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We present an experimental and theoretical investigation of magnetization reversal in Permalloy elliptical
nanodots under the application of a varying �quasistatic� magnetic field directed along the hard �short� and easy
�long� axes of the ellipses. The magnetic response of the particles is investigated with the magneto-optic Kerr
effect �MOKE� and Brillouin scattering �BLS�. Experimental MOKE results are reproduced by micromagnetic
simulations. The spectrum of the normal modes, calculated with the dynamical matrix method, reproduces the
BLS results. We find that when an abrupt magnetization switching occurs it is accompanied by a soft magnetic
mode �different in the two cases�, the symmetry of which determines the initial steps �onset� of the microscopic
reversal path.
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I. INTRODUCTION

The study of the magnetization reversal of small, submi-
cron, ferromagnetic particles has been the focus of consider-
able recent activity.1 The reasons for this flurry of activity are
that �i� these particles have a size that is comparable to in-
trinsic magnetic lengths �e.g., exchange length, domain wall
thickness� and hence one might expect their behavior to be
different from that of bulk material, �ii� the technology-
driven push to increase the density of magnetic storage me-
dia gives these systems potential technological importance,
and last but not least, �iii� improvements in lithographic tech-
niques for sample fabrication made it possible to routinely
fabricate these small structures with considerable precision
and reproducibility.

Understanding and controlling the magnetic equilibrium
state is important both from a fundamental standpoint and for
technological applications. Since the magnetic configuration
at remanence, which is likely to be crucial in any application,
is a function of both particle geometry and field history, it is
therefore also important to understand how these factors de-
termine the magnetic response of the particle. Micromag-
netic simulations are currently performed to investigate such
effects, over a broad range of parameter space: particle size
and geometry, material parameters, and field histories.2 A
wide variety of behaviors are observed that include reversal
via vortex nucleation and annihilation, domain wall nucle-
ation and motion, and coherent rotation. Micromagnetic
simulations have also cataloged some of the precursor states
prior to reversal: flower state, onion state, C state, S state,
etc.3–5 One of the issues that makes magnetization reversal
such a complex phenomenon is that, even for the same pre-
cursor state �e.g., a C state�, different particles reverse via
different routes, e.g., a stripe domain for a rectangular
particle6 and a vortex state for a disk.7 However, micromag-
netic simulations do not provide a microscopic explanation
why one reversal mechanism is preferred to another when

the system undergoes a transition between equilibrium states
under the action of the applied field.

In this paper we show that explicit calculations of the spin
normal modes of submicrometric magnetic particles can an-
swer the question above: when a particle changes state in a
discontinuous way the magnetic configurations during rever-
sal are intimately related to, and determined by, the symme-
try of a soft spin excitation. In particular, we show that there
is a correlation between the soft mode, its symmetry, and the
initial stages of magnetization reversal. We demonstrate this
statement for an elliptical particle under an external field
applied along either the hard or easy axis by studying both
theoretically and experimentally the field dependence of the
normal modes together with the longitudinal and transverse
hysteresis loops.

The paper is organized as follows. The samples and the
experimental techniques are described in Sec. II. In Sec. III
we present the experimental and calculated results, for both
the static and dynamic magnetic properties, as a function of
the magnitude and direction of the magnetic field, applied
along the hard axis of the ellipses. In particular we describe
in detail the correlation between the magnetization reversal
process and the soft spin mode. A similar analysis is carried
out in Sec. IV for the easy axis. Conclusions are drawn in
Sec. V.

