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We investigate the parametric pumping of a hybrid structure consisting of a normal quantum dot, a normal
lead, and a superconducting lead. Using the time-dependent scattering matrix theory, we have derived a general
expression for the pumped electric current and heat current. We have also derived the relationship among the
instantaneous heat current generated by the pump, electric current, and the noise. This gives a lower bound for
the heat current generated in the hybrid system similar to that of the normal case obtained bgtAaton
[Phys. Rev. Lett87, 236601(2001)].
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Since the seminar work of Thoulésand Brouwerf the  current for NS system can be either larger or smaller than
physics of parametric pumping has attracted increasinghat of normal system depending on the phase difference
attention> '8 Recently, Avronet all® have considered the between two pumping potentials.
heat current generated by the pump in the adiabatic regime For the purpose of presentation, we consider the pumped
and found a general lower bound for the heat current. Thi€lectric current first. We start with the general definition for
defines an optimal pump if the heat current equals to théhe electric current of typer (electron or holgin the left
power of Joule heat dissipated during the pumping protiess.normal lead in scattering matrix theor € q=1),%°
As a consequence, the optimal pump is noiseless and the 1 (At
charge transported is quantized. The physics of heat current [ = lim _f dt(T ) (1)

. . ela ela/s
has also been investigated by Moskalets and Bufffkeho ' a=AtJo '
have derived a general formula for the heat current in the .
weak pumping regime and the noise generated during thehere(---) denotes the quantum average dgd, is the
pumping process. In the strong pumping regime, the heaglectric current operator of type in the left lead,
current has been studied within the time-dependent scattering . . . . .
matrix theory* and the existence of optimal pump has been Te,La=0alb] (DD (D) —a] ,(Dag.(1)]. 2
examined. For chaotic quantum dots, Poliaretkal 2 have - ~ I
developed a time-dependent scattering matrix theory to adjere the (.)peratorl'sLa andaLa are annlhllatlgn operators for
ywe outgoing and incoming carriers of typein the left lead

count for the noise for parametric pumping and mesoscopi > = :
fluctuation for arbitrary temperature and beyond bilinear re-andqaz_()%é_ 1 fora=e,h. They are related by the scattering

sponse. In this paper, we investigate the pumped heat currefit2"*:

for a normal superconductindNS) hybrid system that con-

sists of a normal quantum dot, a normal lead, and a super- b ()= f dt’Saﬁ(t,t’)éLB(t’), (3
conducting lead. In the adiabatic regime, the energy of B

charged carriergelectron or holg is within the supercon- \yhere the time dependence of the scattering marix due

ducting energy gap and hence physics of the Andreey, ihe giowly time-varying pumping potentix(t). The dis-
reflectiorf> dominates. We have derived a general eXPressiolihtion function can be obtained by taking the quantum
for the pumped electric current and heat current in the PreSsverage?

ence of a superconducting lead which is valid at finite pump-

ing amplitude and finite temperature. Our theory is based on At A Y — e

the time-dependent scattering matrix thetfroing beyond (a o(BE)aig(E"))=8,50(E—E")fL(E), (4)
the adiabatic regime, we can in principle obtain the pumped\,hereéLa(E) is the Fourier transform (ﬁia(t)a andf | (E)
electric current and heat current to any order in frequency. Ins the Fermi distribution function of the left lead. From Eqgs.
the adiabatic regime, we have also derived a relationship2)—(4), the pumped electric current is given by

among the instantaneous heat current, electric current, and

the noise. This sets a lower bound for the heat current gen- Qg (At

erated by the pump. Similar to the normal syst€ra,quan- le,La:A||r>n Efo dtf dtldtzzﬂ Sap(tity)

tum pump will be optimal if the heat current reaches its =
lower bound. As a result, the charge transported will be dE

quantized and the system is noiseless just like the normal Xf(tl_tZ)SZB(tltZ)_qaf > (B
system. We have also compared with the heat current of NS

