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The Coulomb drag effect has been observed as a tiny current induced by both electron-hole asymmetry
and interactions in normal coupled quantum dot devices. In the present work we show that the effect can be
boosted by replacing one of the normal electrodes by a superconducting one. Moreover, we show that at
low temperatures and for sufficiently strong coupling to the superconducting lead, the Coulomb drag is
dominated by Andreev processes, is robust against details of the system parameters, and can be controlled
with a single gate voltage. This mechanism can be distinguished from single-particle contributions by a
sign inversion of the drag current.
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Introduction.—The possibility to induce a current in an
unbiased electronic circuit by proximity with a nearby
driven system is a measurable manifestation of electron-
electron correlations and broken symmetries. For this
reason, the Coulomb drag effect has attracted theoretical
and experimental attention for many decades [1]. In
extended samples with translational invariance, momentum
exchange across conductors is the relevant drag mechanism
[2]. Remarkably, when the samples are superconducting
(e.g., Coulomb coupled bilayers or Josephson junction
arrays) Cooper pairs must be taken into account [3,4],
leading to drag supercurrents [5], charge solitons [6],
exciton formation [7], and depinning [8] (see also
Ref. [9] for a discussion of drag currents in normal tunnel
junction arrays).
In contrast, in mesoscopic systems such as coupled

quantum dots or point contacts, which lack translational
invariance, Coulomb drag is driven by energy transfer.
Moreover, finite drag currents with normal leads require
the presence of energy-dependent tunneling rates breaking
electron-hole and inversion symmetries [10–19]. Although
this leads to a rather tiny and uncontrolled effect strongly
dependent on the system parameters, drag currents have
been observed in nanoelectronic devices [20–24]. The
mesoscopic Coulomb drag can also be viewed as arising
from rectifying nonequilibrium charge fluctuations. This
makes the connection with exciting issues in modern
quantum thermodynamics: energy harvesting [25–27], heat
transport [28–30], and rectifiers [31,32].
In this Letter, we explore how the mesoscopic Coulomb

drag is affected by superconducting correlations. Let us
consider a proximitized nanostructure [33] like the one
depicted in Fig. 1(a). It consists of two capacitively coupled
quantum dots [34–36]: the active dot is coupled to two

voltage-biased normal reservoirs, whereas the passive one
is coupled to a normal and a superconducting lead (hence
breaking inversion symmetry). Because of the presence of a
superconducting gap, the tunneling rates exhibit a well
defined energy dependence which has proven useful for
quasiparticle turnstiles [37] and refrigeration [38–41].

(a) (b)

FIG. 1. Superconductivity-induced Coulomb drag in hybrid dot
structures. (a) Scheme of the capacitively coupled double quantum
dot device analyzed in this work. A drag current is generated in the
passive dot (p) connected to unbiased normal (N) and super-
conducting (S) electrodes due to the Coulomb interaction with
electrons tunneling through the active dot a attached to voltage
biased terminals (L and R). In this diagram, an electron in N is
transformed into a Cooper pair in S with a retroreflected hole. This
Andreev process is correlated through the interaction (red line)
with a charge fluctuation in the active subsystem (blue arrow).
(b) Drag current Idrag as a function of the passive dot level εp and
temperature T (normalized with the critical temperature Tc).
Cooper pairs and quasiparticles contribute with opposite signs.
At low temperature, the current is given by Andreev processes
(lower insets). By increasing temperature, a crossover occurs
where they coexist with quasiparticle tunneling (upper insets).
Parameters (in meV): ΔðT ¼ 0Þ ¼ 0.2, ΓS ¼ ΓN ¼ ΓL ¼
ΓR ¼ 0.05, Vbias ¼ 5, εa ¼ 0, and Up ¼ 5Uap ¼ 0.5.

