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Electron transport between two superconductors through an Anderson impurity in the Kondo regime is
investigated within the slave boson mean-field approximation. The current, shot-noise power and Fano factor
are displayed versus the applied bias voltage in the subgap region and found to be strongly dependent on the
ratio between the Kondo temperatdrg and the superconducting gap In particular, thd -V curve exposes
an excess current in the limft, /A>1.
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A number of recently developed experimental techniquesimit Tc—0. On a qualitative level, this difference between
allow for detailed investigations of electronic transportweak and strong coupling regimes can be briefly summarized
through atomic-size metallic conductdr&lsually, transport  as follows: In the weak-coupling limitlow Ty), although
properties of such systems are strongly affected by Coulomthe number of Andreev reflectioms~2A/eV may be large
interactions. Novel physical effects emerge if electrodes ofit low voltagesV, both the current and shot-noise power
an atomic-size contact become superconducting. In that casemain rather weak. This is due to the low effective transpar-
the mechanism of multiple Andreev reflectiénéMAR)  encyT" of the junction as a consequence of strong repulsive
plays a dominant role being responsible for both dc Joseptelectron-electron interactiofCoulomb blockade Largen

son effect and for dissipative currents at subgap V°|tage§)rocesses are therefore dampedi'ds By contrast, in the
Further, possibilities for experimental investi_gation of an i,n'strong—coupling Kondo regime the effective transmission is
terplay between MAR and Coulomb effects in systems withych |arger and a ballisticlike channel opens up inside the
few conducting channels are provided by recently fabricategjot Hence, an interplay between MAR and the Kondo reso-
superconductigg junctions with a weak link formed by a car-ngnce is expected to yield an excess current il {ecurve,

bon nanotubé: similarly to the case of noninteracting ballistic junctions. At

_ Recently, we developed atheé_rfxbr the study of arBAS  \ery |arge values offx and in the low-voltage limit this
junction consisting of an interacting quantum dé9 con- . rent should approach the noninteracting résultq
nected to superconductingd electrodes. It enables the _ j.a/h Analogously, the shot-noise power is expected to
analysis of MAR in superconducting contacts with few CON-gisplay a pronounced maximum\ét=0 and should decay as
ducting channels in the presence of electron-electron interaGy, a'small bias as is familiar in the standard noninteracting

tions. An interplay between MAR and Coulomb effects is N Sjunction’? Below, we will present a quantitative analy-
is which fully supports this qualitative physical picture.

responsible for effects such as an interaction-induced shift
The pertinent system is represented by two half planar

the subharmonic gap steps on th& curve and Coulomb

b_Iockade of MAR. The latter may result in a Stron.g.SUppres'eIectrodesI( andR) separated by the line=0, and weakly

sion of the subgap current through the dot at sufficiently |°Wcoupled to a pointlike Anderson impurity located at the

temperatures. ___origin. This model is of interest, for instance, in connection
The combined effect of MAR and electron-electron inter-\yih, recent experiments!?on semiconductor quantum dots.

actions on the shot nofSén superconducting quantum dots i \vaq’chown there that tunneling takes place through a sepa-

was studied in Ref. 7. It was demonstrated that interactiorllate state with features of a Kondo behavi@r tunable
effects can strongly suppress the shot-noise power at SUbg%ndo effect

voltaggs. At the same time, the Fano fadjoroportional to The system dynamics is governed by the Hamiltonian
the ratio of the shot-noise power and the currevas found
to be nearly independent of interaction. _ _ H=H, +Hg+Hq+H,+H,, (1)

Our previous analysis was restricted to physical situa-
tions outside the Kondo regime implying that all relevantin which H_g are the BCS Hamiltonians of the electrodes
energies in the problem were taken to be much higher thawhich depend on the electron field operatafsg),(r,t),
the Kondo temperatur€~0. In the present work, we study wherer=(X,y) ando == is the spin index. As in Refs. 5,7
the opposite limit of sufficienthhigh Kondo temperatures. the dot is described as a single-level Anderson impuhity
This case is relevant, e.g., for junctions composed of carbowith energyey,<O and Hubbard repulsion parametdr In
nanotubes;* where the Kondo effect with rather high Kondo the Kondo regime of interest, here we &bt>= and assume
temperaturd c~ 1.6 K was recently observédProperties of || to exceed any other energy scale exdépin this case it
superconducting quantum dots in this strong-coupling reis convenient to express the dot and the tunneling Hamilto-
gime are entirely distinct from those exposed earlier in theniansH,4 andH, via slave bosortoperatorsh,b’) and slave
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fermion (operatorsc,c’) auxiliary fields™® Explicitly, Hgq Fi0)+IA

