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Generation, manipulation, and sensing of magnetic domain walls are
cornerstones in the design of efficient spintronic devices. Half-metals are
amenable for this purpose as large low field magnetoresistance signals can be
expected from spin accumulation at spin textures. Among half metals,
La,_,Sr,MnO; (LSMO) manganites are considered as promising candidates
for their robust half-metallic ground state, Curie temperature above room
temperature (T, = 360 K, for x = 1/3), and chemical stability. Yet domain wall
magnetoresistance is poorly understood, with large discrepancies in the
reported values and conflicting interpretation of experimental data due to the
entanglement of various source of magnetoresistance, namely, spin
accumulation, anisotropic magnetoresistance, and colossal
magnetoresistance. In this work, the domain wall magnetoresistance is
measured in LSMO cross-shape nanowires with single-domain walls
nucleated across the current path. Magnetoresistance values above 10% are
found to be originating at the spin accumulation caused by the mistracking
effect of the spin texture of the domain wall by the conduction electrons.
Fundamentally, this result shows the importance on non-adiabatic processes
at spin textures despite the strong Hund coupling to the localized t,, electrons
of the manganite. These large magnetoresistance values are high enough for
encoding and reading magnetic bits in future oxide spintronic sensors.

1. Introduction

R,_,AMnO; perovskite manganites (R
stands for a rare-earth ion and A for an
alkaline earth ion), are known to exhibit
a wealth of different responses due to the
entanglement between spin, charge, and
orbital degrees of freedom, which can be
tuned to large extent by the band filling,
x. The well-known colossal magnetoresis-
tance (CMR) effect, describing dramatic
changes of the electrical resistance (R) upon
application of magnetic field, is an exam-
ple. It results from the competition be-
tween a metallic and a ferromagnetic state
settled by the double exchange interaction
and an antiferromagnetic insulating state
driven by charge and orbital order'!l In
the conducting state, an external magnetic
field aligns the nearly localized Mn 3d t,,,
and the nearly free e, spins resulting in a
half-metallic conduction band with nearly
100% spin polarization.?l While colossal
magnetoresistance requires large magnetic
fields, thus hindering its implementation
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in technological applications, disordered (misaligned) spin tex-
tures such as those appearing at grain boundaries, constric-
tions, or domain walls®®! (DW) can be the source of low
field magnetoresistance (LFMR) of interest in spintronic ap-
plications. Indeed, a modern generation of magnetic memo-
ries, such as the acclaimed race-track memory,[%7] exploit the
controlled generation and manipulation of domain walls to en-
code and retrieve information.®®! Half-metals are amenable for
LFMR applications as large magnetoresistance signals can be
expected from spin accumulation at spin textures. In this re-
spect, La;_,Sr,MnO; (LSMO) manganites are specially promis-
ing. These compounds are easy to grow in thin film form, have
a Curie temperature above room temperature (T, = 360 K, for
x = 1/3) and are chemically stable, as opposed to other (scarce)
half-metal candidates, like CrO, or Heusler alloys. Yet, domain
wall magnetoresistance (DWMR) in LSMO manganites is poorly
understood and it has remained an open longstanding problem
with large discrepancies in the reported values of the domain
wall resistance-area (DWRA) products, spanning between 10711
and 107 Q m?. Moreover, these values are much larger than
the DWRA theoretically expected within double exchange mod-
els, which have been proposed to be in the range 1077 and 1078
Q m? based on bandwidth reduction, that is, increased scattering
rate, due to the misalignment between spins along the DW.1%11]

Despite the DWMR problem being revisited recurrently in the
last decade,!*>1%16] the controversy has remained due to conflict-
ing interpretations of experimental results. Many of the early
works in micro- or nanowires did not show domain wall imag-
ing thus lacking evidence for the presence of domain walls at
tracks or constrictions. Moreover, it has been recently pointed
out!!?! that the largest values of 107! Q m?,[*3] obtained in such
micro/nano devices at or close to room temperature, may re-
sult from a dominant contribution of the CMR rather than from
DWMR. Works performed in continuous films have yield values
of DWMR in the lower range, ~#1071> Q m?. This is the case of
experiments in LSMO samples with perpendicular anisotropy, in
which the direction of an in-plane field leads to a configuration
of maze domains with DWs either aligned parallel of perpendic-
ular to the current direction.!’] In these experiments, in which
many domains exist in the measured devices, the DWMR is esti-
mated by normalizing the measured MR to an estimated number
of domain walls across the current path. However, the interpreta-
tion of these results needs to be handled with care. An inherent
problem associated to the use of macroscopic (millimeter size)
samples is the tendency of LSMO manganites to nucleate small
micron-size domains. The orientation of these domains with re-
spect to the current cannot be assessed, nor their contribution to
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the total magnetoresistance (MR) be evaluated. This encumbers
data interpretation, as it prevents ascribing the electric transport
results to particular domain wall configurations. Yet determining
the actual strength of DWMR in LSMO is of major importance
as high enough values could be of relevance for encoding and
reading magnetic bits in future oxide spintronic sensors.

