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Abstract—Micromagnetic properties of submicron ferromagnetic elements ellipsoidal in shape are studied
theoretically and experimentally. By numerically solving the equations of magnetodynamics, it is found that
different remanent magnelization states can be obtained, depending on the way of magnetization reversal in
such elements: one-vorlex states, two-voriex states, and vortex-free states with skew-symmetric spin pinning.
The magnetization configurations predicted in the calculations have been observed experimentally using mag-
netic force microscopy in regular lattices of microstructures formed in thin-film samples of Fe-Cr alloys under
irradiation by interfering laser beams. © 2002 MAIK “"Nauka/fnterperiodica”.

PACS numbers: 67.80.1d, 75.60.Ej

1. It is known that nonuniform vortex magnetization
configurations arise in small (ferro)magnetic particles with
low magnetic crystalline anisotropy and sizes exceeding
the absolute single-domain threshold (~0.05 um) [1, 2].
The distribution of magnetic moments observed in the
remanent state depends essentially on the magnetiza-
tion prehistory and on the particle shape and size.
Recently, new, primarily lithographic technologies
have evolved for obtaining thin-film elements with pla-
nar sizes down to several tens of nanometers and their
regular lattices with a given geometry |3, 4]. Progress
in the field of nanotechnologies has stimulated studies
of micromagnetism in small particles exemplified with
thin-film magnetic elements (see, for example, [5-8]).
These works are devoted to both the occurrence of vor-
tex configurations primarily in elements rectangular in
shape and the states of new type, so-called Cand 5con-
figurations, that are characterized by boundary spin
pinning due to the magnetostatic effect of element
boundaries. The boundary pinning effect is manifested
in the multimode character of magnetization reversal,
which can be the reason for the giant instability of
switching fields associated with the thermally activated
change of the magnetization reversal mode in the vicin-
ity of the saturation state [8]. The use of elements of
nonrectangular, in particular, ellipsoidal shape, in
which the formation of alternative magnetization con-
figurations associated with spin pinning in the vicinity
of narrow poles of the magnetized element is not highly
probable, is one of the ways for suppressing this insta-
bility. It is these elements that are formed, for example,
under irradiation of a finely dispersed superparamag-
netic Fe—Cr medium by interfering laser beams [9]. A

regular lattice of ferromagnetic elements is formed at
interference maxima as a result of modification of mag-
netic properties. The technology of obtaining such a
structured medium was described previously in [9]. The
goal of this work was (1) to simulate possible remanent
magnetization states in submicron elements of ellipsoi-
dal shape and (2) to compare the results of simulation
with experimental data for magnetic lattices obtained in
studying thin-film Fe-Cr alloys using a magnetic force
microscope (MEFM).

2. Magnetization of ellipsoidal particles. The
magnetization reversal processes in flat microparticles
were analyzed theoretically by numerically integrating
the Landau-Lifshitz equations with free boundary con-
ditions, The scheme of numerical integration and exam-
ples of modeling rectangular particles were described
previously in our works [7, 8, 10]. It was possible to
vary the element sizes and the magnetic anisotropy
parameters in the calculations. In this work, we will
report the results of modeling an elliptic flat element
0.6 x 0.3 % 0.015 pm in size with zero magnetic anisot-
ropy. The magnetic parameters adopted in the calcula-
tion, namely, the saturation magnetization M = 1300 G
and the nonuniform exchange constant 4 = 10°® erg/cm’
corresponded to experimental data for Fe-Cr films.

Modeling the process of magnetization along the
long element axis (easy direction of magnetization)
showed that the main magnetic hysteresis loop has a
rectangular shape for a particle of a specified size and
that a uniformly magnetized particle is switched in the
field H., = 300 Oe. The magnitude of this field grows as
the film thickness and the element aspect ratio increase.
The remanent state corresponds to the complete mag-
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netic polarization of the particle in the easy direction
(Fig. 1a).

