
PHYSICAL REVIEW B 68, 113306 ~2003!
Parametric quantum spin pump
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We investigate a nonadiabatic parametric quantum pump consisting of a nonmagnetic scattering region
connected by two ferromagnetic leads. The presence of ferromagnetic leads allows electrons with different
spins to experience different potential landscapes. Using this effect we propose a quantum spin pump that
drives spin-up electrons to flow in one direction and spin-down electrons to flow in opposite direction. As a
result, the spin pump can deliver a spin current with a vanishing charge current.

DOI: 10.1103/PhysRevB.68.113306 PACS number~s!: 72.25.Mk, 85.35.2p, 74.40.1k
cu
in

ar
is
h
ce
t
e

s,

tr
fe
pi
th
in
cu
uc
th

ro
4
a
in
e
ro

p
er
lan
h
-
n
c
rg
cy
is
on
vo
lt-
o

ns
two
ate
the
olt-
en-
n
an-

t

the
a

s

nite
us-
n’s
o-

f
-

n-
A parametric quantum pump generates a dc electric
rent by a cyclic variation of system parameters while keep
the leads at a constant chemical potential.1 Considerable ef-
fort has been devoted to understanding the physics of p
metric pumping.2–8 It was found that the pumped current
rather sensitive to various parameters of the system suc
the potential of the pump, the frequency of the driving for
and the Fermi energy of the leads. As parameters vary,
pumped current can even change directions: this has b
predicted for charge pumping in resonant tunneling diode4,9

nanotube quantum pumps,10 finite frequency pumping
process,11 and quantization of the pumped charge.12 To fully
exploit this behavior, in this paper we investigate parame
pumping in the presence of ferromagnetic leads. When
romagnetic leads are present, electrons with different s
experience different potentials. Under certain conditions
pumped current for electron with different spin may flow
opposite directions. As a result, the total pumped charge
rent can be zero while a pure spin current is delivered. S
a quantum spin pump may have potential applications in
fascinating field of spintronics.13

Recently, several different spin pumps have been p
posed.14–17 In the unipole spin battery studied in Refs. 1
and 15, a spin current is generated by either a rotating m
netic moment or a rotating external magnetic field. By sh
ing a microwave on a double quantum dot in the presenc
a nonuniform magnetic field, a bipolar spin battery is p
posed.16 In another direction, an adiabatic quantum pum
was proposed17 such that a spin polarized current is gen
ated in a chaotic quantum dot in the presence of an in-p
magnetic field. Indeed, in such a system the spin current
been generated experimentally18 as the magnetic field is var
ied. In this work we go beyond the adiabatic regime a
examine the frequency dependence of the pumped spin
rent. Our results show that a pure spin current without cha
current can be achieved by varying the pumping frequen

The system we investigate is a spin-valve which cons
of a two-dimensional nonmagnetic scattering region c
nected by two ferromagnetic electrodes to the reser
through two narrow constrictions controlled by gate vo
ages. Since the threshold of electron propagation in the c
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striction may be lower than that in the lead, the constrictio
act like a double barrier whose height can be tuned by
gate voltages. The cyclic variation of these two pumping g
voltages allows parametric electron pumping through
quantum scattering region. We note that using the gate v
age to control the pumping potential was realized experim
tally by Switkeset al.1 To simplify the calculation, we use a
one-dimensional double barrier potential to model the qu
tum scattering region. The magnetic momentM of the left
electrode is pointing in thez direction, the electric current is
flowing in the y direction, while the moment of the righ
electrode is at an angleu to thez axis in thex-z plane. For
simplicity of discussion, we assume that the value of
molecular fieldM is the same for the two electrodes; thus
standard spin-valve effect is obtained19 by varying the angle
u. Essentially,M mimics the difference of density of state
between spin-up and -down electrons19 in the electrodes. The
pumped current for this system can be calculated at a fi
frequency and up to second order in pumping amplitude
ing the perturbation theory based on nonequilibrium Gree
functions.11 The pumped particle current due to spin comp
nents through leada is found to be~\51!,20

Jas5 i E dE

2p
Tr@GaGr@~ f 22 f !V„Gr~E2!2Ga~E2!…V*

1V* ~ f 12 f !„Gr~E1!2Ga~E1!…V#Ga#ss , ~1!

wheres5↑,↓, V is the pumping potential profile,20 E65E
6v, and Gr is a 2N32N (N for the orbital degrees o
freedom and 2 is for spin! matrix representing the equilib
rium retarded Green’s function

Gr~E!5
1

E2H02Sr
, ~2!

with H0 the Hamiltonian in the absence of pumping pote
tial. The trace is over orbital degrees only in Eq.~1!. Here
Sr[(aSa

r is the self energy andGa522Im@Sa
r # is the

linewidth function. The self-energies are given by21
©2003 The American Physical Society06-1
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Sa
r ~E!5R̂aS Sa↑

r 0

0 Sa↓
r D R̂a

† , ~3!

with the rotational matrixR̂a for electrodea defined as

R̂5S cosua/2 sinua/2

2sinua/2 cosua/2D . ~4!