+ T . ~“RIA _ (6— | ) | | TX
=€02,C,C, and H=7%;,c bi;,(0,t) +H.c., whereT is 97 (e) = s, (6)
the tunneling amplitude. Finally, the Hamiltonian of the sys- V(exi0)*~ Al

tem must also include a term which prevents double occu
pancy in the limitU—-oc. This term reads-lcz)\(El,cf,c(,
+b'b—1), where\ is a Lagrange multiplier.

Let us now consider the dynamical “partition function”

as diagonal elemeng®” and the Keldysh functiomX(e)

=[g®(e) —g”(€) Jtanh2T) as the only nonzergquppe)
off-diagonal element. The Pauli matriceg, , act in Nambu
space. The inverse of the matri#) is formally performed,
leading to a X2 Keldysh Green function with three ele-

. ments,
Z~f DIF]expis), (2
i i i i ARA . 9 ~| Ib? ~RA o
where Fhe pgth mte_gral is c_arrled out over all fle[Eé. and GRA= e +TTZg+v |, (7)
the actionS is obtained by integrating the Lagrangian per-
taining to the Hamiltonian1l) along the Keldysh contour.
The procedure of integrating out the electron fields of the I'b?.

bulk electrodesy r),(r,t) was described in details in Ref. GK=— TGRTZQ&ZGA. (8)

5. As a result, we arrive at the effective action expressed in
terms of the Green functions of the bulk superconductors. |n order to explicitly write down the self-consistency

Our next step is to integrate out the variables correspondingquaﬂonS let us introduce the bare Kondo temperafijre
1

to the Fermi operators, andc,, of the dot. The correspond- _ Dex — mel/(21)] and definel“b2=TﬂX, whereD is the

ing integral is Gaussian, which yields energy bandwidth. Then oUIMFSBA) equations take the
form
Ser=—iTrIn é‘l—J dt[Ao,(bb—1)]. () ir_
X=——TiG"r,, 9
2Tk

HereX=(\1,\,), b=(by,b,), anda, are diagonal matrices
acting in Keldysh space. Similarly to Ref. 5, the inverse i
propagatoiG ~* depends on the Green functions of the elec- = ng[éKTz(gi +g/)+ (GR+GA) 9817, (10
trodes.

In order to describe the Kondo regime we will treat theyhere the trace also includes energy integration. (Bgef-
slave boson fields; andb, in Eq.(3) within the dynamical  fectively determines the Kondo temperatterough the pa-
mean-field approximation. Performing the variation of theyameterx), and reflects the constraint which prevents double

b;=b,=b and N;=A,=\, we arrive at two self- ' . .~
ccl)nsisztenc o uatiéns tzhat determine the parambi@ngx Eq. (10) defines the renormalized energy-level position
Y €q P ) Let us briefly discuss the validity range of the present

Before presenting these equatiops let us specify the e)%inalysis. The MFSBA is known to encode the Kondo Fermi-
pression for the inverse propagatar *. Performing the |iquid behavior at low temperatures. An important parameter

standard basis rotation in Keldysh space one finds here is the ratio between the Kondo temperature and the
superconducting gapx=T/A.*7® For t=1 a Fermi-
R _ Tb? . liquid behavior is expected. Accordingly, in this regime Eg.
G e, €' )=b(e—€) (e 7€)+ 79+ (€,€) 7, (9) should have a nonzero solutiéh 0, which corresponds

4) to nonzerolk . On the other hand, in the limit of largk the
only possible solution is a trivial one=0 (and, henceTg

~ —0) 18 thi - :
wheree=ey+\ is the renormalized level positiofin the ~ =0).™ In this case—as it was demonstrated in Ref. 5—the

Kondo limit one has~0) andT' =72 is the usual transpar- prob_lem can be treated within the dynam_lcal _mean-ﬂeld_ap-
proximation for the bare Anderson Hamiltonian. Quantita-

ency parameter. Here and below, we defqie=g, >0z,  fively, the MFSBA is reliable only for sufficiently large val-

where ues oft,. We believe, however, that it can provide useful
qualitative information also for moderate valuestQf de-
9L r(tt) :e:iq;(t)fz/zf é(e)efie(tft')Eeihp(t’)q-Z/Z, scribing a crossover bgtwee_n the Kondo_ regime and the Cou-
: 2 lomb blockade behavidr.It is worth noting here that the

