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Boulevard du Maréchal Juin, 14050 Caen Cedex, France

7Sincrotrone Trieste, 34149 Basovizza-Trieste, Italy
8Swiss Light Source, Paul Scherrer Institut, 5232 Villigen PSI, Switzerland

9Max-Planck-Institut für Metallforschung, Heisenbergstrasse 3, 70569 Stuttgart, Germany
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We study the effect of magnetocrystalline anisotropy on the magnetic spin configurations of
La0.7Sr0.3MnO3 bar and triangle elements using direct photoemission electron microscopy imag-
ing. The dominant remanent state is a low energy flux-closure state for both thin (15 nm) and
thick (50 nm) elements. The magnetocrystalline anisotropy, which competes with the dipolar en-
ergy, strongly modifies the spin configuration in the thin elements depending on the shape, size and
orientation of the structures. We investigate the magnetic switching processes and observe in trian-
gular shaped elements a displacement of the vortex core along the easy axis for an external magnetic
field applied along the [100] direction, which is well reproduced by micromagnetic simulations.

I. INTRODUCTION

The colossal magnetoresistance (CMR) manganites are
a prototypical class of complex oxide materials, where the
strong electron interactions give rise to a large range of
physical behavior, including the CMR effect, metal to
insulator transitions, and magnetic and orbital order [1–
4]. Although studied for several decades now, the recent
advances in growth and nanoscale fabrication techniques
have allowed for the design and fabrication of new het-
erostructures where novel functionalities emerge as a con-
sequence of proximity effects or reduced dimensionality
[5, 6]. Examples are the recent demonstrations of a large
magnetoelectric coupling when a ferromagnetic mangan-
ite is interfaced with a ferroelectric layer [7–10] or the
coupling of a thin manganite film to the soft phonon
modes of SrTiO3(001), which induces large changes in
the electric and magnetic response of the system [11].

To use such magnetic materials in devices, the spin
structure needs to be controllable on the nanoscale.
Mainly, the element geometry is tailored to achieve the
desired spin structure. In particular, at reduced lateral
dimensions, the size confinement leads to a reduction in
the number of energetically favorable states, as a conse-
quence of the fine interplay between the governing mi-
cromagnetic energy terms [12, 13]. Confined spin struc-
tures that have raised significant interest in recent years
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include domain walls and vortices, since they constitute
the smallest magnetic spin structure in soft magnetic ma-
terials [14]. Also simple physical geometries tend to favor
simple magnetic states, such as the vortex state in discs
or the Landau state in squares, which combine domain
walls and vortices and have been observed in small metal-
lic ferromagnetic elements [14, 15]. It has been shown re-
cently that, despite the complexity inherent to the doped
manganites, La0.7Sr0.3MnO3 elements are characterized
by simple magnetic states, which are topologically com-
patible with the shape of the element, showing that the
magnetic state can be tailored by suitable choice of the
geometry [16, 17].

Apart from the geometrical shape, an additional de-
gree of freedom to manipulate the spin structure is the
magnetic anisotropy. For instance, magnetocrystalline
anisotropy has been shown to strongly modify the spin
structure in metallic ferromagnetic elements [13]. While
the influence of the magnetic anisotropies have been
studied in metallic structures, the role of the magnetic
anisotropy in oxide nanostructures has been studied in
much less detail. However, with the prospect of ex-
ploring doped manganites for device applications includ-
ing nanostructures or for the investigation of phenom-
ena appearing at reduced dimensions, special considera-
tion needs to be given to this physical parameter, since
one needs to ascertain its influence on the local spin
configuration of the system. Of particular importance
in determining the strength of the magnetic anisotropy
are the roles of the epitaxial strain in single crystalline
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FIG. 1. Magnetic hysteresis loops of a continuous 15 nm thick
LSMO film measured by SQUID magnetometry with the field
applied along orthogonal <100> azimuths. The change of
the coercive field and remanent magnetization points to the
presence of a uniaxial anisotropy with the easy axis along the
[010] direction.

