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Carbon-nanotube-based quantum pump in the presence of a superconducting lead
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Parametric electron pump through superconductor-carbon-nanotube based molecular devices was investi-
gated. It is found that a dc current, which is assisted by resonant Andreev reflection, can be pumped out from
such molecular device by a cyclic variation of two gate voltages near the nanotube. The pumped current can be
either positive or negative under different system parameters. Due to the Andreev reflection, the pumped
current has the double peak structure around the resonant point. The ratio of pumped current of N-SWNT-S
system to that of N-SWNT-N systertN¥/1N) is found to approach four in the weak pumping regime near the
resonance when there is exactly one resonant level at Fermi energy inside the energy gap. Numerical results
confirm that in the weak pumping regime the pumped current is proportional to the square of the pumping
amplitudeV,, but in the strong pumping regime the pumped current has the linear relatioitRor the
pumped current via two resonant levels, we found that the current reversal behavior, i.e., the direction of the
current reverses when the Fermi energy is varied. This is different from the one dimensional double barrier
structure. Our numerical results also predict that pumped current can be obtained more easily by using zigzag
tube than by using armchair tube. We have also derived the formula for the total current in the presence of both
pumping potential and external bias and applied our formula to the armchair and zigzag carbon nanotubes.
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I. INTRODUCTION examine the interplay between the electronic properties of
CNT and superconductivity. Specifically, we investigate a
Physics of parametric electron pump has attracted gregtarametric quantum pump that consists of a finite sized
attention. Classical pumps had been fabricated about a déingle wall carbon nanotub@&WNT) connected to one nor-
cade agd:? Recently, quantum-dot-based quantum pump hagnhal left lead(N) and one superconducting right le€g), i.e.,
been the subject of both experimefitahd theoretic4r'®?2  the parametric quantum pump of N-SWNT-S system. Two
investigations. The quantum pump generates current due f#MPping driving forcesX,(t) and Xy(t) are established by
the cyclic variation of at least two system parameters whiléaPPlying cyclic, time-dependent voltages to two metallic
maintaining zero bias. As the charge pumped out of the sysJates, which are capacitively coupled to the SWse inset
tem, it also produces the Joule heat along with the dissipal! Fig. 1). We have used nonequilibrium Green's function
tion. Recently, Avronet al2® have derived the lower bound approacff~*'to calculate the pumped current. We found that
for the dissipation. This naturally leads to the concept ofin the presence of superconducting lead the pumped current
optimal pump. To search for an optimal pump, the heat curiS four times as that of the corresponding normal system in
rent and the shot noise of quantum pump have been investi-
gated using the time-dependent scattering matrix th&ory. 10 8
Very recently, to explain the experimentally observed — —— -
anomaly’ the finite frequency pumping theory has been 03 N | Nanotube | S 1
developed’?® The adiabatic pumping theory has also been _ |
extended to account for the Andreev reflection in the pres- g6} GEle GEL \ |
ence of superconducting ledt>° strong electron interaction /
in the Kondo regimé® and spin polarized pumped current

when the ferromagnetic leads are presémue to the pecu- o4
liar electronic properties of carbon nanotub@NT),>?-4° 02
CNT-based parametric electron pump has been investigate ’
as a prototypical nanometer-scale molecular detAct. 00

would be interesting to further explore how does Andreev
reflection modify the quantum interference of CNT based

guantum pump in the presence of superconducting lead. It is
well known that in the presence of normal conductor— FiG. 1. Andreev reflection coefficieft, as a function of Fermi
superconductofNS) interface, an incoming electronlike ex- energy for N-SWNT-S systersolid line) and transmission coeffi-
citation can be Andreev reflected as a holelike excitatfon. cientT as a function of Fermi energy for N-SWNT-N devideng

