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Abstract

Spin-charge interconversion in systems with spin-orbit coupling has provided a new route for the
generation and detection of spin currents in functional devices for memory and logic such as spin-
orbit torque switching in magnetic memories or magnetic state reading in spin-based logic.
Disentangling the bulk (spin Hall effect) from the interfacial (inverse spin galvanic effect)
contribution has been a common issue to properly quantify the spin-charge interconversion in these
systems, being the case of Au paradigmatic. Here, we obtain a large spin-charge interconversion at
a highly conducting Au/Cu interface which is experimentally shown to arise from the inverse spin
galvanic effect of the interface and not from the spin Hall effect of bulk Au. We use two parameters
independent of the microscopic details to properly quantify the spin-charge interconversion and the
spin losses due to the interfacial spin-orbit coupling, providing an adequate benchmarking to
compare with any spin-charge interconversion system. The good performance of this metallic
interface, not based in Bi, opens the path to the use of much simpler light/heavy metal systems.



One of the fundamental ingredients in state-of-the-art spintronics is the generation and detection of
a pure spin current, an opposite flow of up-spin and down-spin electrons that allows transferring
angular momentum with minimal charge carriers, by exploiting the spin-orbit coupling (SOC) in a
nonmagnetic system that leads to spin-charge current interconversions. Charge-to-spin (CS)
conversion arises from spin Hall effect (SHE) in bulk materials,® and interfacial inverse spin
galvanic effect, also known as Edelstein effect (EE), at Rashba interfaces®® and surface states of
topological insulators.* Spin-to-charge (SC) conversion takes place with the corresponding
reciprocal effects. Whereas the use of SC conversion to read out the magnetic state in spin-based
logics® has been recently demonstrated,® the CS conversion is being widely applied to switch
magnetic elements via spin—orbit torque (SOT),”® which is promising for a second generation of
MRAM memories with unmatched switching speed and endurance.®

In spite of the strong applied interest, quantification of these conversions is a common source of
controversies’ 310 In particular, the disentanglement of bulk and interfacial contributions is a crucial
aspect for a proper quantification of spin-charge current interconversions''2, Furthermore, the
different dimensionality hinders direct comparison of efficiencies associated to bulk and interfacial
effects. For instance, interfacial SOC arising from inversion symmetry breaking can potentially
have larger CS conversion rate per volume than bulk heavy metals.?* Recently, the spin galvanic
effect, or inverse Edelstein effect (IEE), leading to SC conversion has been reported on the
nonmagnetic interface of the all-metallic,>*314151617  metal/oxide, 812921 and all-oxide
interfaces.?2232425 |n particular, the SC conversion in non-magnetic metallic interfaces has been so
far based on Bi, with some controversy on the origin of the effect due to the predominance of SHE
in Bi %, or on metals which already show large SHE 2728,

Au is the prototypical metal where Rashba splitting has been observed in a clean (111) surface by
means of angle resolved photoemission spectroscopy (ARPES).?%3 This observation, together with
its very high conductivity, makes Au a promising candidate to decrease current densities in CS
conversion-based devices. Indeed, large spin-charge interconversion has been reported in very thin
Au films®1:3233 and first-principles calculations suggest it is related to an interfacial effect.®* This
interfacial contribution might be at the origin of the large dispersion of reported spin Hall angles in
Au.'% In this work, we exploit the interfacial SOC in a Au/Cu interface to obtain a large SC and CS
efficiency. The spin absorption technique in lateral spin valves (LSVs) is used to quantify the spin-
charge current interconversion in this system. The experimental results show a negative sign of the
conversion rate, incompatible with a SHE origin in the Au bulk. The lack of SC conversion signals
in bare Cu and in the Cu/Au/Cu double interface system, as well as the double spin absorption
observed in Cu/Au/Cu, allow us to unequivocally conclude the spin-charge current interconversion
arises from the interfacial SOC at the Au/Cu interface. We analyze the data using generalized
boundary conditions to extract the proper conversion efficiency parameters that allows us to directly
compare with bulk systems. Our demonstration of a large spin-charge current interconversion in a
highly conducting all-metallic system not based in Bi opens the path to the use of much simpler
light/heavy metal interfaces and our quantification will avoid artificially large conversion
efficiencies, providing an adequate benchmarking for energy-efficient spin-based devices.

Nonlocal spin transport measurements are performed in LSVs to realize spin-charge current
interconversion at the Au/Cu interface. The scanning electron microcopy (SEM) image of a device
is shown in Fig. 1la. Two LSVs are built by three ferromagnetic (NiFe) electrodes (F1, F2, F3)
connected by a nonmagnetic (Cu) channel. The left LSV is used as a reference for the spin
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absorption experiment. The right LSV has a cross pattern in its channel. The horizontal Cu wire (x-
direction) acts as the nonmagnetic channel of the LSV. On top of the vertical Cu wire (y-direction),
a 3-nm-thick Au wire is deposited in situ by shadow evaporation. The Au layer is chosen to be
much thinner than its spin diffusion length (=100 nm)*>% in order to minimize the SHE
contribution from the bulk Au (see Supplementary Note 1 for experimental details).

Figure 1a illustrates the spin absorption technique, well-established to estimate the pure spin current
supplied to the SC conversion wire,}"1936373839 \jith two configurations corresponding to the
nonlocal measurements of the LSVs on the SEM image of device D1. A charge current (I,,) is
applied through the F»/Cu interface, inducing a spin accumulation in the Cu channel. This will
create a pure spin current, where the majority-spin electrons diffuse away from (and minority-spin
electrons diffuse towards) the F2/Cu vicinity. The diffusing spins relax over the spin diffusion
length (A.,) of the Cu channel. In open circuit conditions, a voltmeter connected through the F1/Cu
(in the reference configuration, blue circuit) or F3/Cu (in the spin absorption configuration, red
circuit) interface will probe the spin accumulation. The obtained voltage (Vy.), which is
proportional to the spin accumulation at the detecting electrode, normalized to the applied current
(Iapp) is defined as the nonlocal resistance (Ry;, = V.. /l4pp). An external field is applied along the
easy axis to control the reversal of the two magnetizations. The value of Ry; changes sign when the
magnetic configuration of injector and detector ferromagnets changes from parallel (R%,) to
antiparallel (R#iY). The difference 2ARy, = RY; — R4Y allows us to obtain the spin signal by
removing any baseline resistance coming from non-spin related effects. The typical Ry,
measurements of the spin absorption LSV and its reference are shown in Fig. 1b. Since the injected

spin current is absorbed while crossing the vertical Au/Cu channel, which acts as a spin sink, the

obtained spin signal 2ARE2S is smaller than the reference spin signal 2AR}, .

The spin current absorbed in the Au/Cu nanowire can then be converted to a transverse charge
current. Figure 1c sketches the configuration of the SC conversion measurement. By applying a
charge current (I,,,) from F2, an x-polarized spin current is created and reaches the vertical Au/Cu
wire, where it is absorbed along z-direction and converted into a charge current along y-direction.
This is detected as a voltage (V) by a voltmeter probing along the Au/Cu wire under open circuit
conditions. The SC resistance (Rgc = Vsc/Iq4pp) is determined as a function of an in-plane magnetic
field along the hard axis of F> (Fig. 1d). By reversing the magnetic field, the opposite Rg. is
obtained, since the NiFe magnetization is reversed as well as the spin polarization of the spin
current. The difference of the two values of Rg at the saturated magnetizations in the loop is the SC
signal, denoted as 2ARg., and allows to remove any background signal. See Supplementary Note 2
for an independent extraction of the field at which the magnetization of the NiFe wire saturates. The
obtained value at 10 K is 2ARs; = 58 + 6 uQ). Note that our Au/Cu system is highly conducting,
Pay = 5.7 uQem and pg, = 2.4 pQiem at 10 K (see Supplementary Note 3 for details on the
extraction of the two resistivities).
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FIG. 1: Spin absorption and SC conversion experiments. a) SEM image of device D1 with two NiFe/Cu
LSVs. The left one is a reference and the right one includes an Au/Cu wire between the two NiFe electrodes.
The nonlocal measurement configurations (red and blue circuits correspond to the reference and spin
absorption, respectively), the direction of the applied magnetic field (B) and the materials (NiFe, Cu and Au)
are shown. b) Nonlocal resistance (Ry;) as a function of B, (trace and retrace) measured in device D1 at

Igpp= 200 pA and 10 K from the reference (blue squares) and the spin absorption (red spheres)

configurations. From these measurements, we extract the spin signals 2ARY and 2ARE2. ¢) Sketch of the
SC conversion measurement configuration. The direction of B and the materials (NiFe, Cu and Au) are
shown. d) Spin-to-charge resistance (Rgc) as a function of B, (trace and retrace) measured in device D1 at
Iapp= 200 pA and 10 K. Each curve is an average of 6 sweeps. From this measurement, we extract the SC
signal (2ARg().