structures [18–20], of the surface morphology, includ-
ing atomic steps [21, 22], and of the film orientation
with respect to the crystallographic axes [23]. For ex-
ample, La0.7Sr0.3MnO3 films grown under tensile strain
on SrTiO3(001) are magnetized in-plane, while out-of-
plane magnetization is favored when grown under com-
pressive strain on LaAlO3(001) surfaces [19, 20]. How-
ever, while the role of the magnetic anisotropy has been
studied in continuous films, information on the influence
of anisotropies on nanoscale spin structures and rever-
sal processes in manganite nanostructures with the most
relevant geometries still needs to be obtained in detail.

In this work, we report the results of a study aimed
at elucidating the role of the magnetic anisotropy on the
magnetic spin configuration of La0.7Sr0.3MnO3 (LSMO)
elements using X-ray magnetic circular dichroism pho-
toemission electron microscopy (XMCD-PEEM). In par-
ticular we use triangular geometries that are not com-
mensurate with the magnetocrystalline anisotropy sym-
metry to enhance its effect on the spin structure and
on the vortex core. We find that, although comparably
weak, a step-induced magnetic anisotropy present in the
thin LSMO films gives rise to conspicuous features in the
magnetic states of thin La0.7Sr0.3MnO3/SrTiO3(001) el-
ements. Beyond the equilibrium spin structures, we have
studied also the switching process in triangles by directly
imaging the magnetic state under an applied magnetic
field, allowing us to obtain a detailed picture of the mag-
netic reversal process, which takes place by domain wall
and vortex core displacements and annihilation.

II. SAMPLE GROWTH AND
CHARACTERIZATION

The LSMO films were deposited by pulsed laser de-
position from a stoichiometric target onto SrTiO3(001)

(STO) single crystal substrates. Superconducting quan-
tum interference device (SQUID) magnetometry shows
an in-plane magnetization with a Curie temperature (Tc)
of about 340 K [17]. Due to the high temperature re-
quired for LSMO film growth, ordinary lift-off techniques,
e.g. with PMMA, cannot be applied. Therefore for this
work, the LSMO films were patterned using a focused
ion beam (FIB) [17]. In this technique, the Ga ions
implanted in the LSMO cause local structural changes
forming non-magnetic areas. This effect is used to write
non-ferromagnetic lines that delineate and define the el-
ements.

To determine the effective magnetocrystalline
anisotropy, SQUID magnetometry measurements on
a 15 nm thick film were performed along orthogonal
directions ([100] and [010]) as shown in Fig. 1. It is
expected that LSMO has a fourfold magnetocrystalline
anisotropy. However, one direction dominates showing
the presence of a uniaxial magnetocrystalline anisotropy
contribution, which we attribute to step edges [24]. The
measurement along the [100] direction shows a larger
coercive field and lower remanent magnetization than the
[010] direction. The sharper switching along [010] versus
[100] is an indication for the existence of a magnetic easy
axis oriented close to the [010] direction. Micromagnetic
simulations for the study of a triangular structure in
applied fields (see Fig. 5) showed best agreement for
an orientation of the magnetic easy axis approximately
27o to the [010] direction. Therefore, we assume the
magnetic easy axis to be oriented approximately 27o f
the [010] direction.

XMCD-PEEM imaging was used to map the magnetic
configuration of the elements. In this technique, the lo-
cal difference in light absorption at resonance for left and
right circularly polarized light is probed. The contrast
depends on the relative orientation of the magnetization
and the X-ray polarization, being maximum for parallel
and minimum for anti-parallel alignment. The grazing
angle of incidence of the photon beam leads to a high
sensitivity of the in-plane component of the magnetiza-
tion. The images presented here were taken at room
temperature at the Mn L2 edge, at which higher inten-
sity is obtained than at the L3 edge. XMCD is an ele-
ment specific effect and ideally suited to investigate the
spin configuration of magnetic specimen, since it allows
studies without interaction between sample and prob-
ing tool. For our measurements, a sample holder con-
taining a Cu coil was used, which allowed in situ appli-
cation of magnetic fields at the sample position during
imaging. Distortions were corrected with the microscope
lenses. The experiments were performed at the PEEM
endstation of the SIM beamline at the Swiss Light Source
and at the Nanospectroscopy beamline at the Elettra-
Sincrotrone Trieste. Both microscopes provide spatial
resolutions down to 30 nm.

