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Quantum spin pumping with adiabatically modulated magnetic barriers

Ronald Benjamin* and Colin Benjamin†
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A quantum pump device involving magnetic barriers produced by the deposition of ferromagnetic stripes on
heterostructures is investigated. The device for dc transport does not provide spin-polarized currents, but in the
adiabatic regime, when one modulates two independent parameters of this device, spin-up and spin-down
electrons are driven in opposite directions, with the net result being that a finite net spin current is transported
with negligible charge current. We also analyze our proposed device for inelastic scattering and spin-orbit
scattering. Strong spin-orbit scattering and more so inelastic scattering have a somewhat detrimental effect on
spin/charge ratio especially in the strong pumping regime. Further we show our pump to be almost noiseless,
implying an optimal quantum spin pump.
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I. INTRODUCTION

Present day improvements in technology are governed
two major constraints, speed and size. Circuit compone
are slowly shrinking while their speed continues to increa
However, there is limit to miniaturization. Making smalle
components is not only costly but also the procedure inh
ently difficult. Further future miniature devices are propos
to be built at mesoscopic lengths where unlike recent tim
quantum interference effects will play a major role. A pec
liar and exciting mesoscopic device is the quantum pump1–3

which has been shown to be adept at implement
rectification4 and spin polarization.5,6 Recently a spin-
polarized pump7 has also been experimentally realized bas
on the theoretical formulations of Ref. 8. Among the ma
mesoscopic devices proposed, those which are effectiv
providing spin polarized transport are the most prized,
these are much more resilient to the vagaries of dephasin
this work we propose a quantum spin pump, aided by
adiabatic modulation of magnetic barriers. A single magne
barrier does not provide for spin polarized transport,
supplemented by adiabatic modulations we can convert
a cent percent polarizer.

II. MODEL

In this work we propose a spin polarizer based on qu
tum pumping. The model of our proposed device is exhibi
in Fig. 1. It is essentially a two-dimensional electron g
~2DEG! in the xy plane with a magnetic field in thez direc-
tion. The magnetic field profile we consider is of delta fun
tion type for simplicity, B5Bz(x) ẑ with Bz(x)5B0@d(x
1d/2)2d(x2d/2)#, whereinB0 gives the strength of the
magnetic field andd is the separation between the twod
functions @see Fig. 1~c!#. The above form of the magneti
field is an approximation of the more general form se
when parallely magnetized ferromagnetic materials are lit
graphically patterned on a 2DEG@Fig. 1~b!#. Magnetic bar-
rier’s cannot only be formed by this method but also whe
conduction stripe with current driven through it is deposit
on a 2DEG, and also when a superconductor plate is de
ited on a 2DEG, see Refs. 9 and 10 for details.
0163-1829/2004/69~8!/085318~10!/$22.50 69 0853
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A 2DEG in thexy plane with a magnetic field pointing in
the z direction is described by the Hamiltonian

H5
1

2m*
@p1eA~x!#21

eg*

2m0

s\

2
Bz~x!

5
1

2m*
$px

21@py1eA~x!#2%1
eg*

2m0

s\

2
Bz~x!, ~1!

where m* is the effective mass of the electron,p is it’s
momentum,g* the effectiveg factor, andm0 is the free-
electron mass in vacuum,s511/21 for up/down spin elec-
trons, andA(x), the magnetic vector potential is given in th
Landau gauge for the region2d/2,x,d/2 and for incom-
ing electrons from the left byA(x)5B0ŷ, and for electrons
incoming from the right byA(x)52B0ŷ. The magnetic
vector potential is zero otherwise. The last term in Eq.~1! is

FIG. 1. ~a! The device. On top of a 2DEG a parallely magn
tized magnetic stripe is placed.~b! The realistic magnetic field pro
file in a 2DEG along with the magnetic vector potential for t
device represented in~a!. ~c! The model magnetic field@delta func-
tion B(x)] profile along with the magnetic vector potentialA(x).
©2004 The American Physical Society18-1
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zero everywhere except atx56d/2. For simplicity we in-
troduce dimensionless units, the electron cyclotron freque
wc5eB0 /m* c, and the magnetic lengthl B5A\c/eB0, with
B0 being some typical magnetic field. All the quantities a
expressed in dimensionless units: the magnetic fieldBz(x)
→B0Bz(x), the magnetic vector potential A(x)
→B0l BA(x), the coordinatex→ l bx, and the energyE
→\wcE(5E0E).

Since the Hamiltonian as depicted in Eq.~1! is transla-
tionally invariant along they direction, the total wave func
tion can be written asC(x,y)5eiqyc(x), whereinq is the
wave-vector component in they direction. Thus one obtain
the effective one-dimensional Schro¨dinger equation

F d2

dx2
2$A~x!1q%22

eg*

2m0

sm*

\
Bz~x!1

2m*

\2
EGc~x!50.

~2!

