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Enhancement of parametric pumping due to Andreev reflection
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We report properties of parametric electron pumping in the presence of a superconducting lead. Due
to a constructive interference between the direct reflection and the multiple Andreev reflection, the
pumped current is greatly enhanced. For both quantum point contacts and double barrier structures
at resonance, we obtain exact solutions in the weak pumping regime showimﬂsthdﬂ N which

should be compared with the result of conductaBge=2Gy . Numerical results are also provided

for the strong pumping regime showing interesting Andreev assisted pumping behavi@af01©
American Institute of Physics[DOI: 10.1063/1.1421236

@

Current can flow under zero bias when two system pa- ns. @d (7, [dNpdVy  dNg dV,

rameters of a nanostructure are varied in a cyclic fashion. Iy :7JOdT{WW+ FIVARTEE

The physics of this parametric electron pump have been ana- ! 2

lyzed by several authofs’ Recently, it has been realized where the quantity/dN, /dV is the injectivity™'? given, at

experimentally by Switkest al® confirming many of the zero temperature, by

theoretical predictions. So far, investigations on parametric . 1

Ipnl:?rg;r:% are focused on _normal nanostructures. It will be_ d—\;:ZW[Sgeﬁijee—Sﬁeﬁijhe], 2)
g to study a hybrid structure where a superconduct j

ing lead is present. In the presence of normal conductor—

superconductofNS) interface, an incoming electron-like ex- where the first term is the injectivity of the electron due to
UPE ’ g elec - =" the external parametér!?i.e., the partial density of states
citation can be Andreev reflected as a hole-like excitation

i ) ) i ) (DOS) for an electron coming from left-hand side lead and
This current doubling effect gives rise to the relation for g, ;ing the system as an electron, and the second term is the
conductanceSys=2Gy for hybrid quantum point contacts jniectivity of a hole, i.e., the DOS for a hole coming from
and quantum dots at resonafcgor dirty NS contacts, de jeft-hand side lead and exiting the system as an electron.
Jong and Beenakkefound that the shot noise at subgap  For the hybrid nanostructure, the scattering masix
voltages is also doubled with respect to its value in normahnd s, , are given b2
state which has been confirmed experimenfally further
explore how Andreev reflection modifies quantum interfer-  8=8,,+$,(1-R,S5,,) "'RS,;, 3)
ence in the normal state, we have investigated the parametric n _ _ _
pumping phenomenon in the presence of a superconductiﬁﬁher_es is a 2x2 scattering matrix for NS structure with
lead. We find that due to the quantum interference of thdnalrix elements,, (u,v=e.h) and S;,(E)=(1/2)[S1,(E)
direct reflection and the multiple Andreev reflection, the 11(~ B) 1+ (0,/2)[S1(E) = Spy(—E) | where Sy, is the
pumped current is greatly enhanced. For quantum point corP—sual _scattermg matrlx_ for dogble barrler_ structula._
tact and quantum dot at resonance, we obtained a relation fgr, £ IS (e 22 scattering matrix at the NS interface with
the pumped current¥S=41Y in the weak pumping regime off ~diagonal ~matrix element a. Here —a=(E

P p " —ivJAZ—E?)/A with v=1 when E>—A and v=-1

Numerical results are presented in the strong pumping & henE<—A. In Eq. (3), the energyE is measured relative

gime s_howmg mtere_sgng Andr(_eev assisted pumping behavt—o the chemical potentiake of the superconducting lead.
ior which can be verified experimentally.

Equation(3) has clear physical meanifigThe first term is
We consider a parametric pump which consists of q 3 phy o)

: X N %he direct reflection from the normal scattering structure and
double barrier tunneling structurattached to a normal left- o second term can be expanded  &%.R, S

hand side lead and a superconducting right-hand side lead. SR 5,R S, +... which is clearly the multiple Andreev
The double barrier structure is modeled by poten¥igk)  yeflection in the hybrid structure. From E@) we obtain the
=V18(x+a)+V,5(x—a), whereV,;=Vo+Vysin@t) and  well known expressions for the scattering mats, and
V,=V+Vsin(wt+¢), andV,, is the pumping amplitude. She?

We further apply a gate voltagg, to control the energy level

of the structure. The units are fixed by settihgg 2m=1 in Sed E)=S11(E) + @?S1AE) S5 —E)M ¢Sy (E) (4)
the following analysié. At low frequencies, the adiabatic

pumped current in the presence of superconducting leadd!

isl,9,10 "
She(E)=aSi(—E)MSy(E) )
H _ 2 * -1 H
dAlso at: Center for the Physics of Materials and Department of Phy:sics,V.VIth Me=[1-a“Sy(E)S;(—E)] . In the following, we
McGill University, Montreal, PQ, Canada H3A ZT8. first present the exact result for the pumped current in the
0003-6951/2001/79(24)/3977/3/$18.00 3977 © 2001 American Institute of Physics
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weak pumping regime and then study the general situatior  4of _— ]
numerically. In the weak pumping regime, Ed) can be 08| A ]
expanded to the lowest order Y}, osf TN 1 T :
07| %, ]
w( sin ¢ b E i ]
lpo= My, Sev,Seem v, Shedv,Snel (6) 5 00 |

3 ’ Voo Fermi eneray

as compared with the expression for the normal structifte, g %4

€ 03 -7 ]
wgsingV; 02} D Viooeve ]
Ih= — . Imldy, Shdv, St dv, 510y, Sl (7) o1 | S
00 SR i B e i

where we se¥,=0 in §,, and§;; after the partial deriva- ol L L ‘

-0.05 -0.04 -0.03 -0.02 -0.01 0.00 0.01 002 0.03 0.04 0.05

tives. We further assume that the Fermi energy is close to the _
Fermi energy

chemical potential of superconducting lead,BB60 anda
~—i. Under this conditionS,,. and hence?v She @re pure  FIG. 1. The pumped current versi at different pumping amplitudes:

