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Mixed-valance manganites with strong electron correlation exhibit strong potential for spintronics,
where emergent magnetic behaviors, such as propagation of high-frequency spin waves and giant topo-
logical Hall Effects can be driven by their mesoscale spin textures. Here, we create magnetic vortex clus-
ters with flux closure spin configurations in single-crystal Lagg;Sro33MnOs; wire. A distinctive

transformation from out-of-plane domains to a vortex state is directly visualized using magnetic force
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microscopy at 4 K in wires when the width is below 1.0 pm. The phase-field modeling indicates that
the inhomogeneous strain, accompanying with shape anisotropy, plays a key role for stabilizing the
flux-closure spin structure. This work offers a new perspective for understanding and manipulating
the non-trivial spin textures in strongly correlated systems.

© 2019 Science China Press. Published by Elsevier B.V. and Science China Press. All rights reserved.

1. Introduction

Topologically stabilized magnetic spin structures at the nanos-
cale, including domain walls [1,2], vortices [3,4] and skyrmions
[5-9], have recently received much attention where structure
and dynamics of sub-micrometer magnetic domains are the main
factors determining the physical properties and applications. In
magnetic materials, due to the competition between different
energy contributions such as magnetocrystalline anisotropy, mag-
netoelastic coupling, or dipole interactions, there naturally exist
nanoscale non-linear spin textures such as magnetic domain walls,
magnetic vortex and magnetic skyrmions [10-13]. Among them,
the vortex is a typical and well-known magnetic domain structure
in dimensionally confined structures with a symmetry determined
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by its polarity and chirality [3,14,15]. Because of its stability at the
nanoscale [15] and its robust control on nanosecond timescales
[16], the magnetic vortex can be a promising candidate for next-
generation magnetic data-storage devices. So far vortices have
been primarily studied in conventional 3d magnetic metals.

More exciting materials include strongly correlated electron
systems, where manganites attract broad interest due to the dis-
covery of colossal magneto resistance [17,18]. Many interesting
phenomena were found to be associated with the tuning of
magnetic structures, such as the magnetoresistance [19], domain-
wall motion twisted by biased tip [20], the high-frequency spin-
wave propagation [21], etc. Recently, a giant topological hall effect
stemming from non-trivial spin textures was discovered in a man-
ganite [22], confirming the important role of the electronic correla-
tion in the topological properties. Spin structures in manganites are
sensitive to various external stimuli such as strain [23], size [24],
electric/magnetic fields [25], etc., making them a model system to
study generation and manipulation of the non-trivial spin textures.
However, magnetic vortices were only usually observed in spatially
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confined nanostructures with a high symmetry such as the square-
shaped, triangle-shaped, and disc-shaped nano-islands [3,4,15], and
the shape-induced magnetic anisotropy is assumed to be the domi-
nant mechanism for the formation of the magnetic vortex [3]. More-
over, the magnetic vortex in those isolated devices will limit the
study on their dynamic interaction at mesoscales and so far the
properties of close packed assemblies of vortices have not been
studied.

Here, we report on generation of magnetic vortex clusters in
one-dimensional Lag g7Srg33Mn03 (LSMO) wires, wherein the mag-
netic vortex clusters are directly observed using variable-
temperature magnetic force microscopy (VT-MFM) as well as mag-
netoresistance measurements. To identify the origin of the stability
of these clusters, we carried out phase-field modeling. We find that
the vortex states in this one-dimensional manganite originate from
the inhomogeneous strain coupled with its shape anisotropy,
where a strain-mediated phase diagram was revealed.

2. Experiments

The LSMO wires were fabricated from the epitaxially grown
LSMO thin film by electron beam lithography (EBL) (JEOL
JBX6300FS) with Ar* etching. The epitaxial LSMO thin films with
thickness of 100 nm were grown on (0 0 1) oriented LaAlOs
(LAO) substrate by pulsed laser deposition (PLD) [26] (see Fig. S1
online). To study the size dependent effect on the magnetic struc-
ture, the LSMO wires were patterned into rectangular shapes with
a length of 100 pm and different widths of 0.5 and 1.0 pm. The
structural, macroscopic magnetic and electrical properties of the
samples were characterized by X-ray diffraction (XRD), high-
angle annular dark-field (HAADF) scanning tunneling electron
microscopy (STEM), superconducting quantum interference device
(SQUID) magnetometry, and Quantum design physical property
measurement system (PPMS), respectively. The local magnetic
images were obtained in VI-MFM [27,28]. To understand the for-
mation of the magnetic spin structures, the influences of size and
strain on the magnetic structure were investigated by a phase field
model [29].

