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The current-induced spin polarization (CISP) in a system without the inversion symmetry is known to
efficiently generate the spin current. In this paper we propose another approach, generating the spin current
from the CISP locally arising in a system with the inversion symmetry in the form of the antiparallel CISP in
sublattice structure. In this approach the local CISP is extracted from one of sublattices by a selective contact
between the sublattice and an electrode. As the simplest system with such antiparallel CISP, we consider a
symmetric double-quantum-well structure (DQWS) and calculate the antiparallel CISP and the spin current to
a metallic layer in parallel contact with one well of the DQWS using the Boltzmann equation in the relaxation
time approximation. When the Fermi energy is large enough that the first-excited sub-band is occupied, the
magnitude of the spin current, which is proportional to that of the antiparallel CISP, increases with the interwell
tunnel coupling and reaches twice the value of the decoupled quantum well with the broken inversion symmetry.
Such an estimate suggests that inversion-symmetric systems can be useful in generating the spin current if the

inversion symmetry is locally broken.

DOLI: 10.1103/PhysRevB.107.115306

I. INTRODUCTION

The spin current plays an important role in spintronics,
such as switching the magnetization direction in magnetore-
sistive random-access memory (MRAM), which is expected
to realize ultrahigh density and ultralow power consumption
in RAM [1-4]. One way to generate the spin current in non-
magnetic materials is to use the diffusion of current-induced
spin polarization (CISP) [5-10], which occurs in a system
with broken inversion symmetry [11-18]. Such charge-to-spin
conversion has been realized experimentally in many systems,
such as single-layer quantum wells with a spin-split energy
band [11], topological insulators with a spin-momentum lock-
ing [12-14], and heterojunctions of atomic layer and metal
[16,17].

Recently, the locally broken inversion symmetry in a sys-
tem with global inversion symmetry has been attracting a
lot of attention in superconductivity [19-22] and spintronics
[23-36]. The locally broken inversion symmetry exists with
the global inversion symmetry if the system has sublattices.
In such a system, a pair of spin-degenerate states forms
the local spin polarization, which are antiparallel between
two sublattices [23-32]. Such antiparallel spin polarization
has been theoretically derived [23-25] and experimentally
observed in materials such as monolayer PtSe, and bilayer
WSe, by using spin- and angle-resolved photoemission spec-
troscopy [26-32]. The antiparallel local spin polarization of
each spin-degenerate pair gives rise to the antiparallel CISP
when contributions from all occupied states are summed in
the presence of a charge current [33-36]. It has been shown
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that such antiparallel CISP in a sublattice structure can switch
the sublattice magnetization of the same structure [33,35,36]
for use as memory in antiferromagnetic spintronics [37]. If
an efficient generation of the spin current is possible from the
antiparallel CISP, it will further enhance the importance of the
locally broken inversion symmetry.

In this study, we propose and explore the generation of the
spin current from the antiparallel CISP in a sublattice structure
with the locally broken inversion symmetry in each sublattice.
Our method is to extract the local CISP from one of the sub-
lattices by coupling an electrode selectively to the sublattice.
The selective coupling can be achieved, for example, in a
two-dimensional (2D) buckled structure such as atomic layer
silicene where two sublattices are displaced from each other
in the out-of-plane direction.

As a demonstration of the spin current generation from
the local CISP, we consider a symmetric double-quantum-
well structure (DQWS) [38-46] with the Rashba spin-orbit
interaction (SOI) [47-50]. The symmetric DQWS has the
inversion symmetry with respect to a point between two wells
and exhibits the antiparallel Rashba effective magnetic field,
which produces the antiparallel CISP. In this paper we derive
an analytical formula for the antiparallel CISP and the spin
current to a metallic layer (electrode) in parallel contact with
one well of the DQWS by using the Boltzmann equation in the
relaxation time approximation. We find that the spin current,
which is proportional to the local CISP in the well, increases
with the interwell coupling and reaches twice the value at no
coupling. The DQWS with no interwell coupling is equivalent

©2023 American Physical Society
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FIG. 1. General model for the generation of the spin current by
[-CISP.

to a pair of isolated quantum wells, each of which has the
broken inversion symmetry.

