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Metastable states during magnetization reversal in square permalloy rings
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The magnetic reversal process in a two-dimensional array of permalloy square rings is presented. Rings of
thickness of 25 nm, of lateral size of 2.1mm, and with ring width of 240 nm were microfabricated using
electron-beam lithography and lift-off techniques. Analysis of the diffracted magneto-optical Kerr effect hys-
teresis loops, magnetic force microscopy images, and micromagnetic simulations show that the magnetization
reversal path depends on the direction of the in-plane applied magnetic field. On reducing the field from
saturation, for fields along an edge or a diagonal of the square, the ‘‘onion’’ state is the stable state at
remanence. In a narrow field range around reversal we find that the reversal occurs via a metastable interme-
diate state. For fields along the diagonal this intermediate state is a magnetic vortex. When the field is applied
along an edge direction the intermediate state is a ‘‘horseshoe’’ state.
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INTRODUCTION

The size and shape control offered by state-of-the-ar
thography techniques has made it possible to investigate
terial properties at length scales previously unattainable.
area of intense activity is the study of magnetism at the
nometer length scale.1–10 For particles of this size, becaus
intrinsic magnetic length scales are comparable to the sam
dimensions, novel physical properties can be expected.
field has attracted much attention because of its close tie
potential technological applications. In this connection, a k
issue in fundamental physics and data storage technolog
to understand and control the magnetic switching of sm
magnetic elements. Because of the large dipolar demagn
ing fields close to the element’s borders, the magnetic e
librium configurations and switching mechanisms are se
tive to subtle shape variations and to edge roughness
elements developing a vortex state these effects play a le
role due to the magnetic flux closure, which makes this m
netic configuration very stable.11,12The stability of the vortex
state can be considerably improved if the highly energ
vortex core is removed by using a ring element.13 Because of
their reduced sensitivity to edge defects, ring magnets h
been proposed for use in magnetic random acc
memories.14,15

Concomitant with the development of fabrication tec
niques, characterization techniques for submicron sam
have also undergone notable improvements. Many te
niques are now available to investigate the structure and
sponse of nanosized magnetic particles. Typically a bat
of techniques is required to provide a complete picture of
magnetic behavior.

In this investigation we have used the diffracted magne
optic Kerr effect16,17~D-MOKE! to obtain information on the
magnetization reversal in arrays of square permalloy rin
This technique provides information about the magnetic c
figurations that develop during switching inside each elem
of an array. Interestingly, the spatial resolution obtaina
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with this technique can be smaller than the wavelength of
laser light used for the measurements. The ability of d
fracted MOKE to achieve this is a combination of both t
wavelength of the radiation and the magnetic form factors
particles that are themselves comparable to the wavelen

Our experimental D-MOKE loops are compared wi
loops extracted from micromagnetic simulations, using
theoretical approach reported in Ref. 18. With some assu
tions regarding the ring shape the simulations reproduce
experimental D-MOKE loops and show a two-step rever
mechanism in which either a vortex or a ‘‘horseshoe’’ me
stable intermediate state is generated, depending on th
rection of the applied field. By suitably choosing the fie
history it has been possible to ‘‘quench’’ these metasta
states to zero applied field and to observe them using m
netic force microscopy~MFM!.

Experimental details

The array of square rings was fabricated by a combina
of electron-beam lithography and lift-off techniques. To b
gin with, a standard silicon wafer is spin-coated with
positive-type poly~methyl methacrylate! ~PMMA! resist. The
sample was then patterned using a modified JEOL 840 s
ning electron microscope~SEM! equipped with a Raith pat
tern generating software,19 an electron-beam current of 10
pA, and an accelerating voltage of 35 keV. The magnetic fi
is deposited on the water-cooled substrate from an Fe19Ni81
~permalloy! target using an electron-beam evaporator in
vacuum of about 1027 Pa. The as-deposited reference film
magnetically soft with coercive and uniaxial anisotro
fields of a few oersteds. Finally, after ultrasonic-assisted
off, arrays of permalloy square rings of thickness 25 n
lateral size 2.1mm, and 240 nm ring width, arranged on a
mm square lattice, are obtained. The array used for our
periments is shown in Fig. 1.

