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Spin-charge conversion by the inverse spin Hall effect or inverse Rashba-Edelstein effect is prevalent in
spintronics but dissipative. We propose a dissipationless spin-charge conversion mechanism by an
excitonic pseudospin superfluid in an electron-hole double-layer system. Magnetic exchange fields lift
singlet-triplet degeneracy of interlayer exciton levels in the double-layer system. Condensation of the
singlet-triplet hybridized excitons breaks both a U(1) gauge symmetry and a pseudospin rotational
symmetry around the fields, leading to spin-charge coupled superflow in the system. We demonstrate the
mechanism by deriving spin-charge coupled Josephson equations for the excitonic superflow from a
coupled quantum-dot model.
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Introduction.—Exploring novel approaches to informa-
tion storage and transport is one of the major challenge in
condensed matter physics and quantum information [1–4].
Spintronics utilize spin degree of freedom of electrons
[5–10]. As spin voltage or spin current is hardly direct
observable, efficient spin-charge conversion becomes a
prerequisite for spintronics applications. Inverse spin
Hall [11–16] and Rashba-Edelstein [17–23] effects are
widely used to convert spin current and spin voltage into
charge current, respectively. These effects are accompanied
by diffusive quasiparticle transport so that the spin-charge
conversions by them are generally lossy.
A dissipationless spin-charge conversion can be real-

ized in superfluids that have both charge [24,25] and spin
[26–45] superflow properties. Spin-triplet superconduc-
tors [46] and ferromagnetic Josephson junctions [47–52]
are among such systems, where spin-polarized Cooper
pairs in superconductors are induced by spontaneous
symmetry breakings or by magnetic proximity effects
[53–57] from ferromagnetic interfaces. In ferromagnetic
Josephson junctions, ferromagnetic moments in the inter-
faces control a relative superconducting phase between
spin up and down Cooper pairs, leading to dissipationless
Josephson charge and spin currents [48,51]. Nonetheless,
the relative phase is a massive mode. Thereby, the finite
mass hinders the low-energy conversion from spin voltage
to charge current.
Exciton condensates in two-dimensional (2D) electron-

hole double-layer (EHDL) systems are ideal platforms
for dissipationless conversion between spin voltage and
charge current. In the 2D EHDL systems, electron and hole
layers are separated from each other by an insulating layer
[58–61]. Electrons and holes interact only through
Coulomb attraction, which binds them into bound states
(excitons). In the presence of a spin-rotational symmetry in
either one of the two layers, the bound states have an energy

degeneracy between singlet and triplet excitonic pseudo-
spin (electrons and holes with opposite spins) levels.
Condensation of such excitons breaks not only a relative
U(1) gauge symmetry between the two layers but also a
pseudospin rotational symmetry, a combination of two
spin rotational symmetries in the two layers. The broken
gauge symmetry gives rise to electric supercurrents
flowing in opposite directions in the two layers
[58,62,63], while the broken pseudospin rotational sym-
metry leads to spin supercurrents. An experimental
observation of the charge supercurrents without magnetic
field remains illusive at this moment [60,61,64], while it
has been observed in the quantum limit [65–72].
In this Letter, we propose a dissipationless spin-charge

conversion in the 2D EHDL system under magnetic
exchange fields. The exchange fields induce a polarization
of an excitonic pseudospin. A condensate of such excitons
breaks the pseudospin rotational symmetry around the
exchange fields and the U(1) gauge symmetry, having
two gapless Goldstone modes. We clarify relations among
the pseudospin polarization, physical symmetries, and the
Goldstone modes in the condensate. We derive spin-charge
coupled Josephson equations by a quantum-dot junction
model [73,74]. Based on the coupled Josephson equations,
we show that a finite static spin voltage (a spatial gradient
of the exchange field) leads to an unconventional time-
dependent charge supercurrent, giving a microscopic
mechanism of the dissipationless spin-charge conversion.
We also clarify that spin-orbit coupling (SOC) [75,76]
gives rise to spatial textures of the pseudospin polarization
in the condensate [77], where the finite static spin voltage
induces not only the charge supercurrent but also a
dissipationless sliding of the textures.
Model.—The 2D EHDL system (in xy plane) is

described by a Hamiltonian (Ĥ):
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K̂ ≡ Ĥ − μN̂