PHYSICAL REVIEW LETTERS 125, 247701 (2020)

0031-9007=20=125(24)=247701(6) 247701-1 © 2020 American Physical Society

https://orcid.org/0000-0002-5927-8790
https://orcid.org/0000-0002-2549-7071
https://orcid.org/0000-0001-5668-6636
https://orcid.org/0000-0002-8810-8811
https://crossmark.crossref.org/dialog/?doi=10.1103/PhysRevLett.125.247701&domain=pdf&date_stamp=2020-12-07
https://doi.org/10.1103/PhysRevLett.125.247701
https://doi.org/10.1103/PhysRevLett.125.247701
https://doi.org/10.1103/PhysRevLett.125.247701
https://doi.org/10.1103/PhysRevLett.125.247701


Superconductivity gives rise, however, to an additional
and totally different drag mechanism via the Andreev
reflection of an electron into a hole at the passive quantum
dot [42]. Mediated by Coulomb interactions, charge fluc-
tuations in the active dot correlate with the pairing
processes, hence breaking electron-hole symmetry, as
schematically depicted in the lower insets of Fig. 1(b).
A key role is played by the coherent superposition of the
passive dot charge states induced by pairing and which can
be controlled by external gate voltages. Tuning the position
of the passive dot level, the drag current would display a
transition from electronlike to holelike dominated behavior.
As we show in this work, the Andreev drag mechanism
dominates at low temperature T for realistic system para-
meters, and could be distinguished from the conventional
(single particle) processes by a drag current sign reversal in
state-of-the-art experiments.
Model and methods.—We model the device depicted

in Fig. 1(a) with a Hamiltonian of the form Ĥ ¼
Ĥdqd þ Ĥleads þ Ĥt, where

Ĥdqd ¼
X

α

εαn̂α þUpn̂p;↑n̂p;↓ þ Uapn̂an̂p; ð1Þ

is the double quantum dot Hamiltonian with active (α ¼ a)
and passive (α ¼ p) dots, energy levels εα, intradot (Up)
and interdot (Uap) charging energies and number operators
n̂p ¼ Σσn̂p;σ ¼ Σσd̂

†
p;σd̂p;σ with spin σ ¼ f↑;↓g and

n̂a ¼ d̂†ad̂a, where d̂p;σ and d̂a are the electron annihilation
operators in passive and active dots (note that, for sim-
plicity, the active dot is described in terms of spinless
electrons as this degree of freedom does not play a role in
the drag physics). Ĥleads and Ĥt are the uncoupled leads and
the lead-dot tunneling Hamiltonians, respectively. While
the passive dot is coupled to a normal (N) and a super-
conducting (S) lead, the active dot is connected to two
normal ones (L and R). The corresponding tunneling rates
are denoted by Γβ, where β ¼ N, S, L, R labels the
terminals with chemical potential μβ. Since the passive
dot is in equilibrium we set μN ¼ μS ¼ 0, while the active
dot is voltage biased as μL ¼ −μR ¼ eVbias=2.
In order to obtain the transport properties for this model

we apply two complementary approaches. For the numeri-
cal calculations, we use a nonequilibrium Green’s functions
(NEGF) formalism including up to second-order diagrams
for the interaction self-energies and taking into account
the BCS temperature dependence for the S lead gap.
Additionally, we use a master equation description to
analytically identify the relevant processes responsible
for the drag current. This latter approach is valid in two
limiting cases: (i) the drag is carried by Cooper pairs
(assuming the infinite limit for the superconducting gap Δ),
and (ii) pairing is neglected and drag is due to single-
quasiparticle processes only [43].

The drag current as a function of temperature and passive
dot level obtained using NEGF is shown in Fig. 1(b). The
chosen parameters correspond to realistic values that can be
achieved in current experimental setups [33]. As a first
remark, we notice that the drag current can reach values of
the order of 0.1 nA, which can be easily detected experi-
mentally [24]. Second, we observe four different regions
depending on the sign of the drag current. At low tempera-
tures, this sign changes when ϵp crosses the electron-hole
symmetric point εehp ¼ −ðUp þ UapÞ=2, turning from
positive to negative as the passive dot is depopulated. At
higher temperatures an additional sign change occurs,
while the size of the drag current is significantly reduced,
and eventually disappears when the gap is closed for
T > Tc. As discussed below, this change of behavior is
physically connected to the microscopic mechanisms
yielding the Coulomb drag, pinpointing a crossover from
the Andreev drag regime to the quasiparticle tunneling
regime as temperature is raised.
Drag out of correlated Andreev reflection.—We can gain

insight on the low temperature behavior using the master
equation approach with the transition rates calculated in the
limit Δ; eVbias ≫ kBT. In this approximate analysis,
the relevant basis states are ji; ni, where i ¼ f0; σ; 2g
denotes the occupation of the passive dot and n ¼ 0, 1
is the number of electrons in the active one. Pairing induced
by coupling to the superconductor hybridizes the
even-i states in the passive dot, leading to j�; ni ¼
N −1