) applied bias voltag®/ also attenuates the Kondo resonance
. . . and lowersT . Hence, for the reliability of the MFSBA in
are Keldysh matrix Green functions of left and right elec-,,noquilibrium situations, both andeV should not exceed
trodes andp/e=V/(t) is the bias voltage across the dot. Thethe Kondo temperature. Attention below is mainly focused
matrix g has the standard structure with retarded and aden the subgap voltage regine/<A in which casety ap-
vanced Green functions pears to be the only relevant parameter.
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resembles that of a low transparer@) S MAR steps in the
|-V curve become more pronounced as compared to the case
of higherty .
Let us briefly summarize our results for the current. In the
limit of large tx the -V curve is practically independent of
tx and resembles that of a ballistic junction, as indicated in
the upper curve in Fig. 1. This effect is physically similar to
that discussed in Refs. 19 and 20, where stimulation of the dc
Josephson current was found in the unitary limit of the
Kondo regime. For lower values ¢f the junction is driven
away from the unitary limit and the system behavior be-
comes much richer. It reflects the influence of battandV
00 05 10 15 20 on the Kondo resonance and on the actual value of the
eViA Kondo temperature. While fdi =5 some imprint of ballis-
tic behavior still remaing(finite excess currept the |-V
curve noticeably deviates from that obtained in a noninter-
Gacting limit. Fort, = 1.6 the competition between gap-related
suppression of the Kondo effect and the effective transpar-
ency of the junction becomes essential leading to further de-
crease of the current. For even lower valtigs the Kondo
The standard expressitfor the tunneling current opera- physics is no more relevant and one crosses over to the Cou-
tor between the dot and orfe.g., the right electrode reads, lomb blockade regime.
The shot-noise spectrum is usually defined as the symme-
trized current-current correlation functforBeing expressed
‘TX U 0)—H.c.|. (11)  Via the operatorgll), it reads

2.04

1.5+

Ilhi4ea

1.04

0.5

FIG. 1. The averaged current(in units of 4eA/h) versus the
biasV (in units of A/e) for anSASjunction at subgap voltages with
F/T&::ZOO. Dashed-dotted, solid, and dotted curves correspon
respectively, tadx =100, 5, and 1.6.

:+_Z Tl e

K(ty,t2) =AL(TIO)1P(t2)) + (T ()1 O(ty))

Here ¢z (0) is the Fourier transform ofg(0,y,t) with re- _2<|>2] (13)
spect toy and Eqs.(1) and(2) refer to Keldysh indices. As '
before, it is convenient to integrate out tijefields and ex- |\ hare T is the time- ~ordering operator and - -) denotes
press the current through the dot in terms of the Green quantum averaging with the Hamiltoniaf). Substituting
functions of the bulk electrodes. This procedure has beep(l 2)_ |(1 2)_ |(1 2)/2 into Eq.(13) we obtain an expression
described in details in Ref. 5. As a result, we obtain for K(tl, 2) which involves integration over surface fields

and dot electron slave patrticle field operators. The first inte-

gration involving the Green function matrig is Gaussian
and can be done exactly. Integrations over the dot slave fer-
mion fields is completed within the dynamic MFSBA. After
] ~ ap ~n Fourier transform with respect tQ—t, it is possible to ex-
where we definedg=g~7,— 7,9~ and g press the power noise spectriffiw) in terms of the Green-
— 7,7 . Being combined with Eqg9) and (10), the result functions of the entire systef7) and(8). It is convenient to
of Eg. (12) can be conveniently used for computing the decompos& = (K, +K,)e?A/(8#%) with the result,
transport current of a8 ASjunction in the Kondo regime for
different values oty . Xt

