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ABSTRACT

We present and experimentally verify a universal theoretical framework for the description of spin-charge interconversion in non-magnetic
metal/insulator structures with interfacial spin–orbit coupling (ISOC). Our formulation is based on drift-diffusion equations supplemented
with generalized boundary conditions. The latter encode the effects of ISOC and relate the electronic transport in such systems to spin loss
and spin-charge interconversion at the interface. We demonstrate that the conversion efficiency depends solely on these interfacial parame-
ters. We apply our formalism to two typical spintronic devices that exploit ISOC: a lateral spin valve and a multilayer Hall bar, for which we
calculate the non-local resistance and the spin Hall magnetoresistance, respectively. Finally, we perform measurements on these two devices
with a BiOx/Cu interface and verify that transport properties related to the ISOC are quantified by the same set of interfacial parameters.

Published under license by AIP Publishing. https://doi.org/10.1063/5.0023992

A thorough understanding of charge and spin transport in sys-
tems with spin–orbit coupling (SOC) is crucial for the electric control
of spin currents.1,2 The latter leads to the widely studied spin Hall
effect (SHE)3–5 and Edelstein (EE) effect,6–9 which are at the basis of
spin–orbit torque memories10–12 and spin-based logic devices.13,14

Of particular interest are systems with spin-charge interconver-
sion (SCI) at the interface between an insulator (I) with a heavy ele-
ment and a normal metal (N) with negligible SOC and long spin
relaxation length as, for example, BiOx/Cu bilayers. In these systems,
the SCI occurs at the hybrid interface via an interfacial spin–orbit cou-
pling (ISOC).15,16 Whereas the electronic transport in N is well
described by customary drift-diffusion equations, the interfacial effects
occur at atomic scales near the interface and, hence, their inclusion is
more subtle. Some works use an intuitive picture based on an idealized
2DEG with Rashba SOC at the interface,16–18 in which the intercon-
version takes place via the EE and its inverse (IEE). Such a description

is clearly valid for conductive surface states in (e.g., topological) insula-
tors19,20 or 2DEGs.21,22 However, in metallic systems, it requires addi-
tional microscopic parameters to model the coupling between interface
states and the diffusive motion of electrons in the metal. Moreover, the
very existence of a well-defined two-dimensional interface band and its
relevance for the electronic transport in systems such as BiOx/Cu is not
obvious as realistic structures are frequently polycrystalline and disor-
dered. Moreover, one can contemplate other microscopic scenarios to
describe the SCI. For example, at the BiOx/Cu interface, Bi atoms could
diffuse into Cu inducing an effective extrinsic SHE in a thin layer near
the interface.23 Alternatively, a SCI can be generated via an interfacial
spin-dependent scattering of the bulk Bloch states.24–26 Each of these
scenarios will invoke different sets of microscopic parameters to be
inferred frommacroscopic transport measurements.

In this Letter, we approach the problem from a different angle
and propose a universal theoretical framework, which is independent
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of microscopic details. We combine the drift-diffusion theory with
effective boundary conditions (BCs)27 to account for ISOC. Such BCs
describe two types of interfacial processes: SCI and spin-losses, quanti-
fied, respectively, by the interfacial spin-to-charge/charge-to-spin con-
ductivities, rsc=cs, and the spin-loss conductances Gk=? for spins
polarized parallel/perpendicular to the interface. The SCI efficiency is
determined by the ratio between the strengths of these two processes.
This ratio coincides with the widely used conversion efficiency and the
inverse Edelstein length kIEE such that kIEE ¼ rsc=Gk. Furthermore, we
apply our theory to describe two typical experimental setups: non-local
resistance measurement in a Permalloy/copper (Py/Cu) lateral spin
valve (LSV) with a middle BiOx/Cu wire, Fig. 2(a), and measurement
of the spin Hall magnetoresistance (SMR) in a BiOx/Cu/YIG trilayer
Hall bar, Fig. 4(a). From the fitting of our theory to the experimental
results, we show that both experiments are described by similar values
of the ISOC parameters. This confirms that the SCI only depends on
the intrinsic properties of the BiOx/Cu interface. Moreover, we demon-
strate that rsc ¼ rcs, in accordance with Onsager reciprocity.

We start considering the I/N structure depicted in Fig. 1. In the
N layer, spin and charge transport is described by the diffusion
equations,

r2l̂ ¼ l̂

k2N
; (1)

r2l ¼ 0: (2)

Here, l̂ ¼ ðlx;ly; lzÞ and l are the spin and charge electrochemical
potentials (ECP), where the symbol :̂ indicates spin pseudovector. It is

assumed that N has inversion symmetry with an isotropic spin relaxa-
tion described by the spin diffusion length kN.

28 The diffusive charge
and spin currents are defined as êj ¼ �rNrl̂ and ej ¼ �rNrl,
respectively, with e ¼ �jej and rN the conductivity of N.