�;nðA�;nj0; ni − ΓSj2; niÞ, with A�;n ¼ ε̃n �
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
ε̃2n þ Γ2

S

p
,

ε̃n ¼ εp þ nUap þ Up=2, and the normalization factor
N �;n. The odd states jσ; ni remain uncoupled.
Importantly, the even superpositions and the eigenenergies
E�;n ¼ nεa þ A∓;n, Eσn ¼ εp þ nðεa þ UapÞ depend on
the occupation of the active dot, see Fig. 2(a).
In the weak tunneling regime, the transition rates

between the different states jκi → jλi are given by Γαβ
λκ ¼

Gαβ
λκ fβðEλ − EκÞ when involving an electron tunneling from

terminal β into quantum dot α, and γαβλκ ¼ J αβ
λκ ½1 − fβðEκ −

EλÞ� when involving a hole [53–55]. Here, Gαβ
λκ ¼

Γβjhλjδ̂†αjκij2 are the leading-order tunneling rates with
δ̂a ≡ d̂a, δ̂p ≡P

σ d̂p;σ , and fβðEÞ ¼ f1þ exp½ðE −
μβÞ=kBT�g−1 the Fermi-Dirac function. For J αβ

λκ , one

replaces δ̂†α by δ̂α in the expression for Gαβ
λκ .

At low temperatures, transitions jκi → jλi involving
terminal N are energetically suppressed if Eλ − Eκ ≫
μN ¼ 0. Noticing that E�n − Eσn ¼ Up=2 ∓ ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi

ε̃2n þ Γ2
S

p
,

we see that transitions to j−; ni are only possible if
mediated by a fluctuation in the active dot. Because of
the interaction Up, the energies of the jþ; ni and jσ; ni
states might cross, as shown in Fig. 2(a). Hence, for a
constant n the passive dot is in a statistical mixture of states
jþ; ni and jσ; ni. Then, electrons tunneling from L to R
change the charge n and consequently the passive dot
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undergoes transitions between different states. In particular,
depending on which is the ground state, the transitions
jþ; ni ↔ j−; n� 1i and jσ; ni ↔ jσ; n� 1i are important
for unblocking the dynamics. Furthermore, they enable
cycles of the form

jσ; ni → jþ; ni ↔ j−; n0i → jσ; n0i ↔ jσ; ni; ð2Þ

as sketched in Fig. 2(a) by the green (for n0 ¼ nþ 1) and
orange (for n0 ¼ n − 1) arrows. They include two transi-
tions in terminal N involving different superpositions at
different occupations of the active dot, jþ; ni and j−; n0i.
Thus, the weights in these superpositions are changed in the
processes due to both pairing and Coulomb interactions.
These are the minimal cycles that allow for a net charge
exchange between N and S and ultimately lead to a drag
current.
The drag effect requires the electron-hole symmetry to be

dynamically broken [13]. In our system, transitions
jσ; ni → jþ; ni and j−; ni → jσ; ni can both be due to
the tunneling of either an electron or a hole into the passive
dot. Whether electron or hole transport dominates depends
in each case on the relative weight of the even states via the
ratios rþn ¼ GpN

þn;σn=J
pN
þn;σn ¼ Γ2

S=A
2þn and r−n ¼ GpN

σn;−n=

J pN
σn;−n ¼ A2

−n=Γ2
S. In the cycles of Eq. (2), more electrons

than holes will on average be transferred if rþnr−n0 > 1.
Remarkably, these ratios can be controlled by tuning the

passive dot energy level with a gate voltage. For r�n > 1
electron tunneling will occur at a higher rate than hole
tunneling if ε̃n < 0. In this way, if ε̃0 < ε̃1 < 0 (like the
green example in Fig. 2), we have A2þ;n < Γ2