III. THEORY

The S matrix for electron transport across the device c
be readily found out by matching the wave functions and
there ared function potentials there is a discontinuity in th
first derivative. The wave functions on the left and right a
given byc15(eik1x1re2 ik1x) andc35teik1x, while that in
the region 2d/2,x,d/2 is c25(aeik2x1be2 ik2x). The
wave vectors are given by k15A2E2q2, k2

5A2E2(q1Bz)
2 and for electrons incident from the righ

k2 in the wave functions is replaced byk28
5A2E2(q2Bz)

2. Throughout this article, unless specifie
otherwise,q50, and thereforek285k2.

With this procedure outlined above one can determine
the coefficients of theS matrix

Ss5S ss11 ss12

ss21 ss22D 5S r s ts8

ts r s8 D .

One can readily see from the transmission coefficients,
details see Ref.11 that there is no spin polarization asT11
5T21. This fact was discovered only in Ref. 12, two earli
works13,14had mistakenly attributed spin polarizability pro
erties to the device depicted in Fig. 1. In the adiabatic
gime, the device is in equilibrium, and for it to transpo
current one needs to simultaneously vary two system par
eters X1(t)5X11dX1sin(wt) and X2(t)5X21dX2sin(wt
1f), in our caseX1 is the widthd andX2 the magnetic field
Bz given in terms of the magnetization strengthB05M0h,
whereh is the height andM0 the magnetization of the fer
romagnetic stripe.

The pumped current can be calculated by using the p
cedure as adopted in Refs. 15 and 16 for the case of a do
barrier quantum well. A new formalism taking recourse
Floquet theory17 has recently been applied to describe qu
tum pumping but in the following discussion we will con
centrate only on Brouwer’s approach as elucidated in R
15. This approach has been further applied to several di
ent systems. Among them mention may be made of quan
pumping in carbon nanotubes,18 quantum pumping in sys
08531
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tems with a superconducting lead attached,19 and study of
dephasing in quantum pumps.20,21

In the succeeding discussion, unless specified otherw
a51, i.e., we always pumping into the left lead or channe
@left of the barrier at2d/2, see Fig. 1~c!#. The right lead or
channel 2 is to the right of the barrier atd/2. We further
assume single moded transport in the leads or channels.
charge passing through leada due to infinitesimal change o
system parameters is given by

dQsa~ t !5eFdNsa

dX1
dX1~ t !1

dNsa

dX2
dX2~ t !G ~3!

with the current transported in one period being

I sa5
ew

2pE0

t

dtFdNsa

dX1

dX1

dt
1

dNsa

dX2

dX2

dt G . ~4!

In the abovet52p/w is the cyclic period. The quantity
dNsa /dXi is the emissivity which is determined from th
elements of the scattering matrix, in the zero temperat
limit by

dNsa

dXi
5

1

2p (
b

ImS ]ssab

]Xi
ssab* D . ~5!

Heressab denote the elements of the scattering matrix
denoted above, as evidenta,b and i can only take values
1,2, whiles takes values11 or 21 depending on whethe
spin is up or down. ‘‘Im’’ represents the imaginary part of th
complex quantity inside parenthesis.

The spin pump we consider is operated by changing
width and magnetic field strengthBz ~given in terms of mag-
netizationB05M0h) of the ferromagnetic stripe, hereinX1
5d5d01xpsin(wt) andX25Bz5Bx1xpsin(wt1f). A para-
graph on the experimental feasibility of the proposed dev
is given above the conclusion. As the pumped current is
rectly proportional tow ~the pumping frequency!, we can set
it to be equal to 1 without any loss of generality.

By using Stoke’s theorem on a two dimensional plan
one can change the line integral of Eq.~4! into an area inte-
gral, see Ref. 22 for details,

I sa5eE
A
dX1dX2F ]

]X1

dNsa

dX2
2

]

]X2

dNsa

dX1
G . ~6!

Substitution of Eq.~5! into Eq. ~6! leads to

I sa5eE
A
dX1dX2 (

b51,2
ImS ]ssab*

]X1

]ssab

]X2
D . ~7!

If the amplitude of oscillation is small, i.e., for sufficientl
weak pumping (dXi!Xi), we have

I sa5
ewdX1dX2sin~f!

2p (
b51,2

ImS ]ssab*

]X1

]ssab

]X2
D . ~8!
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FIG. 2. Energy dependence o
the pumped current. Spin polar
ized pumping delivering a net spin
current along with a vanishing
charge current. The paramete
are Bx55.0,d055.0,f5p/2,g*
50.44, and wave vectorq50. ~a!
The weak pumping regime. The
pumped currents are normalize
by I 0. In ~b! the case of strong
pumping forxp51.0 is plotted.
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In the considered case of a magnetic barrier the cas
very weak pumping is defined byxp!Bx(5d0) and Eq.~8!
becomes

I sa5I 0 (
b51,2

ImS ]ssab*

]Bz

]ssab

]d D , ~9!

wherein

I 05
ewxp

2sin~f!

2p
.

As we consider only the pumped currents into lead 1, the
fore a51. Further we drop thea index in the expression
below. From the elements of theS-matrix given in Ref. 11,
one can easily derive analytical expressions for the pum
currentI s , pumped spinI sp, and chargeI ch currents in the
very weak pumping limit addressed in Eq.~9!, as follows:

I s5sI 0

2Bz
2g* g8k1

3k2
2sin~2k2d!