Equations (1) and (2) are complemented by BCs at the interfaces.
At the interface with vacuum, one imposes a zero current condition,
whereas at the I/N interface with ISOC, the BCs for the spin and
charge densities read:27

�rNðr � nÞl̂j0 ¼ G? l̂?j0 þ Gk l̂kj0 þ rcs n�rð Þlj0; (3)

�rNðr � nÞlj0 ¼ rsc n�rð Þl̂j0: (4)

Here, n is the unitary vector normal to the interface, see Fig. 1(a).
The last term in the rhs of Eq. (3) describes the charge-to-spin con-
version quantified by the conductivity rcs. This term couples an
effective electric field and the (outgoing) spin current density at
the interface27,29–31 and can be interpreted as an interfacial SHE.
Alternatively, it can be interpreted as if the electric field induces a
homogeneous spin ECP via an interfacial EE, which in turn dif-
fuses into N. Both interpretations are fully compatible within the
present formalism. The second type of process taking place at the
interface are spin-losses [first two terms in the rhs of Eq. (3)],
quantified by the spin-loss conductances per area G?=k for spins
perpendicular/parallel (l̂?/l̂k) to the interface.

The charge is obviously conserved and, therefore, the rhs of
Eq. (4) only contains the spin-to-charge conversion term. The latter is
the reciprocal of the last term in Eq. (3)32 and can be interpreted as an
interfacial inverse SHE but, again, an alternative interpretation is pos-
sible: from the conservation of the charge current at the interface, we
can relate the bulk charge current to the divergence of an interfacial
current jI as rNðr � nÞlj0 ¼ �er � jI. Comparing the latter with
Eq. (4), we define jI as

33

ejI ¼ �rsc n� l̂ð Þj0: (5)

Written in this way, Eq. (4) describes the conversion of a non-
equilibrium spin into an interfacial charge current, which corresponds
to an interfacial IEE, see Fig. 1(b). This interpretation allows us to
introduce the commonly used conversion length kIEE, defined as the
ratio between the amplitude of the induced interfacial charge current
density, jI, and the amplitude of the spin current injected from the
bulk, rNðr � nÞl̂j0. According to Eq. (5), the effect is finite only if the
spin current is polarized in a direction parallel to the interface. Using
Eqs. (3) and (5), we obtain

kIEE ¼
rsc

Gk
: (6)

This is a remarkable result that follows straightforwardly from our
description of hybrid systems with ISOC and for which the spin-
charge interconversion occurs only at the interface. kIEE is purely
determined by interfacial parameters and it is indeed a quantification
of the conversion efficiency: it is the ratio between the spin-to-charge
conversion and the spin-loss at the interface. Both parameters, rsc and
Gk, depend on the microscopic properties of the interface, which are
intrinsic for each material combination, and may depend on
temperature.

From an experimental perspective, the spin-to-charge conversion
is usually detected electrically, by measuring a voltage drop [see

FIG. 1. Sketch of the non-magnetic insulator (z> 0)/metal (z< 0) system under
study. ISOC is finite at the interface with normal vector n. (a) Charge-to-spin con-
version: a charge current Ic induces at the interface an out-of-plane spin current
density ĵdiff perpendicularly polarized. (b) Spin-to-charge conversion: a n injected
spin current density ĵdiff induces at the interface a voltage drop perpendicular to the
polarization of ĵdiff .

Applied Physics Letters ARTICLE scitation.org/journal/apl

Appl. Phys. Lett. 117, 142405 (2020); doi: 10.1063/5.0023992 117, 142405-2

Published under license by AIP Publishing

https://scitation.org/journal/apl


Figs. 2(a) and 4(a)]. For concreteness, we consider the generic setup of
Fig. 1(b): a spin current polarized in the x direction flows towards the
interface, and a voltage difference is generated in the transverse y
direction according to Eq. (5). The averaged voltage drop between the
points y ¼ 6Ly=2 is given by (see supplementary material Note S1)

Vsc ¼
rsc

erNAN

ð ðLy
2

�Ly
2

n� l̂j0
� �

� ey dxdy; (7)

where ey is a unitary vector in the y direction and AN ¼ tNwN is the
wire cross section, with tN and wN being its thickness and width, over
which the voltage drop is averaged. According to Eq. (7), the voltage
drop between two points is proportional to the spin accumulation
between them created via the ISOC. Next, we calculate the voltage
drop associated with SCI in two different devices with an I/N
interface.

We start analyzing the double Py/Cu LSV shown in Fig. 2(a)
(see supplementary material Note S2 for experimental details). A
charge current Ic is injected from the ferromagnetic injector F2 into
the Cu wire. F2 forms a LSV either with the detector F1 or F3. We use
the F1–F2 LSV as a reference device. In the F2–F3 LSV, there is an
additional middle Cu wire covered by a BiOx layer, resulting in an I/N
interface with ISOC, in which part of the spin current is absorbed and
converted to a transverse charge current.

Quantitative description of electronic transport in LSVs has been
widely studied in the literature.34,35 In our Cu wires, kN � tN;wN,
allowing us to simplify the ECPs diffusion to a one-dimensional prob-
lem,34–36 see Fig. 2(b) and supplementary material Note S3. At the
BiOx/Cu wire, the z-integration using Eq. (3) leads to a renormaliza-
tion of kN,

kNk ¼
kNffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi

1þ
Gkk

2
N

rNtN

s : (8)

At the node, x¼ 0 in Fig. 2(b), we use Kirchhoff’s law for the
spin currents (see supplementary material Note S3),

�ANrN@xl̂kj0
þ

0� ¼ �GNkl̂kjx¼0 � Aeff
n rcs

ejc
rN

êx: (9)

Here, GNk ¼ tNrNAeff
n

k2Nk
is the effective spin (bulk) conductance of the

BiOx/Cu wire, with Aeff
n ¼ wNðwN þ 2kNkÞ. The latter is the effective

area of the BiOx/Cu interface that absorbs (injects) spin current.
Indeed, the rhs of this equation corresponds to Eq. (3) with an effective
spin-loss conductance counting for both the interfacial and bulk spin-
losses at the middle wire. The last term in Eq. (9) corresponds to the
last term in Eq. (3) and it is proportional to the total injected charge
current Ic along the middle wire oriented in the y direction. If we
assume an homogeneously distribution of the current, then jc ¼ jc êy ,
with jc ¼ Ic

AN
.