In this paper, we will study a hybrid structure where bothdashed ling The SWNT is an armchai,5) metallic tube. Inset: a
carbon nanotube and superconducting lead are present aschematic plot of the molecular device.
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the weak pumping regime. As the pumping amplitude in-tates the pumping process= is related to the retarded and
creases, the dependence of pumped current crosses over fra@vanced Green’s functio®™ and G2,

guadratic to the linear dependence. Due to the Andreev re-

flection, the pumped current exhibits double peak structure G=(E{X})=G"(E,{X})2~(E)G*E,{X}). (5)
for single resonant level in line with the chemical potential o o
s of the superconducting lead. When is in the middle of In the low f_reql_Jency limit, the retarded Green’s function in
two resonant levels, another type of Andreev reflection ocfeal space is given by

curs where an electron coming from normal lead tunnels via
the lower resonant level and Andreev reflected as a hole
through the upper resonant level with a Cooper pair created
in the superconducting lead. For this two level Andreev re-
flection, the pumped current shows remarkable parity effecivhereX’ (see belowis the self energy. In the above equa-
that the direction of pumped current near one resonant levejons,G"® < denotes a R X 2N matrix with matrix elements

is opposite to that of the other level. This is different from Gr,a,<i_ with y denoting the spin degrees of freedom arar

the one dimensional double barrier structure. Our numericahe orpital degrees of freedom. Heye=1,2 labels electron
results show that it is much easier to pump current through @nq hole (electron below the Fermi surface with opposite
Zigzag structure than an armchair structure. Parametric pumMpomentum andN is the number of grid points in real space
generates current at zero external bias. It would be interesfy the tight binding representatiorX ,,=Vp,0,. In real

ing to see the interplay of the role played by the pumpinggyace representatioxf,, is a diagonal matrix describing the
pote_ntlzilg and the external bias if the external bias isariation of the potential landscape due to the external pump-
applied.” In this paper, we have also derived a formula forjng narametei. In order for a parametric electron pump to

the current driven by both the pumping potential and externajnction at low frequency, we need simultaneous variation of
bias to the NS system 1\g\/hlch recovers the formula obtainegly, or more system parameters controlled by gate voltages:
by Entin-Wohlmanet al.” when the lead becomes normal. Xi(t) =Vio+V,, sin(wt+¢y). Hence, in our case, the poten-

Numerical results are also provided and discussed. tial due to the gates can be written ¥s,=3;V,A; , where
A;= A0, is the potential profile due to each pumping poten-
Il. THEORY tial. If the time variation of these parameters are slow, i.e.,
. i . for V(t) =V, + 8V sin(wt), then the chargéncluding that of
In this work, we assume that the variation of the pumping, .. oiectron and hojeof the system coming from the left

potentla_ls are very slow and the ad|abat|c_apprOX|mat|on ead due to the infinitesimal change of the system parameter
appropriate. We further assume that there is an external b|a(%x_)0) is

V. applied on the left normal ledd.As a result, the total
current contains two parts, the average curterdue to the
external bias voltage and the pumped currigntaused by de(t)zz dx, TLQ(X, ) ]oX(1), (7)
the pumping signal, !

G'(E{X}H)=

: 6
E—Hg—Xpp— 3 ©

INS_| 4| 1) it is easily seen that the total charge in the system in a period
voope is zero which is required for the charge conservation. To
where calculate the pumped current, we have to find the electron
dQp,e passing through left lead due to the change of the

system parameters. Using the Dyson equati@@iGr

117
'v:;fo ia(t)dt (20 =G'AG', the above equation becomes

; i dE
and the instantaneous current’i¢* dQ,t) =3 J' ETr[qGrA,-G’E<Ga
i

, dE
a(t)=— ZQJ S TG GoIF(E-aVy) +qG'S=G%A,G%]6X;(t)

—f(E+aVu)l, ©) :_fg—i > TaG*ae3~G'A;18X(1), (8)
]

where G, is defined below. Now we derive the pumped
current. Using the distribution function, the total charge inwhere we have integrated by part in the last step. Hence the
the scattering region during the pumping is given by pumped electron during the time interval is

dE
Qxt)=~-i f (dE2M[GG™(E{X(DD ], 4 dQpe(t)=—1 f 77 > TG LG A JudX;(1).

9
whereq=qo, with o, the Pauli matrix an@ = is the lesser ©
Green’s function in real space, labels the position, and Here the Tr is over the orbital degrees of freedom. Using the
{X(t)} describes a set of external parameters which facilifact that’
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iT f(E-qV,) 0
0 iT f(E+qV,)

and the definition ofg;, we finally obtain

(10

q( dE
Ip=;f0dt; fZ{aEf(E—qV)Tr[Gi‘lFLGrllAj]

