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Creation and manipulation of magnetic domain walls (DWs) are a core subject of research in developing
prototype devices for spintronic applications. DWs can be created artificially and moved by applying either
a magnetic field or an electric current, as has been extensively investigated. Here, we study the DW pinning
and depinning in half-metallic ferromagnetic Lag7Sro3MnO; nanostructures with a notch that is about 90% of
the width of the wire. By measuring the magnetoresistance of the notched wires while sweeping the magnetic
field, we unambiguously observe DW pinning and depinning from 10 to 300 K. Analysis of the temperature
dependence reveals that both AR (the DW resistance) and AR/Ry (R is the resistance at zero field) are
proportional to the temperature. The DW resistivity is calculated to be of the order of 1077 @ m? at 10 K and
10715 @ m? at 300 K. The latter value agrees with the reported intrinsic DW resistivity in films. In addition, we
find approximately constant AR and AR/R, for widths from 5 down to 1.8 um and a pronounced increase in both
quantities when the width goes down to 755 nm. With the extracted magnetocrystalline anisotropy parameters
from the measurements of the remanent magnetization and the magnetic torque as function of angle of the
magnetic field with respect to the substrate normal, we further perform micromagnetic simulations and obtain
results consistent with the experimental data. Our work may promote designing relevant prototypes and may

constitute a platform to explore the effect of spin torque transfer on DWs.

DOI: 10.1103/np4m-j4b7

I. INTRODUCTION

Spin structures, in the form of skyrmions [1], vortex
textures [2], magnetic domain walls [3], three-dimensional
nanomagnetism [4], etc., hold promise for potential appli-
cations in future spintronic devices. In particular, magnetic
domain walls (DWs) have been extensively studied during
the last few decades. A DW is a topological spin structure
that spontaneously forms in ferromagnetic bulk materials as
a result of the energy competition between various magnetic
interactions. Magnetic fields and electric pulses have been
proven to be able to move DWs effectively, which may pave
the way toward nonvolatile memories and logic circuits hence
has led to continuing research interest [5].

In order to satisfy the requirements of applicability and
high integration, many efforts have been made to create and
control DWs on the nanoscale. The formation of DWs is
the result of an energy compromise among various energy
terms, i.e., exchange energy, Zeeman energy, demagnetization
energy, etc., involved in a ferromagnet. An effective method to
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control the energy competition is to utilize shape anisotropy,
which is commonly used in constructing a desired DW on
the nanoscale. Hayashi et al. created four different metastable
DW states (discernable by different changes in the resistance
for the different states) by introducing a shallow notch into a
NiggFe,o permalloy (Py) nanostructure [6]. These states were
either a simple transverse DW (TDW) or a more compli-
cated vortex DW (VDW), which could reside either in or to
the side of the notch. The data revealed that a VDW could
transform into a TDW when passing through the notch. The
chirality of the DW can also be distinguished by measuring the
magnetoresistance (MR). Moreover, Kim et al. realized syn-
chronous motion of TDWs using magnetic field pulses in the
design involving a series of triangular notches with a certain
spacing [7].

DW motion can be driven by applying an external mag-
netic field or a spin-polarized electric current [8—10]. Previous
studies demonstrated that the threshold current for motion J,
is on the order of 10> A/m? in the case of, e.g., Co, Py,
and Fe, which are not fully spin polarized and hence provide
a less-than-optimal spin transfer torque (STT) [11,12]. As
a comparison, half-metallic ferromagnets (HMFs), in which
only one spin channel is present, hold the promise for low-
ering J. significantly. Several attempts have been made to
study the DW pinning and depinning in HMFs, in particular
in CrO, and various manganite oxides. Chen et al. observed
the stable creation and annihilation of DW-like spin textures
in devices with constrictions by measuring the resistance
jump when catching the DW with a field sweep [13]. Their
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analysis further revealed a large spin asymmetry ratio in the
CrO; nanostructure. In another work, J,. to alter the magnetic
configuration of a CrO, nanowire was found to be on the
order of 10'° A/m? [14]. Despite a possible contribution by
the current-induced Joule heating at low temperatures, the re-
quired J. for DW motion in CrO; is 2 orders smaller than that
in conventional ferromagnets, indicating the high efficiency
of STT in HMFs. However, the strong magnetocrystalline
anisotropy of epitaxial CrO, hinders controllable manipula-
tion of DWs and the corresponding practical application.