¼
Z

d2r⃗a†ðr⃗Þ
��

−
ℏ2∇2

2ma
− Eg

�
σ0 þHaσx

�
aðr⃗Þ

þ
Z

d2r⃗b†ðr⃗Þ
��

ℏ2∇2

2mb
þ Eg

�
σ0 þHbσx

�
bðr⃗Þ

þ g
X

σ;σ0¼↑;↓

Z
d2r⃗a†σðr⃗Þb†σ0 ðr⃗Þbσ0 ðr⃗Þaσðr⃗Þ: ð1Þ

Here a≡ ða↑; a↓Þ and b≡ ðb↑; b↓Þ are annihilation oper-
ators of spin-1=2 electrons in the electron and hole layer
with a positive effective mass ma and a negative effective
mass −mb, respectively. 2Eg is an energy difference
between the bottom of the electron band and the top of
the hole band. Electrons in both layers have chemical
potential μ, and N̂ is the total number of electrons in the
EHDL system. Ha and Hb are magnetic exchange fields in
the two layers. The exchange fields can be experimentally
induced by the magnetic proximity effect from magnetic
substrates. The interlayer interaction is modeled by a short-
range interaction with a coupling constant g, while no
tunneling between the two layers is allowed. The inter-
action leads to interlayer s-wave exciton pairing, that can be
described by a four-component exciton pairing field ϕμ ≡
ðg=2Þhb†σμai with pseudospin singlet (μ ¼ 0) and triplet
(μ ¼ x, y, z) components. The exchange fields lift fourfold
degeneracy of the exciton levels, which causes a singlet-
triplet hybridization.
The hybridization can be seen from a ϕ4-type effec-

tive Lagrangian for the four-component exciton pairing
field Φ⃗≡ ð−iϕ0;ϕx;ϕy;ϕzÞ [77,78] derived from the
Hamiltonian [Eq. (1)]:

L¼−ηΦ⃗† ·∂τΦ⃗−
�
α−

2

g

�
jΦ⃗j2− γ½ðΦ⃗02Þ2þðΦ⃗002Þ2

þ6Φ⃗02Φ⃗002−4ðΦ⃗0 · Φ⃗00Þ2�þλj∇Φ⃗j2
−2hðΦ0

yΦ00
z −Φ0

zΦ00
yÞþ2h0ðΦ0

0Φ00
x −Φ0

xΦ00
0ÞþOðH2

a;bÞ;
ð2Þ

where jΦ⃗j2 ≡ Φ⃗† · Φ⃗ and τ is the imaginary time. Here Φ⃗0

and Φ⃗00 are real and imaginary parts of the complex-valued
four-component exciton field, i.e., Φ⃗≡ Φ⃗0 þ iΦ⃗00. h and h0
are weighted averages between the exchange fields in the
electron and hole layers, while their coefficients as well as
other parameters (η, α, γ, λ) in the Lagrangian depend on
detailed material properties. We assume that η < 0, γ < 0,
and λ > 0 [77].
The pseudospin degeneracy is lifted by the h and h0

terms (Fig. 1). Energy levels of the singlet-triplet hybrid-
ized modes depend on a competition between h and h0,
which favor Φ⃗ polarized within the yz and 0x planes,

respectively. When a mass of the lowest hybridized mode
becomes negative, the excitons undergo condensation. In
the condensate phase with finite amplitude of Φ⃗, the term
γðΦ⃗0 · Φ⃗00Þ2 in the action competes with the exchange
terms; the quartic term favors a parallel arrangement of
Φ⃗0 and Φ⃗00, while the two exchange terms favor a
perpendicular arrangement. The competition results in a
finite angle between Φ⃗0 and Φ⃗00.
The nature of the excitonic condensate can be clarified

by a minimization of an action S ¼ R
dτd2r⃗L by a τ-

independent classical configuration [78]. For jhj > jh0j, the
action is minimized by a transverse configuration,

ϕ⃗⊥ðθ;φ;φ0Þ ¼ ρ cos θðcosφ0e⃗y þ sinφ0e⃗zÞ
þ iρ sin θ½cosðφþ φ0Þe⃗y þ sinðφþ φ0Þe⃗z�;