II. SAMPLES AND EXPERIMENTAL TECHNIQUES

The sample consists of a rectangular array of 15-nm-thick
Permalloy �Ni80Fe20� cylindrical dots with elliptical cross
section, fabricated by electron-beam lithography followed by
a lift-off process on thermally oxidized Si. Our elliptical dots
have 500- and 200-nm axes and an interdot separation of
200 nm �edge to edge� in both in-plane directions.8 There-
fore, to a good approximation, the ellipses can be considered
as noninteracting. Scanning electron microscopy and atomic
force microscopy confirmed that the morphology of the pat-
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terns was of good quality, concerning both dimensional con-
trol and uniformity. The spectrum of magnetic normal modes
has been measured using Brillouin scattering �BLS� per-
formed in air at room temperature at the GHOST Laboratory,
University of Perugia9 in backscattering geometry using a
Sandercock-type 3+3 pass tandem interferometer. The BLS
spectra were recorded consecutively while stepwise decreas-
ing a dc magnetic field H applied along one of the axis of the
ellipse and perpendicular to the scattering plane of light. The
532-nm light of a solid-state laser, providing a single-mode
power of 200 mW on the sample surface, was used in the
experiment at an incidence angle of 10°. The magnetostatic
behavior of the sample has been characterized using a vec-
torial magneto-optic Kerr effect magnetometry �V-MOKE�.10

V-MOKE measurements probe both in-plane components of
magnetization, parallel to the external field H �longitudinal
magnetization� and orthogonal to it �transverse magnetiza-
tion�.

III. MAGNETIC FIELD ALONG THE HARD AXIS

The measured and calculated hysteresis loops for the field
along the hard �short� axis are shown in Fig. 1. In this case a
full understanding of the magnetization reversal requires the
investigation not only of the behavior of the longitudinal
component of the magnetization but also of the transverse
one. Indeed, the transverse loop indicates that, as the field is
reduced from a large positive value, the magnetization M
rotates away from the hard axis and becomes fully aligned

along the easy axis at H=0. We note that neither the mea-
sured nor calculated loops show any evidence of a disconti-
nuity at positive fields where “reversal” is initiated. How-
ever, after the field has become negative, the transverse
magnetization shows a sharp jump and a change of sign at
about −0.5 kOe. The calculated hysteresis half-loop shown
in Fig. 1�b� has been obtained by using the OOMMF micro-
magnetic simulator.11 The equilibrium states for any applied
field were used as starting points for the normal-mode calcu-
lations presented below. In the present simulations the par-
ticle is built out of small cells, of size 5�5�15 nm3. The
material parameters are saturation magnetization Ms
=800 G, exchange stiffness A=1.3 �erg/cm, and gyromag-
netic ratio �=2.95 GHz/kOe. From simulations we find that
when the field is aligned exactly along the hard axis the
reversal process is microscopically very different from that
when the field is misaligned even by a fraction of 1°. We
attribute these dramatic changes to the symmetry-breaking
effect of the misaligned field. However, since experimentally
exact alignment is not achievable, all simulations described
here were performed with the field applied at 1° from the
hard axis.

The BLS experimental results for the field applied along
the hard axis are shown by the symbols in Fig. 2. The mea-
surements have been done with the applied field varying
from positive to negative values. The solid symbols denote
the most intense peak in the BLS spectra; other peaks are
shown with open symbols. To compare with these data, we
have calculated the spin waves of a single elliptical magnetic
particle by using the dynamical matrix method that we have
recently developed12 and successfully used to describe the
spin excitations of nanoparticles, such as circular dots13 and
rings.14 In this framework the mode frequencies and the
magnetization profiles are calculated from the dynamical ma-
trix. This method, working directly in the frequency domain,
differs from those in the time domain, based on the Fourier
transform of the time behavior of the magnetization.15 Our
method is particularly suitable to compare with the BLS re-
sults, insofar as it gives in a single calculation the thermally
excited spin modes of any symmetry and allows the BLS
cross section to be calculated.8 To describe the results of our
normal-mode calculations we will use the classification
scheme proposed in Ref. 8, where elliptical dots were inves-
tigated by varying the in-plane direction of the applied field
for a fixed magnitude, high enough to induce sample satura-
tion. There the modes were classified as follows. Excitations
with n nodes along and perpendicular to the applied field are
called backwardlike modes �n-BA� and Damon-Eshbach-like
modes �n-DE�, respectively, the n=0 mode of both these
series is called the Fundamental �F�, and modes with ampli-
tude localized at the ends or edges are called end modes
�EM�. There are also mixed modes that are combinations of
the above.