Alternatively, manganite oxides, i.e., Lag;Cag3MnOs3
(LCMO) and Lag7Srg3MnO; (LSMO), are suitable candi-
dates for investigating DWs due to their weak magnetocrys-
talline anisotropy, which can be modulated artificially by
using a variety of substrates [15]. Therefore, shape anisotropy
appears to be quite effective in tailoring DWs in the nanos-
tructured manganite oxides. Ruotolo et al. demonstrated the
creation of a DW in a double-notched LSMO nanostructure,
as well as reversible DW pinning and depinning enabled
by using either the magnetic field or electric current at low
temperature [16]. Wang et al. reported striped DW motion
in a thin film driven by a small J, (~108 A/m?) due to the
efficient STT in the film, suggesting the possibility of electric
current control of the spin structure in an LSMO-based device
[17,18]. However, a more systematic study of DW creation
and annihilation in a notched LSMO nanostructure has not
been reported. One issue that needs consideration in such a
study is that of electronic phase separation that may occur
locally in nanostructures of manganite oxides, which can give
rise to uncontrolled devices [19-21].

In this work, we investigate the DW pinning and depin-
ning in notched LSMO bar-shaped nanostructures that are
attached to an LSMO pad as the source for DWs and tapered
at the end. By sweeping the magnetic field and measuring
the MR simultaneously, we unambiguously observe stable
DW pinning and depinning in devices with different widths
and notch depths. Analysis of the temperature dependence
further demonstrates that DWs can be pinned and depinned
from 10 to 300 K. We compare our findings, in particular
the values of the pinning field Hp,, with earlier work on
CrO, and LSMO nanostructures. We also estimate the DW
resistivity (actually the resistance-area product) and find it to
be on the order of 1077 Qm? at 10 K and 10~ Qm? at
300 K, in agreement with estimates from other types of exper-
iments. Additionally, we perform micromagnetic simulations
using magnetic anisotropy constants that were extracted from
field-angle-dependent magnetic torque measurements. The
simulated results demonstrate magnetic behavior that is con-
sistent with our experimental observations.

II. EXPERIMENTAL METHODS

Thin films were grown epitaxially on a (001)-oriented
(LaAlO3)3(Sr,TaAlOg)o7 (LSAT) substrate (5 x 5 mm?),
chosen for its small lattice mismatch with LSMO (roughly
—0.2%), which results in only weak magnetocrystalline
anisotropy [22]. We used an off-axis sputtering system de-
scribed previously in Ref. [23]. In the sputtering chamber, the
working distances were 75 mm from the surface of the heater
to the axis of the target and 45 mm from the surface of the