The organization of this paper is as follows. Section IT A
presents a general scheme for generating the spin current
from a system with the locally broken inversion symmetry
and introduces the DQWS and atomic layers as examples.
Section II B presents the Hamiltonian of a system consisting
of the DQWS and electrodes, and describes electronic states in
the DQWS and the electrode when the coupling is absent be-
tween them. Section III describes the Boltzmann equation for
the distribution function generally in a system with the locally
broken inversion symmetry in the presence of the in-plane
electric field E, in the relaxation time approximation, and
presents expressions for the antiparallel CISP, the spin current,
and the charge current in terms of the distribution function in
the first order of E,. Section IV presents calculated results in
the DQWS. Here we take into account the difference in the
electrochemical potential Ap.. which appears between the
DQWS with E, and the electrode in equilibrium. The potential
difference Ap.. does not produce the spin current, which is
proportional to the local value of E,. However, A .. produces
the charge current to the electrode, which gives rise to the
in-plane spatial variation of E, and consequently that of the
spin current.

II. MODEL AND HAMILTONIAN

A. General model

Figure 1 presents a general model for the generation of the
spin current from a system with the inversion symmetry. The
model consists of a current-induced local spin polarization
(I-CISP) generator with the inversion symmetry, electrodes A
and B for extracting the [-CISP, and source and drain elec-
trodes. The [-CISP generator has sublattices (or layers) A and
B selectively coupled to the electrodes A and B, respectively.
Since the current flows in the xy plane between the source
and drain electrodes, we describe the eigenstate of the /-CISP
generator as |vk) with the wave vector k = (ky, k;) and the
band index v. The in-plane electric field E in the [-CISP
generator induces the /-CISP, which is antiparallel between

Electrode L \

)
T
ya

| Hr
L o © I-CISP
= — E | Agas =
AR —a © I-CISP a
| Hr

| Electrode R |

|
1

FIG. 2. DQWS model.

A and B sublattices. Here we take the y axis in the direction
of the [-CISP and choose the eigenstate of the electrode to
be the eigenvector of &, the y component of the Pauli spin
operator, which satisfies 6, |o,) = oy |o,) with o, = £1. Such
a choice is always possible because we neglect the SOI in the
electrodes. Then the eigenstate of the electrode is expressed
as |no,), where n represents other quantum numbers. We
describe the coupling between the [-CISP generator and each
electrode by the tunneling Hamiltonian Hr.

Then the Hamiltonian of our general model in Fig. 1 is
expressed by

H = Hy + Hg + Hr, (D

where Hy and Hg are the Hamiltonian of the /-CISP generator
and that of the electrodes, respectively. Their eigenvectors
satisfy

Hy|vk) = ew|vk),  Helénoy) = &,lnoy), £ =A,B (2)

where ¢,x and ¢, are the corresponding eigenvalues.

We can apply this general model to any inversion-
symmetric structure as the /-CISP generator if the selective
coupling is possible between one of sublattices to an elec-
trode. One of such structures, which may be the simplest, is
the DQWS in Fig. 2, which we study in subsequent sections.
Another important structure is atomic layer. The group IV
atomic layer in Fig. 3, for example, has sublattices of A and B
sites, which are displaced from each other in the out-of-plane
direction, except graphene. Therefore a selective coupling
is possible by placing another atomic layer on this buckled
atomic layer.

Yy
(?—n’lf‘
z

Electrode A ‘

Drain

L

Source E I

Hy| LCISP
Electrode B ‘

A site
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FIG. 3. Atomic layer model.
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FIG. 4. Potential V and the local spin polarization in the DQWS
in Fig. 2. Solid red and blue dashed lines represent the distribution of
spin-up and spin-down states, respectively, at the Fermi energy in the
ground sub-band G and the first excited sub-band E. The direction of
spin is parallel or antiparallel to the effective magnetic field. A is
the magnitude of the local spin polarization at each well (§ = L, R).

B. Model and Hamiltonian of DQWS

Figure 2 presents a model with the DQWS as the /-CISP
generator, which consists of two wells, L and R, with the
Rashba spin-orbit coefficients, «(>0) and —a, respectively.
Asgas is the strength of the coupling between L and R wells.
Electrode L and R are selectively coupled to well L and R, re-
spectively. Figure 4 shows the potential and the wave function
in the DQWS. The potential has the mirror symmetry with
respect to the z = 0 plane. The antiparallel Rashba effective
magnetic field is produced by the potential gradient and the
band offset [51].