The Cu/Py interfaces are described by the following BC:34,37,38

�ANrN@xl̂k
���x¼�L�x

2

x¼�Lþx
2

¼ �AF r�F@yl̂kF2jy¼0 þ pFejc
� �

;

�ANrN@xl̂k
���x¼L�x

2

x¼Lþx
2

¼ �AFr
�
F@yl̂kF3jy¼0; (10)

where l̂kF2=F3 is the spin ECP at F2/F3, pF the spin polarization, and
r�F ¼ rFð1� p2FÞ the effective conductivity of Py. Lx is the distance

FIG. 2. (a) SEM image of the two Py/Cu LSVs, the reference one between ferromagnets F1–F2 and the one with a middle BiOx/Cu wire (light red covering) between F2–F3.
Non-local voltages V ref

nl (blue circuit) and Vabs
nl (red circuit) are measured applying an external magnetic field (B) along the y axis. The spin-to-charge conversion voltage Vsc

(red circuit) is detected applying B along the x axis. (b) Effective one-dimensional model of the device. (c) Geometry and mesh of the 3D finite element method model. The
BiOx/Cu interface is simulated as a thin layer (yellow) on top of the transverse Cu wire (purple).
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between consecutive ferromagnetic wires and AF the Py/Cu junction
area.34 For the reference LSV, we substitute F3 by F1 in Eq. (10).
Because the Py/Cu interfaces are electrically transparent, we assume
the continuity of l̂k. This condition, together with the one-
dimensional version of Eq. (1) and the BCs (9) and (10), determines
the full spatial dependence of l̂k.

Specifically, we need l̂k at the detector F1/F3 to determine the
non-local voltage Vnl ¼ e�1pFl̂kF1=F3jy¼0

34,39 [see Fig. 2(b)] and

the corresponding non-local resistance, Rnl ¼ Vnl=Ic, where Ic is
the current injected from F2. Rnl changes sign when the magnetic
configuration of the ferromagnetic injector and detector changes
from parallel, RP

nl, to antiparallel, RAP
nl . This allows us to remove

any baseline resistance coming from non-spin related effects by
taking DRnl ¼ RP

nl � RAP
nl [see Fig. 3(a)]. Comparing the resistance

measured at F3, DRabs
nl , with the one measured at F1, DRref

nl , we
determine the magnitude of the spin absorption and, therefore, the
value of the spin-loss conductance, Gk. For this, we compute the

ratio DRabs
nl =DR

ref
nl ¼ l̂kF3=l̂kF1jy¼0 by solving the full boundary

problem,

DRabs
nl

DRref
nl

¼ 1þ
GNk
2GN

ðGF þ 2GNÞ � GF e
�Lx

kN

ðGF þ 2GNÞ þ GF e
�Lx

kN

2
4

3
5
�1

: (11)

Here, Gi ¼ riAi
ki

are the bare Cu (i ¼ N) and Py (i¼ F) wires spin con-
ductances. The form of Eq. (11) agrees with the one obtained in previ-
ous works.35,38,40 However, our expression is more general since it
distinguishes via GNk between interfacial and bulk losses at the BiOx/
Cu wire. Consequently, we can ensure that our calculation of Gk and,
therefore, kIEE, is only related to interfacial effects [see Eqs. (6), (8),
and (9)].

Figure 3(b) shows a weak temperature dependence of the absorp-
tion ratio, DRabs

nl =DR
ref
nl � 0:5, revealing that about half of the spin cur-

rent is absorbed at the BiOx/Cu middle wire. The temperature
dependence of rN is measured (supplementary material Note S4),
with tN ¼ wN ¼ 80 nm and Lx ¼ 570 nm. The specific properties of
the Py and Cu wires (qF and pF temperature dependencies and con-
stant spin resistivities kF=rF ¼ 0:91 fXm2 and kN=rN ¼ 18:3 fXm2)
are well characterized from our previous work.41 Thereupon, by insert-
ing these experimental values into Eq. (11) for different temperatures,
we obtain the Gk dependence shown in Fig. 3(b). A slight decrease in
Gk can be observed with increasing temperature, which seems to arise
from the Cu conductivity. A linear relation between Gk and rN (see
supplementary material Note S5A) suggests a Dyakonov–Perel mecha-
nism of the spin-loss, expected for a Rashba interface and in agree-
ment with Ref. 42.

