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Materials with spin-orbit coupling are of great interest for various spintronics applications due to the
efficient electrical generation and detection of spin-polarized electrons. Over the past decade, many mate-
rials have been studied, including topological insulators, transition metals, Kondo insulators, semimetals,
semiconductors, and oxides; however, there is no unifying physical framework for understanding the
physics and therefore designing a material system and devices with the desired properties. We present
a model that binds together the experimental data observed on the wide variety of materials in a unified
manner. We show that in a material with a given spin-momentum locking, the density of states plays a
crucial role in determining the charge-spin interconversion efficiency, and a simple inverse relationship
can be obtained. Remarkably, experimental data obtained over the last decade on many different materials
closely follow such an inverse relationship. We further deduce two figure of merits of great current inter-
est: the spin-orbit-torque (SOT) efficiency (for the direct effect) and the inverse Rashba-Edelstein effect
length (for the inverse effect), which statistically show good agreement with the existing experimental data
on wide varieties of materials. Particularly, we identify a scaling law for the SOT efficiency with respect
to the carrier concentration in the sample, which agrees with existing data. Such an agreement is intriguing
since our transport model includes only Fermi surface contributions and fundamentally different from the

conventional views of the SOT efficiency that includes contributions from all the occupied states.

DOI: 10.1103/PhysRevApplied.15.054004

I. INTRODUCTION

Recently, charge-spin interconversion in various materi-
als exhibiting spin-momentum locking (SML), e.g., topo-
logical insulators (TIs) [1-7], semiconductors [8,9], tran-
sition metals [10—18], semimetals [19], oxides [20-23],
antiferromagnets [24], and superconductors [25], are grow-
ing interest for efficient spintronic applications. The sheer
variety of materials is exciting, but it also poses a daunt-
ing challenge in understanding the underlying physics and
designing devices for various applications with desired
properties.
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In this paper, we present a model (see Fig. 1) that binds
together the charge-spin interconversion observed on the
wide variety of materials in a unified manner using only
four model parameters: the number of modes or density of
states, the strength of SML, mean free path, and interface
spin conductance. These four parameters are indepen-
dently measurable and theoretically well understood. We
show that, in a material with a given SML, the number
of modes in the channel, which is related to the material
density of states around the Fermi energy, plays a crucial
role in determining the charge-spin interconversion effi-
ciency. We point out a simple inverse relationship between
the interconversion efficiency and the material density of
states. Remarkably, experimental data obtained over the
last decade on many different material systems closely
follow this inverse relationship (see Fig. 2). We provide
an intuitive understanding of the origin of such a scaling
trend.

We discuss several figure of merits of great interest in
emerging applications. We show that the charge-current-
induced spin voltage and its reciprocal effect, which are
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FIG. 1. (a) Three-terminal-based structure with a spin-orbit

material. (b) Circuit representation for charge-to-spin conversion
in a spin-orbit material.

of great interest to read out magnetization states in logic
[26] and memory [27] applications, can be enhanced by
lowering the density of states in a given material. We quan-
tify the SML strength in various materials based on the
available experimental data and compare it with the theo-
retical expectations from various origins of the SML. We
further relate the four model parameters to widely used
figure of merits: the spin-orbit-torque (SOT) efficiency (see
Figs. 3 and 4) and the inverse Rashba-Edelstein effect
(IREE) (see Fig. 5), which show good agreement with
existing experiments. We show that the figure of merit for
the spin voltage multiplied by the measured interface spin
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conductance yields the SOT efficiency and also scales
inversely with the number of modes in the channel. We
identify a scaling law with the carrier concentration (n) in
the sample that the SOT efficiency oc n~%/3. Such a trend
can be useful for future device design because the carrier
concentration in various materials can be controlled with
doping, electric gating, and strain modulation.

We derive the model from a semiclassical equation [28]
that we previously obtained from the Boltzmann transport
equation using four electrochemical potentials based on the
sign of the group velocity and the spin index. Within our
model, the transport parameters are described with elec-
tronic states around the Fermi energy, which is different
from conventional views. Conventional models using the
spin Berry curvature include contributions from all occu-
pied states. By contrast, our model includes only Fermi
surface contributions making it fundamentally different
and this could help identify interesting results as the field
evolves. For example, we discuss an interesting observa-
tion in recent experiments on correlated oxides [22,23]
where the SOT efficiency decreased with the sample resis-
tivity, contrary to the conventional view that the SOT
efficiency increases in a resistive sample. We show that
the experimental results closely follow the scaling trend of
our model with respect to the measured carrier concentra-
tion. We briefly discuss the parameter conditions required
to observe SOT efficiencies > 1 within our model, which
is of great current interest. In the present paper, we restrict
our discussion to the cases where the SOT efficiencies
are < 1.

The paper is organized as follows. In Sec. II, we
present a resistance matrix model and describe its four
key parameters. In Sec. III, we discuss charge-current-
induced spin voltage and show that the spin voltage scales
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(a) Setup to measure charge-current-induced spin voltage in a spin-orbit material using a ferromagnetic contact with magne-

tization m. (b) Charge-spin interconversion resistance, ARy, in diverse classes of materials as a function of channel number of modes
(M7), which is related to the material density of states near the Fermi energy. Experimental data points include topological insulators
[(BigsSbg ), Tes [4], (Big.s3Sbg.47)2Tes [2], BixSes [3,4,30], Biy Te,Se [5], and BiSbTeSe; [7] ], transition metals (Ta [31], Pt [31,32],
W [31], and Ir [31]), metallic interface (Cu|Bi [33]), narrow bandgap semiconductor (InAs [8,9]), topological Kondo insulator (SmBg
[34]), and semimetals (WTe, [19] and Cd3As, [44]). Solid black line represents the theoretical trend.
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FIG. 3.
Eq. (18).

inversely with the channel number of modes or mate-
rial density of states over a broad range of materials. We
extract the degree of spin-momentum locking in diverse
materials and extend the spin-voltage model to derive
a SOT efficiency model, which is in good agreement
with the experiments on various materials. We also com-
pare our model with conventional views. In Sec. IV, we
discuss spin-current-induced charge voltage and extend
the model to derive the inverse Rashba-Edelstein effect
length, which shows good agreement with existing exper-
iments on diverse materials. We end with a summary
in Sec. V.

I1. RESISTANCE MATRIX MODEL

Our discussions in this paper are based on the following
model for an arbitrary channel with SML:

}"m +L _apo,eff
e T I R AT
Us AP eft 1 s
2GB Gso

obtained from a semiclassical equation [28] in steady state,
for a uniform structure with uniform spin potential and
elastic scatterings in the channel, see Appendix A. Here
V1, are the charge voltages on terminals 1 and 2, /;; is the
charge current flowing in the channel, vy is the spin volt-
age in the SML channel, i; is the spin current injected from
the SML channel to the adjacent layer, L is the channel
length, and « = 2/ is an angular averaging factor for the
spin distribution in the channel. We represent Eq. (1) into
a circuit in Fig. 1. Such a representation will be useful for
a straightforward analysis of emerging devices and circuits
implemented using spin-orbit materials.

(a) Structure for SOT-related experiments. (b) SOT efficiency {sor in various metallic interfaces and comparison with

A resistance matrix similar to Eq. (1) was reported in
Ref. [28] for structures with nonmagnetic potentiomet-
ric (noninvasive) contacts on SML channels, which was
derived under specific assumptions on the scattering mech-
anisms in the channel. Equation (1) in this paper applies to
a structure with general scattering processes and arbitrary
magnetic or nonmagnetic contacts. Although the resistance
matrix in Eq. (1) is similar to Ref. [28], the effective model
parameters are different and considers various possible
origins of the SML.

