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Quantum spin pumping with adiabatically modulated magnetic barriers
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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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[. INTRODUCTION A 2DEG in thexy plane with a magnetic field pointing in
the z direction is described by the Hamiltonian
Present day improvements in technology are governed by

two major constraints, speed and size. Circuit components 1 eg* oh

are slowly shrinking while their speed continues to increase. H=_— [p+eA(x)]?+ 5 TBZ(X)

However, there is limit to miniaturization. Making smaller 2m Mo

components is not only costly_ byt also thg procedure inher- 1 eq* oh

ently difficult. Further future miniature devices are proposed = {p2+[py+eAx) ]2+ —B,x), (1)
to be built at mesoscopic lengths where unlike recent times, 2m* 2my 2

qguantum interference effects will play a major role. A pecu-

liar and exciting mesoscopic device is the quantum puthp where m* is the effective mass of the electrop,is it's
which has been shown to be adept at implementingnomentum,g* the effectiveg factor, andm, is the free-
rectificatiof and spin polarizatio® Recently a spin- electron mass in vacuura,= + 1/— 1 for up/down spin elec-
polarized pumphas also been experimentally realized basedrons, andA(x), the magnetic vector potential is given in the
on the theoretical formulations of Ref. 8. Among the manyLandau gauge for the region d/2<x<d/2 and for incom-
mesoscopic devices proposed, those which are effective img electrons from the left byA(x) =B,y, and for electrons

providing spin polarized_'ﬁransport are th_e most prize(_j, a coming from the right byA(x) = —Bgy. The magnetic
these are much more resilient to the vagaries of dephasing. Nhctor potential is zero otherwise. The last term in B4.is
this work we propose a quantum spin pump, aided by the

adiabatic modulation of magnetic barriers. A single magnetic .
barrier does not provide for spin polarized transport, but a / Smpi b
d

supplemented by adiabatic modulations we can convert it tc

a cent percent polarizer. =' -
”, =] A
$ wld ——

Il. MODEL I, magnetization

In this work we propose a spin polarizer based on quan-
tum pumping. The model of our proposed device is exhibited DEG
in Fig. 1. It is essentially a two-dimensional electron gas
(2DEG) in the xy plane with a magnetic field in thedirec- ¢ A(X)
tion. The magnetic field profile we consider is of delta func- Bx) |
tion type for simplicity, B=Bz(x)2 with B,(Xx)=Bg[ 6(x
+d/2)— 5(x—d/2)], whereinB, gives the strength of the X
magnetic field andd is the separation between the two
functions[see Fig. 1c)]. The above form of the magnetic
field is an approximation of the more general form seen
when parallely magnetized ferromagnetic materials are litho-
graphically patterned on a 2DE[Fig. 1(b)]. Magnetic bar- FIG. 1. (@) The device. On top of a 2DEG a parallely magne-
rier’s cannot only be formed by this method but also when &jzed magnetic stripe is placeth) The realistic magnetic field pro-
conduction stripe with current driven through it is depositedfile in a 2DEG along with the magnetic vector potential for the
on a 2DEG, and also when a superconductor plate is depogevice represented i@). (c) The model magnetic fielftlelta func-
ited on a 2DEG, see Refs. 9 and 10 for details. tion B(x)] profile along with the magnetic vector potenti(x).
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zero everywhere except at= +d/2. For simplicity we in- tems with a superconducting lead attachdnd study of

troduce dimensionless units, the electron cyclotron frequencglephasing in quantum pumf@s?!

w.=eBy/m*c, and the magnetic length = A c/eBy, with In the succeeding discussion, unless specified otherwise

B, being some typical magnetic field. All the quantities area=1, i.e., we always pumping into the left lead or channel 1

expressed in dimensionless units: the magnetic fsl)  [left of the barrier at—d/2, see Fig. (c)]. The right lead or

—BgB,(x), the magnetic vector potential A(x) channel 2 is to the right of the barrier df2. We further

—BglgA(x), the coordinatex—Ilyx, and the energyE assume single moded transport in the leads or channels. Thus

