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We investigate the interplay between the governing magnetic energy terms in patterned
Lag7S1o3MnO3; (LSMO) elements by direct high-resolution x-ray magnetic microscopy as a
function of temperature and geometrical parameters. We show that the magnetic configurations
evolve from multidomain to flux-closure states (favored by the shape anisotropy) with decreasing
element size, with a thickness-dependent crossover at the micrometer scale. The flux-closure states
are stable against thermal excitations up to near the Curie temperature. Our results demonstrate
control of the spin state in LSMO elements by judicious choice of the geometry, which is key for

spintronics applications requiring high spin-polarizations and robust magnetic states.

Half-metals are characterized by one semiconducting
and one metallic spin band, rendering the conduction elec-
trons fully spin-polarized at the Fermi level. This property
makes this class of materials ideally suited for applications
such as spin-injectors for spintronics devices and magnetic
random access memory elements based on the tunnel magne-
toresistance effect.! The optimally doped Lag7Srg3MnO;
(LSMO) is a half-metal with a measured spin polarization of
nearly 100%,” and a critical temperature T, ~ 370 K,* mak-
ing it a good candidate for room temperature device applica-
tions.*” LSMO belongs to a class of compounds known as
the “colossal” magnetoresistance (CMR) manganites, which
are characterized by a rich electronic behavior as a function
of chemical doping, strain, and magnetic and electric fields.
This sensitivity to external parameters makes the CMR man-
ganites particularly suited for studying a wide range of phys-
ical phenomena, including the role of charge carrier density
on the spin configuration in multiferroic heterostructures®’
and on the metal to insulator tlransition,8 and the role of strain
on the equilibrium magnetic state.” The study of static and
dynamic properties of domains and in particular of domain
walls in this class of materials is also of interest for applica-
tions in mass storage concepts based on domain walls,'*!!
while the high spin polarization P together with low satura-
tion magnetization M, at temperatures near 7. promise a
high spin-torque efficiency for current-induced domain wall
motion (which scales as P/MS).12 For the realization of
experiments and applications based on single domains or do-
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main walls, one needs a suitable system with controllable do-
main states. This is best accomplished in systems with low
magnetocrystalline anisotropies, where the spin configura-
tion can be controlled by shape anisotropy. However, so far,
high spin polarization materials such as Fe;O, and CrO,
have shown spin structures that are strongly dominated by
magnetocrystalline anisotropies,'>'* which makes them
unsuitable for many devices. In this letter, we study the evo-
lution of the magnetic states of highly spin polarized LSMO
thin film elements as a function of size, shape, thickness, and
temperature to show that, for sufficiently small elements, the
equilibrium states consist of flux closure states, which are
stable up to T,.. Well defined domain walls arise in confined
structures, demonstrating that the spin structure can be tailored
by the element geometry, making it an ideal candidate for
spintronic applications, such as spin-torque based devices.
The LSMO films (15 nm and 50 nm in thickness) were
deposited by pulsed laser deposition from a stoichiometric
target onto SrTiO;3 (001) single crystal substrates. The laser
radiation energy of the KrF excimer laser (248 nm) was 220
mlJ at a repetition rate of 3 Hz. The oxygen pressure was
0.35 mbar and the substrate temperature was held at 720°C
during growth. These parameter values were found to be
optimal for producing single-crystalline films with smooth
surfaces as judged by x-ray diffraction (XRD) and atomic
force microscopy (AFM). The XRD results confirm that the
LSMO films are [001]-oriented, while superconducting
quantum interference device (SQUID) magnetometry shows
that the magnetization is in-plane, with a Curie temperature
of about 340 K (see Fig. 2), typical for good quality films of
this composition. The micro- and nano-patterning was car-
ried out with focused ion beam (FIB) lithography, where a
focused Ga ion beam induces local structural changes and



Ga implantation, driving the LSMO to a non-magnetic state.
This effect is used to pattern microscopic structures, by writing
non-ferromagnetic lines to define the borders of the element.