The first diagonal term in Eq. (1) represents the charge
resistance of the channel and the second diagonal term
represents the spin source resistance that limits the spin-
current injection into the adjacent layer. The off-diagonal
terms indicate the coefficients for charge-spin intercon-
version. The model in Eq. (1) describes spin-dependent
transport phenomena in terms of only four model parame-
ters representing the channel:
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FIG. 4. (a) Resistivity and Hall carrier concentration of bare

SrlrOj; as a function of thickness, taken from Ref. [22]. (b) Spin-
orbit torque (SOT) efficiency {sor in SrlrO; calculated using Eq.
(19) with carrier concentration in Fig. 4(a), and comparison with
experiments in Ref. [23].
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(a) Structure for experiments on inverse effects. (b) Inverse Rashba-Edelstein effect length in diverse classes of materials

including Ag|Bi [78], Cu|Bi [33], Ag|Bi,Os [84], Cu|Bi,0O3 [84], Au|Bi,O; [84], Al|Bi,Os3 [84], LaAlOs|SrTiO; (LAOI|STO) [20],
Bi,Se; [87], Fe/Ge(111) [85], and MoS,; [86,97]. The solid line represents Eq. (32).

1. Gp=(¢*/h)M7 is a conductance parameter
proportional to the total number of modes, M7, in the chan-
nel (g is the electron charge and /4 is Planck’s constant);

2. poer is the effective strength of the SML;

3. Ay is the effective mean free path; and

4. Gy, is the source conductance of the spin transport
in the channel that limits the spin current extracted from
the channel by a highly spin conductive load.

The details of the electronic structure of the materials,
growth conditions, and different physical structures and
interfaces could result in different effective values of the
parameters; however, the general scaling law presented in
the paper holds and statistically shows a good agreement
with a large number of experimental data. The parameters
are described in detail below.

A. Channel number of modes and the material density
of states

The conductance parameter G in Eq. (1) represents the
total number of modes, M7, in the channel, given by
2
L ppy.

Gy =",

2
The total number of modes in the channel is related to the
density of states around the Fermi energy per unit length
of the channel, D, and the group velocity of the electronic
states, v, as given by [29]

hDv
Mr=—mr,

s &)

where 7 is a geometrical factor, whichis 1, 2/x,and 1/2 in
a one-dimensional (1D), two-dimensional (2D), and three-
dimensional (3D) channel, respectively. My represents the
number of electron wavelengths that fit into the channel

cross section [29] and related to the carrier concentration
in the sample as

M /19
rr_ 3 % n%, (for a 3D channel),

4

- (4a)
M 2 1

or_ \/j n?, (fora2D channel), (4b)
w T

where ng and » are the carrier concentrations in a 2D and
a 3D channel, respectively, w is the width, and ¢ is the
thickness of the channel. See Appendix B.

B. Strength of the spin-momentum locking

The parameter pg ¢ in our model quantifies the strength
of SML in an arbitrary channel. pj ¢ has two components:

Poeft = €Po + Prs,

where € a unitless parameter that depends on the contact
conductance, contact polarization, and scattering rates in
the channel. The component proportional to p,, is induced
by impurities that can cause a difference in the scatter-
ing rates between up and down polarized states, which is
explained in detail in Appendix A.

The component proportional to pg is induced from the
band structure of the material, which is given by [28]

M —N

- 5
Po= N Q)

where M is the number of modes for the up (and down)
spin-polarized electronic states with the positive (and the
negative) group velocity, see Appendix A. Similarly, N is
the number of modes for the down (and up) spin-polarized
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electronic states with the positive (and the negative) group
velocity. The total number of modes My = M + N. The
parameter py varies between 0 and 1. py = 0 represents
a normal metal, where up and down spin-polarized states
have the same number of modes in the channel for pos-
itive and negative group velocities (i.e., M = N) and the
channel exhibits no SML. py = 1 (i.e., N = 0) represents
perfect SML where all electronic states with positive group
velocity are up spin polarized, and all electronic states
with negative group velocity are down spin polarized. Such
a perfect SML is observed for an ideal topological band
insulator.

For a general SML channel, the value of py can be any
value between 0 and 1 and depends on the underlying band
structure and origin of the SML. For example, for a Rashba
channel, Eq. (5) becomes (see Appendix C)

R — (6)

N (hvp)?

where o is the Rashba coefficient, vy is the Fermi veloc-
ity, and i = h/(2m) is the reduced Planck constant. For
weak Rashba channels, pg ~ ag/(hvr) < 1.

Note that pger can be nonzero even in a normal metal
(po = 0) due to a contribution from p,,, if we can intro-
duce impurities that can induce a difference in the scat-
tering rates between up and down spin-polarized states,
as described in Appendix A. In this paper, we do not
assume any particular origin of po . We keep the param-
eter poes general and extract it from existing experi-
ments and comment on its strength based on results on
known systems. We show that for a given pger how
the density of states or number of modes plays a cru-
cial role in determining the efficiency of charge-spin
interconversion.

C. Mean free path

The mean free path, 1,, refers to the backscattering
length of electrons, which determines the charge resistance
of the sample. The mean free path and the total number
of modes (M7) in the channel are related to the measured
resistivity (o) and sheet resistance (Rgpeet) as

ﬁ _ Rsheet _ h
szT)"m .

()

wt w

D. Spin source conductance

Spin-orbit materials generate nonequilibrium spins,
which can be injected into an adjacent layer. The inter-
nal spin source conductance, Gs,, limits the spin current
injected into a highly spin conductive layer, similar to the
internal source resistance of a battery. In our model, Gy, is

given by

4Gy Ly

GSO = —az (1 _pé) }\‘S()’

®)

see Appendix A for details. Here, Ay is a spin-dependent
scattering length, and Ly is the length of the ferromagnet.
Equation (8) [a component of Eq. (1)] is derived under the
assumption of elastic scatterings, uniform structure, and
uniform spin potential in the channel. The assumptions
can be revisited as the field evolves, which may result in
an effective change in the values of the model parameters;
however, the general structure of Eq. (1) will not change.
In the presence of an adjacent layer with spin conduc-
tance G, see Fig. 1, the effective conductance, G, that
determines the injected spin current is given by

Gso GL

T 9
Gso+ GL ( )

Gs,eﬂ' =

For an adjacent ferromagnetic contact, G is modeled with
the bare interface spin-mixing conductance [35,36]. When
the magnetization m is perpendicular to the spin polariza-
tion §, Gy is the real part of the spin-mixing conductance
G [35,36], and G is typically expressed in terms of
an effective spin-mixing conductance, ng, iﬁ”’ in the units of

m~2, as given by

GSOG;Tl 2q2 1

Goef = ————— = — Ly, 10
N Gt w St (0

where gjelff can be measured from ferromagnetic resonance

experiments on the bilayer [37-39]. Here, wy and L, are
the width and length of the FM layer.

III. DIRECT EFFECT: CHARGE-TO-SPIN
CONVERSION

A. Figure of merit for charge-current-to-spin-voltage
conversion
1. Model

A charge current /1, in a spin-orbit (SO) material
induces a spin voltage v, [28,40]. In the absence of any
adjacent layer, i.e., G, — 0 in Fig. 1(b), v, is given by

Ve = OPo eff
T 2Gs

Ii». (11)

The spin voltage in the channel can be measured in the
form of an open-circuit charge voltage using a FM contact
with its magnetization (m) along the spin-polarization axis
(8) in the channel [40,41]. The charge voltage difference
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between the two magnetic states (+m and —m) is propor-
tional to vy, as given by [see Fig. 2(a)]

a&pocfr Df I

AV ="V (+m) — Vi (—m) =
Gp

(12)

where & = G/ (Gso + Gr). The method has been used on
diverse classes of materials, including, topological insu-
lators [1-7], transition metals [31,32,42], semiconductors
[8], Kondo insulators [34], and semimetals [19], using both
potentiometric and Ohmic FM contacts.