We can also determine rsc=cs in the same device. By injecting a
charge current Ic from F2, an x-polarized spin current is created and
reaches the BiOx/Cu wire, where a conversion to a transverse charge
current occurs via Eq. (5). This is detected as a non-local voltage Vsc

along the BiOx/Cu wire, determining the non-local resistance RLSV
sc

¼ Vsc=Ic as a function of an in-plane magnetic field Bx. By reversing
the orientation of the magnetic field, the opposite RLSV

sc is obtained.
The difference of the opposite values of RLSV

sc ; 2DRLSV
sc in Fig. 3(c),

allows us to remove any baseline resistance. By swapping the voltage

FIG. 3. (a) Non-local resistances as a function of By (trace and retrace) measured
at Ic ¼ 70 lA and 10 K for the reference LSV (blue squares) and the BiOx/Cu LSV
(red circles). DRref

nl and DRabs
nl are tagged. (b) Temperature dependence of the spin

absorption ratio (upper panel) and the corresponding spin-loss conductance (lower
panel). (c) and (d) Reciprocal SCI non-local resistances as a function of Bx (trace in
red and retrace in black), from which we extract the spin-to-charge (2DRLSV

sc ) from
an average of seven sweeps and charge-to-spin (2DRLSV

cs ) signals from an average
of four sweeps, respectively. Measurements are performed at 10 K and Ic ¼ 70 lA
(c) and Ic ¼ 150 lA (d).

FIG. 4. (a) Measurement configuration of the TADMR in the BiOx/Cu Hall-cross device on YIG. An in-plane B-field (100mT) is rotated an angle (a) with respect to the applied
current (Ic ¼ 5 mA) direction. (b) Double SCI at the BiOx/Cu interface. (c) Transverse resistance measured as a function of a (black squares). The solid red curve corresponds
to a fit to Eq. (14).
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and current probes, the reciprocal charge-to-spin conversion signal,
RLSV
cs ¼ Vcs=Ic, can be determined.

Theoretically, from the full spatial dependence of l̂k, we compute
Vsc from Eq. (7) andVcs from Vcs ¼ e�1pFlx

kF2jy¼0, yielding

DRLSV
sc=cs ¼ 6

rsc=cs

rN

Aeff
n

AN

pF e
Lx
2kN

GF 1�
GNk
2GN

� 	
þ e

Lx
kNðGF þ 2GNÞ 1þ

GNk
2GN

� 	 :
(12)

Experimentally, Figs. 3(c) and 3(d) confirm the reciprocity between
both measurements, DRLSV

cs ¼ DRLSV
sc . The broken time reversal sym-

metry, due to the magnetic contacts, leads to the opposite sign for
reciprocal measurements. Contrasting this with the result of Eq. (12),
one confirms that rsc ¼ rcs.

43 The experimental value, 2DRLSV
sc

� 156 3lX at 10 K, yields rsc=cs � 446 9X�1cm�1 and kIEE
� 0:166 0:03 nm. The latter value is of the same order of magnitude
but somewhat smaller than the previously reported results obtained by
spin pumping experiments, kIEE � 0:2� 0:7 nm,15,18,42 and LSV
experiments, kIEE � 0:5� 1 nm.36 This discrepancy might be due to a
different quality of the BiOx/Cu interface: ex situ deposition in our
experiment and in situ deposition in other works. The temperature
dependence of the different parameters is presented in Note S5B in the
supplementary material. One observes a decreasing trend of rsc by
increasing the temperature, which translates in a decrease of kIEE, in
agreement with the previous literature.42

The accuracy of our 1D model is checked by performing a 3D
finite element method simulation detailed in supplementary material
Note S6. Figure 2(c) shows the geometry of the simulated device and
the mesh of the finite elements. The ISOC is simulated as a thin
layer of finite thickness tint, spin diffusion length kint, and a spin Hall
angle heffint. From the definition kIEE ¼ 1

2 heffinttint,
44 we obtain

kIEE ¼ 0:106 0:02 nm, in good agreement with our 1D model.
To verify that both ISOC parameters, Gk and rsc, are interface

specific, we carry out another experiment involving a BiOx/Cu inter-
face. Namely, we measure the SMR in a Cu layer sandwiched between
BiOx (at z¼ 0) and Y3Fe5O12 (YIG) insulating layers (at z ¼ �tN),
shaped as a Hall bar, see Fig. 4(a) and supplementary material Note S2
for the experimental details. In this setup, a double SCI takes place as
sketched in Fig. 4(b). A charge current Ic in the x direction induces an
out-of-plane y-polarized spin current density via Eq. (3). This spin
current propagates towards the Cu/YIG interface where it is partly
reflected with mixed x and y polarizations.45–47 The reflected spin cur-
rent diffuses back to the BiOx/Cu interface, where its x-polarized con-
tribution is reciprocally converted to an interfacial charge current. The
overall effect is then proportional to rcsrsc ¼ r2

sc.
The electron spin reflection at the Cu/YIG interface depends on

the direction of magnetization m of ferrimagnetic YIG. The effective
BC describing this interface is known and reads48,49

�rNðr � nÞl̂j�tN ¼ Gs l̂j�tN þ Gr m� l̂ �mð Þj�tN
þ Gi m� l̂ð Þj�tN : (13)

Here, Gs is the so-called spin-sink conductance and Gr;i are the real
and imaginary parts of the spin-mixing conductance (per area),
G"# ¼ Gr þ iGi. In YIG, Gi � Gr and, hence, Gi is neglected.

47,50–52

We measure the transverse angular dependent magnetoresistance
(TADMR) in the BiOx/Cu/YIG Hall bar of Fig. 4(a). The transverse

voltage, VT, depends on the direction of the in-plane applied magnetic
field, parameterized by the angle a. The TADMR measurements are
shown in Fig. 4(c).

