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Unlike the broadly studied influence of the in-plane magnetic fields on magnetic domain structures in
thin-film elements, not much is known to date, on the changes of the domain structure driven by external
magnetic fields applied perpendicular to the plane. Using high-resolution transmission electron microscopy
studies combined with micromagnetic modeling, we investigated the effect of static, strong perpendicular fields
on square and disk-shaped mesoscopic permalloy elements with a vortex flux-closure magnetization structure.
In the case of square elements, we discovered an unexpected, pronounced, and reversible bending of the 90°
domain walls, which increases with the field strength and changes direction when the field direction is re-
versed. By means of micromagnetic simulations and atomic force microscopy studies, we demonstrate that this
effect is connected with the minute curvatures of the sample surface. The slight curvature arises from surface
tensions in the membrane on which the microstructures are fabricated.
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I. INTRODUCTION

Thin nanostructured magnetic films are promising candi-
dates for applications in future data storage devices such as
magnetic random access memory.! Over the past years, the
demand for reliable and defined bit states has given rise to
extensive research on the magnetic behavior of such ele-
ments. Micron and submicron sized elements can form vari-
ous magnetization patterns, ranging from uniform single-
domain states to highly nonuniform patterns like vortex,>”’
flower,® S, and C states.”? Their existence depends both on
the applied magnetic field and the particular design of the
element, including its shape and size. Even slight modifica-
tions in the geometry of the commonly used designs based
on thin squares or disks may significantly change the mag-
netization patterns. Permalloy (Nig,Fe o) is a frequently used
material for such studies since it has only a weak uniaxial
anisotropy, which can usually be neglected. The remanent
state of magnetization of the thin permalloy disks shows a
phase transition between a single-domain and a vortex state,
depending on the geometry, namely, the diameter and the
thickness.'” The vortex state is characterized by a circular
flux closure with a Bloch line in its center.!""1?

The ground state at remanence of sufficiently large rect-
angular thin-film elements is typically the Landau flux-
closure domain structure with four 90° domain walls and a
180° domain wall in the center. In the case of square ele-
ments, this structure degenerates to the Kittel structure,
where the four 90° domain walls meet in the center, forming
the vortex. Four triangular domains are separated by the 90°
domain walls aligned along the diagonals of the square. In
the center of the square, the strong but short-range exchange
interaction causes an out-of-plane alignment of the magneti-
zation that was realized in a Bloch line, known as the vortex
core.

For practical applications but also for fundamental re-
search, it is paramount to obtain a detailed understanding of
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the changes to the domain structure occurring in such ele-
ments when external magnetic fields are applied. Numerous
studies can be found in the literature on the effect of small
in-plane fields, leading to reversible and irreversible changes
in the magnetic structure. The magnetization patterns of soft-
magnetic micron sized structures were investigated by sev-
eral techniques with high lateral resolution.'? Magnetic force
microscopy (MFM),'*!5 spin-polarized scanning tunneling
spectroscopy,'®!7 and scanning electron microscopy with
polarization analysis'®!® can be used for structures that
were grown onto the bulk substrate, whereas Lorentz
microscopy?®?! and electron holography?> require an
electron-transparent substrate. In spite of these extensive
studies, not much is known to date, on the influence of strong
perpendicular fields on such elements. It was reported that
after the application of strong external perpendicular fields,
the Bloch line (vortex core) can be switched.?>?* Several
studies with small external perpendicular fields were done to
investigate the dynamic response of the magnetization to per-
pendicular field pulses. Buess and co-workers>~?7 used tem-
porally resolved magneto-optic Kerr microscopy to observe
the modal structure of Py disks after the excitation by a short
perpendicular field pulse. Perzlmaier et al.?® did similar stud-
ies on Py squares with the additional use of microfocus Bril-
louin light scattering spectroscopy. The dynamic deflection
of the domain walls in Py squares due to a perpendicular
field pulse was imaged with a high spatially resolved mag-
netic transmission x-ray microscopy technique by Stoll et
al.” In contrast to these very fast (in the picosecond or nano-
second range) or irreversible processes, we report here on the
reversible, quasistatic deformations of magnetic structures in
square and disk-shaped thin-film elements with flux-closure
magnetic configuration. In the case of square elements, we
observe an unexpected, well-defined bending of the 90° do-
main walls, while in the case of disks, we observe a signifi-
cantly altered equilibrium position of the vortex when small,
additional in-plane fields are applied. The studies are per-
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FIG. 1. (Color online) (a) Schematics of the used samples with
the patterned permalloy elements evaporated on a Si/Si3Ny sub-
strate. (b) Bright field TEM image of a 1.85 micron large square
permalloy element, showing that the samples are polycrystalline
with an edge roughness and accuracy common for this preparation
technique.

