
Superfluid drag between excitonic polaritons and supercon-
ducting electron gas
Azat F. Aminov1, Alexey A. Sokolik2,1, and Yurii E. Lozovik2,1

1National Research University Higher School of Economics, 109028 Moscow, Russia
2Institute for Spectroscopy, Russian Academy of Sciences, 142190 Troitsk, Moscow, Russia

The Andreev-Bashkin effect, or superfluid
drag, is predicted in a system of Bose-
condensed excitonic polaritons in optical mi-
crocavity coupled by electron-exciton interac-
tion with a superconducting layer. Two possi-
ble setups with spatially indirect dipole exci-
tons or direct excitons are considered. The
drag density characterizing a magnitude of
this effect is found by many-body calculations
with taking into account dynamical screen-
ing of electron-exciton interaction. For the
superconducting electronic layer, we assume
the recently proposed polaritonic mechanism
of Cooper pairing, although the preexisting
thin-film superconductor should also demon-
strate the effect. According to our calcula-
tions, the drag density can reach considerable
values in realistic conditions, with excitonic
and electronic layers made from GaAs-based
quantum wells or two-dimensional transition
metal dichalcogenides. The predicted nondis-
sipative drag could be strong enough to be ob-
servable as induction of a supercurrent in the
electronic layer by a flow of polariton Bose con-
densate.

1 Introduction
Drag effects consisting in interaction-induced mutual
entrainment between different kinds of particles in
two-component or bilayer systems were extensively
studied in semiconductor heterostructures [1, 2]. Re-
cent observations of the anomalous enhancement of
the drag in electron-hole systems [3–5], which is prob-
ably caused by electron-hole Cooper pairing or exci-
ton superfluidity [6, 7], poses new challenges to this
field and present a spectacular example of how quan-
tum coherent effects manifest themselves in transport
phenomena. Similar anomalies were observed in the
drag between normal metallic and superconducting
films [8–10].

When both components are superconducting or su-
perfluid, a nondissipative drag effect is possible, when
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a non-zero flow of one superfluid component induces
a non-zero supercurrent of the other one. Such su-
perfluid drag, or Andreev-Bashkin effect (ABE), was
initially predicted for a mixture of superfluid 3He and
4He [11], although it was never observed in this sys-
tem due to low miscibility of the constituents. The
similar nondissipative drag effect was predicted for
superconductors [1, 12]. Nevertheless, there is no yet
direct and unambiguous observation of the superfluid
drag effect (see [13] and references therein).

Theoretical proposals predict signatures of ABE in
cold atomic gas mixtures in a shift of dipole oscillation
frequency in a trap, as studied analytically [14–17]
and by means of Monte-Carlo simulations [18–20], or
in appearance of a phase shift across barrier, as could
be detected via atomic interferometry [13]. ABE can
also evince itself in formation and behavior of quan-
tum vertices, modifying the Berezinskii-Kosterlitz-
Thouless transition in two-dimensional mixtures of
gases [21] and playing presumably important role
in the dynamics of superfluid mixtures in neutron
stars [22, 23]. It should be noted that in spatially
nonuniform systems mean-field interaction effects in
a two-component Bose condensate (or between two
neighboring condensates) can induce another kind of
superfluid drag between the components competing
with ABE [24], so its careful discrimination from ABE
should be performed in experiments [13].

Modern two-dimensional materials and het-
erostructures [25, 26] provide a prospective platform
for realization of drag effects. Hybrid Bose-Fermi
systems with polaronic and drag effects induced by
electron-exciton and electron-polariton interactions
are especially interesting in this context [27–31]. For-
mation of polaritons in semiconductor quantum wells
and two-dimensional transition metal dichalcogenides
embedded into optical microcavities [32] allows to
enhance tunability of the Bose-Fermi systems, to
increase the critical temperature of Bose-Einstein
condensation (BEC) and to employ polaronic effects.
For instance, drag between Bose-condensed polari-
tons and electrons in normal state, both located in
the same layer, was observed [33] and theoretically
explained [34].

Recently the novel mechanism of superconductivity
has been proposed [35–43], when electrons in a two-

Accepted in Quantum 2022-08-18, click title to verify. Published under CC-BY 4.0. 1

ar
X

iv
:2

20
4.

10
74

4v
2 

 [
co

nd
-m

at
.m

es
-h

al
l]

  1
9 

A
ug

 2
02

2

https://quantum-journal.org/?s=Superfluid%20drag%20between%20excitonic%20polaritons%20and%20superconducting%20electron%20gas&reason=title-click
https://quantum-journal.org/?s=Superfluid%20drag%20between%20excitonic%20polaritons%20and%20superconducting%20electron%20gas&reason=title-click
mailto:afaminov@hse.ru
mailto:asokolik@hse.ru
mailto:lozovik@isan.troitsk.ru


dimensional electron gas (2DEG) undergo Cooper
pairing due to exchange of virtual Bogoliubov exci-
tations in BEC of excitonic polaritons. The result-
ing superfluid Bose-Fermi system could be a natural
platform to observe signatures of ABE between su-
perfluid polariton BEC and superconducting 2DEG.
The structure of similar geometry with a GaAs-based
2DEG layer embedded into a microcavity was realized
in the recent experiment [44].

In this paper we consider ABE between BEC of
excitonic polaritons in optical microcavity and 2DEG
in a superconducting state, separated by a distance of
the order of 10-100 nm from the excitonic layer. For
the latter, we consider two different setups with spa-
tially indirect and direct excitons, as shown in Fig. 1.
ABE manifests itself as appearance of a supercon-
ducting current in the electronic layer with the mass
current density gel = ρdrvp induced by the nonzero
velocity vp of the polariton BEC. Alternatively, a
nonzero velocity vel of the Cooper pair condensate in
the electronic layer can induce the flow of polariton
superfluid component with the mass current density
gp = ρdrvel [11]. The coefficient ρdr, called the super-
fluid drag density, determines a magnitude of ABE.

We assume that superconductivity in the electronic
layer is induced by the polaritonic-BEC mechanism
proposed in Refs. [35–43], although the specific pair-
ing mechanism is not important for our analysis. In
Sec. 2 we describe our theoretical approach for cal-
culating the superfluid drag density ρdr using the
many-body theory. BEC of polaritons and super-
conducting 2DEG are described using, respectively,
Bogoliubov and Bardeen-Cooper-Schrieffer (BCS) ap-
proaches. The important ingredient of the theory is
taking into account the screening of the interlayer
electron-exciton interaction causing ABE.

In Sec. 3 we present the results of our numeri-
cal calculations of the drag density ρdr in realistic
conditions, where both excitonic and electronic layers
can be based on GaAs/AlGaAs quantum wells (QW)
or two-dimensional semiconducting transition metal
dichalcogenides (TMDC). Our results show that ρdr
can reach 0.001-0.1 of the total mass density of polari-
tons, so ABE can be strong enough to be observable.
We propose the observation method when the polari-
ton flow is created and induced nondissipative current
in the superconducting layer is detected. In Sec. 4 we
state our conclusions.

