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Enhancement of Spin Mixing Conductance in
Lag ;Sro3sMnO5/LaNiO3;/SrRuO; Heterostructures

Christoph Hauser, Camillo Ballani, Philipp Diirrenfeld, Frank Heyroth, Philip Trempler,
Stefan G. Ebbinghaus, Evangelos Th. Papaioannou, and Georg Schmidt*

Spin pumping and the effective spin-mixing conductance in heterostructures based
on magnetic oxide trilayers composed of Lag ;Srg ;MnO; (LSMO), LaNiO; (LNO),
and SrRuO; (SRO) are investigated. The heterostructures serve as a model system
for an estimation of the effective spin-mixing conductance at the different inter-
faces. The results show that by introducing a LNO interlayer between LSMO and
SRO, the total effective spin-mixing conductance increases due to the much more
favorable interface of LSMO/LNO with respect to the LSMO/SRO interface.
Nevertheless, the spin current into the SRO does not decrease because of the spin
diffusion length of A, yo & 3.2 nm in the LNO. This value is two times higher than
that of SRO. The results show the potential of using oxide interfaces to tune the
effective spin-mixing conductance in heterostructures and to bring novel func-

tionalities into spintronics by implementing complex oxides.

1. Introduction

The current research on charge-to-spin current conversion effects
such as the spin-Hall effect (SHE) offers great potential for appli-
cations in the field of spintronics and spin-orbitronics."” Among
many studies on magnetic metallic and dielectric materials for the
most efficient charge-to-current conversion, oxides have attracted
less attention. However, incorporating oxides into the spin current
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research field can be advantageous due
to their tremendous variety of properties
(e.g., electronic transport, magnetism) that
can be tuned by deposition parameters
(e.g., stoichiometry, O, pressure, strain)
and that depend on the operation conditions
(e.g., temperature, magnetic, and electric
fields). Furthermore, many oxide materials
have commensurate lattice constants with
perovskite-like structure that allow for very
smooth interfaces in oxide heterostructures
and hence can lead to well-defined properties
at these interfaces.

In this article, we investigate spin
pumping and we calculate the effective
spin-mixing conductance glflf at low temper-
atures in Lag;Sry3MnO;/LaNiO; /SrRuO;
(LSMO/LNO/SRO) heterostructures. LSMO
is a prominent oxide material with a rich phase diagram.”! We use
LSMO where a ferromagnetic metallic phase up to 370K in bulk
material® is observed. Also, the inherently bad-metallic™ oxide
SRO shows a paramagnetic to ferromagnetic transition around
155 K.T LNO, contrary to all other rare earth (R) nickelates RNiO;
with a metal-insulator transition'® is known to remain in a para-
magnetic conducting phase even at low temperature. Previous
studies on the spin pumping and the inverse spin-Hall effect
(ISHE) in LSMO/SRO bilayers!” have shown that SRO layers were
acting as a spin sink exhibiting an ISHE which is similar in mag-
nitude to that of Pt but of opposite sign. Recently, Ghosh et al.®’
proved the Kondo effect and a quite strong magnetoresistance in
LSMO/LNO/SRO trilayers. Using ferromagnetic resonance (FMR)
at room temperature they observed an increase in damping.

Here, we demonstrate the influence of a LNO interlayer
between LSMO and SRO on glflf of the different interfaces.
The spin-mixing conductance g'' is one of the key concepts
in the spin current transport through interfaces’ as it describes
the transport of spins at the interface between a ferromagnet
(FM) and a second layer made from a different material. It should
be noted that according to Tserkovnyak et al.®! g} only describes
the transmission of said interface and is only a valid approach if
the second layer is a perfect spin sink with very strong spin
scattering. For a full description of the spin current in a multi-
layer not only the transmission of all interfaces but also the spin
diffusion and spin flip in each respective layer need to be
considered, which is typically done by combining all properties
in glflf instead of g'!. Accordingly for a full understanding the
value of gl}f which is accessible in the experiment needs to be
disentangled into the mentioned properties for the analysis.