formed with Lorentz microscopy and with micromagnetic
simulations. The modifications of the magnetic structure oc-
curring in strong perpendicular fields are unambiguously de-
termined to be caused by a small curvature of the surface of
the apparently flat samples.

II. SAMPLE PREPARATION AND EXPERIMENT SETUP

We studied the magnetization patterns of square and disk-
shaped permalloy (Nig,Fe 9) microstructures. As a substrate,
we used a 30 nm thick electron-transparent Si;N, membrane.
The 100X 100 wm? large membranes were fabricated by
wet-chemical etching of a window into a 0.4 mm thick Si
wafer®3® (cf. Fig. 1). The patterns were defined by electron
lithography using a two-layer resist with a different molecu-
lar mass. A 19 nm thick permalloy layer was deposited by
thermal evaporation and capped by 5 nm aluminum to pre-
vent oxidation.’!

The magnetic domain structures were experimentally in-
vestigated using Lorentz transmission electron microscopy
with a lateral magnetic resolution of about 20 nm.'3 The
imaging was done using the Fresnel mode where the domain
walls appear as dark and bright lines.3> The Philips CM30
and FEI Tecnai F30 transmission electron microscopes uti-
lized for this study are equipped with a special imaging lens.
This Lorentz lens enables us to image the sample in mag-
netic field free conditions. By appropriately exciting the stan-
dard objective lens, on the other hand, in situ magnetic fields
can be generated. The magnetic field components, Hyp in the
plane of the sample and Hp perpendicular to the plane (out-
of-plane), were simply obtained by tilting the sample.3%3*

III. LORENTZ MICROSCOPY

Lorentz microscopy was applied to image static magnetic
domain structures in the square permalloy thin-film elements
that were exposed to strong perpendicular fields. We ob-
served an unexpected effect when the perpendicular field is
applied, namely, the bending of the 90° domain walls, which
are straight lines at zero external field. The bending modifies
the domain structure such as to form a “propellerlike” pat-
tern, as shown in Fig. 2. The strength of the domain wall
bending depends on the strength of the applied perpendicular
field Hop and on the sample size. Figure 2 shows the field
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FIG. 2. (Color online) Field dependence of the bending of the
domain wall for different edge lengths (1.0, 1.5, and 2.35 wm). The
top graph displays the relative elongation of the domain walls,
whereas the bottom graph shows the relative deflection, as defined
in the inset. The deflection of the domain wall increases with the
increasing magnetic field and edge length. For fields up to 0.3 T, the
deflection is approximately proportional to the applied field.

dependence of the bending and the domain wall length for
different edge lengths. In larger squares, the bending is more
pronounced, especially for large fields, where the domain
walls are S shaped. The direction into which the domain
walls bend depends on the sign of the applied perpendicular
field.

This distortion of the domain walls is reversible, meaning
that the well-known Kittel structure with straight domain
walls is restored when the external field is removed.

