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Spin to charge conversion process in a broad range of temperatures is studied in Lag 9,MnO=/Pt bilayers
prepared by polymer-assisted deposition (PAD). It is shown that an excellent LMO/Pt interface can be
obtained in spite of using ex situ deposition of the Pt layer. The values obtained for the effective spin-
mixing conductance, gd¢ = 0.76 x 10 cm™2, suggest that significant spin transport across the LMO/Pt
interface could be achieved. Spin pumping experiments generate a transversal voltage signal V|syg, due
to spin to charge conversion via inverse spin Hall effect, that has been detected down to about 100 K
with values of the spin-Hall angle, 0sy, of about 2.5%, slightly decreasing on reducing temperature in the
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analyzed temperature range. These results indicate that LMO is a promising perovskite building block for
all-oxide multifunctional high-frequency spintronics devices and that PAD technique provides oxide
epitaxial thin films of good quality adequate for spintronic applications.
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Introduction

Complex oxides are a class of materials of great relevance
because they offer a broad range of functionalities of strong
technological interest. Nowadays, most of these applications
require the use of thin films and heterostructures, thus boost-
ing a strong activity in the field of thin film growth. Physical
deposition methods, such as molecular beam epitaxy, RF
sputtering and pulsed laser deposition, offer unquestionable
advantages for the growth of metal oxide thin films like high
epitaxial crystal quality, and precise control of composition and
thickness at atomic scale." However, these methods require
high-vacuum and are expensive and difficult to scale up. In
contrast, chemical deposition methods are easier to scale up
and offer the possibility to grow over large areas at low cost
while allowing an easy tuning of the stoichiometry.” In parti-
cular, polymer assisted deposition (PAD) has appeared as a
competitive route for environmentally friendly approaches as it
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is based on the deposition of cationic aqueous solutions.®
However, there exist some concerns regarding the suitability
of films prepared by chemical methods for challenging applica-
tions requiring high microstructural quality and sharp inter-
faces, e.g. spintronics. Since the energy balance involved during
the growth process is quite delicate, chemical growth methods
may lead to a defect landscape different from that generated by
using vacuum techniques, resulting in the modification of the
physical properties of the films. Thus, relevant parameters for
the development of spintronics devices, such as magnetic
damping, «, magnetic anisotropy or spin-mixing conductance,
g'!, may be substantially different from that observed in thin
films and heterostructures prepared by physical deposition
methods.* On the other hand, the particular growth conditions
of PAD, close to thermodynamic equilibrium conditions, have
revealed to be very appropriate for the epitaxial growth of
ternary and complex oxides thin films of a broad variety of
materials.*”® In our previous work,” we showed that thin films
of the ferromagnetic-metallic Layo,MnO; (LMO) compound
prepared by PAD exhibit magnetic damping values, oo, Of
the order of 1 x 102, similar to damping values reported for
other perovskite oxide films prepared by physical methods.*™°
Additionally, it was also observed that magnetic damping
substantially increased in LMO films caped with Pt, opyo/pe
~ 2.5 x 107?, thus suggesting a transfer of spin momentum
from the LMO to the Pt layer by spin pumping (SP). These
results allow envisaging that LMO films grown by PAD may
potentially be an efficient spin source system in heterostruc-
tures for spintronic devices.

