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Extraordinary temperature dependence of the resonant Andreev reflection
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An extraordinary temperature dependence of the resonant Andreev reflection via discrete energy level in a
normal-metal/quantum-dot/superconductad-QD-S) system is predicted theoretically by using Green-
function technique. The width of zero-bias conductance peal-@D-S is about \/F2L+F2R and does not
exhibit thermal broadening, whefg andI' are the coupling strength between QD and leads. Considering the
intradot Coulomb interaction, the Coulomb blockade-oscillations conducted by Andreev reflection differs dra-
matically from that inN-QD-N. Instead of thermal broadening, finite-temperature induces more resonant peaks
around the oscillation peaks of zero temperature. This effect can be applied to determine the coupling strength
and QD level spacing iN-QD-S.
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Mesoscopic hybrid normal-metal/superconductdl/ §) whereH, and Hgi describe the lefiN lead and the righS
systems have been investigated intensively in the last decadead, Hy,; describes QD with one spin-degenerate energy
Aside from their potential applications, these systems profevel, andH+ is the tunneling between them.
vide us an opportunity to combine with the two different In the regime ofkgT<A, the zero-bias conductance is
guantum coherent behaviors, the coherence of quasiparticle®minated by the AR process, and can be derived by using
in mesoscopic system and the coherence Cooper pairs in sGreen-function techniquesee Ref. pas,
perconductors. The key mechanism to connect the above two
together is the Andreev reflectig\R) process at thél/S 42
interfacel? Many new phenomena and effects involving AR GNDSZTJ do
have been addressed in recent yd#os a review segand
references thereinAmong them, normal metal/quantum dot/
superconductorN-QD-S) is one of the interesting systems,
in which resonant AR occurs via discrete energy levels o
QD.*~® Considering the strong intradot interaction, the prob-
lem of Kondo resonance iN-QD-S were also studied by
several author§:1In this paper, we shall predict the unique
temperature dependence of the resonant AR process and in- G'(w)zf dte @t(—i)6(t)
vestigate the interplay of Coulomb blockade effect and the
Andreev tunneling in thé&l-QD-S systems. i

Temperature usually gives us the impression of averaging x( {10, (Oh  {{ey(D.e,(0h
and smearing. At finite temperature, the sharp-resonant con- {cl,clo)  (clt),c o)’
ductance peak usually has a thermal broadening of the order
of kg T, but we find this is not true for the case of resonantand can be solved from the Dyson equation,

AR conductance. Let us begin by consideringNaQD-S

If(w)
Jw

I'Z|Giyw)?, )

wheref(w) is the Fermi distribution functior; | is the cou-

]pling strength(defined latey, G}, is the 12 element of 2
X2 Nambu matrixG', depicting the conversion from an
electron into a holeG' is defined by

system modeled by the following Hamiltonian, G'=g+dgXG, (4)
H=H_+Hg+Hgort Hr, where
+ ! 0
HL_% €Ky o Ako s r w— Eo+i0+ (5)
g= )
0 1
He=2 €b),bp,+ > (AblbT ) +H.e), (D) w+Eg+i0”
po P
A
> Eqc! i (1 0\ i s
Haot= 2 EoCsCy, r—_ __
0 X'= 5L 0 1 5reR A . , (6
»

Ho= t,al ¢ +H.0)+ teb! c_+H.c),
TkEU_(LkaU )%(Rpoo ) in which
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TABLE I. In the two limits ofkgT<I"| ,I'g andkgT>T" ,I'g, the integrands of Eq2) and Eq.(8) can be evaluated, and the results are
summarized here.

System Condition Conductance Half peak width Peak shape
N-QD-S kT<I, g 4(e?/h)[TiT3/4(E3+ T2+ T3/4)?] 0.64\T?+T2 Squared Lorentzian
N-QD-S kT>T 'y 4(e?/h) (mlakgT){T' T 4/4(E5+([T2+T3]/4)} JIZ+T2 Lorentzian
N-QD-N keT<I'| ,Tr 2(e?/h){T Tr/E3+ ([T +TR]2)% I +Tg Lorentzian
N-QD-N keT>T . Tg 2(e?/h) (m/kgT)[e?Fo/(ePFo+1)2][ 2T T /(T +TR)] 3.5KgT Derivative of f(w)

dent electron with energf (with respect to the supercon-

w
% |w|>A ductor chemical potentigplpicks up another electron with
_ w—A @ energy —E to form Cooper pair and ente, with a hole
PR ® ol ’ reflected in the Fermi sea &f. Since both the incident elec-
— |0|<A tron and the picked-electron pass QD through the discrete
iVAZ— w2

energy levelEy, the resonant tunneling requires not only

and rL,REZWNL,R|tL,R|2, with N,z being the density of Eo=E butalsoEy,= —E. Therefore, the resonant AR process
states in the left/right lead in normal state. For comparisoroccurs only wherEy=0, i.e.,Eq lines up with the chemical
we also write down the zero-bias conductance forpotential of superconductor. BecauSg has a small broad-