—hw.E(=EqE). charge passing through leaddue to infinitesimal change of
Since the Hamiltonian as depicted in E@) is transla- system parameters is given by

tionally invariant along the direction, the total wave func-

tion can be written ad (x,y) =€'%y(x), whereinq is the dN,, dN,,
wave-vector component in thedirection. Thus one obtains dQsa(t)=e dX, Xy (1) + dX, OXa(t) )
the effective one-dimensional Schlinger equation
with the current transported in one period being
2 ) eg* * m*
me A g T B0 B [0 =0. =S e X0 G 0 ,
2) 7@ 2mw)o | dX, dt  dX, dt ]| @
. THEORY In the abover=2mx/w is the cyclic period. The quantity

N,./dX; is the emissivity which is determined from the

. . d
The S matrix for electron transport across the device Caslements of the scattering matrix, in the zero temperature

be readily found out by matching the wave functions and agmit by

there ares function potentials there is a discontinuity in the

first derivative. The wave functions on the left and right are dN 1 s

given by ¢, = (e'**+re~k1X) and y;=te’*1X, while that in ey Im( vap x ) (5)
the region —d/2<x<d/2 is y,=(a€*>*+be ). The dXi 27 3 ax; P

wave vectors are given byk,=v2E—0% k, _ _
=\2E—(q+ BZ)Z and for electrons incident from the right, Heres,,z denote the elements of the scattering matrix as
k2 in the wave functions is replaced byk, denoted above, as evideats andi can only take values

= J2E—(q—B,)2. Throughout this article, unless specified 1.2, While o takes valuest1 or —1 depending on whether
otherwise,g=0, and therefords=k,. spin is up or down. “Im” represents the imaginary part of the

With this procedure outlined above one can determine alf°MPIex quantity inside parenthesis. _
the coefficients of th& matrix The spin pump we consider is operated by changing the
width and magnetic field strengBy, (given in terms of mag-
(80'11 5012) (rg t;) netizationB,=Mgh) of the ferromagnetic stripe, hereky
S = =

(o8

¢ =d=dg+Xxpsinwt) andX,=B,= B, +X,sin(wt+ ¢). A para-
graph on the experimental feasibility of the proposed device

is given above the conclusion. As the pumped current is di-

One can I’eadily see from the transmission CoefﬁCientS, fofecﬂy proportiona| towv (the pump|ng frequendywe can set

details see Ref.11 that there is no spin polarizatiomas it to be equal to 1 without any loss of generality.

=T_,. This fact was discovered onIy in Ref. 12, two earlier By using Stoke’s theorem on a two dimensional plane,

works'***had mistakenly attributed spin polarizability prop- one can change the line integral of Ed) into an area inte-
erties to the device depicted in Fig. 1. In the adiabatic reyral, see Ref. 22 for details,

gime, the device is in equilibrium, and for it to transport

current one needs to simultaneously vary two system param-

eters Xq(t)=X,+ 86X sinwt) and X,(t) =X, + 6X,sinfwt I(m=ef dX,dX,
+¢), in our caseX; is the widthd and X, the magnetic field A

B, given in terms of the magnetization strend@h= M h, o )
whereh is the height andVl, the magnetization of the fer- ~ Substitution of Eq(5) into Eq. (6) leads to
romagnetic stripe.

The pumped current can be calculated by using the pro- &sfmﬁ 3Sgap
cedure as adopted in Refs. 15 and 16 for the case of a double lea=€ Adxldx2ﬁ:21]2 ' Xy 9Xy
barrier quantu7m well. A new formalism taking recourse to
fulz]ql:)itngg(ier?grglbﬂtaisnr?r?eer}gﬁo?/veiig ?jFi)spc“Egs;[c?nd\?vseCU&:;ﬁ ggr?n If the amplitude of oscillation is small, i.e., for sufficiently
centrate only on Brouwer’s approach as elucidated in Re \_Neak pumping §X;<X;), we have
15. This approach has been further applied to several differ- , .
ent systems. Among them mention may be made of quantum | _ BWSX, Xosin( ) Im( ISgap &Soaﬁ) ®)
pumping in carbon nanotub&$quantum pumping in sys- 7 2@ =12 Xy Xy )

= !
Sg21  So22 o To

g dN,, d dN,,
X, dX, X, dX,

} . (6)

) . (7)
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FIG. 2. Energy dependence of
the pumped current. Spin polar-
ized pumping delivering a net spin
current along with a vanishing
charge current. The parameters
are B,=5.0d,=5.00=n/2g*
=0.44, and wave vectay=0. (a)
The weak pumping regime. The
pumped currents are normalized
by 1,. In (b) the case of strong
pumping forx,=1.0 is plotted.
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In the considered case of a magnetic barrier the case gfarameters, in both the sufficiently weak pumping d&sg
very weak pumping is defined by,<B,(=d) and Eq.(8)  (9)], as well as the general case of weak to strong pumping
becomes [Eqg. (4)].

