PHYSICAL REVIEW B 69, 214404 (2004

Magnetization reversal via single and double vortex states in submicron Permalloy ellipses
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The magnetization reversal mechanism in an array of submicron elliptical Permalloy elements with an aspect
ratio 1.4:1 is investigated using the diffracted magneto-optic Kerr effect technique, Lorentz scanning transmis-
sion electron microscopy, and Lorentz transmission electron microscopy. The experimental results are inter-
preted from a comparison with micromagnetic simulations. The reversal mechanism is found to be dependent
on the direction of the magnetic field and to occur via the formation of one or two vortices; the one vortex state
is nucleated when the field is applied along the short axis. For the field applied along the long axis a mixture
of one- and two-vortex states is observed at remanence.
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INTRODUCTION optic Kerr effect(DMOKE) technique and Lorentz electron
microscopy to study the magnetization reversal in an array of

Magnetization reversal in submicron size dot particles iselliptical Permalloy elements with an in-plane aspect ratio of
one of the key issues crucial for applications in data storagel.4:1. The DMOKE technique exploits the diffracted beams
One difficult task in such small magnetic structures is toproduced by the array when the wavelength of the incident
control their magnetization reversal, which is very dependentight is comparable to the period of the arfay. These in-
on the constituent material, size and shape, edge roughned§stigations demonstrated that DMOKE is a powerful tool to
etc. In addition to the technological interest, there is als@ddress the mechanism of magnetization switching and to
interest from a fundamental standpoint geared towards urtudy domain formation during the reversal process. Analysis
derstanding and modeling the magnetic behavior of indiof the diffracted loops shows the formation and annihilation
vidual sub-micrometer ferromagnetic particles and of array$f a single vortex state structure when the fields applied
of interacting particles. If the length scale of these particles iglong the short axis of the ellipses. Instead, when the Held
sufficiently small, then their magnetic properties can deviatdS applied along the long axis of the ellipses, the reversal
substantially from the magnetic response of the bulk mateProcess includes the nucleation and annihilation of a two-
rial. In particular, it is possible for the shape of the particle tovortex structure. Images obtained at remanence using Lor-
be the dominant factor in determining the magnetic respons@ntz scanning transmission and Lorentz transmission elec-
of these elements. Numerous investigations have address#@N microscopy,*®show the coexistence of the one and two
this issue and the related issue of the domain structure ortex states. The MOKE technique has also been used to
remanencé.However, due to the continuous improvement of Study the angular dependence of the one- and two-vortex
the size and shape control offered by modern lithographiducleation and annihilation processes.
techniques, novel magnetic behavior is continuously being
reported and making it clear that magnetism at the nanoscale
is not yet fully understood.

In the case of magnetically soft materials, in which the The sample fabrication process begins with the
crystalline anisotropy can be neglected, the magnetizatiodeposition/growth of low stress silicon nitride on both sides
reversal process and field evolution of the spin structuref a standard double polish&tl00) silicon wafer. A layer of
greatly depends on the shape and geometrical aspect ratio @ptical photoresist is applied to the bottom side of the wafer
the particle. Micromagnetic simulations of elliptically shapedand the window pattern was exposed. The window was
Permalloy particles reveal that one-, two- or three-vortexetched entirely through the silicon, leaving a suspended ni-
states can be stabilized in remanefddl three states are tride “window membrane” of 40Qumx 400um and 50 nm
found to have comparable energies. The border of stability othick on the front of the wafer. The double-layeibeam
each state depends on the particle aspect ratio. In generagsist was applied to the front side of the wafer and a thin
multivortex states can reduce the number of vortices by extayer of gold was evaporated on the top to prevent accumu-
pelling a vortex from the particle under the effect of a suit-lation of charge from the electron beam. The pattern of el-
able external magnetic field. For example, the transition fronlipses was written witle-beam lithography, developed, and a
a two-vortex to a single vortex state, induced by the mag50 nm permalloy film was deposited lkybeam deposition in
netic field of the probe used for magnetic force microscopyhigh vacuum. After lift-off in acetone the array of 50 nm
(MFM) imaging, was recently reportéed. thick elliptical dots of permalloy, arranged on a square lattice

