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Abstract. In this paper, we review a double quantum dot each dot of which is tunnel-
coupled to superconducting leads. In the Coulomb blockade regime, a spin-dependent
Josephson coupling between two superconductors is induced, as well as an antiferro-
magnetic Heisenberg exchange coupling between the spins on the double dot which can
be tuned by the superconducting phase difference. We show that the correlated spin
states—singlet or triplets—on the double dot can be probed via the Josephson current
in a de-SQUID setup. We also briefly review the Andreev entangler, a non-equilibrium
setup that provides a source of pairwise entangled electrons.

1 Introduction

In recent years, electronic transport through strongly interacting mesoscopic
systems has been the focus of many investigations [I]. In particular, a single
quantum dot coupled via tunnel junctions to two non-interacting leads has pro-
vided a prototype model to study Coulomb blockade effects and resonant tun-
neling in such systems. These studies that started in the 1960’s [2] have been
extended to an Anderson impurity [3] or a quantum dot coupled to supercon-
ductors [4J5)6]. In a number of experimental [4] and theoretical [5] papers, the
spectroscopic properties of a quantum dot coupled to two superconductors have
been studied. Further, an effective dc Josephson effect through strongly inter-
acting regions between superconducting leads has been analyzed [78/9T0]. More
recently, on the other hand, research on the possibility to control and detect the
spin of electrons through their charges has started. In particular in semiconduct-
ing nanostructures, it was found that the direct coupling of two quantum dots
by a tunnel junction can be used to create entanglement between spins [11], and
that such spin correlations can be observed in charge transport experiments [12].

Motivated by these studies we have proposed a new scenario for inducing and
detecting spin correlations, viz., coupling a double quantum dot (DD) to super-
conducting leads by tunnel junctions [I3]. It turns out that this connection via a
superconductor induces a Heisenberg exchange coupling between the two spins
on the DD. Moreover, if the DD is arranged between two superconductors, we
obtain a Josephson junction (S-DD-S). The resulting Josephson current depends
on the spin state of the DD and can be used to probe the spin correlations on the
DD [13]. We have also pointed out that such a Josephson junction can be used
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in principle to distinguish singlet and triplet superconductors. Finally, a double
quantum dot connected to a superconductor and to two leads has been proposed
as an Andreev entangler, i.e., a device that allows the injection of spin-entangled
electrons into two leads [14].

2  One Quantum Dot

As a warm-up, we would like to discuss a single quantum dot coupled to two
superconducting leads (for a more detailed treatment see [3]). The geometry of
the system is shown in Fig. 1.

Fig. 1. Left panel: sketch of the superconductor-quantum dot-superconductor (S-D-
S) nanostructure. Right panel: schematic representation of the quasiparticle energy
spectrum in the superconductors and the energy levels of the quantum dot

The leads are assumed to be conventional singlet superconductors that are
described by the BCS Hamiltonian

Hs= 3. /Q ?;; { > %ﬁi(r)h(r)wa(r)+Aj(r)wi(r)w1(r)+h.c.}, (1)

Jj=L,R o=",1

where £2; is the volume of lead j, h(r) = (—ihV + £A)?/2m — p, and Aj;(r) =
Aje_i‘f’f(r) is the pair potential. For simplicity, we assume identical leads with
same chemical potential pu, and A, = Agr = A. The quantum dot is modeled
as a localized level € with strong on-site Coulomb repulsion U, described by the
Hamiltonian

Hp=—€Y dl,dn, + Ud dnrd) dny . (2)

where € > 0. U is typically given by the charging energy of the dot, and we have
assumed that the level spacing of the dot is ~ U (which is the case for small
GaAs dots [1), so that we need to retain only one energy level in Hp. Finally,
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the dot is coupled (see Fig. 1) to the superconducting leads, described by the
tunneling Hamiltonian

O
Hp =) {texp(—i/ dl- Al (r;)dy + hec.| | (3)
Jo Po Jx
where r; is the point on the lead j closest to the dot. Here, $g = hc/2e is the
superconducting flux quantum.

Since the low-energy states of the whole system are well separated by the
superconducting gap A as well as the strong Coulomb repulsion U (A4, e < U —e),
it is sufficient to consider an effective Hamiltonian on the reduced Hilbert space
consisting of singly occupied levels of the dot and the BCS ground states on the
leads. To lowest order in Hr, the effective Hamiltonian is given by [15]

Hes = P Hy [(Eo — Hy) (1 — P)Hy]” P, (4)

where P is the projection operator onto the subspace and Fj is the ground-state
energy of the unperturbed Hamiltonian Hy. (The second-order contribution leads
to an irrelevant constant). The lowest-order expansion (4) is valid in the limit
I' € A e where I' = mt2N(0) and N(0) is the normal-state density of states per
spin of the leads at the Fermi energy. Thus, we assume that I’ < A, e <K U — ¢,
and temperatures which are less than e (but larger than the Kondo temperature).
The explicit calculation of Heg is a special case of the double-dot situation
considered in the next section and is outlined in Appendix B. The result is

= P o) o

where ¢ is the phase difference between the two superconductors and Jj is a
positive constant given in Eq. (8). In other words, a quantum dot tunnel-coupled
to two superconductors is a m-junction, the sign of the the Josephson coupling
energy is opposite to that of a simple tunnel junction [2[3].