The solid lines in the figure are the calculated modes that
have non-negligible Brillouin cross section, according to the
expression given in Ref. 8. The bold solid line is the mode
with the largest calculated intensity. Since the F mode, the
one observable in ferromagnetic resonance �FMR�, is ex-
pected to have the largest cross section for these BLS experi-
ments, we also plot with a dash-dotted line the frequency of
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b)
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L

FIG. 1. Longitudinal �L� and transverse �T� hysteresis loops for
elliptical particles. The field is applied along the hard �short� axis.
Upper panel �a� contains the V-MOKE experimental results. Solid
symbols: L component. Open symbols: T component. Lower panel
�b� shows the results of simulations with the applied field varying
from positive to negative values. Solid line: L component. Dashed
line: T component. The applied field is slightly misaligned �1°�
from the hard axis. Noteworthy is the sharp jump in the transverse
component at about H=−0.5 kOe.
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the fundamental mode of an equivalent three-dimensional
�3D� ellipsoid.16 The excellent agreement between the bold
line and the solid symbols attests to the accuracy of our
simulations. Additionally, comparison with the FMR equa-
tion indicates that the F mode hybridizes with the 2-BA and
4-BA modes as the field is varied in the range 1.3–2 kOe.8

In this field region none of the calculated mode profiles re-
sembles a pure F mode, thus explaining the discontinuous
behavior of the intense peak. The discrepancy between the
positions of the frequency minimum of the EM in Fig. 2
�label M for the experimental data and label M� for simula-
tion� is not surprising because the calculated frequency of the
EM is known to depend critically on the exact shape of the
dot edges.13

We now turn our attention to the sharp softening at about
−0.5 kOe, where the calculated EM approaches zero fre-
quency. Notably this softening occurs at the same field where
the jump in the transverse magnetization is observed in Fig.
1. Experimentally the frequency minimum appears as a small
dip at H=−0.47 kOe; this is emphasized by the V-shaped
cusp shown in Fig. 2 and in the closer view of Fig. 3�b�
�dashed line�. Figure 3�a� shows a BLS spectrum taken at
that field, where the EM is clearly visible at about 2.8 GHz,
especially on the Stokes side �peak C�. We suggest that the
reason why the measured minimum does not drop below this
frequency, as predicted by the calculation, is due to the nar-
row range where the softening occurs �see Fig. 3�b�� and to
the statistical distribution of the physical properties of the
particles in the array �the illuminated area involves a few
thousands ellipses�. For the same reason, in the neighbor-

M

M’

FIG. 2. Spin-wave mode frequencies vs applied field along the hard axis. The symbols represent experimental Brillouin data; solid circles
the modes with the highest intensity peaks in the spectra, open circles other modes. The solid lines are the results obtained from the
calculations; the modes which exhibit the character of the fundamental one are shown by thick lines. The dash-dotted line shows the
calculated frequency of the ferromagnetic resonance of the equivalent ellipsoid. Notable is the soft EM at about −0.5 kOe found in the
simulations and also observed in the measurements �marked by a dashed line connecting a few experimental points, as a guide for the eye�.

b)

a)

FIG. 3. �a� A low-frequency portion of the BLS spectrum mea-
sured at H=−0.47 kOe. �b� Enlargement of Fig. 2 showing the low-
frequency modes in the range H= �−0.6,−0.4� kOe. The arrows and
the letters A, B, and C point to three modes discussed in the text.
The dashed line is a guide for the eye, connecting a few experimen-
tal points.
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hood of the transition, ellipses with reversed and nonreversed
magnetization states may coexist. This conjecture is experi-
mentally confirmed by the simultaneous presence of two in-
tense peaks at 3.6 and 4.9 GHz in the BLS spectra taken at
−0.47 kOe �labeled A and B in Figs. 3�a�� that correspond to
the F modes of the two phases.