3. Results and discussion

Before patterning the LSMO wires, the quality and various phys-
ical properties of epitaxial LSMO thin film grown on LAO were
characterized. The XRD spectrum of the LSMO film is shown in
Fig. S1a (online), revealing high quality epitaxial/impurity-free
growth of thin film. XRD also shows an elongation of out-of-
plane lattice constant, which suggests the biaxial compressive
strain on the film, triggered by the lattice mismatch between the
LSMO and LAO (LSMO, cubic, 3.88 A; LAO, cubic, 3.79 A) [26,30].
Quality of thin film was further supported by HAADF-STEM image
which shows the sharp interface between LSMO film and LAO sub-
strate and defect- & impurity-free epitaxial growth of LSMO thin
film on LAO substrate (Fig. S1c online). Furthermore, energy dis-
persive X-ray (EDX) spectroscopy images for LSMO/LAO thin film
were recorded. Lanthanum, Oxygen, Manganese, Aluminum and
Strontium are detected and highlighted by different colors which
also supports impurity free growth of LSMO thin film (Fig. S2
online). The magnetic and resistive measurements show that the
LSMO thin film exhibits a ferromagnetic metallic (FMM) behavior
with a Curie temperature above 350 K (Fig. S4a online). Further-
more, the perpendicular magnetic anisotropy of the LSMO can be
confirmed by analyzing the in-plane and out-of-plane field depen-
dent magnetization (M-H) curves with a correction of the demag-
netization effect (Fig. S4c and d online). All above mentioned

physical properties of the LSMO films are consistent with previous
reports [26].

It is well accepted that the magnetoelastic effect associated with
substrate induced compressive strain gives rise to the occurrence of
the perpendicular magnetic anisotropy [20,26]. According to the M-
H curves, the effective magnetic anisotropy constant (K.¢) can be
calculated [31]. The result shows an increase of K.¢ when tempera-
ture decreases, similar to the dependence of saturation magnetiza-
tion (Ms) on temperature (Fig. S4b online), indicating the
enhancement of the magnetoelastic energy at low temperature.
At 300 K, magnetic domains of LSMO are mobile, quickly settling
into a labyrinthine-like pattern, but at 4 K, they enter into a ran-
domly distributed state (see the MFM image in Fig. 1a and b respec-
tively), which can be well reproduced using phase field modeling
(Fig. S5 online). According to the modeling, the random distributed
magnetic domain is due to the larger Ms and K¢ at low tempera-
ture. Fig. 1c shows MFM images for magnetization reversal process
at 4 K, from fully upward saturated magnetization state to ran-
domly distributed magnetic domain state at remanence. For exter-
nal magnetic fields H > 0.7 T, no red regions are visible in the MFM
images, indicating the system is fully saturated (single domain
state). The red bubble observed is resulting from the impurity or
particle on thin film surface. At 0.5 T, domains with downwards
magnetization starts to nucleate, represented by light red regions.
As the field further decreases, the down domains expand and the
up domains shrink. In the absence of external magnetic field, almost
equally populated up and down domains were formed, confirming
the demagnetization state. The FM domain behavior is in excellent
agreement with the M-H curve (Fig. 1d), suggesting the local obser-
vation is representative of the magnetic behavior of the entire film.
Inset of Fig. 1d shows a comparison of the M-H curves of LSMO thin
film taken at different temperatures.

The domain configuration of a magnetic material is determined
by the balance of the anisotropy energies such as magnetocrys-
talline, magnetoelastic, shape-induced anisotropy, etc. Therein,
strain and geometric size of the material are the two critical fac-
tors. By using the method described above, we successfully
obtained and analyzed LSMO wires with different widths. 2D finite
element analysis was employed to model the strain distribution in
cross section of the LSMO wires, to understand the evolution of the
magnetic structure. Compressive strain is applied at the bottom
interface of the specimens to describe the misfit strain from sub-
strate. The magnitude of the in-plane compressive strain is set at
-2.37%, which was obtained from the XRD results. Fig. 2a shows
the cross-sectional strain distributions of LSMO wires with the
widths of 0.5, 1.0 and 2.0 pm, respectively. The results show that
the strain in the x, direction (¢&y,) is almost fully relaxed at the
two top corners, due to the traction-free boundary conditions on
the top surface and both sides. Furthermore, the strain relaxation
is highly dependent on the width of the wire. The strain distribu-
tion is extremely inhomogeneous for the 0.5 pm wide wire, but
almost homogeneous for 1.0 and 2.0 pm wires (Fig. 2a). Calculated
line profiles of €5, along the normalized position of the top surface
of LSMO wires with different widths are shown in Fig. 2b. The
results indicate that the entire area of the wires with the width
greater than 2.0 pm is fully strained, similar to the case in the con-
tinuous thin film, while the strain relaxation become more obvious
with the decrease of the width and fully relaxed with width below
0.3 pm. It is worth noting that the strain in the x; direction (&;1) of
all the LSMO wires always remains the same as that of the contin-
uous film, which implies that the symmetry of the strain in the
LSMO wires is broken. Therefore, the strains in x; and x, directions
in wires can be considered as two independent parameters that
could be used to tune the magnetic structure. Strain can be
released on fabrication of submicron- or nano-structures on
strained thin films, which results in the change of c lattice constant
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Fig. 1. (Color online) Magnetic domains and Magnetization reversal process in LSMO films. (a, b) MFM images taken at 300 and 4 K, respectively. (c) Direct imaging of
magnetization reversal process from saturation state. (d) M-H curve recorded while external field is applied perpendicularly upward to thin film surface. Red dots on curve
show the field where MFM images were recorded. Inset is M-H curves at different temperatures recorded by applying magnetic field parallel and perpendicular to thin film