In this investigation we have used the diffracted magnetowith a period of 1um, was obtained. The resulting ellipses
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FIG. 1. Scanning electron microscopy image of the sample. ;
0.51

were found to be slightly smaller on the free standing silicon & _ ]
nitride window than in the area with the Si substrate: this can=""
be traced to backscattered secondary electrons from the S -0.51
substrate during the writing step. A scanning electron micros-
copy image of the sample on the window is shown in Fig. 1;
the major and minor axes are 685 and 485 nm, respectively
In the rest of the array the ellipse axes are 820 and 580 nm 3 3
Due to curvature of the silicon nitride window and multiple 2 2] 2°(Re-0.05"Im) o
reflection effects from the top and bottom surfaces MOKE "
measurements performed on the silicon nitride window area
were too noisy for suitable analysis. The MOKE results pre- £o
sented here were performed on the array with the Si sub-
strate. Since the Lorentz images are taken on the silicon ni-
tride window portion, the size differences do play a role in 2 ' . . 3 ' i .
the data analysis. 40 05 00 05 10-10 05 00 05 10
The DMOKE measurements were carried out with the Field (kOe) Field (kOe)
incident beam polarized in the plane of incider{pepolar-
ization) and the magnetic field is applied perpendicularly to  FIG. 2. Measuredleft panel$ and calculatedright panel$ dif-
the plane of incidence, as described in Ref. 4. This arrangdtacted hysteresis loops of various orders with the external field
ment corresponds to the transverse MOKE geometry wher@pplied parallel to the long axis of the ellipse.
the changes in the sample magnetization lead to changes in
the intensity(l) of reflected and diffracted beams, leaving fraction orders with the external field applied along the
their polarization state unchanged. _ _ long axis. Figure 3 contains the hysteresis loops for the field
Lorentz microscopy images were carried out in the ANL g5 the short axis. On their own, neither the measured
FEG AAEM (Ref. 1) as well as a FEI Tecnai F20 TEM/ 5459 hor the micromagnetic simulations enable the reversal
STlEM instruments. In _these mst;w;nents, the (ra]lectrohn Opt_'c%echanism to be extracted reliably. The experimental loops
fi\?eu:ggswizstuorﬂzrgtgg ;1”3 tzheero |ebd TOdPT’ WI ere ]E € O.bjecr'equire modelling in order to be interpreted; the simulations
probe forming iens unctlonscan seldom guarantee that all subtle shape and history effects
were reallocated to the pre-specimen Conderi@lir, C2, have been accounted for. However, the qualitative differ-
and C3 lenses. Post specimen leng@4, P2, P3, PAwere : ' quaitt -
cgnees between the loops for the two field directions indicate

used to magnify the Lorentz scattered electrons to eith Y i ) i 4 diff hani The mi
CCD detectors or conventional bright field and annular dargnat reversalis occurring via a different mechanism. The mi-
cromagnetic simulations show that the remanent state when

field detectors. Lorentz scanning transmissipBTEM) im- e . o
ages were formed by allowing the Lorentz signal to modulatdh® field is applied along the long axis is a two-vortex state
and produce the image through the various post specimeWh”e when field is along the short axis one vortex is ob-

detectors. Lorentz transmission electron microscapEM) served at remanence. For decreasing fields the magnetization

images where formed using the Fuller and Hataethods.  JUMP at the nucleation fieldH,~250 and 600 Oe, foH
along and perpendicular to the long axis, respectiveby-

responds to the transition from the saturated single-domain

state to a vortexlike magnetic state. The linear part of the
Figure 2 shows the measurééft panel$ and calculated loop, aroundH=0, corresponds to reversible displacements

(right panel$ hysteresis loops in the Oth through second dif-of the vortexlike structure, and when the magnetic field
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H fﬂ“=f m, exinGr1dS, 2

whereG is the reciprocal lattice vector of the array, is the
. component of the magnetization perpendicular to the plane
Short axis (hard) of incidence, and the integral is carried out over a unit cell of
g the array; in this case a single elliptical dot.

