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Abstract

Micron/nano scale Co dot and wire arrays have been fabricated by soft lithography patterning with a resolution of
100 nm. Magneto-optic Kerr effect magnetometry combined with micromagnetic calculation is used to study, in detail,
the vortex-single domain transition in the Co dots. A metastable single-domain state, which is stabilized by a local
minimum energy induced by vortex nucleation, is demonstrated. © 2002 Elsevier Science B.V. All rights reserved.
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1. Introduction

Patterned magnetic structures are important not
only for practical application but also for funda-
mental understanding of micromagnetics. For
example, quantized magnetic disks can overcome
the storage density limit of conventional thin-film
magnetic disks by several orders of magnitude
[1,2]. Reducing the lateral dimensions of magnetic
film to values comparable to the critical lengths of
magnetism, such as domain wall width or mini-
mum domain size, would be helpful to obtain new
information on the micron and nanomagnetic
intrinsic processes [3,4]. Various methods such as
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electron beam lithography [4,5], X-ray lithography
[6], nanoimprint [2,7], interference [§8] as well as
mechanical plow techniques [9] have been used to
pattern magnetic micron and nanostructures. In
this work, we report on a new approach of
microcontact printing to fabricate magnetic micro-
structures, which has not been reported so far. The
magnetization reversal properties of these mag-
netic structures were studied by magneto-optic
Kerr effect (MOKE) and micromagnetic calcula-
tion. A energetically metastable single-domain
state in the Co dots which involves vortex nu-
cleation is demonstrated.

2. Experimental method

The micro-contact printing uses an elastomeric
stamp to transfer thiol molecules to an appropriate
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surface by monolayer self-assembling [10,11]. Our
stamps were prepared by casting and curing of
polymer mixture (VDT-731 and HMS-301) against
patterned masters obtained by electron beam
lithography and reactive ion etching of SiO». The
stamp preparation process was well documented in
reference [12]. In short, we use VDT-731 and
HMS-301 at a rate of 3.4: 1, with 5ppm platinum
catalyst, and 0.1% modulator (2,4,6,8-tetra-
methyl-tetravinylcyclotetrasiloxane).

A typical fabrication process in our experiment
is schematically shown in Fig. 1. We first spin coat
a standard lithography resist such as polymethyl-
methacrylate (PMMA) on Si wafers with a native
oxide layer, followed by a prebake at 200°C for
30min. Then, a 20 nm thick Au was sputtered on
the PMMA layer. Finally, a self-assembled mono-
layer (SAM) pattern is obtained on the gold
surface by micro-contact printing. To improve
the adhesion between gold and PMMA resist and
wet etching quality, a 5nm Ti was introduced
before gold deposition. The ink solution we used is
0.01 M eicosanethiol (C,yH4;SH) in ethanol. The
stamps were wetted with these thiol solutions for

1. PMMA and Au deposition Au

substrate

2. microcontact printing

|_stamp

3. chemical and reactive ion etching

4. lift-off use magnetic materials

Fig. 1. Schematic illustration of the soft lithography used to
fabricate magnetic structures.

I min and then slightly washed use ethanol and
dried in a flow of dry nitrogen. The stamps were
carefully brought in contact with the sample for
15s. After removal of the stamps, the samples were
etched in aqueous solution of 1M KOH, 0.1M
NayS,05;, 0.01M Kj3Fe(CN)g, and 0.001 M
K4Fe(CN)g for 8 min, until the parts of the gold
which were not protected by SAM layer were
completely removed. Then, the samples were
placed in a reactive ion etching (RIE) chamber to
etch Ti and PMMA with SF¢ and O, plasma,
respectively. Finally, the resulted PMMA resist
profiles were used for lift-off of Co. The patterning
of PMMA using micro-contact has some advan-
tages as compared with electron-beam and X-ray
lithography in terms of mass production and
cost, etc.

3. Results and discussion

A high uniformity over large areca magnetic
structures with 200nm resolution can be easily
obtained (Figs. 2a and b). The smallest Co dots we
obtained are 100nm in diameter (Fig.2c). Co
structures of different thicknesses up to 60 nm were
obtained. In particular, we have characterized
magnetic properties of circular Co dots for various
feature sizes and thickness. The periods of
patterned dots in our investigated samples were
selected to be equal or larger than twice that of the
dot diameter. The interdot dipolar coupling is
often believed to be negligible when the ratio of
separation to the diameter is large than one [13].
The unpatterned films had a ~600Oe coercivity
and a small uniaxial in plane anisotropy which is
induced by stray magnetic field during growth.
Fig. 3 presents typical magnetic hysteresis loops
obtained from 200nm diameter Co dots with
thickness 50, 15, and 10nm, respectively. As
expected, a strong thickness dependence was
observed. The zero remanence in loop (a) is
characteristic of formation of a vortex configura-
tion of magnetic moments [14,15], while the square
loop (c) is characteristic of single-domain beha-
viour and magnetization reversal occurs by all
magnetic moments rotating coherently [16]. In the
intermediate case, a double switch-like with high
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Fig. 2. SEM images of 50 nm thick Co structures obtained by micro-contact printing and a subsequent lift-off; (a—c)—disk structures
with diameters of 500, 200, and 100 nm, respectively, and (d)—wire structure with 1.5 pm width and separation. All the images were

taken at 60° with respect to the sample surfaces.