The experimental D-MOKE setup and the magnetic fo
factor formalism used for the interpretation of the measu
©2003 The American Physical Society29-1
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loops have been described in Refs. 7 and 18. The magn
form factors of ordern ( f n) are defined by

f n5E m exp~ inG•r !dS, ~1!

wherem is the magnetization component appropriate for
experimental Kerr geometry~i.e., perpendicular to the sca
tering plane for our transverse MOKE geometry!, G is a
reciprocal-lattice vector,n is an integer, and the integral i
carried out over a ring. It is clear, therefore, that the fo
factors contain information about the magnetization distri
tion within a unit cell.

The intensity~I! of the measured loops has been shown7,18

to be proportional to

I 5Re@ f n#1An Im@ f n#, ~2!

whereAn is a number that depends on the diffraction ord
The value ofAn can be calculated via the Stratton-Silver-C
integral using the physical-optics approximation.20 Using the
refractive index values of permalloy and silicon21,22 and the
permalloy magneto-optic coupling constant,21 we obtain~for
the 45° incidence angle geometry adopted in our meas
ments! values ofAn shown in Fig. 2. The absolute values
An , however, turn out to be very sensitive to the numeri
parameters used in the calculation. Using other sets of m
rial parameters reported in literature and/or changes in
thickness, we obtain similarly shaped curves but with diff
ent offsets along they axis. For some combination of value
even the sign ofA can change as the diffraction order
varied. Because of the uncertainty in determiningA, for our
simulated loops, we have we chosen the value ofA15
21.3 that best accounts for the measured first-order lo
The otherAn were deduced from the suitably shifted cur
~dashed line in Fig. 2!; all lie in the range21.2 to 21.3.

The magnetic form factors are evaluated via Eq.~1! and
the magnetization profile calculated using the micromagn
OOMMF code23 at each field. Once the form factors a
known the magneto-optical loops of any given order~n! can
be obtained from Eq.~2!.

FIG. 1. SEM image of square permalloy rings.
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The array of permalloy squares was investigated by MF
in a Dimension™ 3000 scanning probe microscope fr
Digital Instruments~DI!.24 Topographic and magnetic im
ages were obtained with the instrument operated in the
ping LiftMode™ using the standard CoCr-coated MFM ti
from DI. Typical scan heights were about 70 nm.

RESULTS

Diffracted MOKE

D-MOKE hysteresis loops, measured for two directions
the applied field~H!, are shown in Fig. 3~H along the ring
edge! and Fig. 4~H along the ring diagonal!. There are two
reasons why fewer loops are shown for the second case:
reciprocal-lattice vector for the diagonal case is& larger,
and hence& less diffraction spots are observed. The d
fracted spots are also much weaker for the diagonal cas
can be ascertained by calculating the nonmagnetic form
tor. To facilitate comparison the corresponding calcula
loops, which will be presented and discussed later, are in
duced here as Figs. 5 and 6. The zero order loops in Fig
and 4 can be understood based on simple arguments s
matically shown in Fig. 7: At high fields all four sides of th
ring are aligned along the field direction~states 1 in Fig. 7!.
As the field is reduced, shape anisotropy aligns the magn
zation parallel to each branch of the ring and leads, at re
nence, to the onion states~schematic 2 in Fig. 7!. We note
that the left-right asymmetry in the upper 2 and 4 sta
results from the assumption that the applied field will nev
be ‘‘perfectly’’ aligned along an edge direction. In the onio
state the magnetization forH parallel to an edge and alon
the diagonal is reduced to 1/2 and 1/& of the saturation
value, respectively.