target to the axis of the heater. The growth temperature was
700 °C, and the deposition pressure was kept at 0.7 mbar by
flowing a mix of argon and oxygen gas (3:2). The sputtering
power was 50 W. After a nominal 10 nm LSMO thin film
was grown, the temperature was gradually decreased to room
temperature (RT) at a rate of 25°C/min while the sputter
pressure was maintained. We employed extensive methods to
examine the properties of the LSMO thin films, in particu-
lar confirming the perfect epitaxy of LSMO on LSAT [24].
Next, electron beam lithography and Ar-ion beam etching
were utilized to pattern the LSMO thin film into a series of
notched LSMO nanostructures with a pad on one end and a
wire with a fixed length of 50 um and varying widths, i.e.,
0.76, 1.8, 2.8, and 4.9 um. The notches were kept at a constant
relative depth of 90%. To form electrical leads, Pt contacts
with a thickness of 50 nm were fabricated using a standard
diode sputtering system and liftoff. Devices were connected
by bonding the Pt leads to an electronic board using Al wires,
forming a four-probe configuration, as schematically depicted
in the false-color scanning electron microscopy (SEM) im-
age in Fig. 1(a). The current was applied to the outer two
Pt leads, while the inner two leads were used as voltage
probes. The devices were measured in a physical property
measurement system (Quantum Design), which provides a
measurement environment with accurately adjustable temper-
ature and field.In order to characterize the magnetic properties
of LSMO, continuous films were measured with a DMS
VSM-10 vibrating sample magnetometer (VSM). The sample
size was 5 x 5 mm?. The system was calibrated with Ni foil of
identical size and a known weight using the literature value for
the saturation magnetization of Ni (55.1 A m?/kg) [25]. The
diamagnetic contribution of the sample holder was subtracted
as a linear background signal of (—0.24 & 0.02) nA m?/mT,
obtained with a fit to the high-field branches of the in-plane
hysteresis loops. The magnetic signal of the combined sample
holder plus the bare substrate was on the order of 0.01 pA m?,
which is about 5% of the saturation magnetization of the
10 nm film (0.19 4 0.01 uA m?). As a matter of fact, we can
use the measured saturation magnetization to calculate the
film thickness ¢ and find t = 12.5 nm.

III. RESULTS

Here, we focus on the nanostructure with a width of 2.8 um
[Fig. 1(a)]. The pad is 20 x 20 um?, which facilitates the
magnetization switching of the LSMO nanostructures and
hence DW generation. The depth of the notch (90% of the
width) is about 2.5 um, as shown in the image in Fig. 1(a).
The resistance R of the structure was measured as a function of
temperature T and is plotted in Fig. 1(b), verifying the metal-
lic behavior from 400 down to 10 K. The residual resistance
ratio R3pox /Riox was calculated to be 13. The Curie temper-
ature T, was determined to be 356 K [inset in Fig. 1(b)], close
to T of the LSMO bulk (~360 K). We would like to point
out that, due to the lack of substrate-induced strain, the notch
is not expected to induce local phase separation in the LSMO
nanowire, which is crucial for exploring the intrinsic effect of
STT on the DW in LSMO. Otherwise, Joule heating will be
generated by the applied current in the insulating region. In
addition, Pt was chosen to serve as the electrical lead to build
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FIG. 1. (a) False-color SEM image of the notched LSMO nanostructure with a width of 2.8 um (purple) with Pt leads (yellow). The outer
two Pt leads are connected to a current source, while the inner two Pt leads serve as voltage probes. The field is always applied in plane
and along the long axis of the notched LSMO nanostructure, as illustrated by the white arrow. The scale bar equals 10 um. (b) A plot of the
temperature-dependent resistance of the notched LSMO nanostructure. Inset: dR/dT versus T. T, is determined to be 356 K. (c) Measured
temperature-dependent interface resistance between the Pt leads and the notched LSMO nanostructure. Inset: Linear /V curves measured at 10

and 300 K.

