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We present a theoretical analysis of a spin pump in the presence of a superconducting lead. The spin pump
is facilitated by a rotating magnetic field which provides a spin flip mechanism and hence can generate a spin
current without an accompanying charge current. Using a nonequilibrium Green’s function method, we obtain
a general solution of the pumped charge current and spin current in both the adiabatic and non-adiabatic
regimes. The numerical results for the charge current and spin current are presented as we vary different system
parameters such as the gate voltage, the external magnetic field, and the pumping frequency. We find that for
a quantum dot with a single resonant level in line with the Fermi energy of the left normal lead, a pure spin
current is generated by a rotating magnetic field at any frequency. We have identified two kinds of photon-
assisted processes which dominate at low pumping frequencies and high pumping frequencies, respectively.
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I. INTRODUCTION parameters® Due to peculiar electronic properties of the car-

The charge and spin are two basic properties of an eled0n nanotubeCNT),**~?2 the CNT based quantum pump
tron. The charge degree of freedom has been fully explore§hows antisymmetric pumped signals near the many doubly
in microelectronics as well as nanoelectronics. One of thélegenerate resonant levels of the finite-length CNT for a
key ingredients in spintronics is to use the spin flow to con-wide range of energi€s. Because of this reversal of the
trol the nonlinear electronic devicés:or this reason, much pumped charge current together with the Zeeman effect, the
research effort has been devoted to generating the pure spiwire spin current can be achieved for the Fermi energy near
current without an accompanying charge current. One way tthe resonant levels in the presence of a magnetic ¥eld.
generate the spin current in a quantum dot system is by cythe nonadiabatic regime, using the property of charge current
clic deformation of two or more system parameters. Thigreversal, the spin current can be delivered from a normal
parametric pumping mechanism has recently attracted inguantum dot connected by two ferromagnetic le¥dhe
creasing attention in charge pumpifi§.If the external mag-  spin current can also be produced by either a rotating mag-
netic field is applied, the pumped charge current is spin ponetic moment or a rotating external magnetic field which
larized. In the presence of magnetic field, electrons witdeads to the unipole spin battery which gives constant spin
different spins experience different system parameters. It isurrent?>2¢ To drive a spin current for future spintronic cir-
known that the magnitude as well as the direction of thecuits, a spin-cell device which provides the necessary con-
pumped charge current is very sensitive to various paramstant spin-motive force is needé®® By shining micro-
eters of the system such as the potential landscape of thwaves on a double quantum dot in the presence of a
pump?1the frequency of the driving force,and the Fermi  nonuniform magnetic field, such a bipolar spin battery is
energy of the lead® Hence, it is possible that under certain proposed”’ In the presence of magnetic barriers, the spin
conditions, the electrons with different spins flow in the op-current is found to pump out using the adiabatic thé®i§o
posite direction, thereby giving rise to a spin current withoutfar, the investigations on the spin current are focused on
accompanying charge current. Indeed, several different spinormal nanostructures. It will be interesting to study a hybrid
pumps have been proposed along this line. For an interactingfructure with a superconducting lead where the Andreev re-
system, Sharma and Chamon studied the quantum pump féiection is present near the normal-supercondugits) in-
both spin and charge transpéttEor noninteracting systems, terface. In this paper, we investigate a spin pump for a two-
an adiabatic quantum pump was propdéavchich generates dimensional quantum dot with a single levetonnected by
the pure spin current by cyclic variation of the confining @ normal and a superconducting lead. For simplicity, in the
potential of the quantum dot and the external magnetic fieldfollowing discussion we assume that<@&<A. The spin
In fact, this proposal has been realized experimerifathat pump is facilitated by a rotating magnetic fieldBy(t)
spin current was detected. Similar ideas have also been pre-By[sin § coswti +sin 6 sin wtj +cosék], whose z compo-
posed to generate pure spin current using the Zeeman effesént gives the Zeeman split and whose rotating component
for a quantum dot®!’ For instance, the spin current can be provides a spin flip mechanism. For the spin pump with nor-
generated when the external magnetic field which induces mal leads the rotating magnetic field generates an effective
Zeeman energy is chosen as one of the pumpingpin-motive force: an incoming spin up electron with energy
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below the Fermi level enters the quantum dot, absorbs a H'(t) = ye—iwtd}fd“ yeiwtdjdT (4)
photon, jumps to the leved, becomes spin down due to the