3 Two Quantum Dots

Now we would like to consider the double-dot (DD) system sketched in Fig. 2:
Two quantum dots (a,b), each of which contains one (excess) electron and is
connected to two superconducting leads (L, R) by tunnel junctions (indicated by
dashed lines). Another realization would be atomic impurities embedded between
the grains of a granular superconductor. There is no direct coupling between
the two dots. The Hamiltonian describing this system consists of three parts,
Hs + Hpp + Hr = Hy + Hr. The two quantum dots are modeled as two
localized levels €, and €, with strong on-site Coulomb repulsion U, described by
the Hamiltonian

o= 3 |~ pdar + Uil g | ©)

n=a,b
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Fig. 2. Left panel: sketch of the superconductor-double quantum dot-superconductor
(S-DD-S) nanostructure. Right panel: schematic representation of the quasiparticle en-
ergy spectrum in the superconductors and the single-electron levels of the two quantum
dots

where we put €, = ¢, = —e (e > 0) for simplicity. As before, we retain only one
energy level per dot in Hpp. Finally, the DD is coupled in parallel (see Fig. 2)
to the superconducting leads, described by the tunneling Hamiltonian

[T
Hr = ];, {t exp(~ig- /rn LAYl (rjn)dne + hec.| (7)

where r; , is the point on the lead j closest to the dot n. Unless mentioned
otherwise, it will be assumed that r , =rpp =r; and rg, =rgrp =rg.

Proceeding as before, we calculate the effective Hamiltonian of the system to
fourth order in Hr.

There are a number of virtual hopping processes that contribute to the effec-
tive Hamiltonian (4), see Fig. 3 for a partial listing and Fig.[H for a full listing of
them. Collecting these various processes, one can get the effective Hamiltonian
in terms of the gauge-invariant phase differences ¢ and ¢ between the supercon-
ducting leads and the spin operators S, and S, of the dots (up to a constant
and with i =1)

Hes = Jocos(mfap) cos(¢p — wfap)
+ [(2Jo + J)(1 +cosp) +2J1(1 +cosmfap)| [Sa-Sp —1/4] . (8)

Here fap = ®ap/Py and P4p is the Aharonov-Bohm (AB) flux threading
through the closed loop indicated by the dashed lines in Fig. 2. One should
be careful to define gauge-invariant phase differences ¢ and ¢ in (8). The phase
difference ¢ is defined as usual [16] by

¢:¢L(PL)_¢R(FR)_§%/ Ldﬁa'A7 9)
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Fig. 3. Partial listing of virtual tunneling processes contributing to Hes, Eq. (4). The
numbered arrows indicate the direction and the order of occurrence of the charge
transfers. Processes of type (a) and (b) give a contribution proportional to Jo, whereas
those of type (c) and (d) give contributions proportional to J. For the complete list,
see Fig.[Alin Appendix A

where the integration from rg to rp runs via dot a (see Fig. 2). The second
phase difference, ¢, is defined by

o= ou(e) — onen) - - [ "t 4 dt) - A (10)

TR

The distinction between ¢ and ¢, however, is not significant unless one is inter-
ested in the effects of an AB flux through the closed loop in Fig. 2 (see Ref. [12]
for an example of such effects). The coupling constants appearing in (8) are

defined by
2r? 1 de 1°
J = — | = -
€ [Tr/f(x)g(iv)]

- 1;2 dxdy 1
=3 i@+ F @) (1)
TP [dedy g()f() + ) - 2gw)
= F ) TR @)@ 9T + F@)]

where ( = €/A, f(z) =1+ 22, and g(z) = V1 + 22+ (.
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A remarkable feature of Eq. (8) is that a Heisenberg exchange coupling be-
tween the spin on dot a and on dot b is induced by the superconductor. This cou-
pling is antiferromagnetic (all J’s are positive) and thus favors a singlet ground
state of spin a and b. This in turn is a direct consequence of the assumed singlet
nature of the Cooper pairs in the superconductor (this is discussed further in
the next section). As discussed below, an immediate observable consequence of
Hg is a spin-dependent Josephson current from the left to right superconducting
lead (see Fig. 2) which probes the correlated spin state on the DD.