a good interface contact [26]. Figure 1(c) displays a quite
small resistance-area product of the interface as a function of
temperature, i.e., an Ohmic contact between Pt and LSMO, as
confirmed by the linear IV curves of the interface at 10 and
300 K. The interface resistance was measured in a four-probe
configuration, and the area was defined as the product of the
width of the Pt lead and the width of the LSMO nanowire.
We then examined the ability of DW pinning and depin-
ning of the selected notched LSMO nanostructure with a field
sweep. First, a 1 T magnetic field (in plane and along the wire)
was applied to saturate the magnetization of the nanostruc-
ture at 10 K. Then, the field was decreased to +20 mT and
stabilized for 1 min. The MR was recorded while the field
was swept from 420 to —20 mT, that is, the major MR loop,
as shown by the blue curve in Fig. 2(a). Clearly, we observe
a sharp jump in MR at —6.5 mT [black arrow in Fig. 2(a)],
signifying the DW was caught at the notch. We define the
field of —6.5 mT as the pinning field H,,. Increasing the
field helped the DW to pass through the notch, resulting in a
sharp drop in the major MR loop at —9.5 mT. A symmetrical
MR curve was obtained when sweeping to positive fields after
magnetizing the wire at —1 T. Note the fluctuation of the
MR between —6.5 and —9.5 mT, which is probably due to
the deformation of the DW [6]. Moreover, to show that a
DW was pinned, we performed a minor loop measurement.
Instead of further decreasing the field from —6.5 mT (the DW
pinning field), increasing the field yielded no sharp drop in
resistance in the minor MR loop and instead led to a gradual
and small decrease, suggesting that the DW stayed pinned at
the notch [Fig. 2(c)]. At roughly +7 mT, the MR dropped to
the initial value as a result of DW depinning. We conclude
that the notched structure allows controlled DW pinning and
depinning. To further validate this conclusion, we performed
a control experiment, for which we prepared a separate sam-
ple containing a device with a notch structure and a device
without a notch. The direction of the long axis of the wire was
the same for both devices. The MR behavior of the notchless
device is quite different, without sharp switching behavior.
Data are given in the Supplemental Material [27].
Interestingly, we also witnessed stable DW pinning and
depinning at 300 K. Using the same recipe, i.e., applying a

1 T (—1 T) magnetizing field to the structure, followed by
a field sweep from positive (negative) to negative (positive),
the measured major MR loop unambiguously demonstrated
DW pinning and depinning at 300 K, as seen in Fig. 2(b). We
define the resistance of the DW as the change in resistance
AR at the pinning and depinning fields, as indicated by the
black dotted lines in Fig. 2(b). Moreover, the minor MR loop
confirmed the DW was pinned stably at 300 K, in agreement
with the observation at 10 K. The DW pinning and depinning
at 300 K emphasize what we learned from the RT data: As
shown in Fig. 1(b), even though a deep notch is introduced
into the LSMO nanowire, the calculated 7. is still close to the
bulk value. Notably, Hy, is about —0.5 mT at RT. Such a small
H,;,, enables the creation of DWs at RT in HMF LSMO, which
may be applicable in relevant prototypes of devices with low
power consumption.

To further unravel the DW pinning and depinning in our
structures, the dependence of temperature on the magnetic
behavior was investigated. As shown in Fig. 3(a), we mea-
sured the temperature dependence of AR and AR/Ry (Ry
is the resistance at zero field) of a structure with a width
of 2.8 um, extracted from the major MR loops versus tem-
perature (see Fig. 5 in Appendix A). AR increases slowly
with temperature from 10 to about 200 K and much faster
between 200 and 300 K, while AR/R,y shows more variation
by reaching a maximum at 100 K, followed by a minimum
at 200 K. Figure 3(b) summarizes the behavior of AR and
AR/Ry versus the width of the notched LSMO nanostructure
based on the raw data of corresponding major MR loops (see
Fig. 6 in Appendix A). Interestingly, we find an approximately
constant AR and AR/Ry in the structures with a width be-
tween 5 and 1.8 um. Pronounced increases in both AR and
AR/Ry are seen in the structure with a width of 755 nm.
The width of the notch in that case is less than 100 nm.
Consequently, oxygen vacancies, edge dislocations, defects,
etc., possibly lead to phase separation at the notch at this small
size [16,19,21]. Therefore, we suspect the observed increased
values may not be due to conducting LSMO. Rather, Joule
heating can be generated in the insulating region subject to the
current flow, hindering the efficiency of DW manipulation by
STT.
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FIG. 2. (a) and (b) Major and (c) and (d) minor magnetoresistance loops of the notched LSMO nanostructure with a width of 2.8 um,
measured at 10 and 300 K, respectively. The black arrow in (a) points to the pinning field. The interval between the dotted lines in (b) defines
AR. All other arrows indicate the field sweep directions.
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FIG. 3. (a) Temperature-dependent AR and AR/R, of the notched LSMO nanostructure with a width of 2.8 um. (b) At 10 K, both AR and
AR/R, remain approximately constant regardless of the widths of the notched LSMO nanostructures (from 1.8 to 5 um), except for the case
in the 755 nm LSMO nanostructure. Error bars indicate the data fluctuations. (c) The temperature-dependent DW pinning fields H;, and (d)
1V curves of the notched LSMO nanostructure with a width of 2.8 um. The red dashed line in (c) is a linear fit.
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FIG. 4. (a) Dependence of the remanent magnetization on the field angle 6. (b) Extracted torque versus the angle 6 of a fixed field of 20 mT.
The red solid curve is the fit of the first two even terms from a Fourier series expansion. Error bars indicate the fluctuations of experimental
measurements. (c) Micromagnetic simulations. Top: Magnetization state at Hy;,, where arrows illustrate the orientations of local moments in
plane, i.e., x and y components. Bottom: Magnification of the TDW at the notch. The color bar represents the z components. (d) Absolute
magnetization along the long axis (x) of the notched LSMO nanostructure with a width of 3 um at 10 K (green curve) and 300 K (orange