For sufficiently largety, we anticipate a strong Kondo Klz_KTr{(QE_éﬁ)(éR_éA)_éﬁéK}' (14)
resonance and thieV curve is expected to resemble that of 2
purely ballistic junctions without interactichindeed, in the (Xt)?
limit of large t>1 which corresponds to the unitary, pure Xtk Ak ~ A A ~aRp AKA
ballistic case, our expression for the curréh®) reduces to Ke==—3 Tr{(G*g)*~27,97,G gG"~[29G"r,9" G"
that of Ref. 9. This agreement is further supported by our
numerical analysis carried out fdg =100 (dashed-dotted +(gRGR)2—(GAgK )2+ H.c]}. (15)
curve in Fig. 1. Calculation of the current was also per-
formed forty =5 and 1.6 and the results are displayed in Fig. Expressions(14) and (15) [supplemented by the self-
1. Fortkx=5, a pronounced excess MAR current is clearlyconsistency Eqs(9) and (10)] are then solved numerically
exposed in the-V curve, though its magnitude turns out to for the same set of parametd?$Tﬁ=200, tx=100, 5, and
be smaller than in the unitary limif,>1. One also observes 1.6. The results for the shot-noise power spectkKiversus
subharmonic MAR stepswhich are hardly visible in the the applied voltagd/ are displayed in Fig. 2. These results
casety>1). For a lower valuety=1.6 the current is are clearly correlated with those for th&/ curve and can be
strongly suppressedotted line in Fig. 1, and thel-V curve  summarized as follows.

eXt
=i —Tr[(GRTZ ,GMg" - GXg], (12

TRA=GRA
g-
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Khide’a
Ki2el

eV/A

FIG. 2. The shot-noise powé (in units of 2e2A/h) as a func-
tion of V (in units of A/e) for an SASjunction. The parameters and
notations are the same as in Fig. 1.

eVia

FIG. 3. The Fano factoK/2el versusV. The parameters and
notations are the same as in Fig. 1

junction consisting of an Anderson impuritin the Kondo
regime located between two superconducting electrodes,
which is experimentally feasible. We have developed a the-
oretical framework by which it is possible to investigate an
interplay between MAR and Coulomb effects in the Kondo
regimeT<A<Ty. In this limit, we have exposed the non-
linearl-V characteristics and calculated the shot-noise power
spectrum ofSASjunctions at subgap voltages/<<2A. We
have found that at sufficiently large the Kondo resonance
plays the dominant role effectively making the junction be-
havior similar to that of highly transparent noninteracting
weak links®° This physical situation is qualitatively differ-
ent from the Coulomb blockade regime encountered in the
limit A>T>T,, which we have analyzed in our previous

In the limit tx>1, our results are consistent with those
obtained for purely ballistic junction€. In particular, we
mention that the noise spectrifnexhibits a 1¥ dependence
at low voltages. At lowetti the physics is distinct. Fork
=5 (solid curve the noise spectrum still shows features
typical for a junction with relatively high transparentsee
Ref. 21 and Fig. 1 thereinwhile the results fortx=1.6
(dotted curve are more similar to those for a low transpar-
ency junction. Fot,=5, we get a pronounced noise power
at low voltage whereas at higher voltage¥=A the shot
noise is significantly suppressed. At low voltafescales
approximately as V. The sequential tunneling picture is not
valid in the unitary limitt,>1 as well as for the intermedi-

5

?/ItiRV aluetx =5 du\e(: tto t:}he |nt?rfergnce bt(_et\ll;/een ?'ﬁe;emtworks. " A crossover between these two physically different
I IgrocijeSfes. e{ IS pic u:je IS pa;r '? é’ t:es ore al egimes occurs dik ~ A and is also—at least qualitatively—
ower Kondo temperatures, as 1S demonstrated by our réSulig, o ineq within our theoretical framework.

obtained fortx=1.6. This effect of sequential tunneling due
to MAR is most clearly manifested through the Fano factor \We would like to thank J. C. Cuevas, D. S. Golubev, L. I.
K/2el depicted in Fig. 3 as a functio. We observe that for  Glazman, J. Kroha and A. Rosch for discussions and useful
ty=>5 the Fano factor a@V=A is substantially lower than suggestions. This research is supported by DIP German Is-
the expected valu&/2el=2 originated from Andreev re- rael Cooperation project Quantum electronics in low dimen-
flections. On the other hand, fox=1.6 the Fano factor is sions by the Israeli Science Foundation grant Many-body
closer to this value. effects in nonlinear tunneling and by the US-Israel BSF grant
In conclusion, we have analyzed an important physicaDynamical instabilities in quantum dots. This work is also a
problem involving strong correlations, the Kondo effect andpart of the CFN(Center for Functional Nanostructuyesip-
superconductivity. These aspects can be combined B8  ported by the DFGGerman Science Foundation
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