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Nonlocal spin transport based on a half-metallic ferromagnet
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We study the spin injection from the ferromagnetic metallic oxide La0.7Sr0.3MnO3 (LSMO) into the normal
metal Ag. LSMO is a highly resistive metallic oxide, but also fully spin polarized and therefore holds promise
of generating highly polarized spin currents. Because of the high resistivity of the ferromagnet, and the lower
resistivity of the normal metal, no conductivity mismatch issues are expected, as we demonstrate with model
calculations. Our measurements unambiguously show spin-coherent injection and detection. LSMO appears
to be a useful material for spin injection, but we also find the presence of an intrinsic tunnel barrier and a
lower-than-expected degree of spin polarization, indicating a spin-active interface.
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I. INTRODUCTION

Spin holds promise for the application in next-generation
memory devices with the low-power operation and multiple
functionalities [1,2]. Pure spin transport, without accompa-
nying charge transport, is driven by spin chemical potential
difference, similar to the way charge is transported by an
electric potential. Spin transport leads to similar phenomena
as charge transport, such as a spin Hall effect [3] or spin
thermal effects [4] with the important caveat that, unlike
charge, spin is not a conserved quantity. Spin currents there-
fore decay under influence of spin-flip processes, over some
characteristic length λ. How to generate pure spin currents has
been the subject of much research over the last decade. One
method is to inject spins (and charge) from a ferromagnet F
into another metal or semiconductor [5–10]. Another is to use
ferromagnetic resonance to accumulate spins on the normal
(N) side of an F/N interface [11–14].

A widely-used geometry to study spin injection and spin
currents is a lateral spin valve geometry, in which two fer-
romagnetic bars (F1 and F2), at a distance L and with the
controllable direction of their magnetization, are connected by
an N wire. The geometry is schematically shown in Fig. 1(a)
[6,15,16]. When charge current flows from F1 (the injector)
to N, spins are injected into the normal metal and start to
diffuse through the current-free part of the wire, resulting in
pure spin current transport driven by a spin chemical potential
difference, and decaying because of spin-flip processes. This
spin current can be detected by F2 (the detector) by measuring
the (nonlocal) voltage difference between N and F2, which
depends on the relative magnetization directions of F1 and F2.
When they are parallel (P), there is no barrier for spin trans-
mission and no voltage, but in the antiparallel case (AP), spin
transmission is impeded and a voltage develops. A condition
for a detectable signal is that the spacing between the injector
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and detector is smaller than the spin diffusion length of the
N metal. The geometry then allows analyzing the injected
amount of spin polarization and the relevant spin lifetime
or spin diffusion length by solving the one-dimensional spin
diffusion equation [3,6,15,17–20].

A critical problem in spin injection lies in the interface
resistance Rint between F1 and N, but also in the ratio of
the conductivities σF of the F1 layer and σN of the N layer
[21–25]. Detailed calculations by Schmidt et al. [21] showed
that, even in the case that the bulk spin polarization of the
ferromagnet PF is very high, say 90%, the spin polarization P
of the injected current is below 0.1% for a conductivity ratio
(σF /σN ) of 100 (when N actually is a semiconductor), and still
not more than 0.05 when the ratio is 1. Conductivity mismatch
is very detrimental to injection efficiency. Moreover, the small
amount of injected P makes the resistance difference between
the antiparallel and parallel states relative to the parallel state,
expressed as �R/RP, also very small (10−7 and thus not
detectable as a nonlocal signal in the semiconductor case).

The proposed solution is inserting a tunnel barrier between
F1 and N, to eliminate the conductivity mismatch artificially
[7,22]. Fukuma et al. [19] reported that a specially prepared
MgO tunnel barrier can enhance the spin injection signif-
icantly and lead to a 100-fold increase of nonlocal signal.
However, the spin injection efficiency is not merely positively
correlated with the interface resistance. With increasing re-
sistivity of the tunnel barrier, spin relaxation effects become
more pronounced, resulting in a decrease of spin injection
efficiency. Godfrey et al . [25] and Kimura et al . [15], inde-
pendently, found a quite large spin accumulation in the Py/Ag
system with transparent interfaces and concluded that a low
or moderate interface resistance is sufficient for high spin
injection in certain systems. Therefore, it is indispensable to
consider both the conductivity ratio (σF /σN ) and interface re-
sistance Rint to understand the characteristics of spin transport
in specific materials systems.