This journal is © The Royal Society of Chemistry 2022
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The generation and transmission of spin currents necessary
for the development of spintronics devices requires of low
magnetic damping materials."* Previous results show that the
spin pumping efficiency is significantly influenced by the
damping constant.'® Low magnetic damping constants may
be achieved in transition metal oxide films, either in insulating
materials as yttrium iron garnet or in half-metallic compounds,
as the double exchange La,;Sr;,3Mn0;."*"* However, in the
latter case magnetic damping may be substantially increased
due to extrinsic contribution associated with the scattering
of conduction electrons by the two magnon scattering
mechanism."* Additionally, surface/interface roughness and/
or magnetic inhomogeneities originated from the defect land-
scape of the film may also increase extrinsic damping. Previous
results regarding the generation of pure spin currents by SP in
complex oxides, such as SrIrO;, STRuO; and double exchange
manganites,'*">"'® anticipate a major role of these materials in
the development of the next generation of spin devices based
on spin-orbit torques.’® Therefore, it is of strong interest to
clarify if complex oxide thin films prepared by chemical deposi-
tion methods are good enough for the generation and manip-
ulation of pure spin currents. To analyze this possibility, we
have chosen the Lay 9,MnO; (LMO) compound. Bulk stoichio-
metric LaMnO; is a Mott insulator and an A-type antiferro-
magnet (AF), however it may become a ferromagnet (FM) in
thin film form, due to structural strain,’® or by introducing
cationic vacancies (in both La or Mn sites).”" La vacancies
promotes de appearance of a Mn*-Mn** mixed valence state
to maintain charge neutrality and a double exchange mediated
FM and metallic state is generated.>" With 8% of La vacancies
LMO thin films prepared by PAD exhibit a robust ferromagnetic
ordering with a FM transition temperature above room tem-
perature (Tc &~ 320 K), slightly below that of ideally doped
La; _,Sr,MnO; perovskites, but with a smaller cationic disorder
and larger conductivity values, making it interesting for spin-
tronic applications. In this work we have studied the spin
injection and spin-charge conversion processes in LMO/Pt
bilayers by using a broadband ferromagnetic resonance spec-
trometer for SP. Inverse spin Hall effect (ISHE) voltage signals
were measured in a broad range of temperatures, in spite of
larger values of magnetic damping, making evident that LMO
films prepared by PAD are of high quality, overcoming the
challenging difficulties of surface roughness and homogeneity
control, even for properties highly dependent on defect struc-
ture as magnetic damping and spin currents generation and
transmission.

Experimental

Epitaxial LMO thin films were grown on (001)-STO substrates
via PAD.*” Individual solutions of La*" and Mn>" were prepared
by dissolving La(NO;);-6H,0 and Mn(NO3),-5H,0 in water with
ethylenediaminetetraacetic acid (EDTA) in a 1:1 molar ratio.
Polyethylenimine (PEI), Sigma Aldrich Ref. 408727, with an
average molecular weight of 25000 was then added to each
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solution in a 1:1 mass ratio to EDTA. The cations bind to PEI
through an electrostatic EDTA—PEI interaction.® This feature
not only ensures an even distribution of metal cations in the
solution, but also serves to adjust the viscosity of the solution.
The individual solutions were filtered using an Amicon filtra-
tion unit (10 kDa), and retained portions were analyzed by
inductively couple plasma (ICP; Optima 4300 DV ICP.OES
Perkin-Elmer). Finally, the solutions were mixed according to
the desired final stoichiometry, La: Mn 0.92 : 1. Typical solution
viscosity values were in the range n ~ 3-4 mPa s (measured
with a DMA 4100 M Anton Paar densimeter, with a micro-
viscometer module Lovis 2000ME). The precursor solutions
obtained in this way were spin-coated (4000 rpm, for
90 seconds) on 0.5 x 0.5 cm?* (001)-STO substrates from Crystec
GmbH, Germany. Prior to deposition, the as-received STO
substrates were chemically etched and thermally treated to
generate TiO,-terminated surfaces with atomically flat
terraces.”* Finally spin coated films were annealed for the
elimination of the organic component at low temperatures
(=500 °C), and phase formation and crystallization at higher
temperatures, under oxygen flow to avoid the formation of
oxygen vacancies. Thermal annealing was performed using a
horizontal tube furnace at 980 °C for 30 min, and oxygen flow
above 0.2 L min~". Consequently, mirror-like films that cover
the whole surface of the substrate, and exhibit a low surface
roughness (RMS values below ~ 1 nm) were obtained (see
Fig. 1). In this way LMO samples of thickness, ¢ ~ 17 nm, as
determined by X-ray reflectometry, prepared using solutions
with a total cation concentration of 240 mM were fabricated.
Systematic 6-26 scans in X-ray measurements showed that only
the (00l) reflections of the film and substrate are present
indicating the excellent purity of the phase and the optimum
c-axis alighment of the grown films.” The excess of material at
the edges and corners of the sample have been removed by acid
treatment (see ref. 7 for details). Previously to the acid treat-
ment, a circular pattern, made by means of optical lithography,
has been imprinted on the sample in order to control the total
volume of the magnetic film. The overall result is a circular
Lag 9,MnO; thin film with a diameter of 4.4 mm and no excess
of material at the corners nor the edges. Then, samples were
capped with a Pt layer deposited at room temperature, in Ar-H,
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Fig. 1 (a) 0-20 scan around the (001) STO reflection. (b) Reciprocal space