2 Theory
2.1 System overview
Spatially indirect polariton (or dipolariton) has a con-
stant electrical dipole moment, which rises from an
exciton. This dipole moment is caused either by spa-
tial separation of electrons and holes in a single QW
using a perpendicular electric field or via doping two
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Figure 1: System schematic: two-layer polariton-2DEG sys-
tem with indirect (a) and direct (b) excitons forming po-
laritons by hybridizing with microcavity photons. Electron-
exciton interaction couples superfluid polariton and super-
conducting electron condensates, giving rise to the Andreev-
Bashkin effect. Creating a flow gp of polariton superfluid
component by, for example, inclined incident laser beam
and measuring the induced superconducting current with the
mass density gel in 2DEG would allow to observe the effect.

coupled QWs with electrons and holes [45]. With-
out loss of generality, we consider the latter case, as
shown in Fig. 1(a). Experimentally indirect excitons
were observed in TMDC bilayer structures [46, 47],
coupled QWs [48,49] and wide single QWs [50,51].

On the other hand, direct polariton is a superposi-
tion of a photon and direct exciton, which is a bound
state of electron and hole located in the same QW [52]
or TMDC layer [53] and thus do not possess a constant
dipole moment (Fig. 1(b)). Although the dipole-
electron interaction between indirect polaritons and
electrons is expected to be stronger, the coupling of in-
direct excitons with light is weaker than that of direct
excitons, and so far a dipolariton BEC has not been
observed [49, 54]. In contrast, BEC of direct polari-
tons is routinely obtained in experiments [32, 52, 53],
although the interaction of direct excitons with elec-
trons is much weaker so the drag effects in such sys-
tems could be less pronounced.

According to the theory and experiment [49,54], the
microcavity systems with indirect polaritons demon-
strate coexistence of both direct and indirect excitons,
coupled to light and to each other. However, similarly
to Refs. [35–37,41], we do not account for such details
and assume a simplified two-oscillator model of indi-
rect excitons coupled with the cavity photons.

The conventional definition of superfluidity as the
absence of dissipative friction is questionable for
nonequilibrium systems of polaritons with a finite life-
time [55,56]. For instance, currents in Bose-condensed
polariton systems always undergo drag force on impu-
rities even at velocities lower than the Landau criti-
cal velocity [55], although this force substantially de-
creases in the presence of BEC. Despite that, exciton-
polariton systems in experiments exhibit multiple
characteristic properties of superfluids: suppression
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of scattering on obstacles [57,58], dissipationless long-
range propagation [59], and quasi long-range order in
both spatial and temporal coherences [60]. Anyway,
our setup does not require robustness of the polari-
tonic superfluidity, it needs only emergence of polari-
ton BEC and the approximate persistence of its con-
densate velocity vp in the region of electron-polariton
interaction. Therefore, throughout the paper we con-
sider the “superfluid” motion of polaritons participat-
ing in the superfluid drag as the motion of their Bose
condensate which can be considered as homogeneous
on spatial and time scales larger than those of inter-
nal electron-polariton system dynamics. Additionally,
we do not consider an influence of disorder-induced
mesoscopic condensate inhomogeneities, vortices and
finite-size effects on ABE, since these topics are be-
yond the scope of our paper.

The Hamiltonian of two-layered exciton-electron
system, embedded in microcavity, reads

H =
∑

k

Ψ†kH0Ψk +
∑
ks

εel
ka
†
ksaks

+Hel−el
int +Hel−x

int +Hx−x
int , (1)

where Ψk = (γk, ck)T is the column of destruction op-
erators of photon (γk) and exciton (ck), aks is the de-
struction operator of electron with momentum k and
spin s. The matrix H0 is the exciton-photon Hamil-
tonian without the exciton-exciton interaction:

H0 =
(

εck ΩR
ΩR εxk

)
, (2)

where εck = k2/2mc + δ, εxk = k2/2mx are the bare
dispersions of photons and excitons, mc and mx are
their effective masses, δ is the photon-to-exciton de-
tuning, ΩR is the Rabi splitting. Hereafter we put
~ = 1. The term Hel−el

int is the standard Coulomb in-
teraction of electrons, and the other interaction terms
in Eq. (1) are:

Hx−x
int = 1

2S
∑
kk′q

gx−xc†k+qc
†
k′−qck′ck, (3)

Hel−x
int = 1

S

∑
kk′qs

V el−x(q)c†k+qa
†
k′−q,sak′sck, (4)

where gx−x is a constant of interaction between exci-
tons, which, similarly to [35–39,41], is assumed to be
independent of momentum; V el−x is the interaction
between electrons and excitons, and S is the quanti-
zation area. Next, we conventionally perform diag-
onalization of the first term in Eq. (1), introducing
new quasiparticles, namely lower (bk) and upper (b̃k)
polaritons:(

bk
b̃k

)
=
( √

1−X2
k Xk

−Xk

√
1−X2

k

)(
γk
ck

)
, (5)

with the Hopfield coefficient Xk. BEC in equilibrium
occurs only on the lower polariton branch, so, simi-
larly to [35–38, 41], we truncate the Hamiltonian to

the lower polaritons with the dispersion

εpk = 1
2

[√
δ2 + 4Ω2

R + k2

2mp

−
√

(εck − εxk)2 + 4Ω2
R

]
, (6)

where the inverse polariton mass is m−1
p = m−1

x +
m−1

c . The interaction Hamiltonians (3)–(4) in terms
of the lower polariton operators read

Hx−x
int = 1

2S
∑
kk′q

gp−p
kk′ (q)b†k+qb

†
k′−qbk′bk, (7)

Hel−x
int = 1

S

∑
kk′qs

V el−p
k (q)b†k+qa

†
k′−q,sak′sbk. (8)

We introduced the polariton-polariton interaction

gp−p
kk′ (q) = XkXk′X|k′−q|X|k+q|g

x−x, (9)

and the unscreened electron-polariton interaction

V el−p
k (q) = XkX|k+q|V

el−x(q). (10)

Such dressing of interactions with the Hopfield coeffi-
cients corresponds to the Born approximation. Recent
theoretical studies [61–63] has shown that, in the pres-
ence of the strong light-matter coupling, interactions
involving 2D polaritons needs to be treated beyond
this approximation, and actual magnitudes of inter-
actions turns out to be lower than given by Eqs. (9)–
(10). However, we still use these conventional expres-
sions, since they are widely accepted and adequately
describe most of the experimental results (see [64] and
references therein).

Regarding to the BEC of polaritons, we assume
that its mean-field critical temperature is much higher
than the system temperature, TBEC

c � T , and the
density of non-condensate particles is negligible: np ≈
np

0 ; here n
p is the total polariton density and np

0 is
the condensate density. This assumption allows us
to use the Bogoliubov theory, which is conventionally
applied to describe BEC of excitonic polaritons in a
microcavity [65].

The electron layer is assumed to be a 2D su-
perconductor with the s-wave pairing and the zero-
temperature energy gap ∆ ≈ 1.76T SC

c , where T SC
c is

the superconducting transition temperature. We as-
sume that the superconductivity is induced by ex-
change of Bogoliubov excitations in the polariton
BEC, as proposed in Refs. [35–43]. However, the spe-
cific mechanism of electron pairing is not essential for
our analysis: superconducting phase can be result of
interaction between electrons and either polaritons or,
for instance, phonons, excitons or spin fluctuations.
We just suppose that T SC

c is much lower than the
Fermi energy of electron system and use the weak-
coupling BCS theory to describe the superconducting
2DEG.
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(a) (b)

Figure 2: The main diagrams contributing to the interlayer
current-current response function (12) and hence to the drag
density ρdr. Single and double straight lines denote electron
and polariton Green functions, wavy lines is the interlayer
electron-polariton interaction, and filled triangles at the ends
are the current vertices gl. Dotted arrows denote the con-
densate of polaritons

√
np

0 .