For the 2D micromagnetic simulations, the OOMMF
package [25] was used. From the SQUID data, we ob-
tain a saturation magnetization Ms = 200 kA/m at
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room temperature and a saturation field of about 2 mT,
from which we estimate a uniaxial anisotropy of the or-
der of 170 J/m3; the exchange constant used is A =
1.5 × 10−12 J/m and the in-plane cell size used is 5 nm.
Despite slight discrepancies between simulation and ex-
periment, the good agreement allows a qualitative pre-
diction of magnetic states in LSMO elements by micro-
magnetic simulations.

III. EFFECT OF THE
MAGNETOCRYSTALLINE ANISOTROPY ON

THE MAGNETIC STATE

The shape of the patterned elements was chosen to al-
low for the investigation of the effect of the shape and
effective magnetocrystalline anisotropy on the magnetic
state and to determine the domain and domain wall con-
figurations in LSMO thin film structures. The patterns
used consist of basic shapes (triangles, squares and rect-
angles), which are varied in size and include rotated el-
ements (by 45o and 90o) to study the effect of chang-
ing the orientation of the elements with respect to the
anisotropy axes on the magnetic configuration. Triangles
with one edge aligned close to the magnetic easy axis are
expected to have a distorted Landau state, while in bar
elements the magnetic configuration should depend on
the balance between the effective magnetocrystalline and
shape anisotropy, since the spins preferably align along
the magnetic easy axis.

A. Square and Rectangular Elements

The influence of the uniaxial anisotropy on the spin
configuration is investigated in bar elements of differ-
ent sizes and thicknesses. The XMCD-PEEM images
in Fig. 2 show representative flux-closure Landau states
after initial saturation of the sample (along the direc-
tions indicated). While ideal Landau states prevail in
the 50 nm thick squares [Fig. 2(b)], the 15 nm thin struc-
tures [Fig. 2(a)] show that the effective magnetocrys-
talline anisotropy leads to a Landau state that is asym-
metric with the domains in which the spins point par-
allel to the [010] direction being larger. This is even
the case in smaller elements, despite the fact that the
shape anisotropy plays a more pronounced role. These
differences between the magnetic state of the 15 nm thin
and the 50 nm thick squares reflect the importance of
the step-induced anisotropy for the resulting spin struc-
ture. In Fig. 2(c) XMCD-PEEM images of 15 nm thin
rectangular elements are presented. They exhibit flux-
closure states, but here the influence of the effective mag-
netocrystalline anisotropy is very conspicuous. An initial
magnetic field along the short edge of the rectangle fa-
vors the formation of diamond states [26]. In the rectan-
gles rotated by 90o, a strongly distorted flux-closure four
domain state is observed, including the displacement of

the vortex cores and antivortices from the expected po-
sition, and a larger size of the domains pointing closer to
the easy axis. In contrast, the 50 nm thick rectangular
structures show well-shaped Landau states without dis-
tinct distortions suggesting that the role of the effective
magnetocrystalline anisotropy decreases with film thick-
ness [Fig. 2(d)]. This is a consequence of the fact that the
magnetostatic energy, which scales with the square of the
thickness for in-plane magnetized elements, dominates at
larger thicknesses over the magnetocrystalline anisotropy
energy, which increases only linearly with the thickness
of the element. The observed magnetic states are similar
to those found in 3d transition ferromagnetic elements
[14, 27, 28], showing that optimally doped LSMO ele-
ments follow similar micromagnetic energetics as the 3d
metallic counterparts. This is surprising, given the pres-
ence of epitaxial strain and the tendency of these complex
oxides to exhibit competing electronic phases [1–4].

