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Experimental investigations of spin-charge interconversion in magnetic bilayers comprising a ferromagnet
adjacent to a topological insulator have reported scattered results on the spin-charge and charge-spin conversion
efficiency. Attempting to reconcile these contradicting experimental results, we develop a phenomenological
theory of spin-charge interconversion accounting for both interfacial interconversion through the spin galvanic
effect, also called the Rashba-Edelstein effect, as well as bulk interconversion via the spin Hall effect. We find
that the spin current leakage into the nonmagnetic metal plays a central role during the spin-to-charge and charge-
to-spin conversion, leading to dissymmetric interconversion processes. In particular, spin-to-charge conversion
is much less sensitive to the spin current absorption in the nonmagnetic metal than charge-to-spin conversion.
This suggests that spin pumping is a more trustable technique to extract the interfacial Rashba parameter than

spin-orbit torque.
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I. INTRODUCTION

Spin-to-charge interconversion mediated by spin-orbit cou-
pling has become a central technique in spintronics enabling
the electrical manipulation of magnetization [1], as well as
the generation of charge currents induced by magnetization
precession [2—4]. The standard system is composed of a mag-
netic thin film deposited on top of a nonmagnetic metal with
strong spin-orbit coupling. Whereas the original workhorse of
spin-charge interconversion was NiFe/Pt [5], a broad range
of materials has been explored over the years, including
both metallic [6-8] and insulating ferromagnets [9—12] and
antiferromagnets [13,14] adjacent to strongly spin-orbit cou-
pled materials including transition metals (Pt, W, and Ta).
In these systems, the interconversion is mostly attributed
to the spin Hall effect (SHE) taking place in the bulk of
the heavy metal [15,16]. In the past decade, attention has
been shifted toward materials displaying large interfacial spin-
momentum locking. Recent research encompasses metals
with strong interfacial Rashba states [17-19] (Ag/Bi, Ag/Sb
or Ag/Bi,03), topological insulators [20-33] (Bi,Ses, etc.),
transition metal dichalcogenides [34-38] (MoS,, WTe,), van
der Waals materials [39-43] (for nonlocal interconversion, see
Refs. [44,45]), oxide heterostructures [46-50] (see Ref. [51]
for areview), chiral metals [52], and the so-called ferroelectric
Rashba semiconductors such as SrTiO3; and «-GeTe [53,54],
whose interfacial spin-momentum locking can be controlled
by switching the ferroelectric polarization [55].

In all these materials, strong spin-orbit coupling and in-
version symmetry breaking at the interface result in Dirac
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or Rashba spin-momentum locking [56], which enables inter-
conversion between charge and spin currents via the so-called
(inverse) spin galvanic effect (SGE), also known as the
Rashba-Edelstein effect [57-59]. In contrast to the SHE that
converts three-dimensional (3D) spin currents into 3D charge
currents, the interfacial spin galvanic effect converts a two-
dimensional (2D) charge current into a 3D spin current, and
vice-versa. The interconversion efficiency of SHE is quanti-
fied by the dimensionless parameters & and &. In a bulk
heavy metal, Onsager reciprocity dictates that £ = &.. As
discussed in more detail in the present work, in the case of a
magnetic bilayer, this equality holds true only when neglect-
ing interfacial conversion and provided that the nonmagnetic
metal is a good spin insulator.

The interconversion efficiency of SGE is rather quanti-
fied in terms of spin-to-charge conversion length A, and
charge-to-spin conversion inverse length g.s. From a theoreti-
cal standpoint, £ is related to the SHE in the bulk heavy metal
modulated by the spin transparency, i.e., the ability of the
heavy metal to absorb the spin current. The figures of merit
Asc and g have been recently derived for a 2D Rashba or
Dirac gas in Refs. [33,60-62] using either phenomenological
or microscopic approaches. These references provide the gen-
eral form Ay = (ar/A)(1/7, +1/7) and g = (aR/hv%)r,,
where t; is the tunneling time between the 2D gas and the spin
current source (typically an adjacent ferromagnet, but also
possibly a nonmagnetic metal through which the spin current
is injected) and 7, is the momentum relaxation time in the 2D
gas. We emphasize that the validity of these theories, as well
as the very definition of Ay and g, is restricted to the ideal
case of 2D transport. In other words, whereas these parameters
are meaningful in the case of oxide heterostructures where
the charge current is purely two-dimensional, it may simply

©2024 American Physical Society
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FIG. 1. (a) Charge-to-spin and (b) spin-to-charge conversion in a
metallic bilayer composed of a 2D gas embedded between a ferro-
magnet and a nonmagnetic metal.

not apply in other metallic systems or in weakly insulating
“topological insulators” such as Bi,Ses.

