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We have studied magnetizationM dynamics in a semicontinuous 33-nm-thick Fe model system,
which approaches new equilibrium states under various magnetic fields,H=0, −1, −10, and −30 Oe,
starting from an initialM configuration of complex microstructures experimentally observed in a
real continuous Fe film. Simulation results withH=0 clearly reveal that small needle-shaped
domains and ripple structures found in a frozen state of the demagnetized Fe film continue to grow
far into a surrounding 180° domain, and that zigzag folding structures appear through theM
dynamic evolution assisted by vortex and antivortex. Furthermore, it is found that many domain
walls of a cross-tie type exhibit their dynamic developments underH=−10 and −30 Oe, caused by
interactions between vortex and antivortex states. This vortex–antivortex assistedM dynamic
evolution offers deeper insights into the comprehensive understanding of the static or dynamic
properties ofM reversal processes as well as additional features or more details of magnetic
microstructures in real continuous films. ©2005 American Institute of Physics.
fDOI: 10.1063/1.1855413g

Recently, we obtained a vector image of static magnetic
microstructures associated with a magnetizationM reversal
between oppositely oriented 180° domains in a 33-nm-thick
Fe film, using a photon-based scanning transmission x-ray
microscope.1 From thisM image, we have found that unex-
pected features of domain and domain-wall structures as well
as the well-known 90°, 180° Néel wall segments, and ex-
tended ripple structures exist in the continuous film frozen at
a certain demagnetized state. The experimental microstruc-
tures are quite different from static domain structures ob-
served typically in continuous films.2 Those additional fea-
tures include not only vortex–antivortex pairs present at the
front of small needle-shaped domains growing into their
neighboring 180° domains, but also a rich signature of inter-
actions between vortex and antivortex states.1

Meanwhile, magnetic vortex states in confined thin film
systems have been much studied both theoretically and ex-
perimentally, and their internal structure has been well iden-
tified in reduced dimensions such as variously shaped mag-
netic films.3–5 We also reported on micromagnetic
simulations of the dynamic evolutions of interacting vortex
and antivortex pairs in a confined circular disk, revealing that
vortex–antivortex pairs play a crucial role inM dynamic
evolutions.6 However, detailed features of the interactions
between vortex and antivortex, and their role inM reversals
in continuousthin films have not been understood, because
micromagnetic modeling studies have been limited to re-
duced dimension systems, as well as because experimental
studies using large-scale continuous films are limited by both

temporal and spatial resolutions. Therefore, the experimental
features of vortex–antivortex pairs and their interacting sig-
natures at or near domain boundaries observed in a continu-
ous Fe film1 are fundamentally interesting so as to continue
to study how such complex magnetic structures were incor-
porated in a certain demagnetized state and how they will
develop in a realistic model system ofsemicontinuousthin
films in further M dynamic evolutions under applied mag-
netic fields,H.

In this letter, we reportM dynamic evolutions approach-
ing additional equilibrium states starting from an initialM
state of experimental microstructures under differentH=0,
−1, −10, and −30 Oe, calculated in the framework of a semi-
continuous thin-film approximation. It is found from the re-
sults ofM dynamic evolutions that extended ripple and zig-
zag folding structures, and small needle-shaped domains
extending into their surrounding domains continue to grow,
and that vortex and antivortex states can play a pivotal role
in M dynamics through their interactions even in realistic
semicontinuous films.

Micromagnetic simulations were carried out using the
object-oriented micromagnetic framework code.7 In the mi-
cromagnetic modeling, the dimension of individual cells
used is 100 nm3100 nm333 nm8 and the physical param-
eters relevant to a polycrystalline Fe film are given as fol-
lows: an exchange constant ofA=4.2310−11 sJ/md, a satu-
ration magnetization ofMs=1.73106 sA/md, an anisotropy
constant of K=0.9 Several damping values are also
considered.10

To carry out computer simulations on temporal dynamic
evolutions in large-scale areas such as a real continuous film,
an initial M configuration shown in Fig. 1 is used. The spa-
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tial variations of localM in Fig. 1 are classified into three
different areas:s1d The inner 60360 mm2 area sregion Id
displays experimental data of the spatial variations of local
M obtained in parts of a real Fe film. Details on the complex
microstructures were reported elsewhere.1 In order to study
how these complex microstructuressin region Id evolve in
furtherM dynamics in continuous films, possibleM orienta-
tions in large areas surrounding the 60360 mm2 field are
assumed as shown in regions II and III. The startingM con-
figuration in the inner areasregions I and IId is allowed to
relax toward equilibrium ground states under given strengths
of H, while theM orientations in the outermost areasregion
III d intentionally remain fixed as they were at the initial state.
Such a semicontinuous thin-film approximation allows to re-
duce or at least minimize shape and boundary effects caused
by a nonlocal magnetostatic interaction, as well as allows to
save computation time for an enormous number of interact-
ing cells suitable for a realistic continuous film model.

