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Abstract. The Seebeck effect producing voltage difference from temperature gradient has a wide spectrum of applications. Recent
theoretical studies show that the Cooper pair splitting and the elastic co-tunneling can give rise to the nonlocal Seebeck effect in
hybrid normal metal-superconductor-normal metal systems. Here we propose a coherent transport description of this nonlocal
effect and validate its experimental observation in a graphene-based Cooper pair splitter.

INTRODUCTION

Quantum computation in solid state requires a robust source for entangled electrons. Splitting Cooper pairs of an s-
wave superconductor may potentially provide such source. In the last two decades, significant progress towards this
goal has been achieved. Cooper pair splitting (CPS) is usually studied in a setup with a bulk superconducting lead and
two quantum dots attached to it, and its efficiency is characterized by the ratio of the current carried by the splitted
pairs to the total current flowing through the dots. According to the theory, the efficiency of Cooper pair spitting can
be improved, for example, by use of ferromagnetic leads [1], by Coulomb blockade effect [2], by presence of
Majorana states in the quantum dots [3, 4, 5], and by energy filtering [6]. These predictions have been tested on
several material platforms [7, 8, 9, 10, 11, 12, 13, 14], and particularly promising results have been obtained in carbon
nanotube, graphene, and nanowire settings.

Along with the elastic co-tunneling (EC) process, the CPS establishes a new mechanism for thermoelectricity
in hybrid superconducting systems [15, 16, 17, 18]. In this work, we present a coherent transport description of the
nonlocal Seebeck effect originating from the temperature gradient across a quantum dot–superconductor–quantum dot
splitter and compare our model with the experimental observations. Our work opens route for the devices enabling to
generate entangled electrons in the situations where the thermal drive is more preferable than the electrical one.

COHERENT TRANSPORT MODEL

Let us introduce the theoretical description of the nonlocal thermoelectric effect in the graphene-based CPS device.
The schematics of the device are presented in Fig. 1: two normal reservoirs are connected to the common supercon-

ductor (with the gap Δ) via two quantum dots; the nth energy level of the dot j ( j = {L, R} denotes the left and right
dots) is ε j,n. Each dot is coupled to the reservoir and superconductor with rate Γ j,n and γ j,n, respectively. The temper-
atures of the left and right reservoirs and superconductor are, respectively, TL, TR and TS. The resonance position of
each dot can be tuned through the variation of the gate voltage Vsg,L(R):

ε j,n(Vsg, j) = a j(Vsg, j −Vmax, j,n), ε ′j,n(Vg j) = a j(Vsg, j −V ′
j,n), (1)

where a j is the constant determined by the gate and dot capacitances, Vmax, j,n is the gate voltage corresponding to
the maximum transmission probability of the dot, V ′

j,n is the gate voltage at which the energy ε ′j,n of closely lying
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FIGURE 1. N-dot-S-dot-N hybrid system scheme. The normal reservoir j ( j = {L, R} denotes the left and right side) is coupled
to the corresponding quantum dot with rate Γ j,n (n denotes the energy level); in turn, the dot is coupled to the superconductor with
rate γ j,n. The coupled energy levels ε j,n of the quantum dot j can be adjusted through changing the gate voltage Vsg, j on the dot.
In addition, the dots have dark energy levels ε ′j,n uncoupled from the superconductor and normal reservoir which also depend on
the gate voltage. The electrical current I j flowing through the dot j is driven by the external bias voltages VL and VR on the left and
right reservoirs (the superconductor is grounded) and the temperature differences in the structure.

uncoupled (dark) states is zero. We introduce the dark states to account for the possible Fano resonance effect which
may significantly affect the conductance of the dots; the transmission probability of dot j is

τ j(E,Vsg, j) = ∑
n

γ j,nΓ j,n(
E − ε j,n(Vsg, j)− |t j,n|2

E−ε ′j,n(Vsg, j)

)2

+
(γ j,n+Γ j,n)2

4

, (2)

where t j,n is the hopping amplitude between ε j,n and dark ε ′j,n.
Temperature differences produce electric currents IL and IR flowing from the left and right reservoirs towards the

superconductor. The current I j is composed of the local (Iloc
j ) and nonlocal (ΔInl

j ) contributions:

IL = Iloc
L +ΔInl

L , IR = Iloc
R +ΔInl

R . (3)

The local contribution to the thermoelectric current is caused by the temperature difference between the corresponding
normal reservoir and superconductor, while the nonlocal one arises from the temperature difference between two
normal reservoirs. Let us now examine each contribution in more detail.