spin flip mechanism, and finally exits to the same lead witrdue to the rotating magnetic fiefél It is the termH’(t) that
down spin. Hence a spin current is produced. In the presend&ovides the spin flip mechanism and hence the total spin
of a superconducting lead, a second photon-assisted proce®grent is not conserved. Finally, in Ed.), Hy describes the
can also drive the spin current. This process is effective agoupling between quantum dot and the electrodes,

large frequencie® > |e[+A with A the superconducting gap

such that electrons from the superconducting lead with en- Hy= > tk,a,acz,kada+ H.c.
ergy below A can also participate in the photon assisted Tk
o . . .
transport® In this case, electrons with spin L(pr dpwn) =2tk,a,TCIv,deT+tk,a,lcl,kidl +Hec. (5)
from both leads can absorb a photon with spin flip at the ke

same time, jump to the level (assumingB,=0 for simplic-

ity), and exit to the left lead. Our results show that when thePue to the spin flip mechanism introduced by the rotating

resonant level of the quantum dot is in line with the Fermimagnetic field and the presence of the superconducting lead,

|eve| the Charge current is Zero and Spin current iS pumpewe have to consider both electrons and holes tOgether with

out which exhibits resonance features. their spins. For this reason, we consider the following
The rest of this paper is organized as follows: In Sec. II,Nambu representatiof:

the theoretical formalisms for calculating the charge current

and spin current in both adiabatic and nonadiabatic regimes A k1 Cai d
. . e CT dT
are presented. In Sec. Ill, the numerical calculations and dis v = vz | _ | “ak o 6)
. . K= = , =
cussions of these results are given. @ YA Cukl d,
aa,k4 CL—kT d1TL

Il. THEORETICAL FORMALISM . .
Here the operatoC,, ,,, destroys an electron with spimand

The system that we consider in this paper consists of &' | creates an electron with spinor effectively destroys
two-dimensional quantum dot in the presence of a rotating, hole with an opposite spio. So we have four kinds of
magnetic field connected by a normal lead and a supercorparticles:(1) electrons with spin up(2) holes with spin up;
ducting lead. The Hamiltonian of the system is written as(3) electrons with spin down; an@) holes with spin down.
follows: With this representation, the Hamiltonian Ed) can be ex-

pressed in a matrix form:
H=H_+Hg+Hget+ Hr, (1)