In this work we revisit the DWMR problem with a different
strategy. By means of nanowire (NW) cross shaped samples, we
tailor magnetic domain configurations with DWs precisely nu-
cleated across the current path, as confirmed by space-resolved
magnetic-sensitive microscopy techniques. Electric transport
measurements, in conditions where CMR contribution can be
ruled out, across individual DWs yield low field magnetoresis-
tance values in excess of 10%. These values correspond to DWRA
products in the range of 107! Q m?, which are three to four or-
ders of magnitude larger than the values estimated in continuous
films with multidomain states. This large magnetoresistance is
analyzed in the light of non-equilibrium spin accumulation pro-
duced as spin-polarized charge carriers cross the DW separating
non-colinear domains, and results of the difficulty of misoriented
spins in half metals to adapt to the local magnetization orienta-
tion. These results will stimulate applications of domain wall en-
gineering in spintronic devices.

2. Results and Discussion

20 nm epitaxial La, ;Sr, ;MnO; thin films were epitaxially grown
on (001)-oriented SrTiO, (STO) by pure oxygen sputtering (see
Experimental Section). Cross shape nanowire structures were de-
fined by electron beam lithography and wet etching. The central
(horizontal) nanowire, along which the electrical current is in-
jected, had widths of 65, 180, and 500 nm for the three nanos-
tructures analyzed. Two transverse electrical leads cross the NW.
Those are used as voltage probes, and are 200 nm wide in all the
studied devices. The temperature dependence of the longitudinal
resistivity of the wires was similar to (unpatterned) LSMO films
indicating that nanofabrication did not degrade the LSMO prop-
erties (see Figure S1, Supporting Information). LSMO has biax-
ial anisotropy with [110] easy axes. The central nanowire and the
transverse leads are oriented along [100] and [010] LSMO mag-
netic hard axis directions. This device geometry allowed to mea-
sure the resistance of the nanowire region comprised between
the 2 transverse leads (4-probe configuration), see Figure 1a. As
it will be discussed below, the interplay between magnetocrys-
talline energy and magnetostatic interactions at the cross-shaped
intersection (hereafter the cross) between the NW and the trans-
verse leads triggers the nucleation of single domain walls at the
intersections, allowing a neat measurement of its contribution to
the magnetoresistance.

In the following we demonstrate by means of magnetic-
sensitive space-resolved imaging, that is, magnetic force mi-
croscopy (MFM) and X-ray photoemission electron microscopy
(XPEEM), that, upon cycling the magnetic field applied along the
NW, the nucleation of single domain wall occurs via magnetiza-
tion rotation at NW/traverse leads crossings.

Magnetic force microscopy has been taken at a temperature
(T) of 50 K for magnetic fields applied in the direction of the
LSMO nanowire, see Figure 1. We note that MFM contrast is due
to the strong stray fields generated by the local magnetization.
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Figure 1. a) Atomic force microscopy (AFM) topographic image of a 180 nm nanowire with two additional 200 nm perpendicular leads acting as voltage
contacts. b) AFM topographic image of the cross formed between the nanowire and the contact lead. c—g) MFM image of the stray field in the device
for different in plane magnetic fields applied in the nanowire direction. The sketches at the upper right corner of the images shows the magnetization

direction in wire and contact lead.