structure with that of normal structure. For a single pumpingwheref(t)= [ (dE/27)exp(—iEt)f(E). After changing of the
potential, the total heat currents generated are the same fgariablesto=(t;+1t,)/2 andr=t;—t,, and using the follow-
NS and normal systems. For two pumping potentials the heahg Wigner transform for the scattering matfiX:
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de t+t’
N | _—a-iE(t-t") +c.c=0.
Stt) sze S|E.—— |, (6) % S pSupt+C.C=0 (13
Eq. (5 becomes Hence Ini(9S'8) ,0]= —i(3:S'S) 4. In the adiabatic re-
q At gime, we havl¥ 0.S,5=2i[0x SapdiXit %, SapdiXi
leLo= liM 2 ;Atjo dtf dtodrdE;dE,f(7) +.--], whereX=dX/dt. Up to the ordew, we can neglect
Atz=RT the contribution from?xisaﬁ. At zero temperature, Eq11)
% e—iEl(t—to—T/z)eiEz(t—tow/z)E Saﬁ( E,. t+2t0 becomes
P iq Tp
- ¢ SSt .
T t+t0 P dE Ie,LLv ZWTpfO dt[&xl&s ]aaatxl ’ (14)
+Z X‘ggﬁ EZ!T_Z _qafz_f(E) (7)
™ which agrees with the theory of nonequilibrium Green's

Changing the variables again to,=t—t, and t'  function?’

=(t+1t,)/2 and integrating over;, we obtain Now we proceed to derive the heat current generated by
the pump for NS structure. We note that the heat current is
] Ao (At | En defined as the particle current multiplied by the energy mea-
Ie'L“:AlezwAt 7mdt drdEe=(7) sured from the Fermi level. We thus have from EE0),
1 (T N
X % Sap(Et' + 718 SELE N — 1l4)—q, 'q,La=—WTpf0 dtf dE(E-Ep){S(ED)

dE X[FE+i0/2)—H(E) IS (ED)}a. (15
X f —f(E). tS) .
2m Expanding the heat current up &kf) and after some algebra,

Using the fact that we finally obtained the heat current up g,

At -1 Tp A A
|imf dt' D) Sup(Et' +7/4) Sk 4(E U — 1/d) Mmﬁﬁjo dtf dEef(0:80:8") 0o (16)
At=wJ —At B

At Now we derive the relationship between instantaneous elec-
= lim J dt> S,4(E,)e” (™%Sk (E,t), (9  tric current[denoted asl o(t) = —iq,(3,S"S),,] and heat
B

e current[14(t) = (4,S73,S) 4o]. Now the instantaneous heat
Eq. (8) becomes current becomes
« (" 3 4(0=(25'08) 00 = (9S5'85'9,8) e
IeLa:q_f pdtf dE{S(E,t) o(=(3:5'0,S) (J 'S)
’ 7TTp 0

, . =2 (0:8"8)up(S"0:8) g (17)
X[f(E+id/2)—f(E)ISY(E,D)}aa,  (10) 3
We see that the diagonal term in E(7) is justl2(t) and the
t off-diagonal term is the nois&(t) generated during the
pumping proces&1%?8Therefore, we have the following re-

whereT, is the period of the pumping cycle afélis a 2

X 2 scattering matrix for NS structure with matrix elemen

Sqp(a,B=e,h). Equation(10) is symbolic and is the central X :
; : o : dationship:

result of this paper. One can in principle obtain the pumpe

electric current to any order in frequerféyFor instance, to _ 2

get the electric current up t@, it is enough to expandl(E l(O=1e()+ (D) (18)

+id/2) up to the first order i, from which we obtain or general lower bound for the heat current

idy (o l()=15(1). (19

|e,La=ﬁf dtf dEdef X[3,ST(E,1)S(E, )]0 -
pJ0 The condition of optimal pump for NS structure is defined as
(1D So(t)=0. Following Avronet al,'® it is straightforward to
Note that from the unitary condition of the scattering matrixshow that the charge transported through the system per
S, we have cycle is quantized if the quantum pump is optimal.
Now we consider the adiabatic and weak pumping limit
for a symmetric double-barrier structure in the presence of

% SZﬁSa,B:l' 12 superconducting lead. The double-barrier structure is mod-
eled by potential V(x)=X;(t)5(x+a)+ X,(t) 5(x—a),
Taking the derivative with respect to time, we obfain where X;(t)=Xg+X;Sin(wt) and X,(t) =X+ X,sin(wt
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+ ¢). In this limit, we keep only the quadratic order in pump- equation aXJwaz GGz 31 we have axlsllziuGrllGrll
ing amplitude in Eqs(14) and (16). It is easy to show that _ —ilv, 0x2511=ivGrlzGr21= ~iS?/v, and Ix,,S12

the pumped electric current and heat current are given, re- . . o
spectively, by = —iS;»/v with the velocityv =2k. Thus from Eqs.(26)

and(27), we haveanSeez 2&ij11 anddySpe=0. From Eq.