X-ray circular magnetic dichroism (XMCD) imaging
was performed in order to study the (in-plane) spin configu-
ration of patterned LSMO thin films. Two methods are used,
both based on the absorption of circularly polarized photons
at the Mn Ls-edge: (1) scanning total electron yield micros-
copy, where a focused x-ray beam generates photoelectrons
that are counted for each scanned position, a newly devel-
oped technique'® which is well suited for imaging small
regions with a high resolution; (2) photoemission electron
microscopy (PEEM),'® used to image larger areas of the pat-
terned film. The spatial resolution of both techniques is of
the order of 30 nm. XMCD images were taken on different
element geometries for 15 nm and 50 nm thick LSMO films,
after magnetizing the samples with a strong initial magnetic
field By,;; of ~1 kG.

The evolution of the magnetic state as a function of ele-
ment size shows a transition from a multidomain state to
simpler, shape anisotropy-dominated, magnetic states with
decreasing lateral dimension. This is illustrated in Fig. 1 for
square and rectangle elements (and in Fig. 3(b) for disc ele-
ments). The larger elements have a domain configuration
similar to a high moment C-state, but with domains not uni-
formly magnetized (with ripple contrast) separated by irregu-
lar domains walls, which we associate with local pinning of
the magnetization that may help stabilize these high mag-
netic moment configurations. For lateral dimensions below
about 2 um and 4 um for the 15 nm and 50 nm thick LSMO
films, respectively, the magnetic states fall into well-defined
shape anisotropy-dominated flux closure states, with uni-
formly magnetized domains and sharp domain walls, similar
to those found in NiFe and Co non-oxide materials.'” This
shows that, at sufficiently small sizes, the magnetostatic
energy dominates the micromagnetic configuration of the
system and, in particular, that the strength of the pinning
sites is smaller than the magnetostatic energy. The fact that
the epitaxial LSMO thin films are magnetically soft down to
the submicrometer scale is an unexpected result given the
presence of epitaxial strain, which tends to introduce strong
pinning, and the tendency of these complex oxides to phase
segregate.18 This magnetically soft behavior is a key prereq-
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FIG. 1. XMCD images of patterned LSMO microstructures, (a) 15 and (b)
50 nm in thickness (300 K). The paramagnetic border delineating the ele-
ments appears as gray (the borders of the magnetic elements are indicated
by dashed lines).
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FIG. 2. (Color online) Scaled XMCD contrast vs temperature for a 50 nm
LSMO square element, 3.3 um size (full squares for heating and empty
squares for cooling) and SQUID magnetometry measurements (circles),
used to calibrate the temperature scale for the XMCD data. The inset shows
XMCD images of the domain states at (1) 308 K, (2) 335 K, (3) 349 K, and
(4) 331 K in the cooling cycle.

uisite for use in devices and opens the way for the implemen-
tation of high spin-polarized materials. While in epitaxial 3d
metals, the magnetocrystalline anisotropy and pinning often
dominate, here we find a soft magnetic behavior reminiscent
of the softer polycrystalline 3d metal structures, but in an
epitaxial high spin polarization material. For the smallest
elements (300 nm x 500 nm rectangles), a transition to
quasi-uniform states is observed for the 15 nm LSMO ele-
ments indicating that, at this thickness, the exchange energy
cost associated with the presence of domain walls becomes
larger than the magnetostatic energy.