As a matter of fact, experiments in topological insula-
tors report large variations in spin-charge interconversion
efficiency. In particular, it is often observed that spin-to-
charge and charge-to-spin conversion efficiencies massively
differ from each other. Charge-to-spin conversion in Bi-
based topological materials ranges from 0.4 to more than
400 [20,21,23,24,27,29-31] whereas spin-to-charge conver-
sion rather ranges from 0.0001 to 0.4 [22,23,25,26], which
cannot be properly accounted for using the simple formulas
given above. This set of results contrasts sharply with the
metallic case, where the reported efficiencies, &, and &, are
usually of the same order.

In an attempt to clarify the situation, we develop a phe-
nomenological model for spin-charge interconversion in a
metallic bilayer where interfacial SGE and bulk SHE coexist.
We show that whereas spin-to-charge and charge-to-spin con-
version are intrinsically asymmetric, although not breaking
Onsager reciprocity, the leakage of the spin current in the
neighboring nonmagnetic metal plays a crucial role when the
conductivity of the nonmagnetic metal becomes large.

I1. DRIFT-DIFFUSION THEORY

We consider the system represented in Fig. 1 and composed
of three elements: a 2D gas embedded between a ferromagnet
F and a nonmagnetic metal N, of thicknesses dr and dy,
respectively. The 2D gas can be thought of as the surface state
of a heavy metal (e.g., Co/Pt, Ag/Bi) or that of a weakly
conductive topological insulator (e.g., Bi;Ses). For simplicity,
we assume that the spin-charge conversion in the 2D gas takes
place through the SGE (or Rashba-Edelstein) effect, with an
effective coupling ag (eV m), and in the nonmagnetic metal,
it is induced by SHE with an angle 6y (unitless),

[07
J?° = oypE — eszfz X Map, (1)

where the second term is the SGE that converts a nonequilib-

rium spin density into a charge current. Here, o, = topy (in

the units of V) is the spin chemical potential, N5p (eV ™! m~2)

and oop (Q71) are the density of states and conductivity of the

2D gas. The spin continuity equation reads

B o = a—szE—@— Mop — Mg /'L2D_IL§\I.
h Tsf TF ™

(@)

The first term is the inverse SGE, i.e., the generation of
a spin density induced by the flow charge, with ar being
the so-called Rashba parameter. A formal derivation of the
spin diffusion equation in a Rashba gas can be found in
Refs. [63-65]. The second term accounts for the spin relax-
ation in the interfacial gas (that may be anisotropic, although
for the sake of simplicity, this is neglected in the present
study) and the last two terms account for spin injection in the
neighboring layers: 1/7g() is the tunneling rate between the
2D gas and the ferromagnet (nonmagnetic metal), and [L{:(N)
is the interfacial spin chemical potential in the ferromagnet
(nonmagnetic metal). These tunneling rates are related to the
interfacial spin currents flowing between the 2D gas and the
ferromagnetic (Jf’i) and nonmagnetic metals (JEI”') through
the boundary conditions

I = Gk — ). 3)

where Gy = ¢*Nop /Ty (27! m™2) is the interfacial conduc-
tance between the 2D gas and the nonmagnetic metal. Notice
that without loss of generality, the spin current is expressed in
the same units as the charge current for simplicity. Similarly,

J0 =26 mop - Y, “

where J is due to spin pumping (if any), and 2G;, =
e’Nop /Tr is the spin mixing conductance (27! m~2), assum-
ing that the magnetization is perpendicular to the spin density
in the 2D gas (which is valid in both spin-to-charge and
charge-to-spin interconversion scenarios), i.e., ,u} =0.