ð3Þ

while for jhj < jh0j, it is minimized by a longitudinal
configuration,

ϕ⃗kðθ;φ;φ0Þ ¼ ρ½− sin θ cosðφþ φ0Þe⃗0 þ cos θ sinφ0e⃗x�
þ iρ½cos θ cosφ0e⃗0 þ sin θ sinðφþ φ0Þe⃗x�;

ð4Þ

with ρ≡ ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
hc=ð2jγjÞ

p
and hc ≡ α − 2=g. Here e⃗μ ðμ ¼

0; x; y; zÞ are unit vectors in the four-component vector
space. Note also the difference between two coordinate
spaces, Φ⃗≡ ð−iϕ0;ϕx;ϕy;ϕzÞ and ϕ⃗≡ ðϕ0;ϕx;ϕy;ϕzÞ.
Equations (3) and (4) are given in the latter coordinate
space. φ in the equations is the angle between Φ⃗0 and Φ⃗00. θ
defines a ratio between jΦ⃗0j and jΦ⃗00j through tan θ≡
jΦ⃗00j=jΦ⃗0j. φ and θ in Eqs. (3) and (4) form a loop of a
minimum-energy degeneracy:

h̃≡ sinφ sin 2θ ¼ h≡
�
h=hc for ϕ⃗⊥
−h0=hc for ϕ⃗k:

ð5Þ

FIG. 1. The fourfold spin degeneracy is lifted by the exchange
fields. When jhj > jh0j (jhj < jh0j), the lowest band is the
transverse (longitudinal) hybrid mode, where the pseudospin
polarization is in the yz (0x) plane. ðyz=0x;�Þ are exciton levels
whose pseudospin polarization field ϕ⃗ are in the yz=0x plane, and
� specifies a relative position between the real and imaginary part

of the four-component exciton field ϕ⃗ within the yz=0x plane.
The figure is for h > −h0 > 0.
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We call the exciton condensate with one of these two
configurations (“⊥” and “k”) the transverse (yz) and
longitudinal (0x) phases, respectively. Both configurations
have two arbitrary phase variables. One is φ0, an overall
rotational phase of the pseudospin vector within the yz or
0x plane [78]. The other is a combination of θ and φ that
satisfies the constraint in Eq. (5). These two are nothing but
gapless Goldstone modes associated with broken continu-
ous symmetries. A first-order transition happens at
jhj ¼ jh0j ≠ 0, where the general classical solution is given
by a linear superposition of the two configurations [78].
Spontaneously broken symmetries.—Both the yz and 0x

phases break the relative U(1) gauge symmetry between the
two layers. They also break the pseudospin rotational
symmetry in which spins in the electron and hole layers
are rotated around the field in the same and opposite
direction(s), respectively. The two arbitrary phase variables
in Eqs. (3)–(5) correspond to the Goldstone modes asso-
ciated with these symmetry breakings. In fact, they can be
absorbed into the relative gauge transformation and the
pseduospin rotation by way of a mean-field coupling,
ϕ⃗ωðθ;φ;φ0Þ · a†σ⃗bðω ¼ ⊥; kÞ. Namely, the coupling is
invariant under spin rotations around the x axis together
with a change of φ0 by δφ0,

ϕ⃗ωðθ;φ;φ0Þ → ϕ⃗ωðθ;φ;φ0 þ δφ0Þ;
a → eiφaσxa; b → eiφbσxb ¼ e∓iðφaþδφ0Þσxb: ð6Þ

Here the “∓” signs in Eq. (6) are forω ¼ ⊥; k, respectively.
The upper and lower signs in “�” and “∓” in the remainder
of this Letter shall be for ω ¼ ⊥; k respectively. The
coupling is also invariant under the relative gauge trans-
formation together with a combination of changes of θ, φ,
and φ0 under the constraint in Eq. (5),

ϕ⃗ωðθ;φ;φ0Þ → eiψ ϕ⃗ωðθ;φ;φ0Þ≡ ϕ⃗ω(θðψÞ;φðψÞ;φ0ðψÞ);
a → eiψaa; b → eiψbb ¼ eiðψa−ψÞb: ð7Þ

