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Andreev tunneling in quantum dots: A slave-boson approach
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We study a strongly interacting quantum dot connected to a normal and to a superconducting lead. By means
of the slave-boson technique we investigate the low-temperature regime and discuss electrical transport
through the dot. At the level of mean-field approximation we are able to discuss both limits of small and large
A/Ty , whereA is the superconducting gap afig is the Kondo temperature. We also find that the zero-bias
anomaly in the current-voltage characteristics, which is associated with the occurrence of the Kondo resonance
in the quantum dot, is enhanced in the presence of superconductivity, due to resonant Andreev scattering.
[S0163-18289)00403-9

With the advent of nanotechnology, recent years havéhe low-temperature properties of a Kondo impurity in the
witnessed an impressive experimental activity, studying varipresence of normal!? as well as for superconducting con-
ous properties of small mesoscopic structures. In particulaguction electrons? Despite its simplicity, this method cap-
the transport properties of hybrid superconducting structuretires the main physical aspects of the Fermi-liquid regime at
and the associated Andreev scattering mechanism have bel@ temperatures, i.e., the formation of a many-body reso-
investigated intensively after observing several newnance atthe Fermi energy. For this reason it presents a con-
phenomena.Many of these phenomena have been succesd/enient frameW(_)rk in which to stu_dy the _mterplay between
fully explained in terms of a one-particle picture essentiallyAndreev scattering and Coulomb interactions.
based on the BCS theory either via the Bogolubov—de We model theN-QD-S system with the Hamiltonian
Gennes equations or via quasiclassical Green’s-function
methods, as documented by various review artitles. H=Hy+HstHp+Hyn+tHrs, )

Besides this, electrical transport through small confined ' '
regions, where electron-electron interactions are strong, hggqre
also attracted a lot of interest. Such experimental setups, e.
guantum dots(QDs), allows one to investigate in a con-
trolled way the interplay of the electron-electron interaction

and disorder. In particular it has been pointed out that a Q velv. The sinale-particle enerag. is double deqenerate in
attached to two metallic leads resembles an impurity level i y.- 'n gie-p . 9 1S dC 9
pe spin indexo- and the interaction is included through the

metal. A n n ven when th t level is f ; : e
a metal. S a consequence, eve © e dot level is on-site repulsionU. The position of the dot level can be

from the Fermi energy of the leads, transport will occur due :
to the Kondo effect. This is due to the formation of a spin modulated by an external gate voltage. Tunneling between

. : . : the leads and the dot is described b
singlet between the impurity level and the conduction elec- . T
J purtty ! kdstc.c) wherex=N, S, andV,, is the tun-

trons, which gives rise to a quasiparticle peak at the Fermle_kU(VaC , e ¢
energy in the dot spectral function. This suggestion has bedp€ling amplitude. For simplicity we assumeg independent
explored theoretically by several grodpsand leads to the Tomkando. _ _
prediction that one should observe a zero-bias anomaly in the _In_the following, we consider that the on-site repulsldn
current voltage characteristics. Such an anomaly has beéh infinite, so processes where the dot level is doubly occu-
indeed observed in different QD systefrfs. pied are excluded'. This condition aI'Iows us to apply the
In a recent lettetit has been suggested that, if the QD is Slave-boson techniqué.The dot level is represented d$
coupled to two different types of leads, i.e., a normal and & f b, where the fermiorf,, and the bosorb describe the
superconducting lead, resonant Andreev tunneling yields &ingly occupied and empty dot states. Since the dot is either
stronger zero-bias anomaly with a broader temperature reémpty or singly occupied, the constraintb+3 I f =1
gion where the effect occurs. In the analysis of Ref. 10 arhas to be fulfilled.
approach based on the equation-of-motion method, which is In the mean-field approximation, the operatoris re-
mainly valid at high temperature, was used. In this paper, welaced by a numberb,, and the constraint is fulfilled only
extend the analysis of Ref. 10 to the extreme low-on average. This is achieved by introducing a chemical po-
temperature regime. To this end, we use slave-boson meatential Ay for the pseudoparticles. Notice that one ends up
field theory. This approach has been successfully applied twith a noninteractinglike problem with renormalized param-

Hn= Ek(rekCL,kaCN,ko : Hg= Ekoekcg,kocs,kv

Y3 (Ack el +c.c), andHp=e4dld,+Ung g are
the Hamiltonians of the normal lead, the superconducting
ead (A is the superconducting gamnd the dot, respec-
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eters, i.e., an energy shift for the dot levgl—eg+ o= €4 I'y for e<A I's for e<A

and a m_ultiplicatively renqrmalized t_unnelir\gl_—>bova_. _ iz T\+Ts for e>A, Y2710 for e>A" ®
We discuss the mean-field equations and its solution first _

in equilibrium and then generalize to nonequilibrium. We The result is

start from the impurity part of the free energy, which in the

presence of both normal and superconducting leads is given e I'y P(A+bgFN)2+ bol'
€q| = — I
by TorT piri+rd
. apg o~ - - 2
F=—T Trin[ie,0°— ego?— b2 (i€,) ]+ Aob2+ €5— i, L Intls 2W — ©
€n T (A+bgl'st+ boFN)Z