Having firmly established that the simulations correctly
account for the experimental results, we can interpret with
confidence not only the mode frequencies but also their pro-
files. Note that the latter are not accessible in the experi-
ments. Specifically we will show how the symmetry of the
soft mode determines the reversal path. Figure 4�a� shows
the S state at H=−0.493 kOe just prior to the transition, and
Fig. 4�b� is the mode profile of the soft EM in this equilib-
rium state. The white regions indicate large spin amplitudes;
the spins in the black regions have small or zero amplitude.
Upon reducing H just beyond the critical field marking the
transition, the spin-restoring torque vanishes and the end
mode goes soft �viz., reaches zero frequency�. When this
occurs the spins in the white regions react to this instability
by rotating counterclockwise. The subsequent evolution of
the spin configuration is shown in Fig. 4�c�; note that this
state is not stable and is simply a snapshot at a given instant.
The evolution of the original equilibrium state �Fig. 4�a�� can
best be described as the motion of two “localized domain
walls” �indicated by the two circles in Fig. 4�c�� that migrate
as indicated by the arrows until they again reach equilibrium
in the state shown in Fig. 4�d� that is the ground state calcu-

lated at H= –0.5 kOe. This instability is therefore associated
with a transition from an S-like state �top and bottom spins
pointing to the right�, through an unstable asymmetric “on-
ionlike” state �Fig. 4�c��, to a reversed-S-like state �top and
bottom spins pointing to the left�. The change from right-to
left-pointing spins is responsible for the discontinuity in the
transverse magnetization. Note that the state �a� and, in par-
ticular, state �c� have the same �inversion� symmetry as the
soft mode. Specifically, the magnetization behaves as an
axial vector. Considering that the transient state �c� at the
onset of the transition originates from a dynamic instability
as described above, it is reasonable to expect its symmetry to
be the same as that of the soft mode. It is worth noting here
that the symmetry of the mode going soft can be different
from that of the initial state prior to the transition.6 However,
also in the latter case, the symmetry relationship between
soft mode and transient state outlined above is verified, so
that we can conclude that it is a general rule.

It is interesting to compare the soft-mode behavior de-
scribed above with the frequency minimum �not zero� in the
calculated EM dispersion at H=0.6 kOe, which corresponds
to the beginning of reversal, defined as the onset of substan-
tial changes in M. The calculations indicate that this fre-
quency minimum does not correspond to a true soft-mode
softening �i.e., there is no mode frequency going to zero�.
Indeed the results in Figs. 1 and 2 indicate that reversal be-
gins without any discontinuity in the magnetization and thus
is not driven by any dynamic instability, at variance with the
previous case. We attribute this to the absence of any change
of symmetry during the initial stages of reversal at positive
fields. Due to the field misalignment, even at the highest
fields the ground-state symmetry is that of an S state. As the
field is lowered the S shape simply deforms continuously—
keeping its S-like character—so that the initial stage of re-
versal is achieved by a “coherent rotation” of an S state.
Conversely, we have found that, without misalignment, the
calculated EM exhibits in the positive field region a soft-
mode behavior when the mirror symmetry of the “perfect
onion state” breaks down, leading to a distorted lower-
symmetry state. However, such an experiment is not feasible
since it is practically impossible to perfectly align the exter-
nal field along the ellipse’s short axis.