In the nonmagnetic metal, the (3D) charge and spin cur-
rents, JY and JY, are defined

JY = onE + OyonV x py, 6)

JY = —onVuy — Oyony x E. (6)

Here, one recognizes the SHE and inverse SHE, oy (@ 'm™hH
being the conductivity of the metal. In the scenario studied in
the present work, the spin polarization remains aligned along
y and therefore all the equations above can be simply pro-
jected along this direction. Applying the two boundary con-
ditions JN(z = 0) = Gn(uk — pap) and JN(z=—dn) =0,
we obtain

cosh Ziﬂ
= ANOHE N
un(z) 1+nN(7INH2D + ANOHE) coshf—z
_ _  tanh Z—"’ sinh Ai
+ ANOHE ——, @)

cosh Z—N —1
N

where Oy = 605 (1 — cosh™ ;{—:), N = AN/ tanh d—fr, and gy =
JnGN /on. The coefficient 1/(1 4+ nn) quantifies the spin cur-
rent backflow from the nonmagnetic metal. Indeed, if the
nonmagnetic metal is a perfect spin insulator (long spin dif-
fusion length), 1/(1 + nn) — 0. In the case of spin pumping,
E = 0, and the spin current backflow exactly compensates the
pumped spin current at the interface, leading to puf = pop. In
the opposite case, when the nonmagnetic metal is a perfect
spin sink (very short spin diffusion length), 1/(1 + nn) — 1
and the spin current backflow vanishes, leading to ,uf\] =0.Let
us now compute the spin-charge interconversion efficiency in
the cases depicted in Fig. 1.
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A. Charge-to-spin conversion

An electric field E is applied along x and generates a
spin accumulation, polarized along y, throughout the structure
[see Eq. (7)]. This spin accumulation injects a spin current
JE into the ferromagnet. In the absence of spin pumping,
JE =2G; pmop [Eq. (4)]. The spin chemical potential op
can be obtained from the spin continuity equation, Eq. (2),
posing 3, op = 0 and injecting ui, = un(0) [Eq. (7)]. We get

er o 1 AnOy

h w 1+n
M2D = 1 1 = 1 Nl 5 (8)

w 40N

Tsf F
which implies that

ap 4 1 JInfy

Fi _ h w 1+
J! _2GNL+L: N F. )

Tst TF

™ T+ix

To obtain the unitless charge-to-spin interconversion effi-
ciency, we divide the spin current by the current flowing
in both the nonmagnetic metal and 2D gas, J. = "“f”ﬂ ,
; Rk ) N+2p
where fpp is the effective thickness of the 2D gas. We then

obtain

o nb,
26, dn + tp T E linI; (10)
“ondy + o — + i —

'[N 149N

JFl

gcs = 7.

One immediately notices the competition between the
spin relaxation inside the 2D gas (~1/ty¢) and the
spin absorption in the nonmagnetic metal (~1/7y) and
in the ferromagnet (~1/tg o< G4;). This competition
will be analyzed in more detail in the next section.
For now, we emphasize that other renormalizations can
be adopted. For instance, assuming that the charge-to-
spin conversion only occurs in the 2D gas (By =0),
one can normalize the spin current to the charge current

that effectively flows along the interface, J>° = oypE, which
yields
JF ag2G 1
G = |35 | = 5 (1)
¢ o o + TR + ™ 1+’IN

This expression extends the ones derived in Refs. [33,60—
62] beyond the model Rashba or Dirac gas, and includes the
effect of the adjacent spin sink, providing a more accurate
expression for the figure of merit of interfacial charge-to-spin
conversion.

B. Spin-to-charge conversion

A spin current Jf’ = —(e*Nap)/TF hop +JS0 is pumped
out of the ferromagnet and converted into a charge
current composed of J?P = e’ Nop(ag/fi)puop and JN =
—(1/dyN) fi) & 420nond-pun. The spin continuity equation,
Eq. (2), gives

J? 1

M2p = —
¢*Nap + +E1+7]N

12)

Therefore, we deduce the charge current flowing in the 2D gas
and in the nonmagnetic metal,

1
JCZD:(%R 1 1 T 1 Jso’ 13)
o T s ™ 14N
O\ 1
JN = 2 0. (14)
dN —+ +al+'m

The total current that is pumped through the system is there-
fore I'"™ = w(INdy + J?P). In other words, if the effective
{nonmagnetic + 2D gas} thickness is dx + top, the effective
current density pumped out of the system is J*""™ = (JNdy +
J?P)/(dx + tp). Finally, the spin-to-charge efficiency reads

pump aR 1 AnOy
g _ Jc _ 1 h + LNEETN (15)
sc = ]F'i = det1 T n 11
s N D 7 ™ 1+nN

Equations (10) and (15) are the central results of this work.
They account for charge-to-spin and spin-to-charge conver-
sion efficiencies in the presence of both interfacial and bulk
spin-charge interconversion. One immediately sees that, be-
sides an obvious geometrical factor, these expressions differ
on the role played by the spin mixing conductance, G4
1/tp, so that in general & # &.. As discussed below, they
are only equal in the absence of interfacial spin-charge inter-
conversion, when the ferromagnet is strongly coupled to the
nonmagnetic metal.