Here (θðψÞ;φðψÞ;φ0ðψÞ) satisfies the constraint in Eq. (5)
for an arbitrary U(1) phase ψ . A continuous variation of
(θðψÞ;φðψÞ;φ0ðψÞ) as a function of ψ is shown in Fig. 4
of the Supplemental Material [78]. To emphasize the
dependence of ϕ⃗ω on the two variables of the Goldstone
modes, we use ϕ⃗ωðψ ; h̃;φ0Þ instead of ϕ⃗ωðθ;φ;φ0Þ, where
h̃ is a massive mode defined in Eq. (5). We further omit h̃
from the arguments of ϕ⃗ω in the following.
Coupled Josephson effects.—As an analogy to pure

charge or spin superfluids [26,33], the two Goldstone
modes, φ0 and ψ , are related to spin and charge super-
currents, respectively. Without the exciton condensation,
the electron and hole layers have a spin rotational sym-
metry,

d → eiφdσxd; Hd → Hd − ℏ∂tφd; ð8Þ

and a U(1) gauge symmetry,

d → eiψdd; Vd → Vd − ℏ∂tψd; ð9Þ

where d ¼ a; b, and d ¼ a; b. Vd and Hd are the electric
potential and exchange field along x in the electron (d ¼ a)
and hole (d ¼ b) layer. Spatial differences of Vd=ð−eÞ and
Hd=ð−eÞ are defined to be the charge voltage and spin
voltage in the electron (d ¼ a) and hole (d ¼ b) layer,
where e is the unit charge. Equations (8) and (9) in
combination with Eqs. (6) and (7) suggest that in the
excitonic condensate, the charge and spin voltage control
the time dependence of ψ and φ0, respectively. As shown
below, the spatial differences of these two gapless phases
lead to spin-charge coupled Josephson currents.
The spin-charge coupled Josephson effects can be

derived by a quantum-dot junction model [73,78]. The
model comprises two domains and a junction between
them. Each domain can be regarded as an EHDL quantum
dot. The two domains (j ¼ 1, 2) have exciton pairing
ϕ⃗ωðψ ;φ0Þ ðω ¼ ⊥; kÞ with different values of ψ and φ0,
i.e., ψ j and φ0j (j ¼ 1, 2). The charge and spin voltages
change across the junction in the electron (d ¼ a) and hole
(d ¼ b) layer by VCd and VSd, respectively. ejVSdj is
assumed to be much smaller than the exchange fields
jHdj, so that variations of the gapped modes (ρ and h̃) can
be neglected. An action for the model is given by a
functional of VCd, VSd, ψ j, and φ0j (d ¼ a, b, j ¼ 1, 2)
that takes a quadratic form of the annihilation operators in
the electron and hole layers in the two domains, ajðr⃗Þ
(j ¼ 1, 2) and bjðr⃗Þ (j ¼ 1, 2). The action is comprised of
two parts:

S½aj;a†j ;bj;b†j ;ψ j;φ0j;VCd;VSd�
¼ ST ½aj;a†j ;bj;b†j � þSmf ½aj;a†j ;bj;b†j ;ψ j;φ0j;VCd;VSd�;

ð10Þ

with a mean-field part,

Smf ¼
Z

dτ
X
j¼1;2

X
α

×

�
a†jα

�
ℏ∂τ þHaα − μ −

ηj
2
eðVCa þ VSaσxÞ

�
ajα

þ b†jα

�
ℏ∂τ þHbα − μ −

ηj
2
eðVCb þ VSbσxÞ

�
bjα

− ½ϕ⃗ωðψ j;φ0jÞ · a†jασ⃗bjα þ H:c:�
�
; ð11Þ

and a tunneling part,
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ST ¼
Z

dτ
X
αβ

½a†1αTðaÞ
αβ a2β þ b†1αT

ðbÞ
αβ b2β þ H:c:�; ð12Þ

with η1 ¼ −η2 ¼ 1, ajðr⃗Þ≡P
α uajαðr⃗Þajα, and bjðr⃗Þ≡P

α ubjαðr⃗Þbjα. Here udjαðr⃗Þ is the α-th single-particle
eigenstate of the kinetic energy part of Eq. (1) for the
electron (d ¼ a) and hole (d ¼ b) layer in the jth domain
region (j ¼ 1, 2) with a proper boundary condition,
together with its eigenenergy Hdα ≡ Edασ0 þHdσx.
Tunneling matrices between the two domains are given
by the single-particle eigenstates TðdÞ