For the 15 nm thick LSMO elements, the Landau states
shown in Fig. 1(a) are found to be slightly distorted, with
[100]-oriented domains larger than [010] domains. This is
interpreted as arising from the presence of a small uniaxial
anisotropy contribution, which sets a preferred orientation of
the magnetization (confirmed by SQUID magnetometry).
The influence of the uniaxial anisotropy can also be seen in
the 50 nm thick sample, where the anisotropy slightly favors
[100] domains in the flux closure pattern. AFM data of
LSMO films grown on SrTiO5; show the existence of steps,
which are expected to induce a magnetic uniaxial anisot-
ropy.'?! The step density in our films is low compared to

FIG. 3. XMCD images of LSMO rings and discs after saturation (300 K).
(a) XMCD-TEY image of a 15 nm LSMO/STO ring, 620 nm in width, and
of a 1.2 um diameter disc in the center. An onion state is present in the ring,
with vortex walls separating the two domains. The central disc is in the vor-
tex state. (b) XMCD image of 50 nm LSMO ring and disc elements. (To
guide the eye, the nonmagnetic area is grayed out.)



the films investigated in Refs. 19-21, resulting in a small ani-
sotropy contribution and explaining the dominant role of the
shape anisotropy in our elements. The tuning of the magnetic
anisotropy by appropriately engineering the substrate is then
an additional degree of freedom that can be used to control
the magnetic state. 0%

The thermal stability of the magnetic states was studied
by imaging the magnetic states as function of temperature
to above T.. The result of one such measurement for a Lan-
dau state in a 50 nm thick LSMO square element is shown
in Fig. 2. In order to confirm that the lack of XMCD con-
trast at high temperature corresponds to a non-magnetic
state, we compare the XMCD contrast with the results of
SQUID magnetization measurements, confirming that for
temperatures above 340 K the system is in a paramagnetic
state. This rules out limitations in spatial or temporal reso-
lution as the reason behind the lack of magnetic contrast in
PEEM. The images in Fig. 2 show that the Landau state
persists up to ~340 K, and is recovered upon cooling from
above T,, demonstrating that the low energy states are ther-
mally stable up temperatures close to T.. Such temperature
stability is necessary for spin torque experiments that entail
Joule heating. Multidomain states, on the other hand, tend
to change with increasing temperature and are not repro-
duced upon cooling.

Ring elements were used as prototypical structures for
the study of domain walls*? in confined LSMO structures. In
Fig. 3, we present magnetic images of ring elements with
widths in the range from 0.2-2.2 um. One finds that the rings
are in the so-called “onion” state, corresponding to the pres-
ence of two domains in a ring, separated by two domain
walls. A scanning total electron yield XMCD image of a 15
nm thick LSMO ring, 650 nm in width, is shown in Fig. 3(a).
For this particular ring dimension, vortex domain walls
(short black and white arrows) separate the two domains of
the onion state (long black arrows). Fig. 3(b) shows ring ele-
ments with widths ranging from 600 nm (II) up to 2.2 um
(III) for the 50 nm thick LSMO film; the rings favor the for-
mation of vortex walls, although double vortex walls are also
observed, as in Fig. 3(b) (IV) (domain wall to the right).
These results demonstrate that by tuning the size and geome-
try of the element, it is possible to control the type of domain
wall present in a confined geometry. The magnetic configu-
rations found in our structures can be reproduced well by
micromagnetic simulations,** showing that the spin structure
in LSMO can be controlled by a suitable choice of the ele-
ment geometry and that the relevant spin structures, such as
well-defined domain walls, can be selectively positioned and
controlled in this material, which is a key step to using this
material in a device. These results indicate that LSMO fol-
lows similar micromagnetic energetics as 3d ferromagnetic
elements'”** and have the advantage of not only having
well-controlled spin structures but also the high spin polar-
ization of a half-metal.

In summary, we have determined the dimensional cross-
over from multidomain to shape-defined magnetic states in

highly spin-polarized LSMO structures. Weak pinning and
low magnetic anisotropies give rise to highly symmetric
states that are determined by the shape anisotropy. In partic-
ular, we show that the well defined domain walls are gener-
ated in spatially confined geometries such as rings, whose
character can be controlled by varying the width of the ele-
ment. In addition, we demonstrate that the low energy states
are robust against thermal excitation up to the critical tem-
perature. These results show that LSMO is a promising can-
didate for both the study of fundamental domain wall
phenomena in highly spin polarized materials and for device
applications, where robust and well determined spin configu-
rations are key.
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