In the theory of Coulomb drag between layers of
normal metals [2], accounting for the sources of dissi-
pation such as interactions with impurities or phonons
is essential. Two major regimes are usually distin-
guished: the ballistic one, when the mean free path
of particles is longer than the interlayer distance, and
the diffusive one in the opposite case. Contrary to
the normal Coulomb drag, dissipation processes are
not crucial for existence of the superfluid drag ef-
fect [14,15]. Moreover, recent progress in material sci-
ence allowed to create very clean materials, in which
the mean free path of both electrons and polaritons
is large enough to justify assumption of the the bal-
listic regime in calculations. For instance, in this pa-
per we assume the interlayer distance to be about
10 nm, while the mean free path of electrons in typi-
cal TMDC, MoS2, can exceed 20 nm [66].

2.2 Calculation of drag density
Our main goal is to calculate the superfluid drag den-
sity. In the linear response theory, it can be found
from the correlation function of currents [15]:

ρdr = − lim
k→0

χel−p
T (k, 0). (11)

Here χT is a transverse part of the interlayer current-
current response tensor

χel−p
ik (k, iω) = 1

S

∫ 1/T

−1/T
dτeiω(τ−τ ′)

×
〈
Tτgel

i (k, τ)gp
k (−k, τ ′)

〉
, (12)

where i, k = x, y. The Fourier harmonics of the
mass current densities gel and gp in, respectively,
electron and polariton subsystems, are given by
the operators gel(k) = gv

∑
ps(p + k/2)a†psap+k,s,

gp(k) =
∑

p(p + k/2)b†pbp+k, where gv is the valley
degeneracy factor (1 for QW and 2 for TMDC elec-
tronic layer). Following a standard calculation based
on the Matsubara technique [2], it can be shown that
in a clean system or with uncorrelated disorder po-
tentials in both layers the first order in the expansion

of χel−p
ik over the interlayer electron-polariton interac-

tion is zero in the static limit iω → 0, and the leading
order is given by the second-order term [29]:

χel−p
ik (0, 0) = T

2S
∑

q,iωm

Fp
i (q, iωm)Fel

k (q, iωm)

×
∣∣Ṽ el−p

scr (q, iωm)
∣∣2 . (13)

Here Fel
k and Fp

i are the nonlinear current-density
response, or rectification, functions of, respectively,
superconducting 2DEG and Bose-condensed polari-
ton system, Ṽ el−p

scr (q, iωm) is the partially screened
electron-polariton interaction (see Eq. (23) below);
iωm = 2πimT are bosonic Matsubara frequencies.
The corresponding Feynman diagrams accounting for
two contributions to Fel

k and Fp
i are depicted in Fig. 2.

We do not take into account the conventional dia-
grams of the normal drag theory [2] with triangles
of noncondensate polariton Green functions, since,
according to our numerical estimates given in Ap-
pendix A, their contribution at T � TBEC

c is neg-
ligible.

2.3 Nonlinear response functions

2.3.1 Polaritons

To calculate the rectification function Fp of polari-
tons, we use the conventional normal and anomalous
Green functions of Bose-condensed gas in the Bo-
goliubov approach [67] with accounting for the de-
pendence of polariton-polariton interaction gp−p

kk′ (q)
(9) on three momenta. The mean-field contribu-
tions to the normal and anomalous self-energies are,
respectively, Σn(q) = np

0 [gp−p
0q (q) + gp−p

0q (0)] and
Σa(q) = np

0g
p−p
0q (q) [67]. The matrix Green func-

tion of polaritons Ĝp(q, τ) = −〈TτB(q, τ)B†(q, 0)〉,
where B(q, τ) = (bq(τ), b†−q(τ))T, is found from the
Dyson-Beliaev equations:

Ĝp(q, iω) = 1
(iω)2 − (Ep

q)2

×
(
iω + ε̃pq + cq −cq
−cq −iω + ε̃pq + cq

)
, (14)

where ε̃pq = εpq + cq − c0. Here we have sub-
tracted the chemical potential c0 = X4

0n
p
0g

x−x to
make the Bogoliubov quasi-particle dispersion Ep

q =√
ε̃pq (ε̃pq + 2cq) gapless, as required by the Goldstone

theorem; cq = X2
qX

2
0n

p
0g

x−x is the Hartree part of the
normal self-energy Σn(q).

With the Green functions (14), similarly to [29], we
write the lowest order contribution of the processes
involving the condensate to the rectification function.
It is proportional to the density of polariton conden-
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sate np
0 :

Fp(q, iωm) = np
0q
{
Ĝp

11(q, iωm) + Ĝp
12(q, iωm)

}2

+ (q, iωm → −q,−iωm). (15)

The diagrams corresponding to this expression are
shown in the right parts of Figs. 2(a,b).

Substituting (14) into (15), we find that the recti-
fication function of the polariton system within the
Bogoliubov theory has the same form as the exciton
one [29] and reads

Fp(q, iωm) = 4q iωm np
0 ε̃

p
q[

(iωm)2 − (Ep
q)2
]2 . (16)

As shown in Appendix A, the noncondensate contri-
butions to Fp, given by the triangular diagrams with
three polaritonic Green functions, are negligible at the
assumed low temperature.

2.3.2 Superconductor

To calculate the rectification function of the super-
conducting 2DEG Fel, we use the Nambu formal-
ism of the matrix Green function [68, 69] of super-
conductor: Ĝel(q, τ) = −〈TτA(q, τ)A†(q, 0)〉, where
A(q, τ) = (aq↑(τ), a†−q↓(τ))T. In the BCS theory, the
Green functions are [69]:

Ĝel(q, iω)

=

 u2
p

iω−Ep
+ v2

p
iω+Ep

upvp
iω−Ep

− upvp
iω+Ep

upvp
iω−Ep

− upvp
iω+Ep

v2
p

iω−Ep
+ u2

p
iω+Ep

 . (17)

Here u2
p, v

2
p = 1

2
(
1± εel

p/E
el
p
)
, upvp = ∆/2Eel

p , E
el
p =√(

εel
p
)2 + ∆2, εel

p = p2/2m∗e − EF is the bare elec-
tron dispersion, m∗e and EF are the effective mass of
electrons and the Fermi energy of 2DEG.

The diagrams for Fel, shown in the left parts of
Figs. 2(a,b), allow us to find it in terms of Ĝel:

Fel(q, iωm) = gvT

S

∑
p,iω′

n

p Tr
[
τ3Ĝ

el(p, iω′n)

× Ĝel(p, iω′n)τ3Ĝ
el(p + q, iω′n + iωm)

]
+ (q, iωm → −q,−iωm), (18)

where τ3 is the Pauli matrix and iω′n = 2πi(n+1/2)T
are fermionic Matsubara frequencies. After substi-
tuting (17) into (18) and performing summation over
iω′n, we obtain the rectification function at nonzero
temperature, see the full formula (36) in Appendix B.
As demonstrated in Fig. 3 below, the temperature de-
pendence of the drag density ρdr is weak in the vicinity
of T = 0. Therefore we can take the T = 0 limit in

our calculations without a significant error. In this
limit the expression (36) takes the simple form

Fel(q, iωm)

= 8gv

S

∑
p

p
(
Eel

p + Eel
p+q

)
iωmL

el(p,q)[
(iωm)2 −

(
Eel

p + Eel
p+q

)2
]2 . (19)

Here the fermionic coherence factor is Lel(p,q) =
(upvp+q + up+qvp)2; the same factor appears in the
expressions for a polarization function of supercon-
ductor [70–72].