map in the vicinity of the (103) STO peak revealing in-plane compressive
strain in the films. Pseudocubic notation is always used. (c) Topography of
the surface of an LMO thin film obtained via AFM in tapping mode. Overall
roughness rms ~ 1 nm.
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atmosphere and working pressure of 5 mTorr, using a dc
magnetron sputtering. Prior to Pt deposition, LMO film’s sur-
face was cleaned using a combination of acetone and ethanol
and further anneal up to 500 °C for 1 min. The estimated
thickness of Pt layer is about 6 nm. Additionally, the structural
characterization of both the LMO surface and its interface with
the STO substrate has been studied by a combination of atomic
force microscopy (AFM), X-rays and scanning transmission
electron microscopy (STEM) methods. Aberration corrected
STEM characterization was carried out in a probe-corrected
FEI Titan 60-300 operated at 300 kV, and equipped with a high-
brightness field emission gun (X-FEG), a CETCOR aberration
corrector for the probe from CEOS, and a Tridiem GIF spectro-
meter 866 ERS from Gatan. Atomically resolved images with Z
contrast were acquired by high-angle annular dark field
(HAADF); the convergence semiangle of the probe was 24 mrad
to yield a probe size < 1 A. STEM spectrum imaging was
performed by combining HAADF imaging with Electron Energy
Loss Spectroscopy (EELS) with a beam current of ~180 pA, an
energy dispersion of 0.1 eV, and a collection semiangle of about
45 mrad. EELS spectra were collected with an exposure time of
0.5 s, and afterwards noise-filtered by Principal Component
Analysis (PCA).>

Results and discussion

0-20 scan around the (001) diffraction peak is presented in
Fig. 1a. Fitting of the (00/) peak positions leads to a pseudo-
cubic out-of-plane parameter of a, ~3.87 A. Moreover, the
strain state of the LMO film was studied by using reciprocal
space maps around (103)gyo reflection, as shown in Fig. 1b. The
fact that both peaks lie on the same Qj, coordinate line
indicates that the LMO film is fully strained. Therefore, the
in-plane lattice parameter of the LMO film, |, matches that of
the substrate one, i.e., a;= 3.905 A, resulting in a pseudocubic
cell volume of V,. ~ 59.3 A’ Surface topography of the as-
grown LMO sample is shown in Fig. 1c. A relatively flat surface
with an RMS roughness of about 1 nm is observed.

The quality of the LMO/Pt bilayers has been analyzed by
using STEM. LMO film is epitaxial and shows and excellent
crystalline quality without defects while Pt is of polycrystalline
nature. No structural modifications are observed at the LMO/Pt
interface (see Fig. 2a). A chemical analysis close to the LMO/Pt
interface has been performed by Electron Energy Loss Spectro-
scopy (EELS) (see Fig. 2b and Fig. S1 and S2, ESI{). The Mn-L, ;
edge shows a uniform fine structure when monitored deep into
the LMO film, while the L; line experiences a gradual shift of
~0.8 eV to lower energy at the interface, in the last 2-3 unit
cells of LMO below Pt. This redshift indicates qualitatively a
higher abundance of Mn®", thus a Mn reduction at an interface
with lower oxygen content than the inner part of the LMO
film.>*