EL,k 0 0 0

whereH, describes the left normal electrode arigthe right
0 - O 0

superconducting electrode, Ho=> \p[k 0 0 0 Vi (7)
k €Lk
H.= 2 GL,kCI,kJCL,ka: 2 GL,kCE,kTCL,kT + E EL,kCJLr,kLCL,kiv 0 0 0 -—€
ko k k
(2 ek A 0 0
A -ey O 0
_ t R-k
Hg= 2 GR,kCE,koCR,ko + 2 [ACR,kLCR,—kT + AC;—kTCJFrQ,kiL He = zk" \PR"‘ 0 0 Rk —A Ve ®
ko k ’
0 0 -A —er
(3) e
where for simplicity we have assumed that the gap endrgy Haot= Hoet H' (D), 9
is real. We assume that the Fermi energy of the left lead is in
line with the superconducting condensate of the right jead With
which is set to zero, i.eEr=0. Furthermore, there is no bias e 0 0 O
applied in the left and right leads since we are interested in !
the pumped current. In E@L), Hy is the Hamiltonian of the HO = @t 0 - 0 0 ® (10
quantum dot with a single resonant lewvelwhich can be dot 0 0 e O
varied by applying a gate voltagél,, contains a time- 0O 0 0 -
. 0 . . . .. . €1
independent parH,, which is a diagonal matrixin spin
spacg¢ and a time-dependent paii’(t) which is off-  wheree; ,=e+uBycosd and
diagonal. Settingy=B, sin 6§, we have _
0 0 ,ye—lwt 0
Hior= > [e+ ouB, cosdldld,, 0 0 S
dot ;[ MBo ] o H,(t):q)T - Ve ® (11)
ve'® 0 0 0
whereo=+1 denotes the spin and 0 -yt 0 0
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tya 0 0 0 E -A 0O
0 -t 0 0 Mg |-A E 00
He= > Wi o P. T'R(E) = 6(|E|- |A]) —2= ,
T k,Ea K 0 0 tky&’,l 0 R( ) (| | | |)VrE2_A2 0 0 E A
0 0 0 ~thu 0 0 AE
(12) (18
Note that since we have doubled the Hilbert space in a Aherev=1for E>-A and»=-1 otherwise.
X 4 Nambu representation, a factor %)fshould be included In the adiabatic limit, the Green’s function is written as
to account for this in the Hamiltonian. From now on, we will i T .
include this factor when we calculate the charge and spin —€t EF 5 - ye ! 0
current. With this Hamiltonian, we will derive in the follow- .
ing sections the pumped current in the adiabatic regime, _E e+I—F 0 it
where the pumping frequency is very small, and in the nona- Con ve
diabatic regime where the pumping frequency is finite. [G'D] = ‘ i r ,
- et 0 -e+I' =
o . 2 2
A. Adiabatic regime r
: i
In this section, we examine the pumped current in the 0 ye! B €+ EF
low-frequency limit. In this limit, the system is nearly in
equilibrium and we can use the equilibrium Green’s function (19

to characterize the pumping process. Using the distributioq)vhere we have seb=m/2 for simplicity andT'=T', +T's
fun_ct|on, the total_number of pgrtlcles of typem_the scat-  gince the electrons and holes have opposite charge, we ob-
tering system during the pumping process is given by tain, from Eqs(15) and(19), the charge currend,, and spin
currentJs, througha electrode in the adiabatic regime,

[dE.
Nn(X,t) =-1 f ZT[[G (EIBO(t))]nn]XX! (13) Jea - %Trs[oede,(t)/dt] =0, JsR: 0, (20)

where G< is the lesser Green’'s function in real and space,a”d

andx labels the position so that ea&@i~(x) is a 4x 4 sub- 1 % 20wB.2IT

matrix corresponds to the>44 Nambu representation. Here Jg = =Trd o dN, ,(t)/dt] = = 5 0 2L2 Py
nn=11,22,33,44 label the diagonal matrix elements which 227 (€ + 1?2 -By)* + I*By’]

denote, respectively, the spin up electron, spin up hole, spin (21

down electron, and spin down holBg(t) is the external pa- . .
P ol0) b where the trace Tris over the spin space andTis over

rameter due to the rotating magnetic field which facilitatesorbi,[al dearees of freedom. Here. and o are defined as
the pumping process. In the absence of the external bias, the 9 - Nere Is

equilibrium Green functioiG = is related to the retarded and Gllows:
advanced Green functior3" and G? as follows: 1 0 0 O
G=(E,By) = G'(E,By)X “G¥(E, By). (14) P
¢ 1o o 1 o)
From Eqgs.(13) and(14), we obtain _
0 O 1
dN,,(t dE dH’
[L()] = —f —(= aEf)Tro{FaGr(t)—Ga(t)] , 10 0 O
dat |, 2 dt nn
(15) _#[0 1 0 O
772100 -1 o0
where the effective linewidth functions are 00 0 -1
I'(E) =T (E) + I'r(E) (16) Since we have set the Fermi level of the left lead to zero, the
gap energyA does not appear in the expression of spin cur-
with rent. We note that in the absence of the superconducting lead,
the spin current in the adiabatic regimé®is
1000 )
r(E=r 0100 (17 s = . 22wBo FFZLz 2n 21" (22)
LBE= 50 1 o 22a[(€+T%4 -By)?+?By’]
000 1 We see that the difference between H@4) and(22) is the
factor of 2 of I'? in the denominator. As a result, the peak
and positions of spin current are different with or without the
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superconducting lead. Since there is no electric current in thee
normal lead, the supercurrent is zero in the superconductinds =

PHYSICAL REVIEW B 70, 245324(2004)

lead from the current conservation. As a result, there is no

Andreev reflection in the adiabatic regime. Hence the en-

hancement of the charge pumpifglue to the Andreev re-
flection is absent as can be seen from Eg4%) and(22).