curve).

We also inspect the temperature-dependent Hy;, and IV
characteristics (in the four-point geometry) of the 2.8 um wide
device [Figs. 3(c) and 3(d)], extracted from the raw data of
the major MR loops at different temperatures in Fig. 5 in
Appendix A. We find Hy;, shows a nearly linear decrease with
temperature, as seen by the red dashed line in Fig. 3(c). The
1V curves of the device, measured at different temperatures,
are all linear [19,20]. We conclude that the DWs we observe
are different from DWs created by the insulating phase of
a phase-separated nanopatterned manganite oxide [16,19,21].
This may benefit the applicability of the STT effect on the DW
in HMF LSMO since, without phase separation, Joule heating
in the DW can be significantly suppressed.

In order to elucidate the creation of DWs in the notched
LSMO nanostructures, we performed micromagnetic simula-
tions using the GPU-accelerated mumax3 software package
[28]. The simulations require knowledge of the magnetocrys-
talline anisotropy of the LSMO thin films. We therefore
measured the magnetization of films with thicknesses of
10 and 25 nm with a vectorial vibrating sample mag-
netometer [29], which allowed us to extract not only
the magnetization m, along the applied field B,, in our
case in the plane of the sample, but also the magneti-
zation perpendicular to it and still in the plane of the

sample (m,). In this way we measured the dependence
of the remanent magnetization m, , of the film as a function of
the in-plane field angle 8y, as shown in Fig. 4(a) for the 10 nm
film. The measured hysteresis curves that were used to extract
my , and m, for all angles are given in the Supplemental
Material [27].

Although the substrates were cut along a major crystal
axis, the equipment does not allow for accurate alignment
of the sample side with the magnetic field direction. In-
stead, we roughly defined 6y = 0 along a sample side but
used the measurements to find the correct alignment of field
and crystal axes. The results show a 180° periodicity, which
points to a pronounced uniaxial anisotropy, characterized by
an anisotropy constant K,,. The maxima and minima in the
curve are shifted by about —12° with respect to the supposed
major axes, which was also the case for the 25 nm film (see
Appendix B). We therefore redefine the in-plane field angle as
0}, = On + 12°, making 6;; = 0 align with a major axis. Apart
from this shift, a very small dip is visible at 8;; = 0, which is
probably due to a biaxial contribution to the anisotropy (with
anisotropy constant K;). Following Ref. [22], the easy axis
shifts away from the main crystal axis over an angle ¢e,sy and
is found at the maximum in m, , next to the dip. In our case
this is a few degrees. The ratio K,,/K; equals cos(2¢easy). The
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error bars do not allow for an unequivocal determination of
this value. However, the extracted torque signal © = B, x m,,
recorded at 20 mT and shown in Fig. 4(b), is more amenable
to analysis. Note the field of 20 mT is optimal here to measure
the magnetic torque with low noise.