The various terms in (8) have different magnitudes. In particular, the pro-
cesses leading to the J; term involve quasiparticles only as can be seen from its
AB-flux dependence which has period 2@,. In the limits we will consider below,
this J; term is small and can be neglected.

In the limit ¢ > 1, the main contributions come from processes of the type
depicted in Fig. 3 (a) and (b), making Jo ~ 0.1(I'?/e) In ¢ dominant over J and
J1. Thus, Eq. (8) can be reduced to

Heg = Jocos(mfap)cos(¢p — mfap) + 2Jo(1 + cos p) [Sa =Sy — le] , (12)

up to order (In¢)/¢. As can be seen in Fig. 3 (a), the first term in Eq. (12) has the
same origin as that in the single-dot case [3]: Each dot separately constitutes
an effective Josephson junction with coupling energy —Jy/2 (i.e. m-junction)
between the two superconductors. The two resulting junctions form a dc SQUID,
leading to the total Josephson coupling in the first term of (12). The Josephson
coupling in the second term in (12), corresponding to processes of type Fig. 3
(b), depends on the correlated spin states on the double dot: For the singlet
state, it gives an ordinary Josephson junction with coupling 2Jy and competes
with the first term, whereas it vanishes for the triplet states. Although the limit
A < e € U — € is not easy to achieve with present-day technology, such a
regime is relevant, say, for two atomic impurities embedded between the grains
of a granular superconductor.

More interesting and experimentally feasible is the case { < 1. In this regime,
the effective Hamiltonian (8) is dominated by a single term (up to terms of order

),

Heg =~ J(1+ cosp) [Sa Sy — i] , (13)
with J a 2I'? /e. The processes of type Fig. 3 (b) and (c) give rise to (13). Below
we will propose an experimental setup based on (13).

Before proceeding, we digress briefly on the dependence of J on the contact
points. Unlike the processes of type Fig. 3 (a), those of types Fig. 3 (b), (c), and
(d) depend on §rp = |rpq —rrp| and drg = |rpq —rg|, see the remark below
Eq. (7). For the tunneling Hamiltonian (7), one gets (putting ér = dry = drg)

4
Jr) =30

€

[ Erne) - P . (14)
0

2 w+e
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where F7*/4(r,w) is the Fourier transform of the Green’s function in the super-
conductors, F/4(r,t) = FiO(+t) ({11 (r, 1), (0,0)}). We note that the phase
difference ¢ in (8) should now be defined with respect to the phase ¢;(r;q,r;)
of the function FJR(rjﬂ, rjp) —FJA(rjﬂ, r; ;) on the lead j, see the definition below
(8). In the limit ¢ < A < p, we find J(0r) =~ J(0)e=29"/¢ sin? (kpor) /(kpor)? up
to order 1/kp&, with kp the Fermi wave vector in the leads. Hence, the exchange
coupling constant is exponentially suppressed if 7 exceeds the superconducting

coherence length ¢, and there is an additional suppression factor 1/(kpdr)2.

4 Probing the Pairing Symmetry
of the Superconducting Leads

In the previous section, the superconducting leads were assumed to be conven-
tional BCS superconductors. The discovery of unconventional superconductivity
in the heavy-fermion superconductor UPts as well as the high-temperature su-
perconductor YBasCusO7 has given a new impetus to the theoretical study of
unconventional superconductors. These systems are characterized by an order
parameter that is different from the symmetry of the underlying lattice. The
order parameter has a nontrivial structure in k-space, usually accompanied by
points or lines of zeroes in the gap. Also, the pairing symmetry in spin space that
is of singlet type in conventional BCS superconductors can be of triplet type.
This behavior is well-known from the p-wave triplet superfluid *He [17]. Recently,
there has been strong evidence that SroRuQy is a p-wave triplet superconductor
[18].

If, in the previous section, we had assumed leads consisting of unconventional
superconductors with triplet pairing, we would find a ferromagnetic exchange
coupling favoring a triplet ground state of spin a¢ and b on the DD. Thus, by
probing the spin ground state of the dots (e.g. via its magnetic moment) we
would have a means to distinguish singlet from triplet pairing. The magnetization
could be made sufficiently large by extending the scheme from two to /N dots or
impurities coupled to the superconductor.