A reciprocal configuration (see inset in Fig. 2a) allows us to measure the CS conversion, which is
illustrated in Fig. 2a. The CS resistance loop shows an identical shape and same signal as the SC
resistance loop in Fig. 1d, as expected from Onsager reciprocity.*® The CS signal can be observed
up to 300 K (2AR.s = 8 £+ 5 uQ), as shown in Fig. 2b. To confirm the robustness of the spin-charge
interconversion signals at the Au/Cu interfacial system, results were reproduced with three devices
(D1, D2, and D3) in different substrates (see Fig. 3b).

Surprisingly, the sign of spin-charge interconversion signals is negative. A positive signal would be
expected from the conventional SHE in bulk Au,**3® which consistently shows 6s;,>0 (Ref. 10) or
even from the positive skew scattering angle in Cu-Au alloy,** which could be forming at our
interface. To confirm the negative sign of the signal, we carefully performed a control experiment
with Pt as a spin absorption middle wire (see Supplementary Note 4). This result rules out the bulk
SHE as the main source of spin-charge interconversion, suggesting it is interfacial or superficial
SOC of Rashba-type.



We next performed the control experiments to elucidate the origin of the SC and CS signals. The
spin-charge current interconversion due to a naturally formed CuOx/Cu interface in the bare part of
Cu channel might be a source for the SC and CS signals.*? For this reason, the CS conversion is
measured on a device with an identical design (Fig. 1a), but where no Au is deposited, leaving the
vertical channel also with bare Cu. The flat CS resistance, shown in Fig. 2c, indicates that the
naturally oxidized Cu does not contribute to the measured SC and CS signals. Hence, the obtained
signals must result from the influence of the 3 nm of Au on top of the vertical Cu wire.
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FIG. 2: CS conversion and its interfacial SOC origin. a) Charge-to-spin resistance (R.s) as a function of
B, (trace and retrace) measured in device D1 at /,,,= 150 pA and 10 K. Each curve is an average of 3
sweeps. From this measurement, we extract the CS signal (2AR.s). Top-right inset: sketch of CS conversion
measurement configuration. Bottom-left inset: sketch of the charge current flowing in plane at the Au/Cu
interface. b) Same measurement as panel a, taken at 300 K. Each curve is an average of 8 sweeps. ¢) R.s as a
function of B, measured at I,,,= 150 pA and 10 K in a control device with bare Cu (no Au layer on top of
the vertical Cu wire). Each curve is an average of 5 sweeps. Inset: sketch of the charge current flowing along
the vertical Cu wire (in plane with the Cu surface). d) R as a function of B, measured at /,,,,= 150 pA and
10 K in a control device with a Cu/Au/Cu stack at the vertical wire. Each curve is an average of 5 sweeps.
Inset: sketch of the charge current flowing in plane at the Cu/Au/Cu double interface.

Since SHE in Au bulk has been ruled out, the source of the spin-charge interconversion must be
either the Au/Cu interface or the top Au surface. Interfacial SOC at a metallic interface/surface
arises from the breaking of inversion symmetry giving rise to the inverse spin galvanic effect.*® In
order to confirm this point, we performed a control experiment with a device where a trilayer



Cu/Au/Cu wire replaces the bilayer Au/Cu wire. Since the stacking order reverses the orientation of
the interface, the sign of the inverse spin galvanic effect is different at each interface provided the
conversion is mediated by the interfacial SOC at Cu/Au interface. Therefore, it is expected that the
conversion will vanish in a symmetric Cu/Au/Cu structure.’*1°> Alternatively, in a scenario where
the conversion takes place at the Au/vacuum surface, capping the top Au surface with a Cu layer
will suppress the effect by destroying the Au/vacuum Rashba surface. Both scenarios are
compatible with the flat SC resistance shown in Fig. 2d. From this experiment, thus, we cannot
distinguish the two possibilities.

The exact location of the spin-charge interconversion can be determined by the results of the spin

absorption measurements. Figure 3a shows the spin absorption ratio (n =AR%@S/AR,Q€[) as a

function of temperature measured in the 3 different systems (bare Cu, Au/Cu, and Cu/Au/Cu). n is
independent on the temperature as expected.’®3" In the bare Cu system, 1, = 0.96 + 0.07
indicates that the spin absorption in the vertical Cu wire is negligible. In contrast, the spin
absorption in the Au/Cu system is considerable, 74y/c, = 0.43 £ 0.06, in agreement with the
presence of spin-charge interconversion. Interestingly, the spin absorption is two times larger in the
Cu/Au/Cu system (Ncy/au/cu = 0.22 1 0.06), concluding that the spin current is absorbed mainly
at the Au/Cu interfaces and not at the top Au surface.*® Since spin-charge interconversion by the
interfacial SOC necessarily involves spin loss #4, we rule out spin-charge interconversion at the Au
surface. The absence of a net spin-charge interconversion in the Cu/Au/Cu system can thus be
naturally explained by the inverse spin galvanic effect of opposite sign at the two interfaces with
opposite orientation.

The temperature dependence of the SC signal is shown in Fig. 3b. The negative value is obtained at
all measured temperatures, with a strong decay from 10 to 300 K. The spin absorption (Fig. 3a)
allows us determining the spin current, whereas the SC signal (Fig. 3b) reveals how much it is
converted to charge current. Based on these two separate measurements, we can estimate the spin
loss and the efficiency of the SC conversion. We perform FEM simulations based on a two-current
drift diffusion model (see Supplementary Note 5 for details). The interface is modelled as a layer
with a certain thickness t;,; on the Au side next to the Cu. The spin loss and the SC conversion
efficiency are quantified by an effective spin diffusion length (4;,,) and an effective spin Hall

angle, 65/, respectively. A strong temperature dependence of 65/ is obtained (Fig. 3c), following

the same trend as the SC signal. The values of 9;,§f shown in Fig. 3c are calculated considering that
tine= 3 nm, i.e., the full Au wire thickness effectively represents the interface. With this assumption,

6" would be close to the ones reported for Pt using the same technique %373 , but with opposite

sign. However, the 9;,? value depends on the choice of t;,, (see Supplementary Table 1),
evidencing that this effective value is not a proper quantity to characterize the spin-charge
interconversion in this system. Note that similarly large values of the spin Hall angle have been
reported in thin Au (Refs. 31, 32, and 33) but again with opposite sign. Therefore, any possible
interfacial SCC contribution that enhances the bulk SHE of Au should have opposite sign to our
Cu/Au interface.