— H H NS/ N
imaginary numbers for gener#,(t). As a result,Sye does  Vp=0-03/, 0.08/p. The left-hand side inset}¥1} versusv., /o at reso-
t contribute td NS : in Eq. (1) as long aE=0. 14 The onl nant point. The right-hand side inset: Andreev reflection coefficigras a
no g 9 y function of E¢ with V,=0.05V, at different pumping timet= /4 (dotted-
contribution comes fronS, which is the superposition of dashed ling t= /2 (dotted ling, t=3/4 (solid line), andt =7 /4 (dashed

the direct reflection and the multiple Andreev reflection. Weline). System parameters in Fig. 1 and the ins#g=79.2,v4=—9.39, ¢
will consider two casesfa) a quantum point contact, e.g., ~ 7/2 andA=20.
V,=0; and(b) the double barrier quantum dot at resonance.
For both cases$;=0 in the absence of pumping voltage. this, we plot in the right-hand side inset of Fig. 1 the An-
Therefore, from Eq(4) we have dreev reflection coefficient versiig at different moments in
g S — gy Sy " ®) one pumping cycle. Frqm this _inset, we observe that the
Vyptee TVypPll SP120Vg Pl Andreev reflection coefficient gives one or two peaks de-
where we have used the fact thay S,=dy,S;;. Using pending on the configuration of_ the system. This behavior
Fisher—Lee relatiols Sa,B_ _ a3+|\/7(3 ", and the can be understood frpm the Breit—Wigner form of th_e reso-
Dyson equation anGa,B G G]rﬁ, we have ov,Si nant Andreev reflectiom, through a single leveE,=0

; .18,19
—ivG} G =—i/(2k)  and  dy S;=ivGGh= il (measured relative tp):
(2k)S2, with the velocityv =2k. So for both caseéa) and r'Zrs

(b) we have constructive interference between direct reflec- Ta= 7 > O
y ) . A(E“+TAp/H)“+TT
tion and the multiple Andreev reflectiony See=24y Su ( ri47+ iR

which gives a pumped current ®= 415 with IN whereAp=I'| —I'r andI'=T'| +'r. We see thal 4 shows
+ qu2 sin(4ka)/(4mk?), where the plus sign is for quantum two peaks whed'| <I'g and just one peak otherwise. Note
point contact sinceS;,=e?*3, and the minus sign corre- that in one pumping cycle half of the configurations corre-
sponds to resonant tunneling sing=e 22, sponds tol'| <I'g, therefore two pumped current peaks
In the general situation, the pumped current can be calshow up in Fig. 1 because from E@) the pumped current is
culated numerically using Edq1).}” Since the pumped cur- obtained through the integral over all the configurations in
rent is proportional ta, we setw =1 for convenience. Inthe one pumping cycle. Finally, the reason that two peaks are
left-hand side inset of Fig. 1, we plot the ralligslll’;' as a asymmetric is mainly due to the energy dependence of the
function of pumping strengthVv,/V, for V=79.2 at the self energy. Ifu is right in the middle of two resonant levels
resonant point. We see that as the pumping amplitude inE; andE,), i.e., u=(E;+E,)/2, then the electron coming
creases, the constructive interference effect is suppressed. fkom normal lead with incident energ; tunnels into the
small pumping strength, the ratio is about four which agreestructure through the resonant le#sl and Andreev reflected
with our theoretical analysis. At larger pumping strength, thisas a hole back to the quantum dot through the resonant level
ratio decreases to the value below two. Similar behavior i€, with a Copper pair created in the superconducting lead.
seen for the quantum point contact. Figure 1 shows th&Ve now examine the Andreev assisted pumping through two
pumped current as a function of Fermi eneky for differ- levels. ForVy=79.2 andvy= —23.48, there are two reso-
ent pumping amplitudes. Fofy=79.2, we have chosemy nant levels inside the subgapts(=0) atE;=14.09 andE,
=—9.39 so that one resonant level in the quantum dot is= —14.09. Hence, strong Andreev reflections can occur near
aligned with the chemical potentials of the superconduct- Eg=E,. Figure 2 shows the two level pumped current ver-
ing lead in the absence of pumping voltage. For compari-  sus Fermi energysolid line). For comparison, we also plot
son, we also plot the Andreev reflection coefficient whenthe corresponding Andreev reflection coefficient versus
V,=0. Several observations are in ordét) the pumped Fermi energy when th¥, is switched off(see inset of Fig.
current is peaked near the resonant level showing clearly 2). Similar to Fig. 1, the pumped current also shows strong
resonant behavior. This is because the pumped cufEEnt resonant behavior with smaller amplitudeompare Fig. 1
(1)] is proportional to the DOS of the system which reacheslotted-dashed lineWe found two peaks of pumped current
its maximum near the resonang¢g) As the pumping ampli- aroundE,, one is near the resonant energy and the other one
tude V,, increases, the pumped current increas8s. The s shifted to a smaller energy with larger current. Although it

pumped current has two asymmetric peaks. To understand similar to Fig. 1 but has a different origin. This is due to
Downloaded 06 Nov 2006 to 147.8.21.97. Redistribution subject to AIP license or copyright, see http://apl.aip.org/apl/copyright.jsp
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