The figure of merit for a material’s capability to con-
vert a charge current into a spin voltage is ARy = AV/I}»,
which we define as the charge-spin interconversion resis-
tance. We multiply both sides with w to make it in the unit
of resistivity

AV h
ARs x w= 27 x = 2 LoPuaEy
I q> Mr/w

13)
which also ensures that the experimental data points dis-
cussed in Fig. 2(b) are independent of the channel width.
Equation (12) describes a charge-current-induced spin
voltage in a conductor with nonzero density of states (D)
around the Fermi energy. For a fixed charge current (/},),
the spin voltage scales inversely with M7 or D around the
Fermi energy and we expect a large spin voltage in a mate-
rial with an arbitrarily small D. However, a lower D also
yields a higher channel resistivity and a larger voltage drop
across the channel length (V' — V3) is required to inject
a sizable /1, in the channel. For negligible spin current

(i; = 0), we can derive an expression for AV/ (Vy — V>)
from Eq. (1) as

AV A
> IREE

Vi—", is=0 i Am+ L

, (14)
where Argg is given by Eq. (32) and is discussed later.
Note that the ratio of the open-circuit spin voltage to the
applied charge voltage across the channel length in Eq.
(14) is independent of M7.

2. Comparison with experiments

In Fig. 2(b), we compare Eq. (13) with experimentally
measured AR; X w on a wide variety of materials as a
function of My/w of the corresponding device. We con-
sider a diverse classes of materials with a large range
of variations in the density of states, including, topo-
logical insulators [(Bij sSbos)2Tes [4], (Bigs3Sbga7)2Tes
[2], BiySes [3,4,30], BiyTe,Se [5], and BiSbTeSe, [7]],
transition metals (Ta [31], Pt [31,32], W [31], and Ir
[31]), metallic interfaces (Cu|Bi [33]), narrow band-gap
semiconductors (InAs [8,9]), topological Kondo insula-
tors (SmBg [34]), and semimetals (WTe, [19], Cd;As,
[44]). We estimate My from the measured carrier concen-
tration using Eq. (4) or from the measured resistivity or
sheet resistance and known mean free path using Eq. (7).
The details of the data points and related estimations are
summarized in Tables I-II, with detailed footnotes.

Remarkably, the spin voltage in diverse classes of spin-
orbit materials (both topological and nontopological) are
scaling inversely proportional to the total number of modes

TABLE I. Charge-spin interconversion resistance in diverse materials.

SOC material Ferromagnet (py ) ARs (2) w (pum) ¢ (nm) ARg x w (4€2 cm)

(Big 5Sbos)2Tes [4] Co-Fe-B|MgO (0.5) 8 7 16000

(Big 53Sbg.47)2Tes [2] Co|ALL O3 (0.42) 52 2.5 9 1300

Bi,Se; [30] Co|TiO; (0.3) 0.2 1 20 20

Bi,Se; [3] Co|TiO; (0.2) 0.07 5 40 35 (dev 1)

Bi,Ses [4] Co-Fe-B|MgO (0.5) 0.12 8 7 96

Bi, Te,Se [5] Ni-Fe|Al,O3 (0.45) 22 9 10 1980

BiSbTeSe; [7] Ni-Fe[MgO (0.45) 0.013 8.5 172 11 (dev 1)
0.4 4.5 82 180 (dev 2)
1.6 6.5 54 1040 (dev 3)

SmBg [34] Ni-Fe|AlO; (0.38) 0.004 500 — 200

Cu|Bi [33] Ni-Fe (0.31) [43] 1x107* 0.15 100 1.5 x 1073

Pt [32] Co-Fe (0.58) 8 x 1073 0.4 7 0.32

Pt [31] Co-Fe-B|MgO (0.6) 0.8 x 1073 8 7 0.64

Ta [31] Co-Fe-B|MgO (0.6) 6 x 1073 8 7 4.8

W [31] Co-Fe-B|MgO (0.6) 1.2 x 1073 8 7 0.96

Ir [31] Co-Fe-B|MgO (0.6) 0.6 x 1073 8 7 0.48

WTe, [19] Ni-Fe (0.45) 0.14 5 23 70

Cd;As; [44] Coloxide (0.4) 40 0.15% — 600

InAs [8] Ni-Fe|Al, 05 (0.5) 0.56 8 2 448

2Diameter of the nanowire.

054004-6



UNIFIED FRAMEWORK FOR CHARGE-SPIN...

PHYS. REV. APPLIED 15, 054004 (2021)

TABLE II. Estimation of the number of modes and degree of spin-momentum locking in diverse materials.
SOC material n ng kgt p Riheet Ao Mr/w Poetr
(x10¥ m™3)  (x10"m=?) (mm™!) (uQcm) () (nm) (nm™!) [Eq. (13)]
(Bij 5Sbgs)2Tes — — — — 6000 [4] 150[4]  0.029 [Eq. (7)] 0.56
(Biy 53Sbg47)2Tes 0.47° — 0.52 — — — 0.39 [Eq. (4)] 0.73
Bi,Se; 1.25 [30] — 0.72 — — — 1.64 [Eq. (4)] 0.066
Bi,Se; 53] — 1.14 — 18 [3] 130 [4] 8.3 [Eq. (4)] 0.88
11 [Eq. (7)]
Bi,Se; 3 [4] — 0.96 — — — 1 [Eq. (4)] 0.12
Bi,Te;Se — — 0.44 [45] — - - 0.31 [Eq. (4)] 0.83
BiSbTeSe, 0.26° (dev 1) — 0.43 - — — 4.95 [Eq. (4)] 0.073
0.1° (dev 2) — 0.31 — — — 1.25 [Eq. (4)] 0.3
0.056°¢ (dev 3) — 0.25 — - - 0.56 [Eq. (4)] 0.79
SmBg - - 6.7 [34] - — — 2.13 [Eq. (4)] 0.68
Cu|Bi 84704 [46] — 13.6 — — — 2938 [Eq. (4)] 0.0086°
Pt — — — 27 [31] — 10.52 [47] 63.9[Eq.(7)] 0.021 (from
Ref. [32])
1600 [47] - 7.8 — — — 67.7 [Eq. (4)]  0.044 (from
Ref. [31])
Ta — — — 210 [31] — 1.8 47.9 [Eq. (7)] 0.23
w — — — 42 [31] — 2.1° 205.4 [Eq. (7)] 0.2
Ir — — — 28 [31] — 1.32¢8 490.2 [Eq. (7)] 0.24
WTe, — 1.9[19] 0.35 — — — 9.5 [Eq. (4)] 0.9
CdsAs; 0.036 [44] — 0.22 — — — 1.02" [Eq. (4)] 0.93
InAs — 2[8] 0.36 — — — 0.23 [Eq. (4)] 0.12

2The reported mean free path is for samples with similar resistivity (approximately 20 ©<2 cm).

bCalculated using n = ny/t with ng = 4.25 x 10'm~2 [2].

“We use B/(ntq) to extract n from their ordinary Hall resistance measurements on three different devices (dev 1, dev 2, and dev 3),
where B is the external magnetic field.

dWe assume that most of the current conduction occurs in the conductive layer Cu and calculated the total number of modes based on
Cu parameters.

°py estimated from Eq. (6) is approximately 0.296 using az = 3.2 x 1071 eV'm [48] and vr = 1.57 x 10° ms~! for Cu [46]. Note:
vp = 1.87 x 10® ms™! for Bi [46]. Estimation from the experiment in Ref. [33] is much lower than this theoretical value and could be
due to a higher current shunting in the magnetic contact.

fWe assume A, to be equal to the spin-diffusion lengths reported in Refs. [13] and [14], it was pointed out previously that they are
comparable [49].