B. Nonadiabatic regime

Going beyond the adiabatic approximation, the charge
and spin current can be calculated analytically using the non-

equilibrium Green’s functiodNEGF method. To do that, it

is convenient to define the particle current operator in spin

space,
[ on = dN,/dt, (23
WhereNan=EkaLknaakn with a ., defined in Eq(6). With this

o | ST e EBSE)
-3>(E)G¥E,E) + G=(E,E)3%(E) - 3/ (E)G=(E,E))].

(30)

In Eqg. (30) the Green function§&" and G= are calculated
from the following Dyson equation:

G'(t,t") =Gt —-t") + f dt,G'(t,t))H' (t) Gt - t)

(31)
and the Keldysh equation

G<(t,t’)=fdtldtzGr(t,t1)2<(t1—tz)Ga(tz,t’), (32

definition, the charge current and spin current are written as

It = %Trs[(redNa/dt] =- %E Trs[a'e(TkaG;ka(t,t) +H.c)]
k

(24)

and

1
B = ETrS[anNa/dt]

1
- 5% TrdoTeaCarat.) +H.C)l. (25

Using the theorem of analytic continuation, E¢24) and
(25) become

P =2 f A Tron Tro(G (L (L~ 1)

2
+ G (t,t)23(t, - ) + H.c)], (26)

whereG'(t,t;) andG=(t,t;) are the Green’s function of the

whereG'0(t,t") is the equilibrium Green function which de-
pends only on the time differende-t’.

After the double Fourier transform over time, we write all
matrix elements of5" appearing in Eq(31) as

1(E,E) = 8(E-E")GH(E) + ByGi4E.E' - w)GH(E")
- BoG4(E,E' - w)GR(E), (33

'E,E") = 8(E-E")G'YE) + ByGi4E,E' - 0)GYE)

- BoGi4E.E' - w)GH(E), (34)
"E,E") =BoGY(E,E" + w)G(E")
- ByG/,(E,E' + w)GLYE"), (35)
" A(E,E") = ByG,(E,E' + 0)GH(E')
- BoG!(E,E' + w)G(E). (36)

Shifting the variableE’ to E' - w in Egs.(35) and(36) and
then substituting into Eq¥33) and (34), we can solve for

quantum dot. The effect of electrodes has been included i@{j(E,E’) with i=1 andj=1,2,3,4. Theother matrix ele-

the self-energy2” (y=r,a,<). Now we consider the dc
components, the averaged current flowing through coniact
due to the rotating magnetic field’(t) in one periodr is
given by

e,S 1f7 S, 1 fl_ €,S,
IS==| dtEt)=—| dtI%), (27
0 2L)

T

whereL=N7 and we will take the limitN—cc. From Egs.
(26) and(27), we obtain

1
JoS=— i J dtd Trd o sTro(G (4, t) 25 (1, — 1)

+G (4,123t - t) + H.c)]. (28)

ments ofG]; can be calculated in a similar way. We wish to
mention that the rotating magnetic field facilitates the solu-
tion in terms of the matrix Green’s functions, which other-
wise would lead to equations that do not close. Oncextfe

is calculated the lesser Green'’s function is obtained from the
Keldysh equation,

dE
G<(E,E)= f Z—;Gr(E,El)2<(E1)Ga(E1,E’). (37)

Having obtaineds"?, G=, andX "2, the charge current and
spin current can be calculated from EgO0).