5 Probing Spins with a dc-SQUID

We now propose a possible experimental setup to probe the correlations (entan-
glement) of the spins on the dots, based on the effective model (13). According
to (13) the S-DD-S structure can be regarded as a spin-dependent Josephson
junction. Moreover, this structure can be connected with an ordinary Josephson
junction to form a de-SQUID-like geometry, see Fig. 4. The Hamiltonian of the
entire system is then given by

H = J[1+ cos(§ — 2r f)] (Sa~Sb—le> +aJ(1—cosb), (15)

where f = @ /P, P is the flux threading the SQUID loop,  is the gauge-invariant
phase difference across the auxiliary junction (J'), and o = J'/J with J’ being
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the Josephson coupling energy of the auxiliary junction. Without restriction we
can assume « > 1, since J’ could be adjusted accordingly by replacing the J'-
junction by another dc SQUID and flux through it. One immediate consequence
of Eq. (15) is that at zero temperature, we can effectively turn on and off the
spin exchange interaction: For half-integer flux (f = 1/2), singlet and triplet
states are degenerate at § = 0. Even at finite temperatures, where 6 is subject
to thermal fluctuations, singlet and triplet states are almost degenerate around
6 = 0. On the other hand, for integer flux (f = 0), the energy of the singlet state
is lower by J than that of the triplet states.

f=1/2 | f=0

(Vo +3V4) /4

X -\ Tsw
A SR

Fig.4. (a) dc-SQUID-like geometry consisting of the S-DD-S structure (filled dots at
the top) connected in parallel with another ordinary Josephson junction (cross at the
bottom). (b) Schematic representation of dc voltage V' vs. time when probing the spin
correlations of the DD. The flux through the SQUID loop is switched from f =1/2 to
f=0at¢t=0. Solid line: Tsy < Topin. Dashed line: Tsw > Topin

This observation allows us to probe directly the spin state on the double
dot via a Josephson current across the de-SQUID-like structure in Fig. 4. The
supercurrent through the SQUID-ring is defined as Is = (2wc/P)0(H) /09,
where the brackets refer to a spin expectation value on the DD. Thus, depending
on the spin state on the DD we find

sin(f — 27 f) + asin 6 (singlet)

asind (triplets) ’ (16)

Is/I; = {
where I; = 2eJ/h. When the system is biased by a dc current I larger than the
spin- and flux-dependent critical current, given by maxy{|Is|}, a finite voltage
V appears. Then one possible experimental procedure might be as follows (see
Fig. 4b). Apply a dc bias current such that al; < I < (a + 1)I;. Here, al;
is the critical current of the triplet states, and (a + 1)I; the critical current of
the singlet state at f = 0, see (16). Initially prepare the system in an equal
mixture of singlet and triplet states by tuning the flux around f = 1/2. (With
electron g-factors g ~ 0.5-20 the Zeeman splitting on the dots is usually small
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compared with kg7 and can thus be ignored.) The dc voltage measured in this
mixture will be given by (Vy + 3V7)/4, where Vo(V7) ~ 24A/e is the (current-
dependent) voltage drop associated with the singlet (triplet) states. At a later
time ¢ = 0, the flux is switched off (i.e. f = 0), with I being kept fixed. The
ensuing time evolution of the system is characterized by three time scales: the
time 7Teop ~ max{1/A,1/I'} ~ 1/I" it takes to establish coherence in the S-DD-
S junction, the spin relaxation time 7, on the dot, and the switching time
Tsw to reach f = 0. We will assume 7Tcon, < Tspin, Tsw, Which is not unrealistic
in view of measured spin decoherence times in GaAs exceeding 100ns [19]. If
Tow < Tspin, the voltage is given by 3V;/4 for times less than gy, 1.e. the
singlet no longer contributes to the voltage. For ¢ > 7y, the spins have relaxed
to their ground (singlet) state, and the voltage vanishes. One therefore expects
steps in the voltage versus time (solid curve in Fig. 4b). If T4y, < Tsyw, a broad
transition region of the voltage from the initial value to 0 will occur (dashed line
in Fig. 4b).

Another experimental setup would be to use an rf-SQUID geometry, i.e.,
to embed the S-DD-S structure into a superconducting ring [16]. However, to
operate such a device, ac fields are necessary, and the sensitivity is not as good
as for the de-SQUID geometry.

To our knowledge, there are no experimental reports on quantum dots cou-
pled to superconductors. However, hybrid systems consisting of superconductors
(e.g., Al or Nb) and 2DES (InAs and GaAs) have been investigated by a num-
ber of groups [20]. Taking the parameters of those materials, a rough estimate
leads to a coupling energy J in Egs. (13) or (15) of about J ~ 0.05-0.5K. This
corresponds to a critical current scale of I; ~ 5-50nA.

6 Andreev Entangler

Up to now, we have considered equilibrium phenomena. Recently, a system con-
sisting of a double quantum dot coupled to a superconductor on one side and
to separate leads on the other side has been proposed as a source of entangled
electrons [14]. This entangler is a non-equilibrium device that can create pairwise
spin-entangled electrons and provide coherent injection by an Andreev process
into different dots which are tunnel-coupled to leads, leading to a current

 dend [sin(kpor) ? 26r
[ e, o

Here, 75 is the tunneling rate between the superconductor and the dots, ~
the tunneling rate between the dots and the leads, and dr was defined around
Eq. (14).