2
) o ~i where we neglect a term proportionallig, but without any
where ¢, is a fermionic Matsubara frequency, are the |ogarithmic factor. For small superconducting gap, i.,

Pauli matrices, and much smaller than the Kondo temperature which is given by
Tk=b3I'y+b3l's,A is negligible. One can then easily solve
(i €)=2, IV,|2079, (i €n) 07 (3 Eq.(9 for b_é and obtain the result for two normal leads with
Ko total tunneling ratd"\+T'g:

with ék,a being the Green’s function of the lead T € ) (10)

By minimizing the free energy with respect g andb, btz)(FN+FS):Wexf{ T2 Ty+Ts
we find the equations
In the opposite limit, wherd is much larger than the Kondo
temperature, we find

b2+T>, T G(iey)?]=0, (4)
n leg| — (2T s/ ) IN(W/A)
b3 F§,+F§:Wexp{—g & ‘}:IT }
boho+boT>, T G(ie,)T(i€,)]=0, (5) (1D

The results agree qualitatively with what we expect from
scaling arguments for the Anderson motfeln the pertur-

N bative regime, a logarithmic correction &g has been found.
pseudofermion Green function given b¥(iey)=[i €0 In the case of a large gap scaling due to the superconducting
—eqo?— b3 (ie))] L. electrons stop at energies of the order giving rise to a

Before presenting a numerical solution of the above equafinite renormalization ofey, as seen in Eq(11). A similar

tions, it is useful to get some insight from an approximateshift in the dot level has also been reported within the
analytical treatment. The first equation, H4), is the con- equation-of-motion approach of Ref. 10. In case of a small
straint. Since the pseudofermion level is at maximum singlygap, the superconducting lead contributes to scaling down to
occupied, the renormalized level is above the Fermi energyow energies, where one enters the strong coupling regime.
In the Kondo limit, where the occupancy is nearly one, it isPresumably, the fixed point is still reached for energies of the
found 0<~6d<bg(FN+Fs), i.e, \o~|e4 and eq~0. The order of T, much greater thaid, so that the Kondo tem-

renormalization of the tunneling amplitude is determinegPerature does not depend an compare Eq(10).
from Eq. (5). A trivial solution by=0 always exists. The Notice that in presence of normal electrons, we always

solutions that minimize the free energy, however, are thosfind a nontrivial solgtion of the mean-field equatipns. This is
with by#0. By introducing a flat density of states in the to be contrasted with the case of superconducting electrons

leads and the tunnelling rat&s,= 7Nq,|V,|2 the elements ©ONIY, I'n=0, where for large gap only the solutidi=0

Lo _ exists, and there is no Kondo effett.
of the matrix I'(ie,) are I'iy=I'z=—iy, and ',=T7 In Fig. 1 we report numerical results fdr2, which is

which have to be solved self-consistent@(ien) is the

=72, Where proportional to the Kondo temperatufg~b3l'y, as a func-
tion of A. Instead of a sharp cutoff in the density of states,
= sgr{e) T+ T's €n =T A . we used an exponential, expé/WP), in our numerics. The
W‘ W bared level is e4= —W/3. ForI'y+T's=0.15V and A=0

(6) the Kondo temperature is approximately given By
o ~0.03N. As long as the gap remains below this energy
Restricting ourselves to zero temperature, we replace thecale, the Kondo temperature of the system with gap is al-

Matsubara sum in Ed5) by an integral and obtain most constant. It drops quickly foF,<A<W, with a re-
gion, where nmg decreases linearly in Ik in agreement
wde yi(e+bgy,)+bg|y,|? with Eq. (12).
|Ed|:4fo 27 (e+ bgy1)2+ b3|72|2 ’ @) In a nonequilibrium situation, when a voltage is applied