dX;
—ef(E+qVOTHGLI GoA )5y - (11

Equation(1), with Egs.(2), (3), and(11) forms the supercon-

ducting analog of Ref. 19. If the external bias is zero, we

obtairf*°

| NS_ quw

T dNL Xm dNL dX2
J e et G
2 0 Xm dt de dt
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Pr—ilRrB1/2 iTrB,2
~ilRBs/2 —Pgr—il'rB/2)’

where B,=vE/\JE?—A?, B,=vA/E?—A? with v=1 for
E>—A andv=—1 for E<—A. HereA is the gap energy

of superconducting lead and chemical potential of supercon-
ducting leadus has been set to zero. In the above equations,
Hq is the Hamiltonian of CNT. It is & X N matrix, whereN

is the total number of carbon atoms,, is a diagonal matrix
describing the variation of the CNT potential landscape due
to the external pumping potential (t) and X,(t). In this
work, we choose the two pumping potentials to Xgt)
=Vt Vypsin(et) and X,(t) =Vyot Vo, sin(wt+¢), where

¢ is phase differencey is the pumping frequency and,,
andV,, are the pumping amplitudes. To simplify the numeri-
cal calculation, we mimic the gate effects by simply adding
the potentialV,,=V;A;+V,A, to the SWNT wheré); is

g (20

where the quantitdN, /dX; is the partial density of states the potential profile function and can be set to be unit for the

(DOS), called the injectivity*®*’ of the left lead,

dx;  dx,  dX;’ 49
with
dN¢ dE e
and
dN]! dE A
Wz_f%(_aEf(E))Tr[GlZFL621Aj]’ (15)

!

wherej =1 or 2. dN{/dX; describes the number of electrons
coming from the left lead and exiting the system as electron

due to the external parametis . dNE/de describes the

number of holes coming from the left lead and exiting the

system as electrons due to the external paran)qné‘r7 G
and G, are the matrix elements of thex2 Nambd?® rep-
resentation and can be expressetf:as

r11(E):|:E_Hd_vpp_ r11_2r12Ar2r21:|71 (16)

and

AT=[E+H}+Vp,— 25 L (17

Once the electron and hole Green's funct®p andA" were
obtained, G}, is calculated by

12= G2 A"
HereT'| g=—2Im[3| g] is the linewidth function an&'
=3 + X is the total self-energy given by

o [0
o —33)

whereX! =P,—iT" /2 is the self-energy of the leadin the
normal case. HerP,, is the real part andl , is the linewidth
function. The self-energy for the superconducting lead is

(18)

19

gate region, zero otherwise. A more accurate study requires a
numerical solution of the Poisson equation with the gates
providing the appropriate boundary conditions.

I1l. RESULT AND DISCUSSION

We now apply our theory to calculate the current for the
N-SWNT-S parametric pump. For simplicity, the SWNT is
modeled with the nearest neighberorbital tight-binding
model with bond potentiaV,,=—2.75 eV. This model
gives a reasonable, qualitative description of the electronic
and transport properties of carbon nanotutfe$Recently, a
S-SWNT-S device has been studied experimentallgy
tuning the transparency of the device, clear signals of An-
dreev reflection were observed. The dependence of the An-
dreev current on the device transparency, the behavior of the
differential resistance in the subgap region, as well as the
observed low-temperature resistance anofiatan all be
explained theoretically using ther-orbital tight-binding
model! We assume that the SWNT is weakly coupled to the
electrodes so that the pumping process is mediated by the
resonant tunneling. We further assume that strong electron—
electron interactions may be neglected. Without losing gen-
erality, we set the energy gap of the superconducting lead to
be 1.45 meMthe gap of Niobium We also apply the wide
bandwidth limit for the self-enerd§ and consider the sym-
metric pumping, i.e.V1o=V5=Vo andVp,=V,,=V,. In
the absence of pumping we havg=0 which forms a sym-
metric double barrier with barrier height, in the finite size
nanotube. As a result, the discrete resonant levels are estab-
lished within the double barrier structure. By adjustivig
we can control the positions of energy levels inside the en-
ergy gapA. Since the pumped current is proportionalao
we setw=1 for convenience. We also sé&t=2m=—q
=1. When pumping frequenay=100 MHz, which is close
to the frequency used in Ref. 3, the unit for the pumped
current is 1.6 10" A. Finally, we do not consider the fi-
nite temperature effect and hence set temperature to zero.