Notice though that this inequality does not mean that On-
sager reciprocity is broken at all. As a matter of fact, Onsager
reciprocity applies to the response tensor of generalized cur-
rents to thermodynamical forces, or, in other words, to the
connection between current densities and chemical potential
gradients (for a discussion on Onsager reciprocity applied
to spin pumping and spin torque, see Ref. [66]). Since the
spin-charge interconversion efficiencies are defined as the ra-
tio between two current densities, they do not fulfill Onsager
reciprocity.

In fact, two limits illustrate the difference between spin-
to-charge and charge-to-spin conversion in metallic bilayers.
Let us first assume that the interfacial spin-charge intercon-
version is absent, i.e., Gy — +00, thp — 0, oop — 0, and
T — +00. When the ferromagnet is directly coupled to the
nonmagnetic metal, 2G ¢)-N /on > 1, we obtain

AN~ _
Esc = d_QH ~ Scs =0y. (16)
N

On the contrary, assuming only interfacial spin-to-charge
conversion is allowed, the charge current is entirely pumped
into the 2D gas and the spin-to-charge conversion length reads

oR 1

hse =TT 1 a7

Tof ™ T+

which qualitatively agrees with the expressions derived in
Refs. [33,60-62]. The difference is that in Eq. (17), the mo-
mentum relaxation time t,, is replaced by the spin-flip time in
the 2D gas 7, and the tunneling time t; is replaced by v,
accounting for the backflow spin current in the nonmagnetic
metal.

094424-3



MANCHON, SHI, AND YANG

PHYSICAL REVIEW B 109, 094424 (2024)

0.5 (a) = A¢=0.1nm 5,; 1: (b)
= A¢g=1nm | T * — op=10t QT2
0.1 — A¢=10 nm § 1.0 — g 10° O 2
\é 0.05 As=100 nm th 0.8 — o=10° 2
u&; (ii’« 0.6 — on=10" Q"'.m2
0.01 304
0.005 53: 02
:? 0.0
10* 10° 108 107 0 1 2 3 4 5

Conductivity oy (Q~".m™") z (nm)

FIG. 2. (a) Spin-to-charge (red) and charge-to-spin (blue) con-
version efficiency as a function of the conductivity of the nonmag-
netic metal for different values of the spin diffusion length Ay.
(b) Spin accumulation profile in the nonmagnetic metal for different
values of the conductivity on. In these calculations, we set 74 =
107%s, 00p =2 x 1074 Q7 dy = 5nm, and to,p = 1 nm.

II1. INFLUENCE OF SPIN CURRENT LEAKAGE
A. Phenomenological parameters

Besides the conventional electronic properties of the metal-
lic layers (conductivity, spin diffusion length, spin Hall angle),
the phenomenological theory developed in the previous
section is controlled by two parameters: the coupling between
the ferromagnetic layer and the 2D gas, 1/t = 2G4 /e’ N,
and the coupling between the 2D gas and the nonmagnetic
metal, 1/7y = Gn/e*Ny. Qualitatively, the interfacial areal
conductance between two metallic layers is about e?/hA ~
104-105 Q@' m~2 (see, e.g., Refs. [67,68]), A being the area
of a unit cell at the interface. Assuming an interfacial density
of state of about 1/(eV A), one arrives at a coupling rate of
1/tnp & 10" s~', which seems reasonable for direct cou-
pling between metallic states and remains one to two orders
of magnitude larger than the typical spin relaxation rate in
metals.