Theoretically, we calculate the spatial dependence of l̂ by solving
the boundary problem of Eqs. (1), (3), and (13) by assuming transla-
tional invariance in the x–y plane. We then determine VT from Eq. (7)
and obtain for RT ¼ VT=Ic,

RT �
r2
sc

2r2
Nt

2
N

Gr

ðGk þ GsÞðGk þ Gs þ GrÞ
sin ð2aÞ ¼ DRT sin ð2aÞ:

(14)

Here, DRT is the amplitude of the modulation and we assume that
kN � tN (see supplementary material Note S7). The parameters of the
Cu/YIG interface, Gr;s, add to the spin-loss at the BiOx/Cu interface
Gk. We identify by comparison of Eqs. (3) and (13) two effective spin-
loss conductances, Gx ¼ ðGk þ GsÞ and Gy ¼ ðGk þ Gs þ GrÞ, for
spins polarized in the x and y directions, respectively. The amplitude
of the SMR signal, Eq. (14), is then proportional to Gx � Gy .

From Fig. 4(c), we estimate DRT � 0:03mX at T ¼ 130K. At
this temperature, from the LSV measurements, we obtain Gk � 1:5
�1013 X�1m�2 and rsc=cs � 11:3X�1cm�1, as shown in Figs. 3(b)
and S3b, respectively. The spin conductances Gs and Gr in light metal/
YIG interfaces have been estimated in evaporated Cu53 and Al.54

Whereas Gs ¼ 3:6� 1012 X�1m�2 for Cu/YIG53 is a consistent value
in the literature,54,55 the reported Gr is very low,53 as generally
observed in evaporated metals on YIG.54,56 By substituting Gk; Gs,
and rsc=cs values in Eq. (14), we obtain Gr � 6:1� 1013 X�1m�2. This
value for sputtered Cu on YIG is much larger than that estimated in
evaporated Cu on YIG, in agreement with the reported difference
between sputtered and evaporated Pt.56 Importantly, the obtained Gr

satisfies the required condition Gs < Gr,
47,55 which confirms the valid-

ity of our estimation.
In summary, we present a complete theoretical framework based

on the drift-diffusion equations to accurately describe electronic trans-
port in systems with ISOC at non-magnetic metal/insulator interfaces.
Within our model, the interface is described by two types of processes:
spin-losses, parameterized by the interfacial conductances Gk=?, and
SCI, quantified by rsc and rcs. These parameters are material specific.
The efficiency of the spin-to-charge conversion is quantified by the
ratio rsc=Gk, which coincides with the commonly used Edelstein
length kIEE. The Onsager reciprocity57–59 is directly captured by
rsc ¼ rcs, as demonstrated by comparing our theoretical and experi-
mental results. Our theory is an effective tool for an accurate quantifi-
cation of SCI phenomena at interfaces, which is of paramount
importance in many spintronic devices. It is important to emphasize
that the present formulation of our theory is valid for interfaces
between non-magnetic materials. In principle, one could go beyond
our theory and address the problem of magnetic moment transfer at a
metal/magnetic insulator interface by including interfacial exchange
interaction and magnon dynamics into the model.47

See the supplementary material for additional details on the deri-
vation of the spin-to-charge averaged voltage, Eq. (7), and the renor-
malized spin diffusion length and node boundary condition for the
LSV, Eqs. (8) and (9), respectively; measured temperature dependence
of the Cu resistivity and analysis on the temperature dependence of
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the ISOC parameters in the LSV; a brief explanation of the 3D simula-
tion and the relation between the simulation and ISOC parameters;
theoretical result for the transverse resistance measured in the multi-
layer Hall bar, i.e., which leads to Eq. (14); and the experimental details
of the nanofabrication and measurements of the LSV and multilayer
Hall bar devices.
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S1. DERIVATION OF THE AVERAGED VOLTAGE DROP

In this section, we derive expression Eq. (7) for the voltage drop generated in a device averaged over the cross-
sectional area (see Fig. 1b). For that, we assume that the only source of charge current is the one generated by the
ISOC at z = 0. Therefore, the total charge current densities of our system are identified by integrating the charge
diffusion equation (2) in the z direction, yielding:(

∂2
x + ∂2

y

)
µ̃− σsc

σN
(n×∇) µ̂

∣∣
0

= ∂x

(
∂xµ̃−

σsc

σN
µy|0

)
+ ∂y

(
∂yµ̃+

σsc

σN
µx|0

)
= ∂xjx + ∂yjy = 0 (S1)

where jx/y is the total charge current density in the x/y direction and µ̃ is the charge ECP integrated in the z
direction. Notice that the second term of the l.h.s. of this equation stems from the boundary condition (4).

The voltage drop between two points located at k = ±Lk/2, with k = x, y, z, is related to the spatial distribution
of charge ECP in the k direction after averaging over the cross-sectional area of the device AN:

V = −

∫∫∫ Lk
2

−Lk2
∇µ · ek dk dS

e AN
(S2)



2

According to Eq. (S1), the voltage drop is directly related to the spin-to-charge conversion due to the ISOC. Fur-
thermore, if we assume open circuit configuration in this direction, jk

∣∣
±Lk/2

= 0, the gradient of the charge ECP is

directly proportional to the spin ECP. Therefore, taking into account that Eq. (S1) has been already z-integrated,
the averaged voltage drop in the k direction can be calculated as follows:

Vsc =
σsc

∫∫ Lk
2

−Lk2

(
n× µ̂

∣∣
0

)
· ek dx dy

eσNAN
(S3)

where we denote Vsc as the ISOC-related voltage drop. This expression coincides with Eq. (7).