In this paper, we investigate the injection efficiency
of a fully spin-polarized metallic oxide, the manganite
La0.7Sr0.3MnO3(LSMO), into a normal metal (Ag). The
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FIG. 1. Nonlocal spin transport in a half-metallic oxide/normal metal system. (a) Schematic illustration of the lateral spin valve. (Note the
IP parallel field is along the x axis, and the IP longitudinal field is along the y axis, as depicted in the coordinate system.) (b) Spin polarization
of the injected current P as a function of the spin polarization of the half-metallic oxide PF for different conductivity ratios (σN/σF ) as
indicated. (c) The nonlocal signal normalized by the resistance in the parallel state �R/RP as function of PF . (d) A false-colored scanning
electron microscopy image displaying the nonlocal device consisting of an LSMO nanowire (detector) and an LSMO nanowire with pad
(injector), bridged by a Ag nanowire; the detector and injector are highlighted in yellow. The scale bar is 2.5 µm. (e) Temperature-dependent
�R measurements on a device with a spacing L = 173 nm. All curves are manually shifted to the same baseline for comparison.

resistivity of these oxides is high, the conductivity ratio σF /σN

is of order 0.1 to 0.01, and a mismatch problem should not
occur. Manganites are well-known half-metals and have been
widely studied in magnetic tunnel junctions [26,27]. Some-
what surprisingly, they have not been much researched in
conjunction with spin injection. Spin pumping by ferromag-
netic resonance was reported for the LSMO/Pt bilayer system
[28,29], where it was remarked that the data indicate spin-
memory loss at the interface [29]. LSMO was also used for
spin injection in graphene [30]. Long spin diffusion lengths
were observed, but the signals were low, due to the high
interface resistance.

The issues of spin-memory loss and interface resistance
are of generic interest when using LSMO or similar oxides
in spintronics applications, including superconductivity (su-
perspintronics). Therefore, we selected the LSMO/Ag system
for a detailed study of the half-metallic oxide/normal metal
model in the nonlocal configuration. Ag has a relatively weak
spin-orbit interaction (SOI) [15,19,31]. By performing non-
local voltage measurements on two-bar devices, where P and
AP magnetization configurations can be prepared by in-plane
(IP) magnetic fields, we show that a nonlocal spin signal
exists and endures up to 200 K, which is correlated with the
magnetic behavior of the LSMO nanostructures. We also use
out-of-plane (OP) fields to induce (Hanle) spin precession.
With help of these data, we demonstrate that in our devices
LSMO induces a spin polarization P of the injected current

≈11.6%, allowing to measure a spin diffusion signal in the Ag
nanowire of more than 1 µm at 10 K. The extracted transverse
spin relaxation time T2 is about 66 ps, in reasonable agree-
ment with the longitudinal-spin relaxation time T1 ≈ 70 ps, as
obtained by fitting the spatial dependence of the nonlocal spin
transport. The discrepancy between the experiment and theory
is discussed within the tunneling regime, appropriate for the
various (spin) resistance values, and allows the conclusion
that the interface contains a spin-active layer. Following up
on this conclusion we present scanning transmission electron
microscopy (STEM) data that make this conclusion plausible.

II. HALF-METALLIC OXIDE/NORMAL METAL
LATERAL SPIN VALVES

First, we theoretically investigate what can be expected
when measuring spin transport in the nonlocal geome-
try described above, for the case of a half-metallic oxide
(HM)/normal metal (N) system. In such a case, the bulk spin
polarization PF of both injector and detector is much higher
than of conventional ferromagnets where PF ≈ 0.5. Also, the
conductivity ratio between a normal metal and half-metallic
oxide (σN/σhm) is of order 100, which is 102 times larger
than for conventional ferromagnets, where σN/σF ≈ 1. In this
limit, we are far from the detrimental effects of the earlier-
mentioned conductivity mismatch.
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We use the description of Schmidt et al. [21] for a trans-
parent interface without spin scattering or interface resistance,
and an infinite spin diffusion length λN in the normal metal.
In that case the spin polarization P of the injected current is
described by the following formula:

P = PF
λF

L

σN

σF

2(
2 λF σN

L σF
+ 1

) − P2
F

, (1)

where PF and λF are the spin polarization and spin diffu-
sion length of the ferromagnet, respectively, and the other
quantities already have been introduced. Figure 1(b) shows a
calculation of P as function of PF , using Eq. (1), for λF =
10 nm, L = 1 µm, and different conductivity ratios. For
σN/σF = 100 we find P = 0.9, while for σN/σF = 10, P is
still larger than 0.2, much larger than what can be expected for
a normal metal with a conventional ferromagnet. Calculations
of P for different values of λF and L are given in Fig. S1 within
the Supplemental Material (SM) [32]. Basically, and without
considering spin relaxation effects at interfaces or surfaces
[18,31,33,34], high spin polarization values are expected in
a HM/N system.

