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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 BiO,/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."”” The latter leads to the widely studied spin Hall
effect (SHE)”~ and Edelstein (EE) effect,”” which are at the basis of
spin-orbit torque memories'’ '* and spin-based logic devices." """

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, BiO,/Cu bilayers. In these systems,
the SCI occurs at the hybrid interface via an interfacial spin—orbit cou-
pling (ISOC)."”'® 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,'® '® 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-
tors'”* or 2DEGs.”""*” 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 BiO,/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 BiO,/Cu interface, Bi atoms could
diffuse into Cu inducing an effective extrinsic SHE in a thin layer near
the interface.”” Alternatively, a SCI can be generated via an interfacial
spin-dependent scattering of the bulk Bloch states.”* *° Each of these
scenarios will invoke different sets of microscopic parameters to be
inferred from macroscopic 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)*’ 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, o/, and the spin-loss conductances Gy, 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 /i such that g = 0 /G). 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 BiO,/Cu wire, Fig. 2(a), and measurement
of the spin Hall magnetoresistance (SMR) in a BiO,/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 BiO,/Cu interface. Moreover, we demon-
strate that o = 0, 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,

=

V3 (1)

Viu=0. (2)

Here, it = (u, i, 1) and p are the spin and charge electrochemical
potentials (ECP), where the symbol * indicates spin pseudovector. It is

I

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 I, induces at the interface an out-of-plane spin current
density jdm perpendicularly polarized. (b) Spin-to-charge conversion: a n injected
spin current density ji induces at the interface a voltage drop perpendicular to the
polarization of j .

scitation.org/journal/apl

assumed that N has inversion symmetry with an isotropic spin relaxa-
tion described by the spin diffusion length Ax.”* The diffusive charge
and spin currents are defined as ¢j = —onVji and ¢ = —onV,
respectively, with e = —|e| and o 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:”’

—on(V - n)mo =G, ,aﬂo + GH ﬂ|||0 + ch(n X V)N|07 (3)
—on(V - n)ply = e (n x V) itl,. (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 o. This term couples an
effective electric field and the (outgoing) spin current density at
the interface’””” ' 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,/ for spins
perpendicular/parallel (fi, /i) 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)** 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 j; as on(V -mn)ul, = —eV -j;. Comparing the latter with
Eq. (4), we define j as™

ejy = —0sc(n X 1)l ©)

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 Aigg, defined as the
ratio between the amplitude of the induced interfacial charge current
density, j;, and the amplitude of the spin current injected from the
bulk, ox(V - n)ft],. According to Eq. (5), the effect is finite only if the
spin current is polarized in a direction parallel to the interface. Using
Egs. (3) and (5), we obtain

Osc

. (6)
G

ZIEE =
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. Apg 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, g and
G|, 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
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BiO,/Cu
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FIG. 2. (a) SEM image of the two Py/Cu LSVs, the reference one between ferromagnets F1-F2 and the one with a middle BiO,/Cu wire (light red covering) between F2-F3.
Non-local voltages V,ﬁff (blue circuit) and V,;”lbS (red circuit) are measured applying an external magnetic field (B) along the y axis. The spin-to-charge conversion voltage Vs,
(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
BiO,/Cu interface is simulated as a thin layer (yellow) on top of the transverse Cu wire (purple).

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 = *L, /2 is given by (see supplementary material Note S1)

Ly

Vee = Tse JFLV (n X ﬂ|0) - e, dxdy, (7)

€O'NAN

where e, is a unitary vector in the y direction and Ay = tywy is the
wire cross section, with #y and wy 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 I. 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 BiO, 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 LSV's has been
widely studied in the literature.”*”” In our Cu wires, ix > fy, Wn,
allowing us to simplify the ECPs diffusion to a one-dimensional prob-
lem,” see Fig. 2(b) and supplementary material Note S3. At the
BiO,/Cu wire, the z-integration using Eq. (3) leads to a renormaliza-
tion of Ay,

;”N

[ G2
1+ (KN
OoNIN

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

AN = (8)

- . e .
—ANJNf?xll\\|g— = — Gyl ym0 — Afffacsf é,. (9)
N

eff
Here, Gy = % is the effective spin (bulk) conductance of the

BiO,/Cu wire, with Aiff = wx(wn + 22y ). The latter is the effective
area of the BiO,/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 I. along the middle wire oriented in the y direction. If we
assume an homogeneously distribution of the current, then j. = jc &,
with jo = 4=,
The Cu/Py interfaces are described by the following BC:*"*"**