In elements with edges that make an angle of 45o with
respect to the sample edges a similar offset of the vor-
tex core is observed in many elements. In general, the
domain configurations of rotated elements (Fig. 3) are
more complex than those of the unrotated ones (Fig. 2).
The domain states, presented in Fig. 3, are remanent
states after the sample was cooled down from a tem-
perature above Tc, which leads to a random initial state.
Such complex domain configurations can be stabilized by
pinning sites and/or edge roughness. Additionally, they
might also be stabilized by the intricate spin structure,
i.e., by the interplay between small vortices in the corners
of the element and the center vortex. The edge vortices
might be stable in this material because of the smaller
exchange constant, as well as a uniaxial anisotropy, com-
pared to common 3d ferromagnetic metals.

In Fig. 3(a), a non-centered vortex core in a 2.2µm
large square element is visible in a flux-closure state.
The existence of a flux-closure spin structure is primar-
ily determined by the dimension of the element and the
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FIG. 2. Domain states in 15 nm and 50 nm thick LSMO bar
elements. On the left, square elements of different thicknesses
are compared. For the 15 nm thin structures in (a) the Lan-
dau state is distorted due to the effective magnetocrystalline
anisotropy, whereas non-distorted Landau states are present
in the 50 nm thick squares (b). (c) shows rectangular struc-
tures of 15 nm thickness. Note the different direction of the
initial saturation field in the top and bottom panels. The
Landau states of the 50 nm thick rectangles in (d) exhibit
effective magnetocrystalline anisotropy-induced distortion.
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FIG. 3. Examples of XMCD-PEEM images of complex do-
main structures in 15 nm (a-c) and 50 nm (d) thick, rotated
LSMO square elements. In (a), the vortex core is off-center,
which we relate to the formation of a small vortex in the ad-
jacent corner (highlighted by a circle). (b) shows a triple vor-
tex configuration in the left hand corner; in (c) and (d) there
are two vortex cores in opposite corners (left and right-most
corners) minimizing the stray field energy at these positions.
Note that the contrast in (a-c) is sensitive to the magneti-
zation along the horizontal direction, while it is sensitive to
the vertical direction in (d). The arrows indicate the vortex
chirality.

material parameters, but also depends on the field and
thermal history of the element. In this image, one can
see a small second vortex in the right corner (marked
by a circle) with a chirality opposite to that of the large
vortex in the center. The existence of the small vortex
stabilizes the off-center position of the center vortex. The
chirality can be determined from the position of the black
and white domains. In Fig. 3(b) a 3.3µm sized square
is depicted. A more complex, stable triple vortex state
including an antivortex is observed, demonstrating the
reduced influence of the shape anisotropy. Two XMCD
images of 3.7µm elements with different thicknesses are
presented in Fig. 3(c) and (d), showing two small vortices
that are placed at two diagonally opposite corners. The
magnetic easy axis forces the spins to be aligned near the
[010] axis and only in the two corners on the left and right
hand side the stray field energy can be reduced by the
formation of a vortex. Although the elements have differ-
ent material thicknesses, 15 nm and 50 nm, respectively,
the behavior is similar.

B. Triangular Elements

In order to further elucidate the role of the uni-
axial anisotropy and the element orientation, we pat-
terned equilateral triangles with edge lengths varying
from 1.6µm to 3.5µm in a 15 nm thick LSMO film. This
geometry allows us to align one edge close to the mag-
netic easy axis, while the other two edges point at an-
gles that correspond neither to an easy nor to a hard
axis. The spin configuration of a flux-closure Landau
state in such a triangle depends on the orientation of the
element with respect to the crystal axes. Representative
XMCD images of triangles of different sizes are presented
in the top part of Fig. 4. The domains with magnetiza-
tion aligned closer to the easy axis ([010]-direction) are
dominant, pushing the vortex core to the right (relative
to the center). This behavior can also be seen in the cor-
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FIG. 4. Top: XMCD images of 15 nm thin equilateral LSMO
triangles. The magnetic easy axis points in the [010] direc-
tion and forces the vortices to be displaced along the hard
axis ([100] direction). Bottom: Corresponding micromagnetic
simulations.

responding micromagnetic simulations (bottom part of
Fig. 4). The relative position of the vortex core depends
therefore on the size of the element: the larger the ele-
ment, the greater is the relative vortex core displacement.