As can be easily derived [30], the value of the mag-
netic torque exerted on the hard axis th,q equals K,V,
with V being the sample volume. Here, we use the afore-
mentioned thickness of 12.5 nm as calculated from the
measured saturation magnetization (0.19 + 0.01 wA m?) and
from the theoretical value of the Mn moment (3.8u;/f.u.).
In this way, K, is calculated to be 1634 J /m3. We also fit-
ted the data of the field-angle-dependent magnetic torque to
the full equation for the case of both uniaxial and biaxial
anisotropy:

7(0%) = (K, + K}) sin(20*) — 2K, sin(46%). (1)

We find that a good fit can be obtained [the red curve in
Fig. 4(b)] by neglecting the K term, confirming the uniaxial
character of the anisotropy. The fitted K, is about 1500 J/m?.
Therefore, we take the value for the anisotropy constant to be
roughly 1600J/m3. We note here that we find qualitatively
different magnetic anisotropy for the 25 nm film. That is not
the subject of the current paper, but some comments are made
in Appendix B.

With the magnetocrystalline symmetry and parameters
from the above measurements, the parameters for the sim-
ulations were set at M, = 5.75 x 10° A/m (the saturation
magnetization) and A, = 1.7 x 1072 J/m (the exchange
stiffness), yielding an exchange length of £, &~ 2.86 nm
(Lex = /2Aex/oM?). Therefore, we set the cell size to 2 nm
in the simulation to optimize the obtained results. To speed up
the simulation, the damping constant was set to 0.5 instead
of the intrinsic 7.4 x 10~* [31]. The simulated DW in the
notched LSMO nanostructure is displayed in Fig. 4(c). The
x and y components in Fig. 4(c) are based on the simula-
tion data and are represented by arrows. A TDW is found at
the notch, as seen in the magnified image in Fig. 4(c). We
calculate the width of the TDW to be 55 nm, according to
8 = /Aex/K. Next, we simulated the magnetization evolution
versus field, with the same recipe as that used for measuring
the magnetoresistance in the experiment, i.e., magnetizing the
structure by 1 T (—1 T), followed by a field sweep from 20 mT
(=20 mT) to —20 mT (20 mT). The results are plotted in
Fig. 4(d). At 300 K, we see the DW pining and depinning
at low fields (yellow curve). As the temperature goes down
to 10 K, the magnetocrystalline anisotropy becomes stronger
[32]. In order to reproduce the experimental magnetoresis-
tance measurements at 10 K in Fig. 2, in which Hy, is about
—6.5 mT, we need a value of K,, of 4500 J/m?>. Then, the sim-
ulated Hp;, is consistent with the experimental data, as can be
seen from the simulated magnetization, plotted by the green
curve. The stepped change of the magnetization between the
pinning and depinning fields is due to the switching of the
local spins in the TDW, i.e., DW deformation, accounting for
the variation of the measured magnetoresistance of the pinned
DW in Fig. 2. In total, with the extracted magnetocrystalline
parameters from the field-angle-dependent measurements,
the simulated DW pinning and depinning in the notched

TABLE 1. Summary of the data for the DWs obtained on the
notched LSMO nanostructures. Top: Pinning field Hy;,, resistance
variation AR, and relative resistance variation AR/R, for the 2.8 um
wide structure at temperatures between 300 and 10 K. Bottom: AR
and AR/R, taken at 10 K, obtained on structures with widths varying
between 0.76 and 4.9 um.

LSMO nanostructure (w = 2.8 um)

Hpin (mT) AR (m ) AR/Ry (x107%)
10K —6.50 4.17 0.34
50K —5.98 56.2 1.40
100 K —5.02 116.3 1.96
150 K —4.63 138.8 1.41
200 K —-3.18 144.5 0.92
250 K —2.21 314.7 1.27
300 K —-0.47 997.1 2.48
LSMO nanostructures at 10 K
w (um) AR (m Q) AR/Ry (x107%)
0.76 160.3 1.35
1.8 19.07 0.51
2.8 4.17 0.34
4.9 7.92 0.40

LSMO nanostructure agree quite well with our experimental
observations.