We now consider the case when external bias is absent
and compare our result'S with that of normal case. First,
we consider an armcha(b,5 SWNT with 93 layers of car-
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FIG. 2. The pumped current™S versus Fermi energy for FIG. 3. The pumped current™S versus Fermi energy for

N-SWNT-S device at different pumping amplitudesv, N-SWNT-S device at different pumping amplitudes;=0.001 V
=0.0014 V (solid ling), V,=0.002 V (dotted ling, and V, (solid ling), V,=0.002 V (dotted ling and V,=0.005 V (dashed
=0.005 V (dashed ling The long dashed line is the pumped cur- line). The long dashed line is for the pumped curréttversus
rentIN versus Fermi energy for the corresponding N-SWNT-N de-Fermi energy of the corresponding N-SWNT-N device \4t
vice (whenA=0) atV,=0.0014 V. The left inset|N¥/IN versus ~ =0.001 V. Here the SWNT is a zigzad0,0 nanotube. The left
V,, at resonant point. The right inset, Andreev reflection coefficientinset, NS/ versusV, at resonant point.
Ta versusEg with V,=0.005 V at different pumping moments,
=3m/4 (solid line), t=0.95x3m/4 (dotted ling, and t=1.05 inset, we just plot Andreev coefficients at certain moments:
X 3w/4 (dashed ling to=3m/4, t,=0.95X 37/4 (a little smaller thanty) andt,
=1.05x3x/4 (a little lager thanty). We see that all three
bon atoms(total 930 atoms The two metallic gates that curves have double-peak featuffor the solid line the
provide the pumping driving forces are located near the twalouble-peak is barely seen(3) The pumped current in-
ends of the SWNT from 10th to 28th layer, and 66th to 84thcreases as the pumping amplitudfg increases(compare
layer. We have chosevi,~2.75 V so that there is only one solid line, dotted line, and dashed line in Fig. 24) For
resonant level in the energy gap and the level is aligned wittomparison, we also plot the pumped curreit for
the chemical potential of the superconducting lead in theN-SWNT-N system withV,=0.0014 V(long dashed line in
absence of pumping voltag¥,=0. Figure 1 shows the Fig. 2). We see that it gives only one broad peak with small
transmission coefficient versus Fermi enekgy. For com-  magnitude rather than two peaks. Due to the quantum inter-
parison, the transmission coefficient for corresponding norference between the direct reflection and the multiple An-
mal system(when A=0) is also plotted. We see that for dreev reflection, the pumped curredt® of N-SWNT-S is
normal system, the transmission coefficietdshed linghas  greatly enhanced and is much larger than the pumped current
Lorentzian line shape. In the presence of superconductint¥ of the same system when the superconducting lead be-
lead, the transmission peagolid line) is flattened and nar- comes normaF (see the left inset of Fig.)2
rowed. Figure 2 depicts the pumped curréit versus the Now we consider a zigza@d 0,0 SWNT with L =56 lay-
Fermi energy for different pumping amplitud®s, with ¢ ers of carbon atom@otal 560 atoms Two pumping driving
=/2 andl'  =I'g=0.0136 eV. Several interesting observa- forces are added on the tube layers from 5th to 8th layer and
tions are in order(1) The pumped current has large ampli- from 49th to 52nd layer. By adjustingy,~2.100 65 V, one
tude only near the resonant level showing clearly a resonanaesonant level is available &r=0. In the calculation, we
assisted behaviof2) The amplitude of pumped current has set¢=m/2 andI'gr=1"| =0.0136 eV. The results are plotted
double-peak structure around the resonant level. We notice Fig. 3. We see that the pumped current gives similar be-
that the double-peak for armchair structure is fairly symmethavior to that of armchair SWNT system. The ratiol 8%/1N
ric which is different from one dimensional double barrier is also about four in the weak pumping regiisee the inset
structure in Ref. 18 where an asymmetric double-peak i®f Fig. 3). Moreover there are several points worth mention-
observed. To understand this behavior, we plot the Andreeing. First, the pumped current can either be positive or nega-
reflection coefficient versusg at different timeg during the  tive even for the same SWNT but different energy levels or
pumping cycle in the right inset of Fig. 2. The Andreev re- different phase differencgsee Fig. 5 and Fig.)6 Compar-
flection coefficient gives large value only around the twoing with armchair structure, the pumped current for zigzag
pumping instantst= 37/4 andt =7 /4 because at such mo- structure reverses the direction. This is because the pumped
ments the energy level of the SWNT is just in line with the current is not due to the external bias but cause by the pump-
chemical potential of the superconducting lead so that aing potentials. As a result, the pumped current is very sensi-
excitation of hole can be reflected when there is an incidentive to the system parameters. Second, the double-peak for
election near the Fermi surface, and vice verse. At other mahe pumped current is asymmetric especially when the
ments, Andreev reflection coefficient is very small and conpumping amplitude is largésee the dashed line of Fig).3
tributes little to the current integral in the time cycle. In the This is mainly due to the energy dependence of the self-
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FIG. 4. The pumped currerf'S of the armchair SWNT as a FIG. 5. The pumped currenf'® of the armchair SWNT as a
function of pumping amplitude/, at E=0 (solid line). Other  function of phase difference) at Ez=0. Main figure, the weak
system parameters are the same as those in Fig. 2. Dotted line psimping regime with V,=0.0001 V (solid ling and V,
plotted according td=—1.06< 10°V;. Inset, the pumped current =0.0002 V (dotted ling. Inset, the strong pumping regime with
INS of the zigzag SWNT as a function of pumping amplitddgat ~ Vp=0.0014 V (solid line), V;=0.002 V (dotted ling, and V,
Er=0 (solid line). System parameters are the same as those in Fig= 0-005 V (dashed ling Other system parameters are the same as
3. Dotted line is plotted according 1o=8.3758< 10°V5 . those in Fig. 2.