The static magnetic properties of the LMO films were
studied using a SQUID magnetometer by Quantum Design.
The diamagnetic contribution of the substrate and other
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Fig. 2 (a) Atomic resolution HAADF-STEM image of the LMO/Pt interface.
(b) HAADF signal of the interface region marked with a yellow rectangle in
b, where EELS experiment was performed. (c) Background-subtracted
EELS spectra of the Mn-L; 3 edge after noise reduction, integrated along
the regions indicated in (b).

instrumental contributions for DC magnetization measure-
ment were properly corrected.>® The possible relative error
when determining the saturation magnetization (M) by SQUID
measurements was estimated to be approximately 5% and is
mainly ascribed to the error in the determination of the actual
volume of the samples. The saturation magnetization value
obtained at low temperatures for the LMO film is around
550 emu cm °, in excellent agreement with the theoretical
value for Lay,MnO; (x568 emu cm *). The magnetization
versus temperature, M(T), curves of the LMO film before and
after the Pt deposition are depicted in Fig. 3a. As it can be
observed, the Curie tem temperature in both cases is almost the
same (around 320 K). However, the absolute value of the
saturation magnetization after the Pt deposition is slightly
reduced (~9%) with respect to the saturation value of the
LMO film alone. This small reduction may be attributed to
minute changes of the oxygen content, as shown by EELS
spectra (see Fig. 2 and Fig. S1, ESIY), during the deposition of
the Pt capping layer in a slightly reducing atmosphere to
prevent oxidation. On the other hand, in Fig. 3b, the hysteresis
loops (M(H) curves) at different temperatures of the LMO/Pt
bilayer show that the coercive field increases with decreasing
temperature. An important feature of M(T) and M(H) curves is
the lack of any signal of secondary magnetic phases or mag-
netic inhomogeneities in the samples.
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Fig. 3 (a) Temperature dependence of the magnetization for the LMO
film before and after deposition of the Pt capping layer. A decrease in the
magnetization after the Pt deposition can be appreciated. The magnitude
of the applied, in-plane, magnetic field is 1 kOe. (b) Hysteresis loops of the
LMO/Pt bilayer, with the external applied field parallel to de sample plane,
for different temperatures.
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The dynamic magnetic properties of the LMO and LMO/Pt
thin films were studied by means of ferromagnetic resonance
spectroscopy (FMR) using a commercial broadband coplanar
waveguide (CPW) (by NanOsc) inserted into a Physical Proper-
ties Measurement System (PPMS by Quantum Design). The
transversal voltage signal generated by ISHE in the LMO/Pt
bilayer system has been measured by using a 2128A Keithley
nanovoltmeter. This equipment has been programmed to act
synchronously with the FMR spectrometer in order to measure
both the FMR spectral curves and ISHE voltage signal simulta-
neously. A custom-made CPW specifically designed to measure
voltage signals in FMR experiments has been employed. The
electrical contact with the sample is enabled through two
parallel Au ribbons on both sides of the CPW with bumps
raised 20 pm above the sample holder surface. An image of the
actual experimental setup is shown in the ESIt (see Fig. S3,
ESIT). Each measurement was performed at a fixed temperature
and sweeping the externally applied magnetic field, H, for
several fixed microwave frequencies (from 2 GHz to 16 GHz).
The external static magnetic field was applied in-plane and
parallel to the [100] substrate direction. An example of the FMR
absorption spectrum obtained at 7 = 200 K for the LMO film
and LMO/Pt bilayer is shown in Fig. 4a. As evidenced by the
figure the presence of a Pt capping layer promotes an enhance-
ment of the resonant absorption line-width.

The derivative of the FMR spectra is described as the sum of
symmetric and antisymmetric Lorentzian derivative contribu-
tions, iLe.,

AH?

