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Kondo resonance, Coulomb blockade, and Andreev transport through a quantum dot
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~Received 26 May 1998!

We study resonant tunneling through an interacting quantum dot coupled to normal metallic and supercon-
ducting leads. We show that large Coulomb interaction gives rise to interesting effects in Andreev transport.
Adopting an exact relation for the Green’s function, we find that at zero temperature, the linear response
conductance is enhanced due to Kondo-Andreev resonance in the Kondo limit, while it is suppressed in the
empty site limit. In the Coulomb blockaded region, on the other hand, the conductance is reduced more than
the corresponding conductance with normal leads because large charging energy suppresses Andreev reflec-
tion. @S0163-1829~98!00140-4#
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Electronic transport of mesoscopic devices containing
perconducting electrodes has been an interesting subje
recent years.1 Transmission of electrons through norma
metal–superconductor (N-S) interfaces requires the conve
sion of normal current to supercurrent, which is called A
dreev reflection.2 With the recent advances o
nanofabrication techniques, quantum interference effe
have been extensively studied in the mesoscopicN-S hetero-
structures~see, e.g., Ref. 1!. In a phase coherentN-S struc-
ture, the phase of quasiparticles as well as Cooper pai
preserved and transport properties depend strongly on
nature of the quasiparticle phase. Theoretically,
Landauer-Bu¨ttiker-type formula3,4 has been used extensive
to describe quantum transport in many kinds ofN-S hybrid
structures using noninteracting models.~For a review, see
e.g., Refs. 1 and 5.!

Resonant tunneling through an interacting quantum
~QD! or Anderson impurity has been intensively investiga
recently. It has been shown that large Coulomb interac
gives rise to anomalous properties in transport. An exam
is the Kondo-resonant transport. Kondo-resonant trans
has been predicted theoretically6–9 and verified
experimentally10–12 by conductance measurements for art
cially made Anderson impurities. On the other hand, stro
electron-electron interactions suppress conductance p
where the systems are weakly coupled to the leads. It
been shown that the electron-electron interactions lead
conductance suppression due to the orthogona
catastrophe.13–15 Stafford et al.15 showed that the coheren
transmission in artificial molecule structures is suppres
with increasing the system size by using the Hubbard-t
model. Coulomb interaction has been found to play a cru
role in the nature of the transmission phase.16–18 It has been
shown that Coulomb interactions give rise to anomalous
fects in phase evolution through a quantum dot embedde
an arm of the Aharonov-Bohm interferometer, such as
inter-resonance phase drop. Nonequilibrium transport in
interacting quantum dot where both leads are supercond
ors has been studied recently by using the nonequilibr
Green’s-function method.19,20 Andreev reflection has bee
supposed to be negligible in the weak tunneling limit b
cause large charging energy leads to Coulomb blockad
Andreev transport. In the meanwhile, for a moderat
PRB 580163-1829/98/58~15!/9641~3!/$15.00
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coupled quantum dot, multiple Andreev reflections give r
to a subgap structure in the current-voltage curve due to r
nant tunneling, which are quite different from those ofS-S
contacts.19 Resonant Andreev tunneling in a strongly corr
lated quantum dot coupled to normal and superconduc
leads has been investigated recently by Fazio
Raimondi.21 Using the nonequilibrium Green’s-function for
malism and equation of motion technique they have sho
that the Kondo-resonant transmission is enhanced in the l
of large Coulomb repulsion due to the existence of a sup
conducting electrode.

In this paper, we investigate coherent transport through
interacting quantum dot coupled to normal and superc
ducting electrodes based on the scattering matrix form
tion. We consider a model as shown schematically in Fig
where normal scattering and Andreev reflection are dec
pled. In the QD-N2 boundary, only normal scattering is take
into account while Andreev reflection is considered in t
N2-S boundary. It is assumed that theN2-S boundary is per-
fect and the normal scattering does not occur at this bou
ary. This model is applicable to microjunctions where t
length scale of normal scattering and Andreev reflection
well separated.22 With this model, the Landauer-type for
mula for the linear response conductance has been der
by Beenakker22 in the framework of noninteracting electro
model. In the presence of interactions, this formula canno
used, in general, because of the presence of inelastic
cesses. However, in the linear response regime (V50) with
zero temperature, there is no phase space for inelastic
cesses and the formula can be equally applied to the sys
containing interactions. The linear response conductance
the system under consideration can be written as22

GNS5
4e2

h (
n

Tn
2

~22Tn!2
, ~1!

FIG. 1. Schematic diagram of the QD coupled to normal~N! and
superconducting~S! leads. In theN2-S interface, only Andreev re-
flection is considered.
9641 © 1998 The American Physical Society
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whereTn is the transmission probability of thenth channel.
This equation is valid in the absence of an applied magn
field. We consider the single channel case where the tr
mission probability through the quantum dot is represen
by TQD :

GNS5
4e2

h

TQD
2

~22TQD!2
. ~2!

The corresponding formula for the normal leads is the w
known Landauer formula3

GN5
2e2

h
TQD . ~3!