surface. Scale bar in (a, b) is 1.0 pum.

accordingly. So the variation of c lattice constant is a signature of
the strain distribution, which could be revealed by XRD in term
of observing the peak shift in LSMO which is an effective way to
study the original strain state in the wire without breaking the
structure. To analysis the strain, we have fabricated a sample as
shown in schematics in Fig. S2b (online). Half of sample is fabri-
cated into large number of 1D LSMO  wires
(100 pm x 500 nm x 100 nm), and the other half is remained as
continuous thin film. Comparing the XRD data between thin film
only and half film half wires sample, a clear extra peak of LSMO
near the LAO peak is observed (Fig. S2a online), which is due to
the reduction in c lattice from the half wires region. Furthermore,
clear peaks of LSMO provide clear insight that LSMO is grown epi-
taxially on LAO substrate and lattice mismatch calculations for thin
film (¢ = -2.37%) and 1D wires (& = -1.7%) are consistent with phase
field modeling.

MFM was employed to study the domain configuration of the
patterned LSMO wires at 4 K. Fig. 2c and f shows the topographic
images of the 0.5 and 1.0 um wide wires, revealing an atomically
flat surface. Fig. 2d and g show the typical MFM images at 4 K on
0.5 and 1.0 um wide wires, respectively. The MFM image for the
1.0 pm wide wire reveals random out-of-plane domain state, sim-
ilar to continuous thin film. However, MFM for the 0.5 pm wide
wire displays a flux closure domain configuration, showing the
presence of magnetic vortex. To rule out any fast scanning axis
effect on MFM image of vortex cluster state, MFM was performed
on LSMO 0.5 pm wide wire in different directions. All images are
giving the same results (Fig. S6 online).

To understand the formation of these spin structures, a phase
field model is employed to analyze the domain configuration
observed experimentally by MFM which is based on the time-
dependent Ginzburg-Landau (TDGL) equation [29], in which differ-
ent domain configurations are obtained through the minimization
of the total free energy in the materials. To describe the strain-
modulated domain configurations, the magnetoelastic coupling
energy is included in the total free energy of the phase field model.
The magneto-elastic coupling energy describes the coupling

between strain components &; and magnetization components M;
in the materials, which can be expressed in Eq. (1).

32100 2 2 2
Ecou = ZMf (11 — C12)(811M1 + &nM;5 + 8331\/13)
62111
— > C4a(€2M1 M3 + €13M1 M3 + €23M>M3), (1)

S

where, c11, 12 and cy4 are the elastic constants, 1190 and /1 are the
magnetostrictive constants. The inhomogeneous strain in the LSMO
wires is obtained by solving the mechanical equilibrium equation in
the phase field model [29]. In addition to the magneto-elastic cou-
pling energy, the total free energy used in the phase field model also
includes the exchange energy, magnetic energy, pure elastic energy
and magnetocrystalline anisotropy energy. The detailed formula of
the total free energy is given in the Supplementary materials. From
Fig. 2e and h it can be seen that, for the 0.5 and 1.0 pm samples, the
configuration of the vortex and random domains are well repro-
duced theoretically. The underlying mechanisms will be discussed
in a later section.

