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The switching behavior of isolated nanoscale nickel and cobalt bars, which were fabricated using
electron-beam lithography, was studied as a function of bar length. The bars have a 35 nm thickness,
a 100 nm width, and a length varying from 200 nm to 5mm. Magnetic force microscopy showed
that except for the Ni bars with a length equal to or less than 250 nm, all other as-fabricated bars
were single domain. Unlike the bar width dependence, the switching field of the single-domain bars
was found to first increase with the bar length, then decrease after reaching a peak. The peak
switching field and the corresponding bar length are 640 Oe and 1mm for Ni and 1250 Oe and 2
mm for Co, respectively. The nonmonotonic length dependence suggests that the magnetization
switching may be quasicoherent in the short bars and incoherent in the long bars, and that the
exchange coupling is much stronger in Co bars than in Ni bars. Furthermore, the switching field of
1-mm-long Co bars was found to increase monotonically as the bar width decreases, reaching 3000
Oe at a 30 nm width. ©1996 American Institute of Physics.@S0021-8979~96!02121-4#
g

a

o
u

s
tal
ng
m-

d
of
g-
M
d
to
ut
s
til
as
e-
-
ld
I. INTRODUCTION

Magnetic particles are of great interest to magne
recording.1–4With the advancement of nanofabrication tech
nology, it is possible to fabricate magnetic bars which a
single domain but have dimensions much larger than those
the single-domain particles studied before. Understand
these lithographically patterned magnetic bars is important
developing ultrahigh-density magnetic recording media, su
as quantum magnetic disks that consist of discrete sing
domain bits.5 Previously, the effects of bar width on the
switching field of lithographically patterned NiFe and N
bars have been studied.6,7 In this article we present the ef-
fects of bar length on the switching field of nanoscale Ni an
Co bars fabricated using e-beam lithography. We have o
served that, unlike the width dependence found previous
the switching field of single domain bars nonmonotonical
depends on the bar length.

II. FABRICATION AND MEASUREMENTS

The isolated Ni and Co bars were fabricated usin
e-beam lithography and a lift-off technique. In the fabrica
tion, rectangular patterns were exposed in a thin film of pol
methyl methacrylate~PMMA! on a silicon substrate with
high-resolution e-beam lithography. The exposed PMM
was removed in development, resulting in rectangul
trenches in the PMMA. Then Ni or Co was evaporated on
the entire sample. Finally, the sample was immersed in
etone which dissolved the PMMA template and lifted off th
metal on the PMMA surface, leaving isolated metal bars
the substrate. The details of the fabrication have been p
lished elsewhere.7,8 Both Ni and Co bars have a thickness o
35 nm and a width of 100 nm, but the length of Ni bar
varies from 250 nm to 5mm and the Co bars from 200 nm to
5 mm. Figure 1 shows a scanning electron micrograp
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~SEM! of a typical 1-mm-long and 100-nm-wide Ni bar.
From x-ray diffraction, the as-deposited Co thin film i

found to be polycrystalline and have a hexagonal crys
structure. The initial magnetization states and the switchi
behavior of the Ni and Co bars were observed using a co
mercial scanning magnetic force microscope~MFM! with a
ultrahigh-resolution tip made in-house. The topological an
magnetic images were taken at the same time. In the study
the switching behavior of the single domain bars, the ma
netization states of the bars were observed using the MF
first. Then the sample was taken out from the MFM an
placed in a magnetic field applied in the direction opposite
the bar’s original magnetization. Finally, the sample was p
back into the MFM for further examination. This proces
continued and the applied field was gradually increased un
the magnetization of the bar reversed. That field is defined
the switching field of the bar. The accuracy of this measur
ment is typically 10 Oe. Furthermore, due to fabrication in
homogeneity, there is a slight variation of the switching fie
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FIG. 1. Scanning electron micrograph of a Ni bar that is 1mm long, 100 nm
wide, and 35 nm thick.
5205205/4/$10.00 © 1996 American Institute of Physics

t¬to¬AIP¬license¬or¬copyright,¬see¬http://ojps.aip.org/japo/japcr.jsp



FIG. 2. MFM image of a spontaneous single domain Co bar that is 100 nm wide, 35 nm thick, and~a! 5 mm long and~b! 200 nm long, respectively.
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for the bars with the same nominal dimension. Therefore,
a given nominal size, nine bars were measured at the sa
time, and the switching field given here is the average.

III. RESULTS AND DISCUSSION

MFM observations show that all the as-fabricated C
bars ~with a length from 200 nm to 5mm! have spontane-
ously formed a single domain without any assistance of
external magnetic field. The MFM images of Co bars wit
lengths of 5mm and 200 nm are shown in Figs. 2~a! and
2~b!. The vibrating sample magnetometer measureme
show that the coercivities of as-deposited films are 25 Oe
Ni and 50 Oe for Co. The bar’s shape anisotropy is th
primary cause of forming single domain in the Co and N
bars. The easy magnetization direction is along the long a
of the bar and the hard magnetization direction is along t
short axis.