IV. MAGNETIC FIELD ALONG THE EASY AXIS

The measured and calculated longitudinal hysteresis loops
when the field is applied along the easy �long� axis of the
ellipse are shown in Fig. 5. In this case neither the calcula-
tions nor the experiment show an appreciable transverse
component of the magnetization. The easy-axis experimental
data indicate that reversal is discontinuous, with nucleation
fields in the range 0.36–0.48 kOe. For particles of this shape
and size it is known that the reversal process includes the
nucleation and annihilation of vortices.17 Our micromagnetic
simulation of Fig. 5�b� �with a 1° misalignment of the ap-
plied field with respect to the symmetry axis� gives a nucle-
ation field of 0.44 kOe. Simulations without misalignment
would give a nonrealistic higher nucleation field. Therefore
the 1° misalignment has been also adopted for the dynamic

a)

b)

d)

H

c)

FIG. 4. Field H applied along the hard axis. �a� Equilibrium
S-like state calculated at H=−0.493 kOe. �b� Profile of the soft
mode �magnetization component parallel to the long axis of the
ellipse� calculated in the equilibrium state �a�; white and black de-
note large and zero amplitude, respectively. �c� A snapshot of the
spin configuration �asymmetric onion� during the transformation.
The two circles highlight the “localized domain walls” that propa-
gate as indicated by the arrows in the upper and lower parts of the
sample. �d� Final ground state at H=−0.5 kOe.
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calculations, performed with the same method used as in the
previous section.

The BLS experimental results for the field applied along
the easy axis are shown by the symbols in Fig. 6. The mea-
surements have been done with the applied field varying
from positive to negative values. Overall there is good agree-
ment between the measured and calculated frequencies. Only
the dispersions of the calculated modes that exhibit an appre-
ciable cross section have been shown. The measured spectra
are also consistent with the Kerr loop, showing a discontinu-
ous behavior of the mode frequencies at about −0.36 kOe,
corresponding to the onset of the magnetization reversal.
Similarly to what found for the hard axis �see the discussion
of the transition at H=−0.493 kOe in the previous section�

there is evidence from the spectra that in a small field range
around this value spin modes of the two opposite states co-
exist. This is not surprising due to the expected spread of the
physical properties and alignment of the dots in the array.
For this reason the calculated dispersions of Fig. 6 for the
reversed phase have been extended from −0.43 kOe to
−0.36 kOe, to compare with the experimental data. As re-
quired by symmetry the frequencies below −0.36 kOe are
equal to those above 0.36 kOe. The comparison between the
measured and calculated dispersions of Fig. 6 allows us to
identify five modes: from the bottom, the EM, the symmetric
2-BA mode, the fundamental mode, and two DE modes. It
can be seen in the figure that, at a field just below −0.4 kOe,
the 2-BA mode becomes the lowest-frequency mode of the
particle, even lower than the EM. We stress that none of the
thousands of the other modes, which are not shown in Fig. 6
for clarity, have lower frequency either. The 2-BA mode
reaches zero frequency at about −0.44 kOe, indicating the
onset of the instability, and is referred to as the soft mode.
Although the measured intensity of the EM and 2-BA peaks
becomes negligible below 3 GHz, so that no BLS experi-
mental information is available in this low-frequency range,
the fast decreasing trend of the data points relative to the
2-BA mode plotted in Fig. 6 is consistent with the theoreti-
cally predicted softening of this mode below −0.4 kOe.
When H reaches the nucleation field, all the modes undergo
a remarkable jump due to the change of state; in particular,
the mode frequencies are much higher in the reversed
�ground� state than in the metastable state prior to reversal.