ISk g 0S
[m=|0 2 |m< gaf o’a,[)’)’
f=12 oB, ad

9 IV. CHARACTERISTICS OF THE PUMPED CURRENT

In Fig. 2, we plot the pumped currenfmagnified 100
times in Fig. Zb)] as a function of the Fermi energy at zero
ew>§sin(¢) temperature for spi_n up; ; (solid line), spin dovynl _ (dot-
= ted ling), spin polarizedg,=1,,—1_, (dashed ling and the
2m net charge currenty,=1,,+1_; (dot-dashed lingin the
As we consider only the pumped currents into lead 1, thereSPecial case ofa) very weak pumping(Eq. 9] and for the
fore a=1. Further we drop ther index in the expressions 9general cas¢Eq. (4)] in (b). Again, unless specified other-
below. From the elements of tf@matrix given in Ref. 11, Wise, throughout the discussion temperature is always zero.

one can easily derive analytical expressions for the pumpedine net charge current is expressed in terms of the electric
currentl,,, pumped spirl,, and charge ¢, currents in the charge. The parameters in dimensionless units are mentioned

wherein

very weak pumping limit addressed in E@), as follows: in the figure caption. The modulated parameters are out of
phase byz/2. From Figs. 2a) and Zb) it is evident that

2B2g* g’ k3Kk2sin( 2k,d) throughout the range of the Fermi energy the net pumped

l,=0lg > , (100  charge current is negligible while a nonzero spin current is
T4 pumped. Quantitatively, for the general case of Fidp) 2nd

for a GaAs-based systeng* =0.44m* =0.067M,, and if

4B2g* g’ k3kssin(2k,d) Bo=0.1 T thenl=813 A, iw,=E,=0.17 meV, thus for

lsp=l+1=1-2=10 T2 ' (12) parameters in Fig. (®), energyE~4.0—12.0 meV, mag-

d netic field strengthB,=0.5T, x,=0.1 T, and if w of
l=1.,+1_1=0, (12) the order of 18 Hz (as in the experimental arrangement of

Switkeset al. in Ref. 3), then pumped spin currenf,=1.6

with X 10 19 Cx10® Hzx0.005~1x10 2 A,  while  the

g*2 pumped charge current is negligibleero throughout the
42 T AL2L2 range of the Fermi energy. In Fig. 3 we plot the pumped spin

g'=1 4 Ta= 4kik;eos (kxd) and charge currenfdrom Eq. (4)] as a function of,, the
pumping amplitude for weak to strong pumping. We find a
finite spin current with negligible charge current throughout

+[4E—g'B2)%sirP(k,d).

The wave vectors are given by the range of the pumping amplitude from the very weak to
very strong. Figure 3, also conveys the very important fact
k= \/E and kzzi/zE_Bg_ that for the entire range, from the very weak to the very

strong pumping regimes, we see increase in the magnitude of

It should be noted that the pumped charge current is iderpumped currents which suggests that our model device
tically zero, as the terms in the expression fgrcancel out  would pump large spin currents in the very strong pumping
resulting in zero pumped charge current in the weak pumpregime. Further the pumped charge current is, for throughout
ing regime. In the succeeding sections we analyze ththe range of the pumping amplitude, zero. The physics be-
pumped spin and charge currents for different variations ohind the pumping mechanism in our model is as follows, in

085318-3



RONALD BENJAMIN AND COLIN BENJAMIN PHYSICAL REVIEW B 69, 085318 (2004

0.1 y 7 ' mum at¢= /2 in (a), but in (b) we see that the relation
....... I . between pumped currents and the phase difference is nonsi-
— 1, , s nusoidal although they are still antisymmetric abagut 7
P AN Byl and the currents peak at small difference in phase. In the
A ,“, "‘. ,". n | lll.lll.:l___"lnl'll ,“. ¥ strong pumping regime as is wont the magnitude of pumped
PV L2 =T R R currents are much larger than in the weak pumping regime,
but in both the strong as well as weak pumping regimes the
pumped currents are periodic with periogr 2Figure 4 also
g conveys the important fact that throughout the range of the
Il phase differencep we see zero pumped charge current,
while the pumped spin currents are nonzero, and in Fig). 4
for the case of strong pumping the spin currents are much
larger.