Here angleua is defined asuL50 anduR5u andSas
r is the

usual self energy.22 In this paper, we will study two specia
cases:u50 or p for spin current. From Eq.~1!, we observe
that up to the second order in pumping amplitude, the p
ticle can absorb or emit a photon during the pump
process.11 The contribution due to these two photon assis
processes have different sign and tend to cancel each o
As the result of this competition, the pumped particle curr
can reverse its direction upon varying system parameter

The pumped charge currentI a is given by

I a5q~Ja↑1Ja↓!, ~5!

and the pumped spin currentI sa is ~we have set\51!

I sa5~Ja↑2Ja↓!/2. ~6!

Now we examine the conservation law for pumped curre
Whenu50,p, the 232 Green’s functionGr and self energy
are diagonal. As a result, we have

(
a

Jas5 i E dE

2p
Tr@GaGGr~ f 22 f !

3V„Gr~E2!2Ga~E2!…V* 1GaGGr~ f 12 f !

3V* „Gr~E1!2Ga~E1!…V#ss , ~7!

where we have movedGa to the beginning of the trace. Thi
can be done only if the Green’s function and self energy
diagonal. Using the fact thatGr2Ga52 iGaGGr and chang-
ing variable fromE1 to E in the second term of Eq.~7!, we
have

(
a

Jas52E dE

2p
Tr@~Gr2Ga!~ f 22 f !V„Gr~E2!

2Ga~E2!…V* 1„Gr~E2!2Ga~E2!…

3~ f 2 f 2!V* ~Gr2Ga!V#ss , ~8!

which is zero since the Green’s function and self energy
diagonal. This means that both the pumped electric cur
and pumped spin current are conserved in this device.

Now we use Eqs.~1!, ~5!, and~6! to calculate the pumped
electric current and the spin current. The system we stud
is a symmetric doubled barrier structure modeled by a po
tential U(x)5V0d(x1a)1V0d(x2a). For this system the
Green’s functionG(x,x8) can be calculated exactly.23 The
pumping potential is chosen to be sinusoidal,V(x,t)
5Vp@cos(vt)d(x2x1)1cos(vt1f)d(x2x2)#. We will calcu-
late the pumped electric and spin current from the left lea
zero temperature and setV0569.7. We setx152a and x2
5a/10. A gate voltagevg is applied in the double barrie
11330
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structure to control the resonant electron level. We assu
that the Fermi level of the leads is in line with the resona
level at vg50. Finally the unit is set by\52m5q52a
51. For the system of Fe/Ge/Fe witha51000 Å, the energy
unit is E50.046 meV, which corresponds tov511.0 GHz.
The unit for pumped current is 231027A. The unit for spin
current is 2 meV.

In Fig. 1, we show the pumped electric current~solid line!
and spin current~dotted line! as functions of the pumping
frequency whenu50 for a fixed Fermi energy and magnet
zation M. As the frequency increases, the pumped elec
current increases and reaches a maximum value
v50.0077. As the frequency increases further, the pum
electric current decreases and becomes negative at large
quency. In the presence of magnetic electrodes, the pum
electric current is spin polarized with a nonzero spin curre
The behavior of the pumped spin current is similar to that
the pumped electric current. It is positive at a small pump
frequency and becomes negative at larger frequencies
v50.0168~thin vertical line in Fig. 1!, the pumped electric
current is zero and a pure spin current is achieved. The p
ics behind this is the following. During parametric pumpin
the system pumps out spin-up and -down electrons. For e
tron with a given Fermi energy, the potential of the ferr
magnetic lead for spin-up electron is2M , while for spin-
down electron it isM. As a result, the pumped electri
current for different spins can have different sign, i.e.,
spin-up electron pumps out from the right lead to the l
whereas a spin-down electron flows to the right lead dur
the pumping. This way a spin current is generated. At a c
tain value of the frequency, a complete cancellation of
electric current occurs and a pure spin current is delivere

In Fig. 2 we plot the pumped electric current and sp
current versus the pumping frequency foru5p.24 We ob-
serve that the pumped electric current foru50 has the same
order of magnitude as that atu5p. The pumped spin current
however, is quite different from that atu50. It displays a
linear dependency on the pumping frequency. The freque
at which a pure spin current occurs is also different from
case whenu50. Comparing with the case ofu50, the spin

FIG. 1. The pumped electric current~solid line! and pumped
spin current~dotted line! as a function of pumping frequency a
u50. HereM52 andEF53.4. The vertical thin line corresponds t
the frequency at which the pumped electric current is zero.
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current reverses its direction whenu5p. Our study shows
that the pure spin current is a generic property and can o
at a wide range of parameters. In Fig. 1, we see that aM
52 andv50.0168 the system pumps out a pure spin curre
As we varyM, the frequencyv at which the pure spin cur
rent occurs also changes. The trajectory or the ‘‘phase
gram’’ is depicted in Fig. 3, where the pumping frequen
versus magnetization of the leads foru50 is shown~solid
line! along with the magnitude of pumped spin current.