The Hamiltonian of the DQWS is given by

A2 | 52
o= D0y )
2m
where p, and p, are the momentum operators and m is the
effective mass of the conduction band. The second term H |,
which describes the motion perpendicular to the DQWS, is
given by

1 o
H, = _EASAS%I + Ef.%(ﬁy&x — Pi6y), 4)
where the first term represents the interwell coupling and
the second term expresses the antiparallel Rashba effective
magnetic field. Here 2, (y = 1, 2 and 3) is the Pauli operator
for pseudospin [52,53] defined by

& =|R) (LI + L) (R], &)
B =i|R) (L| —i[L) (R], (©)
73 = |L) (L| = IR) (R], @)

where |L) and |R) represent the lowest bound state in the left
and right wells, respectively.

(a) 4 (b) 4 L
2
Y,
3 ];y 0 ;rAkFG
R FE
5 2
4
1 EEk Eak -
~ (c)
0| Asas i
2
-1 ky o b Ao
2
2 p
0 1 2 3 4 5 6 S R
k ko

FIG. 5. (a) Sub-band structure in the DQWS at the interwell
coupling of Agas = Agas/(2atkso) = 2 with kso = mar/i*. Dimen-
sionless energy and momentum are defined by & = ¢/(2akso) and
k = k/kso, respectively. The local spin polarization is shown by
arrows in (b) left and (c) right wells on the Fermi surface at the Fermi
energy of & = 1.5.

The eigenvector is given by |nok) = |n)lo)|k). Here |k) is
the eigenvector of p = (px, p,) corresponding to the eigen-
value k. For each k, |o) is defined by e,-6|o0) =0 |o)
where e, = k' (k,, —k,, 0) with k = ka + ky2 is the unit
vector in the direction of the effective magnetic field, ¢ =
(64, 6y, 6;), and 0 = £1. The vector |n) (n = £1) is given,
for each k and each o, by

1
In) = ﬁm'” —ny/1—no AcR)),  (8)
Ap = 20k/\/ Ak + (Ratk)?. )

The local spin polarization in each well of state |n) at k
becomes

Z (nok | 6P: |nok) =&nAgey, (10

o

where P; = |§)(&| is the projection operator onto well &
(¢=L,R) with £=1 for £E=L and £ = —1 for £ =R.
Equation (10) shows that the magnitude of the local spin
polarization is A; and its direction is opposite between & = L
and R and between n = —1 and 1. The eigenvalue of H is
given by

R2k?

n
Enk = EJF z,/AgAS + Qak)?, (11)

where n is the sub-band index and we also use n = G for
n = —1and n = E for n = 1, since they are the ground state
and the first-excited state, respectively. The eigenvalue has
no dependence on o because the DQWS has the inversion
symmetry. The energy difference between the ground and the
first-excited states is Agas at k = 0, while, at Agas = 0, it
becomes 2ak, the spin splitting due to the Rashba SOI in a
decoupled quantum well. Figure 5(a) presents the eigenenergy
as a function of k and Figs. 5(b) and 5(c) show the local spin
polarization [Eq. (10)] in well L and R, respectively, on the
Fermi surfaces k = kgg (n = G) and k = kgg (n = E).
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The Hamiltonian of electrode £ (= L, R) is assumed to be
Bt

H,
El 2

+ &o. (12)
Here the effective mass myg is the same in £ = L and R, and
eo(< 0) is the energy at the band bottom. The eigenvector is
|ékk.o,) and the eigenenergy is
> (k* + k2
Ekk, = M-I— £0. (13)
h 2mg)

The tunneling Hamiltonian is given by

Hr = ) |tkoy)(&koy | Hr | Ekk 0y} (Ekk.0y| + He., (14)
Ekk;o,

where |£koy) = |£)|k)oy) and H.c. denotes the Hermitian con-
jugate of the preceding term. Here we have assumed that
Hy has the in-plane translational symmetry and does not
include the spin and that the tunneling occurs between the
electrode and the well in the same side. The matrix element
(6koy | Hr | §kk,oy) is then independent of k and o, and is
assumed to be the same in £ = L and R.

With use of Hy, we express the rate of the transition be-
tween |nok) and |§kk.o,) at the same energy (e, = €xx.)
in Eq. (31). The value of k,, satisfying &,x = e, = Fzz(k2 +
kzz) /(2mg)) + €9, varies depending on n and k. However, we
neglect the variation of (§ko, | Hy | §kk.0,) with k; by choos-
ing a sufficiently large value of |gg| such that |gg| > ef (ep:
the Fermi energy of the DQWS). This is because the vari-
ation of k, is of the order of k,eg/|gp| from h2k12/(2m51) =

—&9 — Pk /(2mE1) + & = —&0 + O(ep).