The major contribution to χel−p
ik (13) is given by

the frequencies around ΩR, since the Bogoliubov ex-
citation energy is Ep

q ≈ ΩR at the characteristic in-
terlayer momentum transfer q ∼ 1/L [2]. Having it in
mind, one can find that in the limit T = 0, for a weak-
coupling superconductor (∆� EF and ∆� ΩR), the
expression (19) can be approximated by

Fel(q, iωm)

≈ 4igv

S
Im
∑

p

p δ(εel
p )

iωm − pq/m∗e − q2/2m∗e
, (20)

where δ(x) is the Dirac delta function.

2.4 Interaction
2.4.1 Screening

Taking into account the screening of the interlayer
electron-polariton interaction (10) is crucial for accu-
rate quantitative description of ABE in a system con-
taining the metallic-like 2DEG layer. The screened
electron-polariton interaction in the two-layer system
[2]

V el−p
scr (q, iωm) =

V el−p
k=0 (q)
ε(q, iωm) = X0Xq

V el−x(q)
ε(q, iωm) (21)

is written in terms of the bare electron-exciton inter-
action V el−x(q) (which is considered in Sec. 2.4.2 and
Sec. 2.4.3 below) and the dielectric function

ε(q, iωm)
= {1−V el−el(q)Πel(q, iωm)}{1−gp−p

0q (q)Πp(q, iωm)}

− [V el−p
0 (q)]2Πel(q, iωm)Πp(q, iωm). (22)

Here Πel(q, iωm) is the polarization, or density re-
sponse, function of the superconducting 2DEG, and
Πp(q, iω) is the polarization function of the nonin-
teracting polariton system; V el−el(q) = 2πe2/qεenv
is the bare Coulomb interaction between electrons,
εenv is the mean dielectric constant of a medium sur-
rounding exciton and electron layers. The main con-
tribution to Πp(q, iωm) is given by the processes in-
volving the condensate [17, 73] and can be written as
Πp(q, iωm) = 2np

0 ε̃
p
q/[(iωm)2 − (ε̃pq)2].
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The Green functions of polaritons (14), which
are linked to the interlayer interaction lines in
Fig. 2, already include the interaction screening in
the excitonic layer via the density response func-
tion Πp(q, iωm). Therefore using V el−p

scr given by the
formulas (21)–(22) in the final expression (13) for
the current response would lead to double count-
ing of the diagrams involving the power series of
gp−p

0q (q)Πp(q, iωm). To avoid this double count-
ing, we use in Eq. (13), instead of the fully
screened interaction (21), the partially screened inter-
layer interaction Ṽ el−p

scr (q, iωm) = V el−p
scr (q, iωm)[1 −

gp−p
0q (q)Πp(q, iωm)]. It can be written as

Ṽ el−p
scr (q, iωm) =

V el−p
k=0 (q)
ε̃(q, iωm) = X0Xq

V el−x(q)
ε̃(q, iωm) (23)

in terms of

ε̃(q, iωm) = 1− V el−el(q)Πel(q, iωm)

− [V el−p
0 (q)]2Πel(q, iωm)Π̃p(q, iωm). (24)

Here the polarization function of interacting polari-
tons is

Π̃p(q, iωm) = Πp(q, iωm)
1− gp−p

0q (q)Πp(q, iωm)
= np

0 [Gp
11(q, iωm) +Gp

12(q, iωm) + Gp
21(q, iωm)

+Gp
22(q, iωm)] = 2np

0 ε̃
p
q

(iωm)2 − (Ep
q)2 . (25)

For Πel(q, iωm) we use the polarization function of
normal 2DEG, instead of that of a superconductor
[70–72], because these functions are almost equal in
the range of momenta and frequencies ω ∼ ΩR, q ∼
L−1, which provide the dominating contribution to
Eq. (13). The polarization function of normal 2DEG
can be evaluated in the random phase approximation
(RPA) analytically [74]:

Πel
RPA(q, iωm) = −2gvϑ

pF

q

 q

2pF
+ i sign(ωm)

×

√
1−

(
q

2pF
− iωm
qvF

)2
+ c.c., (26)

where pF, vF are the Fermi momentum and velocity,
ϑ = m∗e/2π is the density of states at the Fermi level
of 2DEG.

In contrast to our approach which takes into ac-
count the dynamical screening, in the previous works
on polariton-mediated superconductivity and normal
electron-polariton drag [29,35–37], the Thomas-Fermi
(TF) static long-wavelength approximation for the
2DEG polarization function was used: Πel

TF(q, iωm) =
−2gvϑ. To compare the results obtained in various
approximations, we perform calculations using both

Πel
TF and Πel

RPA. As will be demonstrated below in
Fig. 4, the magnitude of the predicted ABE depends
significantly on the type of screening.

2.4.2 Indirect excitons

In the system of electrons and indirect dipolar exci-
tons, depicted in Fig. 1(a), the bare electron-exciton
interaction is [35]

V el−x
ind (q) = 2πe2

εenvq

 e−q(L−βed)[
1 +

( 1
2βhqaB

)2
]3/2

− e−q(L+βhd)[
1 +

( 1
2βeqaB

)2
]3/2

 . (27)

Here βe,h = me,h/(me + mh), aB is the Bohr radius
of exciton, L is the mean distance between electrons
and excitons in the out-of-plane direction, d is the dis-
tance between the electron and hole layers, involved
into exciton formation. This expression is obtained
under the assumption that the exciton has the 1s 2D
hydrogen-like wave function in the in-plane directions,
which is not perturbed by the electron-hole interlayer
separation and by the 2DEG layer. More complicated
forms of the exciton wave function were studied, for
example, in Refs. [75, 76].

2.4.3 Direct excitons

In the case of direct excitons, shown in Fig. 1(b), the
interlayer interaction is qualitatively different since
excitons do not possess a constant dipole moment.
The exciton with an in-plane polarizability α affected
by the in-plane electrostatic field E|| of the elec-
tron acquires the energy shift − 1

2αE
2
||. Therefore the

electron-exciton interaction energy at the in-plane dis-
tance r between electron and exciton is

V el−x
dir (r) = − e2α

2ε2
env

r2

(r2 + L2)3 . (28)

The Fourier transform of this expression is

V el−x
dir (q) = − e2α

2ε2
env

πq

L

{
1
2K1(qL)− qL

4 K0(qL)
}
,

(29)
where Ki are modified Bessel functions of the second
kind. We disregard the out-of-plane polarizability of
the exciton, because in 2D materials it is 3-4 orders
of magnitude lower than α [77].

The polarizability of a 2D hydrogen-like exciton
α = 21εa3

B/128 with the Bohr radius aB = 0.5 nm
in TMDC is α ≈ 0.1 nm3. However, for numerical
calculations we take much larger value α = 30 nm3,
which was evaluated in Ref. [77] with accounting for
the Rytova-Keldysh screening of interaction between
electron and hole, forming the exciton: the screening
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Parameter TMDC QW
Common parameters

me,mh 0.5m0, 0.5m0 0.067m0, 0.45m0

m∗e 0.5m0 0.067 m0

mc 5× 10−5m0 5× 10−5m0

nel 1013 cm−2 1012 cm−2

np
0 1012 cm−2 1010 cm−2

εenv 7 7
Parameters for indirect excitons

d 4 nm 10 nm
L 15 – 100 nm 15 – 100 nm
ΩR 10 – 40 meV 10 – 40 meV
aB 0.5 nm 17 nm
gx−x 0.1 µeV · µm2 1.3 µeV · µm2

Parameters for direct excitons
α 30 nm3 —
L 4 – 15 nm —
ΩR 30 – 100 meV —
gx−x 0.1 µeV · µm2 —

Table 1: Parameters for our calculations; nel is the density
of 2DEG, m0 is the free electron mass. The polarizability
α for TMDC is taken from Ref. [77] at εenv = 7. Other
parameters are taken from [32,36,37,44,52,53,61,64].

by the TMDC layer makes the exciton more weakly
bound and thus more sensitive to perturbations, so
its polarizability is larger than in the 2D hydrogen
model.