(a) (b) (©)

2000 Oe 2000 Oe 2000 Oe

Fig. 3. Magnetic hysteresis loops measured on 200 nm diameter
Co disks with thicknesses: 50 nm (a), 15nm (b), and 10 nm (c).

remanence hysteresis loop can be found (loop (b)).
Since anisotropy energy is negligible the magneti-
zation configuration is determined by the balance
between the exchange (E.x) and demagnetized (Ey)

energy which is controlled by the film thickness
and diameter. By competition of these two kinds
of energies, there exist a transition from vortex
state into a single-domain state upon lowering
both the disk diameter and thickness [17]. For
vortex state, a fluxclosure configuration is formed
which involves a large amount of exchange energy.
In contrast, the single-domain state involves a
large amount of demagnetized energy produced by
the surface charge at the edges. Upon decreasing
the film thickness at constant diameter, the
demagnetized energy is reduced and eventually
the total energy becomes lower than that of the
vortex state and the single-domain state is more
stable at lower thickness. Actually, the experi-
mental vortex-single domain state phase transition
boundary does not precisely agree with theoretical
calculation; it occurs on higher thickness than that
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is theoretically predicted [17]. Therefore, there
must be another dynamic process to resist the
vortex formation in a thickness range where vortex
magnetization configuration is a lower energy
state, and render a metastable single-domain state.
In order to verify this, suppose we have performed
a numerical micromagnetic calculation on single
magnetically isolated dot wusing the publicly
available 2D code OOMMF [18]. The material
parameters are saturation magnetization Mg =
1400 emu/cm3 , exchange constant A = 1.4%
10-%erg/cm, zero magnetocrystalline anisotropy,
and damping parameter o = 1.0 which determines
the relaxation of the magnetization into its local
effective equilibrium field direction [19]. The mesh
size was chosen to be 5nm. Fig. 4 shows the energy
distribution as a function of external field (magne-
tization configuration) and calculated hysteresis
loops for dots with thickness 50, 15 and 10 nm.
Clearly, for the dots which give zero remanence
hysteresis loop (Fig. 4a) there is a minimum of the
total energy (Eio = Eex + Eq4, the Zeeman energy
is not enclosed as we discuss the field dependence)
in the remanent state. In this case, the vortex
magnetization configuration adopts ground state
with no external field. With decreasing dot
thickness, the location of ground state shifts in
the direction of higher field and the remanent state
corresponds to a high energy value (Fig. 4b). Such
a stabilized remanent state with high energy must
be in a local minimum and is an unstable state. To
clarify this, Fig. 5 shows a large scale plot of the
energy curves of Fig. 4b around remanent state
which are indicated by arrows. Indeed, a minimum
of total energy can be viewed in the remanent state
(Fig. 5¢). The origin of the formation of this local
minimum can be understood from the evolution of
exchange and demagnetized energy with the
magnetization configuration. Complete magneti-
zation reversal must take place via vortex nuclea-
tion, vortex movement, and annihilation process
[8]. Though the vortex magnetization configura-
tion is energetically favourable, in the moment of
vortex nucleation, a local high disorder of
magnetization will be introduced, and in turn
exchange energy is increased (Fig.5a). This
increased exchange energy cannot be compensated
by the decreased demagnetized energy (Fig. 5b) in
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Fig. 4. Energy distribution as a function of external field and
calculated hysteresis loops for 200 nm disks with thicknesses:
50nm (a), 15nm (b), and 10 nm (c).

this thickness range and an energy barrier is
formed. This barrier defines a local energy mini-
mum in the remanent state where a single domain
magnetization configuration is trapped. To adopt
the ground vortex state, an external field is
required to cross the energy barrier. For thicker
dots, when the vortex magnetization configuration
is formed, the decrease in demagnetized energy is
therefore large enough to compensate the in-
creased exchange energy induced by the vortex
nucleation and a vortex state can be adopted
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Fig. 5. A plot with large scale for the region indicated in
Fig. 4b. (a) Exchange energy; (b) demagnetized energy; and (c)
total energy. The arrow in (c) indicates a local energy minimum
at the remanent position.

without any external energy (in the remanent
state). With further decrease in dot thickness, the
magnetization reversal occurs by all magnetic
moments rotating coherently, while both exchange
and demagnetized energy remain almost constant
with external field (Fig. 4c¢).

4. Conclusion

We have successfully demonstrated the pattern-
ing of magnetic micron/nano scale structures with
100 nm resolution using soft lithography. Magne-
to-optical Kerr effect hysteresis loops and micro-
magnetic calculation were used to study the
vortex-single domain transition in Co dots. Except
for the energy balance between the vortex and
single-domain magnetization configuration, a new
mechanism involving vortex nucleation is pro-
posed. In an appropriate thickness range, a local
energy minimum induced by vortex nucleation can
stabilize a single-domain state.
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