We require a model to explain this effect. In previous
studies at zero external field, similar distortions of the mea-
sured domain patterns have been assigned to image artifacts.
For instance, Garcia et al.® reported on similar perturbations
in the patterned permalloy squares due to the interaction be-
tween the sample and the magnetic MFM tip, resulting in
curvatures of the domain walls in the Landau flux-closure
domain patterns. In our case, however, the modifications of
the domain wall structure do not result from experimental
artifacts. As we will show, the domain structure modifica-
tions can be explained by a deformation of the apparently flat
sample, which becomes decisive only when strong perpen-
dicular fields are applied.

IV. MODEL FOR THE DOMAIN DEFORMATION

In an effort to understand this unexpected modification of
the domain wall structures, we first performed the micromag-

174427-2



INFLUENCE OF PERPENDICULAR MAGNETIC FIELDS ON...

netic simulations on square elements. Interestingly, the simu-
lations on the flat thin-film elements of corresponding size
(not shown) did not yield any twist of the domain wall. On
the other hand, the observations of the twisted domain struc-
tures are experimentally perfectly reproducible, showing a
field-dependent twist of the domain structure in different
squares of different sizes and located at various positions
within the array.

To explain the effect, it is useful to point out that the
observed distorted vortex structure in the presence of perpen-
dicular fields is strongly reminiscent of the magnetization
patterns on the surface of ferromagnetic cubes magnetized in
a zero-field configuration known as “twisted flower state.”¢
In this particular magnetic state, the vortex structure is
twisted in the opposite direction on the top and bottom sur-
faces of a cube, cf. Fig. 12 of Ref. 36. In such cubes, the
distortion of the vortex state was attributed to an additional
radial component of the magnetostatic field of the sample,
which gradually increases toward the border. In the cubes,
this radial component has a different sign on opposite sur-
faces, leading to an opposite twist. Therefore, it appears that
in the present case of the thin-film elements, the external,
perpendicular field equally gives rise to a radial field com-
ponent. (Note that without the external field, the twist is
absent.)

Micromagnetic simulations indeed confirm that an addi-
tional radial field component, which radially increases in
magnitude, can lead to twisted domain walls, as observed in
the experiment. This is shown in Fig. 3. These micromag-
netic simulations were performed using the OOMMF code.’’
In agreement with the experimental sample geometry, a per-
malloy square of 1.85 wum edge length and 19 nm thickness
was simulated using a lateral cell size of 5 nm. Despite the
strong perpendicular fields of 303 mT (left side of Fig. 3) and
—535 mT (right), the sample is dominantly magnetized in
plane because of the large out-of-plane demagnetizing field
of more than 0.9 T.3® The values of 303 mT and —535 mT
correspond to situations that were experimentally studied,
which will be discussed later (cf. Fig. 7). By applying an
external magnetic field perpendicular to the magnetic layer,
the magnetization rotates nearly coherently out of the film
plane as a result of minimizing the Zeeman and stray field
energies. A small radial field component is applied in addi-
tion to the strong perpendicular field. This leads to a bending
of the domain walls, as experimentally observed [Figs. 3(c)
and 3(f)]. The radial in-plane field distribution is displayed in
Figs. 3(a) and 3(b). It is assumed to be proportional to the
applied field and to linearly increase with the distance from
the center. In the examples shown in Fig. 2, the radial com-
ponent reaches a maximum value of 13.8 mT for the 303 mT
perpendicular field and 24.4 mT for the perpendicular field of
—535 mT.

The simulated Fresnel images [Figs. 3(e) and 3(f)] were
computed with GENTUS® from the simulated magnetization
patterns, taking into account the magnetic and electrostatic
phase shifts. The electrostatic phase shift yields only to the
Fresnel fringes at the sample edges under the experimentally
verified (cf. next chapter) assumption of a constant thickness.
For the same reason, we neglected the amplitude contrast,
which is constant for the whole sample. The magnetic phase
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FIG. 3. (Color online) Simulations on the influence of a weak
radial in-plane field on the four-domain flux-closure structure. (a)
and (b) show the distribution of the radial field used in the simula-
tions. (c) and (d) display the computed magnetization patterns, and
(e) and (f) show the corresponding simulated Fresnel images. For
303 mT, the domain walls obviously bend, whereas for —535 mT,
additional magnetic domains appear at the corners. These results
correspond to the experimental observations shown in Fig. 7.