Local transport

The local transport through the individual dots can be described by the generalization of the Andreev reflection theory
[19, 20] for the case of energy dependant transmission probabilities. Such case is discussed, for instance, in Ref. [21];
the results of this work can be translated into the following expressions for the local electric currents:

Iloc
j (E,Vsg, j) =

e
π h̄

∫
|E|<Δ

dE
Δ2[ f j(E − eVj)− f j(E + eVj)]

(Δ2 −E2)

[(
2

τ j(Ẽ j ,Vsg, j)
−1

)(
2

τ j(−Ẽ j ,Vsg, j)
−1

)
− 4Ẽ2

j

Γ2
j (Vsg, j)

]
+E2

+
2e
π h̄

∫
|E|>Δ

dE
νS(E)

(
2

τ(−E,Vsg, j)
−1+νS(E)

)
[ f j(E − eVj)− fS(E)](

2
τ(−E,Vsg, j)

−1+νS(E)
)(

2
τ(E,Vsg, j)

−1+νS(E)
)
+ 4Δ2

Γ2
j (Vsg, j)

ν2
S (E)

, (4)

where E is the energy of the incident particle, f j(E) = 1/(1+ eE/kBTj) is the distribution function in reservoir j, Vj is
the bias voltage on the reservoir j (we are interested in the thermoelectric effect, therefore we will only consider the

case where VL =VR = 0), νS(E) =
|E|√
E2−Δ2

is the density of states in the superconductor, and Ẽ j = E
√

1+
γ j(Vsg, j)√

Δ2−E2

is the renormalised energy; we replaced the coupling rates Γ j,n γ j,n with functions Γ j(Vsg, j) and γ j(Vsg, j) depending on
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the gate voltage. From this expression we derive zero bias conductance of the dot j at low temperatures, kBTj,kBTS �
Δ,Γ j,n + γ j,n:

g j(Vsg, j) =
h
e2

∂ I j

∂Vj

∣∣∣∣
Vj=0

=
4τ2

j (0,Vsg, j)

(2− τ j(0,Vsg, j))
2
. (5)

Nonlocal transport

The nonlocal transport through the NSN structure is governed by the CPS and EC processes occurring with prob-
abilities τCPS(E) and τEC(E) respectively. As demonstrated in Refs. [2, 22, 23, 24], in the case where τCPS(E), τEC(E)
� 1, these probabilities are given by simple formulae

τCPS(E) = τL(E)τSτR(−E), (6)

τEC(E) = τL(E)τSτR(E), (7)

where τS is the effective transmission probability of the superconductor. This parameter can be regarded as the
probability that an electron incident from one dot reaches the opposite one rather than moving into the bulk of the
superconductor. If the distance between the dots is less than the superconductor’s coherence length, τS does not depend
on E. The value of τS is determined by many factors, particularly the structure’s geometry, connection between the
dots and the superconductor, and the superconductor’s granularity. In describing the experiment we will treat τS as a
fitting parameter.

In the subgap regime, where kBTL, kBTR � Δ, given that there is no external voltage bias on the reservoirs, Vj = 0,
the nonlocal currents can be expressed in the Landauer form:

ΔInl
L =

eτS

h

∫
dE τL(E)

{
τR(E)+ τR(−E)

}
[ fL(E)− fR(E)] ,

ΔInl
R =−eτS

h

∫
dE

{
τL(E)+ τL(−E)

}
τR(E) [ fL(E)− fR(E)] . (8)

Given also that kBTL, kBTR � Δ, γ j,n +Γ j,n, we can write the nonlocal currents in the form similar to Mott’s formula,

ΔInl
L =

π2

3

ek2
B

h
∂τL(0,Vsg,L)

∂E
τSτR(0,Vsg,R)(T 2

L −T 2
S )

=−π2

3

ek2
B

aLh
τS

∂gL(0,Vsg,L)

∂Vsg,L

4
√

gR(Vsg,R)√
gL(Vsg,L)

(
2+

√
gL(Vsg,L)

)2 (
2+

√
gR(Vsg,R)

) (T 2
L −T 2

S ), (9)

ΔInl
R =

π2

3

ek2
B

h
τL(0,Vsg,L)τS

∂τR(0,Vsg,R)