energy. Actually, similar be_haV|or h:_;\s b_een foun_d in Ref. 18.eIS atE,= —3.5495¢ 105 eV and E,=3.5495<10 5 eV.
However, the asymmetry is opposite, i.e., in Fig. 1 of Ref'Hence large Andreev reflections can occur r@ar E, and

18, the left peak is higher than the right one while in our Fig. =E, 't%t S Hicient Is 10 t 1 th

3 the left peak is lower. Third, under the same systemF_ -2 W ransmission coefticient equals to v(@ee N
parameters? the pumped current of the zigzag structure igUPPET panel OT F'g'ﬁ Here the An'dreev reflgctloﬁA is due
much larger(at least 10 times larggthan that of the arm- to dlffere_znt origin from t_hat of Fig. 1. In F|_g. 1, we have
chair structure. This means that in order to obtain largd=0— O With Ta=1. If Eq is nonzero the maximum Andreev
pumped current, one should use zigzag nanotube instead qulectlon is less than one. In the strong tunneling regime

armchair nanotube. This may be useful for experimentaWhiCh. applie; to our casd;y andI', are very small. To
study of the carbon nanotube pump. simplify the discussion, let us assurhg=1",<1, then we

. . , havé’
Figure 4 gives the pumped current as a function of pump-

ing amplitudeV, at Er=0 for armchair SWNT. Here the

system parameters are the same as those in Fig. 2. We st 005
that the pumped current increases quadratically at smal
pumping amplitude and then reaches linear regime for large g3 |
pumping amplitude. In order to understand this figure, weg
also plotl = — 1.06x 10"’V§ in the same plot. We confirm that
in the weak pumping regime the pumped current is propor-g
tional to the square of the pumping amplitude, but in the 3

ent IN

0.01

strong pumping regime the pumped current is linearly pro-é- -001 | ]
portional toV, only. Similar conclusion can be drawn from &

the zigzag nanotubg@ee the inset of Fig.)4Figure 5 and the -0.03 | —~ .
inset of Fig. 5 present the pumped currents of armchair ,.

SWNT versus phase difference at different pumping ampli- 005 ‘ ‘ ‘ ‘ ‘
tudes in the weak pumping regime and the strong pumping -0.00006 -0.00004 -0.00002 0.00000 0.00002 0.00004 0.00006
regime, respectively. We see that the pumped current is an Ferml energy(eV)
tisymmetric aboutp= 7, just like the the result given by the
experiments of Ref. 3 although superconducting lead was nqy.
used there. In the weak pumping regime, the sinusoidal be; . s - _ 6 ;
havior is clearly seen. In the strong pumping regime, hOW?;(als?]ed\finS?gcihgnstm\;%dzcirlrgﬁ‘t\Lrs(sgttlze:rr:ingnetge flong
o X ) ' y for the

ever, we see strong deviation from the sinusoidal behaviogsresponding N-SWNT-N device at,=1x107° V. The SWNT
(see inset of Fig..B is a zigzag(10,0 nanotube with length. =92 layers. The upper