N-QD-N,*? ening and shifting due to coupling with the leads, the condi-
tion E,=0 becomes tdEy|<O(T') with O(T") being the

1 order of the coupling strength. Thus, the resonant AR causes
5 LRV a bottle neck of the conductance peak widthNrRQD-S,
(0—Eo) +(T) leading to a broadening abolitinstead ofkgT.
(8) Next, we investigate a more realistic model, in which QD

. . . . . ) has multiple single-particle energy levels and intradot Cou-
in which single-particle tunneling-process dominates. In delomb interaction. i.e

riving the above formulas, we assume tlhatg is indepen-
dent ofw, which is reasonable in the calculation of zero-bias

If(w)
Jw

2e?
GNDN:TFLFRJ dw

conductancé? In the two limits of kgT<I'| ,I'r and kgT 4

>1"| ,I'r, the integrands of Eq2) and Eq.(8) can be evalu-

ated, and the results are summarized in Table I. .1 (@)
Figure 1 shows the curves Gi\ps VS Eg andGypn VS Eg —_

at different temperatures for the symmetric coupling case N‘E

I' =T'g=T". One can see the following features: SO 2]

(1) For T—0, Gyps has its maximum é?/h at E,=0
while Gypn has 2%/h, and Gyps is much steeper than
Gnpns Which is of the Lorentzian shape. o ]

(2) With the increase of temperature, bo®yys and
Gnpn are suppressed, but surprisingly, the conductance peal
of Gyps does not exhibit thermal broadening whil&py
obviously does.

Table | tells us that the peak width &\ps is always of 1.54

—~

the order \T2+T% for either kgT<I'| Tr or kgT <
>1"| ,I'r. Feature(1) has been obtained in Ref. 4, while NEJ/
feature(2) is addressed for the first time in this work, to our
knowledge.

Taking into account of that AR is a special two-particle O 0.5
process, featur€) has a simple interpretation shown in Fig.

2. ForN-QD-N [Fig. 2(b)], the conductance is dominated by

[}
Q
=

1.0

NDN

the process of single-particle tunneling. At finite temperature, 00— 02 00 02 04
the Fermi surface of leads spreads out around the chemica
potential in the range dfgT, allowing incident electron has EO

energyE in this range. The resonant tunneling occurs when

Eo=E, resulting in the broadening of conductance peak of F|G. 1. The zero-bias conductan@evs the resonant leve, at

the orderkgT. For N-QD-S [Fig. 2(@)], on the contrast, the different temperature fof@) N-QD-S and (b) N-QD-N. Parameters
single-particle tunneling is forbidden due to superconductingre: I' =I'r=0.1, A=1 for N-QD-S, A=0 for N-QD-N, kgT

gap, and AR-process dominates. In the AR process, an inci=0.001, 0.1, 0.2, 0.3 corresponding to the decrease of peak heights.

134521-2



EXTRAORDINARY TEMPERATURE DEPENDENCE OF THE ...

N-QD-S

(a)

\\"? oy —— 0 £

() N-QD - N

K. T

u
T

FIG. 2. Schematic picture for understanding the unusual tem

perature dependence of the conductance in Fig. 1(&di-QD-S,
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In the weak-coupling regime, the retarded Green function of
QD can be derived by an approximated Dyson equation

Gr:’ér +§r2rGr, (10)

in which g is the atomic-limit solution for an isolated inter-
acting QD and' is the self-energy caused by the tunneling

between QD and leady! is presented in E6), andg’ can
be obtained as

E;'E; P(F)g'(F),

1
P(F):Ze_ﬁEdot(F), Z:Z e PEdot(F) (11)

S 0

T w—Ej(F)+i0"
r =
g(F) :

1
0

T w+E (F)+i0"

in Wh|Ch EdOt(F)EEiUEiUNiU_l—(U/Z)Eia#jBNiaNjﬁ iS the
total energy of QD for the configuratiof, and EU(F)
=E;,+UZX5.i,Njz is the renormalized single-particle lev-

resonant AR requireB, lines up with the chemical potential of the €IS of QD. And the t(:tal conductance through QD can be
superconducting lead. Fab) N-QD-N, single-particle tunneling €xpressed in terms @' derived from the above equatiohs.

occurs when the resonant levg} within the range okgT.

