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Abstract

The magnetoresistance (MR) effect is widely employed in technologies that pervade our
world from magnetic reading heads to sensors. Diverse contributions to MR, such as

anisotropic, giant, tunnel, colossal, and spin-Hall, are revealed in materials depending

on the specific system and measuring configuration. Half-metallic manganites hold
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promise for spintronic applications but the complexity of competing interactions has not
permitted the understanding and control of their magnetotransport properties to enable
the realization of their technological potential. Here we report on the ability to induce a
dominant switchable magnetoresistance in Lag;Sro3MnO; epitaxial films, at room
temperature (RT). By engineering an extrinsic magnetic anisotropy, we show a large
enhancement of anisotropic magnetoresistance (AMR) which leads to, at RT, signal
changes much larger than the other contributions such as the colossal magnetoresistance
(CMR). The dominant extrinsic AMR exhibits large variation in the resistance in low
field region, showing high sensitivity to applied low magnetic fields. These findings have
a strong impact on the real applications of manganite based devices for the high-

resolution low field magnetic sensors or spintronics.

1. Introduction

Perovskite half-metallic manganites have been considered very promising materials for next
generation spintronics because of their high spin-polarization (almost 100%) ™ and large
magnetoresistance (MR) response. 2 The wide variety of ground states, and in most cases
the common perovskite structure, exhibited by complex transition metal oxides allows
their combination in highly perfect epitaxial heterostructures. Moreover, interesting
device concepts have resulted from multilayer structures where half metallic manganites
are combined with other (multi) ferroic layers. ©7 In spite of that, the technological
promise of manganite based devices has not been fulfilled ©° mostly due to the
complexity of the physical scenarios governing the interplay between a wide variety of
coupled interactions. % Harnessing the magnetotransport responses is essential for device
design and operation, yet important open questions remain on the physical origin of the

low-field MR in manganites, %



WILEY-VCH

In manganites, transport is coupled to magnetism by a double exchange mechanism % and by
the spin polarized nature of conduction electrons. Colossal magnetoresistance (CMR) is very
large close to the metal-to-insulating transition (MIT) 2 and typically overshadows other
magnetoresistance contributions such as anisotropic magnetoresistance (AMR) due to spin-
orbit (SO) coupling and largely also the small Lorentz magnetoresistance (LMR), 4
governed by the electronic structure (which is several orders of magnitude smaller). In
addition, due to the high spin polarization of the conduction band spin-dependent scattering at
grain-boundaries, * " domain-walls ¥ and other magnetic inhomogeneities, ¥ can be
significant. Since usually several types of MR concur in the measurements, it is generally
difficult to get a clear picture of its dependence on magnetization and/or current direction.
Disentangling the origin of MR in manganites requires clear cut experiments to isolate the
various contributions.

A problem for the application of the CMR in spintronics is its isotropic character at low
magnetic fields. CMR depends monotonically on magnetic field independently of its direction
and as a consequence it is non switchable. This is contrary to AMR which depends on the
direction of magnetization with respect to current, and is thus intrinsically switchable and
more amenable for spintronic applications. Signatures of switchable magnetoresistance at
coercivity in magnetic field sweeps of manganites are typically very weak, and are due to the
AMR which is mostly overshadowed by the CMR. 2% For this reason, AMR has remained
poorly understood in manganites. But still, important applications could be envisaged if we
succeed to tailor the nano- and microstructure of the sample and to disentangle AMR from

CMR.
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In this Communication, we show that by inducing an extrinsic anisotropy (through the use of
vicinal surfaces) a large AMR can be engineered in half-metallic Lag7Sro3sMnO3; (LSMO)
films at room temperature (RT), as schematically shown in Figure 1. By combining
simultaneous magnetization (vectorial Kerr) and transport measurements we disentangle the
different contributions to the total MR response and demonstrate that AMR is in fact the
dominant contribution. As such, it can be tuned in sign and intensity by conveniently

choosing the magnetization-current configuration.

AMR —
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Magnetoresistance

v
Magnetic Field || [100]

Figure 1. Schematic representation of engineering large AMR in LSMO films. By tailoring
the magnetic anisotropy strength of LSMO (side arrow), through the use of substrates with
progressively larger miscut angles [from 0° (flat) to 6°], despite the CMR contribution (yellow
line) we are able to magnify over one order of magnitude the AMR signal.