Eo(i AH'(Heres)
dH = dH | AH? + 4(H — H,)*

AH? + 4(H — Hres)z} g

By fitting the FMR absorption spectrum at each microwave
frequency using eqn (1) both the resonance field (H,es) and line
width (AH) can be determined. The frequency dependence on
the resonance field is conditioned by the existence of in-plane
anisotropy in these films, as shown in our previous report.”
Therefore, for the [100] substrate direction, it may be written

as:>®

) 1/2 1/2
f= ﬁﬂo (Hres + H4ip) / X (Hres + Meir + H4ip) / (2)
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Fig. 4 (a) Example of the derivative of the resonant absorption line

measured at T = 200 K and at a frequency of 6 GHz. The increase of the
line-width after Pt capping is evidenced. (b) Kittel curves for the LMO and
LMO/Pt systems showing the shift in the resonance field at high frequen-
cies. The fitting curves (red lines) have been obtained using eqn (2).

This journal is © The Royal Society of Chemistry 2022

View Article Online

Journal of Materials Chemistry C

being y = upg/h the gyromagnetic ratio, Hy;p, = + 2K4i,/M; a four-
fold in-plane anisotropy field, and M. the effective magnetiza-
tion, which is defined as 4nM.g = 4TM, - 2K, /Mg and includes
the out-of-plane uniaxial anisotropy term K,. Moreover, the
resonance linewidth AH, which quantifies the magnetic relaxa-
tion processes in the system, depends linearly on the frequency,
being the magnetic damping the slope of the line, i.e.,

AH = AH(0) + %f 3)

where AH(0) is the so-called inhomogeneous line broadening or
damping, which represents the relaxation processes due to
extrinsic contributions such as magnetic inhomogeneity in
the sample, and o is the Gilbert damping parameter, which
generally quantifies the intrinsic damping contribution to the
overall magnetic relaxation processes. This parameter, how-
ever, may include extrinsic contributions such as two-magnon
scattering and SP. An example of the dependence of H,s on the
measuring frequency for both LMO and LMO/Pt is shown in
Fig. 4b together with the fit using eqn (2). The observed shift to
higher resonance fields for LMO/Pt sample reflects the small
decrease of the saturation magnetization, as already found in
SQUID measurements. Worth to mention here that, during the
fitting process, y and M. are closely correlated (see eqn (2)) and
different values might result in equally good fittings. Never-
theless, coincidences of the values of the obtained gyromag-
netic ratio and the saturation magnetization changes, in
accordance with the M(T) measurement, in both systems give
further support to the goodness of this fit. Therefore, using a
mean 7 value of 29.16 GHz T~ *, a g-factor of 2.08 is obtained,
which is slightly higher than the spin-only value of 2 usually
observed in manganites, suggesting a small contribution from
the orbital angular momentum.’

On the other hand, the increase of the resonance linewidth,
AH, in the LMO/Pt bilayer with respect to the LMO alone is also
shown in Fig. 4a. As it has been stated previously, the resonance
line width is related to magnetic relaxation processes in the
system. Therefore, an increased line width would be related to
additional dissipation channels in the LMO/Pt bilayer with
respect to the LMO film. In fact, it could be indicative of the
flow of spin angular momentum, i.e. SP effect, whereby the
resonant precession of the LMO magnetization injects a pure
spin current into the Pt film. As shown in our previous work,’
values of the Gilbert damping parameter at 7 = 150 K are
around 1 x 107> for LMO, and increase appreciably, to
~2.5 x 102, for LMO/Pt bilayers. These values are larger than
these reported in similar high-quality complex oxide perovs-
kites thin films grown by physical methods,?”*® therefore it is
of strong interest to verify the actual capability of PAD prepared
LMO films to act as spin injectors. The efficiency of the spin
injection across the LMO/Pt interface is described by the
effective spin-mixing conductance, gl¢, which is the phenom-
enological parameter that quantifies the spin transparency of
the magnetic/nonmagnetic (NM) layer systems interface. gl¢ of
the LMO/Pt interface can be estimated from the change in the
magnetic damping, ie. Ax = ormompe — Onmo, through the
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relation Ao = (guB/41tMstLMo)glfgL, which results in an effective
spin-mixing conductance gl¢ =0.76 x 10'° cm ™2, that is similar
to values reported for other perovskite oxide films*”*° and
slightly smaller than values reported for Py/Pt bilayers.?%3!
Since a large value of gl¢ implies a large spin current, our
results suggest that significant spin transport across the LMO/
Pt interface could be achieved in spite of the ex situ deposition
of Pt capping layer.

