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Pumping spin with electrical fields
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Spin currents can be obtained through adiabatic pumping by means of electrical gating only. This is possible
by making use of the tunability of the Rashba spin-orbit coupling in semiconductor heterostructures. We
demonstrate the principles of this effect by considering a single-channel wire with a constriction. We also
consider realistic structures, consisting of several open channels where subband spin mixing and disorder are
present, and we confirm our predictions. Two different ways to detect the spin-pumping effect, either using
ferromagnetic leads or applying a magnetic field, are discussed.
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The investigation of spin-dependent transport and its
plication to steer electrical currents is at the foundation
Spintronics.1 Both of fundamental interest and of practic
importance, the success in operating spin-based device
lies on the ability to produce and control spin currents.
present, techniques to obtain a spin current include injec
from ferromagnets,2 Zeeman’s splitting due to magnet
fields, and optical excitations.3 Very recently some alterna
tive proposals have been put forward. Muccioloet al.4 sug-
gested to obtain spin currents based on the use of pumpin
electrons through a chaotic dot in the presence of an in-p
magnetic field; Brataaset al.5 proposed a spin battery relyin
on a ferromagnet with precessing magnetization.

Adiabatic charge pumping6–8 consists of the transport o
charge obtained, at zero-bias voltage, through the peri
modulation of some parameters~e.g., gate voltages! in the
scattering region. If the time variation of the scattering m
trix occurs on a long-time scale compared to the transp
time then the charge transferred per period does not dep
on the detailed time evolution of the scattering matrix b
only on geometrical properties of the pumping cycle.6 Nu-
merous works~ e.g., Refs. 9–14 and references therein! ad-
dressed different aspects of adiabatic pumping as, for
ample, the counting statistics of the pumped current,
generalization to multiterminal geometries and the ques
of the phase coherence.

Adiabatic pumping of spin seems to be quite attractive
well, although little attention has been payed to it so far~see,
however, Ref. 4!. A combined implementation of adiabat
charge pumping with a spin filter will ensure that if char
transport occurs also spin is transferred. In this paper
discuss the possibility of spin pumping without using ferr
magnetic materials or external magnetic fields. This is ind
possible by making use of the tunability of the Rash
effect.15–17A spin currentis then produced byelectrical gat-
ing only. Adiabatic pumping plays a crucial role in th
present mechanism since there is no spin-polarized curre
the same device is dc biased and no time-dependent tran
is involved.

Electrons confined in a two-dimensional electron gas,
alized in a semiconductor heterostructure with some as
metry in growth directionz, are subject to the Rashba spi
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orbit ~SO! coupling whose Hamiltonian readsHso
5(\kso/m)(sxpy2sypx), wherem is the effective mass. It
is important to note that the strength of the SO couplin
denoted askso, can be tuned by changing the asymmetry
the quantum well via externally applied voltages, as sho
in several experimental studies.18–20 The system we have in
mind to produce a spin current is schematically depicted
Fig. 1. It consists of a quantum wire~parallel to thex axis! of
lengthL with Rashba spin-orbit coupling, connected to tw
semiinfinite leads, where spin-orbit coupling is absent. At
interface between the wire and the left lead a constrict
will give rise to a potential barrier denoted byVbar. The
Hamiltonian of the wire can be written asH5H1D1H tras
1Hmix , with

H1D5
1

2m
px

22
\kso

m
sypx , ~1a!

H tras5
1

2m
py

21Vconf~y!, ~1b!