Another useful parameter to consider is the size of the
nonlocal signal (RP − RAP )/RP = �R/RP where the resis-
tance RP,AP is defined as the nonlocal voltage in the P or AP
configuration divided by the injection current. The resistance
change �R is also called the spin accumulation signal or the
spin resistance Rs, but since �R is measured, we stay with
that quantity for the moment. Following Ref. [21], �R/RP is
given by
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L σF
+ 1
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We calculated the ratio �R/RP as a function of the bulk
spin polarization PF . Figure 1(c) shows the nonlocal spin
signal is easily measurable electrically with σN/σF = 10 and
λF = 10 nm at L = 1 µm, in comparison to the unreachable
10−7 in the conventional ferromagnet/semiconductor system
[21]. As long as PF � 0.8, the nonlocal spin signal is de-
tectable, which would be the case for a half-metallic oxide.
In Fig. S1c within the SM [32] a calculation is given for
PF = 0.96 and λF = 10 nm, revealing that �R/RP is always
measurable experimentally. On the whole, the calculations
indicate that the HM/N system should be very suitable for
generating spin currents.

III. RESULTS AND DISCUSSION

A. Nonlocal spin injection and detection

LSMO epitaxial thin films with a thickness of 10 nm
were grown on (LaAlO3)0.3(Sr2TaAlO6)0.7 (LSAT) crystal
substrates in an off-axis sputtering system, and their properties
were analyzed comprehensively (see device fabrication pro-
cedure and Fig. S2 within the SM [32] for more details; also
Refs [35,36]). The small thickness proved essential to have
electrodes with good magnetization switching characteristics.
Device structures were made using electron beam lithography
together with ion beam etching (see SM [32]), and bridged
by a Ag nanowire, forming a lateral nonlocal configuration,
as shown in Fig. 1(d). The bottom LSMO wire has two pads

at the end, and is wider than the top LSMO nanowire, in
order to create distinguishing coercive fields and thus set up
well-defined parallel or antiparallel configurations. A 100-µA
DC current was applied on the bottom wire (the spin injector)
to generate spin accumulation, and the nonlocal signal was
probed by the top wire (spin detector) using a voltmeter.

Prior to acquiring �R, the parallel state was prepared by
saturating the magnetization of the nanostructures with an IP
magnetic field of 1 T parallel to the wire axis, called the x
axis in Fig. 1(a). The long axis of the Ag nanowire connecting
the LSMO wires corresponds to the y axis. Next, �R was
measured by sweeping the field from a positive to a negative
value, and vice versa after –1 T reinitialization. Figure 1(e)
shows that nonlocal spin signals were detected unambigu-
ously from 10 K up to 200 K. At 10 K, the sharp switching
of the nonlocal voltage occurred symmetrically with respect
to the zero field around ±7.5 mT and returned to the initial
level around ±12 mT. �R was calculated to be 5 m� at 10 K
and decreased monotonically with increasing temperature. No
other switching was detected in magnetic fields up to 100 mT
(Fig. S3a within the SM [32]; see also Refs. [37–39]).

Interestingly, when the field direction was set in-plane and
perpendicular to the long axis of both injector and detector,
�R showed two switches (Fig. S3b within the SM [32]),
although with smaller values. This can be explained by the
sequential magnetization switching of pad and nanowires as
explained in the SM. Moreover, the temperature dependence
of MR curves of the detector (Fig. S5 within the SM [32];
see also Ref. [40]) and injector (Fig. S6 within the SM [32])
demonstrate that the coercive field difference persists up to
300 K, although the coercive fields become smaller with
increasing temperature. This is summarized in Fig. S7 within
the SM [32] and accounts for the trend of the diminishing
�R in Fig. 1(e). Consequently, we ascribe the absence of a
visible room-temperature (RT) �R to the degradation of the
magnetization of the LSMO nanostructures, plus possibly
strong electron-phonon scattering in the Ag nanowire near
RT [31,33].