3 Results

3.1 Drag density
The most widely used materials for exciton polari-
tons in optical microcavity are semiconductor QWs
based on GaAs or CdTe heterostructures and, re-
cently, TMDC layers [78]. For our numerical calcu-
lations we take the typical parameters of these mate-
rials [32,44,52,53,64], which are listed in Table 1. The
density of polariton condensate np

0 is assumed to be
1-2 orders of magnitude lower than the Mott density,
which can be approximated as nM ∼ 1/a2

B [44, 64].
For the polariton-polariton interaction, we use the

expression (9), which relates it to the exciton-exciton
interaction constant gx−x. This formula is widely used
in the literature and adequately describes the exper-
imental results [64], despite that questions about its
validity have been raised recently [61]. For gx−x in
the case of indirect excitons, we will use the formula
derived in Ref. [54]:

gx−x = e2aB

4πεenv

(
6 + 3.5 d

aB

)
. (30)
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c = 10 K, Δ = const
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Figure 3: Drag density ρdr as a function of temperature for
the superconductor critical temperatures T SC

c = 2 K (red
solid line), 5 K (blue dotted line) and 10 K (orange dashed
line). Green dash-dotted line shows ρdr calculated with the
energy gap independent of the temperature: ∆ = 17.6K
for the case T SC

c = 10K; the star is the calculation result
with the approximate formula (20) for the superconductor
rectification function in the T = 0, ∆→ 0 limit. The system
parameters are the same as in the Fig. 5(b) for the case of
L = 20 nm, ΩR = 10 meV, when both 2DEG and excitonic
layers are based on semiconductor QWs.

It gives gx−x = 1.3µeV · µm2 and 0.1µeV · µm2 for
excitons in, respectively, QWs and TMDC.

The dielectric screening by the environment εenv de-
pends on the materials, which are used to fabricate the
microcavity, electron and exciton layers. For instance,
the dielectric constants for hexagonal boron nitride,
TMDC, and GaAs are, respectively, about 4.5 [79], 10
[79], and 13 [80]. Moreover, since the interaction be-
tween indirect excitons and electrons (27) is inversely
proportional to εenv and squared in Eq. (13), and the
dielectric function in RPA (24) is slightly weakened by
εenv, the superfluid drag density ρdr decreases with in-
creasing εenv approximately as ρdr ∝ ε−1

env. The same
concerns the interaction between direct excitons and
electrons (28), if we account for the fact that α is
roughly proportional to εenv [77]. The interaction be-
tween excitons (30) also depends on εenv, but it does
not change the general trend ρdr ∝ ε−1

env, since gp−p

essentially affects the dispersion of Bogoliubov exci-
tations only at momenta much lower than the char-
acteristic momentum q ∼ L−1 contributing to the in-
tegral in Eq. (11). Therefore, similarly to [35,36], for
the dielectric constant in our calculations we take the
average value εenv = 7.

In the following we relate the superfluid drag den-
sity ρdr to the total mass density of the polariton gas
ρp = mpn

p ≈ mpn
p
0 , which is dominated by the con-

densate in the weakly-interacting regime.
First, we reassure that ρdr does not significantly de-

pend on the temperature, and we can use the approx-
imate expression (20) for T = 0 instead of the full
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Without screening

RPA

TF

Figure 4: Drag density ρdr as a function of interlayer distance
L for different kinds of interaction: unscreened and screened
in RPA and in TF approximation. Parameters are the same
as in Fig. 5(b) for the case of ΩR = 10 meV, when both
2DEG and excitonic layers are based on QWs.

formula (36). The typical temperature dependence
of ρdr is depicted in Fig. 3. While at low tempera-
tures ρdr tends to a constant, it vanishes linearly as
1 − T/T SC

c when T approaches the critical tempera-
ture T SC

c of the superconductor. We assumed that the
critical temperature TBEC

c of polaritonic BEC is much
higher than T SC

c , and the condensate thermal deple-
tion is negligible. Fig. 3 demonstrates that the behav-
ior of ρdr(T ) is determined mainly by the temperature
dependence of the superconducting energy gap ∆(T ).
Therefore, at low enough temperature T � ∆, we can
take the T → 0 limit in the calculations. Moreover, at
T → 0 the drag density weakly depends on ∆(0), as
also seen in Fig. 3, since ∆(0) is the smallest energy
scale in the system at weak coupling. Thus we will
use Eq. (20) for the rectification function of 2DEG in
the limit T = 0, ∆ → 0, which provides the lower
bound for ρdr at T � T SC

c � TBEC
c .

In Fig. 4 the drag densities, calculated without the
screening of interaction by both electrons and po-
laritons (Πp = Πel = 0), and with the screening in
RPA and in TF approximation are presented. In the
TF approximation, ρdr is by an order of magnitude
lower than in RPA, because the interaction screen-
ing is overestimated in the static TF limit. On the
other hand, the calculation without the screening pro-
vides ρdr an order of magnitude higher than the RPA
result because of the overestimated interlayer interac-
tion. Later in the calculations we will use RPA, which
adequately describes both the screening and the dy-
namical effects.

Figs. 5 and 6 show the dependence of ρdr on the
distance between excitonic and electronic layers for in-
direct and direct polaritons respectively. In the case
of indirect polaritons (Fig. 5), we consider the realiza-
tions of both exciton and electron layers on the base
of QWs and TMDCs. In the case of direct polari-

ΩR = 10 meV

ΩR = 40 meV

(a)

ΩR = 10 meV

ΩR = 40 meV

(b)

Figure 5: Drag density ρdr in systems with indirect polari-
tons whose excitons are located in TMDC (a) and QWs
(b) with the Rabi splittings ΩR = 10meV and 40 meV.
Solid and dashed lines show the cases of electronic lay-
ers based, respectively, on TMDC and QW. The polari-
ton subsystem parameters for the upper panel (TMDC)
are: np

0 = 1012 cm−2, me = mh = 0.5m0, d = 4 nm,
aB = 0.5 nm, gx−x = 0.1 µeV · µm2; for the lower panel
(QWs): np

0 = 1010 cm−2, me = 0.067m0,mh = 0.45m0,
d = 10 nm, aB = 17 nm, gx−x = 1.3 µeV · µm2. The pa-
rameters of the TMDC electronic layer (solid lines): m∗

e =
0.5m0, n

el = 1013 cm−2; for the QW electronic layer (dashed
lines): m∗

e = 0.067m0, n
el = 1012 cm−2.

tons (Fig. 6) we do not consider the excitons in QW,
because in such systems multiple QW structures are
used to make Rabi splitting higher, and therefore the
mean distance between excitons and electrons would
be of the order of 100 nm [64], when the drag effect
is too weak.