We setG'(E,E+ow)=G, and F(E+ow)=F,, whereF
could be the coupling constahtor Fermi distribution func-
tion f. For instance,I'; 11(E)=I"11(E+w). We write the

Carrying out the following double Fourier transform over charge and spin current as follows:

time t andt’,
Gy(E’E/):fdtdtreiEt—iE'trGy(t’tr)' (29)

with y=r,a,<, Eq.(28) becomes

‘]zey = q(‘]a,T + Ja,l) ’
3 =500~ da), (39)

wherea=L,R and
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dE
‘]a (o = _TCK (r(f(r ) N (39)
' 2m
Here
T =T 1J[FT33(|GT13|2 +|Gi14?) + 234 Re(GhsG?l*ﬁ]
(40)
and

Tri=Tr 11[FT33(|GT13|2+ |Gr14|2) +2I' 134 Re(G] 136 1]

+FR2][F¢33(G¢13 T23 G} 1G] 24)+FT34(G 13G1'24

14G 23)] 3 ZR[FTSBIm(GTIS 123 14G 24)
+I‘T34Im(GTlsGT24+ G}1,G}%9)], (41

where we have used the fact tHat;;=I"44 andI'134=1"143
wherel’; is the matrix element oF. To obtain the current

J,, from Egs.(40) and(41), we note that the transformation

1—] implies 1—3, 3—1, 2—4, and 4-2 in the Green’s

function from Eq.(6). For instance, under this transforma-
tion, G},3— G4, For simplicity, in the following discussion

we will consider the symmetric situation so thgt=t,g and
let I' =I'r=I"y. The self-energies due to the lead are

3A0S(E) =3 (B) +2&T(B), (42)
Cr(E) = (ERR(E) - 2] RENF(E), (43)
wheref(E) is Fermi distribution function, arid
1 000
. _=il,0 100
E)= 44
0001
E -A 0O
L =i Wy |-A E 00
2R(E) = 2—\E2 | 0 0 E A (45)
0 0 A E
From Egs.(43)—(45), we have
1 000
0100
< o
2 (E)=ilof(E) 0010l (46)
0001
E -A 0O
e Iy |-A E 00
3R(BE)=i6(E|- |A|)f(E)—Az 0 0 E A
0 0 A E
(47)

Ill. RESULTS AND DISCUSSIONS
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0.25 T T T
0.201 e=0.2meV
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FIG. 1. The charge currerf vs the pumping frequency at
different resonant energies €=0.2 meV (solid line), e=0.4 meV
(dashed ling and €=0.8 meV (dotted ling. Other parameters:
uBy=0.1 meV,I'=0.1 meV,A=1.45 meV andh=7/2.

late the charge curreri through the left lead versus the
pumping frequencyw for different resonant energies
(which can be controlled by the gate voltag&In general,
we have the following relations for the charge curreﬁq,
anth =J;|- The charge current of spin up and down
charged carners are in the opposite direction. WéeQ, the
absolute values of these four terms are equal, resulting in
zero charge current at any frequency. Wheis nonzero,
there is a slight difference in charge current between up and
down charged carriers fas<<A. Indeed, this is what we see
from Fig. 1, that the charge current is small for< A. When
w>A, the charge currents exhibit big peaks at certain fre-
quencyw, Which depends on the resonant eneegy-or in-
stance, we havew,=1.65 and 1.94 meV fore=0.1 and
0.4 meV. Our numerical results indicate thgj(e) depends
on e linearly.

To understand this, we discuss two physical processes that
are responsible in this pumping process. Without loss of gen-
erality, we assume tha¢>0. The first process is largely
responsible for the spin current. Due to the rotating magnetic
field, a spin up(or down electron near Fermi level comes
from the left lead, absorbs a photon along with the spin flip
and jumps to the leved, and finally exits to the left lead with
opposite spin. This process is the dominant pumping process
in the low frequency regime and gives pure spin current in
the left lead with no accompanying charge current. Note that
this is the only process for the normal system in the presence
of rotating magnetic field as discussed in Ref. 26. As a result,
the spin current shows a resonant feature with a peak near
w~ €. In the presence of the superconducting lead, there is a
second pumping process at large frequenaies/e|+A such
that electrons from both leads with energy belowean also
participate the photon assisted transport. In this case, elec-
trons with spin up(or down from both leads can absorb a
photon with spin flip at the same time, jump to the leegl
and exit to the left lead. This explains why there is a peak in
the left charge current and a cutoff frequency exisis,
=|¢+A as shown in Fig. 1.