&Ln for Ir reported in Ref. [S50] is 7.09 nm for a sample with p = 5.2 £ cm. We assume a 5.4 times smaller value since the resistivity

of the sample in Ref. [31] is 5.4 times higher.

"The channel is a nanowire with a cross-section 7772 (r is the radius). We have approximated w = ¢ = /7.
iIThese values are estimated using ky = V3m2n ot kp = 27n, [28], or taken from corresponding references.

in the material, as described by Eq. (12). Although the
data points are scattered in nature due to a variation of ¢,
Doeft> Pr» and & from sample to sample, we observe a 7
orders of magnitude enhancement in the charge-spin inter-
conversion resistance (AR;) due to a 7 orders of magnitude
lowering in the number of modes (M7) over the diverse
classes of materials shown in Fig. 2(b). This implies that
the density of states or number of modes plays a dominant
role in determining AR,. This observation is interesting
and could be useful for spin-voltage-based logic and mem-
ory applications, because the density of states can be
externally controlled with gate-induced electronic fields on
semiconductors and using strain on various oxides.

Note that some data points on topological materials
in Fig. 2(b) correspond to low-temperature experiments,

and the spin signals in these experiments decreases with
the temperature. The temperature-dependent degradation
is known to arise from the topological surface states for-
mation conditions, positioning of the Fermi level in the
topological bands, the coexistence of parallel channels,
contact polarization degradation, etc., which are related to
Epoeipy in Eq. (12). In Fig. 2(b), we take the maximum
reported values of ARy in various materials and plot them
against their corresponding number of modes to illustrate
how the density of states play a crucial role in the scaling
of the spin voltage.

3. Anatomy of Eq. (11)

Equation (11) can be decomposed into (i) the stan-
dard mesoscopic view for charge current and (ii) the
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conventional definition of spin-momentum locking. The
mesoscopic view [51] assigns two electrochemical poten-
tials, u™, and ™, to electronic states with positive and
negative group velocities, respectively. The charge current
in the channel is related to ™ and ™ as

=2 (=) = T (). 19)
which indicates that u* — ™ is proportional to I, and
inversely proportional to M7. Note that Eq. (15) is valid
for transport in the linear regime in any materials, with or
without the SML.

A perfect SML means electronic states with the posi-
tive group velocity are all up spin polarized; hence, u*
represents an up spin potential, j1,,. On the other hand,
electronic states with the negative group velocity are all
down spin polarized; hence, ©~ represents a down spin
potential, t¢4,. In such an ideal scenario, we have

1= =hap = Hans
where spin voltage is vy = (Mup - ,udn) /2. However, in
real materials, the spin voltage is reduced by a lower
strength of SML (py), spin-dependent scatterings in the
channel (¢), and angular distribution of the spin-polarized
states around the spin quantization axis («), as given by

(16)

Combining Egs. (15) and (16) yields Eq. (11). Note that
the observation in Fig. 2(b) that the spin signals scales
inversely with M7, originates from the mesoscopic view
of charge current transport in Eq. (15). This feature is
reflected on vy when spin polarization becomes locked to
the momentum.

Pup — Mdn = apoer (wF—p 7).

B. Strength of the spin-momentum locking in various
materials

1. SML strength in topological materials

We extract the effective strength of SML p ¢ = §poefr
from the experimental data points in Fig. 2 using Eq.
(13) and summarize them in Table II. An ideal topo-
logical insulator is expected to show pg ey = 1. The esti-
mated values of pj ¢« from experiments are close to 1 for
the materials known to exhibit topological surface states,
c.g., (Bio_sSbo.s)zTe% BiSbTeSez, BigTeQSe, and BigSe3.
Although, p . estimated from the spin voltage measured
on the Bi;Se; sample in Ref. [30] is much lower and
could originate from a Rashba channel that can coexist
in such material [52,53]. Note that the p(’Leff estimated on
other topological materials are also close to unity, e.g.,
topological Kondo insulator SmBg [34], topological Weyl
semimetal WTe, [19], and a topological Dirac semimetal
Cd;As;, indicating a strong SML as expected.

2. SML strength in Rashba channels

For the Cu|Bi interface, the estimated p(’)’eﬁ is approxi-
mately 0.0086, which is very weak. The Cu|Bi interface
is a weak Rashba channel with a theoretical strength of
the SML py ~ agr/(hvr) ~ 0.054 calculated using ap =
5.6 x 107" eVm [33] and vy = 1.57 x 10® ms~! (for Cu)
[46] in Eq. (6). This lowering from the theoretical value
can be attributed to a lower & (approximately 0.16) since
the ferromagnet in Ref. [33] is in direct contact with the
metallic channel. Two-dimensional electron gas in an InAs
quantum well is known as a strong Rashba channel, and
Do €Stimated from the experiment is large approximately
0.12.

3. SML strength in metals

The p; . extracted for Pt is in the order of that observed
in a weak Rashba channel. Measurements on Pt in Ref. [31]
were done with an oxide barrier at the interface and the
extracted pg ¢~ 0.044. However, the estimated Po o
0.021 is lower for Pt in Ref. [32], where the ferromag-
net was in direct contact with the channel. Such lowering
could be attributed to a lower & due to such direct contact.
The extracted values of pj ¢ for Ta, W, and Ir are large
(approximately 0.2), in the order typically observed in a
strong Rashba channel or a topological material with paral-
lel channels. The origin of the SML in transition metals is a
topic of active debate and could involve a bulk mechanism
[13,36] or an interface Rashba-like mechanism [54-58].
Irrespective of the underlying mechanism, as long as there
is a measurable spin voltage at the ferromagnetic contact,
we can extract the strength of SML using Eq. (12).

C. Figure of merit for the
charge-current-to-spin-current conversion

1. Model for spin-orbit-torque efficiency

The spin voltage, v, in the SO layer will inject a spin
current, ig, in the adjacent FM layer, given by
iy = s,eff X Us, (17)

derived from the circuit in Fig. 1(b). Here, G, is given
by Eq. (9)(10) and v is given by Egs. (11)~«(12). The
spin current, i, applies a torque to the adjacent FM and the
torque is maximum when m L 5. A widely used figure of
merit for charge-current-to-spin-current conversion is the

SOT efficiency ¢sor = J;/J.. We derive a model for ¢sor
by combining Eq. (17) with Egs. (10) and (11), as given by

|Js| q N

ol e

AR wt
; (18)

[¢soT| =

where J; = is/(wr Ly ) and J. = I15/(wt). Interestingly, Eq.
(18) indicates ¢sor is determined by both the SO layer
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and the magnetic interface and two independent measure-
ments AR from spin potentiometric experiments in Fig. 2
and gr from FM resonance experiments, can be multi-
plied together to estimate the SOT efficiency in a device.
Equation (18) also indicates that it is possible that {sor is
substantially different in a SO material when coupled to a
different FM interface.

We combine Eq. (18) with Eq. (13) to get the following
analytical expression, given by

™
/ gr,eﬂ'
|§SOT| = ap(),eﬂ‘ X m_’

n

(19)

where m, = My/(wt) is the total number of modes per
unit cross-section area of the channel. Note that ¢sor also
scales inversely with the channel number of modes or the
density of states around the Fermi energy in the mate-
rial. This inverse scaling with m, can be related to the
generally observed trend that resistive materials lead to
higher SOT efficiency (see, e.g., Refs. [59,60]), because
the conductivity (o) of the material is related to the m, as
o =1/p = (¢*/hymyy [see Eq. (7)].