© 2020 The Authors. Published by WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim
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A large gl#f means a large spin current, and if the difference in
chemical potential of spin-up and spin-down in the FM is caused
by EMR, as in spin pumping experiments, it also means a larger
damping of the resonance. However, the estimation of the
spin-mixing conductance in spin pumping experiments for mag-
netic/nonmagnetic (NM) layer systems is not trivial. Usually the
calculation is done by measuring the increase in damping
and comparing it to the characteristic value of a single uncapped
magnetic layer without the spin sink. This uncapped layer acts as a
reference sample with no losses due to spin pumping. However, in
most of the metallic magnetic layers a capping layer is needed. The
capping can largely modify the damping properties of the magnetic
layer, a fact that cannot be correlated to the investigated spin pump-
ing. Furthermore, different factors can influence the estimation of
the increase in damping as, for example, the emergence of a finite
magnetic polarization in the NM layer in contact with a ferromag-
netic layer,'*" the spin memory loss effect!'” or the two-magnon
scattering effect.!'® This is the reason why in experiments typically
glé is determined. In our study, no capping layer is needed
because the bare LSMO reference layer is stable in air. Our work
focuses on the estimation of gl# in an oxide trilayer system.

Previous experiments in which spin pumping through oxide
interlayers was investigated showed varying results. Starting from
YIG/Pt bilayers it was found that the insertion of a number of
oxide interlayers reduces the spin-pumping efficiency," whereas
the insertion of NiO!"*! leads to an increase in the spin-pumping
efficiency and the ISHE, at least for very thin interlayers. In our
experiments, we observe that the presence of an LNO interlayer
increases the damping and as a consequence also glflf We derive
the spin diffusion length for the interlayer LNO, as well as glflf for
the trilayers and also extract the respective values for gl for the
two interfaces. Magnetization and Curie-temperatures are mea-
sured by SQUID magnetometry and the samples are structurally
characterized by X-ray diffraction and transmission electron
microscopy (TEM) to confirm the interface quality.

2. Sample Fabrication

The heterostructures are deposited on (001)-oriented strontium
titanate SrTiO; (STO) substrates, which are TiO,-terminated
by wet etching and annealing."® The deposition is done in a
copper-sealed pulsed laser deposition (PLD) chamber with a
background pressure lower than 4 x 1078 mbar. For deposition,
an excimer laser with a wavelength of 248 nm is used. The laser
fluency is chosen as 2.3 ] cm~2 per pulse and the repetition rate
as 2 Hz. An oxygen partial pressure of 0.2 mbar for the LSMO
(40 nm) and SRO (6 nm) layers, and 0.4 mbar for the LNO layers
is applied. Deposition is done at a substrate temperature of
750°C. After deposition the heterostructure is cooled down at
5Kmin~!. The heterostructure compositions and the thickness
of each layer are summarized in Table 1. For a LSMO/Pt refer-
ence stack (sample R2) a 13 nm thick Pt layer is deposited via DC
magnetron sputtering without breaking the vacuum. The sam-
ples are cut afterward into pieces with the size of 2 x 5mm?
to fit into the SQUID magnetometer and the sample holder
for FMR spectroscopy investigation. For ISHE measurements,
we deposited Ti(10 nm)/Au(150nm), via lift-off process, on
the edges of the respective samples.
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Table 1. Prepared layer stacks. The given thicknesses are nominal
values. Summarized results from FMR and SQUID measurements.