&
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P V. IMPORTANCE OF RESONANCES

FIG. 3. Dependence of the pumped current on amplitude of Resonances play an important role in the case of quantum
pumping. Spin polarized pumping delivering a net spin currentpumping as exemplified in Refs. 16 and 25, in the following
along with a vanishing charge current. The parametersdgre we depict the variation of the pumped currents with magnetic
=5.0, B4=5.0, E/E;=64.3, ¢=m/2,g* =0.44, and wave vector barrier strength and width of the magnetic barrier and show
q=0. that this is indeed the case here also. In Fig),5ve plot the

pumped currents as a function Bf, i.e., the strength of the
case of dc transport the transmittance is even in spin, as theagnetic barrier, for Fermi enerdy/Ey=44.6 and phase
Hamiltonian(1) is time reversal invariant, as a consequencdlifference ¢ = /2 for the special case of very weak pump-
there is no spin polarizatiofi,but herein as we consider the ing as in Eq.(9) and in Fig. %b) for the general case as in
adiabatic modulation procedure, with the condition that theEq. (4). The pumped currents depend on the strength of the
pumping amplitudes are out of phase #y which implies  barrier and for increased barrier strength these seem to be
the dynamical breaking of time reversal invariance which inlarger. As the Fermi energy is setBtEy=44.6, naturally a
turn leads to a net spin current being pumped. Recently it hasmagnetic barrier of height of the order5.0 or more will
been shown that for a ring with an oscillating scattereraffect the electron and so naturally one sees increased pump-
(wherein potentials oscillate out of phadhe time reversal ing for larger values oB,. In the inset of Figs. & and
symmetry is dynamically broken and hence a net circulatindg(b), we plot the pumped currents as a function of the
(pumped current ariseé? i.e., the width of the magnetic barrier, for Fermi energy

The pumped currents are sinusoidal as function of thé&e/Ey=44.6. The pumped currents have almost a nice sinu-
phase difference for the weak pumping regime, but for thesoidal dependence on the width. Herein also as the reso-
strong pumping regime this sinusoidal behavior is absent. Imances are controlled by the width one can explain these
Fig. 4, we plot the pumped currents as a function of thesinusoidal variations on the resonances of the system. From
phase differencep for Fermi energyE/E,=23.12, for the the analytical expression for the pumped curr¢Bigs.(10)—
case of weak pumping,=0.1in(a), and the general case of (12)] in the weak pumping regime one can easily notice that
strong pumping forx,=1.0 in (b). In accordance with the this sinusoidal dependence arises because of theksii(2
results for a generic double barrier quantum pump, thdactor in the numerator of Eq$10) and (11). One can ap-
pumped currents are anti symmetric ab@ut = and maxi- proximateg’ ~1 asg* =0.44 for GaAs-based system and

0.05 T T 045

FIG. 4. Dependence of the
pumped current on phase differ-
ence ¢. Spin polarized pumping
delivering a net spin current along
with a vanishing charge current.
(8 Weak pumping regime. The
parameters aredy=B,=5.0x,
=.1E/E;=23.12, and wave vec-
tor g=0. (b) Strong pumping re-
gime. The pumped currents are
plotted forx,=1 all other param-
eters remaining same.

Pumped Currents
Pumped Currents
o
=

L | L
8w 3.4 6.28
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20rzg ; ' ' 016 ? T ‘ FIG. 5. Dependence of the
H 00

pumped current on amplitude of
o,

barrier strengthB,. Spin polar-
ized pumping delivering a net spin
current along with a vanishing
charge current(@ Weak pumping
regime. The parameters ard,
L i N A N i R u =5.0, ¢p=m/2, E/IE,=44.6, and

wave vectorq=0. The pumped

currents are normalized Hy. (b)

L | Strong pumping regimex,=1.0.