L~
N v r - )
_ANO'Nax'uHL7 = —Af (Upayﬂupz =0 +PFe]c)7
— 2

*ANO'Nax/:lH = *AFa;a}'ﬂHFS |y:0’ (10)

-
NN

x—
x=
where [t /3 is the spin ECP at F2/F3, p the spin polarization, and
o5 = op(1 — p3) the effective conductivity of Py. L, is the distance
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FIG. 3. (a) Non-local resistances as a function of B, (trace and retrace) measured
at Iy = 70 uA and 10K for the reference LSV (blue squares) and the BiO,/Cu LSV
(red circles). AR and ARZS 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 B, (trace in
red and retrace in black), from which we extract the spin-to-charge (2ARLS) from
an average of seven sweeps and charge-to-spin (2ARLSY) signals from an average
of four sweeps, respectively. Measurements are performed at 10K and /; = 70 uA
(c) and I; = 150 A (d).

between consecutive ferromagnetic wires and Ap the Py/Cu junction
area.”* 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 ji. This condition, together with the one-
dimensional version of Eq. (1) and the BCs (9) and (10), determines
the full spatial dependence of ft.

Specifically, we need j at the detector F1/F3 to determine the
non-local voltage Vy, = eilpFﬂHFI/F3|y=034’39 [see Fig. 2(b)] and
the corresponding non-local resistance, Ry = Vy/I., where I is
the current injected from F2. R, changes sign when the magnetic
configuration of the ferromagnetic injector and detector changes
from parallel, REI, to antiparallel, RQIP. This allows us to remove
any baseline resistance coming from non-spin related effects by
taking AR, = RY, — RAP [see Fig. 3(a)]. Comparing the resistance

ARTICLE scitation.org/journal/apl

measured at F3, AR;‘I’S, with the one measured at F1, AR;ﬁf, we

determine the magnitude of the spin absorption and, therefore, the
value of the spin-loss conductance, GH' For this, we compute the

ratio ARMS /AR = Ies/Iyprly—o by solving the full boundary
problem,

b
ARY® _

=
AR

_Lx
Gy (Gr +2Gy) — Gpe ™™
26N (G +2Gy) + Gre ™

(11)

ductances. The form of Eq. (11) agrees with the one obtained in previ-
ous works.””***" However, our expression is more general since it
distinguishes via Gy between interfacial and bulk losses at the BiO,/
Cu wire. Consequently, we can ensure that our calculation of G| and,
therefore, Aigg, is only related to interfacial effects [see Egs. (6), (8),
and (9)].

Figure 3(b) shows a weak temperature dependence of the absorp-
tion ratio, AR /AR™f =~ 0.5, revealing that about half of the spin cur-
rent is absorbed at the BiO,/Cu middle wire. The temperature
dependence of oy is measured (supplementary material Note S4),
with ty = wx = 80nm and L, = 570 nm. The specific properties of
the Py and Cu wires (pp and pr temperature dependencies and con-
stant spin resistivities p/or = 0.91fQm? and Jy/on = 18.3 fQm?)
are well characterized from our previous work."' Thereupon, by insert-
ing these experimental values into Eq. (11) for different temperatures,
we obtain the G| dependence shown in Fig. 3(b). A slight decrease in
G| can be observed with increasing temperature, which seems to arise
from the Cu conductivity. A linear relation between Gy and oy (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 o /., in the same device. By injecting a
charge current I. from F2, an x-polarized spin current is created and
reaches the BiO,/Cu wire, where a conversion to a transverse charge
current occurs via Eq. (5). This is detected as a non-local voltage V.
along the BiO,/Cu wire, determining the non-local resistance RLV
= Vi/I. as a function of an in-plane magnetic field B,. By reversing
the orientation of the magnetic field, the opposite RISV is obtained.
The difference of the opposite values of REY, 2ARYY in Fig. 3(c),
allows us to remove any baseline resistance. By swapping the voltage