U
Hdot=i2 Eicl,Civt i E#:jﬁ NiaNjg, )

wherei,j are indices of the single-particle energy levels,Fig.

o,a,3 are indices of the spin, ard is the strength of Cou-
lomb interaction. FoON-QD-N with intradot Coulomb inter-

We plot Gyps Vs Vg and Gypy Vs Vg for different tem-
peratures in Fig. @—3(d) and Fig. 3e), where QD contains
two spin-degenerate level&;;=E;, =E;=V,, Ex=Ey
=E,=V4+AE, with level spacingAE=0.1, interacting
constanU=1. ForkgT<AE, we see typical CBO pattern in
3@, with nearly equal-spaced peaks av,
=0.0,1.0,2.1,3.1. With the increase of temperature, peak
heights are suppressed, roughly proportional t&glVj [No-

action, it is well known that the zero-bias conductance vs thdice different scaling in Fig. @) —(d)]. The most striking fea-
gate voltage exhibits Coulomb blockade oscillationsture of CBO in N-QD-S is, whenkgT~AE, temperature

(CBO).} For N-QD-S in which one ofN electrodes is re-

induces more resonant peaks around the original CBO peaks,

placed byS, we also expect to see CBO except the conductinstead of thermal broadening. One can see in Fig—8d)
ing mechanism is AR. Taking into account of the unusualthat the separation among peak groups is abbuvhile the
temperature dependence of the resonant AR process, CBO $pacing of peaks within one peak groupA&/2, and each

N-QD-S may have significant change from thatNRQD-N.

resonant peak has a width abdut Notice that all these

We constrain ourselves to discuss the weak-couplingroperties are independent on temperature.

and low-temperature regime, i.d.<kgT<<A. If the cou-

Qualitatively, this unusual pattern can be understood as

pling between QD and leads is weak enough, the atomicfollows. Due to the intradot Coulomb interaction, the origi-
limit solution*® (I'~0) should be a good starting point. Be- nal two resonancei, = E;1=E;, andE,=E,;=E; exhib-

cause we study the zero-bias conductance, Ve; Vg

its eight subresonancel,, E,, E;+U, E,+U, E;+2U,

=0", QD can be viewed as in equilibrium, and the currentE,+2U, E;+3U, E,+3U (see Appendix and Ref. 15 for
driven by the small-bias voltage servers as a probe to thdetai). At zero temperature, only four resonandes, E;
state of interacting QD. By generalizing the exact solution of+U, E,+2U, E,+3U are active, and the other four are
the retarded Green function of QD in the atomic limit Coulomb blockaded. But for higher temperature lgfT

(see the Appendix for the
following scheme for
conductance. Suppose QD had spin-degenerate
energy levels,Ey; ,E;| ,Epy ,Ey, .. .E;,E |, with 22
configurations  of occupation represented by

:(NlT 'Nll ’NZT’Nzl’ . 'NlT’Nll) in Wh|Ch NiUZO or 1

detajls we propose

~AE, the Coulomb blockade effect is partially removed.

the calculation of zero-bias Not only E; but alsoE, are active and contribute to the total

conductance. FaX-QD-N, since resonant peak is broadened
by finite temperature, the contributions Bf, and E, are
indistinguishable and combined to form the first CBO peak
aroundVy=0 in Fig. 3e). (This mechanism was first pro-
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FIG. 3. Coulomb blockade oscillations & vs V, at different
temperatures foN-QD-S in Fig. 3(a)—(d) andN-QD-N in (e). QD
has two-spin degenerate levels,;=E; =E;=Vy andE,;=E;,
=E,=V,+AE, with level spacingAE=0.1, Coulomb interacting
strengthU=1. Other parameters alE=I";=1",=0.002,A=1 for
N-QD-S, A=0 for N-QD-N, kgT=0.01, 0.02, 0.05, 0.10 marked in

the plots.
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posed by Y. Meiret al.to explain the anomalous temperature
dependence of CBO peak heights M-QD-N).!° For
N-QD-S, however, resonant AR peak has the widthIof
instead okgT. The first group of peaks arouiw)=0 in Fig.

3(c) consists of three distinguishable contributions of AR:
AR via E;, AR via E,, and AR betweerE; andE,.® Other
groups of peaks can be understood similarly. Furthermore,
one finds groups with tiny peaks aroukg=0.5,1.5,2.5 in
Fig. 3(d), which can be attributed to the AR process between
E, andE;+U, E; andE>,+U, E, andE,+U, E, andE;
+U, etc. In short, temperature dependence of CBO in
N-QD-S differs dramatically from that ilN-QD-N.

Finally, we would like to make three remarks:

(1) The extraordinary temperature dependence of CBO in
N-QD-S provides a new approach to determine the coupling
strengthl’~ \/F2L+F2R and QD level spacing E, which are
impossible to do ilfN-QD-N because of thermal broadening.

(2) The suggestet-QD-S structure is accessible of the
up-date nanotechnology, either by a metal nanoparticle con-
nected to superconducting and normal-metal electréties,
or in a gate controlledN-2DEG-S structuret®=2° The key
point to observe the predicted unusual temperature depen-
dence of AR is to perform resonant AR process via discrete
energy levels.