Td
2

, ~10!

I sp5I 112I 215I 0

4Bz
2g* g8k1

3k2
2sin~2k2d!

Td
2

, ~11!

I ch5I 111I 2150, ~12!

with

g8512
g* 2

4
,Td54k1

2k2
2cos2~k2d!

1@4E2g8Bz
2#2sin2~k2d!.

The wave vectors are given by

k15A2E and k25A2E2Bz
2.

It should be noted that the pumped charge current is id
tically zero, as the terms in the expression forI ch cancel out
resulting in zero pumped charge current in the weak pum
ing regime. In the succeeding sections we analyze
pumped spin and charge currents for different variations
08531
of

e-

d

n-

-
e
f

parameters, in both the sufficiently weak pumping case@Eq.
~9!#, as well as the general case of weak to strong pump
@Eq. ~4!#.

IV. CHARACTERISTICS OF THE PUMPED CURRENT

In Fig. 2, we plot the pumped currents@magnified 100
times in Fig. 2~b!# as a function of the Fermi energy at ze
temperature for spin upI 11 ~solid line!, spin downI 21 ~dot-
ted line!, spin polarizedI sp5I 112I 21 ~dashed line!, and the
net charge currentI ch5I 111I 21 ~dot-dashed line! in the
special case of~a! very weak pumping@~Eq. 9!# and for the
general case@Eq. ~4!# in ~b!. Again, unless specified other
wise, throughout the discussion temperature is always z
The net charge current is expressed in terms of the ele
charge. The parameters in dimensionless units are mentio
in the figure caption. The modulated parameters are ou
phase byp/2. From Figs. 2~a! and 2~b! it is evident that
throughout the range of the Fermi energy the net pum
charge current is negligible while a nonzero spin curren
pumped. Quantitatively, for the general case of Fig. 2~b! and
for a GaAs-based system,g* 50.44,m* 50.067me , and if
B050.1 T then l 5813 Å, \wc5E050.17 meV, thus for
parameters in Fig. 2~b!, energy E;4.0212.0 meV, mag-
netic field strengthBx50.5 T, xp50.1 T, and if w of
the order of 108 Hz ~as in the experimental arrangement
Switkeset al. in Ref. 3!, then pumped spin currentI sp51.6
310219 C3108 Hz30.005;1310213 A, while the
pumped charge current is negligible~zero! throughout the
range of the Fermi energy. In Fig. 3 we plot the pumped s
and charge currents@from Eq. ~4!# as a function ofxp , the
pumping amplitude for weak to strong pumping. We find
finite spin current with negligible charge current througho
the range of the pumping amplitude from the very weak
very strong. Figure 3, also conveys the very important f
that for the entire range, from the very weak to the ve
strong pumping regimes, we see increase in the magnitud
pumped currents which suggests that our model dev
would pump large spin currents in the very strong pump
regime. Further the pumped charge current is, for through
the range of the pumping amplitude, zero. The physics
hind the pumping mechanism in our model is as follows,
8-3
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RONALD BENJAMIN AND COLIN BENJAMIN PHYSICAL REVIEW B 69, 085318 ~2004!
case of dc transport the transmittance is even in spin, as
Hamiltonian~1! is time reversal invariant, as a consequen
there is no spin polarization,23 but herein as we consider th
adiabatic modulation procedure, with the condition that
pumping amplitudes are out of phase byf, which implies
the dynamical breaking of time reversal invariance which
turn leads to a net spin current being pumped. Recently it
been shown that for a ring with an oscillating scatte
~wherein potentials oscillate out of phase! the time reversal
symmetry is dynamically broken and hence a net circulat
~pumped! current arises.24

The pumped currents are sinusoidal as function of
phase difference for the weak pumping regime, but for
strong pumping regime this sinusoidal behavior is absen
Fig. 4, we plot the pumped currents as a function of
phase differencef for Fermi energyE/E0523.12, for the
case of weak pumpingxp50.1 in ~a!, and the general case o
strong pumping forxp51.0 in ~b!. In accordance with the
results for a generic double barrier quantum pump,
pumped currents are anti symmetric aboutf5p and maxi-

FIG. 3. Dependence of the pumped current on amplitude
pumping. Spin polarized pumping delivering a net spin curr
along with a vanishing charge current. The parameters ared0

55.0, Bx55.0, E/E0564.3, f5p/2,g* 50.44, and wave vecto
q50.
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mum at f5p/2 in ~a!, but in ~b! we see that the relation
between pumped currents and the phase difference is no
nusoidal although they are still antisymmetric aboutf5p
and the currents peak at small difference in phase. In
strong pumping regime as is wont the magnitude of pum
currents are much larger than in the weak pumping regi
but in both the strong as well as weak pumping regimes
pumped currents are periodic with period 2p. Figure 4 also
conveys the important fact that throughout the range of
phase differencef we see zero pumped charge curre
while the pumped spin currents are nonzero, and in Fig. 4~b!
for the case of strong pumping the spin currents are m
larger.