Hmix5
\kso

m
sxpy , ~1c!

whereH1D describes the longitudinal motion along the wir
H tras is the transverse part of the Hamiltonian~it contains the
transverse confining potentialVconf), andHmix the part of the
SO coupling that is responsible for subband mixing.21,22 If

FIG. 1. Schematic setup for the adiabatic spin pump. It cons
of a quantum wire with Rashba spin-orbit couplingkso modulated
by a gate~gray region! and controlled through a variable time
dependent voltage generator. A potential barrierVbar ~represented by
the constriction! is present at the interface between the left lead a
the wire.
©2003 The American Physical Society24-1
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the spin precession lengthl so5p/kso is much larger than the
typical width of the wire thenHmix can be neglected and
common spin-quantization axis can be found~perpendicular
to the wire and the heterostructure growth direction!. In this
limit the quasi-one-dimensional subband dispersion relati
read:en,s5(\2/2m)(kx2skso)

22Dso1En , whereEn is the
transverse energy,s56 is the quantum number ofsy , and
Dso5\2kso

2 /2m. In order to compute the pumped charge a
spin the scattering matrix should be determined. For the s
of simplicity and clarity we present the general idea cons
ering that only a single subband is occupied both in the w
and leads. To avoid cluttering the notation and allow
simple analytical expressions, we further assume that
Fermi-velocity mismatch is present between the leads
the wire and thatDso is much smaller than the Ferm
energy.23 The analytical results are presented for ad function
potentialVbar(x)5Vd(x). All these assumptions do not a
fect the basic principles of our proposal. Indeed we w
show that when these hypotheses are relaxed, only s
quantitative changes occur. Since in this idealized mo
there is no spin-mixing mechanism, we can treat the two s
species separately. The pumping cycle is obtained by var
in time the height of the barrier~we defineV̄52mV/\2),
and the spin-orbit couplingkso. In the following we discuss
both the average current and the noise spectrum. The ave
spin-s particle current is given by6

I s5
v

2p2E dV̄dksoDs~V̄,kso!, ~2!

where the integral is over the surface spanned during a c
in parameter space,v is the frequency of the pumping fields
and

Ds~V̄,kso!5ImH ]r s8*

]V̄

]r s8

]kso
1

]ts*

]V̄

]ts

]kso
J ~3!

with r s8 and ts being the reflection and transmission coef
cient for an electron with spins, respectively. From the
spin-s currents, Eq.~2!, we can define a charge\spin current
as I charge\spin5I 16I 2 ~note thatI chargeis expressed in units
of electron charge!.

While the average pumped currents depend only on
geometrical properties of the pumping cycle, the curr
noise depends on the full time-dependence of the pump
parameters. Since we are interested in current fluctuat
around the average current, we calculate the zero-freque
component of the noise spectrum

Ss5
v

2pE dtE
0

(2p/v)

dt8^D Î s~t!D Î s~t8!&, ~4!

where D Î s5 Î s2^I s&. In the case of weak pumping th
knowledge of the average number of transmitted partic
and of the zero-frequency noise characterizes the full co
ing statistics.10 As there are no correlations between ele
trons with different spin indexes, the noise of the cha
current and of the spin current is simplySspin5Scharge5S1
15532
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1S2 . Several authors have studied noise in quant
pumps.9,13,10 We make use of the formulation of Moskale
et al.

Once the scattering matrix is determined, Eq.~3! yields

Ds~V̄,kso!5s
4kF

2LV̄

~4kF
21V̄2!2

, ~5!

wherekF is the Fermi wave vector in the leads.24 From Eq.
~5! we immediately obtain that the pumped charge curren
zero and the pumped spin current isI spin52I 1 . For a sinu-
soidal pumping cycle,V̄5V01DV sin(vt) and kso5kso,0
1Dksosin(vt2f), with DV!V0 ~weak-pumping limit! we
can determine the explicit form of the average current

I spin5
v

2p
sin~f!DVDkso

8kF
2LV0

~4kF
21V0

2!2
~6!

and noise

Ss5
uvu
p

2kF
2

~4kF
21V0

2!2
~DV21Dkso

2 L2V0
2!. ~7!

For the particular pumping cycle chosen, and for vanish
temperature, the zero-frequency component of the spis
current noise does not depend on the spin index and on
phasef. The spectrum of Eq.~7! shows that the fluctuation
introduced by the modulation ofV̄ andkso are uncorrelated.
We can define a signal-to-noise ratio asuI spinu/Sspin, which in
the present case reads

uI spinu
Sspin

5
2

\

usin~f!V0
2DVDksoLu

DV21Dkso
2 L2V0

2
. ~8!