We note that ρdr markedly decreases with increase
of the Rabi splitting ΩR because the latter provides
the energy scale for virtual lower polariton excita-
tions at the characteristic interlayer momentum trans-
fer q ∼ L−1; these excitations are responsible for the
drag so increase of their energy decreases ρdr. Real-
ization of indirect polaritons on the base of TMDC
(Fig. 5(a)) is more preferable for observation of ABE,
because in this case L can be made smaller in prac-
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ΩR = 30 meV

ΩR = 100 meV

Figure 6: Drag density ρdr in the system of direct polari-
tons with the excitons in TMDC layer at ΩR = 30 meV and
100 meV. Solid and dashed lines correspond to TMDC and
QW electron layers. Inset is for the case when ΩR = 30meV,
and both electrons and polaritons are in TMDC, so the elec-
tron and exciton layers can be put very close to each other.
The system parameters are the same as in Fig. 5(a) with the
exciton polarizability α = 30 nm3.

tice, although ρdr is almost the same at equal values
of L for both realizations of indirect polaritons, as
seen from comparison of Fig. 5(a) and Fig. 5(b). The
specific realization of 2DEG are not important for the
case of indirect polaritons, as seen in Fig. 5 from com-
parison of solid and dashed lines. In the case of direct
polaritons in Fig. 6, ρdr is generally lower than for
indirect polaritons because of weaker electron-exciton
interaction. Also ρdr in this case is higher when both
2DEG and excitons are located in TMDC layers (solid
lines in Fig. 6).

The drag density decreases with interlayer distance
as L−β , where β ≈ 4 − 5 and β ≈ 2 − 4 for the
indirect polaritons in TMDC and QW respectively,
and β ≈ 7 − 8 for direct polaritons in TMDC. Al-
though in the case of direct excitons (Fig. 6) ρdr de-
creases faster with L than in the systems with indi-
rect excitons (Fig. 5), the effect in the former case
could be still appreciable at the distances L ∼ (2− 4)
nm, since TMDC layers can be put very close to each
other due to their extreme thinness (see the inset in
Fig. 6). For a strong intercomponent interaction the
drag saturates, and the system should exhibit tran-
sition from the double-superfluid phase to a paired
superfluid phase [18, 20]. Our theory is not aimed to
describe this regime, so we limit our calculations to
ρdr < 0.5ρp.

Finally, we consider the ABE in the strong-
correlation regime described in [37]. Due to 2DEG-
induced screening of polariton-polariton interaction,
dispersion of Bogoliubov excitations in the polari-
ton system acquires a roton minimum, which be-
comes deeper as the polariton density np

0 or electron-
exciton interaction V el−x increases. This disper-

1.10 1.15 1.20 1.25 1.30 1.35 1.40
np

0(1013 cm−2)

0.18

0.20

0.22

0.24

0.26

ρdr
ρp

Figure 7: Drag density ρdr as a function of polariton density
np

0 in the system with TMDC-based indirect polaritons. Solid
and dashed lines correspond to, respectively, TMDC and QW
electron layers. The system parameters are the same as in
Fig. 5(a) for the case ΩR = 10meV, L = 20 nm. Vertical
dotted lines show critical polariton densities where the roton
minimum reaches zero energy, and the drag density diverges.

sion is given by zeros of the dielectric function (22).
When the roton minimum reaches zero energy at some
critical polariton density, the system becomes un-
stable against transition into a supersolid or other
symmetry-breaking phase.

Since we screen the interlayer interaction (23) by
density responses of both polaritons and 2DEG, these
strong-correlation effects are automatically taken into
account in our approach in RPA. Fig. 7 shows behav-
ior of the drag density ρdr at high enough np

0 in the
vicinity of the roton instability. It can be seen that
ρdr sharply increases and formally diverges at the crit-
ical density. Thus the correlation effects can enhance
ABE near the point of instability due to large con-
tribution of low-energy Bogoliubov excitations to ρdr,
however the issues with the stability of polaritonic
system and robustness of its superfluidity can arise in
this regime. In particular, the polariton density and
other parameters like polariton-polariton interaction
strength should be fine-tuned [37] in order to bring
the system very close to the instability point.

3.2 Observation of the drag
Now we consider possible methods to observe the su-
perfluid drag, or ABE, between BEC of polaritons
and superconductor. We suggest to create a flow of
polariton Bose condensate via resonant pump by an
inclined incident laser beam [57] and to measure the
induced superconducting current in the 2DEG layer.
The corresponding schematic experimental setup is
depicted in Fig. 1. The velocity of polaritons in the
moving condensate vp = (ω/mpc) sin θ can be var-
ied via change of the incident angle θ. Here ω is the
cavity photon frequency, c is the speed of light in vac-
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uum. There are other possibilities to create a current
of polariton BEC by applying stress [59], magnetic
and electric fields [81] or via the mean-field potential
of exciton cloud [33,59].

As the main signature of ABE, the motion of po-
lariton condensate induces the superconducting cur-
rent in the electronic subsystem with the mass density
gel = ρdrvp, which is equivalent to the electric current
density

jel = gele/m
∗
e ≡ J0κ, (31)

J0 = mpn
p
0vpe/m

∗
e , (32)

where κ = ρdr/ρp is of the order of 0.001–0.1 in re-
alistic conditions, see Figs. 5–6. The quantity J0 can
be interpreted as an upper theoretical limit of the
drag current, achieved at the perfect drag κ = 1,
ρdr = ρp. This expression allows us to estimate
the maximal magnitude of the drag current: taking
vp = 108 cm/s [57], we get J0 ≈ 1.6 A/m for the case
when both electronic and excitonic layers are based
on TMDC and J0 ≈ 0.12 A/m for a QW-based sys-
tem. Assuming that the thicknesses of TMDC and
QW are, respectively, 1 nm and 10 nm, these cur-
rents correspond to three-dimensional current densi-
ties ∼ 109 A/m2 and ∼ 107 A/m2 for TMDC and
QW cases respectively. Multiplying J0 by the char-
acteristic κ = 0.01, we get superfluid drag currents
∼ 107 A/m2 and ∼ 105 A/m2, which are of the or-
der of critical currents in some conventional super-
conductors [82,83], hence they are high enough to be
measurable.

For detection of the normal drag effect in electron-
polariton system, the reverse method [84] was pro-
posed: to induce a current in electronic system and to
measure the change in angle distribution of photons,
escaped from microcavity. The superfluid drag effect
can hardly be measured by this way, since electron
Cooper pairs are much slower than polaritons. The
mean velocity of the superconducting condensate is
limited by a critical velocity of superconducting elec-
trons vc ∼ ∆/pF and in 2D materials it is of the or-
der of 105 cm/s [82, 83]. Therefore the mass current
density of dragged polaritons gp = ρdrvc corresponds
to the nonzero angle θ = κmpvcc/ω of photon emis-
sion from the polariton BEC. For the photon energy
ω = 1.7 eV it is θ ∼ κ × 0.003◦. However, since pho-
tons are emitted from a finite area of the polariton
cloud, there is a variance of the photon in-plane mo-
mentum due to the uncertainty principle. It results in
the angular broadening ∆θ = c/ωK, which is ∼ 6◦ for
the characteristic width of polariton cloud K = 1µm.
This estimate of ∆θ is in agreement, by an order of
magnitude, with the observed angle distribution of
out-flying photons about ∆θ ≈ 2◦ [57]. As a result,
the inclination angle of the photon emission θ due to
ABE is expected to be much smaller than the uncer-
tainty ∆θ even at large κ.