(3) Similar extraordinary temperature dependence of zero-
bias conductance have been observed experimentally either
in normal-metal/semiconductor/superconductor junctibns
or in normal-metal / highF.. superconductor contactéPer-
haps, the discrete electronic state in our model corresponds
to the quantum-well state and surface-bound state in their
situations.

In conclusion, we predict an extraordinary temperature
dependence of the resonant AR processiQD-S, in which
the conductance peak does not exhibit thermal broadening.
We also investigate CBO ilN-QD-S, and find that finite-
temperature induces more resonant peaks around the original
CBO peaks of zero temperature, rather than gives them ther-
mal broadening, which can be applied to determihand
AE in N-QD-S.

ACKNOWLEDGMENTS

This project was supported by NSFC under Grant No.
10074001. T.H.L. would also like to thank the support from
the Visiting Scholar Foundation of State Key Laboratory for
Mesoscopic Physics in Peking University.

APPENDIX

In this Appendix, we present the atomic solution in equi-
librium, which is generalized to the weak-coupling case and
linear-response regime in Sec. Il.

In the atomic limit, QD is nearly isolated from the leads,
and the negligible coupling to leads determines the equilib-
rium / nonequilibrium distribution in QD. Suppose QD has
multiple discrete energy levels, indexed by 1,2,...L
(herei contains the spin indgxand QD in the atomic limit
can be described by
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TABLE II. For the three-level QD, the results for the calculation of the correlation functiongnik®,) are listed in the following table.

(ninzns) (1/Z)e AETE2*Es*30) (n1(1—ny)(1—n3)) (1/Z)e P&
((1=ng)nynz) (1/2)e PE2 "Bt V) ((1=ng)ny(1-ny)) (112)e FE2
(ny(1—nz)nz) (1/Z)e AlE+Es+V) ((1=ny)(1—ny)ng) (1/Z)e™ FFs
(n1nz(1-ng)) (1/Z)e AlEL+E2+ V) ((1-ny)(1-nz)(1-ng)) (1z)e F°

L operatorp=(1/Z)e”#"dot, and the observabléO) can be

(A1) calculated by RpO). For the three-level QD, the results are
listed in Table Il, and the weights in E&2) can be evalu-
in which the second term is the intradot Coulomb interactionated with the help of this table, for exampl@,nsz)=((1
U=e?/2C is the charging energy of QD. —N1)NaNg)+(N3nyns).

By using the equation of motion, the retarded Green func- Generally, QD withL energy levels may have-2ccupa-

HdOt:iZ:[ EiCiTCi‘f'UE ninj,

i<j

tion of QD can be solved exactly. For example, for a threetion configurations, represented dy=(Ny,Np, ... ,N.)
level QD, Hyo=32_,Eiclci+U(nin,+n,ng+ngny), one  With Ni=0 or 1. One has
obtains )
1
+ ((1=ny)(1—nz)) ((1—ny)nz) P(F)E<H mi>=ZeBEdot(F)'
((cale))' = = + U =1
v v (A3)
<n2(1_n3)> <n2n3> (AZ) miE[ni for N|:1
(U_El_U (,U_E]__ZU (1_ni) for Nizo,

(w contains an infinitesimal imaginary pa@ ™, for all the  in which Eqo(F)=2;EN;+UZ;;N;N; is the total energy
retarded Green functionsThe atomic-limit solution have of QD for the configuratiorF. Defineg'=="_,((ci|c/))", it
clear physics meaning: due to intradot interaction, the singleis easy to obtain
particle energy levelE; exhibits several subresonances,
E;,Ei+U,E;+2U, ..., theweights of these subresonances

are determined by the occupation configuration of other en-

ergy levels. For the three-level QIE; has the weight of

af=; P(F)g'(F),

A4
((1—n,)(1—n3)), i.e., the probability of botlE, andE; are L 1 A4
empty; E;+U has the weights of(1—n,)n3) and (n,(1 gF)=> ——,
—n3)), i.e., the probability of one oE, andEj; is occupied i=1 w—E;(F)

and the other emptyE,; +2U has the weight ofn,nyz), i.e.,
the probability of bothE, and E; are occupied. /
The calculation of the correlation functions liKe,n,)  particle level. o _
should be done self-consistently when QD is in the nonequi- In short, in the atomic limit, the retarded Green function
librium distribution. However, for the equilibrium QD in the ¢" is the average over different occupation configurations
atomic limit, the calculation is straightforward. In this case,weighted by a thermal factor, and each configuration behaves

the thermal equilibrium QD can be depicted by the densityas a set of renormalized single-particle levels.

in which Ei(F)EEi+U2j¢iNj is the renormalized single-
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