Now we examine another N-SWNT-S quantum pump US+nset, Andreev reflection coefficierif, for N-SWNT-S device
ing a zigzag(10,0 tube withL =92 layers(total atoms 92D (solid line) and transmission coefficieri for the corresponding
One gate is located from 10th to 28th layer and the other is-SWNT-N device(long dashed ling The lower inset, the ampli-
located from 65th to 83rd layer. By adjustiny, fied figure of a pumped current peak. The other system parameters,
~2.5936 V, we obtain two double degenerated resonant levé= /2 andI'g=1"_ =0.0136 eV.

FIG. 6. The pumped currenf'S versus Fermi energy for the
SWNT-S device at different pumping amplituded/,=1
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4 0.15
Ta= N _ 0.01
[4(E*—E3)*+T1+4EGI]] oa1t & .
3 iy
At resonanceT ,=I'3/[T2+4E2]. Hence wherE, is larger = 07| & 0.0 i
thanT';, the Andreev reflection quickly goes to zero. How- £ 2 i
ever, if the chemical potential of the superconducting Iead;; . 0-Y 061 0.000 0001 &
(1s=0 in our casgis right in the middle of two resonant & 9| /% Fermi energy 3
levels E; and E,), i.e., us=(E;+E5)/2, then electron N b
coming from normal lead with incident enerdy; tunnels -0.01 8
into the structure through the resonant lekzgland Andreev
reflected as a hole back to the quantum dot through the resc

.05 !
-0.00005 0.00000 0.00005

nant levelE, with a Copper pair created in the superconduct-
Fermi energy

ing lead, giving rise to the complete transmission. This is

why in the upper panel of Fig. 6 we have two transmission  gG. 7. The total current versus Fermi energy for the NS zigzag
peaks withT,=2 due to the double degeneracy. The pUMPedNT device at at different external biag =0 (solid line), V,
current as a function of Fermi energy is plotted in Fig. 6. For—0.34 (dotted ling, V, =0.7» (dotted—dashed lineandV, = w
comparison, we also plot the transmission coefficiéong  (dashed ling Herev,=2x107° V and the other parameters are
dashed line for normal structure and solid line for NS structhe same as that of Fig. 6. Inset, the total current versus Fermi
ture) in the upper panel of Fig. 6. The pumped current withenergy for the NS armchair CNT device at at different external bias
Vp=1X 10 ¢V (long dashed line in Fig. )6 for the Vv, =0 (solid ling), V. =0.0lw (dotted lind, V,=0.1 (dotted—
N-SWNT-N system with the same system parameters is alsdashed ling andV, = » (dashed ling Herev,=0.0014 V and the
shown. Similar to Fig. 2 and Fig. 3, the pumped current als®ther parameters are the same as that of Fig. 2.