AMR results from the SO interaction and its effect on the scattering between carriers and
magnetic ions. Therefore, the sample resistivity depends on the angle between the sample
magnetization and the applied current. In ferromagnetic 3d transition metal films, the AMR,
which is computed as [py — p/[(1/3)py + (2/3)pL], with py and p. being the in-plane
resistivities for current parallel and perpendicular to the external magnetic field, largely

dominates the overall MR response. ™ The two-current model based on SO interaction

that incorporates s-d electron scattering satisfactorily describes the AMR in metals, but it
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partially fails in reproducing the more complex scenario for manganites. In particular, while
the AMR in metals is positive and monotonically dependent on temperature, ™ in manganites
it is generally found to be negative ** and non-monotonic % with temperature. In the latter
compounds, AMR also has its origin in SO coupling (Hso= A L-S), ** although the complex
interplay between electron, orbital, spin, and lattice degrees of freedom may affect the
properties of the system near the phase transition. In fact, the orbital moment is completely
quenched and for symmetry reasons, the matrix elements of the orbital momentum operator
functioning on the ey states are zero (although they can be non-zero for tyq states as in the case
of titanates). The SO coupling acts to second order in A/OE, where A is the on-site SO

interaction of Mn and JE is the excitation (transfer) energy of tyq into eq levels. [15]

2. Results and discussion

In order to engineer a specific in-plane magnetic anisotropy we employed on purpose
designed SrTiO3; (STO) (001) vicinal surfaces, with miscut angle of 0°, 2° and 6° from the
[001] towards [100] crystallographic direction, as substrates for the 30 nm thick LSMO
epitaxial Pulsed Laser Deposition growth. These substrates are intentionally misoriented to a
(near) low index surface, thus inducing terraces with edges along the [010] direction [see
Supporting Information]. The resulting surface symmetry-breaking favors preferential
anisotropy directions, defining a two-fold (uniaxial) in-plane magnetic anisotropy along the
steps with anisotropy constant Ky. 24 Measurements of temperature dependent resistivity
[p(T)], performed in a four-square contacts geometry and at zero-field showed low residual
resistivity [p(10 K) = 10° Qm] (which confirms a high crystal quality) [25] RT resistivity of
about one order of magnitude larger, and Metal-to-Insulating transition (MIT) temperature
above RT (= 320 K) [see Supporting Information] in all samples, thus ensuring

(ferromagnetic) metallic state at RT that is suitable for applications. %°!
5
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The most efficient way to investigate the correlation between the magnetic and transport
phenomena is to measure the field-driven magnetization and MR loops simultaneously. This
experimental method was earlier exploited to investigate the MR response in ferromagnetic
single layer, 1 ferromagnetic/antiferromagnetic bilayer *® and spin-valve structures. °!
The sketches of the LSMO / STO (001) vicinal surface and of the combined vectorial-Kerr
and MR measurement configuration are presented in Figure 2. In our vectorial-Kerr
experiments, we measured simultaneously the in-plane parallel, My, and transverse, M,
magnetization components as function of the sample in-plane angular rotation angle (oy),
and the MR for any field values and direction. In addition, the electrical current vector has

been set either parallel or perpendicular to the anisotropy axis, i.e., Joio and Jigo respectively.
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Figure 2 Schematic representation of the LSMO film grown onto STO(001) substrate with
miscut angle &° = 0°, 2° and 6° (from the [001] towards [100] crystallographic direction) and
of the combined vectorial-Kerr and MR measurement configuration. In the left panel, an
adapted atomic force microscopy (AFM) image (500x500 pm?) of the LSMO vicinal surface
that shows typical film grains elongated towards the direction of the substrate step-edges, i.e.
along the [010]. The two-fold symmetry of the film morphology determines a defined two-
fold (uniaxial) magnetic anisotropy with anisotropy constant Ky. The magnetization easy-axis
(e.a.) is parallel to the [010] direction, whereas the hard-axis (h.a.) results perpendicular to it.
In the side-box the illustration of the measurements configuration is sketched for clarity. It
defines the angles between the magnetic field and the anisotropy direction ay = (H’ITU) the
magnetic field and the magnetization of the system a = (M, H) (i.e., magnetic torque), and

injected current and magnetization @ = (J,M). Note that in our measurements, the magnetic
field is kept fixed and the sample is rotated. The two orthogonal in-plane magnetization
components are parallel (M) and perpendicular (M,) to the magnetic field H.

6
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In Figure 3 we have compared the RT MR responses (left panel) with the corresponding
magnetization curves (right panels) of the LSMO films grown onto substrates with different
miscut angles. We clearly observe that by increasing the miscut angle we get an enhancement
of the MR signals, with magnetic field applied perpendicularly to the step edges (i.e., along
[100]). In particular, the largest MR variation (~0.28%) was obtained in the films deposited
onto 6° miscut substrate (light-blue curve in panel al), whereas the smallest MR (light-blue
curve in panel c1) was measured in the flat films (0° miscut). The corresponding Kerr rotation
field loops (proportional to the parallel-to-field magnetization component) ®% with magnetic
field applied parallel (perpendicular) to the step-edges indicate that the films deposited on
larger miscut angle substrate, present larger anisotropy field Hg, and larger MR. In contrast,
the magnetic anisotropy of LSMO film deposited onto nominally flat substrate (i.e. 0° miscut)
presents a weak magnetic anisotropy at RT, with a total MR one order of magnitude smaller
(~0.03%). The small peaks at coercivity of MR curves in panel (c1) result from magnetization