Name LSMO LNO SRO Pt Damping Mg/10° M,/10° glt/10%
[nm]  [nm]  [nm] [nm]  @/1073 Am™ AmT] [mF

R1 40 - - - 20401 68+01 42401 -

R2 40 - - 13 200430 69+03 44402 2114053
R3 40 3 - - 11.0+10 3.8+02 3.9+02 091+0.13
S1 40 0 6 - 31404 75+02 47401 0.14+0.04
S2 40 18 6 - 76+13 67403 3.8+02 057+0.18
S3 40 3 6 - 13.0+20 41+02 44402 1.16+0.26
S4 40 6 6 - 34403 75408 48+02 0174020
S5 40 9 6 - 104+17 64401 41401 0934019
S6 40 1 6 - 120+20 52401 41+01 1.12+0.19
S7 40 23 6 - 190+£19 32401 244071 1.11+0.20

3. Structural Characterization

For all samples, structural characterization is done by X-ray dif-
fraction and reflectometry. For sample S3, also high-resolution
transmission electron microscopy (HRTEM) was performed.
For X-ray characterization we use a Bruker D8 diffractometer
with focused CuK,; radiation. For the detection, a scintillation
detector is used in an unlocked ®/26 scan of the (002)-
reflection. Figure la shows, as an example, the results for
sample S3. Simulations for fully strained layers yield out-
of-plane lattice constants of cigyo = 3.858 A, cno = 3.7304,
and cgpo = 3.972A for our layer stacks. The dashed lines in
Figure 1a mark the positions of the respective peaks for fully pseu-
domorphic materials as a guide to the eye. According to these
results, diffraction peaks on the left-hand side of the STO substrate
(002)-peak (cubic lattice constant”! astopulk = 3-905A) must
stem from SRO. On the right-hand side, the diffraction peaks
of the layers with smaller lattice constant, namely LSMO and
LNO appear. Due to the thinness of the LNO and SRO layers, only
a prominent peak for the LSMO layer is visible. The presence of
thickness fringes indicates smooth interfaces.

A simulation with thicknesses of digmo = 39.1nm,
dino = 2.5nm, and dggo =5.5nm fits best the w/20 scan.
The roughness of the surface and the interfaces calculated from
X-ray reflectometry measurements is below 0.3 nm for all heter-
ostructures. In Figure 1b,c, reciprocal space maps around the
symmetric (002)- and asymmetric (103)-reflections are shown.
As all layers have the same value for g, in the measurement
around the asymmetric (103)-peak, we can state that the hetero-
structure is fully strained and that the in-plane lattice constant for
LSMO, LNO, and SRO is equal to agro = 3.905A. The /20
scan (Figure 1a) is the line scan along g, = 0 for the measure-
ment around the symmetric peak (Figure 1b).

For sample S3, a HRTEM image is made with a JEOL JEM
4010 electron microscope at an acceleration voltage of 400 kV.
Figure 2a shows an image of the layer stack, which is cut in
the (010)-direction (imaging is done along the (100)-direction).
LSMO grows epitaxially with respect to the substrate and LNO
is monocrystalline. For SRO, the first monolayers are also
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Figure 1. a) /20 scan for the heterostructure LSMO(40 nm)/

LNO(3 nm)/SRO(6 nm) (sample S3). The red curve is a fit to the data.
b,c) Reciprocal space maps for sample S3 of the symmetric (002)- and
the asymmetric (103)-peak, respectively. The heterostructure is fully
strained.
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epitaxial but apparently the rest of the layer is polycrystalline, as
several orientations of the SRO crystal can be seen (Figure 2b).
The interfaces are smooth and a very low interface roughness
(<0.4nm) is observed. The thicknesses shown in Figure 2a
match well the nominal thicknesses and the determined values

Figure 2. HRTEM measurement for sample S3 STO/LSMO(40 nm)/
LNO(3 nm)/SRO(6 nm). a) Overview, b) zoom-in and FFT. The interfaces
are smooth and LSMO and LNO appear monocrystalline, whereas for SRO
several crystal orientations can be seen. The FFT of the layers show that
indeed LSMO and LNO are epitaxial with respect to the substrate. SRO
shows epitaxial and polycrystalline behavior.
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from X-ray diffraction. We can thus estimate a deviation of less
than 0.5nm from the nominal thicknesses listed in Table 1.
To prove the observed behavior, a fast Fourier transform
(FFT) was done. It can be seen, according to the FFT, that
LSMO and LNO are indeed grown epitaxial with respect to
the substrate. The SRO on the other hand shows epitaxial as
well as polyscrystalline behavior as the appearance of gray rings
in the FFT-image points out.