In order to show that the 2-BA soft mode triggers the
magnetization reversal and determines the �initial� path of
the reversal process, we compare in Fig. 7 the profile of this
mode with the various states across the transition. In Fig.
7�a� we show the equilibrium state of the magnetization just
before reversal �H=−0.43 kOe�. Note that, visibly, the mag-
netization field presents a S-like structure imposed by the
misaligned applied field. In Fig. 7�b� we show the amplitude
profile of the 2-BA mode calculated at the same field �viz.,
dynamic magnetization component �mx perpendicular to the
easy axis�. We note that the spins in the black and white
areas are out of phase. Figures 7�c� and 7�d� are two snap-
shots of the magnetization field obtained during the reversal
process when the applied field is H=−0.44 kOe �nucleation
field�. We stress that these two last configurations are un-
stable and represent only transient states of the particle mag-
netization. In Fig. 7�c� one can observe that the clockwise
twist region, with respect to the initial configuration of panel
�a�, approximately corresponds to the white area in Fig. 7�b�
while the spins in the black areas have rotated counterclock-
wise near the particle tips. As in the previous case �hard
axis�, the transient state of Fig. 7�c� at the beginning of the
transition presents the same symmetry of the soft mode, both
of them being invariant with respect to space inversion. Sub-
sequent evolution of the system is clearly outside of the
range of validity of the normal-mode picture which is valid
only for small amplitudes. However, once the process is ini-
tiated, the twists evolve into two vortices that nucleate on the
opposite sides of the particle �Fig. 7�d��. The vortices travel
across the sample, as indicated by the arrows in Fig. 7�d�,
annihilate on the opposing side, and result in a reversed mag-

b)

a)

FIG. 5. Longitudinal hysteresis loops for elliptical particles. The
field is applied along the easy �long� axis. �a� V-MOKE experimen-
tal results. �b� Results of simulations. The applied field is slightly
misaligned �1°� from the easy axis.

FIG. 6. Spin-wave mode frequencies vs applied field along the
easy axis. The symbols represent experimental Brillouin data. The
solid lines are the results obtained from the calculations; the mode
which exhibits the character of the fundamental one �F� is shown by
thick lines.
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netization state, as in panel �e�. It is also interesting to note
that the 2-BA-mode precession close to the reversal is
strongly elliptic, i.e., ��mx�� ��my�, to a much larger extent
than far from the transition. We then conclude that the dy-

namics of the reversal process provided by micromagnetism
in the time domain, through integration of the Landau-
Lifshitz-Gilbert equation, is explained by an instability of the
excitation spectrum calculated in the metastable equilibrium
state prior to the onset of the reversal process.

V. CONCLUSIONS

In conclusion, magnetization reversal in small elliptical
particles with a field applied at a small angle to the hard
�short� axis is a continuous and reversible process during the
initial stages, reversal being achieved by coherent rotation of
an S-like state. Only at a negative field does a soft spin mode
trigger a transition from an S-like to a reversed-S-like state;
this first-order transition has little effect on the longitudinal
hysteresis loop but produces a large discontinuity in the
transverse loop. We have shown that, microscopically, the
controlling factor determining the initial steps of the reversal
process is the symmetry of the soft spin mode, which in this
case turned out to be an end mode. For the same ellipse with
the field applied at a small angle to the easy �long� axis, a
backwardlike mode becomes soft and its symmetry is re-
sponsible for the microscopic path that forces the system to
nucleate vortices and eventually to reverse. We conclude that
whenever in a reversal process there is a change in the sym-
metry of one of the equilibrium states through which the
system evolves, that change is determined by a mode that
becomes soft. We believe this provides insight into the gen-
eral problem of magnetization reversal. This is not only in-
teresting from a fundamental standpoint, but may also lead to
techniques for writing specific magnetic states into patterned
media.
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e)

c)

b)

a)

d)

FIG. 7. Field H applied along the easy axis. �a� Equilibrium
S-like state calculated at −0.43 kOe. �b� Profile of the soft mode
�magnetization component �mx normal to the long axis of the el-
lipse� calculated in the equilibrium state above; white and black
denote large positive and negative values, respectively; the nodes
are marked by a solid contour line. �c�,�d� Two snapshots of the
magnetization configuration during the reversal process when the
applied filed is H=−0.44 kOe. The arrows in panel �d� show
the direction of motion of the vortices. �e� Final ground state at
H=−0.44 kOe.
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