B. Hanle precession analyses

The spins flowing in the bridging Ag nanowire can precess
about the axis of an applied OP field B⊥, the so-called Hanle
precession. The spin detector probes the spin projection on
its own magnetization direction, leading to a modulation of
V(B⊥) that contains information on the spin diffusion length
and the spin polarization [7,19]. Figure 2(a) shows typical
Hanle precession curves for a device of 377-nm length in
the P (blue curve) and AP (orange curve) configurations, and
also the polynomial background signal. Prior to applying the
OP field, either a 1-T IP field or –1-T IP field was applied
to achieve the P, AP states. Subsequently, the voltage was
measured by varying the OP field. Starting from a P config-
uration, the signal decreases when sweeping B⊥ up or down,
and reaches a minimum of around ±300 mT. The maximum
can be recovered at a saturating OP field of –1 T, as shown in
Fig. S8 within the SM [32] (see also Refs. [18,20,24,41]). In
this case, all spins are aligned, in agreement with previous
observations [7,42]. We analyze the Hanle precession data
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FIG. 2. Hanle precession analyses. (a) Hanle precession signals measured in parallel (olive circles) and antiparallel (orange circles)
configurations in a device with 377 nm spacing. The red dashed line is the polynomial background fit. The inset shows the Hanle curves
after background subtraction (black circles) and relevant fit (red curve) using Eq. (3). Temperature-dependent Hanle precession measurements
in a device with 260-nm spacing (b) are fitted at 10 K (red curve) and 100 K (black curve) and plotted in (c), respectively. (d) Hanle precession
measurements in devices with 450 nm (olive circles), 650 nm (orange circles), and 1025 nm (blue circles) spacing at 10 K, and corresponding
fits. (b) and (d) are plotted with offsets for clarity.

numerically with the 1D diffusion model and the formula [7]

V (B⊥)

I
= P2

e2NA

∫ ∞

0

[
1√

4πDt

]
exp

[−L2

4Dt

]

× cos(ωLt ) exp

[−t

τN

]
dt, (3)

where ωL = gμBB/h̄, D = σ/e2N , τN = λ2
N D, P is the in-

duced spin polarization, e is the elementary charge, N is the
density of states at the Fermi energy, A is the cross-sectional
area, L is the distance between the electrodes, D is the elec-
tron diffusion constant and τN represents the spin lifetime
in the normal metal [7,8,16]. The term P2/e2NA describes
the spin injection rate, P(t ) = [1/

√
4πDt] exp[−L2/4Dt] is a

spin diffusion function defining the diffusion of injected spins
over time t . The precession is captured by cos ωLt , and the
exponential factor exp[−t/τN ] takes account of the effect of
spin flipping.

The fit for the 377-nm device is shown in the inset of
Fig. 2(a) after polynomial background subtraction [43]. The
extracted spin lifetime τN is about 50 ps, and P is about 9.4%.
The obtained P is much smaller than the values suggested by
the calculations for the HM/N case [Fig. 1(b)]. Here we note
that a low contact resistance (as opposed to the resistance of

a tunnel junction) may lead to contact-induced spin relaxation
and influence the nonlocal signal [18]. We will return to this
issue below. We also fitted the Hanle precession data to a
Lorentzian model, which is given by �μ(B) = �μ(0)/(1 +
(ωLτ )2) [41], describing the precessional dephasing of the
spin accumulation �μ. Here, �μ(0) is the maximum at zero
field, ωL is the Larmor frequency, and τN is the spin lifetime.
The Lorentzian fit gives a spin lifetime τN ≈ 49 ps ( Fig. S9
within the SM [32]), which is consistent with the result of the
1D diffusion model.

To gain further insight into the spin injection process, we
measured the Hanle precession for a series of temperatures
up to 200 K [Fig. 2(b)] and with various device lengths
[Fig. 2(d)]. The amplitude of the signal decreases with tem-
perature as already seen in Fig. 1(e), due to the weakening
magnetization of LSMO nanostructures. Fits using Eq. (3),
on a device with a length of 260 nm, are given in Fig. 2(c).
At 10 K, there is a small deviation between the experimental
data and the theoretical fit, which is probably due to the mag-
netization misalignment between the injector and detector, or
to a small IP component of the applied OP field. Since the
LSMO pad has a relatively small coercive field of 5 mT, such
an IP component may induce a canted magnetization, leading
to the well-known oblique Hanle precession [16,41,44,45].
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FIG. 3. Overview of interface property. The interface resistances between the detector (Rid ) or injector (Rii and the Ag nanowire of the
three devices are measured as function of temperature. In (a) are plotted the averaged resistances Rmean for both interfaces. The error bars
represent the data variations. (b) IV curves of the interfaces collected at 10 K, both for the detector (IVid ) and the injector (IVii). The inset in
(b) shows the temperature variation of the IV characteristics for the detector interface of one selected device (Dev1-2).