IV. INFLUENCE OF MAGNETIC FIELDS ON
THE SPIN CONFIGURATION IN TRIANGULAR

ELEMENTS

On application of an external magnetic field, the Zee-
man energy leads to changes in the magnetic state. To in-
vestigate the influence of the effective magnetocrystalline
anisotropy during this process, XMCD-PEEM images of
triangles were taken in the presence of an external mag-
netic field. Fig. 5 illustrates a series of XMCD-PEEM
images that were taken during a field cycle on an equi-
lateral triangle of 2µm edge length and 15 nm thickness
from remanence to saturation. Prior to the experiment,
the sample was saturated with an external field of 50 mT.
The initial magnetic state for the measurement of the
positive branch of the hysteresis is a flux-closure Landau
state with the vortex core slightly off-center. Increas-
ing the external field along the [100] direction pushes
the vortex core out of the center along the direction of
the magnetic easy axis towards the bottom edge of the
triangle (0.32 mT to 0.58 mT) due to the expansion of
the domain with spins parallel to the external field. At
0.71 mT the vortex core is expelled, and a clear differ-
ence in contrast can be observed between the right and
left part of the triangle, which corresponds to a domain
wall. Further increasing the field moves the domain wall
leftwards until saturation occurs at around 1.6 mT. The
same behavior was observed for the negative branch of
the hysteresis loop. OOMMF simulations were carried
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FIG. 5. Field cycle of a 2µm sized equilateral LSMO trian-
gle of 15 nm thickness. Top: XMCD-PEEM images, bottom:
corresponding micromagnetic simulations.

out to compare the states found experimentally with the
theoretically predicted ones. A relatively good agree-
ment is observed for a magnetic easy axis direction at
27o from the [010] direction, although in the simulations
the vortex is displaced along the height of the triangle.
Moreover, the element magnetization does not saturate
in the simulation. However, the movement of the domain
wall towards the left (0.71 mT to 1.61 mT) can be repro-
duced. These discrepancies can be explained by thermal
excitations: the PEEM images are taken at room tem-
perature, which corresponds to almost 90% Tc, whereas
the OOMMF simulations do not take temperature into
account other then through the use of room temperature
values for the magnetic parameters. Despite these slight
discrepancies, the qualitative agreement between exper-
iment and simulations is good, showing that the mag-
netic behaviour of LSMO elements can be predicted and
reproduced by micromagnetic simulations, which bodes
well for engineering spin structures in this material for
applications.

V. CONCLUSIONS

Despite being a complex oxide, LSMO is well-suited
for a large variety of applications, such as spin torque de-
vices or magnetic tunnel junctions, since it offers a very
high degree of polarization together with a magnetic state
that can be controlled by the film thickness and effective
magnetocrystalline anisotropy. Additionally, the mag-
netic state is easily reproducible and does not strongly
depend on pinning. The patterning method presented
here allows structuring without significantly modifying
the magnetic properties.

The role of the effective magnetocrystalline anisotropy
on the magnetic spin configuration of LSMO bar and tri-
angular elements was studied using photoemission elec-
tron microscopy. We found that the dominant rema-
nent state is a low energy flux-closure state for both thin
(15 nm) and thick (50 nm) elements. The step-induced
magnetic anisotropy, which competes with the dipolar
energy, strongly modifies the spin configuration in the
thin elements. The magnetic switching process in squares
(not shown) and triangular shaped elements has also been
investigated. For the latter we find a distortion of the
vortex state with the vortex core moving along a direc-
tion close to the magnetic easy axis while the external
magnetic field was increased along a direction close to
the hard axis. The good agreement between experiment
and simulation shows that the magnetic configuration of
LSMO elements can be well predicted by micromagnetic
simulations.
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