In order to assess the role of the chemical solution grown
LMO films as effective spin injectors and verify that an actual
injection of a pure spin current into the Pt layer takes place, the
transversal voltage signal, due to spin to charge conversion
through ISHE, across de Pt layer has been measured. In
materials with large spin-orbit coupling, such as Pt, a pure
spin current can be converted into a charge current, and vice
versa, due to ISHE and spin Hall effect (SHE).>*> The effective
detection of SP-induced ISHE voltage signal allows to circum-
vent the problem of interfacial spin decoherence with impor-
tant implications in the quantification of crucial spintronic
parameters such as the spin Hall angle or the spin diffusion
length.?*7*

In SP experiments, the line shape of the measured voltage
signals follows that of the FMR spectra, i.e., Lorentzian curve,
therefore the measured voltage signal is given by the following
expression:

B V.AH? VasAH - (H — Hyeg)
AH? + (H — Hy)*  AH? + (H — Hy)?

(4)

being V; and V,s the symmetric and anti-symmetric voltage
amplitudes of the overall signal line. It is worth mentioning
that in most of SP-induced voltage measurements, besides
ISHE, there may be contributions coming from the so-called
spin rectification effects (SRE).*® SRE arise from the synchro-
nous coupling of the microwave magnetic field induced by the
CPW and the time-varying magnetization of the FM sample in
the form of magnetoresistance, which in overall result in a non-
vanishing dc voltage signal. Nevertheless, since the resistivity of
the LMO film is several orders of magnitude higher than that of
Pt, SRE are expected to be negligible in our case.””’

The experimental voltage signals at 200 K for the LMO/Pt
bilayer are shown in Fig. 5. As it can be observed, the common
trend of all the voltage curves is the dominance of the sym-
metric voltage amplitude, as expected for a voltage signal
generated by ISHE (Visyg) free from parasitic SRE signals. The
other important feature of the voltage curves is that they are all
positive, in agreement with the expected polarity for an ISHE
generated signal according to our experimental setup (see
ESIY).

Fig. 5 also makes evident that the frequency dependence of
voltage signal is not monotonic. In principle the spin current
generated by SP is expected to be proportional to the precession
frequency f;°>® and so does the ISHE voltage signal (Vigug),
however, it is observed that the spin current slightly decreases
with increasing frequency.*® This behavior is generated due to
the fact that even both, magnetization-precession and the spin
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Fig. 5 Transverse voltage measurements for the LMO/Pt bilayer at dif-
ferent microwave frequencies (upper panel). The corresponding derivative
of the FMR absorption line is shown in the bottom panel.

current generated by a cycle of the precession of magnetization,
depend on frequency they have different frequency dependen-
cies giving place to a sort of compensation effect. Vigyg is
proportional to the elliptical area of the magnetization preces-
sion trajectory, S, increasing the excitation frequency generates
a reduction of the cone angle leading to a reduction of S
roughly dependent on f 2. Since Visyg is proportional to £-S a
linear dependence on f ' is roughly expected.>®*°

From the values of the ISHE voltage signal, and assuming a
/s ~ 3 nm (according to the resistivities of the Pt layer, namely
p ~ 40 pQ cm), a value of the Hall angle, fs; ~ 0.025 =+ 0.005,
slightly decreasing on reducing temperature in the analyzed
temperature range, is derived. This value, in the range of low
values reported in the literature, agrees well with previous
reports for systems with similar values of Pt conductivity.*"

On the other hand, the temperature dependence of Vigy is
shown in Fig. 6. As expected, the intensity of the voltage signal
decreases on approaching T since the magnetization of LMO
layer decreases and so does the spin current injected into the Pt
layer. However, it is also observed that the voltage signal
decreases on cooling down the samples and becomes vanishing
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Fig. 6 Temperature dependence of the transverse voltage signal for the
LMO/Pt bilayer at different frequencies.
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small below 100 K when the magnetization of the LMO layer is
already saturated.