switching under the weak residual four-fold (biaxial) magneto-crystalline anisotropy 23,
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Figure 3. Left Panels: RT magnetoresistance responses of the LSMO films grown onto 6°
(al), 2° (b1) and 0° (c1) miscut STO (001) substrates with magnetic field applied along the
[010] (blue curve) and [100] (cyan curve) direction. The MR curves are obtained by injecting
the current along the anisotropy direction, i.e. along [010]. Red dashed curves are the fits of
the CMR contribution. Right Panels: corresponding M-H loops with magnetic field applied
along the [010] (blue curve) and [100] (cyan curve) direction. The anisotropy field Hg is
measured with magnetic field along the magnetization hard-axis, i.e. the [100]
crystallographic direction. Note that the plot scales are adapted in order to appreciate the fine
details. In particular, the MR of the 0° miscut sample (c1) is one order of magnitude smaller
than the MR of 6° miscut sample (al).

From the resistance changes loops in Figure 3 with field applied along the [010] (blue) and
[100] (light-blue) of stepped LSMO (panels al and bl), it is possible to envisage two main

regimes. At high magnetic fields, the film resistance varies linearly with H (x —|p0H |)

o
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independently to the direction of the magnetic field. At low fields, the two curves are
completely different: for poH |l [010] [i.e., e.a], R(H) shows the same linear behavior
observed at high field, while for poH L [100] [i.e., h.a.] it presents a huge variation upon
sweeping the field from positive to negative values, being minimum at zero field and
maximum at high field (> poHg). The behavior at high magnetic fields, i.e. a linear drop of the
resistivity as the magnetic field increases, is due to CMR effect. It does not depend on the
direction of the external field and is maximum at the Curie temperature (above RT in our
films). Note that a Lorentz magnetoresistance contribution to the measured MR can be
discarded since it may produce a parabolic field-dependent resistance ™ that is not observed
in our measurements. The behavior at low magnetic fields is dominated by AMR, which is
due to the mixing of spin-7 and spin-| states because of SO interaction. It depends on the
relative orientation between the magnetization M and the injected electrical current J, and is
generally described by a cos’, ¥?4 with 6 (H) = (M,J)(H). The sign of the AMR in
manganites, which is opposite to what found in 3d ferromagnetic metals, *"! derives from the
LS, term of the SO interaction that leads to ey? states splitting. ™!

On the basis of aforementioned considerations, since M at the e.a. always lies parallel to the
magnetic field [Figure 3 (a2,b2)], the corresponding R(H) [in Figure 3 (al,b1)] should not
show any AMR variation (M || J, thus constant AMR). In clear contrast, at the h.a. M rotates
during the field loop (M-H is fully reversible), and consequently the AMR contributes the
most to R(H) changes. For applied fields larger than poHk, M is forced to be parallel to the
field and, therefore, perpendicular to J. As the field decreases, the magnetization rotates and
the angle @ changes continuously. At zero-field, M is oriented along the anisotropy axis, thus
aligned to J. Note that for large magnetic field the CMR has the same slope for any field
angle [red dashed line in Figure 3 (al,bl,c1)]. This means that CMR is independent to the

field direction, allowing the discrimination from the AMR contribution. It is worth remarking
9
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that in the case of flat film (i.e., 0° miscut in panel c1) the AMR is completely overshadowed
by the CMR signal.

We compare the R(H) curves measured at RT by injected the electrical current (and probing
the voltage drop) in-plane either along the [010] (i.e., parallel to Ky) or along [010] (i.e.,
perpendicular to Ky), i.e., Joio and Jigoo respectively. This is reported in Figure 4 in which we
immediately see that: i) the sign of the resistance variation changes depending on the current

direction; ii) the CMR contribution does not depend neither to the current nor the field

direction.
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Figure 4. MR measurements at RT of LSMO film deposited onto 6° vicinal STO(001) for
different magnetic field directions, from the [010] (i.e., e.a.) to the [100] (i.e., h.a)
crystallographic directions. Panel (a) corresponds to the case of current injected along the
[010], Jo1o; panel (b) to the case of current injected along the [100], Ji00. The red continuous
lines are fits of the measured MR in the linear regions, which highlight the CMR contribution.
Note that the CMR has the same slope for any field and current direction.

In order to gain further insight into the origin of the magnetotransport properties and
to elucidate the role of the AMR in manganites, we have studied accurately the
magnetization reversal pathways for any magnetic field values and directions [ay =
(H’,ITU). ay = 0° refers to the external field poH parallel to the anisotropy Ky axis (i.e.,
[010] direction) (see sketch in Figure 2). The magnetization components, parallel (M;) and

perpendicular (M,) to the external field, are derived from vectorial-resolved magneto optic

10
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Kerr effect measurements. *% Figure 5 shows M-H and MR-H hysteresis loops (acquired
simultaneously) at RT for selected directions of the magnetic field, from easy- to hard-axis
direction of the LSMO film deposited onto 6° vicinal STO (001). The CMR contribution («
- | poH | ) has been extracted from the measured MR(H) loops, by fitting the R(H) curves in
the linear region obtaining =~ 0.04% at 20 mT. In order to isolate the AMR from the CMR,
we have subtracted such linear contribution from the MR(H) curves acquired in the whole
angular range (Figure 4).