Given the current experimental geometry, magnetization com-
ponents parallel to the nanowire produce no magnetic poles and
can thus, not be detected by MFM. Hence, MFM cannot resolve
whether the magnetization of the wire is oriented along the [100]
or [—100] direction. It can however be used to track the evolu-
tion of the orientation of the magnetization at the cross as func-
tion of an external magnetic field (H). Starting at H = +1000 Oe,
LSMO nanowire and transverse leads are both uniformly magne-
tized in the direction of the field ([100] direction in coordinates
depicted in Figure 1). This produces strong (weak) MFM contrast
in the transverse leads (wire) since they are magnetized along
their shortest (longest) dimension, see Figure 1c. Sweeping the
magnetic field down toward zero leads to a rotation of the mag-
netization of the cross toward the [110] direction of the contact
(Figure 1d). At H = —200 Oe (Figure 1e) the magnetization at the
cross is along the [—110] direction what stabilizes a domain wall
at its intersection with the nanowire. Further increasing the neg-
ative magnetic field drags the magnetization at the cross (and at
the wire) toward the [-100] direction (Figure 1f) and eventually
saturates (Figure 1g). Notice the decrease of the MFM contrast in
the nanowire reflecting the alignment of the magnetization with
its direction. Magnetization switching in the nanowire shown in
Figure 1f will be confirmed by XPEEM as discussed immediately
below. These data offer clear evidence of a stepwise rotation of
the magnetization at the cross as the magnetic field applied along
[100] direction is swept between +1000 Oe.

To address the orientation of the magnetization direction at
the wire during the magnetic field sweep and in order to evalu-
ate the relative orientation of the magnetization at both sides of
the domain walls at the cross we have performed XPEEM em-
ploying X-ray magnetic dichroism (XMCD) as magnetic contrast
mechanism. As opposed to MFM, XMCD is proportional to the
projection of the magnetization along the beam propagation di-
rection. The experimental geometry has been set so to have max-
imum magnetic sensitivity along the direction set by the wire
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(see Experimental Section). As in MFM, the in-plane magnetic
field is applied along [100] (Figure 2a). Figure 2 depicts XMCD
images obtained at T = 50 K at the Mn L, edge (641.8 eV). A
blue—white-red color scale has been selected to depict the XMCD.
Blue/red colored regions correspond to areas with an in-plane
component of the magnetization oriented along the wire direc-
tion [+100]. The direction and size of this component are encoded
by the color and its intensity. White colored regions with XMCD
~ 0 correspond to regions where magnetization points along the
[0 = 10] direction. To confirm the sensitivity of XMCD along the
wire direction measurements with the X-ray beam directed per-
pendicular to the NW were also taken (see Figure S2, Supporting
Information).

After saturating the magnetization along the [—-100] direction
with H = +750 Oe, the orientation of the magnetization at the
wire remains oriented along [-100] after sweeping the field down
to H = 0 Oe. At the cross, as observed by means of MFM, we
observed a steady rotation toward the direction of the transverse
lead (Figure 2b,c) as the field is swept to zero. At —250 Oe, we
observe the nucleation of a DW at intersection of the cross with
the NW (Figure 2e) which triggers the full reversal of the wire
magnetization direction (Figure 2f). Figure 2g,h depicts line pro-
files of the XMCD across the cross for the XMCD image depicted
in Figure 2e along the NW and along the contact directions, re-
spectively. At the cross the profiles show a clear XMCD plateau
at values differing from those of the transverse leads and the
NW, indicating a rotation of the magnetization orientation to-
ward [—110] in agreement with MFM. XMCD images obtained
at absolute magnetic field values slightly below 250 Oe evidence
that magnetization of the cross rotates first and this triggers the
inversion of the magnetization of the wire. Figure S3, Support-
ing Information, displays XPEEM images acquired at a magnetic
field of 237 Oe. It shows the rotation of the cross moment, while
preserving the magnetization direction of the wire, nucleating a
135° domain wall.
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Figure 2. a) X-ray absorption image (XAS) image of the cross. X-ray beam and magnetic field are aligned along the nanowire (vertical) direction as
indicated by the green arrow in (a). Field of view is 8 um. b—f) XMCD images of the cross for different applied fields, blue (red) = magnetization
(anti)parallel to the beam. g,h) Magnetization profile across the cross at H = —250 Oe measured along the direction of the nanowire (g) and along the

direction of the contact lead (h).