For the spin-orbit applications’, the large values of Hf,ff in a highly conducting system are expected
to be beneficial. In order to confirm this, harmonic Hall voltage experiments have been performed
in Py/Cu/Au and Py/Cu/Pt Hall bars (see Supplementary Note 6). Indeed, our results show that the
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Cu/Au system gives higher damping-like torque, which is the primary source for magnetization
reversal, than Pt with identical geometrical parameters.
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FIG. 3: Temperature dependence of the spin absorption and SC conversion. a) Spin absorption ratio (n)
as a function of temperature obtained from the measured nonlocal signals for different devices. b) SC signal
as a function of temperature for different devices. The negative SC signal at the Au/Cu system is reproduced
in three different devices (D1, D2, D3) fabricated in two different substrates. c) Effective spin Hall angle
(Gfgf) of our Au/Cu system as a function of temperature, obtained from data in panels a and b and modelling
the interface by FEM with an effective thickness t;,,;= 3 nm. d) Inverse Edelstein length (4;55), €) interfacial
spin-loss conductance (G), and f) interfacial spin-to-charge/charge-to-spin conductivity (0s¢/cs) of our

Au/Cu interface as function of temperature, extracted using the relations between the FEM and the boundary
conditions models (see discussion above Eq. 3).

A more adequate quantification can be performed by assuming our SC conversion arises from an
interfacial effect. This can be described by the effective boundary conditions derived in Ref. 45.
Here, we adapt the simplest form of these boundary conditions inspired by the ones for
metal/insulator interface.'® Assuming that Au/Cu interface is located at z = 0, the boundary
conditions read



]§|o‘ _jéclo*’ = G||M§C|0 + O_csay/'lclo (1)
jle‘ —jZ|0+ = Gscayu;c|0 =V ']_)int 2

Here u. and uy are the charge and spin electrochemical potentials. These two equations describe the
behavior of the currents at the interface. In Eq. (1), the discontinuity of the spin current J7 is
proportional to the charge-to-spin conversion quantified by the parameter g.. In addition, the SOC
also leads to spin losses at the interface described by the parameter G,.** The second equation
describes the conservation of charge current j,: the discontinuity of j, at the interface equals to the
divergence of an interfacial current defined as J;,; = —eo,.(Z X [is). Onsager reciprocity mandates
that o, = g,5. As shown in Ref. 19, there is a connection between the interfacial parameters and

those of the FEM simulation. Namely, Gy = 0uytine/A2 and age = 055 0t /242, The SC
conversion efficiency, usually denoted as inverse Edelstein length (4;z), is then given by

_ Osc _ 1 heff
AIEE - G_" - 5951-1 tint- (3)

The temperature dependence of Az, o, and G, are shown in Figs. 3d, 3e, and 3f, respectively.

Importantly, whereas Gf,ﬁf strongly depends on the chosen value of t;,,;, the obtained Az, o5, and
G, are essentially independent of the choice of t;,, (see Supplementary Table 1 for details),
confirming they are robust quantities to model our SC conversion. A proper comparison of the SC
efficiency is A,z of an interface with 65, A, of a bulk system.*® The value of A,z in Au/Cu at 10 K
(=0.17 nm) is comparable to the ones reported in Cu/BiOx*® and Ag/Bi,® and to OgyA, of Pt.374
When working with spin-orbit torques, the parameter that is usually considered relevant in a bulk
system is the spin Hall conductivity ogy = 8550, Since a high longitudinal conductivity o,
lowers the power consumption.*’* The corresponding interfacial parameter is o, which in Au/Cu
at 10 K [-126 (h/e)Qtcm™] is 3 times larger than in Cu/BiOx,'® but one order smaller than oy in
the best systems, such as Pt3"*" or Ta.*® Both o, and A,z quickly decay with increasing
temperature. Here, we should emphasize that when spin-charge interconversion occurs at an
interface, it has to be quantified by the proper interface parameters (o, and G, or its ratio A;gg), not
with a spin Hall angle, a parameter valid for the bulk SHE, in order to avoid obtaining unphysical

values (9;,? > 1) associated to the particular choice of the effective thickness.

There are different mechanisms that could lead to the spin galvanic effect at nonmagnetic
interfaces. One possibility is the Rashba splitting at the interface band.>® Assuming such origin of
the effect, we can calculate the Rashba coefficient a; from the obtained A,z using the relation
agp = hge/T,°t where the Au momentum scattering time (t) is extracted from its resistivity
(Supplementary Note 3). We obtain the effective values for our Au/Cu interface ay = 0.52 eVA
and 0.22 eVA at 10 K and 300 K, respectively. Another possibility is the spin-dependent scattering
of the Bloch bulk states from the interface, sometimes called spin-orbit filtering.25354555¢ Although
we cannot distinguish experimentally between different microscopic mechanisms, we can explain
the observed interfacial spin galvanic effect by the boundary conditions (Egs. 1 and 2) and,
independently of the origin, quantify it by two phenomenological parameters: the interfacial spin-
to-charge conductivity o5 and the interfacial spin-loss conductance G;. A related effect is the
interfacial SHE, which also originates from the interfacial SOC, as in the case of the Fe/Au
interface.3* However, the CS conversion studied in this work corresponds to a different

8



experimental situation and therefore cannot be used to explain our observations. Particularly, the
interfacial SHE is sensitive to the out-of-plane charge current whereas in our experiment an in-plane
charge current is applied as shown in the inset of Fig. 2a.

To conclude, we identified a sizable spin-charge interconversion at Au/Cu interfaces unequivocally
arising from the interfacial SOC and not from bulk SHE in Au. The quantification of the results is
based on effective boundary conditions with two parameters describing the spin-charge
interconversion and the spin losses due to the interfacial SOC. The form of these boundary
conditions is independent of the microscopic details, providing an adequate benchmarking to
compare with any spin-charge conversion system. The inverse Edelstein length (A;zz = — 0.17 nm)
of Au/Cu interface is comparable to other all-metallic and metal/oxide interfaces, although it is the
first one reported that is not based on Bi, which is an advantage for the fabrication process. Our
finding of efficient spin-charge current interconversion in a highly conducting system with simple
3d metals invigorates research towards the development of energy-efficient spin-based devices such
as SOT-MRAMs® and spin-based logics®’.

Acknowledgments

The authors would like to thank Dr. Laurent Vila, Dr. Juan Borge, Dr. Ka Shen, and Prof. Ke
Xia for fruitful discussions. This work is supported by Intel Corporation through the
Semiconductor Research Corporation under MSR-INTEL TASK 2017-IN-2744 and the
‘FEINMAN” Intel Science Technology Center, and by the Spanish MICINN under the Maria de
Maeztu Units of Excellence Programme (MDM-2016-0618) and under project numbers
RTI2018-094861-B-100 and FIS2017-82804-P. I.V.T. acknowledges support by Grupos
Consolidados UPV/EHU del Gobierno Vasco (Grant No. 1T1249-19). V.T.P. acknowledges
postdoctoral fellowship support from ‘Juan de la Cierva—FoOrmacion’ programme by the
Spanish MICINN (grant number FJC1-2017-34494).

References

1 J. E. Hirsch. Spin Hall effect. Phys. Rev. Lett. 83, 1834 (1999).

2 A. Soumyanarayanan, N. Reyren, A. Fert, and C. Panagopoulos, Emergent phenomena induced by spin—orbit coupling
at surfaces and interfaces. Nature 539, 509 (2016).

3 J. C. Rojas-Sanchez, L. Vila, G. Desfonds, S. Gambarelli, J.-P. Attané, J.M. De Teresa, C. Magén, and A. Fert, Spin-
to-charge conversion using Rashba coupling at the interface between non-magnetic materials. Nat. Commun. 4, 2944
(2013).

4 K. Kondou, R. Yoshimi, A. Tsukazaki, Y. Fukuma, J. Matsuno, K. S. Takahashi, M. Kawasaki, Y. Tokura, and Y.
Otani. Fermi-level-dependent charge-to-spin current conversion by Dirac surface states of topological insulators. Nat.
Phys. 12, 1027 (2016).

5 S. Manipatruni, D. E. Nikonov, C.-C. Lin, T. A. Gosavi, H. Liu, B. Prasad, Y.-L. Huang, E. Bonturim, R. Ramesh, and
I. A. Young. Scalable energy-efficient magnetoelectric spin—orbit logic. Nature 565, 35 (2019).