As H is reduced further~i.e., to negative values! by sym-
metry one might expect both branches of the onion sta
described above to reverse simultaneously, leading dire
to state 4. Micromagnetic simulations of a perfect ring stru

FIG. 2. Plot of the relative contribution of the imaginary an
real parts of the magnetic form factor for different diffraction o
ders. The symbols are calculated as described in the text. Bec
of uncertainties in the material parameters we have rescaled
calculated values~dashed line! to produce agreement with the firs
order experimental diffraction loop.
9-2
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FIG. 3. Experimental
D-MOKE loops for H parallel to
the edge of the squares.
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ture ~see below! confirm this expectation but they fail t
reproduce the rich structure in the higher-order D-MOK
loops.

Furthermore, many of the higher-order loops show so
evidence for structure in the narrow field interval close
switching. In particular the first-order loops, for both dire
tions of the field, show a very strong feature at the switch
field. Since these features contain information about the m
significant jump of the reversal, they warrant more detai
attention.

Micromagnetic simulations

Micromagnetic simulations have been performed on
reversal in a single~perfect! square ring~2.1mm per side and
240 nm wide branches!. We used 2103210 calculation cells
13442
e

g
st
d

e

~for a total of 44 100 computational cubic cells each one w
a side of 10 nm!. The material parameters used for the sim
lation are24 a saturation magnetization of 6603103 A/m and
an exchange constant of 13310212 J/m. It has been
shown25,26 that the size of the micromagnetic cells must
made 6–7 times larger than the exchange length~'5 nm!.
Although we are certainly in this limit, we have verified,
one instance, that a simulation with 7.5 nm cells produces
significant change. The field in the simulations is applied
2° from the edge and diagonal directions in order to simul
the experiments where perfect alignment is unlikely to
achieved. All the form factors extracted from the simulati
of perfect rings have zero imaginary parts. The resulting h
teresis loops, although they reproduce the zeroth-order lo
do not yield any structure in the higher order loops and m
notably do not reproduce the strong peaks observed in
9-3
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FIG. 4. Experimental
D-MOKE loops for H along the
diagonal.
a

he
ori-

ft-
s

first-order experimental loops. These simulations predict
abrupt reversal from one onion state to its mirror state~state
2 to state 4 in Fig. 7!.

From Eq.~1! we have

FIG. 5. Calculated D-MOKE loops forH parallel to the edge of
the squares.
13442
n
Re@ f 1

m#5E my cos@G•r #dS

and

Im@ f 1
m#5E my sin@G•r #dS,

and the integral is carried out over2d/2,ur u,d/2. For H
along an edge we haveuGu52p/d ~d is the lattice spacing!
and, since the ring size is equal tod/2, we see that Re@f1

m#
and Im@f1

m# are weighted towards the magnetization in t
horizontal and vertical branches, respectively. Since the h
zontal branches rotate monotonically, the resulting Re@f1

m# is
expected to be a smoothly varying function of field. Im@f1

m#,
on the other hand, will be zero if the ring maintains a le
right symmetry inmy and can become large only if thi

FIG. 6. Calculated D-MOKE loops forH along the diagonal.
9-4
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symmetry is broken during the reversal.18 Based on the
simple arguments above, we would expect strong contr
tions from the imaginary part only if an asymmetric~i.e.,
nonsimultaneous! switching took place in the vertica
branches.

As was shown in Ref. 13 by introducing an asymme
between the two lateral branches of the ring~we made the
left and right branches of the ring 22 and 24 cells wide! the
micromagnetic simulations show a nonsimultaneous reve
of the lateral branches. This effect has also been obse
experimentally in Ref. 27. The resulting calculated loo
shown in Figs. 5 and 6, produce excellent agreement with
experimental loops in Figs. 3 and 4. In particular they rep
duce the sharp spikes present in the first-order loops. An
sis of the micromagnetic simulation structures that deve
during reversal confirm the presence of states 1, 2, 4, an
in Fig. 7 that were postulated above based on simple en
considerations. Additionally, however, they show that b
tween states 2 and 4 the rings transform to an intermed
state. ForH along the diagonal it predicts reversal via
intermediate vortex state~state 3 in the lower part of Fig. 7!
rather than from one onion state to its mirror state. ForH
along the ring edge the simulations predict configuration 3
the upper part of Fig. 7 which we call the horseshoe sta