The unwanted process of both electrons tunneling into the same leads can
be suppressed by increasing the Coulomb repulsion on the quantum dot, and its
current is given by

I

2ev2y 1 1 1
L==—% =t 1
PTTe 0 T aATU (18)



Superconductors, Quantum Dots, and Spin Entanglement 55

These relations are valid if A, U > Au > ~,kgT, and v > g, where Ay
is the bias voltage between the superconductor and the leads. Also, the single-
particle level spacing of both dots is assumed to be larger than Ap.

The ratio of currents of these two competing processes is given by

I 282 [sin(kpor) 2 201
Rl = "

From this ratio we see that the desired regime with I; dominating I5 is obtained
when /v > kpdr, and or < {. We would like to emphasize that the relative
suppression of I (as well as the absolute value of the current I) is maximized
by working around the resonances ¢; ~ ug = 0. It was shown that there exists a
regime of experimental interest where the entangled current shows a resonance
and assumes a finite value with both partners of the singlet being in different
leads but having the same orbital energy. This entangler then satisfies the nec-
essary requirements needed to detect the spin entanglement via transport and
noise measurements [12].

Another effect discussed in [I4] are flux-dependent oscillations of the current
in an Aharonov-Bohm loop. For this let us consider now a setup where the
two leads 1 and 2 are connected such that they form an Aharonov-Bohm loop,
where the electrons are injected from the left via the superconductor, traversing
the upper (lead 1) and lower (lead 2) arm of the loop before they rejoin to
interfere and then exit into the same lead, where the current is then measured
as a function of varying flux @. It is straightforward to analyze this setup. The
total flux-dependent Aharonov-Bohm current [45 is found to be [14]

Tap = /81 [LF () cos (P/2P) + I cos (P/Py) (20)
Fla) = ———

Ve +0L/2)?

where, for simplicity, we have assumed that e; = €3 = ¢, and 71 = 72 = L.
Here, the first term (different leads) is periodic in 2@y = h/e like for single-
electron Aharonov-Bohm interference effects, while the second one (same leads)
is periodic in the superconducting flux quantum @, describing thus the interfer-
ence of two coherent electrons (similar single- and two-particle Aharonov-Bohm
effects occur in the Josephson current through an Aharonov-Bohm loop, see
the previous sections and [13]). It is clear from Eq. (20) that the h/e oscilla-
tion comes from the interference between a contribution where the two electrons
travel through different arms with contributions where the two electrons travel
through the same arm. Both Aharonov-Bohm oscillations with period h/e, and
h/2e, vanish with decreasing I5, i.e. with increasing on-site repulsion U and/or
gap A. However, their relative weight is given by +/I;/Is, implying that the
h/2e oscillations vanish faster than the h/e ones. This behavior is quite remark-
able since it opens up the possibility to tune down the unwanted leakage process
~ I5 cos (P/Py) where two electrons proceed via the same dot/lead by increasing
U with a gate voltage applied to the dots. The dominant current contribution
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with period h/e comes then from the desired entangled electrons proceeding via
different leads. On the other hand, if /I /I < 1, which could become the case
e.g. for kpdr > £ /7, we are left with h/2e oscillations only. Note that dephasing
processes which affect the orbital part suppress I4p5. Still, the flux-independent
current Iy + I can remain finite and contain electrons which are entangled in
spin-space, provided that there is only negligible spin-orbit coupling so that the
spin is still a good quantum number.

In conclusion, we have reviewed double quantum dots each dot of which is
coupled to superconductors. We have found that in the Coulomb blockade regime
the Josephson current from one superconducting lead to the other is different for
singlet or triplet states on the double dot. This leads to the possibility to probe
the spin states of the dot electrons by measuring a Josephson current. We have
discussed the possibility to use a Josephson junction of this type to distinguish
between singlet and triplet superconductors. And finally, we have briefly reviewed
a non-equilibrium device: the recently proposed Andreev entangler, a source of
entangled electrons.

We would like to thank the Swiss National Science Foundation for support.

Appendix A

In this appendix, we would like to enumerate the processes contributing to the
effective Hamiltonian, Eq. (4). They are depicted in Fig. [}l and have labels Ay,
By, Bs, ... Es.