From a simple inspection of the angular-dependent data, we notice that the MR-H curves
change accordingly to the M-H, indicating their intimate correlation with the magnetic
anisotropy of the system. We first focus on the field-driven magnetization behaviors in
order to understand the influences of the magnetic symmetry on the magnetic properties of
our system [Figure 5 (a,b)]. Then, we correlate the reversal mechanisms to the MR-H loops

[Figure 5 (c,d)].

11



WILEY-VCH

(a)
1F T : :
Ewo JWH | ed.
21 M, & [010]
- L
—. I .
36° ]
1 N
NEL T
72° 7
1 .
1_ 1
w | ~h.a.
2
= [ .
100]
-1 ; . s
-10 10
H (mT)

Figure 5. Simultaneous RT vectorial-Kerr and low-field MR curves of LSMO film deposited
onto 6° vicinal STO(001), for selected direction of the magnetic field poH from e.a. ([010], oy
=00 to h.a. ([100], ay = 90°). Panel (a) shows the My/Ms-H and M/Ms-H loops. At e.a., M
presents a squared loop with sharp transitions, meanwhile M. is negligible. Approaching to
the h.a. smoother transitions in both magnetization components become progressively
significant. At the h.a., My is fully reversible and M. describes a quasi-perfect circle. In (b)
M. vs. My at the corresponding ay are reported. These plots allow to clearly see that the
sample magnetization always follows the anisotropy axis: at e.a. M can only lie parallel to H,
whereas close to h.a. it rotates during the reversal. Panels (c) and (d) present MR=
[R(H)-Ro]/Ro curves for current injected along the [010] direction, i.e., Jo10, and along the
[100], i.e., Jio, respectively. MR curves have been corrected for the presence of CMR (see
text). When the field is applied along Ky the MR is constant in both cases, being minimum
(maximum) for Jo1o (J100). In both configurations, the largest MR variation occur when the
field is applied perpendicular to Ky (i.e., h.a.) because # varies smoothly from 0° to 180°.
Note that positive and negative MR signals are obtained depending on the magnetization-
current configuration.

With this aim we use two representations, standard M-H [Figure 5(a)] and polar M, vs. M,
[Figure 5(b)] plots to identify the preferential magnetization direction, critical fields,
domain-wall angles and magnetization reversal processes. Figure 5(a) shows My-H and M-

H loops (normalized to the saturation magnetization Ms) for selected directions of the

12
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magnetic field ay. As mentioned above, exactly at the e.a. (i.e., uoH Il [010], oy = 0°) My
presents a squared loop with sharp transitions, whereas M, does not vary at all. This is
because the magnetization of the system switches from one direction to the other, always
following the external field. This is a typical behavior of an e.a. region where the reversal is
dominated by the nucleation and further propagation of magnetic domains oriented parallel to
the external field. ! When the field is misaligned with respect to Ky, smoother transitions in
both magnetization components appear [e.g., at ay = 36° and 72° in Figure 5(a)]. These
signify that magnetization reversal processes become progressively more significant when
approaching to the h.a. In other words, M tries to be aligned to the anisotropy direction, while
it is parallel to the external field only if the latter is larger enough (at saturation). Close to the
h.a., i.e. uoH Il [100] (o = 90°), My becomes fully reversible (with no hysteresis) whereas M,
describes a quasi-circular loop, meaning that magnetization rotation mechanisms are

dominating the reversal. 24

The My vs. My polar-plots in Figure 5(b) (normalized to Mg) allow for the visualization of
the in-plane trajectory of the magnetization vector during reversal. In such a way, the
specific mechanism of the magnetization reversal is easily elucidated. The data lying on the
circle of unit radius [solid line in panel (b)], represent rotation processes. Every time the data
are off this circle, magnetic domains are present. As the field is decreased from the
saturation, the magnetization vector rotates reversibly along the circle, except for e.a. The
rotation continues for negative fields until a new irreversible process occurs (this is indicated
by the deviation from the circle of the magnetization vector). Both departure and return points
are close to the anisotropy axis, which mean 180° reversal. Hence, the sharp transitions
correspond to reversal via nucleation of magnetic domains oriented along the anisotropy

direction and further 180° domain-wall propagation. In contrast, at h.a., M describes a quasi-
13
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perfect circle proving that the reversal is governed by rotation mechanisms.