V. IMPORTANCE OF RESONANCES

Resonances play an important role in the case of quan
pumping as exemplified in Refs. 16 and 25, in the followi
we depict the variation of the pumped currents with magne
barrier strength and width of the magnetic barrier and sh
that this is indeed the case here also. In Fig. 5~a!, we plot the
pumped currents as a function ofBx , i.e., the strength of the
magnetic barrier, for Fermi energyE/E0544.6 and phase
differencef5p/2 for the special case of very weak pum
ing as in Eq.~9! and in Fig. 5~b! for the general case as i
Eq. ~4!. The pumped currents depend on the strength of
barrier and for increased barrier strength these seem to
larger. As the Fermi energy is set atE/E0544.6, naturally a
magnetic barrier of height of the order;5.0 or more will
affect the electron and so naturally one sees increased pu
ing for larger values ofBx . In the inset of Figs. 5~a! and
5~b!, we plot the pumped currents as a function of thed0,
i.e., the width of the magnetic barrier, for Fermi ener
E/E0544.6. The pumped currents have almost a nice si
soidal dependence on the width. Herein also as the re
nances are controlled by the width one can explain th
sinusoidal variations on the resonances of the system. F
the analytical expression for the pumped currents@Eqs.~10!–
~12!# in the weak pumping regime one can easily notice t
this sinusoidal dependence arises because of the sin(2k2d)
factor in the numerator of Eqs.~10! and ~11!. One can ap-
proximateg8;1 as g* 50.44 for GaAs-based system an

f
t

-

g
.

e

FIG. 4. Dependence of the
pumped current on phase differ
encef. Spin polarized pumping
delivering a net spin current alon
with a vanishing charge current
~a! Weak pumping regime. The
parameters ared05Bx55.0,xp

5.1,E/E0523.12, and wave vec-
tor q50. ~b! Strong pumping re-
gime. The pumped currents ar
plotted forxp51 all other param-
eters remaining same.
8-4
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FIG. 5. Dependence of the
pumped current on amplitude o
barrier strengthBx . Spin polar-
ized pumping delivering a net spin
current along with a vanishing
charge current.~a! Weak pumping
regime. The parameters ared0

55.0, f5p/2, E/E0544.6, and
wave vectorq50. The pumped
currents are normalized byI 0. ~b!
Strong pumping regimexp51.0.
In the inset of ~a! and ~b! the
pumped currents are plotted a
function of the width d0 , Bx

55.0, all other parameters re
maining same.
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thus the pumped current becomes

I s;sI 0

A2EBz
2g* sin~2k2d!

16E~2E2Bz
2!F11

Bz
4

8E~2E2Bz
2!

sin2~k2d!G 2 .

~13!

When 2E@Bz
2 one can neglect the second term inside

square bracket in the denominator of Eq.~13! as it is very
small. Thus the pumped current in this limit reduces to

I s;sI 0

Bz
2g* sin~2k2d!

16EA2E
.

Thus we get the condition for resonances as 2k2d5(2n
11)p/2,n50,1,2, . . . . The approximate position of the
resonances in the 2E@Bz

2 regime, occur at Fermi energie
En5(2n11)p/8d1Bz

2/2,n50,1,2, . . . .

VI. SPIN-ORBIT SCATTERING

In the above analysis we have ignored the effects of s
orbit scattering as this is generally supposed to be very s
in these systems. However, for a complete theory we hav
include the effects of spin-orbit scattering, and analyze
impact on spin pumping. The spin-orbit~SO! scattering can
arise due to two reasons.26

~i! Microscopic forces~Dresselhaus effect!. In general
III-V compounds~e.g., GaAs! lack inversion symmetry. This
eventually leads to spin-orbit scattering induced splitting
the conduction band.27 The magnitude of the splitting is pro
portional to cube of electron wave numberk. In MOSFET’s
and heterostructures, the host crystals are not treated a
systems, because crystal symmetry is broken at the inter
where the 2DEG is dynamically confined in a quantum w
The reduction of effective dimensionality lowers symme
of underlying crystals and results in an additional~linear in
k) term in the Dresselhaus splitting. It is seen that the lin
in k term is dominant in GaAs quantum wells.

~ii ! Macroscopic forces~Rashba effect!. In addition to the
above microscopic forces there is another source of splitt
08531
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an interface electric field.28 It is manifest in a linear ink
splitting of 2D band structure. In most 2DEG systems,
Rashba term dominates the Dresselhaus terms.