To obtain the field dependent magnetic form factors we
have used the object oriented micromagnetic framework
(OOMMF).*? At each field the magnetization distribution is
extracted and the form factors calculated via E2). The
loops are then generated using EL. (The material param-
eters used for the calculation are those contained in the
s OOMMF program for PermalloyM =8.6xX10° A/m, A
=1.3x 10" J/m,K=0.) The side of the cubic unit cell used
in the computations was 5 nfi.In a few instances we per-
formed calculations with 8, 5, and 3.5 nm cells; to confirm
that no significant differences, due to the choice of the simu-
lation cell size, were observed.

Many of the micromagnetic simulations were found to be
very sensitive to subtle features of the simulation. The nucle-
ation process was sometimes found to depend on the initial
s magnetization state. For example, a perfect collingemi-
form) magnetization state at high fields does not always lead
to the same vortex state as starting from a vortex state, in-
creasing the field to annihilate the vortex, and then decreas-
ing the field to produce nucleation. In the latter case the
particle retains a memory of its vortex state and tends to
renucleate into the same structure. Even quite large fields
above annihilation do not erase this memory. This is because
the spin structure retains a slight asymmetry that may result
45 40 05 00 08 10 15 -5 1.0 05 00 05 10 15 in different nucleation modes. The inclusion of a small out of

Field (kOe) Field (kOe) plane component of the field can also have profound effects

on both nucleation and annihilation. Changes in cell size also

ffect the results of the simulations. The reason for the subtle

ariations in reversal path is the comparable energy of the
metastable statésind the various nucleation paths that can
be followed* We will return to these issues when presenting
reaches the annihilation field,~650 and 1300 Oe, for the our simulation results.
two directions ofH, the vortexlike structure is swept out of  Figures 4 and 5 show the stable magnetic configurations
the dot. The agreement between the calculated and measuratvarious points on the hysteresis curve obtained for the two
loops, especially the first and second orders, confirms thatirections ofH. When the fieldH is applied along the long
the simulations indeed capture the essence of the reversakis of the ellipsegeasy direction the simulations in Fig. 4
mechanisms. indicate reversal via the nucleation and annihilation of a two-

In order to quantitatively interpret the loops in Figs. 2 andvortex structure. Instead, whet is applied along the short
3 we follow the approach given in Refs. 6—8. The magnetoaxis of the ellipseghard direction, the simulations in Fig. 5
optical contribution to thenth order diffracted beam is pro- show a magnetization reversal via the formation and annihi-
portional to lation of a single vortex. These conclusions are found to be
independent of any subtle details of the micromagnetic simu-
lations.

The form factors extracted from magnetic configurations
such as those in Figs. 4 and 5 lead, via Ef) with
wheref,, is the magnetic form factor anél, is a parameter A,=—0.058 to the loops shown in the right-hand panels of
(in principle calculablg dependent on the diffraction order Figs. 2 and 3. For all orders the salient features displayed by
and the optical and magneto-optical constants of Permallothe measured loops are well reproduced by the calculated
and the substraftHere we treafA as an adjustable param- ones. Given the complexity of magnetization reversal, which
eter. The magnetic form factor is defined by can depend on edge roughness and deviations from ideal

1.0 m
0

0.5

MM,

MM,

FIG. 3. Measuredleft panel$ and calculatedright panel$ dif-
fracted hysteresis loops of various orders with the external fiel
applied parallel to the short axis of the ellipse.
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FIG. 4. Micromagnetic configurations calculated at different ex- i-
ternal fields applied along the long axis of the ellipse.