XMCD images obtained on a 105 nm wire show that, like the
180 nm wire, the reversal of magnetization at the cross after sat-
uration triggers the nucleation of a pair of domain walls in the
wire. This leads to the propagation of the walls at higher fields,
as shown in Figure S4, Supporting Information. However, mag-
netization switching now occurs at higher field values (500 Oe)
than in the 180 nm wire (150 Oe). Noteworthy, the maximum an-
gle between magnetic moments on either side of the domain wall
now reaches ~180°.

This sequence of magnetic reversal, that is, rotation of the
magnetization of the cross, nucleation of a domain wall, and its
subsequent propagation triggering the reversal of the magnetiza-

[100] ' H=1500 Oe H=-150 Oe TH=-240 Oe
[010] ‘

=-1500 Oe H=150 Oe H=240 Oe

d i
[—— Magnetic field along the contact | ' J
. —— Magnetic field along the nanowire
i ]
H=

tion at the wire is further confirmed by micromagnetic simula-
tions (Figure 3).

The rotation of the magnetization at the cross can be explained
by a competition between different anisotropies in the system.
The biaxial magnetocrystalline anisotropy of LSMO tends to align
the magnetic moment along the [+1+10] directions (see Figure
S5, Supporting Information). Meanwhile the shape anisotropy of
both, contact lead and nanowire, drags the magnetization along
their respective [010] and [100] long directions. Compensation of
the shape anisotropy at the cross favors the rotation of its magne-
tization, which switches between [+1+10] easy axes of LSMO and
[£100] and [0+10] directions determined by the shape anisotropy

H=-300 Oe

M(normalized)

'

ny
1
1

-15‘00 -10’00 -5b0 (3 560 10b0 15b0
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Figure 3. MuMax3 simulations of the magnetic state in function of applied magnetic field along the nanowire (vertical direction) from +1500 Oe to
—1500 Oe. a—h) Blue (red) colored areas denote magnetization (anti)parallel to the nanowire. i) Magnetic hysteresis loop along the nanowire and along

the contact, showing the multiplicity of magnetic states.
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Figure 4. a) Magnetoresistance versus field MR(H) of a 180 nm-wide nanowire with magnetic field directed along the wire direction at T= 50 K. Injected
current was 1 pA. Arrows in the sketches indicate the direction of the magnetization. b) Magnetoresistance at different temperatures between 20 and

130 K (see legend).

of NW and contact lead respectively (with some degree of rotation
since the magnetic field is applied along the hard [100] magnetic
axis of LSMO).

The independent rotation of the magnetization direction at the
cross creates the opportunity to nucleate individual domain walls
at its intersection with the nanowire. This allows to measure the
DW contribution to the sample resistance and obtaining reliable
values of the DWMR and of the DWRA product.

Magnetotransport measurements were performed for the
180 nm-wide nanowire studied by means of MFM and XPEEM
(Figures 1 and 2). Four-points resistance versus field measure-
ments were conducted at temperatures between 20 and 250 K in-
jecting current along the nanowire and measuring voltage in the
transverse leads with the in-plane magnetic field applied along
the [100] wire long axis. In this configuration we probe the resis-
tance of the wire segment between the transverse leads and the 2
DWs, one at each cross (see Figure S6, Supporting Information).
Magnetoresistance is recorded while sweeping magnetic field af-
ter saturation. Upon crossing H =0 Oe, the wire resistance shows
a sharp switching with high (magneto)resistance state plateaus
between +150 and +300 Oe and between —150 and —300 Oe, see
Figure 4a.

It should be note that the high resistance plateaus occur at
field values where both MFM and XPEEM have shown the nucle-
ation and stabilization of a magnetic domain wall at the crosses
due to the 135° misalignment between the magnetization at the
cross and at the wire (Figure S3, Supporting Information). We
can thus ascribe this high resistance state to the (see Figures 1f,
2¢, and 3d) nucleation of a pair of high angle domain walls be-
tween the nanowire and the cross which appear as a result of
the rotation of the magnetic moment of the cross. The domain
wall magnetoresistance, defined as DWMR = (R(H)—R(0))/R(0)
yields values close to 2.5% between 50 and 20 K, see Figure 4b.
These MR values can be used to estimate the DWRA product.
For a resistance increase (AR) of 3 kQ (at 20 K in Figure 4b) and
for a wire width of 180 nm and a sample thickness of 20 nm we
obtain DWRA ~ 1.1 X 107! Q m?, three to four orders of magni-
tude larger than the values reported for continuous LSMO films

Adv. Mater. 2023, 35, 2211176 2211176 (5 of 9)

with strain-induced perpendicular anisotropy. The DWRA value
halves if each cross contributes with a DW (2 DWs in current
path). The 2-step change in MR at the switching field is likely
due to sequential nucleation of a DW at each cross.

