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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 2/4m, 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 with this technique can be smaller than the wavelength of the
laser light used for the measurements. The ability of dif-
The size and shape control offered by state-of-the-art lifracted MOKE to achieve this is a combination of both the
thography techniques has made it possible to investigate mavavelength of the radiation and the magnetic form factors of
terial properties at length scales previously unattainable. On@articles that are themselves comparable to the wavelength.
area of intense activity is the study of magnetism at the na- Our experimental D-MOKE loops are compared with
nometer length scafe’l® For particles of this size, because loops e_xtracted from micromagnetic S|mulfat|ons, using the
intrinsic magnetic length scales are comparable to the sampfgeoretical approach reported in Ref. 18. With some assump-
dimensions, novel physical properties can be expected. Thions regarding the ring shape the simulations reproduce the
field has attracted much attention because of its close ties @XPerimental D-MOKE loops and show a two-step reversal
potential technological applications. In this connection, a keyn€chanism in which either a vortex or a “horseshoe” meta-
issue in fundamental physics and data storage technology fable intermediate state is generated, depending on the di-
to understand and control the magnetic switching of small€ction of the applied field. By suitably choosing the field
magnetic elements. Because of the large dipolar demagnetiRistory it has been possible to “quench” these metastable
ing fields close to the element’s borders, the magnetic equitates to zero applied field and to observe them using mag-
librium configurations and switching mechanisms are sensibetic force microscopyMFM).
tive to subtle shape variations and to edge roughness. In
elements developing a vortex state these effects play a lesser
role due to the magnetic flux closure, which makes this mag-
netic configuration very stabfé:*2The stability of the vortex The array of square rings was fabricated by a combination
state can be considerably improved if the highly energetiof electron-beam lithography and lift-off techniques. To be-
vortex core is removed by using a ring elem&tBecause of  gin with, a standard silicon wafer is spin-coated with a
their reduced sensitivity to edge defects, ring magnets havpositive-type polymethyl methacrylate(PMMA) resist. The
been proposed for use in magnetic random accessample was then patterned using a modified JEOL 840 scan-
memories:*1° ning electron microscopéSEM) equipped with a Raith pat-
Concomitant with the development of fabrication tech-tern generating softwaréd,an electron-beam current of 100
niques, characterization techniques for submicron samplg3A, and an accelerating voltage of 35 keV. The magnetic film
have also undergone notable improvements. Many techis deposited on the water-cooled substrate from aigNtg,
niques are now available to investigate the structure and répermalloy target using an electron-beam evaporator in a
sponse of nanosized magnetic particles. Typically a batteryacuum of about 10’ Pa. The as-deposited reference film is
of techniques is required to provide a complete picture of thenagnetically soft with coercive and uniaxial anisotropy
magnetic behavior. fields of a few oersteds. Finally, after ultrasonic-assisted lift-
In this investigation we have used the diffracted magnetooff, arrays of permalloy square rings of thickness 25 nm,
optic Kerr effect®'’(D-MOKE) to obtain information on the lateral size 2.Jum, and 240 nm ring width, arranged on a 4
magnetization reversal in arrays of square permalloy ringsum square lattice, are obtained. The array used for our ex-
This technique provides information about the magnetic conperiments is shown in Fig. 1.
figurations that develop during switching inside each element The experimental D-MOKE setup and the magnetic form
of an array. Interestingly, the spatial resolution obtainabldactor formalism used for the interpretation of the measured

Experimental details
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FIG. 2. Plot of the relative contribution of the imaginary and
FIG. 1. SEM image of square permalloy rings. real parts of the magnetic form factor for different diffraction or-
ders. The symbols are calculated as described in the text. Because
loops have been described in Refs. 7 and 18. The magnetﬂf uncertainties in the material parameters we have rescaled the

form factors of orden (f,,) are defined by calculated value$¢dashed lingto produce agreement with the first
order experimental diffraction loop.

fo= j mexp(inG-r)dS, (1) The array of permalloy squares was investigated by MFM
in a Dimension™ 3000 scanning probe microscope from
wherem is the magnetization component appropriate for thePigital Instrume_nts(DI)_.z“ Topographic and magnetic im-
experimental Kerr geometrgi.e., perpendicular to the scat- 29es were obtained with the instrument operated in the tap-
tering plane for our transverse MOKE geomgir is a  Ping Ln‘tModgTM using the standard CoCr-coated MFM tips
reciprocal-lattice vectom is an integer, and the integral is from DI. Typical scan heights were about 70 nm.
carried out over a ring. It is clear, therefore, that the form