αβ ≡ hud1αjT ðdÞjud2βi,
where T ðdÞ is the kinetic energy part for the electron
(d ¼ a) and hole (d ¼ b) layer in the junction region. We
assume that T ðdÞ is free from spin or electron-hole mixing.
A perturbative treatment of the tunneling term in the

junction model leads to an effective action of the Josephson
junction [78]:

Seff ½ψ̃ ;φ̃0;NC;NS;VC;VS�

¼
Z

dτfNC½−iℏ _̃ψðτÞ−eVC�þNS½∓ iℏ _̃φ0ðτÞ−eVS�

−ℏI0

�
cos

�
ψ̃ −

e
ℏc

Ψ
�
cosφ̃0þ h̄� sin

�
ψ̃ −

e
ℏc

Ψ
�
sinφ̃0

��
;

ð13Þ
with VC ≡ VCb − VCa, VS ≡ VSb � VSa, φ̃0 ≡ φ01 − φ02,
ψ̃ ≡ ψ1 − ψ2, _̃φ0 ≡ ∂τφ̃0, and _̃ψ ≡ ∂τψ̃ . c is the speed of
light. NC and NS are differences of total charge and spin
between the two domains in the hole layer, respectively [78].
Ψ is an external magnetic flux trapped in the junction region.
I0 and h̄� are constants, and h̄� is proportional to a weighted
average of Ha and Hb, while h̄þ ≠ h̄−. Spin currents are
defined as differences of charge currents contributed by spin-
up and spin-down electrons. By analyses of current direc-
tions in the two layers, the currents have relations:

IC ≡ ICb ¼ −ICa ¼ e∂tNC;

IS ≡ ISb ¼ �ISa ¼ e∂tNS; ð14Þ
where ICd and ISd are charge currents and spin currents in
the electron (d ¼ a) and hole (d ¼ b) layer, respectively.
Josephson equations can be derived by a minimization of
Eq. (13) with Eq. (14) and Wick rotation (τ ¼ it) [78]. The
first Josephson equations are

IC ¼ −eI0
�
sin

�
ψ̃ −

e
ℏc

Ψ
�
cos φ̃0

− h̄� cos

�
ψ̃ −

e
ℏc

Ψ
�
sin φ̃0

�
; ð15Þ

�IS ¼ −eI0
�
sin φ̃0 cos

�
ψ̃ −

e
ℏc

Ψ
�

− h̄� cos φ̃0 sin

�
ψ̃ −

e
ℏc

Ψ
��

: ð16Þ

The second Josephson equations are

dψ̃
dt

¼ −
e
ℏ
VC;

dφ̃0

dt
¼∓ e

ℏ
VS: ð17Þ

The Josephson equations reveal spin-charge coupled
Josephson effects. The term proportional to sin½ψ̃ −
ðe=ℏcÞΨ� in Eq. (15) and the term proportional to
sinðφ̃0Þ in Eq. (16) represent the well-known pure charge
and pure spin Josephson effects [33,79,80], while they are
modulated by the spin phase (φ̃0) and the charge phase (ψ̃),
respectively. Moreover, the terms proportional to h̄� in
Eqs. (15) and (16) indicate that a pure spin (charge) phase
difference can still lead to a charge (spin) supercurrent, as
the excitons are polarized by the exchange fields. In a
multilayer ferromagnetic Josephson junction of supercon-
ductors, a relative angle between two ferromagnetic polar-
izations in two sides of the ferromagnetic junction plays a
similar role to the spin phase [48,51]. Unlike the multilayer
junction, Eq. (17) further shows control of the spin phase
by the spin voltage.
Device setup.—To propose the spin-charge conversion in