6V. T. Pham, I. Groen, S. Manipatruni, W. Y. Choi, D. E. Nikonov, E. Sagasta, C.-C. Lin, T. A. Gosavi, A. Marty, L.
E. Hueso, I. A. Young, and F. Casanova. Spin—-orbit magnetic state readout in scaled ferromagnetic/heavy metal
nanostructures. Nat. Electron. 3, 309 (2020).

" 1. M. Miron, G. Gaudin, S. Auffret, B. Rodmacg, A. Schuhl, S. Pizzini, J. Vogel, and P. Gambardella, Current-driven
spin torque induced by the Rashba effect in a ferromagnetic metal layer. Nat. Mater. 9, 230 (2010).

8 A. Manchon, J. Zelezny, I. M. Miron, T. Jungwirth, J. Sinova, A. Thiaville, K. Garello, and P. Gambardella, Current-
induced spin-orbit torques in ferromagnetic and antiferromagnetic systems. Rev. Mod. Phys. 91, 035004 (2019).



° E. Grimaldi, V. Krizakova, G. Sala, F. Yasin, S. Couet, G. S. Kar, K. Garello, and P. Gambardella, Single-shot
dynamics of spin—orbit torque and spin transfer torque switching in three-terminal magnetic tunnel junctions, Nat.
Nanotechnol. 15, 111 (2020).

107, Sinova, S. O. Valenzuela, J. Wunderlich, C. H. Back, and T. Jungwirth, Spin Hall effects, Rev. Mod. Phys. 87, 1213
(2015).

11 G. Allen, S. Manipatruni, D. E. Nikonov, M. Doczy, and I. A. Young, Experimental demonstration of the coexistence
of spin Hall and Rashba effects in B-tantalum/ferromagnet bilayers, Phys. Rev. B 91, 144412 (2015).

12Y. Du, H. Gamou, S. Takahashi, S. Karube, M. Kohda, and J. Nitta, Disentanglement of Spin-Orhit Torques in Pt/Co
Bilayers with the Presence of Spin Hall Effect and Rashba-Edelstein Effect, Phys. Rev. Appl. 13, 054014 (2020).

13 M. Matsushima, Y. Ando, S. Dushenko, R. Ohshima, R. Kumamoto, T. Shinjo, and M. Shiraishi, Quantitative
investigation of the inverse Rashba-Edelstein effect in Bi/Ag and Ag/Bi on YIG, Appl. Phys. Lett. 110, 072404 (2017).
14M. B. Jungfleisch, W. Zhang, J. Sklenar, W. Jiang, J. E. Pearson, J. B. Ketterson, and A. Hoffmann, Interface-driven
spin-torque ferromagnetic resonance by Rashba coupling at the interface between nonmagnetic materials, Phys. Rev. B
93, 224419 (2016).

153, Sangiao, J. M. De Teresa, L. Morellon, I. Lucas, M. C. Martinez-Velarte, and M. Viret, Control of the spin to
charge conversion using the inverse Rashba-Edelstein effect, Appl. Phys. Lett. 106, 172403 (2015).

16 A, Nomura, T. Tashiro, H. Nakayama, and K. Ando, Temperature dependence of inverse Rashba-Edelstein effect at
metallic interface, Appl. Phys. Lett. 106, 212403 (2015).

7M. Isasa, M. C. Martmez-Velarte, E. Villamor, C. Magen, L. Morellon, J. M. De Teresa, M. R. Ibarra, G. Vignale, E.
V. Chulkov, E. E. Krasovskii, L. E. Hueso, and F. Casanova, Origin of inverse Rashba-Edelstein effect detected at the
Cu/Bi interface using lateral spin valves, Phys. Rev. B 93, 014420 (2016).

18 5, Karube, K. Kondou, and Y. Otani, Experimental observation of spin-to-charge current conversion at non-magnetic
metal/Bi2 O3 interfaces, Appl. Phys. Exp. 9,033001 (2016).

19 C. Sanz-Fernandez, V. T. Pham, E. Sagasta, L. E Hueso, I. V Tokatly, F. Casanova, and F S. Bergeret, Quantification
of interfacial spin-charge conversion in metal/insulator hybrid structures by generalized boundary conditions, Appl.
Phys. Lett. 117, 142405 (2020).

20 H. Tsai, S.Karube, K. Kondou, N. Yamaguchi, F. Ishii, and Y. Otani, Clear variation of spin splitting by changing
electron distribution at non-magnetic metal/Bi,Os interfaces, Sci. Rep. 8, 5564 (2018).

2L K. Kondou, H. Tsai, H. Isshiki, and Y. Otani, Efficient spin current generation and suppression of magnetic damping
due to fast spin ejection from nonmagnetic metal/ indium-tin-oxide interfaces, APL Mater. 6, 101105 (2018).

22 E. Lesne, Y. Fu, S. Oyarzun, J. C. Rojas-Sanchez, D. C. Vaz, H. Naganuma, G. Sicoli, J. P. Attané, M. Jamet, E.
Jacquet, and J. M. George, Highly efficient and tunable spin-to-charge conversion through Rashba coupling at oxide
interfaces, Nat. Mater. 15, 1261 (2016).

2.Q. Song, H.Zhang, T. Su, W. Yuan, Y. Chen,W. Xing, J. Shi, J.Sun, and W. Han, Observation of inverse Edelstein
effect in Rashba-split 2DEG between SrTiO3 and LaAlOs at room temperature, Sci. Adv. 3, €1602312 (2017).

24 Y, Wang, R. Ramaswamy, M. Motapothula, K. Narayanapillai, D. Zhu, J. Yu, T. Venkatesan, and H. Yang, Room-
Temperature Giant Charge-to-Spin Conversion at the SrTiOs—LaAlO3; Oxide Interface, Nano Lett. 17, 7659 (2017).

3D. C. Vaz, P. Noél, A.Johansson, B. Gobel, F. Y. Bruno, G. Singh, S. McKeown-Walker, F. Trier, et al., Mapping
spin—charge conversion to the band structure in a topological oxide two-dimensional electron gas, Nat. Mater. 18, 1187
(2019).

%6 ], Shen, Z. Feng, P. Xu, D. Hou, Y. Gao, and X. Jin, Spin-to-Charge Conversion in Ag/ Bi Bilayer Revisited. Phys.
Rev. Lett. 126, 197201(2021)

27D. Yue, W. Lin, J. Li, X. Jin, and C. L. Chien. Spin-to-Charge Conversion in Bi Films and Bi/Ag Bilayers, Phys. Rev.
Lett. 121, 037201 (2018).

2 Rui Yu, Bingfeng Miao, Qi Liu, Kang He, Weishan Xue, Liang Sun, Mingzhong Wu, Yizheng Wu, Zhe Yuan, and
Haifeng Ding, Fingerprint of the inverse Rashba-Edelstein effect at heavy-metal/Cu interfaces. Phys. Rev. B 102,
144415 (2020)

29 S, La Shell, B. A. McDougall, and E. Jensen, Spin Splitting of an Au(111) Surface State Band Observed with Angle
Resolved Photoelectron Spectroscopy, Phys. Rev. Lett. 77, 3419 (1996).

30 A. Nuber, J. Braun, F. Forster, J. Minar, F. Reinert, and H. Ebert, Surface versus bulk contributions to the Rashba
splitting in surface systems, Phys. Rev. B 83, 165401 (2011).

31T, Seki, Y. Hasegawa, S. Mitani, S. Takahashi, H. Imamura, S. Maekawa, J.Nitta and K. Takanashi, Giant spin Hall
effect in perpendicularly spin-polarized FePt/Au devices, Nat. Mater. 7, 125 (2008).

10



32 C. Chen, D. Tian, H. Zhou, D. Hou, and X. Jin, Generation and detection of pure spin current in an h-shaped structure
of a single metal, Phys. Rev. Lett. 122, 016804 (2019).