Interestingly, DWMR values significantly increase when
the width of the nanowire is reduced. Figure 5 shows a
series of magnetoresistance curves obtained on a 65 nm-
wide wire measured in the same conditions as the
180 nm wire. Note that the magnetic field range for which
the high-resistance state can be observed is now much
broader. The first switching field at T = 50 K, Leading
to the high-resistance state, has significantly increased from
~150 Oe (Figure 4) to ~500 Oe. This increase is due to an
enhanced contribution of the shape anisotropy of the wire. The
second switching field, associated to the high- to low-resistance
state switch, has also increased. In this case from ~300 Oe to
~1600 Oe. This is likely to be related to DW pinning by lateral
inhomogeneities of the wire, which becomes dominant as the
wire narrows. The strong pinning of the DW in the case of the
65 nm wire allows for observation of the DW magnetoresistance
over a wide magnetic field range where the increase of (reverse)
magnetic field compensates the shape-anisotropy field and
favors magnetization rotation in the nanowire. The resulting
reduction of the angle between spins at both sides of the DW
explains the steady decrease of MR observed between the two
switching fields. This effect is not observed in the 180 nm wire
because the pinning effect of the domain wall is much weaker
(notice the much narrower magnetoresistance plateau). For
the 65 nm-wide NW we have measured DWMR at 20 K in
excess of 10% which for a resistance increase AR of 9 kQ at low
temperature, yields resistance area products of DWRA = 1.3 x
107" Q m?, similar to those of the 180 nm wire.

The DWRA values obtained in our study are similar to those
measured by Wolfman et al. and Arnal et al. (refs. [4] and [5],
respectively) near room temperature. However, these previous
measurements appear to be affected by contributions from colos-
sal magnetoresistance (CMR) and anisotropic magnetoresistance
(AMR)."?] In our case, contributions to the CMR or anisotropic
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Figure 5. a) Magnetoresistance versus field MR(H) of a 65 nm-wide nanowire with magnetic field directed along the wire direction at T = 50 K. Injected
current was 0.3 pA. Arrows in the sketches indicate the direction of the magnetic sweep. b) Magnetoresistance at different temperatures (see legend).

magnetoresistance to the large MR values observed can be dis-
carded. Temperature dependent measurements show a steady
decrease of the MR as T is increased, until it vanishes at 175 K.
This is opposite to the behavior expected from CMR which would
increase with temperature as the metal to insulator transition is
approached. Concerning AMR, the size of the MR measured, in
excess of 10%, is much larger than the values expected for AMR
in manganites which are typically below 1%. In addition, the
zero-field and the high-resistance state correspond to magnetiza-
tion configurations for which the magnetic moment of the cross
points (nearly) along [+110] easy axis directions, so that AMR,
depending on the cosine squared of the angle between current
and magnetization, should not yield any resistance difference be-
tween both magnetic configurations.

Broader wires do show MR values well in the range of typical
AMR values found in manganites. This is the case of 500 nm-
wide wires with MR values of the order of 0.1% (see Figure
S7, Supporting Information). This value is similar to the 0.16%
magnetoresistance found in curved 2 micron wide LSMO wires,
which was also ascribed to domain walls and discussed in terms
of AMR.I7]

We next discuss the physical origin of the large magnetoresis-
tance measured for 180 and 65 nm wide wires and ascribed to the
presence of domain walls. Interesting insights can be obtained
from the scaling of the magnetoresistance with the geometry of
the domain wall. The width of the domain wall can be estimated
in terms of the exchange interaction [ and the anisotropy energy