In summary, we have proposed a nonadiabatic quan
spin pump which can generate a pure spin current with z
electric current during the parametric pumping. The dev
consists of a nonmagnetic system connected by two fe
magnetic leads. Since electrons with different spins exp

*Electronic mail: jianwang@hkusub.hku.hk
1M. Switkeset al., Science283, 1905~1999!.
2P.W. Brouwer, Phys. Rev. B58, R10 135~1998!.
3F. Zhouet al., Phys. Rev. Lett.82, 608 ~1999!.
4Y.D. Wei et al., Phys. Rev. B62, 9947~2000!.
5T.A. Shutenkoet al., Phys. Rev. B61, 10 366~2000!.
6J.E. Avronet al., Phys. Rev. Lett.87, 236601~2001!.
7Y. Levinsonet al., Physica A302, 335 ~2001!.
8M. Moskalets and M. Buttiker, Phys. Rev. B64, 201305~2001!;

66, 035306~2002!.
9M. Moskalets and M. Buttiker, Phys. Rev. B66, 205320~2002!.

10Y.D. Wei et al., Phys. Rev. B64, 115321~2001!; Y.D. Wei and J.
Wang, ibid. 66, 195419~2002!.

11B.G. Wanget al., Phys. Rev. B65, 073306~2002!.
12O. Entin-Wohlman and A. Aharony, Phys. Rev. B66, 035329

~2002!.
13M. Julliere, Phys. Lett. A54, 225 ~1975!; R. Meservey and P.M.

Tedrow, Phys. Rep.238, 173 ~1994!; J.S. Mooderaet al., Phys.
Rev. Lett. 74, 3273 ~1995!; G.A. Prinz, Science282, 1660

FIG. 2. The pumped electric current~solid line! and pumped
spin current~dotted line! as a function of pumping frequency a
u5p. Other parameters are the same as in Fig. 1.
11330
ur

t.

a-

m
ro
e
o-
i-

ence different potential landscapes, the correspond
pumped current can be quite different. At certain conditio
the pumped electric current can be zero while a pure s
current is produced. Our numerical results show that this
be easily achieved by varying system parameters such a
pumping frequency. In this paper, we have not considered
spin orbit coupling25 which may affect our result. It may als
lead to a new mechanism for spin pumping.26

We gratefully acknowledge support by a RGC grant fro
the SAR Government of Hong Kong under Grant No. HK
7113/02P, a CRCG grant from the University of Hong Kon
and from NSERC of Canada and FCAR of Quebec~H.G!.

~1998!; H. Mehrezet al., Phys. Rev. Lett.84, 2682 ~2000!; A.
Wolf et al., Science294, 1488~2001!; N. Sergueevet al., Phys.
Rev. B65, 165303~2002!.

14A. Brataaset al., Phys. Rev. B66, 060404~2002!.
15B.G. Wanget al., Phys. Rev. B67, 092408~2003!.
16Q.F. Sunet al., Phys. Rev. Lett.90, 258301~2003!; W. Lang, Q.F.

Sun, H. Guo, and J. Wang, Appl. Phys. Lett.83, 1397~2003!.
17E.R. Muccioloet al., Phys. Rev. Lett.89, 146802~2002!.
18S.K. Watsonet al. cond-mat/0302492~unpublished!.
19J.C. Slonczewski, Phys. Rev. B39, 6995~1989!.
20J.L. Wu et al., Phys. Rev. B66, 205327~2002!.
21B.G. Wanget al., J. Phys. Soc. Jpn.70, 2645~2001!.
22A.P. Jauhoet al., Phys. Rev. B50, 5528~1994!.
23M.K. Yip et al., Z. Phys. B: Condens. Matter104, 463 ~1997!.
24After the gauge transformation, the spin current atu5p changes

the sign.
25S. Datta and B. Das, Appl. Phys. Lett.56, 665 ~1990!.
26J. Schliemann, J.C. Egues, and D. Loss, Phys. Rev. Lett.90,

146801~2003!.

FIG. 3. The pumping frequency~solid line! and pumped spin
current~dotted line! vs the magnetization of the ferromagnetic le
at which the pumped electric current is zero. For instance, w
B51.6 and v50.02, the system pumps out the spin currentI s

50.96.
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