For Ni bars, all the bars with a length greater than 25
nm are a spontaneous single domain, but the bar with a 2
nm length is initially multiple domain. Figure 3~a! and 3~b!
show the atomic force microscope~AFM! and MFM images
of a 250-nm-long Ni bar. The bar width in Fig. 3~a! looks
wider than 100 nm because in a tapping mode AFM me
5206 J. Appl. Phys., Vol. 80, No. 9, 1 November 1996

Downloaded¬08¬Aug¬2003¬to¬128.112.49.65.¬Redistribution¬subjec
for
me

o

an
h

nts
for
e
i
xis
he

0
50

a-

surement the image of a structure in the scanning direct
~i.e., the horizontal direction! is always larger than the actua
size.

For a given bar width, the critical bar length, below
which a multidomain emerges, presents a measure
domain-wall energy. As we know, the reason that a magne
particle changes from the single-domain state to the multid
main state is to minimize the total energy by reducing th
magnetostatic energy while adding the domain-wall energ
The higher the domain-wall energy, the shorter the critic
bar length, since the decrease in the magnetostatic ene
must exceed the wall energy. Hence, the fact that the Co b
in our experiment have a smaller critical length than Ni ba
implies the well-known fact that Co has a larger domain-wa
energy than Ni because of stronger exchange coupling a
higher magnetocrystalline anisotropy in cobalt.

The length dependence of switching field for the singl
domain Ni and Co bars with a width of 100 nm and a thick
ness of 35 nm is shown in Figs. 4~a! and 4~b!, respectively.
The switching field increases with the bar length first, b
decreases after reaching a peak. The peak switching field
corresponding bar length are, respectively, 640 Oe and 1mm
for Ni and 1250 Oe and 2mm for Co. Furthermore, the
switching field of Ni bars decreases with the increase of t
FIG. 3. ~a! AFM and ~b! MFM image of a multidomain Ni bar that is 250 nm long, 100 nm wide, and 35 nm thick.
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FIG. 4. Length dependence of the switching field for bars with a width
100 nm and a thickness of 35 nm for~a! Ni and ~b! Co.
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bar width much faster than that in Co bars. Obviously, th
length dependence observed here does not fit the Ston
Wohlfarth model which assumes a coherent switching a
predicts the switching field of a bar to monotonically in
crease with the increase of the shape anisotropy~therefore,
with the bar length!.9

If the magnetic moments in a bar are switched cohe
ently, the magnetostatic energy during the switching reach
its maximum when the direction of the magnetic moments
aligned in the direction of the short axis of the bar. To mai
tain a coherent switching, the maximum magnetostatic e
ergy should be less than the exchange energy. This may
the case for the Ni bars with length less than 1mm and the
Co bars with length less than 2mm.

However, the maximum magnetostatic energy is propo
tional to the bar length. When the bar length becomes
long that the maximum magnetostatic energy becomes lar
than the exchange energy, the coherent switching no lon
can be maintained and the vortex state may appear, lead
to the incoherent switching. Based on micromagnetics sim
lations, Schabes has suggested that an incoherent switc
occurs in a magnetic particle of a size that is several tim
larger than the exchange lengthl ex 5 AA/Ms

2, whereA is
exchange constant andMS is saturation magnetization.

10 The
exchange length is about 15.2 nm for Co and 14.6 nm for
if we takeA54.731026 erg/cm andMS51430 emu/cm3 for
Co andA50.531026 erg/cm andMS5483 emu/cm3 for Ni.
Our experiment seems qualitatively to support his analys
although the bar length at the peak switching field in o
experiments, which may reflect the crossover of coherent a
incoherent switching, is much longer than the exchan
length.
J. Appl. Phys., Vol. 80, No. 9, 1 November 1996
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FIG. 5. Width dependence of the switching field for single-domain Co a
Ni bars with a length of 1mm and a thickness of 35 nm.
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Finally, the fact that the length of Co bars at the pea
switching field is twice as large as that of Ni bars confirm
again the well-known fact that the exchange coupling
much stronger in Co than that in Ni. Otherwise, the incohe
ent switching and hence the peak switching field would ha
occurred at a much shorter bar length in Co than in Ni, sin
the magnetization of Co is nearly three times that of Ni.

In addition to the length dependence, the bar width d
pendence of the switching field for the Co bars which are
nm thick and 1mm long was also investigated and is plotte
in Fig. 5, along with the previous measurements of Ni bars
a comparison.7 The switching field of Co bars increases
monotonically with decreasing width and reaches 3000 Oe
a width of 30 nm.

IV. SUMMARY

We have studied lithographically patterned nanoscale
and Ni bars which are 35 nm thick, 100 nm wide and have
length from 200 nm to 5mm. MFM observations show that
all the as-fabricated bars, except for the Ni bars with a leng
of 250 nm or less, are single domain. A nonmonotonic leng
dependence of switching field for Ni and Co bars is foun
This behavior suggests that the switching may be quasi
herent in the short bars and incoherent in the long bars, a
that the exchange constant is much greater in Co than tha
Ni. Moreover, it is found that the switching field of 1-mm-
long Co bars increases monotonically as the bar width d
creases to 30 nm. In the future, the comparison of the expe
mental data with simulation will lead to better understandin
of lithographically patterned magnetic structures.
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