4. SQUID Magnetometry

The magnetic characterization of samples R1, R3, and S3 is done
with a Quantum Design SQUID VSM magnetometer. Here, we
measure cooling curves and hysteresis loops for an LSMO/LNO
(R3) layer stack and compare the results to the measurements for
a bare LSMO layer (R1). For the investigation of the ferromag-
netic phase transition of SRO, we additionally measure an
LSMO/LNO/SRO heterostructure (S3). The cooling curves
(Figure 3a) are measured at an external field of 1mT along
the (110)-direction of LSMO, which is the magnetic easy axis
(according to our FMR experiments). The Curie temperature
of LSMO for all samples is between 333 and 350 K, which is
slightly lower than the value of 370 K for bulk material."® The
drop of the magnetization below 105 K for sample S3 and R1
as well as the kink in the cooling curve of sample R3 at 105 K
can be explained with the structural phase transition from cubic
to tetragonal structure of the STO substrate at T = 105 K.**!!

Angular dependence of the resonance field suggests a change
in magnetic anisotropy of LSMO due to the phase transition of
the STO (not shown here), which hence leads to a change in the
measured magnetic moment. The kink at 135K for sample S3
likely marks the ferromagnetic phase transition of SRO
(Tc = 155K for bulk material®”)). In Figure 3b, hysteresis loops
for samples R1, R3, and S3 are shown. The measurements are
done with zero-field cooling, as this is also the way the FMR
experiments are done. Here, the respective coercive fields for
all three layer stacks are comparable and we do not observe
any exchange bias. This is in contrast to Guo et al.l® who found
that bulk LNO becomes antiferromagnetic below 157 K if fabri-
cated under certain deposition conditions and Sanchez et al.l??
and Peng et al.”* who reported an exchange bias in LSMO/LNO
bilayers below 50 and 100 K, respectively.

The saturation magnetization M, for all samples is deter-
mined by SQUID magnetonetry using hysteresis loops at
190K along the (010)-direction of the LSMO. The values are
shown in Table 1 and Figure 3c. As one can see, there is a slight
variation in the M, values. This is expected for LSMO due to the
growth conditions. Although the thickness of the LSMO layer
almost does not vary from sample to sample, M, does. It is
known that during the growth of LSMO layers and the annealing
process structural deformations happen, as for example from
lack of oxygen atoms, defects, or different stoichiometry. This
results in variations in the M, values.**

5. FMR and Spin Pumping
FMR measurements and the investigation of the ISHE are

performed in a cryostat at 190 K which, as shown previously,
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Figure 3. a) Cooling curves for a bare LSMO (sample R1 blue), a
LSMO/LNO (sample R3 red), and LSMO/LNO/SRO (sample S3 black)
heterostructure, respectively. The kink at 135 K likely relates to the phase
transition of the SRO to the ferromagnetic state. b) Hysteresis loops of
the three samples. The coercive fields are symmetric around zero for
all samples. c) Saturation magnetization M and effective magnetization
Mg for sample R3 and S1-S7 at 190K in (010)-direction of the LSMO.

is below the T'- of LSMO and above the T of SRO, to achieve
spin pumping from a ferromagnetic into two paramagnetic
layers. In addition, the choice of 190K prevents a vanishing

© 2020 The Authors. Published by WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim
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ISHE in SRO as was observed at lower temperature by Wahler
etal.”) A RF current through a coplanar waveguide generates the
necessary excitation field for FMR. To saturate the sample mag-
netization, a rotatable electromagnet generates a homogeneous
external magnetic field aligned along the waveguide and along
the (010)-direction of LSMO (in-plane, ¢ = 0°), which is shown
in Figure 4a.