w(,Sin XX - . 21), we obtain
(o= SNy 5, o B, @0
' 2 1 2 2
w
and |§fe:17k2[x§+ X3+ 2 cospX X, cos &kal, (28)
2
_ W 2 ot ouw2s ofs o which should be compared with the heat current in the nor-
lgLa= 1677[X1ax18 Ix, S+ X39%,S" xS mal case,
+ 208X XoRE Iy Sy SN 1 e - 21 w?
X XREA I, 50,5 )] @) 1N = 1N == [ X2+ X3+ CoshX; Xo( 1+ cos &a)].
In Egs.(20) and(21), we have seX;=0 in S after the partial 3
derivatives. Now we will calculate the heat currégt ,-. (29
for the double-barrier NS system. For the NS system, th&Ve note that in the NS system, the heat current flows out
scattering matrices,, and S, are given bg>?° only through the normal lead; while for normal system, the
o o o heat current pumps out through both leads. Comparing Egs.
S=S1+S1(1-R S;) RSy, (220 (28 and(29), we have
where w2
N N NS _
5 (E) (Sij(E) 0 ) 9 |qy|_+|q’R—quLe—@COSqﬁXlXXz (1-cos4ka).
. E = y
5 0  Sj(—E) (30

Hence the total heat current generated in the normal system
- ] i ] } can be either larger or smaller than that in the NS system
tu_re. R,=a_ax is the 2x2 _scatterlng matrix at NS interface depending on the phase difference of two pumping poten-
with _off-diagonal matrix element @. Here a=(E  tjals. For a single pump, by setting,=0 in Egs.(28) and
—ivyA“—E%)/A with v=1 when E>—A and v=—-1 (29, we see that the total heat currents are the same for both
whenE<—A. In Eq.(22), the energ)E is measured relative NS and normal systems. This is different from the pumped
to the chemical potentials of the superconducting lead. electric current where in the weak pumping regime at reso-
Equation(22) has clear physical meanirfigThe first term is  nance, the electric current for NS system is four times larger
the direct reflection from the normal scattering structure andhan that of normal systefh.
the second term can be expanded &5,R S, In summary, we have derived a general expression for the
+S,R5,,R S+ - -, which is clearly the multiple An- Pumped electric current and heat current in the presence of
dreev reflection in the hybrid structure. From E82) we  Superconducting lead using the time-dependent scattering
obtain the well-known expressions for the scattering matrice§1atrix theory. Our theory is valid at finite pumping ampli-
S and Sy, 23 tude and can be applied to the multichannel systems. Using
our theory, we can expand E@L5) to higher order in fre-
Sed E)=S11(E) + @®S1AE) S5 —E)MS,(E)  (24) quency and hence approach to the nonadiabatic regime. Our
theory can also be easily extended to the case of multitermi-

with §;; being usual scattering matrix for the normal struc-

and nal structures. Although our expression is derived for NS
ok system, it is also valid the normal system as well by simply

Snel B) = aSi ~E)MSo(E), (25 replacing the NS scattering matri®,; with ag=e,h by

with Mo=[1—a?S,(E)Ss,(—E)] % In the case of para- normal system scattering matr®; with i,j=1,2 in Egs.

metric pumping, we assume that the Fermi energy is in lind10) and(15). For the NS system, we have found the lower

with the chemical potential of superconducting lead,Eso bound for the heat current similar to that of Avrenal *° for

=0 anda= —i. For the symmetric NS system at resonancefhe normal system. As a result, the optimal pump can exist

we havé S;;=0 andS;,=e %2 in the absence of pumping for NS system as well. In the weak pumping limit, we have

potential. Therefore, from Eq$24) and (25), we have examined the heat current for NS system for a double-barrier
structure at resonance. For two-parameter pump, we found

o’!XUZSee= axmsll— szr?xm T (26)  that the total heat current for NS structure can be larger or
smaller than that of normal structure depending on the phase

and different between two pumping parameters.

IxShe= —1(9xS},S1,1C.C), 27 We gratefully acknowledge support by a RGC grant from

i the SAR Government of Hong Kong under Grant No. HKU

where we have used the fact thaf S;,=0x,S11- USINg  7091/01P and a CRCG grant from The University of Hong
Fisher-Lee relatiof? S,z=—6,5+ivGl; and the Dyson Kong.
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