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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 aporbit (SO) coupling whose Hamiltonian readsH,
plication to steer electrical currents is at the foundation of= (7 ks,/m)(oyp,— oypy), Wheremis the effective mass. It
Spintronics' Both of fundamental interest and of practical is important to note that the strength of the SO coupling,
importance, the success in operating spin-based devices réenoted a%,, can be tuned by changing the asymmetry of
lies on the ability to produce and control spin currents. Atthe quantum well via externally applied voltages, as shown
present, techniques to obtain a spin current include injectioin several experimental studi&&:*° The system we have in
from ferromagneté Zeeman's splitting due to magnetic mind to produce a spin current is schematically depicted in
fields, and optical excitatiorisVery recently some alterna- Fig. 1. It consists of a quantum witparallel to thex axis) of
tive proposals have been put forward. Muccieloal* sug-  lengthL with Rashba spin-orbit coupling, connected to two
gested to obtain spin currents based on the use of pumping 8emiinfinite leads, where spin-orbit coupling is absent. At the
electrons through a chaotic dot in the presence of an in-planigterface between the wire and the left lead a constriction
magnetic field; Brataast al® proposed a spin battery relying Will give rise to a potential barrier denoted By, The
on a ferromagnet with precessing magnetization. Hamiltonian of the wire can be written d$=Hp+Hyxs

Adiabatic charge pumpirig® consists of the transport of +H i, with
charge obtained, at zero-bias voltage, through the periodic

modulation of some paramete(s.g., gate voltagesn the H1D=ip2— %U Py (18
scattering region. If the time variation of the scattering ma- 2m™ m Y

trix occurs on a long-time scale compared to the transport 1

time then the charge transferred per period does not depend Hyac= — P2+ VoY), (1b)
on the detailed time evolution of the scattering matrix but e 2mty - een

only on geometrical properties of the pumping cytiu-

merous workg e.g., Refs. 9—14 and references thereid- Ho Z%U D (10
dressed different aspects of adiabatic pumping as, for ex- mxm TRy

ample, the counting statistics of the pumped current, the oo
generalization to multiterminal geometries and the question, 1D
of the phase coherence. !

describes the longitudinal motion along the wire,
ras 1S the transverse part of the Hamiltoni@ihcontains the
. transverse confining potentidl,,,), andH . the part of the

well, although little attention has been payed to it so($&e, S0 coupling that is responsible for subband mixih: If

however, Ref. 4 A combined implementation of adiabatic
charge pumping with a spin filter will ensure that if charge
transport occurs also spin is transferred. In this paper we
discuss the possibility of spin pumping without using ferro-
magnetic materials or external magnetic fields. This is indeed
possible by making use of the tunability of the Rashba
effect!>~"A spin currentis then produced byglectrical gat-
ing only. Adiabatic pumping plays a crucial role in the
present mechanism since there is no spin-polarized current if £iG_ 1. Schematic setup for the adiabatic spin pump. It consists
the same device is dc biased and no time-dependent transp@fta quantum wire with Rashba spin-orbit couplikg, modulated
is involved. by a gate(gray region and controlled through a variable time-
Electrons confined in a two-dimensional electron gas, redependent voltage generator. A potential bavigy (represented by
alized in a semiconductor heterostructure with some asymthe constrictiohis present at the interface between the left lead and
metry in growth directiorg, are subject to the Rashba spin- the wire.
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the spin precession length,= 7/kg, is much larger than the +S_. Several authors have studied noise in quantum
typical width of the wire therH,,, can be neglected and a pPumps?**'°We make use of the formulation of Moskalets
common spin-quantization axis can be foupérpendicular et al.

to the wire and the heterostructure growth directidn this Once the scattering matrix is determined, &).yields

limit the quasi-one-dimensional subband dispersion relations
read: e, ,= (1.2/2m) (ky— ok ?— Ao+ E,, WhereE,, is the
transverse energy;= + is the quantum number of,, and
Aso=ﬁ2k§c/2m. In order to compute the pumped charge and _ ) )
spin the scattering matrix should be determined. For the sakéhereke is the Fermi wave vector in the lea#fsFrom Eq.
of simplicity and clarity we present the general idea consid{5) wWe immediately obtain that the pumped charge current is
ering that only a single subband is occupied both in the wireZero and the pumped spin currentl ig;,= 21 .. . For a sinu-
and leads. To avoid cluttering the notation and allow forsoidal pumping cycleV=Vy+ AV sin(w7) and Ks,=Ks o
simple analytical expressions, we further assume that ne-Akgsin(wr—¢), with AV<V, (weak-pumping limit we
Fermi-velocity mismatch is present between the leads andan determine the explicit form of the average current

the wire and thatAg, is much smaller than the Fermi

energy?® The analytical results are presented faf function ®

potential V,(x) =V 4(x). All these assumptions do not af- 'smnzﬂs'r‘( $)AVAK
fect the basic principles of our proposal. Indeed we will

show that when these hypotheses are relaxed, only smaiihd noise

guantitative changes occur. Since in this idealized model )