(a)
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184 ™ LSMO/SRO(6NM) e
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Figure 4. a) Measurement geometry for the FMR investigation.

b) Resonance frequency in dependence of the resonance field. The lines
are fits to Kittel's equation. c) FMR linewidth in dependence of the resonance
frequency. The lines are linear fits to estimate the damping parameter a.
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For measuring FMR, a continuous-wave signal at constant
frequency f in the range of 4-18 GHz is applied at a power of
10 dBm. The RF transmission is measured using a diode. The
external magnetic field is modulated with 0.2 mT amplitude at
a frequency of 20 Hz and lock-in technique is used to improve
the signal-to-noise ratio.

The FMR field-swept measurements are fitted with a deriva-
tive of a Lorentzian function, which yields the half-width at half
maximum FMR linewidth AHpyg and resonance field H,..*!
With Kittel’s equation®®

Hot
f = i \/(Hres + Hani)(Hres + Hani + Meff) (1)

we derive the gyromagnetic ratio y and the effective magnetiza-
tion Mg from the dependence between fand the resonance field
Hies. po and H,; are the vacuum permeability and the anisotropy
field, respectively. For y/2x and poH,y;, we derive values in the
range of (27.5-28.5) GHzT ! and (2.4-33.9) mT, respectively.
Indicatively, the results for samples R1, S1, and S6 are
shown in Figure 4b. The damping parameter « can be derived
from a linear fit of the FMR linewidth AHpygr plotted over
the RF-frequency!®”! f

21y
HoAHpymr = Tf + HoAH, 2)

where puoAH, is the inhomogeneous linewidth broadening.
The values of @, AH,, and My for all our heterostructures
are summarized in Table 1 and damping measurements for sam-
ples R1 and S1-S7 are shown in Figure 4c. In our experiments,
we see that the bare LSMO film (sample R1) exhibits the lowest
damping (e gm0 = 2.0 x 1073). With any layer on top of LSMO
that can act as a spin sink, the damping increases significantly,
showing that the spin sink layers introduce additional channels
for loss of angular momentum. Figure 5a shows the dependence
of the damping as a function of the LNO interlayer thickness for
samples S1-S7. The increase in damping in the heterostructures
can be understood as the generated spin current carries angular
momentum from the FM into the nonmagnetic interlayer (NM1)
where it is either lost to the lattice by spin flip or diffuses further
into the final spin sink (NM2). Due to conservation of angular
momentum, a torque is created that decreases the precession
angle and thus increases the damping in the FM. No clear trend
of the damping in dependence of the LNO interlayer thickness
can be observed here and an analysis only becomes viable when
small variations of the saturation magnetization M, are
considered.

5.1. Spin-Mixing Conductance
When we do a full calculation of gléf

gy = glflfgL/"B (3)
P 4ndFMMs

(gi: gfactor, up: Bohr magneton, and M, saturation

magnetization, d: layer thickness) using M, as determined from

SQUID-magnetometry and ag, = @gmple — d1smo, the depen-

dence becomes visible. The derived values of glflT in the

© 2020 The Authors. Published by WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim
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Figure 5. a) Damping and b) effective spin-mixing conductance gl# in
dependence of the interlayer thickness in LSMO/LNO/SRO trilayers.
The red line in (b) is a fit to the shown data and Equation (6). The fit reveals
a spin diffusion length of A o = 3.2nm.

LSMO/LNO/SRO trilayers are depicted as a function of the LNO
thickness in Figure 5b, showing a clear increase with LNO thick-
ness and saturating at ~1.11 x 10°m~2 for ~9nm LNO
interlayer thickness.