The corresponding MR curves are presented in Figure 5(c,d). Here, MR is defined as
[R(H)—Ro]/Ro, where R is the resistance at zero field. In panel (c), we show the case of
Jowo injected along Ky (i.e., along the [010] direction); in (d), the case of Jigo perpendicular
to Ky (i.e., along the [100]). These two configurations are sketched in Figure 2 for clarity.
At first glance, we notice that for both current configurations, when the field is applied along
the e.a. (uoH Il [010], any = 0° MR is constant in the field loop, but minimum for Joio
(because M and J are always parallel, as indicated in the side-sketch) and maximum for Jygo
(because M and J are always perpendicular). For uoH |l [100] (i.e., h.a. direction), the MR-
H loops show the largest variation (of the whole angular range) in both configurations,
although with inverted sign. These behaviors are due to the smooth changes (from 0°to 180°)
of 6 (angle between M and J) during the field loop. Therefore, the angular range where
magnetization rotation processes are more relevant (i.e., close to h.a. direction) correspond
always to the largest MR changes. For the Jo10 case we found MR=+0.28%, while for Jio0 we
obtained —0.16%.

In summary, the shape of the MR-H loop depends on the specific magnetization
reversal pathway, and its value can be tuned from positive to negative by modifying the
measuring conditions. For field-direction in which no M rotation occurs (i.e., at the e.a.), the
resulting MR is constant, and is maximum or minimum depending on the direction of J. For
field-direction in which the magnetization rotates (i.e., away from the e.a.), since the angle
between the magnetization and current vectors changes, MR also varies. The largest MR
variation is found therefore when the magnetic field is applied along the h.a. direction. In

this configuration, in fact, the angle 6 varies gradually from 0° to 180° during the field loop.

14
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Figure 6. Two-dimensional map representations of the RT angular evolution of the forward
branches of the MR curves of LSMO film deposited onto 6° vicinal STO(001). Panel (a)
shows the case of current injected along the [010] direction (Joio),panel (b) the case of current
injected along the [100] (J100),. This graphic representation allows the identification of two-
fold (uniaxial) symmetry with 180° periodicity. By cutting the maps horizontally we get an
angular evolution of MR at fixed magnetic field. By doing so, at field larger than the
anisotropy field [poH = -13 mT, black-circles in insets (c,d)] we obtain a good agreement with
cos’oy, Whereas for smaller field [uH = -3.7 mT, orange-squares in insets (c,d)] such a
dependence is not valid.

By analyzing the anisotropy induced magnetotransport symmetry, i.e. the field
direction dependence of the MR, we finally show that the low-field MR output in our system
follows the cos? @ law, i.e. it is due to AMR. The two-dimensional map representation of the
angular MR evolution allows a clear picture of the MR dependence with field for both Joso
[Figure 6(a)] and Ji00 [Figure 6(b)] current configurations. By cutting the map vertically, we
get a MR-H loop at given field-direction, whereas the angular evolution of the low-field
anisotropic MR at fixed values of the magnetic field is obtained by cutting the map

horizontally. The latter is shown in the insets (c,d) for different field values. For poH >|uoHk|

15
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=9 mT, the curve resembles the cos? ay behavior [e.g., at poH = —13 mT, black-circles in the
insets (c,d) of Figure 6], with inverted sign depending on the chosen magnetization-current

configuration. At smaller field (e.g., at poH = —3.7 mT, orange-squares in insets) such a
dependence is no longer satisfied, similarly to the case of 3d metals, *") although the cos20

dependence is still valid.

3. Conclusions

In conclusion, we have exploited vicinal surfaces to engineer an extrinsic (uniaxial)
magnetic anisotropy in LSMO which dominates magnetotransport at RT. By simultaneously
measuring the magnetization and magnetoresistance hysteresis loops we have established the
link between magnetization reversal pathways and anisotropic resistance changes. We have
found that AMR dominates over CMR and any other spin dependent contribution due to
grain-boundaries, domain-walls, inhomogeneities, etc. Apart from its sign (opposite to the
metals case), the AMR in manganites behaves similarly to the AMR in metals, hence
suggesting a similar underlying physics despite the complexity of the magnetic interactions
in correlated oxides. The ability to engineer a switchable magnetoresistance in manganites at
room temperature could open the way to new applications as high-resolution low field

magnetic sensors in a future oxide electronics or spintronics.
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4. Experimental Section

The LSMO thin films, with thickness of 30 nm, were deposited by pulsed laser deposition
(PLD) from a stoichiometric target onto commercially available STO (001) substrates with
miscut angle of 0°, 2° and 6° from the [001] towards [100] crystallographic direction. Details
of the growth, structural, transport and morphological characterizations are reported in the
Supporting Information. For the RT vectorial-Kerr experiments, we used p-polarized light
(with 405 nm wavelength) focused on the sample surface and analyzed the two orthogonal
components of the reflected light. This provides the (additional) simultaneous determination
of the hysteresis loops of both in-plane parallel, M, and transverse, M, magnetization
components as function of the sample in-plane angular rotation angle (ay), keeping fixed the
external magnetic field direction. Details on the experimental vectorial Kerr set-up can be
found in Ref. 8. The study of the magnetic anisotropy of the films is reported in the
Supporting Information. Simultaneously to the vectorial-Kerr magnetization curves, and for
any field values and direction, the MR was measured by using a lock-in amplifier in a four
probe geometry. The electrical current vector has been set either parallel or perpendicular to
the anisotropy axis, i.e., Joio and Jigo respectively. We have used an ac current of about 2 mA
with 39 kHz modulation. More details on the simultaneous MR and magnetization

measurements can be found in Refs. [27:28:29

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

Acknowledgements
This work was supported in part by the Spanish MINECO through Projects No. MAT2012-