Herein we first consider the Rashba spin-orbit interacti
In presence of this Rashba spin-orbit interaction the Ham
tonian defined in Eq.~1! is modified with the addition of the
term HR5aR(sypx2sxpy). With this addition into the
Hamiltonian only in region II~we assume the spin-orbit in
teraction only in the confines of the magnetic barrier!, the
wave function is now described by two eigen vectors cor
sponding to the Rashba split eigenvaluesE1(2)5E
6aRA2E1(q1Bz)

2. Similar to the previous example on
solves for the reflection and transmission amplitudes~see for
details Ref. 29! and calculates the pumped currents. Resu
are shown in Fig. 6~a! for the special case of very wea
pumping@from Eq. ~9!# and in Fig. 6~b! for the general case
@from Eq.~4!#. The inclusion of Rashba spin-orbit interactio
leads to no change whenaR , is small, i.e., the spin-orbit
scattering length (l SO;1/aR) is large. But increasingaR
leads to a small charge current, which forl SO!d becomes
significant, and of same order of magnitude as the spin
rent. Interestingly the spin-current oscillates as a function
aR , indicating the importance of interference effects. In t
inset of Figs. 6~a! and 6~b!, we have depicted the effect o
linear in k Dresselhaus type spin-orbit interactionHD
5aD(sxpx2sypy). Similar to the Rashba type in this cas
pumped currents also behave correspondingly, as a func
of the Dresselhaus spin-orbit interaction strengthaD . It
would also be worthwhile to point out that in-spite of the fa
that a small charge current contribution manifests itself in
strong pumping regime, the magnitude of the pumped s
currents increases manifold both in case of Dresselhaus s
orbit interaction and more so in case of Rashba spin-o
interaction.

VII. INELASTIC SCATTERING

Inelastic scattering has been ignored in our discussion
far, as we assume that the electron retains it’s phase co
ence throughout the sample. This assumption has, of cou
limited validity as for low temperatures electron-phon
scattering is absent but electron-electron scattering is alw
8-5
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FIG. 6. Dependence of the pumped current on Rashba spin-orbit interactionaR . Spin polarized pumping delivering a net spin curre
along with a small finite charge current.~a! Very weak pumping regime. The pumped currents are normalized byI 0. The parameters are
Bx55.0,d055.0,E/E0564.3,f5p/2, and wave vectorq50. In the inset the dependence of the pumped currents on the Dresse
spin-orbit interactionaD is plotted, parameters remaining same.~b! Strong pumping casexp51.0 all other parameters remaining same.
the inset the dependence of the pumped currents on the Dresselhaus spin-orbit interactionaD is plotted, parameters remaining same.
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present and may lead randomization of phase implying in
herent scattering and resulting in loss of coherence. To
clude inelastic~or incoherent! scattering so as to see it’s e
fect on the spin/charge ratio we follow the formalis
developed in Ref. 21. In this formalism a third fictitious vo
age probe is coupled to the quantum pump and all inela
processes culminating in dephasing are described by a s
parametere. In this model the Eq.~4!, is modified to take
into account inelastic processes in the following manner:

I s15
ew

2pE0

t

dt@Fs11K in,s1~Fs31Fs4!# ~14!

with the charge pumped given by

Fsa5
dNsa

dX1

dX1

dt
1

dNsa

dX2

dX2

dt

and the emissivity is

dNsa

dXi
5

1

2p (
b

ImS ]ssab

]Xi
ssab* D

with a51,3,4 and the summation overb is for all channels
1, 2, 3, 4. The channels 3 and 4 are coupled to the volt
probe. The coefficient

K in,s15
Ts,311Ts,41

Ts,311Ts,411Ts,321Ts,42

multiplied with the second term inside square brackets of
~14!, takes care of the reinjected electrons and hence cur
conservation.Ts i j ’s are the transmission coefficients fro
leadj to leadi. The above formula is for pumped current in
lead ~or, channel! 1 in presence of inelastic scattering and
is for the general case. For the special case of very w
pumping one can analogously as in Sec. III, derive an
pression for the pumped currents as follows:
08531
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gle

e
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I s15
ewxp

2sin~f!

2p
@Js11K in,s1~Js31Js4!#, ~15!

whereK in,s1 is as given above whileJs f ’s are given by

Js f5(
b

ImS ]ss f b*

]X1

]ss f b

]X2
D , ~16!

where the summation overb runs over all channels 1, 2, 3
and 4. An unique feature of including inelastic scattering
quantum pumps is that a new physical mechanism of rec
cation comes into play in the fully incoherent limit. We co
sider the model system as in Fig. 7. The model system
coupled to a dephasing reservoirmf via a wave splitter lo-
cated atx50. This wave splitter is described by theS-matrix

FIG. 7. The model magnetic field@delta functionB(x)] profile
along with the magnetic vector potentialA(x) in presence of a
voltage probemf attached to inelastic channels 3 and 4.
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FIG. 8. Dependence of the pumped current on inelastic scatteringe. Spin polarized pumping delivering a net spin current along wit
vanishing charge current in~a!. Weak pumping regime. The pumped currents are normalized byI 0. The parameters ared055.0,Bx

55.0,f5p/2,g* 50.44,E/E0521.56, and wave vectorq50. In the inset the pumped currents are plotted for nonresonant caseE/E0

522.17 all other parameters remaining same. In~b! the case of strong pumping is considered. The parameters ared055.0,Bx55.0,xp

51.0,f5p/2,g* 50.44,E/E0523.0, and wave vectorq50. In the inset the pumped currents are plotted for nonresonant caseE/E0