There is another phenomenon, namely a kind of a

photon drag effect [85], with the properties similar to
those of ABE, which can emerge in the system we
consider. Since the electronic layer absorbs a part of
the incident light, the absorbed microcavity photons
transfer a part of their momentum to Cooper pairs of
the superconductor, so the induced supercurrent can,
in principle, compete with current induced by ABE.
Assuming that in the worst case the probability of a
photon in microcavity to be absorbed by the electron
layer is Θ ∼ 0.1, and that the whole momentum of
the absorbed photons is transferred to Cooper pairs,
the photon drag current would be jph = J0Θ. Thus
the ratio of the superfluid and photon drag currents in
the worst case could achieve jel/jph = κ/Θ ∼ 1. Nev-
ertheless, it is hard to tell to what extent the photon
drag effect is essential in this system, since to our
knowledge this effect in superconductors was not yet
studied.

In addition, our approach is applicable to the su-
perfluid drag effect between electrons and indirect ex-
citons in the absence of optical microcavity. BEC
of indirect excitons was observed, for example, in
[86], and the review of early experiments on exci-
tonic BEC can be found in [87]. To apply our theory
to exciton-electron system, we assume zero Rabi fre-
quency ΩR = 0 and carry out the same calculations
as in the Section 3.1.

We have obtained the following result: at the same
system parameters, listed in Table 1, the absolute val-
ues of ρdr in systems of electrons and indirect excitons
is of the same order of magnitude as in systems with
indirect polaritons. The formulas (31)–(32) for the
drag-induced electron current density can be rewrit-
ten for the case of excitons as

jel = ρdrvxe/m
∗
e , (33)

where vx is the velocity of the exciton condensate.
Since the exciton mass mx is typically 104 times
larger than the polariton mass mp ≈ mc, the max-
imal velocity of superfluid excitonic condensate vx,
allowed by the Landau criterion as the sound ve-
locity

√
gx−xnx

0/mx [58], is two orders of magnitude
lower than the maximal velocity of polaritons at the
same exciton density nx

0 = np
0 . Therefore, it can be

concluded that in the case of excitons the supercon-
ducting drag-induced current (33) should be ∼ 100
times lower, so possible observation of ABE in this
case is more challenging, although not excluded com-
pletely. Besides, since the ratio between the drag den-
sity and the full density of exciton condensate does
not exceed 10−4, the superfluid drag effect cannot
noticeably alter the vortex dynamics in the conden-
sate and, accordingly, Berezinskii-Kosterlitz-Thouless
transition [21].
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4 Conclusions

The Andreev-Bashkin effect, or superfluid drag, was
considered in the Bose-Fermi system consisting of
Bose-condensed excitonic polaritons interacting with
superconducting 2DEG. The excitonic part of polari-
tons as well as 2DEG are assumed to be located in par-
allel layers embedded into an optical microcavity. The
main quantity characterizing this effect, the superfluid
drag density ρdr, was found from the current-current
response function, which is calculated in the second
order in the screened interlayer electron-exciton inter-
action.

Two observations about ρdr can be made: first,
its decrease with increasing the temperature T is
mainly caused by the thermal suppression of the su-
perconducting energy gap ∆(T ), while at low enough
temperature, T � ∆(0), ρdr weakly depends on ∆.
Therefore the crucial property of the superconducting
layer required to support ABE is not a large value of
the gap itself, but its critical temperature T SC

c , which
should be high enough in comparison to the experi-
mental T . Second, the dominating contribution to ρdr
is provided by the “condensate” processes involving
transitions between the condensate and nonconden-
sate polaritons induced by their interaction with elec-
trons, shown in Fig. 2. Similar processes were consid-
ered as dominating in the theory of normal drag be-
tween excitonic BEC and non-superconducting 2DEG
[29]. The “noncondensate” processes typical to the
theory of normal Coulomb drag [1] provide negligible
contribution, as demonstrated in our calculations.

We also show that the important point for reli-
able theoretical calculations of ρdr is the appropriate
screening of the interlayer interaction. Neglect of the
screening results in ρdr overestimated by 1-2 orders of
magnitude. On the other hand the screening in the
widely used Thomas-Fermi approximation [29,35–37]
underestimates ρdr by an order of magnitude. We use
the random phase approximation for both electronic
and polaritonic layers which provides intermediate,
and more realistic, results for ρdr. Note that dynam-
ical effects in screened interlayer interaction play an
essential role in the theory of normal drag too [2].

We consider typical experimental conditions for
realization of excitonic and electronic layers using
GaAs-based semiconductor QWs or two-dimensional
TMDC crystals. Spatially indirect dipolar excitons
are the most promising for observation of ABE be-
cause of their relatively strong interaction with elec-
trons, although achievement of the dipolar polaritonic
condensation (BEC of dipolaritons) is still experimen-
tally challenging. At the distance L between excitonic
and electronic layers not exceeding 40 nm, ρdr reaches
the values of 0.001-0.1 of the total mass density of po-
laritons ρp. The direct excitons interacting with elec-
trons owing to their polarizability provide ρdr which
is orders of magnitude lower than for indirect exci-

tons. However, this setup with BEC of direct-exciton
polaritons coupled to a superconducting layer could
be more feasible from the technical point of view.

The effect of the Rabi splitting ΩR on ρdr is twofold:
higher ΩR, from the one hand, helps to stabilize po-
laritons to ensure the strong-coupling regime, while,
from the other hand, reduces ρdr due to increased en-
ergy of virtual lower polariton excitations in a broad
momentum range contributing to the drag. Our re-
sults are presented for zero photon-to-exciton detun-
ing δ, but ρdr moderately increases at δ > 0 (be-
cause the lower polaritons become more exciton-like
and their interaction with electrons is enhanced) and
decreases at δ < 0. At δ = ΩR the drag density is
approximately twice as much as at δ = 0. Strong-
correlation effects such as softening of the Bogoli-
ubov mode dispersion in the polariton system [37] can
also increase ρdr in the vicinity of instability against
supersolid transition at high enough polariton den-
sity. However, maintaining uniformity of the polari-
ton BEC and its superfluidity can be experimentally
challenging in this regime.

For detection of the predicted ABE, we suggest to
create a flow of polariton Bose condensate and to de-
tect a supercurrent induced in the electronic layer. At
typical polariton velocities 108 cm/s and with the val-
ues ρdr ∼ (0.001−0.1)ρp predicted in our calculations,
we expect the superconducting current to be not much
smaller that the critical current of conventional super-
conductors. Thus the predicted effect could be mea-
surable at realistic conditions, if the excitonic layer of
polariton (or dipolariton) BEC and superconducting
electron gas can be brought to small enough distance.
Additionally, we predict similar ABE for a coupled
system of electrons and Bose-condensed spatially in-
direct excitons in the absence of microcavity. Magni-
tude of the drag density in this case is close to that
in electron-polariton system, although observation of
ABE should be more difficult due to lower velocities
of excitons.

Different mechanisms of electron entrainment by
polaritons, such as normal drag [1, 2], polaronic ef-
fects [31], or photon drag [85] can, in principle, com-
pete with ABE leading to similar experimental signa-
tures. Nevertheless, the first two effects should affect
only a normal component of electronic gas and thus
can be separated in measurements of a nondissipative
current. The photonic drag could be caused by en-
trainment of the superconducting Cooper pairs due to
transfer of momentum of absorbed microcavity pho-
tons, although there are no experimental confirma-
tions of existence of such effect in superconductors.