Magnetization in the transverse direction is of a
more complicated character. In this work, we studied
the variation of the state of initial magnetization along
the long element axis shown in Fig. 1a upon applying a
magnetic field along the short axis (hard direction of
magnetization). As the magnetic field increases, a
smooth rotation of spins occurs at the center of the par-
ticle and a skew-symmetric state with spins pinned at
the element boundaries (Fig. 1b). The region of nonuni-
form magnetization variation in the vicinity of pinned
regions is narrowed down as the field increases. The
calculations demonstrate that the curve of transverse
magnetization is of a reversible character up to the crit-
ical field H,, = 950 Oe and that the initially polarized
state is restored as the magnetic field goes to zero.
When the critical field H_; is exceeded, the particle
transforms into a state saturated in the transverse direc-
tion and the initial polarization is not restored. The
effect of spin pinning at the element boundaries leads to
a delay in the transition to the saturated state as com-
pared to the uniform spin rotation model by Stoner and
Wohlfarth |11], which takes into account the effect of
only film demagnetizing factors. The critical depinning
field /., grows with increasing film thickness stronger
than the critical magnetization reversal field in the
transverse direction H.,. The latter depends very
strongly on the aspect ratio and sharply increases with
decreasing element width.

As the magnetic field decreases from the saturation
state of a transversely magnetized particle, a tendency
is observed toward a turn of the magnetization at the
center of the element, and, as the field goes to zero, a
remanent skew-symmetric state is formed that is char-
acterized by partial magnetic depolarization of the par-
ticle along the easy direction (Fig. 1¢). As the sign of
the magnetic field changes, this state is stable up to the
critical field H_, = 50 Oe, above which a transition to a
two-vortex state takes place. The center of the particle
undergoes backward magnetization reversal, and the
effect of boundary magnetostatic spin pinning leads to
the formation of two oppositely wound magnetic vorti-
ces in the vicinity of element points. When the field
returns to zero, this state transforms into a demagne-
tized remanent state characterized by two magnetic
vortices located at the corners of a diamond-shaped
domain at the center of the element with magnetization
directed across the element (Fig. 1d). If an element
resides in a remanent two-vortex state, then, as the
magnetic field increases in the transverse direction, the
vortices are gradually expelled from the element and it
transforms into a state saturated in the transverse direc-
tion at fields exceeding the critical saturation field in the
transverse direction /i, = 1650 Oe. Before the transi-
tion into a state saturated in the transverse direction (in
fields 1 < I.), given field noise fluctuations or field
nonuniformity, the element transforms into a close-in-
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Fig. 1. Calculated magnetic configurations of a Fe~Cr ¢llip-
soidal particle (0.6 % 0.3 x 0.15 pm) arising in the process
of its magnetization in the traverse direction: (a) initial
remanent state magnetically polarized along the casy dirce-
tion, (b) spin pinning state under weak magnetization in the
traverse direction for f < H 5, (¢) remanent state with skew-

symmetric spin pinning, {d) two-voriex remanent state, and
{¢) onc-vortex remanent state.

energy, more stable, asymmetric one-vortex state,
which transforms into a symmetric demagnetized state
with a vortex at the center of the element as the field
returns to zero (Fig. 1e). Some of the states described
above and shown in Fig. | were observed experimen-
tally in MFM images.

3. Observing remanent states using MFM. In
order to compare the model distributions with the
results of visualizing images using an MFM, we calcu-
lated these images corresponding to micromagnetic
configurations. The simulation was carried out under
the assumption that the interaction of the magnetically
rigid point tip of the force microscope needle with the
distributed magnetic subsystem of the flat ultrathin ele-
ment is of the magnetic dipole character. A point mag-
netic dipole located at height x above the plane of the
clement creates a magnetic field in its plane

H__;:[M, 3{M1~r}r]
CAm\ S g

(1)

where M, is the magnetization of the MFM needle, Vis
the volume of the magnetic tip, r = [(x —xP + (y - ¥)* +
Z’]'? is the distance from the tip (above the sighting
point {x, y}) to an arbitrary point (x", ') in the plane of
the sample z = (. The Zeeman energy of interaction
with a thin magnetic layer of thickness f having the
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Fig. 2. Calculated MFM images of remanent configurations shown in Fig. 1: (a) magnetically polarized particle, (b) skew-symmet-
ric state with boundary spin pinning, an (¢) one-vortex demagnetized state.

magnetic configuration M,(x", ') is given by the convo-

lution E(x, y) = tho [ M (¢, ¥) - H(x — X'y - Y)dvdy,
where integration is carried out over the plane of the
sample. The signal of an MFM using resonance oscilla-
tions of a cantilever is proportional to the second varia-
tion of the Zeeman energy of interaction of the mag-
netic needle with the field of the sample [12]. There-
fore, one can write

AQ - I E(x, y, 2)

@
= tho[My(x', ) - ZH(x — ¥, y ~ £)dx'dy’,
5

where § is the area of integration.