538.0 all other parameters remaining same.
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Here the coupling parametere characterizes the strengt
of inelastic interactions. Ate51, all electrons are inelasti
cally scattered within the system, whereas ate50, the ficti-
tious channels 3 and 4 are effectively decoupled from
system. In Figs. 8~a! and 8~b!, we plot the effect of inelastic
interactions on both the pumped spin and charge current
incident energy corresponding to a resonance in the sys
In the special case of very weak pumping the charge cur
is essentially zero throughout, while spin-current decrea
throughout till the maximume51 is reached but for strong
pumping we see that the pumped charge current incre
and in thee→1 limit dominates the spin current. In th
insets of~a! and ~b! we plot the currents for non-resona
pumping, and herein the results in both cases do not d
much from the resonant case. With inelastic scattering
device still pumps spin current but now the pumped cha
dominates but only in the strong pumping regime. In t
weak pumping regime the pumped charge current is ag
zero throughout the range of the inelastic scattering par
eter e. Of course the model defined in Ref. 21 and utiliz
earlier in analyzing inelastic effects in resonant tunnel
diodes30 assumes that an inelastic event takes place only
particular point of the whole system. This is depicted in F
7 by the triangle, the junction between the voltage probe
our model system. A more realistic model would be to cou
the system to many such voltage probes at many po
throughout the system. The relevant parameter in this mo
is then the probability that the electron be inelastically sc
tered while traversing the system. This parameter can be
08531
e

or
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nt
es

es
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e
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g
t a
.
d

e
ts
el
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sen to be exp(2d/df) as in Ref. 31, whereind is as defined
above whiledf is the phase coherence length. This pha
coherence length can be expressed in terms of the depha
time (tf), asdf5v ftf whereinv f is the Fermi velocity of
electrons traversing the system. Quantum mechanical co
ence is lost on length scales larger thandf . In the 434 S
matrix defined above to take into account inelastic scatter
the inelastic scattering parametere can be reparametrized a
1-exp(2d/df), to obviate this deficiency of single point in
elastic scattering. For complete elastic scattering, i.e., in
limit df@d,e→0, while for complete inelastic scattering
df!d,e→1.

VIII. NOISELESS TRANSPORT

The adiabatic quantum pump not only generates an e
tric current but also heat current which is the sum of t
noise and power of joule heat. A quantum pump is term
optimal if it is noiseless,32 i.e., if the total heat generated i
only due to the joule heating. Following the procedure o
lined in Refs. 33 and 34, one can derive an elementary
mula for the heat current, joule heat and noise produce
the pumping mechanism.

The electric current generated in the pumping process
as in Eq.~4! can be reformulated as

I sa5
ie

2ptE0

t

dt (
j 51,2

@]Xj
SsSs

† #aa

]Xj

]t
. ~17!

The above formula is derived from the more general expr
sion

I sa5
e

ptE0

t

dtE dE@Ss~E,t !@ f ~E1 i ] t/2!

2 f ~E!#Ss
†~E,t !#aa . ~18!
8-7
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One goes from Eq.~18! to Eq. ~17! in the zero tempera
ture limit and by expanding the Fermi Dirac distributio
f (E1 i ] t/2) up to first order in] t . See for details, Ref. 34
One should also keep in mind the fact that by unitarity of
S matrix 2 i (] tSs

†Ss)aa equals Im@] tSs
†Ss#aa . Here Ss is

the 232 S matrix as defined in Sec. III. Again@•••#aa rep-
resents theaath element of theS matrix.

The heat current is defined as electric current multipl
by energy measured from the Fermi level

Hsa5
1

ptE0

t

dtE dE~E2EF!@Ss~E,t !@ f ~E1 i ] t/2!

2 f ~E!#Ss
†~E,t !#aa . ~19!

Expandingf (E1 i ] t/2) up to second order in] t , one gets
the heat current in the zero temperature limit as

Hsa5
1

8ptE0

t

dt@] tSs~E,t !] tSs
†~E,t !#aa . ~20!

Here the scattering matrix alluded to, ‘‘Ss , ’’ is the same
as that in Sec. III, with elements given in Ref. 11.

The heat current can be expressed as sum of Joule
and noise as follows:

Hsa5
1

8ptE0

t

dt@] tSs~E,t !] tSs
†~E,t !#aa

5
1

8ptE0

t

dt@] tSs~E,t !Ss
†~E,t !Ss~E,t !] tSs

†~E,t !#aa

5
1

8ptE0

t

dt (
b51,2

@] tSs~E,t !Ss
†~E,t !#ab
o

s
t

t

08531
e

d

eat

3@Ss~E,t !] tSs
†~E,t !#ba . ~21!

The diagonal term is identified as the joule heat while
off-diagonal term is the noise.34 For a51,b51,2, the ex-
pression for the heat current can be shown to be broken
the noise and Joule parts as follows:

Hs15Js11Ns1

5
1

8ptE0

t

dt@] tSs~E,t !Ss
†~E,t !#11@Ss~E,t !] tSs

†~E,t !#11

1
1

8ptE0

t

dt@] tSs~E,t !Ss
†~E,t !#12

3@Ss~E,t !] tSs
†~E,t !#21. ~22!