III. CALCULATION METHOD AND FORMULAS

We calculate the [-CISP, the spin current, and the charge
current by employing the Boltzmann equation in the first order
of E. We assume that spatial variations of E and the potential
¢ are in the length scale much longer than the mean-free path.
Then using local values of E and ¢, the steady-state Boltz-
mann equation for the distribution function f, (of the general
model in Sec. IT A) with k the in-plane wave vector and v the
band index is given, in the relaxation time approximation with
the momentum relaxation time 7, by

(—e)E ) 0 for _ Sk — folew — e, pee)

— , 15
h ok Tp (1)

where e(>0) is the absolute value of the electronic charge and
fo(e, tee) = {expl(e — pec)/ksT1+ 1}7" with pe. the elec-
trochemical potential, kg the Boltzmann constant, and T the
temperature. The distribution function is decomposed into the
equilibrium distribution and the deviation fv(,? in the first order
of E:

ok = folewe = e, pee) + f) (16)
in which £ is obtained, from Eq. (15), to be

1 _ ek ~k8_f0

- 17
vk hk 0k (17

With use of fv(l), the /-CISP per unit area, 0 = (0%, Oy, O¢;),
in sub-band (or layer) £ is given by

1
(1) ~
o: = E%:ka (vk | 6P | vk), (18)

with § the system area.
Spin and charge currents per unit area, j;, and j; ., into
electrode £ are given by

:S h A .l
Jeg = 5Use — Jze): (19)
Je=—eGl + o) (20)
where j7" : (0, =1, ) is the number current per unit area

of spin-up and spin-down electrons into electrode £ and is
given by

o 1
e =520 D Wenoklfure = folen, D1, @1

vk 7

where we assumed that electrodes are in equilibrium with
the electrochemical potential ugi and the temperature 7. The
tunneling rate between the /-CISP generator and electrode &,
Weno, vk, i given by

21
Weno,.uk = ——I(noy | Hr | k)8 (euk — e — ;). (22)

The charge current density in the [-CISP generator, j° =
(s, j)c,), is expressed by

—e 10e,
¢ = — |l =——— . 23
J 3 EVk fk(h 8k> (23)

IV. CALCULATED RESULTS IN DQWS

A. Antiparallel CISP
The [-CISP in well & of the DQWS becomes, by applying

Eq. (18) to the DQWS and substituting the local spin polar-
ization in Eq. (10),

1 N §
o: = §Z fQnok | 6P, |nok) = EZ FPnAce,, (24)
nok nk

where n takes either n = —1,1 or n = G, E. By choosing
E = (E,,0,0), 0 is in the y direction because f.,’ = k.g(k)
for E = (E,,0,0) and e, = k' (k,, —k,,0). At T =0, the
[-CISP is obtained to be

e

E.t,
yo Z nken A, . (25)

O'Ly = —O'Ry =

Figure 6 presents the dependence of o1, on the Fermi energy
er at fixed values of the interwell coupling, Asas/(Qakso) =
0,2,5, and 10 (kso = mah’z). At Agpas =0, op, reduces
to the CISP in a single QW and is given in &g > 0 by
oyo = —eE,tpykso/(2mh) with no dependence on er. With
respect to the er dependence of o1y, we focus on the re-
gion of Agas = 2akso where &,; becomes a monotonically
increasing function of k& as shown in Fig. 5(a). In the

115306-4
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FIG. 6. The dependence of the [-CISP op, on the Fermi en-
ergy er and the interwell coupling Agas. Dimensionless parameters
are defined by g = 81:/(2(1/(50) and ASAS = ASAs/(Z(sto). Oy =
—eE T, kso /(21 hi) is the value at Agas = 0 in er > 0. In a typical
semiconductor DQWS, er ~ 10meV and Agps < 3meV [54-56].

lower-energy region of —Agas/2 < er < Agas/2 where only
the ground sub-band is occupied by electrons, Eq. (25) be-
comes op, = —(4nh)’1eEx1:,,kFGAkFG which increases with
er. In eg > Agas/2, on the other hand, the contribution from
the first-excited sub-band suppresses or,, which decreases
with &g and approaches oy in the limit of g — oo. Thus oy,
exhibits the maximum at eg = Agas/2, the value of which is
o1y = 20y0(Asas + 2akso)/(Asas + dakso).