a feasible experimental setup, we consider putting two
magnetic substrates with different magnetizations along the
same (x) direction under the hole layer [Fig. 2(a)]. The two
substrates introduce the two domains in the EHDL system,
whose hole layers experience the magnetic exchange fields
through the proximity effect. The difference of the
exchange fields results in a finite d.c. spin voltage VS
across the junction in the hole layer. The d.c. spin voltage
results in a linear increase of φ̃0, φ̃0 ¼∓ ðe=ℏÞVSt (φ̃0 ¼ 0
at t ¼ 0 is taken without loss of generality). The time
dependence of φ̃0 gives rise to a.c. electric currents in
counter-propagating directions in the electron and hole
layers, respectively. The electric currents induce the a.c.
charge voltages across the junction in the electron and hole
layers as ICaRa and ICbRb, where Ra and Rb are external
resistances [Fig. 2(a)]. The exciton U(1) phase ψ̃ couples

(a) (b)

FIG. 2. The charge current (IC) induced by the spin voltage
(VS). (a) The spin voltage is added at the Josephson junction in
the hole layer. The charge currents can be measured by the two
external circuits attached to the electron and hole layers,
respectively. (b) The a.c. behavior of ψ̃ðtÞ and ICðtÞ according
to Eq. (18) for small jh̄�j. ψ̃ðtÞ shows an oscillating behavior for
jh̄�kj < 1 and a stepping behavior for jh̄�kj > 1.
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only with the difference between the charge voltages in the
two layers, VC ¼ ICaRa − ICbRb. Thus, Eqs. (15) and (17)
give an equation of motion (EOM) for ψ̃ :

ICðsÞ
R
VS

¼ dψ̃
ds

¼ −k½sinðψ̃Þ cosðsÞ � h̄� cosðψ̃Þ sinðsÞ�;

ð18Þ

with R≡ Ra þ Rb, a normalized time s≡ eVSt=ℏ, and two
dimensionless parameters, k≡ eI0R=VS and h̄�.
Solutions of the EOM are obtained numerically in the

Supplemental Material [78]. ψ̃ðsÞ shows an oscillating
behavior with a double-sine form for jh̄�j < 1=jkj, and a
stepping behaviour for jh̄�j > 1=jkj [Fig. 2(b)]. ψ̃ðsÞ has an
oscillatory component with 2π periodicity in s. The h̄�
term with ∓ kh̄� > 0ð< 0Þ gives rise to a component of
ψ̃ðsÞ that increases (decreases) linearly in the time s and an
additional longer oscillatory periodicity over which ψ̃ðsÞ
increases (decreases) by π. When the longer periodicity
approaches the shorter periodicity, the oscillating behavior
shows a crossover to the stepping behavior. The double-
sine form appears because the electric charge current is
induced not only by a sine of the charge phase ψ̃ but also by
another sine of the spin phase φ̃0. The spin voltage VS can
be measured from the (short) period of the a.c. electric
current [Fig. 2(b)].
Spin-orbit coupling.—A semiconductor heterostructure

of the 2D EHDL systems breaks a spatial inversion
symmetry, causing an effective Rashba SOC in the electron
layer [75,76,81,82]. The Rashba SOC endows the excitonic
pseudospin polarizations with a nonzero momentum K
in a direction perpendicular to the exchange fields; φ0 in
Eqs. (3) and (4) is replaced by φ0 − Ky [77,78]. The
condensate with the broken translational symmetry also has
the relative U(1) phase (ψ) and the spin rotational phase
(φ0) as low-energy Goldstone modes. The spin rotational
phase φ0 appears together with the spatial coordinate (y), so
that it is also a translational phase (phason). The gapless φ0

phase originates purely from the spin-rotational symmetry
in the hole layer. Charge and (hole-layer) spin voltages
control these two gapless modes, respectively [Eq. (17)],
while spatial gradients of these two modes generate charge
and spin currents as well [78]. Accordingly, the dissipa-
tionless spin-charge conversion property is robust against
the presence of the Rashba SOC.
Summary.—In this Letter, we clarify the spin-charge

coupled Josephson effects in the EHDL exciton system
under magnetic exchange fields, where the charge
Josephson current can be a response to the spin voltage.
The spin-charge coupling effects provide a dissipationless
way for the spin-charge conversion in a feasible
device setup.
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