B. Interfacial interconversion

Let us first consider the case where the spin-charge inter-
conversion is solely due to spin-momentum locking at the
interface. In this case, the adjacent metallic layer does not
participate to the conversion itself but only in the spin ab-
sorption. To model this case, we set the following parameters,
Gy = 2G;y = 4 x 10" Q7' m™2. In Fig. 2(a), we report the
dependence of the interconversion efficiencies, &;. (red) and
&5 (blue), as a function of the nonmagnetic metal conduc-
tivity on for various values of the spin diffusion length Ay.
Notice that the figure is given in logarithmic scale. Clearly, the
spin-to-charge and charge-to-spin conversion efficiencies are
markedly different in the limit of weakly conducting nonmag-
netic metal (o ~ 10* Q~'m™"), providing an explanation
for the experimental values reported in bilayers involving
topological insulators (BiySes, etc.), as pointed out above.
Upon increasing the conductivity of the nonmagnetic metal,
the charge-to-spin efficiency (blue) is progressively reduced
whereas the spin-to-charge efficiency (red) is only weakly af-
fected. This distinct behavior is directly related to the current
shunting that strongly affects the charge-to-spin conversion
while leaving the spin-to-charge conversion unaffected. In the

case of a conducting nonmagnetic metal (oy &~ 10 Q' m~1),
both efficiencies are comparable, as mentioned in the previous
section, corroborating the experimental data collected using
a conducting heavy metal substrate such as Pt. Reducing the
spin diffusion length reduces the interconversion efficiency, as
the spin information is lost in the nonmagnetic metal.

In the model proposed above, the interfacial spin chemical
potential due to spin pumping, 1y, and that due to electrical
injection, ug, are related by

Mm@ _ uy (2) (18)
IO T (Nrag/DE’
Z+dn
= N o 25 1 1 : —— (19)
1+~ coshm Erias el e

The profile of the spin chemical potential is reported in
Fig. 2(b) for Ax = 1 nm and for various conductivities oy.
The larger the conductivity the smaller the interfacial spin
chemical potential, suggesting that interfacial spin-charge in-
terconversion is enhanced when the adjacent layer is a good
spin insulator.

C. Interfacial versus bulk interconversion

Let us now turn on the spin Hall angle of the nonmagnetic
layer. Figure 3 reports the interconversion efficiencies as a
function of the nonmagnetic metal conductivity for various
magnitudes of the spin Hall angle and for low [Fig. 3(a)],
medium [Fig. 3(b)], and strong value of the Rashba term
[Fig. 3(e)]. On the right panel, we show the contribution of
SGE (solid) and SHE (dashed) to spin-to-charge (red) and
charge-to-spin conversions (blue).

In the case of vanishingly weak Rashba strength [Figs. 3(a)
and 3(b)], the interconversion is dominated by the (inverse)
SHE and steadily increases with 6. The spin-to-charge in-
terconversion efficiency &, (red lines) increases with the
conductivity of the normal metal as more output charge cur-
rent is allowed to flow. On the other hand, the charge-to-spin
interconversion efficiency & (blue lines) decreases in the
limit of highly conductive normal metal as the shunting in-
creases. To understand this feature, Fig. 3(b) shows that the
contributions of the SGE and ISGE systematically decrease
when increasing the conductivity of the nonmagnetic metal,
as relatively less current flows inside the 2D gas. Notice that
the effect is more dramatic for the spin-to-charge than for
the charge-to-spin conversion. The contribution of the SHE
is more subtle. Whereas its contribution to the charge-to-spin
interconversion increases steadily (dashed red), its contribu-
tion to spin-to-charge interconversion first increases, reaches
a maximum, and then decreases (dashed blue). This behavior
is associated with the competition between the enhanced SHE
and the shunting effect.

Upon increasing the strength of the Rashba parameter
[Figs. 3(c) and 3(e)], the spin-to-charge and charge-to-spin
conversion efficiencies become less sensitive to the spin dif-
fusion length. Concomitantly, the spin-to-charge conversion
(red lines) becomes progressively independent of the non-
magnetic metal conductivity [this is particularly clear in panel
(e)], while the charge-to-spin conversion keeps on decreasing.
In other words, in the case of dominant interfacial spin-orbit
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FIG. 3. Left panels: Spin-to-charge (red) and charge-to-spin
(blue) conversion efficiencies for (a) weak, (c) intermediate, and ()
strong interfacial Rashba spin-orbit parameters for various values of
the spin Hall angle. Right panels: Corresponding contributions of the
spin Hall effect (SHE), inverse spin Hall effect (ISHE), interfacial
spin galvanic effect (SGE), and inverse spin galvanic effect (ISGE),
for 0 = 10%. In all these calculations, we set Ay = 1 nm.

coupling, the spin-to-charge conversion is much less sensitive
to the spin current leakage than the charge-to-spin conversion.
The decomposition of the conversion efficiencies in terms of
SGE and SHE confirms this trend.