To interpret our experiments, it is necessary to understand gl_flf
in a trilayer system which has several contributions that may
even influence each other. The spin-mixing conductance g't
introduced by Brataas et al.*®! and Tserkovnyak et al.”*! only quan-
tifies the spin transmission through the interface between the
FM and the adjacent NM. To simplify a further discussion,
we rename g'! to g;h /nu- The quantity g;%vl /nm does not consider
properties of the NM like conductivity or spin diffusion length.
Only in the case where spins entering the NM layer are imme-
diately flipped, this spin-mixing conductance alone needs to be
considered for the additional damping by spin pumping as
done by Tserkovnyak et al.”’! Starting from a bilayer system with
immediate spin flip, we consinder a model for the spin-mixing
conductance, which is shown in Figure 6a. As soon as a spin
accumulation appears in the NM, the spin flow through the
spin-mixing conductance is reduced and the spin current is
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no longer defined by g;h /nm but by gléf. In an equivalent circuit
(Figure 6b), this can be implemented by adding a resistance
Ry nuvt between the spin accumulation (u! and ') in the NM,
which represents the spin flip necessary to accomodate the steady
state of one spin direction flowing into the NM and the other
flowing back.

Only for immediate and complete spin flip this resistance is a
short circuit leading back to gl}f = gg\/{ /nu- Fora finite resistivity
oxm and finite spin diffusion length Ayy, the effective spin-
mixing conductance glflf can be calculated from the additional
damping in a bilayer system®**! for 1y < dyy from Equation (3)

1 1
=T = 77— T Ream (4)

Tl
Bt BrM/NM

where the magnitude of the resistance Ry depends on the spin
flip time zgp of the NM (Axy o +/7sr) and only for a thickness of the
NM (dyy) much bigger than Ayy it has the fixed value of
Ryrnm & Anp/onm- For a thinner NM film, the so-called back flow
needs to be considered and the more complex expression'®

-1 ngH/[/NMMB
4‘7l'd]:M MS

)
-1 1 TsrFOsSp
%o “gFM/NMhtanh(dNM/zNM)

()

for the additional damping in a bilayer system needs to be used.
Here 8sp is the energy level between two scattering states.
Equation (3) is the limiting case of Equation (5) for large dyy.
In our experiments, the limit of Ay < dyy is not yet reached
and any addition of another layer will further increase glé. In case
a third layer (NM2) is added, the interface between NM1 and NM2
needs to be considered again in a similar way as for the first inter-
face now adding the spin transmission ng1\/{1 /nump tO our picture
(Figure 6¢). Again we have to consider the layer properties of
NM2 by adding Ry nm,- The resulting additional damping ay, in
a trilayer system can according to Tserkovnyak et al.®) be written as

_ 1 rgbsp 1+ tanh(dNMl/ANMl)TSF(SSDg]T\]lMl/NMz/h o
asp = |1+ gpy/nnn h il
tanh(”lNMl//lNMl) + TSF‘SSDgNMUNMz/h

1l
818rMm/NM1HB
4”dFM MS

(©6)

It should be noted that also in this equation Tserkovnyak
et al.”! assume immediate spin flip in the third layer so that
only ngMl wp Of the interface is relevant. Also in our case,
the SRO (dsgro = 6 nm) is much thicker than the published value
for the spin diffusion length in SRO! (Asgo = 1.5 nm) and thus
the backflow in the SRO can be neglected. For the limiting case of
Anmi < dnm, the third layer should have no influence any more
and indeed we find that in this limit the result of Equation (6)
becomes identical to that of Equation (5) only with Ay <
dnv replaced by Ay < dywm-

It should be noted that the introduced model (Figure 6)
does not include a spin flip at the interface by scattering which
would be associated with the so-called spin memory loss.!'”
The equivalent circuit might be extended to include this effect
but this will be described elsewhere.
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Figure 6. Schematic diagram of geff Due to the FMR, a spln accumulation is formed at the interface FM/NM which results in a splitting of the

chemical potential 4 of 1- and |-states. a) Model circuit for g

in a bilayer system FM/NM in case of immediate spin flip in the NM. b) For finite

spin diffusion length and resistance in NM, a spin flip resistance Ry yw has to be added. c) For trilayers FM/NM1/NM2, a second interface is generated
with an additional spin sink NM2 which can be described using the interface transm|55|on g,\wn/,\”\,l2 and a second spin flip resistance Ry nym2- d) In our
LSMO/LNO/SRO trilayer, gLSMO/LNO and 1/Rno are both much larger than gLNO/SRO This is pointed out by the size of the corresponding

resistors (large g — smallR).