factors contain information about the magnetization distribu- RESULTS
tion within a unit cell. .
The intensity(1) of the measured loops has been shbtfin Diffracted MOKE
to be proportional to D-MOKE hysteresis loops, measured for two directions of
the applied fieldH), are shown in Fig. 3H along the ring
I=Rgf,]+A,Im[f,], (2)  edge and Fig. 4(H along the ring diagonal There are two

reasons why fewer loops are shown for the second case: The
whereA,, is a number that depends on the diffraction orderreciprocal-lattice vector for the diagonal casevis larger,
The value ofA, can be calculated via the Stratton-Silver-Chuand hence/2 less diffraction spots are observed. The dif-
integral using the physical-optics approximatf@iUsing the  fracted spots are also much weaker for the diagonal case as
refractive index values of permalloy and siliéd%?and the  can be ascertained by calculating the nonmagnetic form fac-
permalloy magneto-optic coupling const&htye obtain(for  tor. To facilitate comparison the corresponding calculated
the 45° incidence angle geometry adopted in our measurdeops, which will be presented and discussed later, are intro-
ments values ofA,, shown in Fig. 2. The absolute values of duced here as Figs. 5 and 6. The zero order loops in Figs. 3
A, , however, turn out to be very sensitive to the numericaland 4 can be understood based on simple arguments sche-
parameters used in the calculation. Using other sets of matenatically shown in Fig. 7: At high fields all four sides of the
rial parameters reported in literature and/or changes in daing are aligned along the field directidstates 1 in Fig. ¥
thickness, we obtain similarly shaped curves but with differ-As the field is reduced, shape anisotropy aligns the magneti-
ent offsets along thg axis. For some combination of values zation parallel to each branch of the ring and leads, at rema-
even the sign ofA can change as the diffraction order is nence, to the onion statéschematic 2 in Fig. )7 We note
varied. Because of the uncertainty in determinfdgor our  that the left-right asymmetry in the upper 2 and 4 states
simulated loops, we have we chosen the valueAgt results from the assumption that the applied field will never
—1.3 that best accounts for the measured first-order loophe “perfectly” aligned along an edge direction. In the onion
The otherA,, were deduced from the suitably shifted curve state the magnetization fé4 parallel to an edge and along
(dashed line in Fig. 2 all lie in the range—1.2 to —1.3. the diagonal is reduced to 1/2 andvZ/of the saturation

The magnetic form factors are evaluated via Bg.and  value, respectively.

the magnetization profile calculated using the micromagnetic As H is reduced furthefi.e., to negative valugdy sym-
ooMMF codé® at each field. Once the form factors are metry one might expect both branches of the onion states
known the magneto-optical loops of any given or@f@rcan  described above to reverse simultaneously, leading directly
be obtained from Eq.2). to state 4. Micromagnetic simulations of a perfect ring struc-

134429-2



METASTABLE STATES DURING MAGNETIZATION . .. PHYSICAL REVIEW B67, 134429 (2003

Field along ed

L L A ER ALY LELEL LIS SR RLIL ILBLILLE L T T

ge

T

o 1 2

th th |
$ 4 5
FIG. 3. Experimental
B M O e e 1+ B 1 1 -

D-MOKE loops forH parallel to
the edge of the squares.

h
6th 7t
| } b =R
th th
o" 10 11
[ SN BTSN AN SRR I O A | g ea a1 1 I A A A | N A AR A Loy s laas Ly v v a g | S A loviuy
-1000 0 1000 -1000 4] 1000 -1000 0 1000
Field (Oe)

ture (see below confirm this expectation but they fail to (for a total of 44 100 computational cubic cells each one with
reproduce the rich structure in the higher-order D-MOKEa side of 10 nm The material parameters used for the simu-
loops. lation aré* a saturation magnetization of 680> A/m and
Furthermore, many of the higher-order loops show soman exchange constant of %30 2J/m. It has been
evidence for structure in the narrow field interval close toshowrf>?® that the size of the micromagnetic cells must be
switching. In particular the first-order loops, for both direc- made 6—7 times larger than the exchange lerigth nm).
tions of the field, show a very strong feature at the switchingAlthough we are certainly in this limit, we have verified, in
field. Since these features contain information about the mosgine instance, that a simulation with 7.5 nm cells produces no
significant jump of the reversal, they warrant more detailedsignificant change. The field in the simulations is applied at
attention. 2° from the edge and diagonal directions in order to simulate
the experiments where perfect alignment is unlikely to be
achieved. All the form factors extracted from the simulation
of perfect rings have zero imaginary parts. The resulting hys-
Micromagnetic simulations have been performed on theeresis loops, although they reproduce the zeroth-order loops,
reversal in a singléperfec) square ring2.1 um per side and  do not yield any structure in the higher order loops and most
240 nm wide branchesWe used 218210 calculation cells notably do not reproduce the strong peaks observed in the