After shifting the maximum of the Hanle precession curves
to the point of zero field, the spin polarization is found to
be 11.6% at 10 K and decreases to 5.8% at 100 K. The spin
lifetime is about 65 ps at 10 K. The fitted D is 0.0025 m2/s.
According to λN = √

DτN , λN is calculated to be 405 nm at
10 K, and 360 nm at 100 K, respectively. We then examined
other devices with different spacings at 10 K. As shown in
Fig. 2(d), Hanle precession signals decay as spacings become
larger. For lengths of 450 nm, 650 nm, and 1025 nm, the
fits give 10%, 9.6%, and 7.5% spin polarization and 61 ps,
76 ps, and 62 ps spin lifetime, respectively. Using the Einstein
relation σN = e2ND, and the fitted value for D ≈ 0.0025 m2/s
the resistivity of the Ag nanowire at 10 K is calculated to be
16 µ� cm. For Ag, a value of around 2 µ �cm is expected [19],
and therefore we employed a crossbar method and four-probe
scheme to determine the resistivities of the LSMO and the
Ag nanowires (Fig. S10 within the SM [32]). The measured
ρLSMO is 232 µ� cm, and ρAg ≈ 18 µ� cm at 10 K. Moreover,
we find that for a pure Ag nanostructure grown on an LSAT
substrate, ρAg is nearly 30 µ� cm at 10 K. This suggests that
the growth on LSAT leads to a rather grainy nanowire.

C. Effects of the interface resistance Rint

In the introduction, we argued that, for our LSMO/Ag sys-
tem, conductivity mismatch is not an issue, and that insertion
of a high interface resistance in order to improve the spin
injection efficiency is not required. However, the value we
obtain for P from the Hanle precession analysis is quite low.
Moreover, also the Hanle precession, meaning the field depen-
dence of the nonlocal resistance, depends on the contact resis-
tance [18]. Therefore, we measured the interface resistance
of a number of our devices, by using one arm of the Ag and
LSMO as current lead, and the other of each as voltage con-
tact. The results are shown in Fig. 3. The interface resistance
between the detector and the Ag nanowire (Rid ) at 10 K is
about 80 � on average and gradually decreases with increas-
ing temperature [see Fig. 3(a)]. This behavior is generally
regarded as the property of a nonmetallic interface. Similar
behavior is observed at the interface between the injector and

the Ag nanowire (Rii). The interface resistance between the
injector and nanowire Rii is around 25 � at 10 K, which is rea-
sonable because the contact area on the injector side is larger
than that on the detector side. We also examined the I-V char-
acteristics of the interfaces of three devices. All I-V’s show
linear behavior at 10 K [Fig. 3(b)]. Also at higher tempera-
tures, the dependence is linear dependence [inset in Fig. 3(b)].

From these data we conclude that a resistive barrier layer
is present at the interface, presumably due to the intrinsic im-
perfect contact or ex situ fabrication procedure [46]. This may
also be the origin of the high resistivity of the Ag nanowire,
i.e., the Ag nanowire contacting LSMO nanostructure oxi-
dizes due to oxygen diffusion or degrades upon exposure to
air, as well as nonpreferential growth on LSAT substrate.

In order to gauge the effect of the interface resistance
on the behavior of the device, the values have to be com-
pared to those of the spin resistances RN = ρNλN/AN and
RF = ρF λF /AF of the Ag and the LSMO, respectively. Here,
λN (F ) are the spin diffusion lengths in the normal metal (fer-
romagnet) and AN (F ) the cross section of the normal metal
(ferromagnet). We use ρAg ≈ 20 µ� cm, ρLSMO ≈ 232 µ� cm,
λN is 405 nm, λF is 2.6 nm [30,47], AN is 0.05*0.8 µm2, AF is
0.01*1.5 µm2, and calculate the corresponding RN and RF to
be 2 � and 0.4 � at 10 K approximately. Clearly, the contact
resistance is significantly larger than the spin resistance. As
one important consequence, this validates using the standard
Hanle formula without taking contact-induced effects into
account [18]. In order to quantify contact effects, Ref. [18]
introduced an R parameter, defined as (R = (Rint/ρAg)A), with
A the cross section of the Ag nanowire. Contact effects be-
come important when R/λN � 1 and L/λN � 1. With our
experimental values, we obtain R/λN ≈ 14, and L/λN � 1,
ensuring reliable Hanle precession results (see SM [32] for
more details).

