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a b s t r a c t
We report on the magnetization reversal behavior of sub 100-nm triangular shaped Ni80Fe20 dot array fabricated by nanosphere lithography. Hysteresis loops measured by magneto-optical Kerr effect magnetometry
are classiﬁed into single and double-switched loops in 45 nm, 80 nm and 100 nm triangular nanomagnets.
Micromagnetic simulations show that a plateau observed in the double-switched loop in the 100-nm triangular nanomagnet is due to the formation of a metastable mediating V state.
© 2012 Elsevier B.V. All rights reserved.

1. Introduction
Towards delaying the onset of thermal effect and superparamagnetic
limit in the ultrahigh density recording media, patterned magnetic thin
ﬁlm nanostructures have been proposed [1,2]. For optimum performance of the patterned storage medium, understanding and controlling
the magnetic properties of individual and interacting nanomagnets are
of key importance. Variations of patterned magnetic nanostructures
such as rectangles [3], dots [4], triangles [5], and rings [6] have been extensively studied. The magnetization reversal mechanisms in patterned
magnetic structures are determined by the competition of magnetic energy terms, i.e. magnetostatic, exchange, anisotropy, and Zeeman energy.
By tailoring the shape of the patterns, the magnetization reversal process
can be engineered. Thus, fabricating designed patterns with high resolution is important. Conventional lithography techniques, such as electron
beam lithography [7], interference lithography [8], and X-ray lithography, have enabled large scale nanopattern fabrication. However, the
resolution of the conventional lithography is dependent on the ratio of
λ/NA, where λ is the wavelength, and NA is the numerical aperture
(NA) of the system, and thus it is limited by the light-source device.
From application viewpoint, a lithographic process that can pattern
thin ﬁlms into nanoscale patterns at an economically acceptable cost is
vital. Non-wavelength nanofabrication approach technologies have
been proposed to prepare large-area 2D or 3D colloidal pattern surfaces,
such as self-assembly, electric-ﬁeld-induced electrokinetic ﬂowing, and
Langmuir–Blodgett deposition [9–12]. Nanosphere lithography (NSL) is
a non-conventional lithography that makes use of self-assembly of
nanospheres to fabricate nanostructure and nanostructure arrays. A
number of nanostructure shapes, such as triangular, hexagonal, ring
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[13] and chains have been fabricated by using different techniques
through NSL.
In this work, we have studied the magnetization reversal process
in nanoscale triangular dots fabricated by NSL. Triangular shaped
nanomagnets with different lateral sizes were patterned over an
area of 30 μm 2. The hysteresis behavior of the nanomagnets was characterized using magneto optical Kerr effect (MOKE) techniques. Magnetic force microscopy (MFM) scanning was employed to observe the
magnetic conﬁgurations. Our measurement results reveal that the
magnetic hysteresis properties of the triangular nanomagnets are
markedly sensitive to the lateral dimensions of the structures. Micromagnetic simulations were carried out to conﬁrm the experimental
results.
2. Methods
Monodispersed nanospheres with diameters of 465 nm, 365 nm
and 200 nm were diluted into water with 2.6% wt. The solutions
were further mixed by an equal amount of ethanol. About 5 μl of
the prepared solutions (mixture of ethanol and polystyrene (PS) solution with volume ratio of 1:1) was dropped onto the surface of a
3 cm × 3 cm large clean silicon wafer. The silicon wafer was kept in
10% dodecylsodiumsulfate solution for 12 h previously. The wafer
was then slowly immersed in deionized water after which a monolayer of PS spheres started to form on the water surface. The monolayer
was lifted off from the water surface by using another cleaned Si
wafer. The Si wafer (with PS spheres on top of it) is dried in air at
room temperature.
The fabricated monolayer nanosphere arrays were then used as
templates to create magnetic patterns. 15-nm-thick Ni80Fe20 layer was
deposited on the templates using electron beam evaporation technique.
The deposition pressure was maintained at 2.66 × 10 − 4 Pa, while the
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(465 nm–200 nm), equilateral nano-triangles of lateral sizes of
100 nm, 80 nm, and 45 nm were obtained. We have made the histograms of the nanotriangles and results are plotted in Fig. 2. The standard
deviations are found to be 12.5 nm, 7.5 nm and 10.5 nm for 100 nm,
80 nm and 45 nm nanotriangles respectively. The area comprised by
uniformly distributed triangles with no connecting ﬁlm is found to be
of 20–30 μm, which is close to the size of the beam spot in our focused
longitudinal MOKE measurement (~30 μm). All the measurements
were carried out at room temperature.
3. Results and discussions