We combine Eq. (19) with the expression for m,, in Eq.
(4a) and get the following expression:

2 1

8 3 p(/),effgr,eff

IEsorl =\ 7= ) ——=—>
3 n3

which indicates a scaling trend of Zsor oc n~?/3 with
respect to the carrier concentration in the sample. Such
a trend could be useful for future device design, as car-
rier concentration can be controlled with doping, elec-
tric gating, and strain modulation. Note that our model

(20)

for the SOT efficiency describes the transport with elec-
tronic states only around the Fermi level, which is quite
different from conventional views [60,61] that consider
all the occupied states. We discuss this difference in the
Sec. [TI D.

2. SOT efficiencies in metals

We use AR, data from Table I for SO materials and
calculate the effective SOT efficiency using reported ng, iﬁ
on various SO|FM interfaces. The calculations are sum-
marized in Table III. The calculated values of {sor using
Eq. (18) are compared with existing experiments on var-
ious metals in Table III and in Fig. 3, which show good
agreement. Note that the calculated {sor for W is close
to the experimental report for «-W because the spin volt-
age value used was measured in Ref. [31] on a sample
with resistivity similar to that typically observed in o-W
[62]. ¢sor is higher on resistive W samples, e.g., B-W
[14] or amorphous a-W [62]. In Fig. 3, we compare Eq.
(18) with experiments on well-known metallic systems:
Pt|Ni-Fe, Pt|Fe-Co-B, Pt|Co, Ta|Co-Fe-B, Ta|YIG, W|Co-
Fe-B, and Ir|Co, which show reasonably good agree-
ment. Note that Eq. (18) is applicable to other emerging
materials as well, which we have discussed in Tables III
and IV.

We estimate p; . for various known metallic Rashba
interfaces from the reported Rashba coefficient oz and
Fermi velocity vr using Eq. (6). Interestingly, the cal-
culated {sor using such theoretical estimations of p ¢
matches reasonably well with measured {sor on Au|FM,
and Ag|Bi|Ni-Fe. Here, m, is estimated from the car-
rier density of the corresponding conductive layers using
Eq. (4), and gr o 1s taken from measured values in the
literature. The results are summarized in Table IV. ZsoT

TABLE 1III. SOT efficiencies in various materials estimated from charge-spin interconversion resistance and interface spin
conductance.
SOC material w gj e [¢sor| [¢sorl
(« 1{m2) (nm~?) [from Eq. (18)] (measured)
Pt | Ni-Fe 74.7 15.2[11] 0.044 0.05[11]
Pt | Fe-Co-B 40 [98] 0.115 0.12[12]
Pt | Co 39.6[11] 0.114 0.11[11]
Ta | Co-Fe-B 560 6.92 [67] 0.15 0.12 £ 0.04 [13]
Ta | YIG 5.4 [68] 0.11 0.07 [68]
W | Co-Fe-B 112 10.1 [69] 0.044 0.33 (B-W [14])
0.03 (@-W [62])
0.2 ~ 0.5 (a-W [62])
Ir | Co 56 29.3 [70] 0.063 0.1[15]
Cu | Ir | Ni-Fe 56 10.1 [77] 0.022 0.02 [16]
Bi,Se;|Ni-Fe 13333.33 12 ~ 65 [71] 6.2 ~ 335 2 ~3.5[37]
70000 325~ 1758 1.56 ~ 18.62 [72]
13440 6.2 ~33.8
WTe, 35777.8 15.8 21.84 0.23 ~ 0.79 [73]
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TABLE IV. SOT efficiencies in Rashba channels.

Material n kg my* ng, A aR UF 2 [Zsor| [¢sor]

(x10¥m™3) mm™") (m™2) @mm™?) (eV-pm) (x10°ms™!) [from Eq. (19)]  (measured)
Au| FM 5.9 [46] 12 23 27[68] 39.6[74] 138[50] 0044  0.0033 0.0033 [75]

0.0035 [10,76]

Cu | Bi | Ni-Fe 8479 [46] 13.6 294 10.1[77] 320[48] 1.57°[46] 0.296 0.07 0.24417]
Ag | Bi | Ni-Fe 5.86'[46] 12 2298 32.1[78] 56[74] 139°[46]  0.06 0.053 0.023 [18]
STO | LAO | Ni-Fe 1.28° 0.26 13.3[20] 3[20] 0.074¢ 0.062 2 1.8 [21]

4Parameters taken for the most conductive layer in the system.
YEstimated using kr = /27n, with 1, = 2.6 x 10'7 m~2 [20].
°Estimated using v = hkp/m* with m* = 2my [20].

dThis value was measured on a CuBi alloy, not on a Cu | Bi bilayer.

€Calculated using Eq. (4a).

estimated from the Cu|Bi Rashba interface is of the same
order as values observed in Au|FM, and Ag|Bi|Ni-Fe. We
note that the estimation of {sor for a Cu|Bi interface is
3 times lower than the experimental observation on CuBi
alloy, which indicates that such an alloy has a different ori-
gin of SML, e.g., the resonant scattering from the Bi impu-
rities, as discussed in Ref. [17]. Such scattering-induced
charge-spin interconversion is included in our general
model and arises due to p,s as described in Sec. II B and
Appendix A.

3. SOT efficiencies in oxides

Recently, there is an increasing interest in transition
metal oxides (see, e.g., Refs. [20-23]) for tunable charge-
spin interconversion. In the semimetallic phase of stron-
tium iridate (SrlrOs), it has been observed that ¢sor
increases for thicker devices while p of the sample
decreases [22,23], see Fig. 4(a). This observation is coun-
terintuitive to the observations in metals [59] where higher
resistivity exhibits higher SOT efficiency. Interestingly,
the Hall carrier concentration measured on bare SrlrO;
[22] indicated that the concentration is also decreasing for
thicker samples [see Fig. 4(a)]. A similar observation that
the resistivity and carrier concentration scale in the same
direction with thickness has previously been observed in
Bi,Se; [63] and Bi, Te; [64].

Equation (20) indicates a scaling trend that {sor
n~?/3_ We calculate the SOT efficiency using Eq. (20)
from the measured » with varying sample thickness [see
Fig. 4(a)] and compare it with the SOT efficiency mea-
surements on SrlrO; reported in Ref. [23], as shown in
Fig. 4(b). We set pé’eﬁg:,iﬁ% 1.9 x 10" m~2 to match
the absolute value of {sor and assume it to be constant
over various thicknesses. The assumption that ng jﬁ is con-
stant over various thicknesses is based on the experimental
observation in Ref. [23]. It is surprising to note that two
features observed in the SOT measurements are captured
in the calculations using Eq. (20).

1. Independently measured n decreases with thickness,
and saturates for thicker samples [see Fig. 4(a)]. Based on
this observation, Eq. (20) indicates that the SOT efficiency
will increase with the thickness and will saturate around
the same thickness where » saturates. Interestingly, the cal-
culated ¢sot using Eq. (20) shows good agreement with the
measurements reported in Ref. [23].

2. The measured change in the SOT efficiency [Alsor
in Fig. 4(b)] between the thin and the thick limits is roughly
the same as the value calculated using the change in ».

The origin of the carrier-concentration change with thick-
ness needs a careful evaluation in the future and could
arise from a phase change from tetragonal to orthorhombic
[23], or a change in strain in the system [65]. It has been
discussed in the past [65] that a strain on SrlrO; can signif-
icantly modulate the carrier concentration, i.e., the density
of states in the material, which could be a promising way
to achieve high ¢sot in an oxide system. Interestingly, such
a strain-induced tunability in the inverse voltage has been
shown recently [66].