∂E
(T 2

R −T 2
S )

=−π2

3

ek2
B

aRh
τS

∂gR(0,Vsg,R)

∂Vsg,R

4
√

gL(Vsg,L)√
gR(Vsg,R)

(
2+

√
gL(Vsg,L)

)(
2+

√
gR(Vsg,R)

)2
(T 2

R −T 2
S ). (10)

Let us, for instance, analyze the behavior of the nonlocal current on the left, ΔInl
L . One may notice that ΔInl

L changes
its sign when the left gate voltage Vsg,L runs through the value corresponding to the extremum of the left dot’s con-

ductance gL(Vsg,L). Meanwhile, the dependence of ΔInl
L on the right gate voltage Vsg,R has a pattern qualitatively

similar to the right dot’s conductance gR(Vsg,R). To this end, the nonlocal currents can be roughly described as

ΔInl
L ∝ (dgL/dVsg,L)gR, ΔInl

R ∝ gL(dgR/dVsg,R).

EXPERIMENT

Figure 2 displays our experimental setup. The Al superconducting Cooper pair injector overlays two graphene quan-
tum dots. The resonance levels of the dots can be shifted independently by the side gate electrodes. To observe
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FIGURE 2. SEM image of the experimental device. The setup consists of graphene (green), metallic Al/Ti sandwich leads (blue)
and silicon silicon wafer coated by 280 nm of silicon dioxide (gray). Red indicates the heated region. The superconducting lead 2
overlaps graphene quantum dots QDL and QDR with area 200×150 nm2, shown in bottom left box. The transmission through the
dots is determined by the voltages Vsg,L and Vsg,R on the graphene side gates. The superconductor-graphene-superconductor Joseph-
son junctions are marked by SGSL and SGSR; leads 1 and 3 are connected to current preamplifiers and are used for thermoelectric
measurements.

thermoelectricity, we create temperature gradient by means of a resistive graphene ribbon heater; the ribbon is con-
nected to two aluminum electrodes, and the Joule heating from the ribbon is transmitted to the rest of the device
through the silicon substrate. The heater is operated at frequency f = 2.1 Hz, thus the heating power P =V 2

h /R (here,
Vh is the heating voltage and R is the resistance of the ribbon) oscillates at double frequency 2 f = 4.2 Hz. In order to
monitor the temperatures we use superconductor-graphene-superconductor (SGS) Josephson junctions: knowing the
value of the switching current in the junction and its dependence on temperature we infer the local temperature. The
arising thermoelectric currents flowing through the dots are recorded at frequency 2 f = 4.2 Hz by means of standard
lock-in techniques.

To single out the nonlocal contribution ΔInl
j from the measured total thermoelectric current I j we notice that while

ΔInl
j depends on both gate voltages Vsg,L and Vsg,R, the local contribution Iloc

j ideally depends only on Vsg, j. We also

notice that ΔInl
j � Iloc

j . Thus, one may say that Iloc
j is I j averaged over the gate voltage on the opposite dot, making

ΔInl
j the small fast varying margin of the current. In reality, there is a cross talk between the dots, and the average

background 〈I j (Vsg,L,Vsg,R)〉 should be determined differently: for dot j this background is obtained by fitting lines
to the data matrix I j (Vsg,L,Vsg,R) at constant Vsg, j and then constructing a new matrix 〈I j (Vsg,L,Vsg,R)〉 using these line
fits. Then, from experimental data we obtain the nonlocal contribution as

ΔInl
j = I j (Vsg,L,Vsg,R)−〈I j (Vsg,L,Vsg,R)〉. (11)

The experimentally measured thermoelectric currents along with the theoretical predictions are shown in Fig. 3.
The parameters of the theoretical model are such that they quite well fit the experimentally measured dots’ conduc-
tance peaks while also correctly reflecting on the nonlocal current behavior. This combined agreement between the
experiment and theory provides strong verification of the observed nonlocal Seebeck effect. For details see Ref. [25].
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FIGURE 3. Nonlocal currents flowing through the left and right quantum dots as functions of the gate voltages on the dots. (a,c)
Experimental plots. (b,d) Theoretical plots obtained using Eqs. (9) and (10). The parameters are such that they also enable good
fitting of the conductance curves. The horizontal dotted lines correspond to the maximum conductance of the left dot.
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