Let us consider an Anderson impurity for the quantum
with doubly degenerate level energy«0 and on-site Coulomb
repulsion strengthU;e2/C, C being capacitance of th
dot. At zero temperature the transmission probabilityTQD
can be obtained as follows, owing to the fact that there are
inelastic processes.23,6 Due to the absence of the inelast
scattering, the imaginary part of the self-energy for t
Green’s function at the Fermi energy«F is given by

Im S~«F!52G/2, ~4!

where G5GL1GR and GL /\ and GR /\ are the tunneling
rate through left and right leads, respectively. With this co
dition the average occupation on the dot can be written

^n&5
2

p
Im@ ln Gr~«F!#. ~5!

At zero temperature, the transmission probability can be
pressed in terms of the exact Green’s function as

TQD5GLGRuGr~«F!u2, ~6!

which leads to the final expression with the help of Eq.~4!,

TQD5
4GLGR

G2
sin2w, ~7!

where w5p^n&/2. (^n& is the average occupation of th
dot.!

Here^n& is calculated numerically by an equation of m
tion method,24 which has been shown to be quite accurate
largeU. We consider a symmetric coupling of the quantu
dot to leads, that isGL5GR . From the calculated values o
the average occupation, we display the conductances in
2 as a function of«F2«0 . The parameters used for calcul
tions areU550G and W5200G, with W being the band-
width of the leads. Since the transmission probability reac
one for «F2«0@G, the conductance of the norma
superconductor hybrid system goes to 4e2/h, which is twice
the normal conductance. This is a result of perfect transm
sion through the quantum dot in the Kondo limit. On t
contrary, the conductances are suppressed in the empty
limit because of small transparency.GNS decays faster than
GN because transmission by Andreev reflection requires
particle tunneling through the quantum dot.

In real systems, nearly perfect Kondo-resonant transm
sion could not be realized, though it is predicted by an ex
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relation at zero temperature. When the temperature is la
than the Kondo temperature, Kondo-resonant transmis
does not occur and the transport is suppressed by Coul
repulsion, rather than enhanced. In the case ofkBT!G, ther-
mal broadening can be neglected and the conductances
be obtained in the following way with an approxima
Green’s function. If Kondo-like correlation is neglected, t
transparency can be obtained by an approximate reta
Green’s function,25 which is similar to the Breit-Wigner type

Gr~«!5
12^n&/2

«2«01 iG/2
1

^n&/2

«2«02U1 iG/2
. ~8!

Note that this equation coincides with the Breit-Wigner fo
mula for U50. The self-consistent value of^n& is given by
the relation

^n&52
2

pE2`

«F
Im Gr~«! d«, ~9!

which leads to the expression18

^n&5
112P1

11P12P2
, ~10!

where

P15
1

p
arctan

2~«F2«0!

G
, P25

1

p
arctan

2~«F2«02U !

G
.

Then we can get the conductance through Eq.~6!.
Figure 3 displays the conductances obtained by Eqs.~6!

and ~8!. As one can see,GNS is suppressed more thanGN
even in the ‘‘resonance’’ point. This phenomenon arises
cause Coulomb interactions in the dot suppress cohe
transmission through the quantum dot. This would becom

FIG. 2. ConductanceGNS andGN obtained by Eq.~7! and nu-
merical calculation ofw for U550G andW5200G.

FIG. 3. ConductanceGNS andGN obtained by Eq.~8! with Eq.
~6! for U550G.
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very general feature in transport through the interacting s
tem as the coupling to the leads are not so strong. If
consider a larger system like a coupled chain of quan
dots, transmission probability will be more reduced due to
orthogonality catastrophe. So one could say that, in gene
GNS will be negligible compared toGN in strongly interact-
ing systems weakly coupled to leads. Normal conducta
suppression with increasing the system size has been stu
by Staffordet al.15 While the normal conductance is propo
tional to the transparency,GNS is the second order of trans
mission probability. SoGNS will decrease faster thanGN
with increasing of the system size. Even in the case of sin
quantum dot, we could see suppression of transmission
to the Coulomb interaction from our calculations.

For comparison, we plot the conductances of noninter
ing case (U50) in Fig. 4. As is well known from the Breit-
Wigner formula, one can see thatGNS52GN in the reso-
nance point because of perfect transmission. Compa
Figs. 3 and 4, one can conclude that the large charging
ergy suppresses Andreev reflection even on resonance.

In conclusion, we have discussed resonant tunne
through a strongly interacting quantum dot coupled to n
mal metallic and superconducting leads. We have found
in strongly interacting quantum dots, resonant Andre
transport is qualitatively different from that of the noninte
acting system. Based on the scattering matrix formalism
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adopting an exact relation for the Green’s function, we ha
shown that at zero temperature the linear response con
tance is enhanced due to Kondo-Andreev resonance in
Kondo limit, while it is suppressed in the empty site limit. I
the Coulomb blockaded region, on the other hand, the c
ductance is suppressed more than the corresponding no
conductance even in the resonance point, because l
charging energy suppresses Andreev reflection.

The author thanks S. Ketteman and M. Leadbeater
discussions and comments on this manuscript. This work
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FIG. 4. ConductanceGNS and GN in the noninteracting (U
50) limit.
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