(a) ; (b) In the inset of(a) and (b) the
T ? “ pumped currents are plotted as

. | function of the width dg, B,

124 41 32 Olgg : 4 ‘ = =5.0, all other parameters re-
B B maining same.

Pumped Currents

Pumped Currents

thus the pumped current becomes an interface electric fieléf It is manifest in a linear irk
splitting of 2D band structure. In most 2DEG systems, the
V2EB2g* sin( 2k,d) Rashba term dominates the Dresselhaus terms.
o~ 0lo 2 2 Herein we first consider the Rashba spin-orbit interaction.
16E(2E— B?) 1+ z sir(k,d) In presence of_this Ras_hba spi_n-orb_it interactiqn the Hamil-
8E(2E—B2) tonian defined in Eq(1) is modified with the addition of the
(13)  term Hg=ag(oypx—oypy). With this addition into the
Hamiltonian only in region ll(we assume the spin-orbit in-
When 2> BZ one can neglect the second term inside theteraction only in the confines of the magnetic bairi¢he
square bracket in the denominator of Ef3) as it is very  wave function is now described by two eigen vectors corre-
small. Thus the pumped current in this limit reduces to sponding to the Rashba split eigenvaluds,;=E

+ ary2E+(q+B,)?. Similar to the previous example one

B?g* sin(2k,d) solves for the reflection and transmission amplitu@es for
lo~alo 16E\2E details Ref. 29 and calculates the pumped currents. Results

are shown in Fig. @ for the special case of very weak
Thus we get the condition for resonances dsd2=(2n  pumping[from Eq.(9)] and in Fig. Gb) for the general case

+1)7/2n=0,1,2 .... The approximate position of the [from Eq.(4)]. The inclusion of Rashba spin-orbit interaction
resonances in theE2B2 regime, occur at Fermi energies leads to no change whemg, is small, i.e., the spin-orbit
E,=(2n+1)7/8d+B%2n=0,12. ... scattering length Igo~1/ag) is large. But increasingeg

leads to a small charge current, which feo<d becomes
significant, and of same order of magnitude as the spin cur-
rent. Interestingly the spin-current oscillates as a function of
In the above analysis we have ignored the effects of spinag, indicating the importance of interference effects. In the
orbit scattering as this is generally supposed to be very smaihset of Figs. 6) and 6b), we have depicted the effect of
in these systems. However, for a complete theory we have tinear in k Dresselhaus type spin-orbit interactidfp
include the effects of spin-orbit scattering, and analyze its= ap(oxpx—oypy). Similar to the Rashba type in this case
impact on spin pumping. The spin-orl§BO) scattering can pumped currents also behave correspondingly, as a function
arise due to two reasof8. of the Dresselhaus spin-orbit interaction strengty. It
(i) Microscopic forces(Dresselhaus effect In general would also be worthwhile to point out that in-spite of the fact
[1I-V compounds(e.g., GaAs lack inversion symmetry. This that a small charge current contribution manifests itself in the
eventually leads to spin-orbit scattering induced splitting ofstrong pumping regime, the magnitude of the pumped spin
the conduction ban#f. The magnitude of the splitting is pro- currents increases manifold both in case of Dresselhaus spin-
portional to cube of electron wave numderin MOSFET’s  orbit interaction and more so in case of Rashba spin-orbit
and heterostructures, the host crystals are not treated as 3dmieraction.
systems, because crystal symmetry is broken at the interface
where the 2DEG is dynamically confined in a quantum well.
The reduction of effective dimensionality lowers symmetry

VI. SPIN-ORBIT SCATTERING

VII. INELASTIC SCATTERING

of underlying crystals and results in an additiodalear in Inelastic scattering has been ignored in our discussion so
k) term in the Dresselhaus splitting. It is seen that the lineafar, as we assume that the electron retains it's phase coher-
in k term is dominant in GaAs quantum wells. ence throughout the sample. This assumption has, of course,