there is no spin-mixing mechanism, we can treat the two spin _M 2kg V2 AKEL2\2 7
species separately. The pumping cycle is oEtained by varying A (4k§+V2)2( sd-"Vo)- @

in time the height of the barriefwe defineV=2mV/#?), ) ) 0 o
and the spin-orbit couplings,. In the following we discuss For the particular pumping cycle chosen, and for vanishing

both the average current and the noise spectrum. The averaffgnperature, the zero-frequency component of the spin-
spin-o particle current is given By current noise does not depend on the spin index and on the

phaseg. The spectrum of E(.7) shows that the fluctuations

® _ _ introduced by the modulation &f andk, are uncorrelated.
|o:ﬁj dVdksD 5(V, Kso), (2)  We can define a signal-to-noise ratio| |/ Sgpin, Which in
the present case reads
where the integral is over the surface spanned during a cycle _ 5
in parameter space is the frequency of the pumping fields, lspd _2 |sin( ) VoAVAKsd-|
and Sspin B AVZ+AKZ ) 2V2

The signal-to-noise ratio, Eq8), reaches its maximum at
(3) fixed ¢ for AV=AkgL V.

In the simplest arrangement the spin-pumping effect can
be detected if one of the two leads has been replaced by a
half-metallic ferromagnet(i.e., only majority spins are
present If its magnetization lies in the plane of the wire and
makes an anglé with they axis, the spin state of the elec-

4k2LV

Do'vlk =0 /5 ’
Ve =0 Gz vy

®

8k2LV,

TRV (6)
P(4kE+V3)?

®

arl* arl otk ot

o o

pu— +__
oV HKso gV Ko

D,(V,kso)=Im

with r] andt, being the reflection and transmission coeffi-
cient for an electron with spirr, respectively. From the
spino currents, Eq(2), we can define a chargspin current

e i i i . . .
85| charge spin= | - |- (note thatl cnargels expressed in units i e ferromagnetic lead i$F)=cos@?2)|+)

of electron charge +isin(@2)|—) (|=) are the eigenstates of,). Further-
While the average pumped currents depend only on th ore, only to keep formulas compact, we e{ssume that the

geometrical properties of the pumping cycle, the curren&ermi velocity in the ferromagnetic Ier;td is same as in the

noise depends on the full time-dependence of the pumpingest of the system. In this case the pumped charge and spin

parameters. Since we are interested in current ﬂuctuationgre given by '

around the average current, we calculate the zero-frequency

component of the noise spectrum I spin

I Eharge: TCOS@, ©)
w (27l w) N ~
Si=g| ar[ T aral el @
P 0 = Ispin
Ispin:T' (10

where AT,=1,—(I,). In the case of weak pumping the
knowledge of the average number of transmitted particlesg, is the pumped spin current with normal leads. There are
and of the zero-frequency noise characterizes the full counsseveral remarks that should be ma¢B:the spin current is

ing statisticst’ As there are no correlations between elec-independent of the magnetization directid@) the charge
trons with different spin indexes, the noise of the chargecurrent is no more zero and it reaches its maximum when the
current and of the spin current is simpB4,in= Scharge= S+ magnetization is aligned with the spin-quantization axis in
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1

the wire; (3) the charge current can be reversed changing 10 : . - T ; T
into 6+ 7. The dependence of the pumped charge on the _ 0 02040608 11.5
magnetization direction can be exploited to verify that the sl & i
pumping mechanism is taking place. =3[ 11

As a second possibility, we consider a magnetic field in=—% 3| .- los
they direction, which introduces only a Zeeman term in the _& 6—3 ' e .
Hamiltonian Hg= (/2)Qgoy,. The effect of the Zeeman ~—— |~ e 0
field is to modify the Fermi velocities for the two spin spe- 3 2 _
cies. We can take this effect into account simply by replacing § ar - I
ke in Eq. (5) with kg ,=kg—ogAkg, wherekg is the Fermi ~ PPt
wave-vector in the leads in the absence of magnetic field. 2k e
Assuming that |Akg<ks we can write Akg=(Qg/2) e
X (m/#ikg). Finding forD,, in the presence of the magnetic //
field (to lowest order inAkg/Kg) 00 ="02 oa 06 08

or
k2—V? mQg FIG. 2. Average spin and char@a the inse} transmitted within

DB(V,keo) =D ,(V,ksg) — 4L V- —
(J'( SO) ( SO) (4k'2:+V2)3 h

) a cycle as a function ofsT' for y*=0.042 (full line), yI>

max__

=0.125 (dashed ling and yg,

0.25 (dotted ling for fixed Iy

whereD, is the expression in the absence of magnetic field=0.5. For this choice of the parametdig;, and | aqe have the

given in Eq.(5). The lowest-order contribution iAkg/kg to

the pumped spin current is zero, while the pumped charge . .
pump P pump gy;“oax. In Fig. 2 the average number of spins and charges

transmitted in a cycle are plotted as functions &f for

current is

4kE-V? mQg

B ___® [ 4V V-
Icharge_ 271_2] ddeSOBLV(4k'2:+V2)3 A

The direction of charge flow can be reversed by changing th
sign of Qg, i.e., of the magnetic field. The detection of this