IV. ON THE DW RESISTIVITY

We summarize the measured and calculated data of the
notched LSMO nanostructures with a fixed length and varying
widths in Table I. Knowing the DW resistance AR for the
various widths, we now discuss the DW resistivity, defined
as the resistance-area product. We calculate the area of the
DW with the depth d of the notch being 90% of the width
of the LSMO nanostructures with a thickness ¢ of 10 nm and
the DW resistivity according to ppw = td AR. At 300 K, the
DW resistivity of the structure with a width of 2.8 um is 2.8 x
10715 @ m?, consistent with the reported large-area-averaged
intrinsic DW resistivity in LSMO [33], but now measured on a
single DW. At 10 K, we obtain 3.4 x 1077, 1.1 x 107"7, and
3.8 x 10717 Q@ m? for the structures with widths of 1.8, 2.8,
and 4.9 um, respectively. For w = 755 nm, the DW resistivity
is about 1.6 x 1071 Q@ m?2.

To put this in perspective, in an early experiment on a
macroscopic LSMO sample with many domains, grown on
LaAlOs3, the DW resistivity was estimated to be of the order
of 10715 @ m? at 300 K [34]. At the same time, measurements
on a structured LCMO sample with many constrictions gave
a value of 8 x 107 Qm? at 77 K [35]. Later, Arnal et al.
reported an even larger value of 2.5 x 1073 Qm? at 8 K in
an LSMO wire connected to two pads by notchlike structures
[19]. It was remarked that this value is significantly higher
than what is generally found in 3d metals, where values
are rather in the range 107'7-107'8 Q m?. This discrepancy
may be attributed to the contribution of anisotropic magne-
toresistance and colossal magnetoresistance to the measured
DW resistance in the experiments [36]. In the case of an
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overconstricted LSMO nanostructure, metallic and insulating
regions may coexist and give rise to extrinsic DW resis-
tance, i.e., overestimated DW resistivity [19]. Bakaul et al.
reported the estimated intrinsic DW resistivity of LSMO to be
1.9 x 10715 Q@ m?, averaged by characterizing stripe domains
[33]. For our single DW, we find similar values of around
10~ @ m? at 300 K, decreasing to on the order of 10~!7 Q m?
at 10 K.

V. CONCLUSIONS

In this work, we demonstrated stable DW pinning and
depinning in a notched LSMO nanostructure with a width of
2.8 wm at temperatures between 10 and 300 K by recording
both the major and minor MR loops while sweeping the
magnetic field. There is no apparent contribution of phase
separation to the observed DW creation and annihilation, as
verified by the high 7, (356 K) and the linear IV curves
taken at different temperatures. The absolute value of the
pinning field Hp;, was found to increase linearly with de-
creasing temperature. In particular, a DW can be created
by a very small field (—0.5 mT) at 300 K, promising low-
power consumption application at RT. Moreover, analyzing
the temperature-dependent AR and AR/Ry, we found that
both reach a maximum at 300 K. Varying the width of the
notched LSMO nanostructure from 1.8 to 4.9 um, we did not
observe a pronounced change in AR and AR/Ry at 10 K,
except for the case of 755 nm. With the magnetocrystalline
parameters extracted from the field-angle-dependent measure-
ments, our micromagnetic simulations show that a TDW is
confined at the notch. The simulated evolution of magne-
tization of the LSMO nanostructure agrees well with our
experimental observations. Additionally, we found the DW

resistivity to be on the order of 1077 Qm? at 10 K and
10~ @m? at 300 K. The latter value is in agreement with
the reported intrinsic DW resistivity at 300 K. The results
emphasize, once more, that the DW resistivity in this half-
metallic ferromagnet is not qualitatively different from the
values found in 3d ferromagnetic metals. The stable DW
pinning and depinning may guide future investigations of
the STT effect on metallic DWs with spin-polarized cur-
rents and may promote the progress of relevant spintronic
applications.
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APPENDIX A: DW PINNING AS FUNCTION
OF TEMPERATURE