Here, G; = ";—A" are the bare Cu (i = N) and Py (i = F) wires spin con-

T
= Experiment
Fit 1

FIG. 4. (a) Measurement configuration of the TADMR in the BiO,/Cu Hall-cross device on YIG. An in-plane B-field (100 mT) is rotated an angle (c) with respect to the applied
current (I, = 5mA) direction. (b) Double SCI at the BiO,/Cu interface. (c) Transverse resistance measured as a function of o (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,
RV = V/I,, can be determined.
Theoretically, from the full spatial dependence of ji, we compute

Vi from Eq. (7) and Vs from Vs = ¢! PFHﬁFz |y:0, yielding
ARYSY — + Osc/cs A Pr e
sefes ON AN GNH Ly GNH ’
1— 1) 4 en 2 1+
GF( 2GN>+eN(GF+ GN)( +2GN>
(12)

Experimentally, Figs. 3(c) and 3(d) confirm the reciprocity between
both measurements, ARLSY = ARSV. 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 g, = 6."" The experimental value, 2AR£“CSV
~ 15230 at 10K, yields oy ~4429Q 'em™ and g
~ 0.16 = 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, g ~ 0.2 — 0.7 nm,"”'*"* and LSV
experiments, Jigg ~ 0.5 — 1 nm.”® This discrepancy might be due to a
different quality of the BiO,/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 oy by
increasing the temperature, which translates in a decrease of Ajgg, in
agreement with the previous literature.*

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 tiy, spin diffusion length iy, and a spin Hall
angle Ofg From the definition Apg = %Gfﬁ tne, - we  obtain
Aige = 0.10 = 0.02 nm, in good agreement with our 1D model.

To verify that both ISOC parameters, G| and oy, are interface
specific, we carry out another experiment involving a BiO,/Cu inter-
face. Namely, we measure the SMR in a Cu layer sandwiched between
BiO, (at z=0) and Y;FesO;, (YIG) insulating layers (at z = —ty),
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 I, 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.*” *” The reflected spin cur-
rent diffuses back to the BiO,/Cu interface, where its x-polarized con-
tribution is reciprocally converted to an interfacial charge current. The
overall effect is then proportional to 605 = 02.

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 reads"**’

—on(V - n)flLtN = G; ﬂLtN +Grm x (it x m)|—tN
+Gi(mx )] . (13)
Here, G; is the so-called spin-sink conductance and G;; are the real
and imaginary parts of the spin-mixing conductance (per area),
G, = G; +iG;.. InYIG, G; < G, and, hence, G; is neglected.”””" >

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

scitation.org/journal/apl

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

Theoretically, we calculate the spatial dependence of ji by solving
the boundary problem of Egs. (1), (3), and (13) by assuming transla-
tional invariance in the x-y plane. We then determine V7 from Eq. (7)
and obtain for Ry = V1/I,

2
o, G,

" 204t (G + Gy)(G) + G, + G;)

Ry sin (20) = ARy sin (22).

(14)

Here, ARy is the amplitude of the modulation and we assume that
AN > ty (see supplementary material Note S7). The parameters of the
Cu/YIG interface, G, s, add to the spin-loss at the BiO,/Cu interface
G- We identify by comparison of Eqs. (3) and (13) two effective spin-
loss conductances, G, = (G + G;) and G, = (G| + G, + G;), for
spins polarized in the x and y directions, respectively. The amplitude
of the SMR signal, Eq. (14), is then proportional to G, — G,.

From Fig. 4(c), we estimate ARy ~ 0.03mQ at T = 130 K. At
this temperature, from the LSV measurements, we obtain G ~ 1.5
x10%Q 'm~? and o,/ ~ 11.3Q 'em™!, as shown in Figs. 3(b)
and S3b, respectively. The spin conductances G and G, in light metal/
YIG interfaces have been estimated in evaporated Cu™ and AL™
Whereas G, = 3.6 x 1012Q 7 'm~2 for Cu/YIG™ is a consistent value
in the literature,”>” the reported G, is very low,” as generally
observed in evaporated metals on YIG.”**® By substituting G|, Gs
and 0. values in Eq. (14), we obtain G, ~ 6.1 x 10" Q 'm~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.” Importantly, the obtained G,
satisfies the required condition G, < G;,"””” 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 G, , and
SCI, quantified by g and o.. These parameters are material specific.
The efficiency of the spin-to-charge conversion is quantified by the
ratio gy /G, which coincides with the commonly used Edelstein
length Jge. The Onsager reciprocity”’ ™ is directly captured by
Osc = 0, 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."”

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, Egs. (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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