Although the micromagnetically generated loops in Fi
6 and 7 reproduce most of the salient features of the exp
mental loops in Figs. 3 and 4~note for example the spikes i
the tenth-order loops in Figs. 3 and 5!, some of the features
are not reproduced. Most notable perhaps are the differe
between the second-order loops in Figs. 3 and 5. Many of
experimental loops show some indication that the reve
might include an additional metastable step. At present
are unable to conceive of any additional process~e.g., anisot-
ropy, distribution of ring properties, thickness inhomogen
ities, etc.! that might lead to such a mechanism. Any futu
micromagnetic simulations that achieve an improved
scription of the experimental loops, especially the seco
order loop in Fig. 3, will also, however, be required to yie
correct descriptions of all the loops in Fig. 3.

MFM

Confirmation of the existence of the metastable vor
and horseshoe states was obtained using MFM techniq

FIG. 7. Schematic of magnetic states generated during reve
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FIG. 8. MFM images of~a! an onion state,~b! a vortex state,
and~c! a horseshoe state in square rings. The dashed outline o
top, right ring in each image has been transferred from the co
sponding AFM image and the direction of magnetization, inferr
from the MFM image, is indicated by arrows.

al.
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The signal in MFM images is proportional to the seco
derivative of the perpendicular component of the magn
flux density. Intense features are therefore present in M
images whenever magnetic-flux closure is not achieved le
ing to characteristic images for the horseshoe, onion,
vortex states that are easily distinguishable. The onion s
~obtained by simply reducing the field from saturation
zero! is shown in Fig. 8~a!. Note that eight out of the nine
rings are in the onion state; the center ring, with two brig
spots, is most likely due to interaction with the MFM tip.

Since the intermediate vortex and horseshoe states
created at small negative fields and require an even m
negative field for annihilation, it is reasonable to assume
they should be stable~or at least metastable! at zero field. It

FIG. 9. Asymmetric first-order D-MOKE loops forH along an
edge~upper! and a diagonal~lower!. The symmetric loops, taken
from Figs. 3 and 4, are indicated by the dashed lines. The num
in the upper plot indicate the magnetic state sketched in Fig. 7
c

s.

ev

p-

J

13442
ic
M
d-
d
te

t

re
re
at

should, therefore, be possible to trap them and bring them
zero field with a suitable field history. Since these states
most clearly discernible in the first-order loops, we acquir
asymmetric hysteresis loops. ForH along an edge, when
Hmin527565 Oe we obtain loops like the one shown~full
line! in the upper part of Fig. 9; also shown in this figu
~dashed line! is the full first-order loop from Fig. 3. Thes
loops show that it is possible to trap the rings in the st
corresponding to the peak in the first-order loop and that
state is stable at zero field. The lower part of Fig. 9 shows
corresponding loops whenH is along the diagonal.

Samples prepared in the above manner were subsequ
measured using MFM. The resulting images are shown
Fig. 8. Figure 8~b! shows the vortex state with its characte
istic low contrast. Figure 8~c! exhibits the horseshoe sta
proposed in Fig. 7. We note here that the horseshoe sta
very unstable and can easily be erased by the MFM tip.
this reason the scan direction in Fig. 8~c! was chosen from
top to bottom~horizontal rastering!. Scans from bottom to
top transformed about half of the horseshoe states into o
or other states.

CONCLUSIONS

The magnetic configurations that appear in square ri
during reversal have been investigated with D-MOKE, m
cromagnetic simulations, and MFM imaging. The ring asy
metry, necessary to produce agreement between simula
and experiments, was extracted from the first-ord
D-MOKE loops. The ring asymmetry leads to the existen
of metastable intermediate vortex or horseshoe states
that are generated between the onion and reversed o
states. By suitably choosing the field history, the vortex a
horseshoe states can be quenched to zero field and im
using MFM.
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