FEach process can be calculated in a straightforward way; as examples, we
give the explicit calculations for A; and Cj in the following two appendices.
Adding up all of these terms, we get

Heg = Jocos(mf) cos ¢ Class A;
-V Class B;
—(X14+Y2) Class Bo
+ Jcosd [Sy - Sy — 1/4] Class C
+2Jpcos¢ [S, - Sy — 1/4] Class Cy
—2Yy cos(mf) [Sa - Sp + 1/4] Class Dy
+2(X1 + Ya) cos(nf) [Sqa - Sp + 1/4] Class Dy
+ (J+2X; +2Ys) [So - Sy — 1/4] Class Ey

+2J0[Sa~Sb—1/4}—2Y1[Sa-Sb+1/4} Class Eo
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Fig. 5. Processes contributing to the effective Hamiltonian, Eq. (4)

which, after simplification, can be written in the following form:

Heg = Jg cos(mf) cos(p — 7 f)
+2Jo(1 + cos ) [Sq - Sy — 1/4]
+ 2J1[1 + cos(mf)] [Sa - Sp — 1/4] (22)
+ J(1+cos ) [Sy - Sp — 1/4]
+ Ji[cos(mf) — 1] — 3Y7 .
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The coupling constants in these expressions are given by

//dxdy ()if( )g(x)g(y)
J1

e { /f ]
//dxdy >+g< )

F2 dzdy 2€/A
// o7 T+ 60 - =noh

/ / dd?dy )192(»”6)
dxd
/ / : ( +9(y)]

flx)=vV1+a?, \/1—|—x2—|—e/A.

They can be derived as follows:

|ur vk tgug|
_4t q
%; Ey+¢€)(Eq+e)(Ey + Ey)

_ t4z |ALAR|
. Equ(Ek + Eq)(Ek + 5)(Eq +€)

J1=X1—Xo

t P A* ’
J=8— = — _
€ € ; Ei (Ek =+ 6)

uRvj,
E €
o Lk +

X, :4t4z |uk|2|uq|2
(BEx +€)(Eq + €)(Ex + Eq + 2¢)

42 (B + &k)(Eq + &)
EvEq(Ex +¢€)(Eq + €)(Ex + Eq + 2¢)

Xo=Yi— Y2 =42 2elus ol
P —~ (Br + )2 (Bx + Bq) (Bi + By + 2¢)

*[vp|* (Ek + &) (Ep — &)
Y; = 44 |uk| |UP| A k k P
' %;(Ek+e)2(Ek+E ZEk o(Br -+ By) (B +

(31)

(32)

(33)

(34)
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?|ug|? B + &) (Eq + &)
Y. :4t4 ‘Uk| |Uq| =t4 ( k q q .
2 2 (Er + 0)2(Ex + Eq + 20) %: ErEq(Ex + 2B + Eq 120 B0

kq

More explicitly, with ¢ = €¢/A, we obtain

X1 tt

2 = ap VoA

></ da:dy(\/1+x2+;r)(\/1+y2+y)
VI @2 (WVI+ @+ [DVI+H P (VT+y? + VT2 + VI +y? + ()

- Lo | dudy
[Al* WIF22+ N1+ 2+ [ DWT+z2+ 1+ + 2|g£|) )
38
Yo . t4 2
A~ AR [N(0)]A[]
y / dedy (V1422 +2)(/1+y% +y) (39)
VI+2(VIi+a? +[)2VI+ 2 (VIta? + V1492 +[C))

_ : e
=14 [N(0)[A]] /(m+|C|)2(m+ VIFy2+2¢)

Appendix B

Here, we would like to evaluate explicitly the contribution of process A; (see
Fig. ) to the effective Hamiltonian.

Below, L and U denotes the lower and upper dot. The states that we consider
have the form |G; 04, 0b; G), where o4, o, denotes the spin states of the dots and G is
the BCS ground state of the superconductors. In these calculations, we have retained
the k-dependence of the tunneling matrix elements; they are denoted e.g. tx, for the
tunneling to dot a. In the end, we set tr, = t.

IG5 1,4 G) = dl,d}, |G;0,0;G)

= dsz£¢ H (uk + UkCLTCT_u) H (uq + UQCLTCT—q¢) |0; 0, 0;0)
k a

H
I tratne Wodat dipd] ) [G50,0,G) = trate g 1G5 0,1 G)
k k

1—P
Ho Uk a0 L
— + Ztkam’h‘o |G;0,1;G)

kel




60 Mahn-Soo Choi et al.

T D tiava il D tha g Mo |G 0, 1:C)

qeER k€L

- thavq a$7q0 Zt’m 'yko |G;0,1; G)

geR keL

=+ Ztkat;a E

keL qeR

=35 tkatqa

keL geR

= vilmio di11G;0,4;G)

WqO'Yko a¢ |G;0,1; G)

UkVq C
— + tkatqa 4160, 1 G
keZLqEZR katy (B = €)(Bic + Eq) Va1 V1o Tat | 1 G)

Uklq to gt
B tralga dy, |G;0,4;
z Z k q Ek _ 6)(Ek + Eq) ’Yqo’yko a‘L ‘G O J, G>

keL geR

Uil ot gt G0, L
+thaul’ho at Zztka 1 (Bx — &)(Ex + Eq) Ya1 Yo Aoy 1G5 0,45 G)
le L kEL qgER