We collected major MR loops at different temperatures, as
partly shown in Fig. 5. Obviously, DW pinning and depinning
are present, as a sign of jump and drop in the MR curves. We
extract and discuss AR, AR/Ry, and Hy, in the main text.
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FIG. 5. Positive-to-negative-field part of major MR loops of the notched LSMO nanostructure with a width of 2.8 um, taken at different

temperatures. DW pinning and depinning are seen from 50 to 250 K.
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FIG. 6. Major MR loops of the notched LSMO nanostructures with a width of (a) 0.76 um, (b) 1.8 um, and (c) 4.9 um, measured at 10 K.

The dependence of the various dimensions on DW pinning
and depinning is summarized in Fig. 6. At 10 K, we conducted
major MR measurements on notched LSMO nanostructures
with widths of 755 nm [Fig. 6(a)], 1.8 um [Fig. 6(b)], and
4.9 um [Fig. 6(c)]. Together with AR and AR/R, obtained
for the 2.8 um wide LSMO nanostructure in the main text,
we summarize all the values extracted from the results shown
in Fig. 6 and plotted in Fig. 3 in the main text. We find
approximately constant AR and AR/Ry in notched LSMO
nanostructures with a width larger than 2 um. The discrepancy
in the 0.76 um wide LSMO nanostructure can probably be
attributed to phase separation.

APPENDIX B: TORQUE MEASUREMENTS
OF THE MAGNETIZATION

The remanent magnetization of an LSMO film with a
thickness of 12.5 nm is recorded and plotted in Fig. 4(a),
where we mention an offset in the angle of the field with the
major crystal axes. Qualitatively, the film shows a periodicity
of 180° in the remanent magnetization, indicative of uniaxial
anisotropy.

Interestingly, the magnetocrystalline anisotropy of an
LSMO film with a thickness of 25 nm shows quite different
behavior. As shown in Fig. 7(a), a nearly 90° periodicity is
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found in the angle-dependent remanent magnetization, reveal-
ing a pronounced biaxial anisotropy here. The minimum is
found at —12°, which is roughly the same offset that we
found for the 12.5 nm film. Taking that offset into account, the
maxima in the remanence, reflecting the direction of the easy
axes, are found at 6;; = £54°. This is the typical behavior of
a mixture of uniaxial and biaxial magnetic anisotropy. The
torque versus angle, measured in fields of 9 mT (yellow),
12 mT (green), and 20 mT (brown), is plotted in Fig. 7(b) and
gives a similar picture. Taking the maximum of the torque,
K, is calculated to be 850J /m3, which is smaller than that of
the LSMO film with a thickness of 12.5 nm. Fitting the data
for the torque versus angle of a field of 9 mT to Eq. (1) now
requires both the K, and K terms, yielding comparable K, and
K, of 280 and 330J/m?, respectively. For this work, in which
we focus on the DW pinning and depinning, a thickness of
about 10 nm, with rather strong uniaxial anisotropy, is more
favorable for DW manipulation [37].

One cautionary remark should be made. We observe uniax-
ial anisotropy at small thicknesses, changing to more biaxial
anisotropy at higher thicknesses. This was observed before for
LSMO on LSAT [32,38] and was attributed to interface- and
substrate-related effects that disappear with thickness. How-
ever, the opposite was also found, in which a thin film (12 nm)
showed biaxial anisotropy while a thicker one (40 nm) was
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FIG. 7. (a) Dependence of the remanent magnetization on the field angle 6 of an LSMO film with a thickness of 25 nm. (b) Plots of the
extracted torque versus the angle 0 of a field of 9 mT (yellow), 12 mT (green), and 20 mT (brown). The red curve is the fit to Eq. (1).
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uniaxial [22]. Clearly, the substrate quality and the growth
conditions play a crucial role in determining the magnetic
behavior. In both cited experiments, the growth method was

pulsed laser deposition. We used off-axis sputtering, with a
very low growth rate, which is probably the major factor in
the behavior we observe.
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