4. Model parameters for {sor > 1

In several of our calculations, we find {sor > 1 using
parameters reported in the literature. For example, the AR
for Bi;Se; (in Table I) multiplied by the reported gjiﬁ
gives a calculated SOT efficiency ¢sor > 1, and similar
high values have been observed experimentally (see, e.g.,
Refs. [37,72]). Also, the ¢sor estimated for the LAO|STO
Rashba interface using Eq. (19) is > 1 and in agreement
with the experimental observation in Ref. [21], see Table
IV. Note that poesr ~ 0.062 in LAO|STO and ¢sor > 1
arises due to ng,eLff > m, in Eq. (19). Also, the calculated
gsor 1s > 1 for WTe;; however, the existing experimental
report on WTe; is < 1 (see, Ref. [73]). We note that, for a
proper estimation, the spin-mixing conductance should be
taken carefully since the reported values can be overesti-
mated due to various nonideal effects [79]. A more detailed
analysis of Eq. (19) for the cases where {sor > 1 we leave
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for the future when more data are available as the field
evolves.

D. Comparison with conventional view
1. Effective SOT efficiency
According to the semiclassical model in Ref. [36], the
SOT efficiency is given by [12]

™

”

t
{sotr = Osu tanh tanh —,  (21)
ng¢ + géo 2hsa Asd

where sy is the internal spin Hall angle, Ayq is the spin-
diffusion length, g, ¥ is the real part of the bare spin-mixing
conductance and (¢° /h)gl, = (0/2Ay) tanh (/As). In the
thick SO layer limit ( >> Agq) and in the high resistivity SO
layer limit (g}, < g ¢), we have

gsot ~ Osh. (22)

Equation (19) shows a similar dependence on g:’ iﬁ:

g,T v Zso/ (g,T s Zgso) where this term is determined by

min(g,T ¢, Zso). In the limit where g, < ng ¥ and weak Do oft>

reduces to ’
£s0T A apg o X &, (23)

my

where (2¢%/h)gsoLy Wy = Gy, is given by Eq. (8). Note that

in this limit, Eq. (23) is determined completely by the SO

layer parameters.

Note that the limit g5, < g,T ¥ do not represent highly
resistive channel within our model. When the SO layer
has strong SML, even in the high-resistivity limit we can
satisfy gg > ng ¥ since Zs0 & 1/(1 — p?), which yields

t
& (24)
m

n

~ I
§s0T & 0P efr X

2. Internal spin Hall angle
We can define an internal spin Hall angle in the weak
SML limit from Eq. (23), as

OsH = ap . X Eso
SH = —.
0,eff m,

The internal spin Hall angle is often defined in terms of a
spin Hall conductivity ogy as

O = 1. (25)
o

Noting that o = (¢*/h)m,A,,, we can also define a spin
Hall conductivity from Eq. (23) as

osu = 2G. MREE, (26)

where G, = Gs,/(WyLs). The model described in this
paper considers transport near the Fermi energy and
describes ogy in terms of material density of states, degree
of SML, mean free path, and spin source conductance.
However, the conventional approach calculates osy using
spin Berry phase from the electronic band structure and by
taking into account contributions from anomalous veloci-
ties from all of the occupied states in the conduction band
[60,61], including the states well below the Fermi energy.
In the disordered phase of the material, Bloch state descrip-
tion is not well defined; however, the density of states and
the number of modes are well defined and measurable,
even within a highly disordered sample.

IV. INVERSE EFFECT: SPIN-TO-CHARGE
CONVERSION

A. Spin current to charge voltage

A spin current i injected into the SO layer from a FM
layer will induce an open-circuit charge voltage across the
sample [see Fig. 1(a)] as given by

aépo,eﬂ' .

Vip = — s
12 2GB Ly

@7

where the spin current i; can be generated in various ways,
e.g., spin pumping [20,78,80,81], spin Seebeck effect [82,
83], and electrical injection through a ferromagnetic con-
tact [6,31,33]. Eq. (27) satisfies the Onsager relation with
Eq. (11) (see Ref. [40]).

The Onsager reciprocity [40,94] requires that in
Fig. 1(a), we have

V32 (m) _ Via(—m)

28
11> I3 (28)

which in conjunction with Eq. (12) gives a reciprocal
effect, given by

o EpociDs Iy

Vip (+m) — Vip (—m) = G
B

(29)
Equation (29) represents the inverse effect by electrical
injection of a spin current iy ~ p, /3, by flowing a cur-
rent through the FM contact. Noting that Vi, (+m) —
Vis (—m) = 2V1,, we get the Eq. (27). The strength of
the spin current induced charge voltage is the same as
the charge-current-induced spin voltage and determined by
the charge-spin interconversion resistance AR, shown in
Fig. 2(b), but differs by a negative sign. According to Eq.
(28), we can write

_Vam) =V (=m) _ Via(+m) —Vip (—m)
P! I '

AR,

Thus, the spin-current-induced charge voltage should show
an inverse relation with the density of states of SO
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TABLE V. Inverse Rashba-Edelstein effect (IREE) length in
diverse materials.
Material A (nm)  po g Mree (nm) AMREE (nm)
[Eq. (32)] (measured)
Ag|Bi 22.6 0.06 0.43 0.3 [78]
Cu|Bi 0.88  0.054 0.015 0.009 [33]
Ag|Bi, 03 533  0.017 0.28 0.15+0.03 [84]
Cu|Bi,03 39.9  0.024 0.3 0.17 £ 0.03 [84]
Au|Bi, 03 37.7  0.011 0.13 0.09 + 0.03 [84]
Al|Bi,0; 18.9  0.004 0.024 0.01 £ 0.002 [84]
Fe|Ge(111)  3.27 0.11 0.12 0.13 [85]
MoS;|Al 40 0.3 3.82 4[86]
LAO|STO 180.4  0.062 3.56 6.4 [20]
Bi,Ses 6.26  0.066 0.13 0.035 [87]
0.12 0.24 0.32 [88]
0.88 1.75

Am and p o estimations are summarized in Table VL.

material. It has been recently shown that the inverse spin
Hall voltage in VO, exhibits an incremental jump while
transitioning from metal to insulator phase [95]. This
observation is in agreement with Eq. (27) since it is well
known that the Hall carrier concentration in VO, shows a
jump across the transition point [96].

B. Spin current to charge current

The inverse effect in 2D channels with SML are often
quantified with the following figure of merit:

Je
AIREE = 7
S

(30)
known as the inverse Rashba-Edelstein effect length. Here
J. 1s the charge current density in the 2D channel (unit,
Am™") induced by the injected spin current density J;
(unit, Am~2).

From Fig. 1, if we connect terminals 1 and 2, the short-
circuit charge current, Isc, for a given spin current (i)
injection is given by

GpAm
Am+L

/
0D eff .
X — .
2Gp

(€2))

Isc =

For a diffusive channel (L > A,,), we obtain an expression
for AreE, as given by

Isc/W Py Pm
is/(wL) m

AIREE = (32)

Here, we compare Eq. (32) with available experiments
on diverse classes of materials: Ag|Bi [78], Cu|Bi [33],

TABLE VI. Mean free path (,,) and effective degree of spin-momentum locking (p(’),eﬁ) in diverse materials.

SOC w t ke Gp R Riheet 1Y Am aR UF p(,),eff
material (um) (nm)  (nm™!) () (/0) (uQem)  (nm) (eVA) (x10°ms™1)
Ag|Bi 400[78] 5[78] 12 177kS  — 10° _ 26  056[78] 139[46]  0.06
CulBi 0.15[33] 20[33] 136 34S  — - 1005 088  056[33] 1.57[46] 0.054
Ag|Bi,O; _ - _ _ - _ — 533[50] 0.16[84] 139[46]  0.017
Cu[Bi,Os . - - — - - — 399[50] 025[84] 157[46]  0.024
Au|Bi,Os - - - - - - ~ 377[50] 0.1[84]  14[46] 0011
Al[Bi,05 _ _ _ _ - _ — 189[50] 0.055[84] 2.03[46]  0.004
FelGe(111) 400[85] 200[85] 17.1° 144kS 51[85] — _ 3270 1589 1.98¢[46]  0.11
MoS, |Al . - - - - - — 40[90] 1.097[91] 053[92] 023
LAO|STO 400 [20] — 1.28 126 S — 176" — 180.4 0.03 [20] 0.074' [20]  0.062
Bi,Ses 1000 [87] 9[87] 1.14 71928 — — 2000 6.26 — — 0.066~
0.12%
0.88%

2Corresponds to sample with 5-nm Ag in Ref. [78].