Micromagnetic simulations
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first-order experimental loops. These simulations predict an "
abrupt reversal from one onion state to its mirror statate Rd:fl]:f myco§G-r]dS
2 to state 4 in Fig. ¥
From Eq.(1) we have and
Field along edge Im[fT]:f m, sinG-r]dS,

nd
and the integral is carried out overd/2<|r|<d/2. ForH

along an edge we haJ&|=2=/d (d is the lattice spacing
and, since the ring size is equal &2, we see that R€["]
and Inff"] are weighted towards the magnetization in the
horizontal and vertical branches, respectively. Since the hori-

i 4 5 zontal branches rotate monotonically, the resultingfRleis
3 expected to be a smoothly varying function of field [ i,
on the other hand, will be zero if the ring maintains a left-
right symmetry inm, and can become large only if this
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FIG. 7. Schematic of magnetic states generated during reversal.

symmetry is broken during the reversélBased on the
simple arguments above, we would expect strong contribu-
tions from the imaginary part only if an asymmetfice.,
nonsimultaneoys switching took place in the vertical
branches.

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

Although the micromagnetically generated loops in Figs.
6 and 7 reproduce most of the salient features of the experi-
mental loops in Figs. 3 and #ote for example the spikes in
the tenth-order loops in Figs. 3 angl Some of the features
are not reproduced. Most notable perhaps are the differences
between the second-order loops in Figs. 3 and 5. Many of the
experimental loops show some indication that the reversal
might include an additional metastable step. At present we
are unable to conceive of any additional prodesg., anisot-
ropy, distribution of ring properties, thickness inhomogene-
ities, etc) that might lead to such a mechanism. Any future
micromagnetic simulations that achieve an improved de-
scription of the experimental loops, especially the second-
order loop in Fig. 3, will also, however, be required to yield
correct descriptions of all the loops in Fig. 3.
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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 of the
MFM . o .
_ _ _ top, right ring in each image has been transferred from the corre-
Confirmation of the existence of the metastable vortexsponding AFM image and the direction of magnetization, inferred
and horseshoe states was obtained using MFM techniqueisom the MFM image, is indicated by arrows.
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T T T ’ should, therefore, be possible to trap them and bring them to
zero field with a suitable field history. Since these states are

H /f edge ] 1 most clearly discerniple in the first-order loops, we acquired
; J«_ﬁ_ asymmetric hysteresis loops. Fbt along an edge, when
: T Hmin=—75=5 Oe we obtain loops like the one showfll

line) in the upper part of Fig. 9; also shown in this figure

; (dashed lingis the full first-order loop from Fig. 3. These

ez sis et ,r H loops show that it is possible to trap the rings in the state

: corresponding to the peak in the first-order loop and that this

state is stable at zero field. The lower part of Fig. 9 shows the

L e ‘ corresponding loops whet is along the diagonal.

R L Samples prepared in the above manner were subsequently
i measured using MFM. The resulting images are shown in

H // diagonal i Fig. 8. Figure 8b) shows the vortex state with its character-
P istic low contrast. Figure ) exhibits the horseshoe state

proposed in Fig. 7. We note here that the horseshoe state is

very unstable and can easily be erased by the MFM tip. For

Y this reason the scan direction in FigcBwas chosen from

i T top to bottom(horizontal rastering Scans from bottom to

top transformed about half of the horseshoe states into onion
or other states.
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Field (Oe) The magnetic configurations that appear in square rings
FIG. 9. Asymmetric first-order D-MOKE loops fdf along an  during reversal have been investigated with D-MOKE, mi-
edge(uppe) and a diagonallowen. The symmetric loops, taken Cromagnetic simulations, and MFM imaging. The ring asym-
from Figs. 3 and 4, are indicated by the dashed lines. The numbef§€try, necessary to produce agreement between simulations
in the upper plot indicate the magnetic state sketched in Fig. 7. and experiments, was extracted from the first-order
D-MOKE loops. The ring asymmetry leads to the existence
The signal in MFM images is proportional to the secondof metastable intermediate vortex or horseshoe states that
derivative of the perpendicular component of the magneti¢hat are generated between the onion and reversed onion
flux density. Intense features are therefore present in MFMtates. By suitably choosing the field history, the vortex and
images whenever magnetic-flux closure is not achieved leadiorseshoe states can be quenched to zero field and imaged
ing to characteristic images for the horseshoe, onion, andsing MFM.
vortex states that are easily distinguishable. The onion state
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