33 ], T. Brangham, K.-Y. Meng, A. S. Yang, James C. Gallagher, B. D. Esser, S. P. White, S. Yu, D. W. McComb, P. C.
Hammel, and F. Yan, Thickness dependence of spin Hall angle of Au grown on Y3FesO1, epitaxial films, Phys. Rev. B
94, 054418 (2016).

3 S, Li, K. Shen, and K. Xia, Interfacial spin Hall effect and spin swapping in Fe-Au bilayers from first principles,
Phys. Rev. B 99, 134427 (2019).

3 P, Laczkowski, M. Cosset-Cheneau, W. Savero-Torres, V. T. Pham, G. Zahnd, H. Jaffrés, N. Reyren, J.-C. Rojas-
Sanchez, A. Marty, L. Vila, J.-M. George, and J.-P. Attané, Spin-dependent transport characterization in metallic lateral
spin valves using one-dimensional and three-dimensional modelling, Phys. Rev. B 99, 134436 (2019).

36 M. Isasa, E. Villamor, L. E. Hueso, M. Gradhand, and F.Casanova. Temperature dependence of spin diffusion length
and spin Hall angle in Au and Pt, Phys. Rev. B 91, 024402 (2015).

37 E. Sagasta, Y. Omori, M. Isasa, M. Gradhand, L. Hueso, Y. Niimi, Y. Otani, and F. Casanova, Tuning the spin Hall
effect of Pt from the moderately dirty to the superclean regime, Phys. Rev. B 94, 060412 (2016).

38 Y. Niimi, H. Suzuki, Y. Kawanishi, Y. Omori, T. Valet, A. Fert, and Y. Otani, Extrinsic spin Hall effects measured
with lateral spin valve structures, Phys. Rev. B 89, 054401 (2014).

% L. Vila, T. Kimura, and Y. Otani, Evolution of the spin Hall effect in Pt nanowires: size and temperature effects,
Phys. Rev. Lett. 99, 226604 (2007).

40 p, Jacquod, R. S. Whitney, J. Meair, and M. Blittiker, Onsager relations in coupled electric, thermoelectric, and spin
transport: The tenfold way, Phys. Rev. B 86, 155118 (2012).

41 C. Herschbach, D. V. Fedorov, I. Mertig, M. Gradhand, K. Chadova, H. Ebert, and D. Kddderitzsch, Insight into the
skew-scattering mechanism of the spin Hall effect: Potential scattering versus spin-orbit scattering, Phys. Rev. B 88,
205102 (2013).

42 H. An, Y. Kageyama, Y. Kanno, N. Enishi, and K. Ando, Spin—torque generator engineered by natural oxidation of
Cu. Nat. Commun. 7, 13069 (2016).

4 The thickness of Au is smaller than its mean free path (and much smaller than the spin diffusion length of both Au
and Cu), so that the spin absorption in the 3-nm-thick bulk Au is negligible and the spin absorption at the first Cu/Au
and the second Au/Cu interfaces are not significantly different. Particularly, a free electron with its spin can travel
freely in the Cu/Au/Cu system and its spin can be absorbed by any of the two interfaces with a very little difference.

4 K. Dolui and B. K. Nikolic, Spin-memory loss due to spin-orbit coupling at ferromagnet/heavy-metal interfaces:

Ab initio spin-density matrix approach. Phys. Rev. B 96, 220403(R) (2017)

4], Borge and I. V. Tokatly, Boundary conditions for spin and charge diffusion in the presence of interfacial spin-orbit
coupling, Phys. Rev. B 99, 241401(R) (2019).

4 J.-C. Rojas-Sanchez and A. Fert, Compared Efficiencies of Conversions between Charge and Spin Current by Spin-
Orbit Interactions in Two- and Three-Dimensional Systems, Phys. Rev. Appl.11, 054049 (2019).

47 L. Zhu, D. C. Ralph, and R. A. Buhrman, Highly Efficient Spin-Current Generation by the Spin Hall Effect in Au;—
Pty. Phys. Rev. Appl. 10, 031001 (2018).

48 P, Laczkowski, Y. Fu, H. Yang, J.-C. Rojas-Sanchez, P. Noel, V. T. Pham, G. Zahnd, C. Deranlot, S. Collin, C.
Bouard, P. Warin, V. Maurel, M. Chshiev, A. Marty, J.-P. Attané, A. Fert, H. Jaffres, L. Vila, and J.-M. George, Large
enhancement of the spin Hall effect in Au by side-jump scattering on Ta impurities, Phys. Rev. B 96, 140405 (2017).

49 E. Sagasta, Y. Omori, S. Vélez, R. Llopis, C. Tollan, A. Chuvilin, L. E. Hueso, M. Gradhand, Y. Otani, and F.
Casanova, Unveiling the mechanisms of the spin Hall effect in Ta, Phys. Rev. B 98, 060410(R) (2018).

%0 A. Manchon, H. C. Koo, J. Nitta, S. M. Frolov, and R. A. Duine, New perspectives for Rashba spin—orhit coupling,
Nat. Mater. 14, 871 (2015).

51 K. Shen, G. Vignale, and R. Raimondi, Microscopic Theory of the Inverse Edelstein Effect, Phys. Rev. Lett. 112,
096601 (2014).

2V, P. Amin, J. Zemen, and M. D. Stiles, Interface-Generated Spin Currents, Phys. Rev. Lett. 121, 136805 (2018).

53 J. Linder and T. Yokoyama, Spin Current in Generic Hybrid Structures due to Interfacial Spin-Orbit Scattering, Phys.
Rev. Lett. 106, 237201 (2011).

41, V. Tokatly, E. E. Krasovskii, and G. Vignale, Current-induced spin polarization at the surface of metallic films: A
theorem and an ab initio calculation. Phys. Rev. B 91, 035403 (2015).

11



55V, P. Amin and M. D. Stiles, Spin transport at interfaces with spin-orbit coupling: Phenomenology. Phys. Rev. B 94,
104420 (2016).

% V. P. Amin and M. D. Stiles, Spin transport at interfaces with spin-orbit coupling: Formalism. Phys. Rev. B 94,
104419 (2016).

573, C. Baek, K.-W. Park, D.-S. Kil, Y. Jang, J. Park, K.-J. Lee, and B.-G. Park, Complementary logic operation based
on electric-field controlled spin—orbit torques, Nat. Electron. 1, 398 (2018).

12



Supplementary Materials

Large spin-charge interconversion induced by interfacial spin-orbit coupling at
a highly conducting all-metallic system

Van Tuong Pham,!? Haozhe Yang,! Won Young Choi,! Alain Marty,? Inge Groen,! Andrey
Chuvilin,*® F. Sebastian Bergeret,*®, Luis E. Hueso,'* llya V. Tokatly,3*® and Félix Casanova 3"

1CIC nanoGUNE, 20018 Donostia-San Sebastian, Basque Country, Spain
2University Grenoble Alpes, CEA, CNRS, Spintec, F-38000 Grenoble, France
3IKERBASQUE, Basque Foundation for Science, 48009 Bilbao, Basque Country, Spain
“Centro de Fisica de Materiales CFM-MPC (CSIC-UPV/EHU), 20018 Donostia-San Sebastian,
Basque Country, Spain
®Donostia International Physics Center (DIPC), 20018 Donostia-San Sebastian, Basque Country,
Spain
®Nano-Bio Spectroscopy Group, Departamento de Fisica de Materiales, Universidad del Pais

Vasco (UPV/EHU), 20018 Donostia-San Sebastian, Basque Country, Spain

*e-mail: f.casanova@nanogune.eu

Note S1: Nanofabrication, material characterization and transport measurements

In this Note, we describe the nanofabrication of the devices, the characterization of the materials
used in these devices and the transport measurements performed.