K as b6py = 754/ a]—K where a is the lattice parameter and S the

total spin of the Mn ion. Taking J = 2.3 meV,[’#19] K= —(1.5-3.7)
x 10* ] m=3,129211 § = 3.7/2, and a = 0386 nm we obtain 5y &
30-50 nm in good agreement with previous reports.[??] Estimates
of the DW width from micromagnetic simulations yielded values
of 60 nm for both 65 and 180 nm wires in reasonable agreement
with the ones obtained from material’'s parameters. If the exper-
imental magnetoresistance values (2.5% and ~10% for 180 nm
and 65 nm wires, respectively) are scaled to the relative size of
the domain wall and wire length between contacts (15 pm), un-
expectedly high values of 100% and 800% result for the relative
change of the resistivity. This indicates that the relevant length
scale in the problem is not the width of the domain wall and hints
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that spin accumulation relaxing over a much larger length scale
may be the relevant process. Moreover, the increase of MR as the
NW width is reduced can also not be explained by confinement
effects, proposed to be important in constrictions of dimensions
smaller than the nominal width of the domain wall.[* The width
of the wires here investigated are larger or at least comparable to
the estimated DW width.

We propose that the resistivity enhancement at domain walls
can be discussed in terms of the mistracking effect,*] where
transport electron spins cannot follow the local magnetization
texture in the domain wall. This non-adiabatic contribution is in
fact responsible of so-called spin-torques leading to domain wall
motion.[?] As a consequence of this mistracking,?®! spin channel
mixing and spin accumulation occurs over the length scale of the
domain wall width (§py) and over the (longer scale) spin diffu-
sion length (Ig;), respectively. It is worth remarking that spin ac-
cumulation results from non-equilibrium spin populations, and
it is typically achieved in spintronic devices by injecting current
across ferromagnetic interfaces. Here, on the contrary, spin ac-
cumulation results from the mistraking of the spin texture at the
domain wall by the electron spins of the current. An upper limit
of the excess resistance of the domain wall due to spin accumu-
lation can be estimated following the theoretical predictions dis-
cussed by leda et al.[?’l The domain wall magnetoresistance can
27) AR _ 2P Iy (‘SD—W ), where P is the spin po-

1-P Iy

Isk
larization, Iy, is the length of the ferromagnet (i.e., the distance

be expressed asl

. 5, . . .
between contacts in our case) and F l"—“’) is a function describ-

ing the local modulation of the magné;ization due to the accu-
mulated spins which is 1, for an abrupt domain wall, and decays
slowly when the width of the domain wall increases. In half met-
als the fast (hundreds of femtoseconds) spin flip route character-
istic of metals, the Elliott—Yafet mechanism, caused by spin orbit
driven spin mixing at high symmetry points, is blocked result-
ing of the vanishing minority spin density of states at the Fermi
level. There is no spin channel for spin flip scattering and the
energy has to be transferred through the less efficient spin lat-
tice relaxation with a longer time scale (z4; ~ 200-400 ps).[28-3
This allows estimating the spin diffusion length for LSMO from

. 1 .
the well-known expression Ig = 4/ Vgl 7gp, assuming values for
3
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the Fermi velocity vy = 4 x 10° m s™'3! and mean free path |
~ 2-3 nm and 7g; &~ 200-400 ps. We obtain Iy, ~ 250-400 nm,
larger than the Iz = 60 nm reported for example for Col*2l where
both spin channels mix due to spin orbit interaction. This value
is larger than the estimated width of the domain wall (30-50 nm)
what yields F (i"—w) ~ 1.127) Notice that in this limit the expression

of the domain wall magnetoresistance approaches the one pro-
posed by Valet and Fert for an abrupt domain wall.*3] For our
experiment % varies between 6% and 12% for the 65 nm wire
(Figure 5), and keeping in mind that the length of the ferromag-
net between contacts is 15 um, a spin polarization P = 75-90% is
estimated, which is realistic for an LSMO nanowire at 20 Kand in
agreement with the values obtained previously in magnetic tun-
nel junctions.?* The reasonable values of the spin polarization
obtained in application of the model is reassuring that the mis-
tracking scenario accounts for the observed magnetoresistance.

The decrease of magnetoresistance when temperature is in-
creased obeys mainly to a loss of spin polarization which is
known to scale with magnetization'®>] when Curie temperature
T. is approached as M = M(0)[1 — (T—Tc)z]m, where M(0) is the
low temperature magnetization. Notice, however, that the do-
main wall magnetoresistance of the nanowires is suppressed be-
fore the Curie temperature, and it is overshadowed by the AMR
for temperatures in excess of 200 K. Finally, the increase of the
DW magnetoresistance values when the width of the wires is re-
duced can be understood in terms of the expected increase of the
mistracking effect when the domain wall angle increases from
135° for the 180 nm wire to 180° for the 65 nm wire. Indeed, mod-
els of transport across domain walls predict MR scaling with do-
main wall angle squared?* or with the cosine of the DW anglel®¢!
yielding somewhat weaker (though not unrealistic) dependences
of MR or DW angle than the ones experimentally observed.