When the pumping amplitude is very small one can sim
lar to previous cases derive a formula for the heat curre
Joule heat produced, and noise in our pumping mechan
as has been earlier derived for the heat current in Ref. 33
also for the noise in Refs. 35 and 36. To derive the equati
below we have takent52p. Herein below we drop the ‘‘a ’’
index in the representation of the heat, Joule, and noise
rents as it is assumed that we consider currents pumped
lead ~or, channel! 1. Thus

Hs5
w2

16p FX1
2 (

b51,2
U]ss1b

]X1
U2

1X2
2 (

b51,2
U]ss1b

]X2
U2

12X1X2cos~f! (
b51,2

ReS ]ss1b

]X1

]ss1b*

]X2
D G , ~23!
Js5
w2

16p H X1
2F (

b51,2
Uss1b*

]ss1b

]X1
U2

12 ReS ss11ss12*
]ss11*

]X1

]ss12

]X1
D G1X2

2F (
b51,2

Uss1b

]ss1b*

]X2
U2

12 ReS ss11ss12*
]ss11*

]X2

]ss12

]X2
D G

12X1X2cos~f!F (
b51,2

Uss1bU2ReS ]ss1b

]X1

]ss1b*

]X2
D 1ReS ss11ss12*

]ss12

]X1

]ss11*

]X2
D 1ReS ss12ss11*

]ss11

]X1

]ss12*

]X2
D G J , ~24!

Ns5
w2

16p H X1
2F (

b51,2
Uss2b*

]ss1b*

]X1
U2

12 ReS ss21ss22*
]ss11*

]X1

]ss12

]X1
D G1X2

2F (
b51,2

Uss2b

]ss1b*

]X2
U2

12 ReS ss21ss22*
]ss11*

]X2

]ss21

]X2
D G

12X1X2cos~f!F (
b51,2

Uss2bU2ReS ]ssb1

]X2

]ssb1*

]X1
D 1ReS ss21ss22*

]ss21

]X2

]ss11*

]X1
D 1ReS ss22ss21*

]ss11

]X2

]ss21*

]X1
D G J . ~25!
r of

-
gh-
me.
r-
ll
In the above equations, ‘‘Re’’ represents the real part
the complex quantity inside parenthesis. Since there are
correlations between electrons with different spin indice6

the noise of the charge current and of the spin curren
simply N5Nspin5Ncharge5N111N21. Similarly the heat
generatedH5Hspin5Hcharge5H111H21 and Joule hea
producedJ5Jspin5Jcharge5J111J21. In Fig. 9, we plot the
f
no
,
is

spin and charge currents along with the ratio of the powe
Joule heat to the heat current (J/H) as also the ratio of the
noise to heat current (N/H) as a function of the Fermi en
ergy. We find that our pump is completely noiseless throu
out the range of Fermi energies in the weak pumping regi
For very strong pumping in the initial range of Fermi ene
gies (E/E0,100.0) the noise contribution to heat is sma
8-8
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FIG. 9. Noiseless transport.~a! The weak pumping regime. Parameters areBx55.0, d055.0, f5p/2, q50.0, andg* 50.44. The
pumped currents are normalized byI 0. ~b! The strong pumping regime forxp56.0, f5p/10, all other parameters remaining same.
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less than 4% while forE/E0.100.0 the noise is negligible
less than 0.2% of the total heat generated. Almost all of
heat generated comes as a result of the Joule power. Thu
model spin pump is almost optimal.32 We have also checke
that our spin pump remains optimal for a wide range
variation of parameters. In the case of weak pumping,
full counting statistics~distribution of the pumped charge
spin per cycle! is fully characterized by only two
parameters,37 the electric current generatedI s @Eq. ~9!# and
the noiseNs @Eq. ~25!#. The full counting statistics of ou
model quantum spin pump remains as an interesting prob
and will be dealt with later on.

IX. EXPERIMENTAL REALIZATION

To experimentally realize the above proposal, one can
ply an external magnetic field to modulate the strength
magnetization of the ferromagnetic stripe and this is o
modulating factor, the other can be apart from the width
the stripe as has been employed in this work, the distancZ0
between stripe and 2DEG, which can be modulated by
plying suitable gate voltages in the manner of a quant
rd

08531
e
our

f
e

m

p-
f
e
f

p-

point contact~QPC!, as has been done in the first experime
tal realization of the quantum pump.3 Another method of
experimentally realizing this proposal could be to put tw
such stripes side by side and applying different external m
netic fields to both, modulation of these external fields c
effectively provide spin-polarized currents.