Fig. 1. Scanning election micrograph of NiFe dot arrays fabricated by NSL with the feature of about 45 nm, 80 nm and 100 nm. The respective insets show the close-up image
of the nanotriangles.

growth rate was kept at 2 Å/s. After the deposition, the nanospheres
were lifted-off by immersing the template in a CHCl3 solution, assisted
by ultrasonic agitation. The formation of the triangular nanomagnets
is conﬁrmed by scanning electron microscope (SEM) imaging at 10 kV
operating voltage. Shown in Fig. 1 are the SEM images of the triangular
nanomagnets of different lateral dimensions. The SEM image shows
that the nanomagnets are equilateral and have uniform shape and
size over a large area. Using PS nanospheres of different sizes

Shown in Fig. 3 are the typical MOKE hysteresis loops (a, b and c) for
the 15-nm-thick NiFe triangular nanostructures of different lateral sizes
(L). During the measurements, an in-plane magnetic ﬁeld was applied
along the base direction of the nanotriangles. The open symbols represent
the magnetic signal from the nanotriangles. The magnetization loops of
the triangular nanomagnets are markedly sensitive to the lateral dimensions. As shown in Fig. 3(a), several features are observed in the hysteresis
loop for L=100 nm. When the ﬁeld is reversed from negative to positive
direction, a two-step magnetization switching was observed. The ﬁrst
magnetization switching occurs at a low ﬁeld of around +1.6 kA/m,
resulting in a plateau with a ﬁeld range (ΔHx) of around 4 kA/m. The
presence of the plateau indicates the formation of an intermediate state
during the switching process. Further increasing the ﬁeld along the
positive direction, a major jump in magnetization is observed which
leads to reverse saturation. The coercivity of the 100 nm triangle is
found to be 9 kA/m. When the lateral dimension is reduced to 80 nm,
the hysteresis loop shows a single switching behavior as shown in
Fig. 3(b), it is a characteristic of coherent switching process where the
magnetization reverses without any intermediate state. The measured
coercivity is found to be increased to 9.6 kA/m. When L is further reduced
to 45 nm, a nearly rectangular-shaped hysteresis loop is observed.
However, the coercivity is observed to be increased further to 16 kA/m,
as shown in Fig. 3(c). The signal-to-noise ratio is relatively low due to
the small magnetic volume. The signiﬁcant increase in the coercivity of
the nano-triangle arrays as the dimensions are reduced is attributed to
the change in the reversal mechanism and the increased stability of the
remanent state.
In order to obtain a better understanding of the reversal process in the
different triangular nanomagnets, we used the OOMMF code [14] to carry
out the micromagnetic simulations. The parameters used in the simulations are saturation magnetization Ms =860×105 A/m, exchange stiffness constant A=1.3×10− 11 J/m, anisotropy constant K=0 J/m3, and
chosen cell size is 2 nm. The simulated hysteresis loops for dimensions
corresponding to Fig. 3(a), (b), and (c) are shown in Fig. 3(a′), 3(b′) and
3(c′), respectively. The shape of the measured MOKE hysteresis loop is
well reproduced by the simulation. For L=100 nm nanotriangles, a
two-step hysteresis loop is obtained which conﬁrms the intermediate
state in the reversal process. The nanotriangles with lateral dimensions
80 nm and 45 nm are characterized by a single switching process,