Reports regarding the temperature dependence of Vigyyg are
scarce and sometimes confusing. Temperature dependence of
Visug has been reported in La, ;Sry 3sMnOs3/SrRuO; (LSMO/SRO)
bilayers showing the expected decrease on approaching T¢ of
LSMO.** However, the transition of SRO to the low temperature
ferromagnetic phase at Tc ~155 K precludes the access to the
low temperature behavior of Vigys. Temperature dependence of
Visue on LSMO/Pt bilayers has been reported by V. A. Atsarkin
et al.*® In this case it is shown that Vigy follows approximately
the temperature dependence of the square of the magnetization
of LSMO, decreasing on approaching T and showing a satura-
tion effect below about 200 K. Unfortunately, experimental
results are truncated at 100 K, so the behavior of Vigyg at low
temperature cannot be inferred. In order to clarify what the
behavior at low temperatures should be, we have analyzed the
expression of Viggg to try to derive the expected behavior of
the different parameters appearing in the equation. According
to the analysis in ref. 31 and after some algebra Vigyg can be
written as:*?

Visie = QRA0su tanh (20) pAH gl 5)
being Q a temperature-independent factor, R the total resis-
tance of the measured section, A the spin diffusion length in Pt,
tpe the thickness of the Pt layer, AH half the resonance line-
width and p a factor that considers the effects of ellipticity of
the spin precession in the FM film and demagnetizing fields. As
pointed out in ref. 43, once the magnetization reaches the
saturation value, the p factor is almost constant down to the low
temperature regime (see Fig. S5 in ESI{). On the other hand, the
change in resonance linewidth with temperature shows a non-
monotonic behavior (see Fig. 7b). It initially decreases with
decreasing temperature, but its behavior changes rapidly and
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Fig. 7 (a) Simulation of the temperature dependence of the Visye signal

according to eqn (5) introducing the T-dependence of the different
variables involved, i.e. 1, Osp, p, gl¢. AH. (see Fig. S4 and S5 in ESI+). Data
has been normalized by the value at maximum. Different scenarios have
been considered for A and 0sy. Temperature-dependence, i.e. A(T), Osy(T)
or no dependence in temperature at all, ie. 1, Osy. (b) Measured
temperature dependence of the FMR linewidth AH.
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begins to increase below about 200 K and the growth rate
becomes noticeably more pronounced below 100 K. The tem-
perature dependence of R exhibits a clear reduction on cooling
down the sample since, both the Pt and the LMO layers have
metallic behavior in this range of temperatures (see Fig. S5,
ESIt). However, the spin Hall conductivity, osyg, of Pt is found
to be almost constant.** The temperature dependence of 2, Osy
and glf} is somehow more controversial. For instance, S. Meyer
et al.™ reported that in yttrium iron garnet/Pt hybrid structures
Osi decreases almost to the half on cooling from room tem-
perature to 10 K, wile 2 and gl¢ remain almost constant.
However, this is in contrast to subsequent reports in Pt that
point to an almost temperature-independent behavior of Og.*°
In fact, we observed a smooth reduction of 6y on lowering
temperature (see Fig. S4, ESIf). On the other hand, experi-
mental results in LSMO/Pt bilayers show that gl¢ is propor-
tional to the square of the magnetization,*® so that once
saturation is reached it is basically independent of tempera-
ture. By contrast, A exhibits a clear temperature dependence
since it depends on the spin relaxation mechanism.*” Some
reports indicate that 1 at Pt could be up to an order of
magnitude higher at low temperature,*® however as it depends
on the spin relaxation mechanism could be sample-dependent.
A simulation of the temperature dependence of Vigyr can be
obtained by introducing the temperature dependence of the
different quantities included in eqn (5) (see Fig. S4 and S5 in
ESIt). As shown in Fig. 7a the temperature dependence of the
normalized Vigyg is non-monotonic and exhibits a clear max-
imum at about 200 K, in rough agreement with the experi-
mental observations. It is also worth mentioning that below
100 K Visyg signal is very small, as it is at high temperature
close to Tc. Thus, this would explain why no Visyg signal is
detected below 100 K. Interestingly, the variation of the FMR
linewidth shown in Fig. 7b, exhibits just the complimentary
behavior with a minimum around 200 K.