The signal-to-noise ratio, Eq.~8!, reaches its maximum a
fixed f for DV5DksoLV0.

In the simplest arrangement the spin-pumping effect
be detected if one of the two leads has been replaced
half-metallic ferromagnet~i.e., only majority spins are
present!. If its magnetization lies in the plane of the wire an
makes an angleu with the y axis, the spin state of the elec
trons in the ferromagnetic lead isuF&5cos(u/2)u1&
1 i sin(u/2)u2& (u6& are the eigenstates ofsy). Further-
more, only to keep formulas compact, we assume that
Fermi velocity in the ferromagnetic lead is same as in
rest of the system. In this case the pumped charge and
are given by

I charge
F 5

I spin

2
cosu, ~9!

I spin
F 5

I spin

2
. ~10!

I spin is the pumped spin current with normal leads. There
several remarks that should be made:~1! the spin current is
independent of the magnetization direction;~2! the charge
current is no more zero and it reaches its maximum when
magnetization is aligned with the spin-quantization axis
4-2
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the wire; ~3! the charge current can be reversed changinu
into u1p. The dependence of the pumped charge on
magnetization direction can be exploited to verify that t
pumping mechanism is taking place.

As a second possibility, we consider a magnetic field
the y direction, which introduces only a Zeeman term in t
Hamiltonian HB5(\/2)VBsy . The effect of the Zeeman
field is to modify the Fermi velocities for the two spin sp
cies. We can take this effect into account simply by replac
kF in Eq. ~5! with kF,s5kF2sDkF , wherekF is the Fermi
wave-vector in the leads in the absence of magnetic fi
Assuming that uDkFu!kF we can write DkF5(VB/2)
3(m/\kF). Finding for Ds in the presence of the magnet
field ~to lowest order inDkF /kF)

Ds
B~V̄,kso!5Ds~V̄,kso!24LV̄

4kF
22V̄2

~4kF
21V̄2!3

mVB

\
, ~11!

whereDs is the expression in the absence of magnetic fi
given in Eq.~5!. The lowest-order contribution inDkF /kF to
the pumped spin current is zero, while the pumped cha
current is

I charge
B 52

v

2p2E dV̄dkso8LV̄
4kF

22V̄2

~4kF
21V̄2!3

mVB

\
. ~12!

The direction of charge flow can be reversed by changing
sign of VB , i.e., of the magnetic field. The detection of th
effect would constitute an indirect evidence of spin pumpi

Until now we have studied an idealized model, whi
allowed us to understand the physical phenomena that a
batic spin pumping relies on. We now consider a more re
istic model, which includes several modes, subband mix
induced by Eq.~1c!, and the effect of the time modulation o
Dso. We numerically calculate the scattering matrix with
the tight-binding model, using a recursive Green’s funct
technique.25 The tight-binding version of the Rashba SO co
pling can be written as21

Hso52 igso(
s,s8

(
i , j

@ci 11,j ,s8
†

~sy!s,s8 ci , j ,s

2ci , j 11,s8
†

~sx!s,s8 ci , j ,s#1H.c., ~13!

where ci , j ,s
† is the creation operator of an electron in s

( i , j ) with spin s and gso is the Rashba nearest-neighb
coupling. Note thatgso is related to the parameterkso through
the relation:gso5(akso)g, whereg is the tight-binding hop-
ping potential anda is the lattice constant. In our simulation
the wire is modeled as a 2D lattice withW53 sites in the
transversey direction andN550 sites in the longitudinalx
direction. The wire is then attached to the two leads,
which gso50, through a hopping potentialGL on the left-
hand side andGR on the right-hand side~in the following we
setGR5g). The Fermi energy is chosen so that three ba
are occupied~from now on we expressgso, GL , andGR in
units of g). Adiabatic pumping is obtained by performing
square cycle in the parameter space (gso,GL), with GL vary-
ing in the rangeG06dG/2 andgso varying between zero an
15532
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max. In Fig. 2 the average number of spins and char