shift calculated from the magnetization pattern, however, is
responsible for the contrast inside the sample. The simulated
images almost perfectly correspond to the experimental
Fresnel images (cf. Fig. 7). The radial magnetic field shifts
the position of the 90° domain walls because the magnetiza-
tion tends to align as far as possible with the field. From the
center toward the corners, the displacement first increases
(because the radial field increases) and then decreases again
because the 90° walls are magnetostatically pinned at the
corners [Figs. 3(c) and 3(e)], leading to the observed curva-
ture of the 90° domain walls. If the radial field is strong
enough, the 90° domain walls can be depinned from the
corners. The depinning of the domain walls from the corners
results in the formation of a small domain in each corner, in
which the magnetization is almost parallel to the radial field
[Figs. 3(d) and 3(f)]. This is connected with the nucleation of
180° head-to-head domain walls at the edges. These domain
walls are comparable to the transverse domain walls in
nanowires*’ [cf. Fig. 3(d)], which are of great current interest
in the topic of current induced domain wall motion.*!

In the above simulations, a radial component was heuris-
tically added to the external field. In the experiment, how-
ever, such a radial component cannot result directly from the
applied magnetic field because, first, the external field is ho-
mogeneous to a very good approximation, particularly on the
length scale of the sample size and, second, the radial com-
ponent simultaneously arises for different, individual ele-
ments in the array (cf. Fig. 1). The effect must therefore be
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(a)

FIG. 4. (a) Schematics on the onset of a radial field component
when a curved thin-film element is exposed to a strong perpendicu-
lar field. In a strong magnetic field H, the magnetization partially
aligns with the external field that, as a result of the curvature, is
exactly perpendicular to the surface only in the center of the
sample. The demagnetizing field H; (dotted arrows), however, is
always along the surface normal and opposite to the perpendicular
magnetization component. While the demagnetizing field partially
suppresses the rotation out of plane, the in-plane magnetization is
directly affected by the in-plane component of H,. This in-plane
component of H, is radial (small gray arrows) and increases to-
ward the boundary where the surface normal encloses an angle with
the applied field. The sign of the radial component changes when
the direction of the applied field is a reversed (b).

intrinsic to the sample. We suspected that this surprising
modification of the domain structure could result from a cur-
vature of the sample surface. The principle of this is sketched
in Fig. 4. To a first approximation, the effect of the external
field is to partly orient the magnetization along the field di-
rection. In our case, there is obviously still an in-plane mag-
netic component that describes the domain structure but it is
sufficient to consider only the magnetization component par-
allel to the field to explain the onset of a radial field compo-
nent. In the case of a ferromagnet with a curved surface
exposed to a strong perpendicular field H, the local demag-
netizing field H, is different on the border as compared to
the center. This difference does not only refer to its value*?
but also to its direction. If we assume that the magnetization
aligns with the field and that the sample is curved, the angle
enclosed between the magnetization and the surface in the
center is different from that at the border. While in the center,
the magnetization is perfectly perpendicular to the plane, it is
slightly tilted off the surface normal near the border. The
local demagnetization field, however, is always perpendicu-
lar to the surface. It therefore only compensates for the local
perpendicular component of the magnetization. This results
in a net field H ., which increases toward the sample bound-
ary and can be considered as the vector sum of the external
and demagnetizing fields. The in-plane component H 4 of
this net field is a radial field and increases from the center to
the border. The magnetization partly aligns with this radial
component, leading to the observed bending of the domain
wall (cf. Fig. 3). Note that this model also yields a change of
the sign of the radial component when the sign of the per-
pendicular field is changed. Together with the experimental
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observation that the twist changes with the field reversal, this
is consistent with the analogy of the twisted flower state.