Figure 7 shows the dependence of o1, on the interwell
coupling Agas at fixed values of the Rashba coefficient,
2akg/ep = 0.2,0.3, and 0.5 (kg = +/2meg/h), in the region

FIG. 7. The dependence of the [-CISP oy, on the interwell
coupling Agas and the Rashba coefficient o« in e > Agas/2
where both the ground and the first-excited sub-bands are occu-
pled ASAS = ASAS/er & = 20(/{}:/8[: (kp =4/ 2m8p/h), and Oy =
0y0/& = —eE,T,kg/(87h). Dashed and dash-dotted lines plot oy
[Eq.(28)] and oy, [Eq. (29)], respectively, at & = 0.2.

of eg > Agas/2 in which both the ground and the first-excited
sub-bands contribute to or,. We find that Agas enhances
oLy. Since kg, in Eq. (25) is given in &g > Agsas/2 by kg, =
\/ K3+2kG0—nmhi =2/ A% s+ Qak P +Q2akso )P, O becomes

AgAS
=t (26)
A2, ¢ + Qarke)

OLy = 0y0 (1 +
which indicates that o1, increases from o,y at Agas =0 to
20y in the limit of Agas/(2akp) — o0o. This enhancement
originates from the increasing difference in the local spin
polarization Ay between the ground and the first-excited sub-
bands at the Fermi energy. To show this, we divide Eq. (25)
into two terms

OLy = Oak + Oy, 27
with
ek,T,
Ou =~ o (kfG — krE) (A + D)
Adus + 20ke)2[ 14 /1 = A3/ (4}) o)
= 0’,0 )
Y A2, + Qakp)?
ek,7,
Oas =~ o (krG + keE) (Db — Aigys)
Adps + 20ke2[1 = /1 = A3/ (4}) |
=0y (29)

AéAS + (20[](1:)2

The Agas dependence of oy and that of oy, at 2akp/ep =
0.2 are indicated by dashed and dash-dotted lines in Fig. 7.
These plots show that the twofold increase of o1, with Agas
is given by the increase of oy, which in turn is given by
the increase of Ay, — Ag. Therefore the twofold increase
of or, originates from the k dependence of the local spin
polarization Ay, which is unique to a system with the locally
broken inversion symmetry. As derived from Eqs. (28) and
29), 041 = Oy0 and oy = 0 at Agas = 0and oy, = oy = Oy0
at Asas/QRakg) — oo.

B. Spin current

We calculate the spin current and the charge current by
considering two driving forces, the in-plane electrical field
E and the electrochemical potential difference between the
DQWS and the electrode Aptec = e — flod = —e¢. By ap-
plying Eqgs. (19), (21), and (22) to the DQWS model, the spin
current to electrode £ is given by

1 h
Jre = 3 Z % Z Z Waok k.o, [ fuk — fo(€re» 1) ],

nok k;
(30)
with
2 )
‘/Vnak,ékkzav:7|<n0k | Hr | £kk.0y)*8 (8 — e — €rx, )
(€29)]

115306-5
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and is expressed as

) 1 ho
fe=<D 5 D lnok|gkoy)?

nok

1
x —[fu— folew — e )] G2)
&
with ¢, the lifetime of state |§koy) due to tunneling to elec-
trode &, defined by

1 2 N 2
— =D l(Ekoy | Hr | £kk.00) 8 (e — e — ex.). (33)
kz

Te -
Since the matrix element (£ka, | Hy | £kk,0,) has no depen-
dences on &, k, and o, and a negligible dependence on k;,
owing to the assumptions made in Sec. II B, 7~ ! is propor-
tional to the density of states, whose dependence on &, —

e¢ is also negligible owing to the assumption of |go| > ep
(Sec. ITB). Then we obtain

e =Tt (34)
with
h
o= D (nok | 6,P: | nok 35
A zfésgkjfnk (nok |6,P: |nok),  (35)

h a
He = —— Ao —— E Enks 13) (nok | 6,P; | nok),
fupe 205 m . fo(ene nsd)(nok | 6yP: | nok)

nok

(36)

Slhec

where j;EE and j';* are components driven by E and Afiec,

respectively. Since fy(eux, fed), an isotropic distribution in k
space, does not produce the spin polarization, we have ];’z =

0 and obtain

/]
S . = —0%,. 37
Jz g 2t &y 37

We find that the spin current is proportional to the [-CISP oz,
driven by E,, and is not produced by A piec.

C. Spatial variations

The electrochemical potential difference Ape. = —ed,
however, produces the charge current to electrodes, which in
turn gives rise to the spatial variation of E, and consequently
that of the spin current. We calculate such spatial variations
with Kirchhoff’s first law.