Uk,
+ 3 tiwyfiday (1) Y thatga (B T B Yoo dh, 1G;0,1:G)

1eL keL geR

Uk,
_ Ztlavl Moday (— Z Z thatya (B — e)(EO; T Ey) 'yjlofylo dju |G;0,l;G)

leL keEL geR
Uk UIVq Tt ¥ ] )
- Hhatiatan G50,1;G
=+ Z Z kall q E — 6)(Ek +Eq) N0Yaq1 ko | J >
kleL qeR
Uklilq tot ot
_ Z Ztkatla qa 7]1’Yq0’7k0 |G707\l/7 G>
klEL q€R (Ex — €)(Ex + Eq)
Uk Uy Uq i
=D thatie "o 1G30,45G) -
k€L q€R (Ex — €)(Ex + Eq)

Here the contributions of the first and second terms will vanish because one cannot get
the final BCS ground state for the SC from these states.

2 : UKV Vg +
D thatge Vg0 1G5 0,4;G)
kEL qER kefa (Bx — €)(Bx + Eq)(Eq — ) ' |

UKV Vg t .
_>+tauda70 trates G0 1@
e ZZ;% " (= B+ Ea) (B —0) | >
Uk Ve UgUq
T tietaly Gi1 G
ZZ BB, EE a0
AL A
— 4 7L47rf/4 LAR o o
ZZ 4Ek Ekfe Eq(Eq*E)(Ek+Eq) ‘ it >

keL qeR

= i‘foeiw%ﬁfﬂ) 1G5 1,4 G)
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The path which transfers Cooper pairs from the left to the right superconductor con-
tributes the complex conjugate of the above one. On the other hand, the paths through
the upper dots have contributions with factor e™*47//4,

Here, it should be noticed that ¢ is not gauge invariant. Therefore it is useful to
rewrite

L
bratiatiatie A3 AR = t*exp (—wx o | dea~A) expli(r — dr)]  (40)
200 /5
L
= t*exp {z <¢L — ¢r — 2 / de, .AH (41)
b0 Jr
= thetiva (42)

As the result of this calculation, we obtain

J
Hffl) = ?O [cos pa + cos pp] = Jo cos(f) cos(pp — f) (43)
where
L
O =dr —dn— 2 [ de,- A (44)
Do Jr

It is interesting to think about the effect discussed above in the following way: Class
A; processes describe the fact that each quantum dot forms a 7-junction between the
two superconductors. We thus have two m-junctions linked in a loop as in a de-SQUID,
through which AB flux threads. The total energy for this configuration is given by

H,(qll) = %Jo cosp + %Jo cos(p — 2w f) = Jocos(mf) cos(o — 7w f) . (45)

Appendix C

Here, we would like to evaluate explicitly the contribution of process C; to the ef-
fective Hamiltonian. The hopping events labeled 1 to 4 in Fig.[H can be combined
in a different order that have to be considered separately. We distinguish these
different “paths” by labels P;, ¢ = 1,2, ... and consider the relevant possibilities.

432+« 1 P
34+2+«1 P
43+ 1+2 P
34+ 1+2 P

(G;1, LGl HW |G 1, 1 G)

432+ 1 : P
3421 :F
43+ 1+2 P
34+ 1«2 B

(G; L. 1;GIHW |G 1, 1: G)
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Neither the configuration |G;71,1;G) nor |G;l,; G) can gain energy via co-
tunneling of this type.

Path Pi:
IG5 1,4 G) = dl.d}, |G;0,0;G)

=di.dj, H (e + vicelyel i) TT (a + vachsclq, ) 1050,0;0)

qa

A, Z trhallk ’y};odaT djodZJ, |G;0,0;G) = Z thallk ’Y;];odZJ, |G;0,0; G)
kel kerL

Ztka “ ko, 1G50,0;G)
kel
“l‘Ztlbul’Yllde, Ztka ’yko 1, 1G50,0;G)
leL kel
+Ztlbvl Yiodpy Ztka 'Yko b¢ |G;0,0;G)
leL keL
U Uy
=+ Z tkatle ’Yko%l |G;0,0;G)
klEL
+ Ztkztzb |G 0,0; G)
keL
Ukt t 1 a-0.0:
—t Z t’“at”’ — ) (B + B — 2¢) TeoVi1 1G5 0,0; G)
KlEL
UKV
+Ztkam ’“)’z 2 1G:0,0:G) .
keL

The first term will be projected out at the end.