The lateral spin valve (LSV) devices used in this work (see Fig. S1a) were fabricated with two-step
e-beam lithography, metal deposition, and lift-off process on thermally oxidized SiO>/Si substrates.
Three ferromagnetic electrodes (F1, F2, F3) made of permalloy (NigoFe20), 30-nm thick and 90-nm
wide, are fabricated in the first step. Nucleation pads are designed in F1 and F3 to favor a lower
coercive field than the one in F2, with sharp ends. In the second step, the Cu cross is defined with a
width of 80 nm, with the horizontal wire (along the x direction) connecting the 3 ferromagnetic
electrodes, and 80 nm of Cu are deposited normal to the sample surface. Subsequently, the sample
is tilted 45° from the normal in the y-z plane and 3 nm of Au are deposited. The shadowing effect
allows us to cover only the vertical wire of the Cu cross along the y direction, whereas the
horizontal Cu wire remains free from Au, as shown in Fig. S1b. Figure S1c shows the sketch of the
shadowing effect protecting the horizontal Cu wire under the 45° deposition of Au. Figure S1d is
the SEM image of a wider region in the horizontal Cu channel. The 45° deposition can hide a 236-
nm-wide nanowire of Cu under the shadow of ZEP resist. Since the width of the horizontal Cu
channel at the relevant LSV region is only 80 nm, it is not covered by the deposited Au.

NiFe is e-beam evaporated at 0.6 A/s and 1.0x10°® mbar. Cu is thermally evaporated at 1.8 A/s and
2.0x10® mbar. Au is e-beam evaporated at 0.1 A/s and 5.0x10°° mbar. Before the deposition of Cu,
an Ar-ion milling process (Ar-ion flow with normal incidence, 15 sccm, acceleration voltage of 50
V, beam current of 50 mA, and beam voltage of 300 V) is performed for ~30 s to ensure transparent
NiFe/Cu interfaces.
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FIG. S1: a) False-colored SEM image of device D1 after finishing the nanofabrication. b) Sketch of the Cu
and Au depositions performed at different angles, corresponding to the dashed area in panel a, which shows
how Au is deposited in the vertical wire of the Cu cross only. ¢) y-z plane cut of the sketch in panel b,
showing the ZEP resist profile and the horizontal Cu wire. Blue arrow shows the direction of Au deposition.
ds is the shadow length that indicates the maximum width of the horizontal Cu wire that can be hidden by the
shadow under the 45°-angle deposition. d) SEM image showing that the angle deposition works well in the
nanodevice. The 80-nm-wide horizontal Cu wire is not covered by the deposited Au because ds = 236 nm in
the experiment.

The structure of Au/Cu bilayer has been characterized by (Scanning) Transmission Electron
Microscopy (STEM), Energy dispersive X-ray Analysis (EDX) and grazing-incidence X-ray
diffraction. The results are presented in Fig. S2.

Figure S2a shows a cross-sectional high-angle annular dark-field (HAADF) STEM image of the
bilayer overlayed by an EDX map of the corresponding region. It clearly reveals a continuous, yet
wavy, 3-nm-thick layer of Au on top of 80-nm-thick Cu layer. Grazing incidence X-ray diffraction
(Fig. S2b) reveals 3 main peaks: the most intensive (111) reflection of Cu, substantially weaker
(002) peak of Cu, and (111) peak of Au. This clearly indicates a dominating (111) texture of the Cu
layer and collinearly overgrown Au. High-resolution TEM image on Fig. S2c confirms an epitaxial
overgrowth of Au over Cu. The map of the (111) lattice parameter obtained from Fig. S2c¢ and
shown in Fig. S2d (Ref. 1) reveals an expected expansion of the lattice when changing from Cu to
Au.
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FIG. S2: a) Cross-sectional HAADF STEM image of Au(3)/Cu(80) bilayer and EDX map in the inset shows
layers of Au (red), Cu (blue), and Pt protective layer (greenish). b) Grazing incidence X-ray diffraction with
20 scan for a grazing incidence angle of ¢$=0.5° in a reference Au(3)/Cu(80) bilayer thin film. c) High
resolution TEM image. d) Map of the (111) lattice parameter obtained from panel c.

Electronic transport measurements are performed in a Physical Property Measurement System from
Quantum Design, using a ‘DC reversal’ technique with a Keithley 2182 nanovoltmeter and a 6221
current source at temperatures ranging from 10 to 300 K. The applied current IF? for the nonlocal
measurements is between 150 and 200 pA. We apply in-plane and out-of-plane magnetic fields with
a superconducting solenoid magnet by rotating the sample using a rotatable sample stage.

Note S2: Magnetoresistance of NiFe electrodes

Figures S3a and S3b show the magnetoresistance (MR) loops at 10 K and 300 K, respectively,
which are measured using a 3-probe measurement for the NiFe electrodes. The change of resistance
as a function of the applied magnetic field is the result of the anisotropic MR (AMR) of the NiFe.
The saturation field of the MR loops agrees well with the one observed in the SC and CS resistances
shown in Figs. 1d, 2a, and 2b of the main manuscript.
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FIG. S3. MR loops obtained by 3-probe measurements, showing AMR of the NiFe wire a) at 10 K in
electrode F2 and b) at 300 K in electrode F3 of the device D1.

Note S3: Measurements of the Cu and Au resistivities

The resistivity of 3-nm-thick Au is obtained by comparing the resistances of Cu(10)/Au(3) and
Cu(20)/ SiO2(5) thin films, where the numbers stand for the thickness in nm. For this purpose, Hall
bar structures are fabricated on two different Si substrates with thermally oxidized SiO2(150) using
a single step electron-beam lithography process. For the Cu(10)/SiO2(5) sample, Cu is thermally
evaporated in the same ultra-high vacuum system as the other samples used in this work.
Subsequently, the Cu is capped by ex-situ (but very fast sample transfer between two chambers)
sputtering SiO2(5) to prevent gradual oxidation of the Cu in air. In the case of the Cu(10)/Au(3)
sample, the same Cu evaporated is used, followed by in-situ deposition of Au via e-beam
evaporation. In both samples, 1 nm of Ti is e-beam evaporated in situ as a seed layer to ensure a
good adhesion of Cu to the substrate. This layer affects the two samples equally, so that there is no
significant influence on the estimation of the Au resistivity.

We perform 4-probe electrical measurements to extract the resistance of the double Hall bars.
Assuming that the Cu(10)/Au(3) film can be considered as two parallel connected resistances, the
resistance of the Au(3) channel is given by Ohm’s law:

-1

1 1

Recuao)au@  Reuioy

Rpui) =

where Rcyc10yau(s) and Rey(ioy are the resistances of the Cu(10)/Au(3) and Cu(10)/SiO2(5) stacks,
respectively.

Figure S4a shows the measured resistances of the Cu(10)/Au(3) (red) and Cu(10)/SiO2(5) (blue)
stacks and the calculated resistance of Au(3) (green). By considering the width (w) and the length
(L) of the Hall bars, namely w~4100 nm and the L~29400 nm, and the proper thickness, the
electrical resistivity is obtained from p = Rw t/L. Figure S4b displays the resistivity for Cu(10)
(blue) and Au(3) (green).
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FIG. S4: a) Resistance of Cu(10 nm)/Au(3 nm) (red) and Cu(10 nm)/SiO2(5 nm) (blue) stacks shaped as
double-Hall crosses with an identical lateral geometry, measured using the 4-probe measurement. The
extracted value for the resistance of 3-nm-thick Au is shown in green. b) The calculated value of resistivity
of the 3-nm-thick Au and 10-nm-thick Cu.

The resistivity of Cu channel can be measured by the 4-probe technique directly in the LSV device
and the result as a function of temperature is plotted in Fig. S5. The lower resistivity of Cu
compared to that in Fig. S4b is expected from the thicker Cu wire in the LSV.
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FIG. S5: Resistivity of Cu channel of the LSV as a function of temperature.