5.2. Model for g/x. in LSMO/LNO/SRO

To fit the values of gléf shown in Figure 5b, we use the following
approach. As mentioned assuming immediate spin flip in the
SRO is justified and only gNM1 v for the LNO/SRO interface,
gFM /NM1 for the LSMO/LNO mterface and the spin ﬂ1p and
resistance of the LNO need to be considered. With g/ ff  agp,
we can use the following formula to fit the data

1+ tanh(d;no/Aino)Ca | 71

1l
=|1+C;- -C
8eff ' tanh(dino /Avo) + C; ’
C1 = giswo/iv0
LSMOT/JLNO 3 (7)
with{ ¢, = Sl
_ 4l
C3 = 8ismo/iNo

The fit results in a spin diffusion length of Ay =
(3.2+0.7) nm for LNO. This is in good agreement with the fact
that for LNO thicknesses above 3 nm, geﬁc is no longer i 1ncreasmg
and also matches the fact that (within error bars) the values of geff
are identical for LSMO/LNO(3nm) and LSMO/LNO(3 nm)/
SRO. One data point at an LNO thickness of 6 nm deviates
for unexplainable reasons. It comes to mind that an oscillatory
behavior due to quantum well states might be present;***?
however, the fact that our data points to a spin diffusion length
well below 6 nm and that oscillating quantum well states have
only been observed for much thinner layers mainly excludes this
explanation.

Phys. Status Solidi B 2020, 257, 1900606 1900606 (7 of 9)

For the fitting constants, we obtain C; = 0.85+£0.19,
C, =0.05+0.09, and C;= (2 20 £ 0.41) - 102, respectively.
These values yield glt o /o = 2:2 % 10°°m and
gt ssro = 1.2 x 10 m~2. The errors for the spin-mixing con-
ductances are at least +30% if not more. In most experiments
published on trilayers, the interlayer exhibits little spin flip while
the spin sink (e.g., Pt) has a very high spin-mixing conductance.
That case leads to ngMl N2 i and an 1ncrease in thickness
of the interlayer results in a decrease in g/ ﬁc, as for example in
FM/NM1/Pt trilayer systems.[®03334

For LNO, however, the spin diffusion length is small, which
combined with a large conductivity, leads to ngMl M2 < b
and an increase in the effective spin-mixing conductance with
increasing interlayer thickness.

The extracted values for g/} in the order of 10°m™2 are
relatively large. However, similarly large values for nglf have also
been reported in literature for metallic system such as Co/Pt?*
in the range of 4.5 x 10 m~2 up to 5.1 x 10** m~2 as well as for
YIG/Pt systems.*® In our case, several factors can contribute to
this large value. The LSMO/LNO interface has shown different
kinds of magnetic coupling in the past and the strong paramag-
netism of the LNO’*®) may enhance the coupling beyond the
ordinary transmission between a FM and a NM. In addition,
the calculated gl}f must be considered as an upper limit, valid
only if there is no spin-memory-loss. If spins are lost at the inter-
face, for example, by the two-magnon scattering mechanism!*3%]
the measured value of glflf is higher than the model of
Tserkovnyak et al.’! would allow.