Another, possibly simpler, description of the effect is the
following: As the sample becomes curved near the boundary,
the external magnetic field H can be split into an out-of-
plane component H,p=~ H and a nonvanishing in-plane field
component H,p, which obviously increases the more the sur-
face is tilted. Due to magnetostatics, the magnetization has a
tendency to remain in the sample plane so that an alignment
of the magnetization with the component Hp of the external
field significantly increases the dipolar energy. On the other
hand, the magnetization is relatively free to rotate in the
plane of the sample and, hence, to align with the small in-
plane component Hyp. Due to this different response of the
magnetization to the perpendicular and the in-plane compo-
nents of H, the magnetic structure is distorted. This descrip-
tion explains that it is the imbalance in the competition be-
tween the external and dipolar fields resulting from their
noncollinearity that is decisive for the twisting of the domain
walls. It is not unusual that small modifications of the sample
geometry, such as the described surface curvature, can
strongly affect the resulting domain pattern. Experimentally,
it is known that even if nominally identical specimens are
investigated, the domain structure can differ either because
of a multiplicity of the metastable states or due to small
differences in the preparation details for different techniques.
To verify our suspicion that, here, the occurrence of the in-
plane component and the resulting domain twist is caused by
a curvature of the sample surface, we performed detailed
additional experimental and simulation studies.

V. CURVED SURFACES

The sample thickness and the surface topography were
investigated with atomic force microscopy (AFM). As shown
in Fig. 1, the elements are placed on a thin membrane. Out-
side the window area, the membrane is supported by a Si
bulk substrate. This allowed us to perform comparative AFM
measurements on both supported and free membranes. The
sample shown in Fig. 5 was identically prepared, as de-
scribed before, with a nominal thickness of 15 nm permalloy
and a capping layer of 4 nm aluminum. The structures de-
posited on the substrate supported membrane are uniformly
flat with a thickness of 19 nm and small average roughness
of about 2 nm (Fig. 5). By using off-axis electron
holography,**** we could also show that the 500 nm large
disks grown on the membrane have a uniform thickness. We
conclude from these results that the thickness also remains
constant for larger patterns grown on a membrane. From Fig.
5, it is also evident that the permalloy squares fabricated onto
the free standing membranes display, in fact, the suspected
pronounced surface curvature. This curvature is attributed to
the mechanical tension between the permalloy specimens
and the Si;N, membrane due to the different thermal expan-
sion coefficients. (The thermal expansion coefficients of the
permalloy ap,~10.5X 10°K™" and Si;N, agn=2.6-3.3
X 10°K~! significantly differ*>*¢.) As the line profiles in
Fig. 5(b) show, the specimen, together with the underlying
membrane, curves downward while the freestanding mem-
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FIG. 5. (Color online) (a) AFM image showing permalloy
squares deposited at the etching edge. The upper squares (bright)
are still supported by the bulk substrate, whereas the lower squares
(dark) are grown on the thin SisN, membrane. (b) Line scans of the
AFM image: The microstructures on the bulk substrate are uni-
formly flat with a constant thickness of 19 nm. In contrast, the
permalloy squares evaporated onto the membrane show a pro-
nounced surface profile: the structures and the underlying mem-
brane are curved. The thickness of the permalloy squares seems to
be smaller for the curved film because the AFM tip fails to correctly
probe the height on the downward bending membrane.

