to the bright (dark) areas. The tunneling gap
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Fig. 1. (a) LEED pattern of 10 L alumina=NiAl(001) at electron energy of 36.3 eV. (b) STM topography image of the same sample, and (c) the
corresponding tunneling conductance map of the same area, with a sample bias of +2.5 V and feedback current of 1.0 nA. Arrows indicate the [100] crystalline
direction. Insets in (b) and (c) correspond to the areas enclosed by white rectangles. (d) Tunneling spectra and I–V (black) and numerically derived dI=dV–V
(red) characteristics, averaged over alumina (solid line) and NiAl surface (dashed line) and taken with feedback parameters of a +2.5 V sample bias and a
1.0 nA tunneling current. STM topography images of (e) 0.5 ML and (f) 7.5 ML Fe grown on 10 L alumina sample.

of ∼2 V (solid line) conﬁrms that the bright area is indeed
an insulator-like alumina stripe, consistent with the result
reported in Ref. 14. From the conductance map, it is clear
that the NiAl surface is partitioned into submicron rectangles
by the alumina stripes. After deposition of 0.5 ML of Fe,
deﬁned as one atomic layer of Fe(001) surface, onto the
surface, well-aligned and separated nanoparticles on alumina
stripes can be distinguished from the Fe ﬁlms, as shown
in Fig. 1(e). If the Fe coverage is increased to 7.5 MLs, as
shown in Fig. 1(f), the nanoparticles become larger and
taller, whereas the ﬁlms remain at the same corrugation level.
Therefore, the individual Fe ﬁlms are well separated from
each other by the nanoparticle chains on alumina stripes
at this coverage. With increasing coverage on the surface,
one can expect the ﬁlms to become increasingly connected
through the particles and ﬁnally become a continuous ﬁlm on
the entire surface.
Figure 2 demonstrates the diﬀerence between the magnetic
domains on a clean NiAl surface and those on a partially
oxidized NiAl surface. Without the alumina, the continuous

7.5 ML Fe ﬁlm has a domain size larger than 10 µm, as
shown in Fig. 2(a). This is consistent with the result in
Ref. 23. The histogram of the angle distribution reveals two
domains aligned antiparallel to each other with one easy axis
pointing to around 170°. However, when the ﬁlm is deposited
onto the surface of a 6 L alumina sample, the domain structure becomes fragmented and consists of many small
rectangular stripes with sizes ranging from 100 nm to micrometers. The angular distribution reveals the two orthogonal uniaxial easy axes of the system, with one pointing to
around 300°. The easy axis rotation between the continuous
and nanopatterned ﬁlms might be due to the conﬁned
geometry in the latter case. Bulk Fe has a magnetic easy axis
along the 〈100〉 direction, which is parallel to the long axis of
the alumina stripes. However, the continuous ﬁlm shows an
easy
by about 50°. This might be due to the
pﬃﬃﬃ axisprotated
ﬃﬃﬃ
c 2  3 2R45 superstructure of the NiAl(001) surface.22)
To further demonstrate the evolution of the magnetic
domains with the oxygen dosage, 5.0 ML Fe was deposited
on 1, 4, and 20 L alumina samples; their domain images are
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Fig. 2. SEMPA magnetic domain images of 7.5 ML Fe on (a) the NiAl(001) surface and (b) the 6 L alumina=NiAl(001) sample. Arrows in (a) indicate the
magnetization directions of the corresponding domains. Rightmost panels are histograms of the angle (θ) maps. Note that the scale bar in (a) is 10 µm, and that
in (b) is only 1 µm.
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Fig. 3. Magnetic domain image of (a) 7.5 ML Fe on NiAl(001) surface and 5 ML Fe on the (b) 1 L, (c) 4 L, and (d) 20 L alumina samples. Scale bar is the
same for all of these images.