S < A2
−;n. Then

most likely, two electrons tunnel from N into the passive
dot along with a Cooper pair created in the superconductor,
giving rise to a positive drag current. In the opposite case
ε̃0 > 0 (like for the orange cycle in Fig. 2), the two
transitions are holelike and the drag current is accordingly
reversed. As shown in Fig. 2(b), rþnr−n0 − 1 is monotonic
when tuning εp across the intermediate region. It changes
sign at εehp , together with Idrag [see Fig. 1(b)]. At this point
electron and hole processes occur with the same rate during
the cycle and cancel each other, resulting in no net drag
current.
We stress that the pairing term is necessary for the drag

current in the Andreev regime since (i) it splits the
degeneracy points of even and odd states, and (ii) it breaks
electron-hole symmetry by making r�n ≠ 1. However,
increasing the S coupling has a counterproductive effect:
in the limit ΓS ≫ ε̃n we find r�n → 1, i.e., tunneling
becomes electron-hole symmetric and the drag effect
accordingly vanishes.
Note that this drag effect differs from the normal one

[13,16,17] in that both the existence of the drag current and
its sign are determined by εp, while in normal systems both
depend on energy-resolved tunneling asymmetries. Our
device can also host such a conventional drag effect when
current is carried by quasiparticles, as discussed below.
Strikingly enough, the sign of their contribution is also well
defined in terms of εp but is opposite to that of the Andreev-
Coulomb drag processes. This would be useful for an
experimental distinction of the two mechanisms.
Quasiparticle drag.—Let us now consider a regime for

which pair tunneling can be neglected (e.g., high temper-
atures and quantum dot levels close to the gap edges) and
therefore the number of electrons in the passive dot is well
defined. In a qualitative analysis, we can restrict the charge
of the passive dot to fluctuate between 0 or 1. In the weak
coupling regime, transport through the S barrier consists of
single-electron tunneling events whose rate Γqp

Sn ∝ νSðεp þ
nUapÞ has an explicit energy dependence given by the
superconductor density of states νSðEÞ [43]. Since the rate
is sensitive to the charge state of the active dot n due to the
Coulomb interaction Uap, this situation is then analogous
to that of Ref. [13], where the drag effect appears in the
presence of energy-dependent barriers. Here, such depend-
ence is provided by the superconducting gap, even if all
other couplings Γβ are constant. Thus, a drag current
appears proportional to Γqp

S1 − Γqp
S0, which depends on εp.

For instance, if −Δ < εp < Δ and εp þ Uap > Δ, we have
Γqp
S1 ≫ Γqp

S0, and consequently electrons tunnel from N
when n ¼ 0 and into S over the gap once the
active dot gets occupied (thereby n changing to 1). This
causes a positive drag current. For εp < −Δ and

(a)

(b)

FIG. 2. Andreev-Coulomb drag mechanism. (a) Pairing induces
avoided crossings in the even states j�; ni. Two cyclic processes
are highlighted which correspond to Eq. (2), with n ¼ 1, n0 ¼ 0
(orange) and n ¼ 0, n0 ¼ 1 (green). These cycles are assisted by
charge fluctuations in the active dot and lead to finite drag
currents. (b) The imbalance of tunneled electrons and holes
dictates the sign of the current by means of the asymmetry of the
transition rates, parametrized here by R ¼ ðrþ0r−1 − 1Þ=
ðrþ0r−1 þ 1Þ, depending on the level position εp. The gray line
in (a) and (b) marks the electron-hole symmetry point εehp .
Parameters are as in Fig. 1(b).
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−Δ < εp þ Uap < Δ, the same happens for holes tunnel-
ing below the gap (n changing from 1 to 0) and the current
becomes negative. Both cases are illustrated with the upper
insets in Fig. 1(b). As in the case of the pairing contribu-
tion, the current changes sign at εp ¼ εehp .
Andreev vs quasiparticle drag.—The two limiting cases

discussed above lead to opposite contributions to the drag
current for the same configuration of the dot levels. Their
competition will then determine the overall sign of the
generated current, for instance, as a function of temperature
as already shown in Fig. 1(b). The value of εp relative to the
crossover depends on temperature since the BCS gap
changes with temperature. We furthermore investigate this
competition as a function of the pairing parameter ΓS in
Fig. 3. Since the leading contribution for the quasiparticle
tunneling is sequential, it is of the order ΓSΓN. However, the
Andreev contribution relies on higher order processes and
depends on ΓS (through r�n) as ðΓSΓNÞ2. Hence, for small
values of ΓS the quasiparticle contribution dominates. As
the pairing term increases, the Andreev-Coulomb mecha-
nism starts to govern the drag effect. This is reflected in a
sign change of the drag current as a function of ΓS for a
fixed dot level, see Fig. 3(a).
This interpretation is confirmed by means of an energy-