Another consequence is that the assumption of a transpar-
ent interface is not correct (see SM [32] for more details).
Instead, we should analyze the dependence of �R on the
length between the contacts L by the formula [7,23]

RS = �R = P2RN exp[−L/λN ] (4)
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FIG. 4. Spin transport as a function of the spacing between contacts L. (a) Experimental spacing-dependent nonlocal signals at 10 K
(blue circles) and 100 K (yellow triangles). The red-dashed and black-dashed lines are fits appropriate for the tunnel regime using Eq. (4).
(b) Calculations of the spin resistance RS normalized by the resistance of the normal metal RN as function of L, normalized by the spin
diffusion length λN , for the tunneling, intermediate and transparent regimes. Solid lines are calculations of RS based on the experimental and
fitted parameters, dashed lines represent calculations using ideal parameters for the Ag bridge.

where P is the induced spin polarization, and RN is computed
from the values for AN and ρN given above. Values for �R(L)
at 10 K and 100 K are plotted in Fig. 4(a), together with the fit
to Eq. (4). We find P ≈ 8%, λN ≈ 460 nm at 10 K, and P ≈
5.4%, λN ≈ 350 nm at 100 K, respectively. Moreover, the spin
lifetime can be computed with σN = e2ND and λN = √

DτN ,
yielding 70 ps and 46 ps at 10 K and 100 K. All values are
in good agreement with the values extracted from the Hanle
precession analyses.

D. Discussion of the transport data

According to the model calculations we presented in the
Introduction, injecting spin-polarized electrons from LSMO
into a normal metal channel could yield a large nonlocal spin
signal and a high-induced spin polarization. The experiments,
however, although producing clear nonlocal signals, show
quite low values. In particular, the extracted spin polariza-
tion P from the Hanle precession model is lower than the
theoretical calculations indicate. By examining the interface
resistivity, we find the presence of an interfacial barrier layer.
This is quite common. For LSMO/Pt contacts, values of
5 × 10−9 �m2 were reported [46], substantially higher still
than what we find, of order 2.5 × 10−11 �m2. Being in the
tunneling regime, however, is in itself not an explanation for
the loss of spin polarization. We have to conclude that the
interface is not only a resistive barrier, but also a spin scat-
terer [23,48]. This led us to an investigation of the interface
with scanning transmission electron microscopy (STEM). The
STEM data, shown below, corroborate the conclusions from
the transport data. Before going there, we finish the discussion
on the transport data by elaborating on the effects that an
improved interface would have, by considering what could be
expected in the intermediate and transparent regimes.

In the intermediate regime, when either Rii or Rid is larger
than (RF ) and (RN ), i.e., (Rii � RF , RN � Rid ) or (Rid �
RF , RN � Rii ), the expression for the spin resistance RS is

given by [23]

RS = 2PF P

1 − P2
F

RN
RF

RN
exp[−L/λN ]. (5)

In the transparent regime, when Rint � (RF , RN ), RS is given
by

RS = 4P2
F(

1 − P2
F

)2 RN

(
RF

RN

)2 exp[−L/λN ]

1 − exp[−2L/λN ]
. (6)

Using the experimental and fitted values, i.e., P ≈ 8%,
RN ≈ 2 �, RF ≈ 0.4 �, λN ≈ 460 nm, and taking PF = 0.96,
we can calculate the ratio RS/RN as function of the length be-
tween the contact L in all three regimes. As shown in Fig. 4(b)
(solid lines), the ratio of RS/RN drops by roughly 106 when
going from the transparent regime to the tunneling regime.
Note the interfacial spin scattering is not considered here. We
also computed the spin transport in the LSMO/Ag system
using optimal values for the properties of Ag, a resistivity of
∼2 µ� cm, and a spin diffusion length λN ≈ 1 µm [19], to-
gether with P = 0.1 for simplicity. Those results are plotted by
the dashed lines in Fig. 4(b). Two points can be made from the
calculation. One is that a higher quality of the Ag would affect
the size of the nonlocal signal, but would not affect the out-
come in a qualitative way. The other is that, in contrast to the
all-metals case, inserting a tunnel barrier would not improve
the results, which is a direct consequence of the fact that con-
ductivity mismatch does not play a role in the LSMO/Ag sys-
tem. Clearly, once again, the key to improving the spin injec-
tion efficiency when using LSMO lies in a better control over
both the conductance and the spin activity of the interface.