Taking into account the temperature dependence of the
different variables involved in the eqn (5), i.e. 4, Osy, p, gl¢,
AH, it seems quite evident that the observed variation of Visyg
is dominated by the temperature dependence of AH. Thus, we
should conclude that the strong reduction of Vigyg on lowering
temperature is due to the increase of damping. In fact, a similar
behavior has been observed in Pt/yttrium iron garnet bilayers in
which a strong reduction of VISHE was detected on lowering
temperature,*® which was also attributed to a strong increase of
damping on lowering temperature. At this point it is also
important to remember that on lowering temperature extrinsic
contributions to damping, such as two-magnon scattering,
defects, changes of magnetic anisotropy, presence of interfaces,
etc., might substantially increase the damping, broadening
resonance peaks, thus masking spin pumping effects and
making it difficult to measure Vigyg as the temperature drops
below 100 K.>>*' Moreover, very recent results in Lag, Srg;
MnO; (LSMO),** a double exchange ferromagnet thus, with
magnetic behavior very similar to that of our LMO samples, clearly
exhibits a strong increase of damping on reducing temperature. The
observed temperature dependence of damping is interpreted
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considering two contributions, resistive-like and conductive-like, as
in Kambersky’s torque-correlation model®® and an additional term
due to spin pumping. This latter term is attributed to the appear-
ance of an insulating and magnetically active dead layer, caused by
the lowering of the double exchange mechanism at surface and
interfaces. Since LMO has a very similar magnetic behavior to that
of LSMO, and in both cases magnetic interactions are mediated by
the double exchange mechanism, this additional term may also
contribute to the enhancement of damping in our case.

Conclusions

In conclusion, in this paper we have analyzed spin to charge
conversion processes in LMO/Pt bilayers, were the LMO epitax-
ial layer has been prepared by using PAD method in a broad
range of temperatures. It is shown that PAD allows obtaining
LMO films of excellent crystalline and surface quality. Addi-
tionally, it is also shown that an excellent LMO/Pt interface can
be obtained using ex situ deposition of the Pt layer. Values of
the Gilbert damping parameter are « ~ 1 x 10> for LMO, and
increase appreciably for LMO/Pt bilayers. These values are
larger than those reported in similar high-quality complex
oxide perovskites thin films grown by physical methods. How-
ever, the values obtained for the effective spin-mixing conduc-
tance, gl¢ = 0.76 x 10'° cm 2, are similar to values reported for
other perovskite oxide films. Thus, our results suggest that
significant spin transport across the PAD deposited LMO/Pt
interface could be achieved in spite of the ex situ deposition of
the Pt capping layer. Spin pumping experiments have been
performed in a broad temperature range and a transversal
voltage signal Visug, due to spin to charge conversion, has been
measured down to about 100 K. The high resistance of the LMO
layer, compared to that of Pt layer, precludes the appearance of
parasitic spin rectification effects and therefore Visyg signal is
fully symmetric. Visur exhibits a non-monotonic temperature
dependence and becomes vanishing small below about 100 K.
The strong reduction of Visyg on decreasing temperature is
attributed to the increase of the magnetic damping. These
results indicate that chemical solution grown LMO is a promis-
ing perovskite building block for all-oxide multifunctional
high-frequency spintronics devices.
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