S2. EXPERIMENTAL DETAILS

A. Nanofabrication

The lateral spin valves (see Fig. 2a) were fabricated with two-step e-beam lithography, metal deposition, and lift-off
process on thermally oxidized SiO2/Si substrates. Three ferromagnetic electrodes (F1, F2, F3) made of Permalloy
(Py, Ni80Fe20), 30-nm thick and 100-nm wide, are fabricated at the first step. Nucleation pads are designed in F1
and F3 to favor a lower coercive field compared to the one in F2, with sharp ends. At the second step, the Cu cross
is defined with a width of 80 nm, connecting the 3 ferromagnetic electrodes in one wire (x direction) and 80 nm of
Cu are deposited normal to the sample surface. Subsequently, the sample is tilted in y–z plane 45o from the normal
and 11 nm of BiOx are deposited. The shadowing effect allows us to cover only the wire of the Cu cross along the y
direction, whereas the Cu wire along the x direction remains free from BiOx. Py is e-beam evaporated at 0.6 Å/s and
1.0× 10−8 mbar. Cu is thermally evaporated at 1.8 Å/s and 2.0× 10−8 mbar. BiOx is e-beam evaporated at 0.2 Å/s
and 8.0×10−7 mbar. Between the two depositions of NiFe and Cu, an Ar-ion milling process (out-of-plane Ar-ion flow
with 15 sccm, an acceleration voltage of 50 V, a beam current of 50 mA, and a beam voltage of 300 V) is performed
for ∼30 s to ensure a transparent NiFe/Cu interface. After Cu deposition, the sample is quickly transferred to another
chamber in cleanroom environment. Hence, a gentle plasma etching is performed for cleaning the Cu surface before
depositing BiOx.

The Cu/BiOx Hall bar (see Fig. 4a) was fabricated on top of a 2-µm-thick YIG film provided by Innovent e.V. (Jena,
Germany). YIG was grown by liquid phase epitaxy (LPE) in a (111) gadolinium gallium garnet (Gd3Ga5O12, GGG)
substrate. First, the YIG sample was cleaned with acetone, isopropanol, and deionized water, and dried in a hot plate
at 115oC for one min. Next, an Ar-ion milling process (out-of-plane Ar-ion flow with 15 sccm, an acceleration voltage
of 50 V, a beam current of 50 mA, and a beam voltage of 300 V) is performed for ∼15 s to further clean the surface
and 10 nm of Cu were in-situ sputtered (2.66× 10−3 mbar of Ar pressure at 250 W). The sample is then transferred
to another chamber in cleanroom environment, where a plasma etching is performed in order to remove any oxide
from the Cu surface (3 nm of Cu are removed, leaving a total of 7 nm of Cu) before in-situ e-beam evaporating 20
nm of BiOx at 0.1 Å/s and 1.47 × 10−6 mbar. Finally, a negative photolithography and subsequent Ar-ion milling
process is performed to define the Hall bar (width 100 µm and length 780 µm).

B. Measurements

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 Ic app for the measurements is 70 to 200 µA for the lateral spin valves
and 5 mA for the Hall bar. We apply in-plane and out-of-plane magnetic fields with a superconducting solenoid
magnet by rotating the sample using a rotatable sample stage.

S3. DERIVATION OF THE BOUNDARY CONDITION AT THE NODES OF THE EFFECTIVE 1D
MODEL

In this section, we derive Eqs. (8) and (9). We consider a LSV in which the thickness of the Cu wires is much
smaller than the spin diffusion length, tN � λN. This allows us to reduce the spin and charge diffusion equations (1)
and (2) to two-dimensional equations. Integration over z direction, between −tN and 0, with our BCs (3) and (4)
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yields:

(∂2
x + ∂2

y)µ̂‖
∣∣
z=0

=
1

λ2
N

µ̂‖
∣∣
z=0

+
G‖

tNσN
µ̂‖
∣∣
z=0

+
σcs

tNσN
(n×∇)µ

∣∣
z=0

=
1

λ2
N‖
µ̂‖
∣∣
z=0

+
σcs

tNσN
(n×∇)µ

∣∣
z=0

(S4)

(∂2
x + ∂2

y)µ
∣∣
z=0

=
σsc

tNσN
(n×∇) µ̂

∣∣
z=0

(S5)

with λN‖ defined in Eq. (8), where we neglect corrections of order σ2
sc. These equations are valid in the whole device,

assuming that the ISOC parameters are finite only at the middle BiOx/Cu wire. In order to obtain the BC at the
node, we must integrate the previous equations in the vicinity of the node placed at x = 0 (see Fig. 2b). Since the
middle wire has a width of wN, we integrate over x direction between −(wN/2 + ε) and (wN/2 + ε), with ε→ 0, and
we obtain:

∂xµ̂‖

∣∣∣(wN/2+ε)

−(wN/2+ε)
+ wN∂

2
y µ̂‖
∣∣
x,z=0

=
wN

λ2
N‖
µ̂‖
∣∣
x,z=0

− wNσcs

tNσN
∂yµ

∣∣
x,z=0

êx (S6)

∂y

(
∂yµ

∣∣
x,z=0

+
σsc

tNσN
µx
∣∣
x,z=0

)
= 0 . (S7)

Here, we have taken into account that wN � λN, i.e., we assume that the spin ECP is constant at the middle wire
in the x direction, and that there is no finite charge ECP in the x direction. If we allow for the possibility of an
homogeneous jc injection at the middle wire in the y direction, we can directly foresee from Eq. (S7) that the solution
of the charge ECP at the middle wire is such that fulfills the following equation:

∂yµ(y)
∣∣
x,z=0

=
σsc

tNσN
µx(y)

∣∣
x,z=0

− ejc
σN

(S8)

Therefore, the diffusive part of the charge current density (l.h.s. of Eq. (S8)) has the same spatial form as µx(y) plus
a constant value over the whole middle wire coming from the charge current injection. In addition, by substituting
Eq. (S8) in the last term of Eq. (S6), we can determine the spatial form of µ̂‖(y) at the middle wire. It behaves
as a decaying exponential towards ±Ly/2 with a constant value over the node, i.e., over wN, plus a constant value
proportional to the charge current injection. Neglecting second order in σsc/cs terms, the spin diffusion length at the
middle wire corresponds to λN‖, yielding:

µ̂‖(y) =
(
µ̂‖(0)− µxEEêx

)
e
± y
λN‖ + µxEEêx (S9)

with µxEE = − ejcλ
2
N‖σcs

tNσ2
N

. The effective area in which the diffusive part of the spin ECP is finite is thus Aeff
n =

wN

(
wN + 2

∫ Ly/2
0

e−y/λN‖ dxdy
)
≈ wN

(
wN + 2λN‖

)
, with Ly � λN‖.

Finally, integration of Eq. (S6) over y direction between −Ly/2 and Ly/2 gives:

wN∂xµ̂‖

∣∣∣(wN/2+ε)

−(wN/2+ε)
=
Aeff

n

λ2
N‖

(
µ̂‖ − µxEEêx

) ∣∣
x,y,z=0

+

∫ Ly/2

−Ly/2
µxEEêx dy −

wNσcs

tNσN
êx

∫ Ly/2

−Ly/2

ejc
σN

dy

=
Aeff

n

λ2
N‖

(
µ̂‖ − µxEEêx

) ∣∣
x,y,z=0

,

(S10)

which essentially corresponds to the conservation of the spin currents at the node, i.e., the Kirchhoff’s law for the
spin currents. By using the definitions of λN‖ and µxEE, we can rewrite the previous equation as follows:

−σNAN∂xµ̂‖

∣∣∣x=0+

x=0−
= −Aeff

n

[(
G‖ +

tNσN

λ2
N

)
µ̂‖

∣∣∣
x=0

+
eσcsjc
σN

êx

]
(S11)

in which the bulk and interfacial losses are easily distinguishable, proportional to λ−2
N and G‖, respectively. The

previous equation corresponds to the BC (9) if we define as the total spin loss conductance of the middle wire

GN‖ =
tNσNA

eff
n

λ2
N‖

:

−ANσN∂xµ̂‖

∣∣∣0+

0−
= −GN‖µ̂‖

∣∣∣
x=0
−Aeff

n σcs
ejc
σN

êx . (S12)
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S4. TEMPERATURE DEPENDENCE OF THE CU RESISTIVITY IN THE LSV
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FIG. S1. Copper resistivity in the LSV experiment. Temperature dependence of the Cu resistivity for the LSV setup,
in which the thickness of the normal metal is 80 nm.

S5. TEMPERATURE DEPENDENCE OF THE ISOC PARAMETERS IN THE LSV

A. Spin-loss conductance
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FIG. S2. Linear relation of G‖ vs. σN. Interfacial spin-loss conductance as a function of the Cu conductivity. The dashed
line represents the calculated linear relation between them.
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B. Spin-charge interconversion conductivity

We use our presented model to estimate the efficiency of the spin-charge interconversion of BiOx/Cu interfaces in
non-local transport experiments according to measured temperature. Figure S3a is the amplitude of the spin-charge
interconversion signal measured in the experiment setup of Fig. 2a for different temperatures. Using the equations (12)
and (6), we estimate the spin-charge conductivity and the inverse Edelstein length as shown in Figs. S3b and S3c,
respectively. Despite the low value of λIEE in comparison to previous reports, which may be due to the different
interface quality, the temperature dependence shows the same decreasing tendency with the temperature as Ref. [1].

FIG. S3. Spin-charge interconversion. (a) Amplitude of the spin-charge interconversion signal as a function of the temper-
ature, (b) the spin-charge conductivity, and (c) the inverse Edelstein length produced from the experimental amplitudes of (a)
using Eq. (6) for each temperature.

S6. DETAILS OF THE 3D FEM SIMULATION

In order to check the accuracy of our simple quasi-1D model, a 3D finite element method (FEM) simulation is
performed for the measurements at 10 K based on the two-current drift-diffusion model [2]. Figure 2c 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 soft-wares GMSH [3] with the associated solver GETDP [4] for calculations, post-
processing and data flow controlling. To simulate the spin absorption and the spin-charge interconversion at the
BiOx/Cu interface, a thin layer, with thickness tint = 0.3 nm, is designed on top of the transverse Cu wire with
the same resistivity as the Cu one. However, this effective SOC layer has a different (shorter) spin diffusion length,
λint, which accounts for the spin loss at the interface and an effective spin Hall angle, θeff

int, which replaces the spin-
charge interconversion at the interface (see next Section). By adjusting λint in the FEM simulation to reproduce
the experimental ∆Rabs.

nl value shown in Fig. 3a, we obtain λint = 14 ± 1 nm. By adjusting θeff
int in the simulation

to reproduce the experimental ∆RLSV
sc value shown in Fig. 3c, and using the obtained value of λint, we obtain