shape, it is reasonable to ascribe the differences between the FIG. 5. Micromagnetic configurations calculated at different ex-

experimental and calculated loops to a distribution of nucleternal fields applied along the short axis of the ellipse.
ation and annihilation fields. . . . - . .
The agreement between the features of the calculated affjgnetic vortices in e|||_pt|cal particles, _that ha_ls been previ-
ously studied analytically and with micromagnetic

experimental loops for the two directions of field, especially lculationsi
for the second order loops, provides strong evidence for the®'Y ations. ' :
’ To investigate the evolution of reversal via one or two

gxistenge of one- _and two-vortex rgversal_ mechani_sms. It iortex states we recorded MOKE loops as a function of
interesting to consider in more detail the different micromag-yngle hetween the field and the long axis of the sample. The
netic evolution forH along the two directions. WheH is  cleation (circles and annihilation (squares fields ex-
applied along the long axis of the ellipse, the micromagnetigracted from those loops are shown in the upper panel of Fig.
state that evolves into a double vortex, is &8 State (upper 6 the corresponding micromagnetic simulation results are
right panel Fig. 4. This state retains a center of inversion shown in the lower panel. Because of the dramatic effects
symmetry but has already broken the left-right and topthat subtle simulation details have on the reversal process the
bottom symmetries of the saturated state; why it chooses thisiicromagnetic results require detailed explanation. We
path is an unresolved issue. The subsequent reversal mecheund that the nucleation fields are almost identical for the
nism maintains the center of inversion symmetry throughoutremanent single or double vortex states. So, even though the
For H along the short axis, the seed state for reversal lookfinal state could be a one- or a two-vortex state, the values of
similar to a double C” state (upper right panel Fig.)5this  nucleation field did not change appreciably. We did con-
configuration retains the top-bottom symmetry but has lostlude, however, that for applied fields within roughly 30° of
the left-right and inversion symmetries. The origin of this the long and short axgsiz. from 0° to 30° and from 60° to
behavior is also not yet known. In the calculations symmetry90° in the lower panel of Fig.)6the remanent states were
breaking effects will be determined by numerical roundingsingle and double vortex states, respectively. Between 30°
errors, experimentally it is more likely to be governed byand 60° single or double vortex states could be obtained
small imperfections in the particle shapes. From the doublelepending on the details of the calculation. Nucleation fields
C state, two vortices are nucleated at the particle edge whesre shown by circles; filled circles indicate a two vortex
H is reduced. However, for the field applied exactly alongstate, open circles single vortices. Circles with a cross inside
the short axis these two vortices are not stable and theindicate that one or two vortex states are possible. Annihila-
merge into a single vortex with the core lying on the longtion studies are in some sense easier since the single or
axis of the ellipses and displaced with respect to the dotlouble vortex states can be chosen as the starting configura-
center (upper left panel Fig. b Surprisingly therefore the tion. For a single vortex the angular dependence of annihila-
micromagnetic simulations indicate that two vorticestion field is controlled by the uniaxial shape anisotropy and
nucleate for both directions of the field; in one case the twaloes not depend on any small parameter of the micromag-
vortices have opposite chirality and do not merge, for thenetic model. The results are shown by the solid squares in the
other field direction they have the same chirality and mergdower panel of Fig. 6. Annihilation of a double vortex is
into a single vortex. These findings are consistent with thenore complex since it depends on the direction of the field
buckling spin instability, that results in the nucleation of relative to the orientation of the central part of the sample
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& 04 mg? © tem is expected to be a mixture of single and double vortices.

g 0 *eese® " Using LSTEM and LTEM we have observed single and

2 2 L] double vortex states. FigurddJ is the conventional image,

é op L o while Fig. 7b) is the Lorentz image showing a portion of the
0 20 40 60 80 array containing both single and double vortex remanent

Angle from long azis states after having applied a high field parallel to the long