resolved separation of the different contributions to the drag
current within the NEGF calculations. Let IA be the subgap
term, which we expect to be mainly due to Andreev
processes, and Iqp the contribution over and below the
gap, mainly due to quasiparticles (see Ref. [43] for further
details). These are plotted in Fig. 3(b) for εp > εehp [along
the dashed line in Fig. 3(a)]. It indeed shows that for small
ΓS, IA is quadratic and negative, while Iqp is linear and
positive, as expected for the Andreev and quasiparticle
processes discussed above.
Practical considerations.—In a typical experiment, one

could tune the gate voltages that control εa and εp, as well
as the bias voltage Vbias applied to the active dot. The drag
effect manifests as a correlation between the currents

through the active and passive dots, see Figs. 4(a) and
4(b). These correlations induced by Uap are enhanced in
the vicinity of the charge stability diagram degeneracy
points, which give rise to an upward shift in the drive
current, cf. Fig. 4(b). This behavior is typical of fluctuation-
induced transport in normal double dot systems and leads
to a current spot in the passive system whose sign depends
on the potential in the passive system [23,24,26].
Remarkably, for the Andreev-Coulomb drag effect dis-
cussed here the induced current feature is split into
electronlike and holelike contributions with opposite signs,
as shown in Fig. 4(a).
The dependence on the bias voltage plotted in Figs. 4(c)

and 4(d) shows that the drag current appears at the onset of
nonlinearities in the drive current for large enough voltages,
as expected for active systems with no energy-dependent
tunneling rates [13,17]. This is particularly clear at low
temperatures where Idrag is blocked for low voltages, see
Fig. 4(c). The size of the blockade region scales linearly
with the Coulomb interaction Uap. At higher temperatures
[Fig. 4(d)] the blockade is smeared out. Further, we observe
that the drag current changes sign with temperature due to
the dominance of either pair-correlated [Fig. 4(c)] or single-
electron [Fig. 4(d)] processes. This behavior is absent in
coupled superconducting wires or layers when their drag
effect is due to supercurrents [5]. In Josephson junction
arrays, the drag current can change its sign when the
superconducting gap is suppressed [6,8]. However, in these

(a) (b)

FIG. 3. Unraveling the Andreev and quasiparticle contributions
to the drag current. (a) Drag current as a function of ΓS and εp.
(b) Different contributions from the single quasiparticle (Iqp) and
pair tunneling (IA) currents to the total drag current (It). Dashed
lines in (b) are fitting curves to the ΓS and Γ2

S lines. Parameters are
as in Fig. 1, except for T ¼ 2Tc=3.

(a)

(b)

(c)

(d)

FIG. 4. Drag and drive currents as functions of experimentally
tunable gate and bias voltages. (a),(b) Mutual backaction of the
drag and drive systems as εa and εp scan the degeneracy points of
the stability diagram for kBT ¼ 0.01 meV and Vbias ¼ 0.6 meV.
(c),(d) The drag current does not change sign at zero bias voltage,
proving its nonlinearity, here for εp ¼ 0. (c) At low temperatures,
the Andreev-Coulomb drag current is blocked at low voltages.
Lifting of the blockade affects the drive response. (d) At higher
temperatures, these features are washed out. Quasiparticle con-
tributions change the sign of the current. Other parameters are as
in Fig. 1 and kBTc ¼ 0.15 meV.
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devices the induced current flows in the same (opposite)
direction as the drive current when transport is due to pairs
(quasiparticles), while in our case it is independent of the
direction of the drive and can be controlled by a local gate
electrode.
Conclusions.—We have shown that pair tunneling in

interacting quantum dots coupled to normal and super-
conducting electrodes leads to a novel drag mechanism.
This Andreev-Coulomb drag can be distinguished from the
conventional single-electron mechanism by means of a sign
change in the drag current. Using two different theoretical
methods, we have evaluated the drag currents showing that
the Andreev mechanism is a robust effect and dominates at
sufficiently small temperatures and strong coupling to the
superconducting electrode. Our estimations, based on
realistic parameters, indicate that the effect would be
significantly strong to be detected using nowadays experi-
mental techniques.
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