brane partially compensates for the tension between the
specimens with a further deformation in the vicinity of the
samples. Considering the different length scales used in the
line scans displaying the variations in height as a function of
the position, it becomes clear that the curvature is very small,
of the order of about 10 nm over a distance of a micron. The
depth of the curvature for elements of the same size is of the
order of 2 nm, comparable to the average roughness.
Having demonstrated that the sample surfaces are curved,
and having set up a model according to which such a curva-
ture could give rise to the radial field components in a strong
perpendicular field, we shall now directly compare the mi-
cromagnetic simulations to the experimental results. It is evi-
dently crucial to consider the small curvature of the sample
surfaces in the simulation. This cannot be achieved with the
OOMMF package since it relies on a finite-difference formu-
lation of the micromagnetic equations. Due to the regular
discretization grid required in the finite-difference schemes, a
smooth, continuous variation of the thickness cannot be pre-
cisely modeled. We therefore used a more sophisticated code
based on the finite elements. The finite-element code Tetra-
Mag is the same code that was used, for example, in Ref. 47.
The finite-element mesh used in the simulation is shown
in Fig. 6. Note that in the figure the z axis is scaled by a
factor of ten compared to the x and y directions to better
illustrate the parabolic profile of the surface that was as-
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FIG. 6. Finite-element mesh used in the micromagnetic simula-
tions to study the effect of curved surfaces. To highlight the curva-
ture of the mesh, the dimensions in z direction are scaled with a
factor of ten with respect to the in-plane xy axes in this image. The
sample thickness is 19 nm while the edge length of the square is
1.85 pm.

sumed. A true to scale image would look nearly flat. The
paraboloidal shape was used as a simple approximation of
the curvature. The AFM studies reveal a variety of slightly
different curvatures, which correspond well with a parabo-
loid. The shape of the top surface is described by

z=— 1, (1)

where r and z are cylindrical coordinates, s is the difference
in height between the center and the edge of the square, and
a is the edge length. Hence, the difference in height between
the center and the corner of the square is 2s. The bottom
surface displays the same curvature. Hence, the thickness is
homogeneous throughout the sample.

A symmetric vortex structure was chosen as the initial
magnetic configuration in the simulation. A relaxation calcu-
lation (direct energy minimization using the conjugate-
gradient method) at zero field quickly yields the well-known
four-domain (Kittel-type) flux-closure domain structure [Fig.
7(a)]. A series of simulated magnetic equilibrium configura-
tions in the curved element in the presence of perpendicular
fields with various strengths is displayed in the top row of
Fig. 7. Below each image, the experimental Fresnel image
obtained at the corresponding field value is displayed. The
perfect agreement between the simulated and experimental
situations was obtained by carefully varying the value of the
curvature of the finite-element mesh and comparing the
simulated and the experimental results. The value of s in Eq.
(1), describing the curvature, is the only free parameter in the
simulations. The bending of the domain walls disappears
when the microstructures are assumed to be flat (s=0) in the
simulations. All simulation results shown in Fig. 7 have been
obtained with the same finite element mesh with one value of
s. We found the best agreement between the experiment and
the simulations with s=15nm (so that the edges are 15 nm
and the corners are about 30 nm above the center), which is
in almost perfect agreement with the line scans obtained by
the AFM. Hence, the finite-element micromagnetic simula-
tions can be used to obtain quantitative information on the
curvature of the surface.
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FIG. 7. (Color online) Comparison of the experiment (bottom
rows) and the simulation (top rows) for permalloy squares with an
edge length of 1.85 um and a thickness of 19 nm. The images show
the bending of the domain walls for different magnetic fields per-
pendicularly applied to the specimen. While the experimental
Fresnel images (bottom) show the domain walls, the images on top
show the simulated domain patterns with a grayscale coding related
to the in-plane magnetization component m, that is indicated by the
arrows in the first picture.