shown in Figs. 3(b), 3(c), and 3(d), respectively. For comparison, the domain image of a continuous 7.5 ML Fe ﬁlm is
also shown in Fig. 3(a). In Fig. 3(b), the average domain size
is around 1 µm, and the domains are not rectangular. This is
because at such a low oxygen dosage, the number of alumina
stripes, and thus of nanoparticle chains, is so small that the
ﬁlm is not perfectly partitioned. In Fig. 3(c), the ﬁlm is
perfectly partitioned into rectangles with an average width
of around 400 nm and length of about 1 µm. For the 20 L
alumina sample, the surface is almost fully covered by
alumina layers, and the deposited Fe atoms all exist in

particle form. Because the measurement is performed at
room temperature, which is higher than the Curie temperature
of 5.0 ML Fe nanoparticles, no domain contrast can be
observed, and only a noisy background signal exists.
In Fig. 4, we study the eﬀect of the Fe coverage on the
domain structure. The domain images are taken at the same
location on the sample as the Fe coverage is increased.
Figure 4(a) shows a magnetic domain image of 5.0 ML Fe on
a 1 L alumina sample. The color code for the magnetization
direction is indicated in the color ring in Fig. 4(c). The image
is dominated by blue domains, with few green and red areas
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Fig. 4. Magnetic domain images of (a) 5.0 ML, (b) 8.8 ML, and (c) 21 ML Fe on the 1 L alumina samples. These images are taken at the same location on
the sample. Area enclosed by the white dashed line in (c) corresponds to the same area as those in (a) and (b).

and very few yellow regions. In the sample of 8.8 ML Fe,
shown in Fig. 4(b), the yellow domains almost disappear,
and the green and red areas decrease slightly. In this case,
the Fe on the alumina should already be in the ferromagnetic
phase. Because its Curie temperature is around room temperature, however, the magnetization is still weak, and no
crucial inﬂuence on the domains can be observed. However,
if the Fe coverage is increased to 21 ML, the domain becomes
so large that the entire ﬁeld of view becomes a blue area. The
zoomed-out image in Fig. 4(c) shows that only very few
green areas exist. The rotation of the small domains to the
larger one as the Fe coverage increases indicates that the Fe
nanoparticles on the alumina are so large and interconnected
that they become ferromagnetic and merge with the domains
of the neighboring Fe ﬁlms. Exchange interaction causes the
system to become a single domain.
From the SEMPA domain images, it is clear that the
domain fragmentation of the ultrathin Fe ﬁlm results from
the existence of paramagnetic nanoparticles, which separate
the microﬁlms. These microﬁlms seem to have magnetization
along their own easy axes and form a closed domain structure
between neighbors. Many domain boundaries are hence
created. Such a domain pattern is not favored in a continuous
ﬁlm because the creation of each domain boundary
pﬃﬃﬃﬃﬃﬃﬃ requires a
domain wall energy that is proportional to AK, where A is
the exchange constant, and K is the anisotropy constant.24)
With so many domain walls, the free energy of the system
will be raised by much more than the magnetostatic energy
is reduced. Because the microﬁlms are separated by
paramagnetic nanoparticles, the creation of domain boundaries requires much less energy and can further reduce the
magnetostatic energy. Therefore, one paramagnetic nanoparticle chain can be eﬀective in separating the magnetic
domains.
In conclusion, instead of the large magnetic domains in a
continuous ultrathin ﬁlm, ultrathin Fe deposited on alumina
nanopatterns reveals a fragmented magnetic domain structure
on the nanoscale. The paramagnetic nanoparticle chains are
eﬀective in partitioning the magnetic domains and re-aligning
the domain direction. These microﬁlms tend to have magnetization along their own easy axes and form a closed
domain structure between neighbors so as to reduce the magnetostatic energy. This type of variation in the growth modes
and Curie temperatures can be applied to other surfaces
that have nanosized heterostructures formed either by self-

assembly or lithography techniques. This might provide
another approach to implementing bit-patterned storage
media for application in information technology.
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