We can now compare the different contributions to nglf When

a 6nm SRO layer is put on LSMO (sample R1 — sample S1) geff

© 2020 The Authors. Published by WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim
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increases from 0 to 1.4 x 10 m~2. Adding 3nm of LNO
onto LSMO (sample R1 — sample R3) increases glflf from 0 to
9 x 10" m~2. Thus, we assume that g'! for LSMO/LNO is bigger
than for LSMO/SRO. The ratio must even be more than 9:2,
because we found that for 3 nm of LNO, the spins are not yet
flipped completely but some backflow occurs. When SRO is
added to the LSMO/LNO bilayer (sampleR3 — sample S3),
the increase of gl}f is even identical within the error bars to
the transition from pure LSMO to LSMO/SRO (sample R1 —
sample S1). Additionally we can state, according to our fit of the
effective spin- mlxmg conductance, that gLSMO /INO is ~10 — times
bigger than gLNO /sro» SO that the transmission of spins at the
LSMO/LNO is much more favorable than at the LNO/SRO
interface.

This leads to the followmg picture for all parts of g
The interface contribution gLSMO Jino 18 much larger than
g]r?Mo /SRO for the LSMO/SRO bilayer. tho )/SRO is similar to
815Mo/sRO" Because of the extremely short spin diffusion length
in SRO, we can consider the connection between spin-up and
spin-down channel in SRO as a short circuit, consistent with
Equation (6). The spin diffusion length in LNO is comparable
to the layer thickness so the spin-flip conductance 1/Ryno
has a finite value. However, from Figure 6D, it becomes clear that
just because of Ohm’s law, the values of 1/ Ry 1no and gLSMO /INO
both must be larger than g! o + of the LSMO/LNO bilayer (because
all three resistors are in series) and hence are also much larger
than g&o /sro- 11 Figure 6d, this is depicted by the size of the
different resistors (large g — smallR).

It is important to understand that the increase in gl#f when
a LNO interlayer between LSMO and SRO is introduced is
mainly due to the spin-flip and the large conductivity of LNO.
Even if the transmission through the LSMO/SRO interface were
perfect (gLSMO /N0 — ), the insertion of the LNO layer would
not 1ncrease g.; but mainly leave it constant because we know
that gLNO sro = 8isMoysro 1he increase only can occur if an
addltlona{ spin flip channel is created inside the LNO layer.
It should be noted that also spin memory loss at the LSMO/
LNO interface might be a cause, but the evident dependence
of g on the LNO thickness tells us otherwise. Our maximum
Values for geff are higher than the recently published values of
Ghosh et al.,”®! who estimated geff in LSMO/LNO/SRO trilayers
at room temperature. Most likely this is due to the increase
in conductivity of the samples at lower temperature which
increases glf{LNO.

Because g!! is related to the Sharvin resistance,?? it is also
understandable that its value increases with conductivity of
the spin sink and the number of available conducting channels.
This assumption is well in line with our results for sample R2
(LSMO/Pt) which has the highest gl}f of all samples and the
highest conductivity with a pure metal spin sink.

Finally, it should be noted that we also tried to measure the
ISHEP?*Y in the different samples. We investigated the ISHE
voltage for all fabricated samples by separating it from the ani-
sotropic magnetoresistance effect’*'~**) and thermo voltages.!**
Although no ISHE could be detected in an LSMO/LNO bilayer
within the detection limit, we could identify a clear ISHE signal
with the appropriate symmetry in the LSMO/LNO/SRO, proving
that spin pumping into the SRO is taking place. Nevertheless,

33]
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as to be expected, the signals were extremely small and did
not allow for a reasonable quantitative analysis.

6. Conclusion

We have shown that the insertion of a LNO layer between
LSMO and SRO increases gl#f. This effect can be linked to a
highly transparent interface between LSMO and LNO and a large
spin flip in the highly conducting LNO. Thickness-dependent
measurements indicate a spin diffusion length of ~3.2nm,
which is still twice as long as shown for SRO.” gf! for
LSMO/SRO and for LNO/SRO seem to be of similar magnitude.
The increase for glflT leads to increased damping; however, only
the outflow of spin current from the LSMO but not the inflow
of spin current into the SRO is increased.
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