VI. DISKS

The domain structure in the curved square elements under
the influence of strong perpendicular fields is distorted be-
cause of the bending of the 90° domain walls. The Kittel
structure with four 90° domain walls can be considered as a
special case of a vortex structure, where the four domain
walls meet in one point in the center. A typical geometry in
which only the magnetic vortex states occur is disks. No
domain walls are contained in these perfectly symmetric
structures. Therefore, no changes in the in-plane magnetic
structure under the influence of perpendicular fields are de-
tectable with Lorentz microscopy in the Fresnel mode, even
if their surface is curved. However, the simulations indicate a
small and rather uniform in-plane rotation of the magnetic
structure, which is not visible in the Fresnel mode where
only domain walls can be imaged. Nevertheless, the curva-
ture has also an interesting effect in these geometries, which
becomes apparent under the influence of the small in-plane
magnetic fields. For square elements, both effects of the do-
main wall bending and the modified vortex displacement su-
perimpose. We experimentally investigated magnetic disks of
thickness =20 nm and diameter d ranging from 1.0 to
2.0 pum. The general quasistatic response of a vortex struc-
ture in a thin-film element to small external in-plane fields is
the displacement of the vortex perpendicular to the field di-
rection. By this displacement, the regions magnetized paral-
lel to the external field increase and the regions with antipar-
allel magnetization shrink. Depending on the field strength,
the equilibrium position of the magnetic vortex core moves
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FIG. 8. (Color online) The angle between the vortex core dis-
placement and the direction of the applied in-plane field depends on
the out-of-plane field for curved disks. For small out-of-plane fields,
the displacement is perpendicular to the in-plane field but it deviates
from this as the perpendicular field strength is increased. The inves-
tigated permalloy disks are 19*1 nm thick with a diameter of
1850 =20 nm. The insets show Fresnel images taken at an applied
in-plane field of 4 mT and out-of-plane field of 0.25 T.

from the center to the edge of the disk.3!*34° We studied how
this behavior is altered if, additionally, a strong perpendicular
magnetic field is applied. A small out-of-plane field does not
affect this displacement, which is then still perpendicular to
the applied in-plane field direction. Due to the small thick-
ness compared to the lateral dimensions, the out-of-plane
demagnetizing field is more than 0.9 T for the investigated
patterns. Hence, an out-of-plane field of about 50 to 100 mT
can be considered small, whereas in-plane fields of this order
already suffice to saturate the sample. The in-plane field re-
quired to shift the vortex core midway between the center
and the edge is about 9 mT for a disk with d=1 um. For
stronger perpendicular fields, however, we observed that the
displacement of the vortex core is no longer perpendicular to
the in-plane field direction in disks grown on unsupported
membranes. In these cases, the vortex is displaced by an
in-plane field toward an equilibrium position along a line that
encloses an angle a<<90° between the in-plane field. This
angle depends on the strength of the out-of-plane field, as
shown in Fig. 8. The sign of the angle depends on the circu-
lation direction of the magnetization. The experimental re-
sults could be well reproduced by simulations assuming
disks with a curved surface.

This further unexpected observation can equally be attrib-
uted to the radial in-plane component of the field occurring
in curved elements in the case of a strong perpendicular field.
As explained before, the quasistatic tendency of a vortex is
to move perpendicular to the (local) field. Following the ar-
guments described before, the vortex is shifted by the exter-
nal field into a region near the boundary where it experiences
a further in-plane component, i.e., the radial field resulting
from the curved surface. The effective in-plane field is there-
fore not aligned parallel to the external field in-plane but is
the vector sum of the radial and the external in-plane fields.
The vortex moves to an equilibrium position that is perpen-
dicular to the effective in-plane field, resulting in the behav-
ior shown in Fig. 8.
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VII. CONCLUSION

The presented experiments and simulations have revealed
a high sensitivity of micromagnetic configurations on the
curvature of the surface of patterned magnetic specimens. In
contrast to the numerous recent publications that investigated
the importance of deviations from a perfect geometry in two
dimensions, namely the specimen’s plane (i.e., edge
roughness,* flattened disks,’! rings,’?> and disks containing
one or more holes’>), this study demonstrated the effects
arising when the specimen is bent in the third, out-of-plane
direction. Obviously, the distortions of the micromagnetic
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configuration are non-negligible, especially for possible ap-
plications where one has to be certain that specific micro-
magnetic patterns are present. These features become appar-
ent when strong magnetic fields perpendicular to the
specimen’s plane are applied. One option for possible appli-
cations might be to ensure that the specimen is perfectly flat,
leaving the demonstrated effects ineffective. On the other
hand, the observed characteristic effects open possibilities in
controlling and manipulating magnetic domain structures in
a reversible, controlled fashion. This might become useful,
e.g., for sensor elements, since the size of the effects is
largely proportional to the strength of the external perpen-
dicular field.
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