Temperature dependent magnetization (M-T) and resistance
(R-T) measurements were performed for 0.5 pm wide wire
(Fig. 3a). These measurements reveal an FMM, which is similar to
the continuous LSMO thin film (Fig. S4a online). Fig. 3b shows
the dependence of resistance of 0.5 pm wide wire on external
magnetic field (R(H)) applied perpendicularly to the surface at
4 K after ZFC. This curve shows typical features associated with
the nucleation and annihilation of vortices [4]. As the external
magnetic field reduces from saturation field, an abrupt change in
resistance occurs near + 1 kOe, which corresponds to the vortex
nucleation. While the field increases, the resistance decreases
gradually as the center of vortex approaches the wire edges and
annihilates steadily. It is observed that this typical feature persists
up to 100 K (Fig. S7 online). The corresponding annihilation and
nucleation process of vortex in 0.5 pm wide bar has been captured
using MFM imaging as shown in Fig. 3e, which agrees well with the
R(H) results. It is also interesting that, after removing external



204

Strain relaxation
4

/

100 nm

LA. Malik et al./Science Bulletin 65 (2020) 201-207

X3

X1 X2
0.0 % oy 4=

- 0.0 e 100 NI
e 200 NI
-0.51 e 300 NI
=400 nm
-1.04 =500 nm
-1.54 = 1000 nn
w2000 N0
2.0 =—=3000 nn

25 ; : :

-1.0 -0.5 0.0 0.5 1.0

Normalized position across width

Fig. 2. (Color online) Strain distributions and spin textures in patterned LSMO wires. (a) Cross sectional view (shown in black dotted circle in schematics on top of (b)) of the
LSMO lithographically fabricated sample modeled color scale map showing the relaxation of the growth strain as a function of width. (b) Calculated strain profile across the
LSMO fabricated samples as a function of the normalized position across the wires of different widths. (c, f) Topography of 0.5 and 1.0 pm wide LSMO wires taken at 4 K using
contact mode AFM. (d) MFM image of 0.5 pm wide wire recorded at 4 K after zero field cooling (ZFC) at the same place where the topographic image was taken. (g) MFM
image of 1.0 um wide wire recorded at 4 K in zero field after ZFC. (e, h) Phase field modeling of domains in 0.5 and 1.0 pm wide wires.

magnetic field, the number and the position of vortex change,
which can be attributed to the redistribution of the spin arrange-
ments after the magnetization process. Obviously, the appearance
of vortices at different positions in the sample gives a clear insight
that formation of vortex clusters is not due to internal pinning or
defects but a thermally activated random process. The field depen-
dence of the magnetic structure of the 0.5 pm wide sample was
further elucidated by phase field modeling (Fig. S8 online), which
is in good agreement with experimental observations shown in
Fig. 3e. Fig. 3c shows M-H curves of 0.5 pum wide wire measured
by applying field parallel to length of the wire (red) and parallel
to top surface of wire (black). Out-of-plane M-H measurements
shows complex features which may be due to vortex formation
and annihilation. Furthermore, hall resistance measurement
(Ry(H)) was performed on 0.5 pm wide wire (Fig. 3d). From the
Ryy(H) loop, while decreasing external magnetic field from satura-
tion, abrupt change in resistance at around + 1 kOe corresponds to
nucleation of vortices; while external field increases above zero in
opposite direction, resistance changes gradually as the vortices are
forced towards the wire edges as the magnetic moments tends to
align parallel with the external field. MFM was also performed
on 1.0 pm wide wire in comparison with 0.5 pm wide wire which
shows almost similar behavior with thin film. Detailed magnetiza-
tion reversal process of 1.0 um wide wire recorded by MFM is
shown in Fig. S9 (online).

In order to gain further insights into the evolution of the mag-
netic order in the presence of different compressive strains, the
magnetic phase diagrams of the 0.5 and 1.0 pm wide LSMO wires
in terms of &;; and &, were modeled based on phase-field model-
ing [29]. The results are shown in Fig. 4. For clarity, the spin tex-
tures of the corresponding magnetic orders are given in the right
panel of Fig. 4. It can be found that, when subjected to different
strains along the ¢; and ¢, directions, the LSMO wires can exhibit
three different types of magnetic order, namely, the in-plane single
domain state, the out-of-plane random domain state, and the vor-
tex cluster state. Furthermore, a triple point of these three states
can be observed in this diagram. Our modeling shows that the uni-
axial strain relaxation induces a magnetic anisotropy favoring the
alignment perpendicular to the wire axis of the one dimensional
wire through an inverse magnetostriction effect, while the shape
induced anisotropy of the samples prefers to align the magnetiza-
tion along the wire direction because of the minimization of the
stray field. Note that there always exists a compressive strain
induced perpendicular anisotropy in the LSMO sample. Therefore,
as the width or strain of wires varies, the balance between the uni-
axial strain relaxation-, the compressive strain- and the shape-
induced anisotropy energy changes, thus giving rise to the rich
varieties of the magnetic phases (Fig. 4).