Finally, we mention a control experiment performed by re-
placing Ag with Pt. Pt has a very strong spin-orbit interaction
due to its large atomic number and is often used as a spin ab-
sorber [3,49,50]. We find that no nonlocal signal is detectable
in devices with a spacing of 200 nm, 250 nm, or 625 nm.
Since the spin diffusion length of Pt is just 10 nm [50], it
makes sense that no spin current is detected. It reinforces
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FIG. 5. (a) High-angle annular dark field image, made by scanning transmission electron microscopy, of an LSAT/LSMO/Ag sample.
It shows the epitaxial LSAT/LSMO interface and the disordered LSMO/Ag interface. Two different grains are visible in the Ag layer.
(b) Averaged electron energy loss chemical map showing the Ta M4,5, Al K, La M4,5, Mn L2,3, O K, and Sr L2,3 intensity profiles of the
layers. Dashed lines indicate the LSAT/LSMO and LSMO/Ag interfaces.

the assertion that there are no spurious magnetoresistance
contributions to our measured nonlocal spin signal (see also
Fig. S11 within the SM [32]).

E. STEM inspection of the interface

Aberration corrected scanning transmission electron mi-
croscopy (STEM) combined with electron energy loss spec-
troscopy (EELS) has been performed to study the structural
and chemical properties of the sample. The STEM-EELS data
were acquired at 200 kV in a JEOL ARM200cF microscope
equipped with a spherical aberration corrector and a Gatan
Quantum Dual-EELS spectrometer. Figure 5(a) displays a
high angle annular dark field image showing the high quality
of the different layers. The 15-nm LSMO layer is epitax-
ial, atomically smooth and free of disorder over the entire
thickness. The Ag layer contains grains, as can also seen
in Fig. S12a within the SM [32]. The LSMO/Ag boundary
shows a dark contrast typical of an incoherent interface or due
the presence of a thin layer with lower atomic weight [51].
The termination of both LSAT/LSMO and LSMO/Ag inter-
faces were analyzed using electron energy loss spectroscopy.
Figure 5(b) shows a chemical profile of the layers from an
averaged electron energy loss spectrum image, measured by
the normalized intensities at the ionization edges of Ta M4,5,
Al K, La M4,5, Mn L2,3, O K, and Sr L2,3. From the pro-
files, the interfaces are observed to be chemically sharp with
LaO/MnO2 as expected. On the other side, the LSMO/Ag
interface shows that the Mn L2,3 and La M4,5 edge signals
vanish 1 nm before the O K edge signal. At the same time,
a small and not negligible Sr signal rises at the interface,
suggesting that extra SrO planes may be present between the
LSMO layer and the Ag capping. No significant decrease of
the Mn valency is observed up to the onset of the disordered
layer (Fig. S12b within the SM [32]) but the presence of Mn

in thin layer cannot be ruled out, and finding spin scattering in
this disordered interface seems quite plausible.

IV. CONCLUSIONS

In summary, we have presented experiments on the elec-
trical injection and detection of a pure spin current in lateral
LSMO/Ag spin valves. We show that the high spin polariza-
tion combined with the high resistivity of the LSMO could
make the spin injection very efficient. However, from ana-
lyzing Hanle precession data and the spatial decay of the
signal, both at 10 K, we find values for the spin polarization P
in the Ag of the order of 10%, which is quite low. Signals
can be obtained up to 200 K. At higher temperatures, the
degrading magnetization, changes in the anisotropy as well as
the strong electron-phonon scattering in the Ag channel make
the detection difficult. With respect to the low P, We argue
that an interfacial spin-active layer hinders effective injection,
and TEM data support that conclusion. Since the interfaces of
oxides are notoriously difficult to control, this is a significant
hindrance in using the otherwise promising properties of the
LSMO. Still, there may be instances where the availability of
a simple injection system is an asset.
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