X. CONCLUSIONS

To conclude, a spin polarized device acting on the pr
ciples of quantum adiabatic transport has been proposed
the dc transport case this device does not show any sig
spin polarization as the system is time reversal invariant
in the adiabatic regime, when time reversal invariance is
namically broken almost cent percent spin polarization
observed, incidentally in all the simulations, apart from t
effects of inelastic scattering or to a lesser extent if sign
cant spin-orbit scattering is present, we obtain zero cha
current. As a welcome addition we see almost noisel
transport, i.e., realization of an optimal quantum spin pum
These features tell us that a adiabatically modulated m
netic barrier may be the best way to achieve not only qu
tum spin pumping but also optimal quantum spin pumpin
d
*Electronic address: ronald@iopb.res.in
†Electronic address: colin@iopb.res.in
1D.J. Thouless, Phys. Rev. B27, 6083~1983!; F. Zhou, B. Spivak,

and B. Altshuler, Phys. Rev. Lett.82, 608 ~1999!.
2G.B. Lubkin, Phys. Today52 ~6!, 19 ~1999!; B. Altshuler and L.I.

Glazman, Science283, 1864~1999!.
3M. Switkes, C.M. Marcus, K. Campman, and A.C. Gossa
 ,

Science283, 1905 ~1999!; M. Switkes, Ph.D. thesis, Stanfor
University, 1999.

4P.W. Brouwer, Phys. Rev. B63, 121303~2000!.
5J. Wu, B. Wang, and J. Wang, Phys. Rev. B66, 205327~2002!;

W. Zhenget al., ibid. 68, 113306~2003!; Y. Tserkovnyak, A.
Brataas, and G.E.W. Bauer, Phys. Rev. B66, 224403~2002!; P.
Sharma and C. Chamon, Phys. Rev. Lett.87, 096401~2001!; T.
8-9



ys

ett

au

. B

ci.

tt.

B

RONALD BENJAMIN AND COLIN BENJAMIN PHYSICAL REVIEW B 69, 085318 ~2004!
Aono, Phys. Rev. B67, 155303~2003!.
6M. Governale, F. Taddei, and R. Fazio, Phys. Rev. B68, 155324

~2003!.
7S.K. Watson, R.M. Potok, C.M. Marcus, and V. Umansky, Ph

Rev. Lett.91, 258301~2003!.
8E.R. Mucciolo, C. Chamon, and C.M. Marcus, Phys. Rev. L

89, 146802~2002!.
9M. Lu, L. Zhang, Y. Jin, and X. Yan, Eur. Phys. J. B27, 565

~2002!.
10A. Matulis, F.M. Peeters, and P. Vasilopoulos, Phys. Rev. Lett.72,

1518 ~1994!; F. M. Peeters and J. De Boeck, inHandbook of
Nanostructured Materials and Nanotechnology, edited by H.S.
Nalwa ~Academic, New York, 2000!, p. 345.

11The elements of the scattering matrix are given as follows:

rs5
2i sin~k2d!~k1

22k2
22l222ilsk1!

D
,

ts5ts85
2k1k2

D
,

rs85
2i sin~k2d!~k1

22k2
22l212ilsk1!

D
,

with D52k1k2cos~k2d!2i sin~k2d!~k1
21k2

21l2!,

l5
g*Bz

2
, k15A2E, and k25A2E2Bz

2.

It should be noted here that the transmission amplitudests and
ts8 are spin independent, spin-polarized pumping arises bec
of the spin dependence of the reflection amplitudes.

12G. Papp and F.M. Peeters, Appl. Phys. Lett.79, 3198~2001!.
13G. Papp and F.M. Peeters, Appl. Phys. Lett.78, 2184~2001!.
14A. Majumdar, Phys. Rev. B54, 11 911~1996!.
08531
.

.

se

15P.W. Brouwer, Phys. Rev. B58, R10 135~1998!.
16Y. Wei, J. Wang, and H. Guo, Phys. Rev. B62, 9947~2000!.
17M. Moskalets and M. Buttiker, Phys. Rev. B66, 205320~2002!;

S.W. Kim, ibid. 66, 235304~2002!.
18Y. Wei, J. Wang, H. Guo, and Christopher Roland, Phys. Rev

64, 115321~2001!.
19M. Blaauboer, Phys. Rev. B65, 235318~2002!; J. Wang and B.

Wang, ibid. 65, 153311~2002!.
20J.N.H.J. Cremers and P.W. Brouwer, Phys. Rev. B65, 115333

~2002!.
21M. Moskalets and M. Bu¨ttiker, Phys. Rev. B64, 201305~2001!.
22Kai-An Cheng~unpublished!.
23V.N. Dobrovolsky, D.I. Sheka, and B.V. Chernyachuk, Surf. S

397, 333 ~1998!.
24M. Moskalets and M. Bu¨ttiker, Phys. Rev. B68, 075303~2003!.
25B. Wang, J. Wang, and H. Guo, Phys. Rev. B65, 073306~2002!.
26A.V. Moroz and C.H.W. Barnes, Phys. Rev. B60, 14 272~1999!.
27G. Dresselhaus, Phys. Rev.100, 580 ~1955!.
28Yu.A. Bychkov and E.I. Rashba, J. Phys. C17, 6039~1984!.
29Y. Jiang and M.B.A. Jalil, J. Phys.: Condens. Matter15, L31

~2003!.
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