Fig. 2. The histograms of the nanotriangle areas for different dimensions: 45 nm, 80 nm, and 100 nm.
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Fig. 3. The measured (a) and simulated (b) hysteresis loops of the triangular shaped dot arrays with lateral dimensions of 45 nm, 80 nm and 100 nm. The ﬁeld is applied along the
base direction of the triangles. The measured coercivities are 16 kA/m, 9.6 kA/m, and 9 kA/m, respectively.

resulting in a rectangular loop which is also in accordance with our measurements. These single switching loops reveal that there are no metastable states during the switching process. Thus, the reversal mechanism of
the 45 nm and 80 nm triangles is dominated by the coherent rotation
process. The simulated coercivity and saturation ﬁeld are relatively larger
than the measured values, possibly because the thermal ﬂuctuation factors are not taken into considerations in the micromagnetic simulations,
resulting in overestimated switching ﬁelds.
To aid our understanding of the spin reversal process in the
nanotriangle, the simulated spin conﬁgurations are extracted. Shown
in Fig. 4 are the spin states for the nanotriangle with L = 100 nm,
where the corresponding conditions are marked in the hysteresis
loop. When the ﬁeld is reduced from negative saturation, the spins

near the edge of the triangles begin to deviate from the ﬁeld direction,
with a tendency to align along the edges (I). On reversing the magnetic
ﬁelds to the positive direction, the spins located close to the bottom of
the triangle remain unswitched. However, the spins located at the top
corner rotate towards the perpendicular direction of the ﬁeld. Consequently, a symmetric V-like spin conﬁguration forms in the nanotriangle with the opening of the V opposite to the ﬁeld direction (II).
By increasing the ﬁeld along the positive direction, the center of the V
state sweeps towards the bottom (III). These processes cause the ﬁrst
switch in the hysteresis loop. Further increasing the ﬁeld in the positive
direction, a plateau extending 8 kA/m was observed in the simulated
hysteresis loop. A relatively stable state was observed with top corner
spins aligning perpendicular to the ﬁeld direction, while those of
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Fig. 4. The simulated magnetic conﬁgurations of the triangles. Corresponding applied ﬁelds are labeled on the simulated hysteresis loop in Fig. 2(b).

bottom base aligning along the ﬁeld direction, forming a V state with
the opening at the bottom (IV). As the ﬁeld is increased to positive saturation, the spins in the nano-triangle begins to rotate towards the ﬁeld
direction, resulting in the second switch in the hysteresis loop. The spin
conﬁguration was a reversed V state (V). When the ﬁeld is increased to
a large positive value, the spin conﬁguration reaches a positive saturation state (VI).
MFM imaging was carried out to observe the magnetic states of
the triangular nanomagnets. MFM measurement on the 100 nm triangle was performed. A lift scan height of 50 nm was used for the scanning. Before scanning, the sample was magnetically saturated by
applying a ﬁeld of +120 kA/m along the major axis, the ﬁeld was
then reduced to 0 kA/m. Shown in Fig. 5 is the MFM image of the remanent state of the 100 nm triangular nanomagnets. The dark areas
around the edges of the nanotriangles represent the pointy sides of

the V state. The V state is only found in some of the nanotriangles
due to the fact that the nanotriangles are not aligned in one direction.

4. Conclusions
In summary, arrays of sub-100 nm NiFe nanoscale triangle were
fabricated by using nanosphere lithography techniques and their
properties were characterized by MOKE magnetometry. MOKE measurements show that with the decrease of the lateral dimension of
the triangle, the coercivity is increased. Micromagnetic simulations
show that the reversal mechanism of the 45 and 80 nm triangles is
dominated by the coherent rotation process, while that in the
100 nm triangle is via the formation and rotation of an intermediate
V-like state.

Fig. 5. MFM image of an array of triangular shaped NiFe nanomagnets. Inset is a close observation of a group of nanotriangles with schematic drawing to show the V state.
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