As for the formation of the magnetic vortices in 0.5 um wide
LSMO wires, a detailed calculation shows that with decreasing
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Fig. 4. (Color online) Phase diagram of LSMO in terms of strain in different direction. (a) Phase diagram based on phase field modeling. (b) Magnetic domain configurations at
different values of strain. Single magnetic domain with in-plane spin configuration (1), Magnetic vortex clusters with flux closure spin configuration (2) and out-of-plane

random domain phase (3).

the wires width, the uniaxial stain relaxation induces anisotropy,
which competes fiercely with the shape-induced anisotropy, thus
leading to the nonlinear spin textures herein, i.e. the magnetic vor-
tices. Additionally, the modeling also suggests that the complete
suppression of the shape-induced anisotropy is disadvantageous
for the generation of the magnetic vortices in these samples. This
mechanism for the production of the vortex cluster phase can be
identified in the phase diagram (Fig. 4). From Fig. 4, it can be found
that the vortex clusters state in principle exists in a region where
€3 < €11 and also &, < 2.37%, while the out-of-plane domain state

becomes stable under the larger values of both &7 and &5, This fact
confirms that the uniaxial strain relaxation along the x, direction
(manifested by &5, < &11) is one of the important reasons for the for-
mation of the vortex cluster phase, whereas the compressive strain
that favors the perpendicular anisotropy becomes the dominative
mechanism at large value of strain, which accounts for the appear-
ance of the out-of-plane domain state. Additionally, the in-plane
single domain state (with spins aligning in the length direction
of the wire) exists in the region other than those of the former
two phases, which can be attributed to the dominative effect aris-
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ing from the shape-induced anisotropy. &;1 < &, strain distribution
also generates the anisotropy along x; direction via magnetostric-
tive effect which supports single domain formation. On the other
hand, it is important to note that there is a significant difference
between the phase diagrams of 0.5 and 1.0 pm wide wires. That
is, compared with that of the 0.5 pm wide sample, the phase
boundary, as well as the triple point, of the 1.0 um wide one per-
forms a shift to the lower left, resulting shrinking of the vortex
clusters phase region. As a result, at a fixed €1, of 2.37%, the critical
value of &;; corresponding for the phase boundary is ~1.8% for the
1.0 um sample, significantly lower than that (~2.1%) for the 0.5 um
wide sample. Our modeling shows that the relative weak shaped-
induced anisotropy in the 1.0 um sample compared with that in
the 0.5 pum one is the reason for this shrinking of the vortex region.
This comparison reveals that the shape induced anisotropy of the
wire is also an important factor for the generation of the vortex
phase. Certainly, a dominating ultra-strong shape-induced aniso-
tropy in much narrower wires can also have a detrimental effect
on the vortex structure, which is evidenced by our calculation
showing that the 0.2 um wide wire only exhibits a single domain
state in the same situation. Therefore, the phase diagram in Fig. 4
supports the conclusion that the coexistence and the competition
between uniaxial strain relaxation- and shape-induced anisotro-
pies play the dominative role for the stabilization of the magnetic
vorteXx clusters phases, which is different from the reported mech-
anism in the high symmetric devices wherein the shape induced
anisotropy is the only critical factor for the formation magnetic
vortex. According to Fig. 2, considering the differences in the strain
relaxation along the x, direction in the realistic systems, modeled
magnetic structures of 0.5 and 1.0 um wide wires are consistent
with the results shown in Fig. 4.

4. Conclusions

In conclusion, we report a study of magnetic states of patterned
one-dimensional LSMO wires. Interestingly, as the width of the
wires decreases from 1.0 to 0.5 pm, a distinctive transformation
from an out-of-plane magnetic domain state to magnetic vortex
clusters with flux closure spin configuration is observed using
VT-MFM at 4 K. Furthermore, the presence of the magnetic vortex
cluster phase in 0.5 pm wide wire was also corroborated by mag-
netoresistance measurement. Based on the phase field modeling,
we propose that the enhancement of the wuniaxial strain
relaxation-induced magnetic anisotropy in narrow wires and its
competition with the shape-induced anisotropies plays an impor-
tant role in stabilizing the flux closure spin structure. This work
offers a new perspective for both understanding and manipulation
of the non-trivial spin texture in correlated electron, which could
be useful for high density data storage devices with strain medi-
ated tunability. Above all, this work demonstrates that the man-
ganite wires can exhibits a vortex clusters phase that is highly
tunable through geometric size and the strain in different direc-
tions crystallographic axis. This could be useful in future applica-
tions based on the novel topological magnetic structures in the
correlated oxides.
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