MFM images obtained in this way atz = 0.] pm are
given in Fig. 2 for (a) a uniformly polarized element,
(b) a vortex-free state with skew-symmetric spin pin-
ning, and (c) a one-vortex state that correspond to the
milg?ctization configurations depicted in Figs. la, lc,
dn 2.

Experimental MFM measurements were performed
using a Solver P47 scanning probe microscope (NT
MDT, Moscow). Topographies obtained experimen-
tally for ferromagnetic structures formed in a
(super)paramagnetic Fe-Cr layer by interfering laser
beams and the corresponding MFM images are shown
in Fig. 3. Topographic images (a, c, ) demonstrate sur-
face modifications of an elliptic shape. These modifica-
tions correspond to pronounced MFM contrast (b, d, f).
A uniformly polarized remanent state obtained by satu-
rating an element along the easy axis in a field of
500 Oe is shown in Fig. 3b. A vortex-free state with
skew-symmetric spin pinning was obtained experimen-

tally by magnetization reversal of elements along their
short axis in a field of 1000 Oe (Fig. 3d). It is also inter-
esting to mention the possibility of obtaining a one-vor-
tex remanent state (Fig. 3f) upon magnetization rever-
sal in the transverse direction in a field of 750 Oe. Thus,
the experimental data are in good agreement with the
results of micromagnetic modeling.

4. Thus, micromagnetic modeling showed that a
particle magnetized along the easy axis, being under-
gone transverse magnetization, retains the remanent
state determined by the effect of skew-symmetric
boundary spin pinning up to the critical field above
which the irreversible transition to the saturation state
takes place. This field essentially exceeds the switching
field in the longitudinal direction. Both critical fields
decrease with decreasing film thickness.

After saturation in the transverse direction, the par-
ticle does not return to the complete polarization state.
In this case, two types of remanent states are possible.
One of them is characterized by a spin distribution with
skew-symmetric pinning at the element boundaries,
and the other one corresponds to the complete demag-
netization of the particle and contains either two mag-
netic vortices at the boundaries of the diamond-shaped
magnetostatic domain inside the particle or one vortex
at its center. This last-mentioned effect is in agreement
with the calculations reported in [1] for a flat rectangu-
lar Permalloy particle with a large aspect ratio. It was
shown in [1] that a long rectangular particle after satu-
ration in the transverse direction is subdivided into a
number of oppositely wound magnetic vortices. The
application of a magnetic field leads to a gradual dis-
placement of vortices to the element boundaries and to
their disappearance at the transition to the saturated
state. The effect of restoring the initial state depends on
No. 6 2002
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Fig. 3. Atomic force-magnctic force images of modified regions of Fe-Cr films obtained by interference laser sintering: (a), (),
and (e) topography of regions annealed at the irradiation intensity J= 0.3 W/em?; (b), (d), and () corresponding images of particles.

The height of image pickup in the resonance mode z = 0,05 pm,

the direction of the magnetization field. As the particle
sizes decrease, the effect of boundary spin pinning will
be suppressed by exchange interaction and the behavior
of the particle will approach the single-domain behav-
ior. The character of magnetization reversal in this case

JETP LETTERS Vol. 75 No. & 2002

will approach that predicted by the Stoner—Wohlfarth
model.

The main features of magnetization reversal
obtained by micromagnetic simulation are in agree-
ment with the results of MFM observations. Thus, sta-
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bility was observed with respect to the action of the
transverse magnetic field of smaller particles, and com-
pletely demagnetized particles appeared upon reverse
transverse magnetization after threshold saturation in
the transverse direction. However, the theoretical
model ignored the particular features of samples taken
for experimental investigations of magnetization rever-
sal processes and remanent states, namely, the effect of
the superparamagnetic phase in the film surrounding
ferromagnetic particles and the formation of crystalline
microinclusions at high intensity of laser annealing.
The superparamagnetic medium can serve as & mag-
netic conductor for the magnetic flux created by polar-
ized magnetic particles, which may lead to an addi-
tional magnetostatic interaction of particles changing
their switching fields. Taking into account the last-men-
tioned mechanism of the nanoparticle lattice effect on
magnetization calls for further investigation.
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