Now we present the numerical results of charge current The spin current through the left lead wsis depicted in

and spin current obtained from E@9). In Fig. 1, we calcu-

Fig. 2. For comparison, the spin current through the right

245324-5



PHYSICAL REVIEW B 70, 245324(2004)

XING et al.
10‘0 L} 'I . L) . L} l2.0 lI :‘. . 1) .
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A1 ¥ I U [ I REEE £=0.4meV i
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P\ 00—y o i p S S~ T eemeoo oo
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] o
] o !
! [}
J 2 '
0-0 <. ad 1 1 1 -
0 1 2 3 4

FIG. 2. The spin current of the left leaff vs the pumping FIG. 4. The left spin current® vs o at different magnetic fields
frequencyw at differente: =0 (solid line), €=0.2 meV (dashed g . ;B =0.05 meV(solid line), uB,=0.1 meV(dashed ling and

line), e=0.4 meV(dotted ling, and e=0.8 meV (dash-dotted ling Bo=0.2 meV(dotted ling. Other parameters are the same as Fig.
Other parameters are the same as Fig. 1. Inset: the right spin curregt |nset: the right spin curred, vs o at different magnetic fields.

Ji vs the pumping frequency at differente. The symbols are the o symbols are the same as the main panel.

same as the main panel.

lead vsw is also plotted in the inset of Fig. 2. Although the magnetic field is ipcrgased the charge current increases. The
charge current is nonzero when< A, the spin current in the resonant _f_eature is S|m|I§1r to t_ha}t of Fig. 1 except that the
superconducting lead must be zero due to the opposite md&eak positions do not shift. This is understandable since the
menta of the Cooper pair. It is precisely what we have obf€Sonant levek remains unchanged. _
tained. From the inset of Fig. 2 we see that only when The spin current of the left lead versus the pumping fre-

> A, the spin current in the superconducting lead starts t&lY€Ncy is plotted in Fig. 4 and the corresponding spin current

occur and shows similar features as that of the charge curreRf the right lead is shown in the inset. For the left lead, the
(see Fig. 1 As described in the first pumping process, due toSPIn current exhibits a double peak structure while for the
the spin flip mechanism introduced by the rotating magneti¢!9nt lead the spin current shows a single peak. As the mag-
field, the incoming spin up electraimole) is reflected back N€C field is increased the spin current increases but the peak

as the spin down electrafole) so that the spin currents are POsitions do not change. Clearly, the physics of Fig. 4 is
similar to that of Fig. 2 and can be understood within the two

in the same direction. As a result, the spin current of the lef X i

lead is much larger whem< A and shows a large peak at a PUMPINg processes discussed above.

certain frequency which depends on the resonant energy !N the inset of Fig. 5, we plot the charge currentevéor

When the frequency is larger than the gap energy, a secorfd® different pumping frequenciegl). » <A (the left insej

small peak emerges for the spin current of the left lead. @nd(2). @>A (the right inseL. Two points should be men--
9t|oned here. First, the charge current can change its direction

In Fig. 3, we plot the charge current versus the pumpin
frequency at different magnetic fields. We see that as th

T N T T
08| i .
e — uB_=0.05meV
. ----uB=0.1meV
o6k L e uB=0.2meV
g P
e’ 04} H .
02} N J
ME RN t.
st N teel
o S~ T
M .~ el
Y S e
0.0 T : ) N
0 1 3 4

FIG. 3. The charge curredf vs the pumping frequency at
different magnetic fieldsuBy: wBy=0.05 meV (solid line), wBg
=0.1 meV(dashed lingand uBy=0.2 meV(dotted ling. Other pa-
rameterse=0.2 meV,I'=0.1 meV,A=1.45 meV, and)=0.57.