12

different values ofyge

same sign. The Fermi energy is set at 41{it2units of y).

and for fixedI'y. As expected, both
I'spin @nd | chage@re increasing functions ofl’. It is remark-

able that fory,,=0.042 andy.,=0.125, corresponding to

typical values for Rashba splitting in semicondu
bout two orders of magnitude larger thap,qcalmost over
he whole 6" range. Note that even foy,,=0.25, values

I'spin IS

effect would constitute an indirect evidence of spin pumpingynich exceeds the maximum reported Rashba coupling

Until now we have studied an idealized model, which gyrengti?® |

allowed us to understand the physical phenomena that adighargel chargef€@Mains much smaller compared

batic spin pumping relies on. We now consider a more realas we are in the weak Rashba coupling reg?tﬁ

spin IS Still much larger than ,qe The pumped
inas long
i®, which

istic model, which includes several modes, subband mixinghe intersubband mixing due to Rashba coupling is negligible
induced by Eq(1c), and the effect of the time modulation of (in our case y,,<0.38). Since in our simulationsys,

Ag. We numerically calculate the scattering matrix within =0.165 corresponds to the maximum reported valuekfgyr

the tight-binding model, using a recursive Green'’s functionthere is no need to go beyond the weak Rashba regime, at
techniquée®® The tight-binding version of the Rashba SO cou-least for narrow wires. The inclusion of an additional con-
stant on-site energy in the lea@sodeling a difference in the
Fermi velocity between the leads and the widees not in-
troduce any new time dependence in the scattering matrix,
and hence it does not hinder the principle on which spin
pumping is based on. We also considered the presence of

pling can be written &3
. t
Hso:_lysog, % [Ci*'lvjulf'(a-y)a‘gr Cijio
o,0 '

+
_Ci,j+l,0"(a-x)0'(r/ Ci’j’(r]‘f'H.C.,

wherec/,

o

(13

disorder by adding to the tight-binding on-site energies in the

Rashba region a random potential. We find that averaging

is the creation operator of an electron in site over disorder realizations yields a suppression of the average

(i,j) with spin o and s, is the Rashba nearest-neighbor |l spil, With respect to the clean case, but keepjihg]

coupling. Note thaty,is related to the parametky, through
the relation:y,= (akso) v, wherey is the tight-binding hop-
ping potential and is the lattice constant. In our simulations
the wire is modeled as a 2D lattice with'=3 sites in the
transversey direction andN =50 sites in the longitudinat
direction. The wire is then attached to the two leads, in
which y,,=0, through a hopping potentidl, on the left-
hand side and' on the right-hand sidén the following we

>[I chargd- In the quasiballistic reginféadiabatic spin pump-
ing still takes place with no qualitative difference.

We finally reanalyze the spin pumping from a different
perspective. To this end we start noticing that the Hamil-
tonianH,p [see Eq(la)] in the basis of eigenstates @f can
be recast in the following forni ;= 1/2m(p,— €A, - X)?,
where the spin-dependent vector potential is givenAhy

= (hkg/€) o x. As VX A,=0, this vector potential does not

setl'r=17). The Fermi energy is chosen so that three bandslescribe a magnetic field. But K, varies with timer it

are occupiedfrom now on we expresgs,, I'|, andl'g in

units of ). Adiabatic pumping is obtained by performing a

square cycle in the parameter spagg,(I',), with I'| vary-

ing in the rangd = 6I'/2 andy, varying between zero and
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describes a spin-dependent electric field
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This electric field leads to a spin-dependent potential drog-urthermore, the gauge transformation to spin-dependent

along the wireV, = — [5E - dx=o//ed ksl. Thus, we can
consider the wire without SO coupling but with spinelec-
trons subject to the time-dependent potentigl. An addi-
tional time-dependent barri&f,,., [as it was the case for the
pumping cycle that led to E¢5)] leads to rectification of the
oscillating potentialV,. Provided that the voltag®, is
small enough so that linear transport theory applies, and th

electric fields shows that the pumping mechanism survives
when no phase coherence is pregaithough the description
that relies on the scattering matrix ceases to be alitle
spin current will be limited by the spin-relaxation raehich
depends on temperatire
In conclusion we have shown that spin currents can be
roduced through adiabatic pumping with no use of ferro-
agnets or magnetic fields. Only electrical gating and the

it changes on a time scale much larger than the time ag,napjjity of the Rashba coupling are exploited. This effect is
electron needs to go through the scattering region, the avefphyst also when several propagating modes are present,

age spine current read$

w e 21

lw
— _ 2
I(T_Z’JT h 0 |t(7)| Va-(T)dTy

(14

wheret is the transmission coefficient fée,,=0. From Eq.

even in the case of non negligible subband mixing and dis-
order. In addition, two possible different ways to detect spin
pumping have been discussed and the zero-frequency noise
spectrum has been calculated.
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