YEstimated for the Ge interface with a metal, which is higher than that reported for strained bulk Ge [93].

“The Fermi velocity of the conductive layer Fe.
4Thickness of the most conducting layer is taken for calculation.

®Calculated using kr = (37r2n)]/3 from electron density of Fe: n = 1.7 x 10?° m™3 [46].

fEstimated from R = L/(Ggh,,) with length L = 2.4 mm [85].
&p of the Bi layer is used, which is taken from Ref. [33].
"Taken from Fig. 1(d) of Ref. [20] for LAO|STO at 7 K.

'We estimate the Fermi velocity using vy = (hkp/m*). m* ~ 2 x 9.1 x 1073! kg as reported in Ref. [20].

iTaken from Fig. 2(b) of Ref. [87] at approximately 300 K.
kTaken from Table II.
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Ag|Bi,03 [84], Cu|Bi, O3 [84], Au|Bi,O5 [84], Al|Bi,O;
[84], LaAlOs|SrTiO; (LAOI|STO) [20], BipSe; [87],
Fe/Ge(111) [85], and MoS; [86,97], which show good
agreement as shown in Fig. 5. The estimations are sum-
marized in Table V. Note that the figure of merit in Eq.
(32) do not depend on the material density of states, but
depend on the mean free path of the sample One interest-
ing observation in Table V is that the p ¢ in the LAO|STO
Rashba channel is weak. The large Areg observed in Ref.
[20] is due to a large mean free path of the channel.

V. SUMMARY

The physics of charge-spin interconversion in various
spin-orbit materials is a topic of great current interest for
modern spintronics. Over the past decade, many materi-
als have been studied, e.g., topological insulators, transi-
tion metals, Kondo insulators, semimetals, semiconduc-
tors, and oxides, to enhance interconversion efficiency. In
this paper, we discuss a unified theoretical framework for
such materials that relate the interconversion efficiency
to the fundamental material parameters. We show that
the charge-spin interconversion efficiency scales inversely
with the channel number of modes or the material den-
sity of states near the Fermi energy. We further discuss
two widely used figure of merits: SOT efficiency and
inverse Rashba-Edelstein effect length for diverse classes
of materials and how to enhance them in terms of materi-
als and device parameters. Remarkably, experimental data
obtained over the last decade on different materials closely
follow our theoretical model which provides a unifying
conceptual framework. We point out a scaling trend of the
SOT efficiency with respect to the carrier concentration in
agreement with the experiments. This unified model will
enable a roadmap for materials with spin-orbit coupling
and help design appropriate material systems and devices
for desired spintronic applications.
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APPENDIX A: RESISTANCE MODEL AND
CIRCUIT REPRESENTATION

In this section, we derive Eq. (1) from the semiclassical
equations in Ref. [28].

1. Semiclassical model
a. Diffusion equation for a SML channel

We start from the diffusion equations for a general
channel with spin-momentum locking [28], as given by

d ] .
-5 L r,
dx
d 1 1\ L -
Ve=—(1+) = - Ly,
dx A )\, GB )‘«BGB
21 2popy opo
—| = Vs V. P,
+Ol <)»/+)LB) + )LB +2GB
d 4Gp 2

—fi=——Vi+ —1I.+ and
dx’ a?r T all £,

d 201
—V:—a—<—+—)ls— iy

dx Gg \ly Ap AgGp
1 1 2popy apo
2 —+—\ 7V Vs . (Al
+ap0<ko+k3> + . +2Gl (A1)

Equation (A1) is obtained by combining Egs. (8), (9), and
(62) in Ref. [28], which were obtained from Boltzmann
transport equation by classifying electronic states in the
channel into four groups, based on their spin-polarization
index (up or down) and the sign of the group velocity (pos-
itive or negative), see Fig. 6. Here, I, I, are charge and spin
currents in the channel, V., V; are charge and spin voltages
in the channel, G is given by Eq. (3), po is given by Eq.
(5), and « is an angular averaging factor. i, are charge
and spin current per unit length entering into the channel
from an external contact with conductance per unit length
Gy and contact polarization p, . The scattering length A in
Eq. (A1) is determined by the conductance of the external
contact with respect to the channel number of modes, as
given by

— = (A2)

where Gy is the contact conductance per unit length of the
contact. A, Ao, Ay, A, and A/ are scattering lengths in the
channel, which are described below.

b. Scattering lengths in the channel

We consider three types of scattering processes among
the four groups of electronic states in the channel as shown
in Fig. 6:
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FIG. 6. Scattering mechanisms considered in the formalism
among the four groups of electronic states, classified according
to the spin-polarization index (up or down) and the sign of the
group velocity (positive or negative).

1. transmission with spin flip with scattering rate #;

2. reflection without spin flip with scattering rate ; and

3. reflection with spin flip. Forward moving up spins
become backward moving down spins and vice versa
within the M modes, with a scattering rate ry;. Similarly,
forward moving down spins become backward moving up
spins and vice versa within the N modes, with a scattering
rate ry.

Here, the scattering rates 7, f, 752 are in the units of per
unit length. The scattering lengths A, Ao, and A, in Eq. (A1)
are given by [28]

l_l(rs2+r51>+r 1+1

r 2\N M 2\N M)’

1 r4+6 (1 1

L —4+— ), and A3
o 2 (N+M> an (A3)
11 (l"sz n 1’51) t (1 1

A 2\N M 2\N M

Here, X is the back-scattering length for the charge trans-
port, Ag is a scattering length for the spin transport, and
As 1s a scattering length for spin relaxation in the channel.
The scattering lengths A" and A} in Eq. (A1) are related to
spin-induced charge and charge-induced spin, respectively.
They are given by [28]

1 1 /rop  rg r (1 1
Lol r (LY
ANoO2\N M 2\ N M A4)
1 _ 1 (rgz 7’3-1) + t, (1 1 (
Ao 2\N M) 2\N M

For simplicity of the analytical details, we define

L r 1+1
A 2\N M)’
1 ts (1 1
—=2({=4+—), and A5
w2 \wTm) (#3)
1_1<r52 rsl)
As 2\N M/’
which allows us to rewrite Eq. (A4) as

1 1

7=t ad

T R (A6)
y_)»_rs-i_)»_;'

Note that the resistance matrix similar to Eq. (1) presented
in Ref. [28] considered potentiometric (noninvasive) exter-
nal contacts only, by assuming Az — 00. Also, to derive
the resistance matrix, Ref. [28] assumed that the spin-flip
reflection is the dominant scattering, i.e. (1/1), (1/As) >
(1/x0), (1/17),(1/1}). In this paper, we present a resis-
tance matrix applicable for general scattering conditions
and contacts with arbitrary conductance.

2. Assumptions

We make the following two assumptions:

(a) No charge current is flowing out of the external con-
tact, i.e., i = 0. The external contact can only inject or
absorb a spin current #°.