3. Conclusions

The controlled inversion of the magnetization in a manganite
nanowire observed by combined magnetic force microscopy and
photoelectron microscopy imaging has enabled measuring trans-
port across a single magnetic domain wall. We have found abrupt
switching of the magnetoresistance which reaches values in ex-
cess of 10% corresponding to DWRA resistance area products
DWRA = 1.3 x 107! Q m?. This is three orders of magnitude
larger than the values reported for continuous LSMO films host-
ing many domain walls resulting in ill-defined orientation of cur-
rent to the wall. These DMRA products are also much larger than
those expected from double exchange models where increased
scattering rate is expected from the reduction of bandwidth (in-
creased density of states) resulting from the (roughly 1°) mis-
alignment between spins along the domain wall. We argue that
these large MR values result from the strong spin accumulation
at the wall due to the half-metallic state of the manganite, allow-
ing long lived spins in the diffusive regime due to long spin lat-
tice relaxation time. The large magnetoresistance values found
are comparable to those of other practical spintronic magnetore-
sistance sensors, and indicate a new path to engineer spintronic
sensors and injectors based on the controlled nucleation and ma-
nipulation of individual domain walls in half metallic mangan-
ites.
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4. Experimental Section

Lag 7Srg3MnO; 20 nm thin films were epitaxially grown on SrTiO; (001)
substrates in a pure oxygen high-pressure RF sputtering from stoichiomet-
ric ceramic targets. LSMO was deposited at 3.2 mbar oxygen pressure at a
temperature of 900 °C. After growth samples were annealed in 900 mbar
of O, for one hour at 750 °C to ensure full oxidation and optimum doping.

LSMO cross-shape nanowires were defined by electron beam lithogra-
phy in an RAITH 50 system with an LaBg cathode using the negative resist
Ma-N2409. A wet etching process was used to minimize the damage of the
transport properties of the LSMO wires (Figure 1a). Evaporated Ag spots
were used to optimize contact to the wires.

Magnetoresistance measurements were performed in an He closed cy-
cle cryostat equipped with a 4000 Oe electromagnet. Resistance was mea-
sured using 2 different instruments: a 2182 A nanovoltmeter with the
10 GQ characteristic impedance at 1 uV resolution (10 MQ at 10 pV res-
olution) and a 2400 source meter also with 10 GQ input impedance. As
the largest resistance values measured were in the range of 10° Q for the
65 nm wire (see Figure S8, Supporting Information), voltmeter impedance
was safely larger that sample resistance and did not require the use of
electrometers to detect the voltage signals. Notice that for the sample
used in this study, geometry current might leak to some degree into the
contact leads at the cross, but since the DW nucleate in the nanowire at
the cross this would equally affect R and AR. Yet, the effect of uncon-
trolled current path was minimized in the thin nanowires used in this
work as compared to other experimental measurements of domain wall
magnetoresistance in the literature in either unpatterned samples or wider
wires.

To avoid heating, current values were typically comprised between 0.1
and 1 pA which yielded (for the 65 nm wire) current densities in the range
103 to 10* A cm~2. The effect of heating by the injected current was ad-
dressed exploiting the temperature dependence of the LSMO resistivity.
Heating had been detected at current values in excess of 10 pA though its
effect was increasing the background resistance. See Figure S8, Support-
ing Information, showing measurements of the resistance of the 65 nm
wire for different current levels comprised between 0.1 and 50 pA. It was
noticed that increasing current produced an increase of the resistance
background level and decrease of the switching fields through the influ-
ence of heating effect. Also increased current yielded a reduction of the
magnetoresistance effect more pronounced than the one expected from
heating, indicating a current effect on the spin accumulation probably by
spin torque.

The asymmetry between positive and negative branches of the magne-
toresistance plots originated at some variability in the nucleation and de-
pinning fields of the domain wall due to local (width) inhomogeneities of
the 65 nm wire. Figure S8, Supporting Information, contains several suc-
cessive magnetic field sweeps showing changes in switching fields and
magnetoresistance plateaus. Asymmetries happened mostly at low tem-
perature and disappear when temperature was increased as pinning ef-
fects of the domain wall became weaker.

