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In the paper we study transport in the three terminal hybrid devices with quantum dot. Our attention is
focused on the conductance threshold effects (so called Wigner singularities) caused by the back action from the
side-wire. In particular we study influence of the direct electron transfer (ET) and crossed Andreev reflection
(CAR) processes on the conductance caused by the direct Andreev reflection (DAR) processes.
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1. Introduction

The devices which consists of the quantum dot (QD)
coupled with superconducting and normal leads are being
extensively studied recently, because of their potential
application in nanoelectronic, spintronic and quantum
computation processing, see e.g. [1].

In this paper a quantum dot coupled to two semi-
infinite one-dimensional wires (source-L and side-R) and
one superconducting (drain-S) electrode is considered.
Our attention is focused on the influence of the trans-
mission into the side wire on the current flows between
the source wire and the drain electrode. In particular,
when a new conductance channel opens conduction in
the side wire, one observes threshold effects in the con-
ductance (so called Wigner singularities [2]), caused by
the back action from this wire. The shape of the singular-
ities depends on the interference conditions when the new
conduction channel is activated. A detailed analysis of
the direct electron transfer (ET) and the Andreev reflec-
tion (AR) contributions to the conductance allows one to
identify the microscopic processes, which are responsible
for the particular shape of the Wigner singularities.

2. Description of the model and method of
calculation

We consider noninteracting electrons on the QD with
only one single-particle energy level € available for tun-
nelling. The wires are treated within the tight-binding
approximation for the semi-infinite chain of atoms [3]
with hopping integrals ¢, (taken as real) between neigh-
bouring sites and site energies e,, @ = {L, R}. The su-
perconducting electrode is described in the BCS approx-
imation. The bias voltage Vi, is applied only to the L
wire, while the R wire and the S electrode are grounded.
An additional gate potential Vi applied to the R wire
changes the position of the site energies g, so that the
energy bands for electrons and holes are shifted.

Using the equation of motion technique (EOM) for
the non-equilibrium Green function one can find cur-
rents originating from various types of tunnelling pro-
cesses [4, 5]. In the subgap regime |eVy| < A the total
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current from the left electrode
where ET denotes normal electron tunnelling and DAR
(CAR) describes direct (crossed) Andreev reflection.
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The electron and hole transfer between the QD and
the L (R) wire is described by the effective tun-
nelling rates I' = %\/4t2 — (F —&,)? and Th =
2o /42 — (E + 4)? respectively. v, = 2t2/t2, where
tao is the hopping integral between the QD and the «
wire. I'g is described in the wide band approximation,
ie. I's = 27|ts|?ps, where pg is the density of states in
the S electrode in the normal state. The Green functions
(in the limit A — o0) reads
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where g¢ (gh) are Green functions for electrons (holes)
in the wire « = {L, R}.
Differential conductances are defined as
. aiy
L/L = ﬁ) (6)

where k = {TOT,ET,DAR,CAR}.

3. Results and conclusions

As long as the gate voltage is not applied to the R wire,
the electron and hole effective tunnelling rates are equal
I'S, = I'ly, and are symmetrical functions with regard to
the Fermi energy in the R wire. However, when an addi-
tional gate voltage is applied to the R wire, I'¢ and I"i
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Fig. 1. GE/OLT and its components for small I's < v
(a) and large I's > ~r (b) vs. er = —eVg. The
other parameters are v, = 0.5, tr = 1, g0 = e = 0,
eV = —1 and T = 0 in units of ¢z (taken as unity in
the calculations).

are shifted in the opposite directions. In Fig. 1 the total

conductance G{?LT and their components G]LE/TL, GE/ALR ,

and GgfLR , in the case of weak and strong coupling to
the S electrode (i.e. small and large proximity effect on

the QD), are presented as a function of the gate voltage
er = —eVg, which is swept across the electron and hole
band edges. Opening of new conduction channels in the
R wire activates an additional tunnelling processes: the
direct electron transfer (ET) and crossed Andreev reflec-
tion (CAR). Therefore GEOT can take various shapes at
the band edges, which depend on the relationship be-
tween coupling to R and S terminals.

For small coupling I's < ~ the DAR processes are
weak, see Fig. la. At eg = —3, when the ET processes

are activated, shape of the Gz/OLT is dominated by the

GE/TL and does not change with yg. For egp > —1 also

1"}}3 # 0, so CAR processes play a role. The interplay be-
tween DAR, CAR and ET processes influences the shape
of the Wigner singularities at eg = —1 and eg = 1. In
the latter case the I'; vanishes and one observes a dip
in the Gz/OLT. For er > 1, the CAR processes dominate
and are responsible for the shallow dip at eg = 3.

When the coupling to the S electrode is strong enough,
(I's > ) one finds in the Gz/OLT the signatures of
the Wigner cusp, inverted cusp, peaks, dips and saddle

points, see Fig. 1b. When I's > 1 + g the GIL)/ALR has

a Wigner cusp at eg = —3, while the GLE}L has a square
root shape above this value. The interplay between DAR
and ET processes results in the peak shape of the Gz/OLT
for small coupling vz and in the cusp-like shape of the
G{?LT for larger vr. Activation of the CAR processes
at eg = —1 is responsible for the inverted cusp in the
GZE/OLT. When I's < v7, +7r, the GE/ALR exhibits a saddle

point at eg = —3, so one observes a dip in the fog,

see Fig. 1b for yg = 8. The small peak at eg = —1 and
the inverted cusp at e = 1 are due to activation and
large enhancement of the CAR processes, respectively.
The shape (saddle point or inverted cusp) of Gg?LT at
er = 3 is a result of the interplay of the CAR and DAR

processes.
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