Starting from the initialM configuration shown in Fig.
1, relaxation dynamic evolutions proceed toward final equi-
librium states under the environmental conditions as men-
tioned earlier. Figures 2sad and 2sbd show the resultant in-
plane M vector images of those dynamic evolutions
calculated withH=0 and −10 Oe, respectively.11 In both
cases, the initial ripple structures extending into surrounding
180° domains continue to grow into the dominant 180° do-
mains and then overlap each other. Also, smaller needle-
shaped domains continue to grow into large ones. The fea-
tures of vortex and antivortex states at domain boundaries
and their pairs at the front of the tips of needle-shaped do-
mains seem to stimulate the creation of tiny offspring do-
mains to be extended into the surrounding domains in further
M evolutions. For the case ofH=0 Oe, a single large needle-
shaped domain with the zigzag folding structure of localM
orientations continues to extend much far into its surround-
ing domain as the evolutions proceed further. As displayed
by the streamline representation, the extending needle-
shaped domain is differentiated from the surrounding do-
mains by two cross-tie walls facing each other, along which
vortex and antivortex pairs are alternatively arranged. In fact,
their arrangement is a segment of the well-known cross-tie
wall structure typically observed in thin films.2 As the dy-

namic evolution proceeds further, the two cross-tie walls be-
come far away through the propagation of the vortex–
antivortex arrays along an axis perpendicular to the direction
of H, thus the large needle-shaped domain with an opposite
direction relative to the dominantM orientation becomes
larger. Such interacting cross-tie walls were also found in
results obtained from a similar dynamic evolution withH=
−30 Oesnot shown hered, as well as in 180° domains formed
in an Fe film onto a surface-roughness modulated Si
substrate.12 The zigzag folding structures of localM orienta-
tions shown outside as well as inside the two cross-tie walls
are a consequence of the alternating arrangement of vortex
and antivortex, as shown in Fig. 2sad. It is evident that the
formation and development of the cross-tie walls are associ-
ated closely with the dynamic evolutions driven by vortex–
antivortex pairs through their creation and propagation.

For the case ofH=−10 Oe shown in Fig. 2sbd, the areas
of local M oriented along the direction ofH become broader,
and then more complex domain features appear. Next, we
stress the dynamic evolution of the vortex–antivortex pairs
originally present at the initial state and cross-tie walls at

FIG. 2. sColord Images of the temporal evolution of magnetic microstruc-
tures in regions I and II taken at each time as noted forM dynamic pro-
cesses underH=0 Oe insad andH=−10 Oe insbd, starting from the initial
M configuration shown in Fig. 1. The in-plane orientations of localM are
represented by either way of colors or streamlines for the clear presentation
of both the weak variations of localM and fine vortex structures.

FIG. 1. sColord An M configuration as a starting state for dynamic evolu-
tions displayed by colors representing the in-plane components of localM .
The innermost region of a 60360 mm2 field sregion Id is experimental data
observed at a frozen state of a demagnetized Fe film. The regions II and III
show possible orientations of localM in areas surrounding the 60
360 mm2 field. The localM in regions I and II are allowed to be relaxed,
while those in region III are kept to be fixed during theM dynamic evolu-
tions in micromagnetic simulations.
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domain boundaries. The domain and/or domain–wall struc-
tures are associated with the evolution of vortex and antivor-
tex pairs driven by their interactions. These subtle features
are somewhat affected by the shape effect of a finite dimen-
sion as well as the fixedM configuration that were inevitably
introduced in such micromagnetic modeling as mentioned
earlier. From the image taken att=84.4 ns in Fig. 2sbd, it is
also found that many subtle domain structures near the edge
of the finite dimension are caused by the pinning as well as
the creation of a number of vortices near the edge, which are
influenced by the fixedM in the outermost region III. How-
ever it is certain that the existing vortex and antivortex, and
their propagation, annihilation, and creation can dominate
the aspect ofM dynamic evolutions, and hence affect the
resultantM reversals and static domain and domain–wall
structures.

Also, the evolution features of clearly defined cross-tie
walls are quite interesting, as displayed in Fig. 3sad. These
images definitely show how the cross-tie wall is formed and
developed in series at the boundary between two different
dominant domains in a continuous thin-film system, through
the formation, propagation, and annihilation of many vortex–
antivortex pairs. As shown in Fig. 3sbd, the periodic arrange-
ment of the alternating vortex and antivortex evolves with
time. Some of those vortex–antivortex pairs disappear faster
than others through the annihilation of each pair. Near the
end of the evolution, all the pairs disappear, yielding that
local M are all changed to be aligned along the direction of
H si.e., a saturated stated. We also notice that the cores of
some vortices remain fixed at certain positions where they
are initially formed, which are likely to be pinned until they
disappear. This seems to be influenced by the subtle features
of surrounding magnetic microstructures.

The various static features of a cross-tie type wall have
been observed experimentally in magnetic films of interme-
diate thickness regimes and well predicted in reduced dimen-
sions using micromagnetic modeling.2,13 Also, M reversals
are believed to be dominated simply by coherent/incoherent
rotations of M or by the movements of domain walls in
continuous thin films, according to theoretical and experi-
mental studies. On the contrary, we have found not only
unexpected features of vortex and antivortex pairs present at
the front of growing needle-shaped domains, but also
vortex–antivortex assisted dynamicM reversals in continu-
ous films. The interactions of two cross-tie walls facing each
other and their dynamic developments are clearly found in
light of the creation, propagation, and annihilation of vorti-
ces and antivortices in a semicontinuous thin-film model sys-
tem. To conclude, from the present micromagnetic simula-
tions as well as the previous experimental observation of a
vector image of vortex and antivortex pairs it is manifested
that vortex–antivortex pairs can play a crucial role inM
dynamic evolutions in continuous thin-film systems. This
work provides deeper insights into the microscopic under-
standing ofM reversals, and additional features as well as
more details of magnetic microstructures typically observed
in real continuous films.
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FIG. 3. sColord sad Enlarged images for the area marked by “A” in Fig. 2sbd,
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