— Zt pUpd bJ,’Y;Dl Ztkatlb ukz;,z 20 |G;0,0;G)

pER keL
k”U
- thbvp b‘L’YpO Ztkatlb ),E ) |G 0,0; G>
pER keL
URLVEV

=422 thatntyy 7 TR Ta k)(”_z § o dh, 1G30,0;G)

keL peR

UKV Vp b
atuvty d ;0,0;G

— Z Ztk tw Pb —(=2¢)(Ep — ¢) Tpo Fpy G50,0;G)

keL peR
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UV Vp t gt 1G:0.0:
—+ Z tQauqdaT’qu Z Z tkatlbtpb E _ 6)(—26)(Ep _ 6) Wp() db,L |G7 0’ 07 G>

qER keL peR
Uk V) UpVp bt
= trativtopts d'.d ; ;
+I€€ZLZ kallblpblpa Ek_E)(—QG)(Ep—€) at @b ‘Ga0507G>
PER
Uk} UpUp

=+t GG

I;LZ B o a0(E, —o |0

pGR

=+ TGJ@*“’ G514 G)

The path which transfers Cooper pairs from the left to the right superconductor con-
tributes the complex conjugate of the above one.

Path Ps:
G5 1,45 G) = d}yd}, 1G;0,0,G)
=di.dj, H (e + vielyeli, ) TT (ua + vachyel o, ) 10;0,050)
qa
T 03wk vfgdar diyd), 1G50,0;G) = —t Y ukvfod), 1G;0,0;G)
kel kel

H
e ftZE “vodi, 1G;0,0;G)
keL

*tzul’hldbi Z By ’YkOdZL |G;0,0; G)

lel kel
+t> vl yodsy (— Z 5 “Ykodu 1G:0.0:C)
tek kel
Uk UL
=+t E 7110711 |G;0,0;G)
k — €
kleL
D g S - 1G:0,0:G)
kel
Uk UL A
—> g G;0,0;G
! klze:L (Ex — e)( Ek+El_26)7ko%1| ;0,0; G)

+£2 Z uk'”k 1G;0,0,G) .

e 2€)
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The first term will be projected out at the end.

HT UKV . .
L=t wpdlyf (+17) (Br = o(=20) |G;0,0; G)

PER keL
3 ’U,/g’Uk’U T t
—+tZZ B oz " e 1G50.0:6)
keLpeR
T S0 el 1650.0:6)

i (B = e)(=2¢)(Ep —¢)

Uk Vi Up t gt 160, 0:
7tZUdeL’7ql +t ZZ Ek—E( 26)( p_e)’yplda‘r |G70707G>

qER keL peER

— 4 Uk Vg UpUp t df 1G:0.0:
=+t' >y B = O(20(B, g Lt 16:0,0:C)

kELpGR
ULV UpVp
=4t G; G
PPN s s e
pGR
oL i .
_+ 16J6 ‘GaTwlnG) .

The path which transfers Cooper pairs from the left to the right superconductor con-
tributes the complex conjugate of the above one.

Path Ps:
G5 1,1 G) = d}yd}, 1G;0,0,G)
=d dUH (e + vieeferel i) TT (wa + vachyelq, ) 1050,050)
a
H

L=ty ukvloder dld] [G50,0;G) = —t Y uk vfodi, |G;0,0;G)
kel kel

—tZE ’Ykodh G;0,0;G)
keL

—tzumldu Z Ex ’Yko b¢ |G;0,0;G)

leL kEL
+tzvz’nodb¢ Z B ’yko b, 1G;0,0;G)
leL kel

UkUL
=+t 5 ek 1G50,0,G)

kleL

+t22bi““”’“ G;0,0;G)
k

keL
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o, Ukt toot
t2 .00
* kzz:eL (Er — €)(Ex + E; — 2¢) Tro M1 [G;0,0:G)

412 Z uk”k 1G50,0;G) .

kEL B — €)(=2¢)

The first term will be projected out at the end.

H N URVE
i AN Z updhyyp0 (+47) Z m |G;0,0; G)

PER keL
_ Pt (g2 Uk VE 0.0
t Z debT’Ypl (+t ) Z (Ek _ 6)(—26) |Ga 07 07 G>
PER keL
URLVEV
_+t3zz ’”’ )'ypldT|G00G>
keL ;DER

3 Uk Vg Vp tdt 16 0.0:
—>+t > B ol )(Ep_g)%ldm |G;0,0; G)

kel pER

“k”k” ot o 0
—1 Z uq aifyql +t Z Z k — 6 )p(Ep _ 6) rypl de |G7 07 07 G>

gER k:ELpeR
Ukvku Up t
==ty dl dj, 1G;0,0;G
2 2. (B = ) (~26) (B, — ) “os ot | )
GLpGR
ukvku Up
=—¢! Gl hG
;Z B 2B, —g GO
PER

— _ = et . .
16J€ G L1 G) -

The path which transfers Cooper pairs from the left to the right superconductor con-

tributes the complex conjugate of the above one.
Adding the contributions of the different paths, we obtain

0

Hg1>:4><%><2005¢>< _T_} 1_1 :JCOSQS{Sa'Sb_i] : (46)
0
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