Wwhen the resonant levelvhich can be controlled by the gate

voltage crosses zero. Second, wheis nonzero, the charge
current can also change its sign by changing the pumping
frequency(compare the left inset with the right ingefhe
current reversal as changes sign can be understood as fol-
lows. Whene>0 the charge carriers that dominant the two
pumping processes discussed above are electrons. However,
the holes dominant the same processes vd¥ef. Since the

only difference it makes whemr changes sign is to change
the sign of charged carriers, we h&ve

JN(e>0)=-J(e<0),

Jr(€>0)=J y(e<0). (48)
In the main panel of Fig. 5, we plot the charge currentkvs
for magnetic fields. Similar current reversal behaviors are
observed.

In Fig. 6, the spin currents of the left lead #sit different
pumping frequenciesw<A) are plotted. Whenw is small,
the spin current shows clearly two symmetric peaks with
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0.8
10.0
0.4
7.5
< s
<
.Tc’-' 0.0 .3:. 5.0
= =
-0.4 25
0.8 0.0
FIG. 5. The charge curredf vs the resonant energyat differ- FIG. 6. J vs € at different w: @=0.01 meV (solid line), w

ent magnetic fieldsuBy=0.05 meV (solid ling), uBy=0.1 meV ~ =0.1 meV (dashed ling «=0.5meV (dotted ling, and w
(dashed ling and uB,=0.2 meV (dotted ling. Here v=1.8 meV ~ =1.0 meV(dash-dotted ling Other parameters are the same as Fig.
and other parameters are the same as Fig. 1. The left ifsese 1. The right inset:J3 vs e at much larger frequenciesw

at different frequenciesw=0.2 meV (solid line), w=0.5meV  =1.5 meV(solid ling), 2.0 meV(dashed ling and 2.5 me\dotted
(dashed ling andw=1.4 meV(dotted ling. The right insetJ’ vs e line). The left insetJ} vs e at differentw. The symbols are the same
at much larger frequenciess=1.5 meV (solid line), ®=2.0 meV  as the right inset.

(dashed ling w=2.5 meV (dotted ling, and w=3.0 (dash-dotted

line). The other parameters are the same as Fig. 1. of them is dominated at low frequency. The other is present
only for NS systems and is dominated at high frequeacy
respect toe=0. When w increases, the two peaks start to >A. When the resonant level of the quantum dot is in line
merge. The double-peak structure can be understood fromith the Fermi level of the lead, pure spin current is gener-
the expression of the pumped spin current in the adiabatigted at finite frequencies with clear signature of resonance
regime. The right spin current at larger frequendies> A) assisted pumping. The spin current may be detected in sev-
is shown in the right inset. We see that there is always a peakral ways:(1) When the spin current passes through a mate-
at e=0. When the frequency is slightly greater than the gagial with the spin-orbital coupling, there will be a charge
energyA, the spin current exhibits a sharp peak neaf. As  imbalance which can be measuféd2) The electric field
the frequency increases, two sideband peaks emerge at generated by the spin curréhtan also be used to measure
~w-A (see dashed and dotted lines of the right ing@b-  the spin current(3) Recently, a method to measure the spin
viously this sideband is due the second pumping procesgolarization of the current has been proposed and realized by
When|¢| is greater thano—A, the electron from below A Folk et al3® using a gate-controlled bidirectional spin filter.
cannot gain enough energy by absorbing a photon of energy/ith this technique, the measurement of spin current is ex-
 to jump to the resonant level As a result, the spin current perimentally feasible. In our theory, the rotating frequency of
drops drastically. At an even largey the first pumping pro- the field needs not to be large, and the device structure is
cess dominates and the spin currents show peaks searquite typical; we believe the spin current should be experi-
~ w. In the left inset of Fig. 6, the left spin currents wsat ~ mentally measurable. In this paper, we did not consider the
different frequencies are also plotted. Here we see again tHeoulomb interaction which may show additional interesting
sideband structure due to the second pumping process. \features®
also see that the spin current exhibit shoulders reaiw

beyonq which the spi.n current _decreases quickly. This again ACKNOWLEDGMENTS
is attributed to the first pumping process that an electron
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