39308, FIS2015-67287-P and PCIN-2015-111, and by the Comunidad de Madrid through
17



WILEY-VCH

Project NANOFRONTMAG CM. P.P. acknowledges support through the Marie Curie
AMAROUT EU Programme and JCI-2011-09602. The authors acknowledge support from the
CNRS through PICS2012 MRLSMO project. This project has received funding from the
European Union’s Horizon 2020 research and innovation programme under grant agreement

No. 737116 (ByAXON).

Author contributions
P.P. and J.C. designed the experiment; D.M., F.A., J.C. and P.P. performed the measurements
and analyzed the results, with the help of R.G.; L.M. and S.F. fabricated the samples; P.P.
wrote the manuscript, with the help of D.M,, J.C., L.M., S[F., J.S. and R.M. All authors
discussed the results.
Received: ((will be filled in by the editorial staff))
Revised: ((will be filled in by the editorial staff))
Published online: ((will be filled in by the editorial staff))
References
[1]  J.-H. Park, E. Vescovo, H.-J. Kim, C. Kwon, R. Ramesh, T. Venkatesan, Nature 1998
392, 794.
[2]  A.-M. Haghiri-Gosnet, J.-P. Renard, J. Phys. D: Appl. Phys. 2003, 36, R127-R150.
[3] A.P.Ramirez, J. Phys.: Condens. Matter 1997, 9, 8171-8199.
[4] A. M. Haghiri-Gosnet, T. Arnal, R. Soulimane, M. Koubaa, J. P. Renard, Phys. Stat.
Sol. (A) 2004, 201(7), 1392-1397.
[5] F.A. Cuellar, Y. H. Liu, J. Salafranca, N. Nemes, E. Iborra, G. Sanchez-Santolino, M.
Varela, M Garcia Hernandez, J.W. Freeland, M. Zhernenkov, M.R. Fitzsimmons, S. Okamoto,
S.J. Pennycook, M. Bibes, A. Barthélémy, S.G.E. te Velthuis, Z. Sefrioui, C. Leon, J.

Santamaria, Nat. Commun. 2014, 5, 4215.

[6] M. Bibes, Nat. Mater. 2012, 11, 354.

18



WILEY-VCH

[7] D. Preziosi, M. Alexe, D. Hesse, M. Salluzzo, Phys. Rev. Lett. 2015, 115, 157401.

[8] C. Israel, M. Jos Caldern, Neil D. Mathur, Materials Today 2007, 10, 31.

[9]  J. Heber, Nature 2009, 459, 28.

[10] E. Dagotto, Science 2005, 309, 257.

[11] P. K. Siwach, H. K. Singh, O. N. Srivastava, J. Phys.: Condens. Matter 2008, 20,
273201.

[12] E. Dagotto, New J. Phys. 2005, 7, 67.

[13] C. Zener, Phys. Rev. (1951), 81, 440; (1955), 82, 403; P. -G. de Gennes, Phys. Rev.
(1960), 118, 141.

[14] T.R. McGuire, R. I. Potter, IEEE Trans. Magn. 1975, 11, 1018.

[15] M. Ziese, S. P. Sena, J. Phys.: Condens. Matter 1998, 10, 2727.

[16] X.W. Li, A. Gupta, Gang Xiao, G. Q. Gong, Appl. Phys. Lett. 1997, 71, 1124,

[17] W. Prellier, Ph. Lecoeur, B. Mercey, J. Phys.: Condens. Matter 2001, 13, R915R944.
[18] a)J. Wolfman, A. M. Haghiri-Gosnet, B. Raveau, C. Vieu, E. Cambril, A. Cornette, H.
Launois, J. Appl. Phys. 2001, 89, 6955; b) Q. Li, H. S. Wang, Journal of Superconductivity:
Incorporating Novel Magnetism 2001, 14, 21; c¢) N. D. Mathur, P. B. Littlewood, N. K. Todd,
S. P. Isaac, B.-S. Teo, D.-J. Kang, E. J. Tarte, Z. H. Barber, J. E. Evetts, M. G. Blamire. J.
Appl. Phys. 1999, 86, 6287; d) A. Ruotolo, A. Oropallo, F. Miletto Granozio, G.P. Pepe, P.
Perna, U. Scotti di Uccio, D. Pullini, Appl. Phys. Lett. 2007, 91, 132502.