Room temperature atomic force microscopy images were obtained in a
commercial Bruker Nanoscope IlIA system. Simultaneous magnetic and
topographic measurements were acquired with a low temperature mag-
netic force microscopy from Nanomagnetics Instruments Ltd. This system
was compatible with a homemade cryostat, designed to fit in a commer-
cial variable temperature insert (American Magnetics Inc.), equipped with
a homemade 3-axis superconducting magnet which can apply up to 5 T out
of plane fields and up to 1.2 T in plane magnetic fields in a temperature
range comprised between 300 to 1.8 K.37l MFM images were obtained
in dynamic mode, with the tip scanning twice the sample surface at two
different distances. A first scan was performed at distances of few nm to
extract the topographic profile. Subsequently, the tip was retracted and the
same profile was scanned at a tip-surface distance of 100 nm. The long-
range magnetic interaction caused a phase shift of the cantilever oscilla-
tion. Images shown in this work were obtained at 50 K, using commercial
tips from Nanosensors (PPP-MFMR). Prior to MFM measurements, the
tips were magnetized with an external field (500 Oe) in their axial direction.
Measurements were done with applied magnetic field after verifying that,
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for the range of applied fields used (between 1000 Oe) the tip preserved
the axial magnetization.

The magnetic state of the nanowires had been monitored by means
of X-ray photoemission electron microscopy using X-ray magnetic circu-
lar dichroism as magnetic contrast mechanism in the XPEEM station at
the UE49/PGMa beam line of the synchrotron radiation source BESSY Il
of the Helmholtz-Zentrum Berlin.[38] The sample was mounted on a sam-
ple holder capable of providing in plane magnetic field pulses of up to H
= +1000 Oe. XMCD magnetic imaging was possible at lower magnetic
fields in the interval H = +350 Oe. Images had been collected at the Mn
L;-edge (641.8 eV) for incoming circularly polarized radiation with right
(o%) and left (o) helicity, respectively. The beam impinged the sample
at 16° grazing incidence angle from the wire direction. Under this condi-
tion, XMCD, which is proportional to the projection of the magnetization
along the beam propagation direction, was mostly sensitive to in-plane
magnetization. The data had been normalized to a background image and
drift corrected before their averaging. The XMCD images were calculated
as (c°—0")/(c”+0ct). X-ray absorption spetcroscopy (XAS = (6~ +06")/2)
and XMCD images were acquired at 53 + 2 K, the same temperature as the
magnetoresistance switching. XMCD images depicted in Figure 2 and Fig-
ure S3, Supporting Information, were obtained during “multibunch” op-
eration (ring current = 300 mA, 201 bunches). XMCD images depicted in
Figure S4, Supporting Information, were obtained during “single bunch”
operation. In this case, the photon beam was delivered by a single electron
bunch with an intensity of 15 mA. Under these conditions charging effects,
affecting imaging and focus, were severe. To minimize these effects, the
device depicted in Figure S4, Supporting Information, was grown on top of
an Nb-doped STO substrate. Front-end apertures were minimized reach-
ing a compromise between focus conditions and enough signal.

The angular distribution of the magnetization depicted in Figure S3c,
Supporting Information, had been computed from the XMCD images ob-
tained at two orthogonal azimuth angles of the sample. For the sake of
clarity panel (c) shows the device area only, after removing the noisy sub-
strate region.

Micromagnetic simulations were performed with the software
MuMax3[3?! using a low-end graphic GPU (GeForce GTX1060). The
nanowire and contact geometry were defined using the AFM images
as a mask. The thickness of the simulated material was 20 nm. The
simulations were performed in a slab with a voxel size of 4 nm in X, Y,
and Z directions. The biaxial anisotropy of the system was introduced
in the simulations as a cubic anisotropy along the (110) and (—110)
directions with a negative anisotropy constant of 10% | m™3.1401 The
material constants employed for the saturation magnetization and the
exchange stiffness were My =400x 10* Am~"and A, =3x 1072 Jm~".
Hysteresis loops in the range +1500 Oe were simulated with the magnetic
field in the direction of the nanowire, with a 5% offset to account for the
experimental conditions.

Supporting Information

Supporting Information is available from the Wiley Online Library or from
the author.
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