transmitted in a cycle are plotted as functions ofdG for
different values ofgso

max and for fixedG0 . As expected, both
I spin and I chargeare increasing functions ofdG. It is remark-
able that forgso50.042 andgso50.125, corresponding to
typical values for Rashba splitting in semiconductor,26 I spin is
about two orders of magnitude larger thanI chargealmost over
the wholedG range. Note that even forgso50.25, values
which exceeds the maximum reported Rashba coup
strength,26 I spin is still much larger thanI charge. The pumped
chargeI chargeremains much smaller compared toI spin as long
as we are in the weak Rashba coupling regime,21 in which
the intersubband mixing due to Rashba coupling is neglig
~in our case gso,0.38). Since in our simulationsgso
.0.165 corresponds to the maximum reported value forkso,
there is no need to go beyond the weak Rashba regime
least for narrow wires. The inclusion of an additional co
stant on-site energy in the leads~modeling a difference in the
Fermi velocity between the leads and the wire! does not in-
troduce any new time dependence in the scattering ma
and hence it does not hinder the principle on which s
pumping is based on. We also considered the presenc
disorder by adding to the tight-binding on-site energies in
Rashba region a random potential. We find that averag
over disorder realizations yields a suppression of the ave
uI spinu, with respect to the clean case, but keepinguI spinu
@uI chargeu. In the quasiballistic regime27 adiabatic spin pump-
ing still takes place with no qualitative difference.

We finally reanalyze the spin pumping from a differe
perspective. To this end we start noticing that the Ham
tonianH1D @see Eq.~1a!# in the basis of eigenstates ofsy can
be recast in the following formH1D51/2m(px2eAW s,x• x̂)2,
where the spin-dependent vector potential is given byAW s

5(\kso/e)s x̂. As ¹W 3AW s50, this vector potential does no
describe a magnetic field. But ifkso varies with timet it
describes a spin-dependent electric field

EW s~t!52]tAW s~t!52s
\

e
]tkso~t! x̂.

FIG. 2. Average spin and charge~in the inset! transmitted within
a cycle as a function ofdG for gso

max50.042 ~full line!, gso
max

50.125 ~dashed line!, and gso
max50.25 ~dotted line! for fixed G0

50.5. For this choice of the parametersI spin and I charge have the
same sign. The Fermi energy is set at 41/12~in units of g).
4-3



ro

e

th
a

ve

hi
t.

ent
ves

be
ro-
the
t is
ent,
is-

pin
oise

.

an
l

M. GOVERNALE, F. TADDEI, AND ROSARIO FAZIO PHYSICAL REVIEW B68, 155324 ~2003!
This electric field leads to a spin-dependent potential d
along the wireVs52*0

LEW s•dxW5s\/e]tksoL. Thus, we can
consider the wire without SO coupling but with spin-s elec-
trons subject to the time-dependent potentialVs . An addi-
tional time-dependent barrierVbar @as it was the case for th
pumping cycle that led to Eq.~5!# leads to rectification of the
oscillating potentialVs . Provided that the voltageVs is
small enough so that linear transport theory applies, and
it changes on a time scale much larger than the time
electron needs to go through the scattering region, the a
age spin-s current reads14

I s5
v

2p

e

hE0

2p/v

ut~t!u2Vs~t!dt, ~14!

wheret is the transmission coefficient forkso50. From Eq.
~14! all the results obtained so far can be found. In t
framework spin pumping appears as a rectification effec28
S.
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Furthermore, the gauge transformation to spin-depend
electric fields shows that the pumping mechanism survi
when no phase coherence is present~although the description
that relies on the scattering matrix ceases to be valid!. The
spin current will be limited by the spin-relaxation rate~which
depends on temperature!.

In conclusion we have shown that spin currents can
produced through adiabatic pumping with no use of fer
magnets or magnetic fields. Only electrical gating and
tunability of the Rashba coupling are exploited. This effec
robust also when several propagating modes are pres
even in the case of non negligible subband mixing and d
order. In addition, two possible different ways to detect s
pumping have been discussed and the zero-frequency n
spectrum has been calculated.
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