[19] a) S. R. Bakaul, W. Hu, T. Wu, T. Kimura, Phys. Rev. B 2012, 86, 184404; b) R. Di
Capua, C. A. Perroni, V. Cataudella, F. Miletto Granozio, P. Perna, M. Salluzzo, U.
Scotti di Uccio, R. Vaglio, J. Phys.: Condens. Matter 2006, 18, 81958204.

[20] D. Fadil, S. Wu, P. Perna, B. Renault, M. Saib, S. Lebargy, J. Gasnier, B. Guillet, J.-M.

Routoure, S. Flament, and L. Méchin. J. Appl. Phys. 2012, 112, 013906.

19



WILEY-VCH

[21] a) I. A. Campbell, A. Fert, in Ferromagnetic Materials VVol. 3, Chap. 11, edited by E. P.
Wohl- farth (North-Holland, Amsterdam, 1982); b) I. A. Campbell, A. Fert, O. Jaoul. J. Phys.
C: Solid State Phys. 1970, 3, S95.

[22] a)l.C. Infante, V. Laukhin, F. Sanchez, J. Fontcuberta, O. Melnikov, O. Yu Gorbenko
and A. R. Kaul, J. Appl. Phys. 2006, 99, 08C502; b) Jeng-Bang Yau, X. Hong, A. Posadas, C.
H. Ahn, W. Gao, E. Altman, Y. Bason, L. Klein, M. Sidorov, Z. Krivokapic, J. Appl. Phys.
2007, 102, 103901.

[23] a) P. Perna, C. Rodrigo, E. Jiménez, F. J. Teran, N. Mikuszeit, L. Méchin, J. Camarero,
R. Miranda, J. Appl. Phys. 2011, 110, 13919 ; b) ibidem, J. Appl. Phys. 2011, 109, 07B107; c)
P. Perna, L. Méchin, M. Saib, J. Camarero, S. Flament, New J. Phys. 2010, 12, 103033.

[24] a) Z.-H. Wang, G. Cristiani, H.-U. Habermeier, Appl. Phys. Lett. 2003, 82, 3731; b) M.
Mathews, F. M. Postma, J. C. Lodder, R. Jansen, G. Rijnders, D. H. A. Blank, Appl. Phys.
Lett. 2005, 87, 242507.

[25] S. Mercone, C. A. Perroni, V. Cataudella, C. Adamo, M. Angeloni, C. Aruta, G. De
Filippis, F. Miletto, A. Oropallo, P. Perna, A. Yu. Petrov, U. Scotti di Uccio, L. Maritato,
Phys. Rev. B 2005, 71, 064415.

[26] P. Perna, L. Méchin, M. P. Chauvat, P. Ruterana, Ch. Simon, and U. Scotti di Uccio, J.
Phys.: Condens. Matter 2009, 21, 306005.

[27] P. Perna, D. Maccariello, C. Rodrigo, J.L.F. Cufiado, M. Mufoz, J.L. Prieto, M.A.
Nifo, A. Bollero, J. Camarero, R. Miranda, Appl. Phys. Lett. 2014, 104, 202407.

[28] a) P. Perna, F. Ajejas, D. Maccariello, J. L. F. Cufiado, R. Guerrero, M. A. Nifio, A.
Bollero, R. Miranda, J. Camarero, Phys. Rev. B 2015, 92, 220422(R); b) P. Perna, F. Ajejas,
D. Maccariello, J. L. Cuiiado, R. Guerrero, M. A. Nifio, M. Mufioz, J. L. Prieto, R. Miranda, J.
Camarero, AIP ADVANCES 2016, 6, 055819; c) P. Perna, F. Ajejas, D. Maccariello, R.

Guerrero, J. Camarero, R. Mirandaa, in Proc. of SPIE 2016 Vol. 9931, 993121-1.
20



WILEY-VCH

[29] P. Perna, C. Rodrigo, M. Mufioz, J. L. Prieto, A. Bollero, D. Maccariello, J. L. F.
Cufiado, M. Romera, J. Akerman, E. Jiménez, N. Mikuszeit, V. Cros, J. Camarero, R.
Miranda, Phys. Rev. B 2012, 86, 024421.

[30] a) E. Jiménez, N. Mikuszeit, J. L. F. Cufiado, P. Perna, J. Pedrosa, D. Maccariello, C.
Rodrigo, M. A. Nifio, A. Bollero, J. Camarero, R. Miranda, Rev. Sci. Instrum. 2014, 85,
053904 ; b) J. L. Cufiado, J. Pedrosa, F. Ajejas, A. Bollero, P. Perna, F. Teran, R. Miranda, J.
Camarero, Rev. Sci. Instrum. 2015, 86, 0461009.

[31] C. Gould, at al., New J. Phys. 2010, 10, 055007.

21



WILEY-VCH

List of Figures.