Note S4: Confirmation of the negative sign of spin-to-charge signal in Cu/Au

In order to confirm the negative sign of the SC signals in the Cu/Au wire, we performed a control
experiment of the SC conversion in a Pt wire, which is well established to have a positive spin Hall
angle.? A spin sink of 100-nm-wide Pt wire is fabricated under a single Cu channel, which replaces
the Au on top of the transverse Cu wire as presented in the main text and Note S1. The SEM image
of the sample is shown in Fig. S5a.

Figure S6b compares the spin-to-charge resistance (Rg;) measured on a LSV with Au/Cu (device
D1) and Pt (device D4) wires, using the same electrical measurement configuration. Note that,
although the effective spin Hall angle for the two devices is quite similar, the SC signal (2ARs.)
measured in the Pt wire is an order of magnitude higher than that of Cu/Au interface due to the
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shunting effect. Most importantly, since the two devices have opposite stacking order (Au is on top
of the Cu spin channel in device D1, whereas Pt is below the Cu spin channel in device D4), the
same sign of the SC signals produced demonstrates an opposite sign of the effective spin Hall angle.
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FIG. S6: a) SEM image of the control device D4 showing the labeling of contacts used for the transport
measurements. The device consists of two NiFe/Cu LSVs: the left one is a reference and the right one
includes a Pt wire between the two NiFe electrodes. b) Spin-to-charge resistance (Rg.) as a function of B,
(trace and retrace) measured at /,,,= 200 pA and 10 K for the Au/Cu (device D1) and Cu/Pt (device D4)
systems. Each curve is an average of 3 sweeps for device D1. The same sign of the SC signals is obtained
with the same measurement configuration and the opposite stacking order.

Note S5: 3D finite elements method simulations

3D finite elements method (FEM) simulations are performed based on the two-current drift-
diffusion model mostly using the formalisms for LSVs (see Ref. 3). Figure S7a shows the geometry
of the simulated device and the mesh of the finite elements. The geometry construction and 3D-
mesh were elaborated using the free software GMSH * with the associated solver GETDP ° for
calculations, post-processing and data flow controlling.
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FIG. S7: 3D finite elements method simulation. a) Geometry and mesh of the 3D FEM model used for
simulating the spin absorption and spin-to-charge conversion signals using the two-current drift-diffusion
equations. Inset: zoom of the mesh presenting the method to simulate the interface. The Au wire is separated
as two layers in z direction. The first layer is an effective interface with spin-orbit coupling (int, in blue) with
the resistivity of Au, thickness t;,¢, and two free parameters 1;,,; and eggf . The second layer is the rest of Au
with the inputs of bulk Au parameters (A5%and 64%) based on its resistivity (see Refs. 3 and 6). A current
(I¢) is applied from F3 to Cu to induce a spin accumulation. b) Representation of the spin accumulation (u)
landscape, i.e., the difference of electrochemical potentials given by up-spin and down-spin electrons. A pure
spin current (I,) is injected in the Cu channel in y direction. This I is relaxed and converted to a charge
current due to spin Hall effect in both the interfacial and the Au layers. The SC signal amplitude is the
difference between to electrical potentials at the ends of the wire and normalized to the applied current
[ARsc = (Vi — Vi) /1] This corresponds to the experimental results in Fig. 3b. The rest of I, induces a
spin accumulation at F3/Cu interface which is probed in the same way as [AR$S = (Vs — Vips)/Ic]- This
value is fit with the spin absorption signal to extract A;,,;. Since all equations used for the simulations are

linear, I, has been set to 1 A. ¢) Black spheres are the effective spin Hall angle Hfgf obtained for each

thickness t;,; in the FEM model to match the experiment results. The red curve is the fit to Eq. (3) of the
main text.

First, we verify the spin transport parameters of Cu and NiFe by performing the simulations for a
nonlocal measurement in a LSV. The spin diffusion lengths of NiFe and Cu are extracted from Ref.
7, by taking into account that their spin resistances (Ayirepnire = 0.9 fOm? and Ac,pcy =
2.3 fQm?) have to be constant. The spin polarization of NiFe is taken from Ref. 7. The simulated
spin signal reproduces well the value of the reference spin signal (ZAR;,eLf) shown in Fig. 1b of the
main text. Hence, we use these parameters to simulate the spin absorption and spin-charge
interconversion.
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To simulate the spin absorption and the SC conversion at the Au/Cu interface, a thin layer (¢;,;) is
included between the Au and Cu layers in the vertical channel, as shown in the inset of Fig. S7a.
The thickness of the bulk Au (z,,) is chosen so that ¢;,; + 24, = 3 nm. The spin diffusion length
(4int) accounts for the spin absorption at the interface and an effective spin Hall angle (Hselj;f )
accounts for the SC conversion at the interface. The spin diffusion length (14%) and the spin Hall
angle (64%) of the top bulk Au layer are chosen based on the measured p,, (Note S2). A5* is
obtained from the spin resistance of bulk Au A2%p,,, = 4.5 fOm? (Ref. 3), whereas 64 is obtained
based on the intrinsic contribution to SHE in bulk Au, i.e., intrinsic spin Hall conductivity of 360
(h/e)Qlem or A4494Y = 0.09 nm (see Ref. 6).

Table S1: The parameters and results of the 3D FEM simulations at 10 K. t;,,; is the defined effective
thickness of the interface. A;y,; is the retrieved spin diffusion length by modeling the spin absorption

experiment. B;ftf is the effective spin Hall angle associated to the interface by modeling the
experimental 2ARg. values. AR&Yy is the contribution of the SHE by the rest of bulk Au which is not
considered interface. A, G, and osc are the inverse Edelstein length, interfacial spin-loss
conductance, and spin-to-charge conductivity, respectively, calculated extracted using the relations

between the FEM and the boundary conditions models (see text).

tine (NM) Aine (NM) 0:"1{{ ARSHg MEE G Osc
(nQ2) (nm) (Q'm?) (Q'cm™)

3 32.5 -0.11 0 -0.17 7.6x10% -126

2 25.8 -0.17 0.5 -0.17 8.0x10% -132

1 18,3 -0.33 0.7 -0.17 8.0x10% -131
0.5 13.2 -0.67 1.0 -0.17 7.7 x10% -128
0.35 10.6 -0.86 1.2 -0.15 8.3x10% -125
0.2 8.3 -1.50 1.3 -0.15 7.7x10% -116

The spin accumulation profile is illustrated in Fig. S7b when applying a charge current from the
electrode F2 to the Cu channel, which shows the spin current is absorbed by the effective interface
and the Au wire. We adjust A;,,, in the FEM simulation to reproduce the experimental AR%2S values.
The obtained 4;,,, is shown in Table S1. By using the obtained values of 1, and adjusting Hfgf in
the simulation in order to reproduce the experimental 2ARg. values shown in Fig. 3b in the main
text, we obtain 6/7. Reciprocally, the same value of CS signal is achieved when using the obtained

int
Hﬁlftf and 1;,,; in the CS conversion model. The simulations are repeated for different thicknesses
between 0.2 and 3 nm of the effective interfacial layer, yielding different values of Hf,ff and Aj,¢
which always show 1;,,; > t;,+. Figure S7c plots Hse,’;f as a function of #;,,; at 10 K. By fitting it with
Eq. (3) of the main text, we achieve a constant A;zz = —0.17 + 0.01 nm at 10 K. Note that the
contribution of SHE in the bulk Au (ARZY.) is opposite in sign to the interfacial effect but very
small. The 3D simulation shows that the maximum value of AR&Y, at 10 K, which occurs with the
smallest #;,,; chosen, contributes only —2.3% to the total SC signal (see Table S1). Hence, for the
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other temperatures, we performed the simulations with #;,,; = 3 nm and did not consider any
contribution from the SHE of bulk Au. The effective spin Hall angle at different temperatures is
plotted in Fig. 3c of the main text and the effective spin diffusion length A;,, at different
temperatures is illustrated in Fig. S8.
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FIG. S8: Effective spin diffusion length 1,,, as a function of temperature. The values are extracted by
modelling the spin absorption results with the FEM simulation using t;,,; = 3 nm.