shows strong resonant behavior. It has large value near ener-

gies where the Andreev reflection peaks occur, while it di-been studied in Ref. 18 for one dimensional double barrier
minishes quickly away from the peaks. The amplitude ofstructure but only in the positive energy range. It remains to
pumped current also increases as the pumping amplifyde see whether one dimensional double barrier structure exhib-
increases. The striking feature here is that the pumped cuits the current reversal behavior. We have also calculated the
rent peaks have opposite sign for the two energy levels simipumped current via two resonant levels for the one dimen-
lar to the case of the normal ca¥eThat means the pump has sional double barrier structure in the negative energy range
property that the DC current can flow out of the device fromas well which shows that the pumped current will not reverse
either electrodes by a slight change of electron energy. Ththe direction. Hence, the reversal of the pumped current di-
physics behind this behavior of current reversal is similar tarection is an unique feature of CNT as we have claimed and
that of the normal case which is discussed in Ref. 14. For thexplained in Ref. 14. From the lower inset of Fig. 6, we see
normal case, the pumped current peaks is grouped in paitbat the pumped current clearly consists of two asymmetric
with one positive peak and one negative peak. As the pumppeaks. Finally, we notice that large pumped current is gener-
ing amplitude increases, the pumped current peak height irated for very small pumping amplitudeompare Fig. 3 with
creases and the position is shifted away from the originaFig. 6). This is because in Fig. 6 the thickness of potential
static transmission peak. In another word, the two pumpedarrier and hence the effective potential barrier height is
current peaks repel each other. This repulsive behavior isuch higher than that in Fig. 3. As shown in Refs. 11 and 53
understood using the phase diagram discussed in Ref. 14 llgat the maximum pumped current can reachnlfar ex-
examining the position shifting of static transmission peakgremely large barrier and in the strong pumping regime.
upon varying the barrier height. For the normal CNT struc- Now we examine the pumped current in the presence of
ture that was studied in Ref. 14, as one varies the barrieexternal bias using Eq1). In the inset of Fig. 7, we plot the
height, there is a global shifting for the position of the trans-total current as a function of Fermi energy for armchair CNT
mission peak which is directly responsible for the repulsiveat different external bias. We see that at snv4ll, the total
behavior(see Ref. 14 for detailsFor the NS CNT structure current is not very different from the pumped current at zero
considered here, however, the two pumped current pealksias. As one increases the external voltage, we see some
stay in the same position as the pumped amplitude increasesscillation behavior that a positive double-peak shows up
This can still be described within the picture of phasewith a flat negative vally in the center. As one further in-
diagram'* We have confirmed that as the height of bothcreases the external bias the total current becomes positive
barrier varies, the position of transmission pedkpper with a broadened double-peak structure compared with that
panel of Fig. 6 does not change, i.e., global shift of trans- of the zero bias case. For the large external bias, the distance
mission coefficient is forbidden since the middle point of twobetween the positions of double peaks approximately equal
resonant levels is pinned at the superconducting condensate the full width of the pumped current peak at zero bias.
us and due to the nature of Andreev reflection the transmisThis can be qualitatively understood as follows. From @&gj.
sion peaks must be symmetric abqui. As a result, the we see that for the positive external biasjs positive. This
repulsive behavior of pumped current peaks disappearegartially cancels the pumped current which is negative.
The pumped current through two resonant levels has alsBoughly speaking the current due to the external bjas
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proportional to the time averaged transmission coefficient asuperconducting lead, the pumped currents is greatly enchan-
small voltage. For armchair CNT we consider here, theced due to the quantum interference of direct reflection and
pumped current in the presence of external biaslecays multiple Andreev reflection. In the weak pumping regime,
faster thanl, which approximately has the shape of thethe pumped current is proportional to the square of the
transmission coefficient: a flat peé&kee Fig. 1L As a result pumping amplitudes but in the strong pumping regime, the
of the cancellation], decreases faster in the center of thedependence becomes linear. Hence large pumped current can
peak region than that near the edge of the peak. Hence, frolve generated by increasing the pumping amplitude. When
the inset of Fig. 7, we see that the position of the doubldwo level Andreev reflection occurs, the pumped current
peaks at large bias is near the position wHerat zero bias  shows remarkable parity effect so that the pumped current at
just decays to zero. Figure 7 depicts the total current as ane resonant level has opposite direction of that of the other
function of Fermi energy for transmission through two en-resonant level. In the presence of external bias, the current is
ergy levels for the same zigzag CNT shown in Fig. 6. Thedriven by both the pumping potential and the external bias.
left peak of the total current roughly keeps the qualitativeln this case, we have also derived the formula for the NS
feature of the pumped current at small external bias. Howsystem and applied the new formula to calculate the total
ever, at large external bias, the total current becomes positiveurrent for CNT. Finally, our numerical results also show
with an asymmetric peak opposite to that of the pumpedhat the zigzag nanotube is a better candidate for the pump-
current at zero bias. For the right peak of the total current, aig device since it is more easily pumped than the armchair
one increases the external bias, the asymmetric feature of tim@notube. In view of the S-SWNT-S structure studied in Ref.
pumped current at zero bias gradually diminishes. These be&6, it is conceivable that the N-SWNT-S quantum molecular
havior can also be understood qualitatively from the compepump can be realized experimentally and the results pre-
tition of between two terms in Eq1). For the zigzag CNT, sented here be verified.
the lineshape of,, is similar to that ofl ,. As a result, we do
not see the broadened double-peak structure shown in the
inset of Fig. 7.

In summary, we have investigated the parametric pump of We gratefully acknowledge support by a RGC grant from
N-SWNT-S systems. By comparing with the parametricthe SAR Government of Hong Kong under Grant No. HKU
pump of N-SWNT-N system, we find that in the presence o0f7091/01P.
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