Figure 1. Schematic representation of engineering large AMR in LSMO films. By tailoring
the magnetic anisotropy strength of LSMO (side arrow), through the use of substrates with
progressively larger miscut angles [from 0° (flat) to 6°], despite the CMR contribution (yellow
line) we are able to magnify over one order of magnitude the AMR signal.

Figure 2. Schematic representation of the LSMO film grown onto STO(001) substrate with
miscut angle &° = 0°, 2° and 6° (from the [001] towards [100] crystallographic direction) and
of the combined vectorial-Kerr and MR measurement configuration. In the left panel, an
adapted atomic force microscopy (AFM) image (500x500 pm?) of the LSMO vicinal surface
that shows typical film grains elongated towards the direction of the substrate step-edges, i.e.
along the [010]. The two-fold symmetry of the film morphology determines a defined two-
fold (uniaxial) magnetic anisotropy with anisotropy constant Ky. The magnetization easy-axis
(e.a.) is parallel to the [010] direction, whereas the hard-axis (h.a.) results perpendicular to it.
In the side-box the illustration of the measurements configuration is sketched for clarity. It
defines the angles between the magnetic field and the anisotropy direction ay = (H, Ky ), the
magnetic field and the magnetization of the system a = (ﬂ) (i.e., magnetic torque), and

injected current and magnetization @ = (J,M). Note that in our measurements, the magnetic
field is kept fixed and the sample is rotated. The two orthogonal in-plane magnetization
components are parallel (M) and perpendicular (M.) to the magnetic field H.

Figure 3. Left Panels: RT magnetoresistance responses of the LSMO films grown onto 6°
(al), 2° (b1) and 0° (c1) miscut STO (001) substrates with magnetic field applied along the
[010] (blue curve) and [100] (cyan curve) direction. The MR curves are obtained by injecting
the current along the anisotropy direction, i.e. along [010]. Red dashed curves are the fits of
the CMR contribution. Right Panels: corresponding M-H loops with magnetic field applied
along the [010] (blue curve) and [100] (cyan curve) direction. The anisotropy field Hg is
measured with magnetic field along the magnetization hard-axis, i.e. the [100]
crystallographic direction. Note that the plot scales are adapted in order to appreciate the fine
details. In particular, the MR of the 0° miscut sample (c1) is one order of magnitude smaller
than the MR of 6° miscut sample (al).

Figure 4. MR measurements at RT of LSMO film deposited onto 6° vicinal STO(001) for
different magnetic field directions, from the [010] (i.e.,, e.a.) to the [100] (i.e., h.a.)
crystallographic directions. Panel (a) corresponds to the case of current injected along the
[010], Jo1o; panel (b) to the case of current injected along the [100], Ji00. The red continuous
lines are fits of the measured MR in the linear regions, which highlight the CMR contribution.
Note that the CMR has the same slope for any field and current direction.

Figure 5. Simultaneous RT vectorial-Kerr and low-field MR curves of LSMO film deposited
onto 6° vicinal STO(001), for selected direction of the magnetic field poH from e.a. ([010], oy
=09 to h.a. ([100], ay = 90°). Panel (a) shows the M;/Ms-H and M./Ms-H loops. At e.a., M,
presents a squared loop with sharp transitions, meanwhile M, is negligible. Approaching to
the h.a. smoother transitions in both magnetization components become progressively
significant. At the h.a., My is fully reversible and M, describes a quasi-perfect circle. In (b)
M. vs. My at the corresponding ay are reported. These plots allow to clearly see that the
22
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sample magnetization always follows the anisotropy axis: at e.a. M can only lie parallel to H,
whereas close to h.a. it rotates during the reversal. Panels (c) and (d) present MR=
[R(H)-Ro]/Ro curves for current injected along the [010] direction, i.e., Jo10, and along the
[100], i.e., Jigo, respectively. MR curves have been corrected for the presence of CMR (see
text). When the field is applied along Ky the MR is constant in both cases, being minimum
(maximum) for Jo1o (J100). In both configurations, the largest MR variation occur when the
field is applied perpendicular to Ky (i.e., h.a.) because @ varies smoothly from 0° to 180°.
Note that positive and negative MR signals are obtained depending on the magnetization-
current configuration.

Figure 6. Two-dimensional map representations of the RT angular evolution of the forward
branches of the MR curves of LSMO film deposited onto 6° vicinal STO(001). Panel (a)
shows the case of current injected along the [010] direction (Joi0),panel (b) the case of current
injected along the [100] (J100),- This graphic representation allows the identification of two-
fold (uniaxial) symmetry with 180° periodicity. By cutting the maps horizontally we get an
angular evolution of MR at fixed magnetic field. By doing so, at field larger than the
anisotropy field [uoH = -13 mT, black-circles in insets (c,d)] we obtain a good agreement with
cos’ay, whereas for smaller field [uH = -3.7 mT, orange-squares in insets (c,d)] such a
dependence is not valid.
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