(b) We consider a channel region where the spin voltage
is uniform, i.e.,

d

—V,=0.
dx

Thus the diffusion equations can be rewritten as

d
—1I1. =0, A7
£ (AT2)
d 1 1 1.
4y (L Ly,
dx A Ag) Gg Gphp
2 2po (1 1 2popy apo .
Vet — |\ —+—| Vs ~Ve+ 1,
+ (X)\rs + o ()\r + )\B> + )\,B + 2GB
(A7b)
d 4Gy 2 20
=y 4 =+ 4k and (A7
dx o) + A + oA +7, and (A70)
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o= (L1,
s — - )\‘0 )\'B s

2pops
AB

P 1 4 ape (=4 )7+
)\-BGBC 'Po )\0 )\'B c

V.. (A7d)

Equation (A7d) can be simplified as

2p0G - - 20 G,
Is = PO Vc - Kpf ¢t K_pf P Vs, (AS)
o o o o
where
Ao
K = . (A9)
Ao+ Ap

3. Second row of the resistance matrix

We differentiate both sides of Eq. (A8) with respect to x
and combine with Egs. (A7a) and (A7d) to get

d[_zpoGBd
de’ o dx

V., (A10)

which we further combine with Egs. (A7b) and (A7c) to
get

4Gy [ 1 I 2
——B|:—+po<—+@+@>:|Vy=— PP,

Ol2 )\‘S )\rs )\r )»3 )\B
2[1 (1. 1. 1Y],
a i PO\ TR T
4p2p; G
+ PEITEy (1 )£, (All)
O[)\.B

We then combine Egs. (A11) and (AS8) to get

A a? (1 —p2) A
LI VR Chad L RNTS
2Gph,g 2Gp 4Gl
where iy = Li°, Ay, and € are given by
N ( >
— =B P ) d  (AI3
o a T, Tag L) and (A3
)\'SO )\’SO )"AO ( 2
= — 4+ —4+—(1- ) Al3b
TR TR Py (A130)

4. First row of the resistance matrix
We combine Eq. (A7b) with Eq. (A8) to get

d R AN A
—Ve=—|~ — Vs
dx ()\ + AB Gp + s

o (1 1 —kp} apo
== Ve + —— 1.
+ o ()\.y + )\B * + 2Ggl

We apply dV./dx = — (V) —V;) /L and combine Eq.
(A14) with Eq. (A12) to get

L apo )\.S() )»50 )»S() 2 .
V—V—_—IC————}———i——(l— ) 3
: 2 GB)"m 263 {}"r )\s AB Kp/ :

O5)\3'0 .
- Ls,
ZGB)"VS

(Al14)

(A15)

where i; = Li® and the effective mean free path (A,,) is
given by

+ 1 - Kp)g )iO + )\SOP(% _ )"sopg _ )"s()pg
AB As Ar At A )
(A16)
From Egs. (A3) and (A4) we see that
: + L_1 + : (A17)
AooA A A
which allows us to write Eq. (A15) as
L As
ViV, = [ 2P0 EE G (A18)
GB)Lm 2GB 2GB)‘-rs

The terms related to A,s in Egs. (A18) and (A12) indicate

an additional component on charge-spin interconversion

induced by spin-flip scatterings. We define the strength of
such scattering-induced charge-spin interconversion as

_

Pre = Ars

Thus we can write Egs. (A18) and (A12) as

(A19)

L PO eff .

V=V, = I — —%,

1 2 GB)bm c 2GB g
y _apoar, @ (1=p3) o,
YT2Gy ¢ 4GgL o

which yields the resistance matrix in Eq. (1), where pg ¢ is
given by
Doeft = €P0 + Prs, (A20)

which indicate that the charge-spin interconversion can
have a contribution from the band structure of the material
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(given by po) and also a spin-dependent-scattering-induced
component (given by p;s).

5. Pure scattering-induced charge-spin interconversion

Equations (A18) and (A12) indicate a pure scattering-
induced charge-spin interconversion, even in a normal
metal (i.e., po =0 or M = N). Such charge-spin inter-
conversion can be induced in a normal metal due to a
difference in 7, and ry, i.e., forward (or backward) mov-
ing up spins scatter at a different rate than the down spins.
In a normal metal, Eqs. (A18) and (A12) become

L APys
n—-Vvy,=——I.-— Ig. (A21a)
GgAl, 2Gp
Py oA
VY = c _is, (Azlb)
2Gp 4Gl

where (1/A,) = (1/A) + (As/A%), and p,, represents the
strength of the spin-flip scattering induced charge-spin
interconversion in a normal metal channel, given by

. (rs2 + IS) - (rsl + tS)
(ro +1s) + (ra +1s)

(A22)

rs

Equations (A21a){A21b) indicate a charge-to-spin and
a spin-to-charge conversion in a normal metal channel,
similar to Eq. (1) describing a SML channel.

The phenomena described by Eqgs. (A2la){A21b)
are aligned with experimental observations on impurity
scattering-induced high SOT (e.g., Ref. [17]), where a cop-
per sample (a well-known normal metal channel) exhibits
a large SOT by introducing bismuth impurities. Note that,
in the present paper, we extract p(’)ﬂ:f from measurements
and do not assume any particular origin.

APPENDIX B: NUMBER OF MODES AND
DENSITY OF STATES

The density of states in a material is given by

dN _ dN dp

==X Bl
dE ~ dp dE’ ®D

0

where N is the number of electronic states in the channel,
p 1s the momentum, and E is the energy. Noting that the
group velocity v = dE /dp, Eq. (B1) gives

dN

Dyv=—. (B2)
dp

The total number of states, N(p), that have a momentum

less than p can be counted using the following formula for

a 2D channel with length L and width w [29]

7'[[)2

N@p)=2x -, (B3)

==
==

and using the following formula for a 3D channel with
length L, width w, and thickness ¢

43
Np)=2x 32—, (B4)
Lwit
which in conjunction with Eq. (B2) gives
2np
Dv=2x h—zw, (for a 2D channel), (B5a)
4 p?
Dv=2x B wt,  (for a 3D channel), (B5b)

where D = Dy/L represents the density of states per unit
length. Here, the prefactor 2 is introduced for two types of
spins.

Combining Egs. (B5a)«(B5b) with Eq. (3), which in
conjunction with Eq. (B2), gives

My =2 x %w, (for a 2D channel), (B6a)
T

2

Mr=2
r x 4717i2w

t,  (for a 3D channel). (B6b)

At the Fermi energy, we can write p = hkp in terms
of the Fermi wavevector kr. kr is related to the carrier
concentration in the channel as [28]

kr = +/27n;,  (for a 2D channel), (B7a)
kp = /3720, (for a 3D channel), (B7b)

where n, and n are the carrier concentrations for a 2D
and a 3D channel. Combining Egs. (B7a)+(B7b) to Egs.
(B6a)y{B6Db) yields the expressions in Eq. (4).

APPENDIX C: SPIN-MOMENTUM LOCKING IN
RASHBA CHANNELS

We start from the following Rashba Hamiltonian

h2k? L=\ .
H=—5Lyx—ar (0 X k) Y,
2m

*

(CD)

where «y, is the Rashba coefficient, m* is the effective elec-
tron mass, k is the wave vector, and I, is a 2 x 2 identity
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matrix. The dispersion relation from Eq. (C1) is given by

R k?

T 2m*

E (€2)

— sagk,

with s being the spin index.
Solutions for & for a given energy E are given by

Wk = sm*ag + \/(m*)2a§ + 2h2m*E,

hzkz = sm*aR - \/(m*)zotj% + 2h2m*E,

noting that s> = 1.

Here, k(s = +1) and k(s = —1) correspond to M and
N respectively. Similarly k(s = —1) and k(s = +1) cor-
respond to M and N, respectively, satisfying the time-
reversal symmetry. Thus the degree of SML py is given
by

kis=4+D —k(s=-1)

kis =+ +k(s=-1)

_ %R (C3)

/ 2R2Er
oe,%-l— m*F

which in conjunction with Ep = (1/2)m*v’ gives the
expression in Eq. (6).
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