The charge current densities jzc’g(x) [Eq. (20)] and ji(x)
[Eq. (23)] are given by

Jop = Jir = 80¢(x), Ji = 00Ex(x), (38)

where gy is the conductance between the DQWS and each
electrode per unit area and oy is the electrical conductivity of
the DQWS. Kirchhoff’s first law, applied to the area of the
DQWS with width dx and unit length, gives

J3) = jieAdx) =[S () + jig(@)]dx =0, (39)

which leads to

d*¢p(x)  ¢(x) _0
a2 a7

A =/00/280, (40)

where A represents the length scale of the variation. By im-
posing the zero net current to each electrode | Jg(x)dx =0,
we obtain ¢(x) and E,(x) to be
A¢ sinh(x/A)
) =——— 7, (41)
2 sinh(L,/2A)
A¢ cosh(x/A)
2 sinh(L,/21)’

where A¢ is the voltage drop across the electrode length L,.
Figure 8(a) shows a schematic view of spatial variations of the
spin current j3, the charge currents j:, and j. The spin current
J:(x) and E,.(x) are the smallest at the electrode center (x = 0)
because the charge current flows out to electrodes in x < 0 and
flows in to the DQWS in x > 0. Figure 8(b) and 8(c) present
the A dependence of E,(x) and ¢(x). As shown in Eq. (39),
A is longer when the DQWS has a higher conductivity and
junctions to electrodes have a lower conductance. Since the
spin current at each x is proportional to E,(x), the total spin
current to each electrode is determined by A¢, the potential
drop in the electrode length.

Ec(x) = (42)

V. CONCLUSIONS

We have proposed the generation of the spin current from
the antiparallel CISP, which occurs in a system with the
locally broken inversion symmetry, by selectively coupling
an electrode to one of sublattices (or layers) with the local
CISP. Since a variety of materials and systems have the locally
broken inversion symmetry, we expect that our proposal could
enhance the possibility of finding an efficient spin current
source. Especially, atomic layer materials with sublattices
displaced from each other in the out-of-plane direction are
promising candidates in that the selective coupling can be
implemented by simply placing another layer as the electrode
onto the layer with the antiparallel CISP.

We have demonstrated generating the spin current from the
antiparallel CISP in a system consisting of the DQWS and
electrodes as the simplest example. We have calculated the an-
tiparallel CISP in the DQWS using the Boltzmann equation in
the relaxation time approximation, and found, in the large
Fermi energy region with the first-excited sub-band occupied,
that the magnitude of the antiparallel CISP increases by two
when the interwell coupling is increased from no coupling
(decoupled quantum wells with broken inversion symmetry)
to a strong coupling, even though the local spin polarization
of the spin-degenerate eigenstate pair decreases with the in-
terwell coupling. This twofold increase originates from the
momentum dependence of the local spin polarization, which
is unique to the system with the locally broken inversion sym-
metry. Such interwell-coupling dependence of the antiparallel
CISP is reflected in the spin current to each electrode because
the spin current is proportional to the local CISP in one well,
to which the electrode is coupled, as long as tunneling rates
to the electrode are approximately the same in all eigenstates
occupied in the DQWS.

The spin current generation from the antiparallel CISP in
DQWS, in which the charge current along x induces the spin
polarization along y to flow along z, can be regarded as a spin
Hall effect [57-61] and categorized as the intrinsic spin Hall
effect [59,60] because it originates from the band structure and
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FIG. 8. (a) Schematic view of spatial variations of the spin current j? (blue solid arrow), the charge current j; (red dashed), and j; (black
dashed). L, is the electrode length. Spatial variations of (b) E,(x) and (c) ¢(x) are presented for A = A/L, = 0.3, 0.5, and 1.0.

the spin polarization of each eigenstate. In the spin Hall effect
in the bulk, the charge current first produces the spin current,
which then accumulates the antiparallel spin polarization on
opposite surfaces. On the other hand, in the present DQWS,
the charge current first induces the antiparallel spin polariza-
tion in two wells, which then generates the spin current by
diffusing into electrodes. It has a close correspondence with
the spin current generation from 3D topological insulators
in which opposite surfaces exhibit antiparallel CISP [12-14].
However, the present DQWS, as we have demonstrated in this

paper, has a unique feature brought by the interwell coupling,
which is absent in 3D topological insulators with decoupled
surfaces.
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