Finally, we would like to emphasize that the effective spin Hall angle H;P’;f is strongly dependent on

the choice of the effective thickness ¢;,; for the interface, so that we can obtain any value of Og;f
associated to such interface. However, the obtained A;zz, G, and s are independent of ¢,
confirming they are the proper parameters to quantify the SC conversion at an interface.

Note S6: Spin-orbit torque experiments

The spin-orbit torque (SOT) at different temperatures was quantified with the harmonic Hall
voltage technique®®1%t A Hall cross with a 5-um-wide current channel was fabricated using one
step e-beam lithography, metal deposition, and lift-off process, with a Py(5)/Cu(7)/Au(3) stack,
where the numbers stand for the thickness in nm. We use the same condition for the metal
deposition as the LSV device fabrication. To keep the Au/Cu interface consistent with our LSV
results, we choose the thickness of Cu to be 7 nm, thick enough to keep the same roughness
condition as the LSV devices. For comparison, a Hall cross with a Py(5)/Cu(7)/Pt(3) stack was
fabricated and measured.

The spin accumulation generated from the Cu/Au Rashba interface is expected to diffuse vertically
through the Cu layer and induce SOT in the Py layer. The vertical spin current should induce both
damping-like (DL) torque and field-like (FL) torque. We performed the angular dependence of
harmonic Hall resistance to extract the overall DL and FL torques by applying an AC current with
an amplitude of 3 mA and frequency of 17 Hz. Both the in-phase first harmonic and out-of-phase
second-harmonic Hall resistance were recorded. A sufficiently large external magnetic field (with
various amplitudes) was applied to ensure the magnetic saturation of the sample is along the field
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direction, while the direction of the external magnetic field rotates in plane with an angle ¢ to the
current direction.

The first (RY) and second (RZ“) harmonic Hall resistances are given by °:

RI(fI) = RPHE Sin 2¢ (83)

DL

W + RAT) cos ¢ + 2Rpyp(2cos® ¢ — cos )

ext —

BFL+BO€
Bext

R121w = (RAHE (34)

where Rpyg IS the planar Hall resistance, R,y is the anomalous Hall resistance, R,y is the thermal
resistance induced by out-of-plane temperature gradient, B, is the external magnetic field, B;f Tis
the effective magnetic anisotropy field, BPL is the damping-like (DL) effective magnetic field, Bf~
is the field-like (FL) effective magnetic field, and B¢ is the Oersted field induced by the current in
the non-magnetic layer. An example of the experimental data of RY and RZ® with the
corresponding fit to Eqgs. S3 and S4 is shown in Figs. S8a and S8b, respectively, for the

Py(5)/Cu(7)/Au(3) sample at T = 10 K and B,,; =110 mT.

B,‘;’f T is obtained by measuring the saturation field of the out-of-plane hard-axis magnetization,

considering the ferromagnetic layer of our sample is in-plane magnetized (B,iff < 0) and isotropic.
Such a field corresponds to the sum of the demagnetizing field and the magnetocrystalline
anisotropy field in the macrospin approximation. R, Was extracted with an out-of-plane field scan
(not shown)?®. Rpyr Was extracted from the fit of in-plane angle scan of R% (Fig. S8a). The DL
contribution plus thermal contribution (first term in Eq. S4) and FL contribution plus Oersted field
contribution (second term in Eq. S4) of the second-harmonic signal were extracted at a certain B,
(Fig. S8b). Subsequently, the DL contribution was separated from the thermal contribution by
performing the B,,, dependent measurement, where BPL was extracted via the slope of linear fit of

the first term in Eq. S4 as a function of ﬁ. BFL + B%was also extracted from the slope of
ext ~ Pk

1

the linear fit of the second term in Eq. S4 as a function of . The extracted values of BPL and

ext

BFL + BY¢ are shown in Figs. S8c and S8d, respectively, for both Py(5)/Cu(7)/Au(3) and
Py(5)/Cu(7)/Pt(3) stacks at various temperatures. The Py/Cu/Au sample shows a BPL similar to the
Py/Cu/Pt sample at room temperature (Fig. S8c). However, BPL for Py/Cu/Au increases
substantially by decreasing the temperature, consistent with the strong temperature dependence also
observed in the LSV measurements. It is worth noting that, at low temperature, BP* becomes much
larger than the one of the Py/Cu/Pt sample (Fig. S8c). In contrast, the Py/Cu/Au sample shows a
BFL + B¢ similar to the Py/Cu/Pt sample at all temperatures, with a weak temperature dependence
(Fig. S&d).

The current distribution is not expected to be homogeneous in samples with Au and Pt as the top
layer and Cu in between. Therefore, we consider the SOT efficiency per unit electric field
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fgL(FHOe), as it would be independent of any assumption on the current distribution, as well as the

thickness of other conductive layers in the stack, 2 which could be considered as an effective spin
Hall conductivity:

E __ (2e\ BpL(FL+0e)MstFm
SEuriroe = () LS (S5)

in which e is the electron charge, & is the reduced Planck constant, tg,, is the Py layer thickness,
M, is the saturation magnetization. The effective saturation magnetic moment per area Mstg), wWas
measured by a vibrating sample magnetometer and considering the dead layer effect of the
ferromagnet. ] is the injected current density for all conducting layers, and p is the resistivity of the
stack. The results are shown in Figs. S8e and S8f for &£, and &E, ..., respectively. For the
Py/Cu/Au sample, &£, increases monotonically from 2.61x 10°(Qm)~! at 300 K to 5.43 x
105(Qm)~1 at 10 K, which agree well with the results of the SCC efficiency extracted by LSV in
the main text. £&, of the Py/Cu/Pt exhibits a very weak temperature dependence with 1.63x
10°(Qm)~1 at 300 K to 1.64 x 10>(Qm)~! at 10 K. Since the DL torque is the one of interest for
current induced magnetic switching®®, ¢£, for the Py/Cu/Au stack shows clear advantages in the
SOT efficiency compared with the Py/Cu/Pt stack, especially at low temperatures. It should be
noted that the BFL + B9¢ has the same symmetry to the external field, so the disentanglement of
these two contributions is not straightforward. &%, , ,. for both stacks shows similar values [0.30x
105(Qm)~* for Py/Cu/Au and 0.29 x 10°(Qm)~* for Py/Cu/Pt at 300 K], and slight increase at
low temperature [0.33x 10>(Qm)~* for Py/Cu/Au and 0.35 x 10°(Qm)~?* for Py/Cu/Pt at 10 K],
indicating a very weak temperature dependence.

Therefore, the SOT experiments presented in this Note fully supports the conclusion of the main
text that the efficient spin-charge current interconversion in a highly conducting system such as
Au/Cu is promising towards the realization of energy-efficient spin-based devices.
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FIG. S8: Angular dependence of the a) first-harmonic and b) second-harmonic Hall resistances (open
circles) at B,,:=110 mT and T = 10 K for the Py/Cu/Au stack. The orange solid lines are fits to Eqgs. S3 and
S4, respectively. Dotted lines in panel b correspond to the damping like (DL) and field like (FL) terms in Eq.
S4. Temperature dependence of the obtained c) DL effective magnetic field and d) combination of FL
effective magnetic field and Oersted field for the Py/Cu/Au (blue open circles) and Py/Cu/Pt (orange open
circles) stacks. Error bars correspond to the standard deviation of the least square fitting using Eq. S4.
Temperature dependence of €) DL (£5,) and f) FL SOT efficiency (¢£, . .) normalized by electric field for
the Py/Cu/Au (red open circles) and Py/Cu/Pt (green open circles) stacks. Error bars correspond to the error
propagation of BPL and BFL + B¢ in Eq. Sb.
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