We analyzed the superfluid drag in a clean system,
assuming that both polariton BEC and Cooper-pair
condensate in superconducting 2DEG remain approx-
imately uniform even in presence of weak disorder.
For the normal Coulomb drag, the role of mesoscopic
fluctuations is known to be significant at low temper-
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atures [2, 88, 89], so it would be interesting to study
an influence of fluctuations and spatial nonuniformity
on the superfluid drag. Fluctuations of the super-
conducting order parameter can also play important
role near the superconducting transition temperature
T SC

c . The same concerns possible influence of the
Berezinskii-Kosterlitz-Thouless transition physics [60]
and finite-size effects. For example, in magnetic field
the boundary conditions for currents can even change
the sign of observable Coulomb drag [90]. Similarly,
in our proposed experimental setup in Fig. 1 the mea-
sured drag current or voltage (or other quantity like
magnetic flux) can depend not only on a magnitude
of ABE itself, but also on a superconducting circuit
incorporating the passive electronic layer.

In our setting, we assumed that superconductiv-
ity is induced in the electronic layer by the polari-
tonic mechanism, which was proposed theoretically
in Refs. [35–43] but not yet observed in the experi-
ments. However, this specific pairing mechanism in
not important for the presence of ABE, which is ex-
pected also for a preexisting superconducting layer.
In the latter case, a possible obstacle for observation
of ABE could be detrimental influence of the super-
conductor on the optical microcavity quality. To min-
imize it, thin-film or even atomically-thick supercon-
ductors, such as NbSe2 [91] or FeS [92], can be used.
Another way is to choose different geometries for a
microcavity (for example, an optical fiber [38, 40])
or a superconductor (thin wire or grid). Such setup
on superfluid drag between BEC excitonic polaritons
and a superconductor will be analyzed elsewhere [93].
One more possibility is the px + ipy superconduct-
ing pairing suggested in [37, 94] for electron-exciton
or electron-polariton system and in [95] for a similar
atomic Bose-Fermi mixture. Our calculations show
that the drag density does not change significantly
on transition from the s- to (px + ipy)-wave pairing,
since there is no specific selection of angular harmon-
ics of the gap in the superconductor rectification func-
tion (18); in the case of (px + ipy)-wave pairing, ρdr
is slightly higher at the same superconducting T SC

c
mainly due to higher ratio ∆(T = 0)/T SC

c .
The superfluid drag effect considered in this pa-

per couples a quantum coherent system of half-light,
half-matter polaritons, and a superconducting sys-
tem. The first system hosts fast-traveling bosonic
quasiparticles controllable by light, and the second
one consist of slower fermionic particles, which can
be easily controlled by electric and magnetic fields.
Therefore coupling the two systems by the superfluid
drag can be used for coherent transfer of information
in future hybrid quantum devices.
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A Additional diagrams for rectification
function of polaritons
In this Appendix we consider the subleading “non-
condensate” diagrams for the rectification function of
the polariton system, depicted in the lower panel of
Fig. 8. Such closed diagrams are usually considered
in the theory of Coulomb drag [2] between normal
systems, where they provide the leading contribution,
although in Bose-condensed systems they may be dis-
regarded [29]. However, accounting for the noncon-
densate diagrams can be important in some cases, as

Figure 8: Diagrams contributing to Fp. The “condensate”
diagrams in the first line, corresponding to Eq. (15), were
taken into account in our calculations of ρdr, and the “non-
condensate” diagrams in the second line, corresponding to
Eq. (34), were neglected.

argued, e.g., in Ref. [41] in the context of polariton-
mediated superconductivity. For this reason we an-
alyze a contribution of such diagrams, depicted in
Fig. 8, to the rectification function:

F̃
p
(q, iωm) = T

S

∑
p,iω′

n

p Tr
[
Ĝp(p, iω′n)τ3Ĝ

p(p, iω′n)

×Ĝp(p + q, iω′n + iωm)
]

+ (q, iωm → −q,−iωm). (34)

In the T = 0 limit, after the frequency summation,
this expression takes a form similar to that for the
electron rectification function (19):

F̃
p
(q, iωm)

= 1
S

∑
p

p(Ep
p + Ep

p+q)iωmLp(p,q)[
(iωm)2 −

(
Ep

p + Ep
p+q

)2
]2 , (35)

where Lp(p,q) = (up
pv

p
p+q + up

p+qv
p
p)2 is

the bosonic coherence factor, and up
p, v

p
p =

±
√

1
2{±1 + (ε̃pp + cp)/Ep

p} are the coefficients of
the polaritonic Bogoliubov transformation.

Fig. 9 shows the comparison of the leading-order
condensate contribution Fp (16) to the rectification
function with the subleading noncondensate one F̃

p

(35). Since the main contribution to the integral in
Eq. (13) is provided by ω ∼ ΩR and q ∼ L−1, we
calculate the rectification functions in the range q =
(1 − 10) × L−1 and ω = (0.1 − 10) × ΩR. It can be
seen that F̃

p
in this range is 3–4 orders of magnitude

smaller than Fp. These estimates are made for the
TMDC-based setup, and for QW-based system the

Figure 9: Ratio of absolute values of contributions to the
rectification function of the polariton system provided by
the noncondensate diagrams (F̃p, second line of Fig. 8)
and by the condensate diagrams (Fp, first line of Fig. 8).
The system parameters are the same as in Fig. 5(a) with
ΩR = 30meV, L = 4 nm, both exciton and electron layers
are TMDC-based.
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ratio |F̃
p
|/|Fp| ∼ 10−6 is even smaller. Therefore we

can assuredly neglect the noncondensate diagrams in
our calculations.

B Temperature dependence of rectifi-
cation function of superconductor
In this Appendix we provide the full expression for
the nonlinear current-density response function of 2D
superconductor for T > 0. It is obtained after the
frequency summation in Eq. (18):

Fel(q, iωm)

= gv
∑

p
p
({[

nF(Eel
p+q)− nF(Eel

p )
] [

(Mp,q,iωm

+ )2 − (Mp,q,iωm

− )2
]

+ n′F(Eel
p )
[
Mp,q,iωm

+ −Mp,q,iωm

−

]}
Lel

2 (p,q)

+
{[

1− nF(Eel
p )− nF(Eel

p+q)
] [

(Pp,q,iωm

+ )2 − (Pp,q,iωm

− )2
]

+ n′F(Eel
p )
[
Pp,q,iωm

+ − Pp,q,iωm

−

]}
Lel(p,q)

)
+ (q, iωm → −q,−iωm), (36)

where Lel
2 (p,q) = (upup+q − vpvp+q)2 is the second

fermionic coherence factor; nF and n′F are the Fermi-
Dirac distribution and its derivative; Pp,q,iωm

± =
(Eel

p + Eel
p+q ± iωm)−1,Mp,q,iωm

± = (Eel
p − Eel

p+q ±
iωm)−1.

The energy gap ∆ also depends on the system tem-
perature T . This dependence can be approximated
by the widely used expression [96]:

∆(T ) ≈ ∆(0) tanh
(
k

√
Tc

T
− 1
)
. (37)

Here k = 1.74 and ∆(0) = 1.76T SC
c ; these con-

stants correspond only to weak-coupling superconduc-
tors with the s-wave pairing, which we are interested
in. The formulas (36) and (37) are used to calcu-
late the temperature dependence of ρdr(T ) shown in
Fig. 3.
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