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Kondo resonance, Coulomb blockade, and Andreev transport through a quantum dot

Kicheon Kang
Max-Planck-Institut fu Physik Komplexer Systeme, tNoitzer StraRe 38, D-01187 Dresden, Germany
(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. [S0163-182698)00140-4

Electronic transport of mesoscopic devices containing sueoupled quantum dot, multiple Andreev reflections give rise
perconducting electrodes has been an interesting subject in a subgap structure in the current-voltage curve due to reso-
recent yearé. Transmission of electrons through normal- nant tunneling, which are quite different from thoseS86
metal—superconductoN¢S) interfaces requires the conver- contactst® Resonant Andreev tunneling in a strongly corre-
sion of normal current to supercurrent, which is called An-lated quantum dot coupled to normal and superconducting
dreev reflectiof. With the recent advances of leads has been investigated recently by Fazio and
nanofabrication techniques, quantum interference effectRaimondi’* Using the nonequilibrium Green’s-function for-
have been extensively studied in the mesoschp®hetero- malism and equation of motion technique they have shown
structures(see, e.g., Ref.)1In a phase coherem-S struc- that the Kondo-resonant transmission is enhanced in the limit
ture, the phase of quasiparticles as well as Cooper pairs Rf large Coulomb repulsion due to the existence of a super-
preserved and transport properties depend strongly on thonducting electrode.
nature of the quasiparticle phase. Theoretically, the Inthis paper, we investigate coherent transport through an
Landauer-Bttiker-type formuld* has been used extensively interacting quantum dot coupled to normal and supercon-
to describe quantum transport in many kinds\eS hybrid ~ ducting electrodes based on the scattering matrix formula-
structures using noninteracting mode(Bor a review, see, tion. We consider a model as shown schematically in Fig. 1,
e.g., Refs. 1 and 5. where normal scattering and Andreev reflection are decou-

Resonant tunneling through an interacting quantum dopled. In the QDN boundary, only normal scattering is taken
(QD) or Anderson impurity has been intensively investigatedinto account while Andreev reflection is considered in the
recently. It has been shown that large Coulomb interactiom2-S boundary. It is assumed that thg-S boundary is per-
gives rise to anomalous properties in transport. An exampléct and the normal scattering does not occur at this bound-
is the Kondo-resonant transport. Kondo-resonant transpo@ry. This model is applicable to microjunctions where the
has been predicted theoreticlly and verified length scale of normal scattering and Andreev reflection is
experimentall}®*2by conductance measurements for artifi-well separated” With this model, the Landauer-type for-
cially made Anderson impurities. On the other hand, strongnula for the linear response conductance has been derived
electron-electron interactions suppress conductance peaRy Beenakker in the framework of noninteracting electron
where the systems are weakly coupled to the leads. It ha®odel. In the presence of interactions, this formula cannot be
been shown that the electron-electron interactions lead tgsed, in general, because of the presence of inelastic pro-
conductance suppression due to the orthogonalitgesses. However, in the linear response regiute @) with
catastroph&3~1° Stafford et all® showed that the coherent zero temperature, there is no phase space for inelastic pro-
transmission in artificial molecule structures is suppresseg@esses and the formula can be equally applied to the system
with increasing the system size by using the Hubbard_typ@ontaining interactions. The linear response conductance for
model. Coulomb interaction has been found to play a cruciathe system under consideration can be writteff as
role in the nature of the transmission phd$&81t has been

. i . . 2 2
shown that Coulomb interactions give rise to anomalous ef- G :412 Th
fects in phase evolution through a quantum dot embedded in NSThH < (2-T,)2
an arm of the Aharonov-Bohm interferometer, such as an

inter-resonance phase drop. Nonequilibrium transport in an —
interacting quantum dot where both leads are superconduct- N, N, | S
ors has been studied recently by using the nonequilibrium

Green's-function methot??® Andreev reflection has been

supposed to be negligible in the weak tunneling limit be- FIG. 1. Schematic diagram of the QD coupled to northaland
cause large charging energy leads to Coulomb blockade GlperconductingS) leads. In theN,-S interface, only Andreev re-
Andreev transport. In the meanwhile, for a moderatelyflection is considered.
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whereT, is the transmission probability of theth channel.
This equation is valid in the absence of an applied magnetic

field. We consider the single channel case where the trans- %
mission probability through the quantum dot is represented "
by Top: §
) E
4e? TQD 8
Gns=h o - 2
(2=Tqp)
The corresponding formula for the normal leads is the well- (er — &0)/T
known Landauer formufa FIG. 2. Conductanc&ys and Gy obtained by Eq(7) and nu-
22 merical calculation ofp for U=50I" and W=200".
GN:TTQD- ©)

relation at zero temperature. When the temperature is larger

Let us consider an Anderson impurity for the quantum dotthan the Kondo temperature, Kondo-resonant transmission