between the two leads, the mean-field parameters cannot be
whereW is a cutoff of order of the band width. We simplify obtained by minimizing the free energy. However the mean-
the integral by approximating; and y, as field Egs. (4) and (5) can also be derived using a self-
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1E T T T . de ~ R R R N
F |=2ie EFNTr{aZG (e)[Z"(e),fn(€)1G(e)},
0.1 ;— (15)
2 001 | N3 - < .
Is= Iy — 3 whereG and3 are the Green'’s function and self-energy of
0.001 | I's =2Ix --- \\; the dot electrons. Within the present mean-field approach,
F ] =h2G. Explicitly, the Andreev current is given by
0.0001 ol R
0.01 0.1 1
A/W 4e% (= f(e—eV)—f(e+eV)
I(V)=——]| de Gnsle) (16)
FIG. 1. The mean-field parametbg, which is proportional to h 2e
the Kondo temperatur&g~b3l'y, as a function of the supercon-
ducting gap. For both curves the energy of the dot levedyis with
—W/3 and the total tunneling ratEs+1"y=0.18V. The Kondo
temperature forA=0 estimated from these parameters Tig
~0.03W. AT\T9)?
Gsle)=—=; > % == (17)
i i i i — F I'3)%+4I%e?
consistent diagrammatic method, following the arguments (e Gd S N

given in Ref. 15. These impose the vanishing of so-called
tadpole diagrams order by order in perturbation theory. Ther|1_|ere
it is straightforward to generalize to nonequilibrium. The
equations read

the tunneling ratesI's =b3l'sy and e=e(1
+b0FS/A). Then one recovers the current formula for a
noninteracting quantum dét,with renormalized parameters
that are voltage dependent. We see that on resonance, when

‘eqs~0 and e=0, the small renormalization factdr, drops

out. The peak strength becomes maximal WﬁﬂlﬁF f‘s with
Gns,max= 1, twice the maximum for &-QD-N system. For
large voltageGys drops fast, since the resonance moves

Kobo—ibof ;—;Tr[gR(e)F<(e)+g<(e)FA(e)]=0, away from zero energyed|~|e\/|.GN§as %function of en-
(13) ergy is proportional to V)2 near e~=*eq and propor-
tional to (€V) * neare=0. As a consequence the current
R decreases with increasing voltage, leading to a negative dif-
where the lesser Green’s functidii (t,t')=i(¢"(t')¢(t))  ferential conductance.
has been introduced, Wltbz(fT ,fD The lesser and ad- Finally, we want to comment on the rellablllty of our
vanced matrix® is defined in analogy to its equilibrium ver- results. The success of slave-boson mean-field theory stems
from the fact that it captures the Fermi-liquid regime at low
sion in Eq.(3). To obtainG=, we use the general relation temperature. If th&-QD-S system scales to a Fermi liquid at
g ng gA where at mean-field Iev§< b0r< and low temperatureGyg as given in Eq.(17) is exact in the
low-temperature, low-voltage limit. Since it is known that
slave-boson mean-field theory has problems in describing
r<(€ E v, |2 Z[ga k(f)fa(f) a(G)gé,k(G)]Uz- gyégz;n;:j:ié)r:?pertles, the results far away from equilibrium
(14) Within the Fermi-liquid point of view, the present mean-
field approach allows us to estimate the parameters entering
Eq. (17). In particular, we found thdty andI’g renormalize
- equally, although this may no longer be the case when con-
eV from that of the superconductor, the matrides have  sjdering higher-order corrections. For illustration, we esti-
elements f,,=f(eteV)) and f,,=1-f(—e+eV,), mate the effect of residual quasiparticle interaction in the
with V=V, Vg=0 andf(e) being the Fermi function. Note limit A<T,. By assuming an effective quasiparticle inter-

that the superconducting lead does not contribut® tge) action of the formHimsznTnl we find to first order irlJ
for e<A. '

The solution of the mean-field equations, in presence oft® corrections td'y, while, as one could have expected,
an external voltage, can then be obtained along the lines crépulswe guasiparticle interaction suppresfég bOFs[l
the equilibrium case. As long d&V|<Tg the solution is — (U1 T (AITINT AT

almost independent of the voltage. For large voltgga/] We studied Andreev tunneling through a strongly inter-
>Ty, we found the Kondo peak plnned to the chemlcalactIng quantum dot, focusing on the extreme low-

potential at the normal side, i.eeq—eq—eV, with a de- temperature limit. In agreement with a previous study, we

creased width. found an enhanced Andreev current at low-bias voltage, due
Following Ref. 10, the Andreev current through an inter-to the Kondo effect. The zero-bias conductance is maximum

acting quantum dot is with the universal valu&ys=1 when the renormalized tun-

b2—i f S—;Tr[é<(e)&2]:o, (12)

If the chemical potential of the normal electrode differs by
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condition may be achieved with large bare tunneling rate

neling rateshlzN and 1:5 are equal. We identified the ratio
rs>Ty.

A/Tg as an important parameter. In the cas& Ty, the

Kondo resonance forms as for two normal leads. The condi- . . . .
We thank R. Fazio for many fruitful discussions. We ac-

tion I'y=T's coincides with equal bare tunneling ratBg  knowledge the financial support of INFM under the PRA
=I's. In case of large gap, quasiparticle interactionproject “Quantum Transport in Mesoscopic Devices” and
suppressed’s, nevertheless the conductance maximum-the EU TMR program.
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