axis of the ellipses. In order to facilitate the interpretation of
FIG. 6. The nucleatioricircles and annihilation(squares and [ orentz images we show, in Fig. 8, the image of two circular
triangles fields measuredupper plo} and calculatedlower ploy  disks where a single vortex is known to be the stable rema-
for Permalloy elliptical 826 580 50 nn? particles. The angle of nent state. Taken in zero field, the bright and dark contrast
zero degrees corresponds to the magnetic field aligned along thigpots in the center of each dot are produced by the circu-
easy(long) axis. lating magnetization profile which “focuses” or “defocuses”
the electrons depending on the vortex chirality. In the disks
(see bottom right of Fig. )4 In order to compare with experi- with a bright center spot one can also observe a dark ring on
ment it can be shown that the relevant field direction musthe outer edge; a bright ring is expected in the disks with
oppose the direction of the magnetization in the cefiter,  dark centres but this is not visible. This correlation between
upwards in the bottom right of in Fig.)4For angles below the outer rings and the central spot greatly simplifies the
45° the resulting annihilation fields are robust in the sensénterpretation of the elliptical dot mages. It can easily be seen
that they do not depend on small details—these are indicateithat of the four complete ellipses in Fig(bj the one with a
by solid triangles. They correspond to simultaneous expulwhite cross in the center and the one that is completely black
sion of both vortices. For larger angles two distinct annihila-are single vortex states with opposite chiralithgain, the
tion process are observéid one vortex is expelled at a low surrounding ring structure supports this interpretajidgl-
field and the second one at the field expected for a singlépses with a bright spot either above or below the center are
vortex (squarey (ii) both vortices are simultaneously ex- in a two-vortex state—the dark spot at the symmetric posi-
pelled. The latter are indicated by open triangles in Fig. 6. tion is inferred but note that the surrounding “ring” structure
The calculated and measured nucleation fields in Figs. & consistent with this interpretation.
are in good agreement both in their magnitude and their an-
gular dependence: both span the range from 250 to 550 Oe.
To compare the annihilation fields one must note that at
small angles experimentally we expect to be in the two-
vortex statgtriangles in Fig. 6 but in the single vortex state
(squares when we approach 90°. The micromagnetics thus
predicts changes from 450 to 1200 Oe while experimentally _ 0.75 um
we measured 650 to 1300 Oe. It must be noted that while the B
nucleation field can be determined quite precisely from the
measured loops, the annihilation field is not so well defined. FiG_ 8. Lorentz images of circular vortices with opposite chiral-
This can explain the slight disagreement between the experity. The contrast reversal at the dot certishite to black indicates
mental and calculated annihilation field ranges. The experithe reversal of chirality. Note: the image contrast of this image has
mental annihilation fields change smoothly with angle, with-been stretched to facilitate observation of the weak Lorentz con-
out a sharp transition between one and two vortex processesgast, and minimize the background.
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magneto-optic Kerr effect technique, micromagnetic simula-
tions, and Lorentz electron microscopy. Two different
magnetization reversal processes were observed depending
on the direction of the applied field: parallel or perpendicular
to the long axis of the ellipse. In the first case the analysis
of the diffracted loops indicates that the reversal occurs
via the nucleation, displacement, and annihilation of two vor-
tices with opposite chirality. In the other case, the reversal
was found to occur with the nucleation of a single vortex
state.

The nucleation and annihilation fields measured experi-
mentally as a function of the angle between the applied field
and the long axis change smoothly with angle with no clear
indication of a change from double to single vortex states.
Micromagnetic simulations show that, although double
and single vortex formation are robust for fields applied
along 0° and 90°, at intermediate angles both the nucleation
and annihilation processes depend on subtle choices made
in the simulation: cell size, field history, and small out of
plane fields. It is likely that these effects translate into a

FIG. 9. Wide area Lorentz image showing ellipses in single anddistribution of switching mechanisms in the experimental
double vortex states. data that mask the transition from single to double vortex

formation.

In Fig. 9, we show a wider area LTEM image. In it there | orentz electron microscopy images taken at remanence
are 17 particles in a single vortex state and 10 in the twashow the existence of both single and double vortex states.
vortex state. This would appear to contradict the conclusiomthough apparently contradictory, this finding can be recon-
extracted from the DMOKE data that most ellipses should besiled with our MOKE and micromagnetic data by noting that
in the two vortex state. The two findings can be reconciledhe ellipses on the silicon nitride window are 20% smaller
by recalling that the ellipses on the silicon nitride window than in the rest of the array. These smaller particles make the

are slightly(~20% smaller than those above the Si; smallersingle vortex ground state energetically more favorable.
particles are expected to favor the one vortex stafhere
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