. : does not occur and the transport is suppressed by Coulomb
with dQUny degeneratezlevel energy and on-site Coulomb repulsion, rather than enhanced. In the cade;@<1", ther-
repulsion strengti —e%/C, C bemg. cgpacnance of the mal broadening can be neglected and the conductances can
dot. At Zero temperature the transmission probabiligy, be obtained in the following way with an approximate
icnazer:abs?i:bt?g::(eagsa%fg Ig)l‘j\és’tg\’\{'hng ;%;heeng:tgfh?ﬁéhienr;;‘;f’;cn%reen’s function. If Kondo-like correlation is neglected, the

C p oo transparency can be obtained by an approximate retarded
scattering, the imaginary part of the self-energy for theGreen’s functiorf> which is similar to the Breit-Wigner type
Green'’s function at the Fermi energy is given by '

1-(n)/2 (n)/2 g
e—got+il'/2 e—gq—U+il'/2° ®

Im3(ep)=—T1/2, (4) G'(e)=

whereI'=T" +T'gr andI' /4 andI'g/% are the tunneling . . o . -
rate through left and right leads, respectively. With this conNote that this equation coincides with the Breit-Wigner for-

dition the average occupation on the dot can be written as Mula for U=0. The self-consistent value ¢h) is given by

the relation
2 Im[InG' 5 2
= — SF
<n> aT m[n (SF)]- ( ) <n>=_;f |mGr(8) dS, (9)
At zero temperature, the transmission probability can be ex- | 48
pressed in terms of the exact Green’s function as which leads to the express
TQD:FLFR|Gr(8F)|21 (6) <n>:%' (10)
which leads to the final expression with the help of K, vz
where
ar.r
Top=—"—sirPe, (7) 1 2(ep—80) 1 2(ep—eo—U)
r P1=;arctanr—, P2=;arcta T .

\(/jv:te)re e=m(n)/2. ({(n) is the average occupation of the Then we can get the conductance through @,

Figure 3 displays the conductances obtained by E)s.

Here(n) is calculated numerically by an equation of mo- X
tion method?* which has been shown to be quite accurate for2Nd (8). As one can seeGys is suppressed more thaBy

rgeL. W consider  symmet couping f th a1 "€ esonance o, T henomencn arses be
dot to leads, that i$’, =I'g. From the calculated values of PP

the average occupation, we display the conductances in Fiér_ansmlssmn through the quantum dot. This would become a

2 as a function ok —¢y. The parameters used for calcula- 05 : : : : : : :
tions areU=50" and W=200", with W being the band-

width of the leads. Since the transmission probability reaches § 04 .
one for sg—gy>I", the conductance of the normal- 3 sl Gn |
superconductor hybrid system goes &/, which is twice g
the normal conductance. This is a result of perfect transmis- £ o2 Gws .
sion through the quantum dot in the Kondo limit. On the g

@]

contrary, the conductances are suppressed in the empty site
limit because of small transparendyy s decays faster than
Gy because transmission by Andreev reflection requires two 2 s '0'?6 L )/19'5 bo1s 2
particle tunneling through the quantum dot. e

In real systems, nearly perfect Kondo-resonant transmis- FIG. 3. Conductanc&yg and Gy obtained by Eq(8) with Eq.
sion could not be realized, though it is predicted by an exact6) for U=50T".
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very general feature in transport through the interacting sys-
tem as the coupling to the leads are not so strong. If we
consider a larger system like a coupled chain of quantum
dots, transmission probability will be more reduced due to an
orthogonality catastrophe. So one could say that, in general,
Gy Will be negligible compared t&, in strongly interact-
ing systems weakly coupled to leads. Normal conductance
suppression with increasing the system size has been studied
by Staffordet al® While the normal conductance is propor- 2 15 -1 05 0 05 1 15 2
tional to the transparencyys is the second order of trans- (er —&0)/T
mission probability. SoGyg will decrease faster tha,,
with increasing of the system size. Even in the case of single.
guantum dot, we could see suppression of transmission due
to ::héar Sg%lgggé%teﬁgg?gt ]'([rhoemcc?gcrjS(?tlgglcaetlsogf'noninterac adopting an exact relation for the Gregn’s function, we have
ing case U=0) in i:ig 4. As is well known from the Breit- shown_ that at zero temperature the linear response cqnduc—
: o : tance is enhanced due to Kondo-Andreev resonance in the
Wigner formula, one can see th&tys=2Gy in the reso-

. N ._Kondo limit, while it is suppressed in the empty site limit. In
nance point because of perfect transmission. Comparin bp Pty

Figs. 3 and 4, one can conclude that the large charging er%e Coulomb blockaded region, on the other hand, the con-

erav subpresses Andreev reflection even on resonance uctance is suppressed more than the corresponding normal
gy SUppress . " ._conductance even in the resonance point, because large
In conclusion, we have discussed resonant tunnelin

through a strongly interacting quantum dot coupled to nor_%hargmg energy suppresses Andreev reflection.

mal metallic and superconducting leads. We have found that The author thanks S. Ketteman and M. Leadbeater for
in strongly interacting quantum dots, resonant Andreewdiscussions and comments on this manuscript. This work has
transport is qualitatively different from that of the noninter- been supported by KOSEF and in part by the Visitors Pro-

acting system. Based on the scattering matrix formalism andram of the MPI-PKS.

Conductance (2e/h)

FIG. 4. Conductancéys and Gy in the noninteracting
0) limit.
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