θeff
int = (66 ± 5)%. The same spin Hall angle θeff

int = (70 ± 10)% is obtained by simulating the experimental 2∆RLSV
cs

value shown in Fig. 3d. We used the averaged one, θeff
int = (68± 8)%, as the effective spin-charge interconversion rate

to calculate the Edelstein length by using 1
2θ

eff
inttint [5] (see next Section), which gives us λIEE = 0.10± 0.02 nm. The

simulation is repeated for different thicknesses between 0.3–15 nm of the effective SOC layer, yielding different values
of θeff

int and λint which always shows λint � tint. However, the same λIEE value is obtained in all cases, confirming the
robustness of the extracted value, which is in excellent agreement with the λIEE estimated by the 1D model presented
above. Therefore, the quasi-1D version of our symmetry-based ISOC formalism allows us to quantify in a simple way
the interfacial spin-charge interconversion in an oxide/metal system by means of the LSV-based technique.

A. Relation between the parameters of the 3D-simulations and the ISOC formalism

The three-dimensional (3D) simulation is based on the modeling of the interface as a thin film in which the intrinsic
SOC is considered to be present without any symmetry restriction (bulk-type SOC). Despite of the lack of an actual
theoretical explanation on how the spin densities from the bulk can be connected with the interfacial ones, this
approximation can be used as a verification on the symmetry-based interfacial parameters we use to describe the
ISOC.
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FIG. S4. Three-dimensional model of the ISOC. A bulk spin current is injected into the finite, thin interface, generating
a charge current density via the usual ISHE within the interface, which traduces into a voltage drop perpendicular to the
polarization of the spin current.

In this 3D model, the parameters describing the interface are its thickness tint, SH angle θSH
int , and SDL λint, and

characteristic unit vector n. In addition, we assume the interface as a diffusive system between the normal conductor,
at z < 0, and the insulator, at z > tint, as shown in Fig. S4. Therefore, the spin ECP at the interface, µ̂int, follows
the diffusion equation (1), with the following “continuity” boundary conditions:

−σN(∇ · n)µ̂int

∣∣
0

= −σN(∇ · n)µ̂
∣∣
0
,

µ̂int

∣∣
0

= µ̂
∣∣
0
,

−σN(∇ · n)µ̂int

∣∣
tint

= 0 ,

(S13)

where µ̂ is the spin ECP at the bulk conductor. Solving this boundary problem for n = ez, we obtain:

µ̂int =
µ̂
∣∣
0

cosh
(
tint
λint

) cosh

(
z − tint

λint

)
. (S14)

We analyze, specifically, the case in which a spin current density arrives at the interface and a charge current density
is generated via the SHE [6]. The latter current, defined as ejint = −θSH

intσN (∇ · n) (n× µ̂int), is in this model a 3D
charge current density. However, since the model is applied for the limiting case tint � λint, we integrate jint at the

interface in order to determine the corresponding (2D) interfacial charge current density, j
(2D)
int . Finally, we obtain the

following expressions for the spin current density arriving to the interface and the generated (2D) charge current:

−σN(∇ · n)µ̂
∣∣
0

=
σN

λint
tanh

(
tint

λint

)
µ̂
∣∣
0
≈ σNtint

λ2
int

µ̂
∣∣
0
, (S15)

ej
(2D)
int =

∫ tint

0

ejint dz = −θSH
intσN

1− cosh
(
tint
λint

)
cosh

(
tint
λint

) n× µ̂
∣∣
0
≈ θSH

intσNt
2
int

2λ2
int

n× µ̂
∣∣
0
. (S16)

Notice in Eq. (S16) that only the parallel to the interface spin components are related to the SHE. Finally, by direct
comparison of these equations to Eqs. (3) and (5), respectively, we obtain the relation between the (3D) simulation
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parameters with the ISOC-related interfacial parameters:

G‖ =
σNtint

λ2
int

, (S17)

σsc =
θSH

intσNt
2
int

2λ2
int

. (S18)

Finally, in order to understand which is the correspondence between this notation and the so-called λIEE, we directly
use Eq. (6) and obtain:

λIEE =
σsc

G‖
=
θSH

int tint

2
. (S19)

S7. EXACT THEORETICAL RESULT FOR THE BIOx/CU/YIG MULTILAYER DEVICE

We focus here on the BiOx/Cu/YIG multilayer setup and analyze the spin magnetoresistance generated by the effect
of the two spin active interfaces. Specifically, assuming a charge current Ic flowing in the x direction, we determine the
voltage drop generated in the perpendicular direction, VT (see Fig. 4a). This transverse signal is directly related to
the ISOC-induced interfacial charge current density at the BiOx/Cu interface (see Eq. (7)). The associated resistance,
RT = VT/Ic, reads as follows:

RT =
σ2

sc

2σ2
Nt

2
N

sin(2α)(
GN

AN
+

GsG‖AN

GN

)
sinh

(
tN
λN

)
+
(
Gs +G‖

)
cosh

(
tN
λN

)×
Gr[(

GN

AN
+

GsG‖AN

GN

)
sinh

(
tN
λN

)
+
(
Gs +G‖

)
cosh

(
tN
λN

)]
+Gr

[
cosh

(
tN
λN

)
+

G‖AN

GN
sinh

(
tN
λN

)] . (S20)

In our device, in order to maximize the signal, the Cu thickness is much smaller than its spin diffusion length, tN � λN.
Therefore, we can approximate the previous result and obtain Eq. (14).
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