D. Extracting interfacial spin-charge
interconversion coefficient from experiments

The spin-charge interconversion coefficients & and & are
often used to extract the interfacial Rashba parameter, ag. The
extraction procedure requires the knowledge of basic transport
properties such as conductivity, interfacial conductances, and
spin diffusion lengths, but also relies on the scenario adopted.
Assuming purely 2D transport, the Rashba parameter associ-
ated with charge-to-spin conversion reads

2D 1 1
O5R _ &cs 02D <_ + _)7 (20)
h ZGTi dn + tp Tsf TF

and the parameter associated with spin-to-charge conversion
reads
2D
oR &g

i —(dx + t2p). 2D
Tsf

| — Ag=0.1 nm (b) ‘
2 “ — A¢=1nm i
E 100 _ Ast=10 nm 1
ﬁm 3 — Ay=100 nm |
E | |
3 ‘ 10
|
1
1 | 1
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FIG. 4. Ratios between the actual value of the Rashba parameter
in a magnetic bilayer and its nominal when only interfacial transport
is assumed, for (a) spin-to-charge and (b) charge-to-spin conversion
experiments.

Now, assuming that transport is allowed in the neighboring
metal, we obtain

ar s O'2D+0'NdN<L i—i-i 1 )
h 2GT¢ dn + tp Tsf F w4+ 9N
1 Ano
_ N (22)
w I+ 7N
for charge-to-spin conversion, and
aR 1 11 1 Anbx
— =& ldn+ 1 —+ — - — ,
h = Sl 2D)(fsf TN1+’7N> w1 +nN
(23)

for spin-to-charge conversion. To assess how spin current
leakage affects the extraction of the interfacial Rashba pa-
rameter, Fig. 4 shows the ratio ag /e° as a function of the
nonmagnetic metal conductivity for (a) spin-to-charge and
(b) charge-to-spin conversion experiments. For these simula-
tions, we assumed &, = & = 50%. Clearly, in the limit of
an insulating nonmagnetic metal (ox — 0), ar — o3’, and
in the limit of a highly conducting nonmagnetic metal, the
extracted value of ag increases substantially. Interestingly,
spin-to-charge and charge-to-spin conversion lead to very dif-
ferent behaviors. When & is used to quantify the Rashba
parameter, the value of ag saturates when nn =~ 1. The maxi-
mum value obtained in (a) is about

a Ssc(dN + t2D)

which yields a saturation value of the order of 2.2 for our set
of parameters. In contrast, using the charge-to-spin conversion
efficiency &, the extracted parameter is proportional to the
conductivity of the nonmagnetic metal,

_%91+mﬂm(1
R

11,11

aR oNdN Ty T T T o 14w 25)
T g i1
R 2D o -

Based on these observations, one can draw several conclu-
sions. First, neglecting the potential spin current leakage and
its associated SHE can lead to major discrepancies between
the extracted interfacial Rashba parameter and the real one. A
critical knob in the present theory is the spin transparency 7.
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The proper estimate of interfacial spin-charge interconversion
requires the accurate determination of this coefficient, i.e.,
spin relaxation length and interfacial conductance. Finally,
it is remarkable that the Rashba parameter extracted from
spin-to-charge conversion experiments is much less sensitive
to spin current leakage than when using charge-to-spin con-
version experiments. This result suggests that spin-pumping
is a better tool than spin-orbit torque for the extraction of the
interfacial Rashba parameter.

IV. CONCLUSION

In order to solve controversial puzzles in spin-charge
interconversion experiments, we have developed a phe-
nomenological model that accounts for both interfacial SGE
and bulk SHE effect. We find that when interfacial spin-charge
interconversion is present, the leakage of spin current into the
adjacent nonmagnetic metal substantially affects the overall
spin-charge conversion efficiency, even in the absence of SHE.
Most interestingly, the spin-to-charge and charge-to-spin con-
versions are affected differently: converting a charge current
into a spin current is much more sensitive to the spin current

absorption in the nonmagnetic metal due to the backflow
associated with spin relaxation. In contrast, the charge current
induced by a spin current is much more robust against spin
current leakage.

This observation opens two interesting avenues. First, it
clarifies the recent experimental reports on interconversion in
topological insulators and explains why charge-to-spin con-
version efficiencies tend to be orders of magnitude larger than
spin-to-charge conversion efficiencies [20-33]. In addition, it
also indicates that the value of the interfacial Rashba param-
eter extracted from spin pumping experiments are, a priori,
much more trustable than values extracted from spin-orbit
torque experiments.
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