(i) Macroscopic forcesRashba effeg¢t In addition to the  limited validity as for low temperatures electron-phonon
above microscopic forces there is another source of splittingscattering is absent but electron-electron scattering is always
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FIG. 6. Dependence of the pumped current on Rashba spin-orbit interagtio®pin polarized pumping delivering a net spin current
along with a small finite charge currerid) Very weak pumping regime. The pumped currents are normalizel.bJhe parameters are
B,=5.000=5.0E/E(=64.3¢p= /2, and wave vectog=0. In the inset the dependence of the pumped currents on the Dresselhaus
spin-orbit interactionyp is plotted, parameters remaining sarti®. Strong pumping casg,=1.0 all other parameters remaining same. In
the inset the dependence of the pumped currents on the Dresselhaus spin-orbit intefmdsigrotted, parameters remaining same.

present and may lead randomization of phase implying inco- ew>€sin( )

herent scattering and resulting in loss of coherence. To in- |01:T

clude inelastigor incoherent scattering so as to see it's ef-

fect on the spin/charge ratio we follow the formalism

developed in Ref. 21. In this formalism a third fictitious volt- whereK;, ,1 is as given above whild,'s are given by

age probe is coupled to the quantum pump and all inelastic

processes culminating in dephasing are described by a single

parametere. In this model the Eq(4), is modified to take

into account inelastic processes in the following manner: Joi=2, |m(
B

[J01+Kin,U1(JU3+‘]0’4)]1 (15)

IShi 5 IS,
8 fﬁ) (16

aX, X,

ew (-
Ul:ﬁfg dt[Fo'1+ Kin,o'l(Fa'3+ F0.4)] (14) |
where the summation oveg runs over all channels 1, 2, 3,

with the charge pumped given by and 4. An unique feature of including inelastic scattering in
quantum pumps is that a new physical mechanism of rectifi-
dN,, dX; dN,, dX;, cation comes into play in the fully incoherent limit. We con-
Foa™ dX, at T dX, dt sider the model system as in Fig. 7. The model system is
S coupled to a dephasing reservgiy, via a wave splitter lo-
and the emissivity is cated atx=0. This wave splitter is described by tBematrix
dN,, 1 ISgap
% ~2m 2 M 5x, Sras Mo
ATT
with «=1,3,4 and the summation ovgris for all channels | |
1, 2, 3, 4. The channels 3 and 4 are coupled to the voltage Channel 3 Channel 4
probe. The coefficient A®X)
K. _ T(r,3l+ Tlr,4l B(X) E
n.ot To’,3l+ Ta’,4l+ To’,32+ To’,42 \/ :
multiplied with th nd term insid re brackets of E 7 NS .
ultiplied wi e second term inside square brackets of EQ.cp4immet 1 Channel 2

(14), takes care of the reinjected electrons and hence currer

conservation.T ,;’s are the transmission coefficients from

lead] to leadi. The above formula is for pumped current into -dpn 0 an

lead (or, channel 1 in presence of inelastic scattering and it

is for the general case. For the special case of very weak FIG. 7. The model magnetic fieldlelta functionB(x)] profile
pumping one can analogously as in Sec. lll, derive an exalong with the magnetic vector potential(x) in presence of a
pression for the pumped currents as follows: voltage probeu, attached to inelastic channels 3 and 4.
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FIG. 8. Dependence of the pumped current on inelastic scatteriggin polarized pumping delivering a net spin current along with a
vanishing charge current ife). Weak pumping regime. The pumped currents are normalized,byrhe parameters ard,=5.0B,
=5.0¢=w/2,g* =0.44E/E,=21.56, and wave vectaq=0. In the inset the pumped currents are plotted for nonresonantE/&se
=22.17 all other parameters remaining same(dnthe case of strong pumping is considered. The parameterd,ar6.0B,=5.0x,
=1.0p=7/2g*=0.44E/E;=23.0, and wave vectog=0. In the inset the pumped currents are plotted for nonresonant E/d&e
=38.0 all other parameters remaining same.

0 Jl—¢€ Je 0 sen to be expfd/d,) as in Ref. 31, whereinl is as defined
— above whiled, is the phase coherence length. This phase
_ 1-e 0 0 ‘/E _ coherence length can be expressed in terms of the dephasing
" Je 0 0 e time (r,), asd,=v7, whereinv; is the Fermi velocity of
0 Je —\1—e 0 electrons traversing the system. Quantum mechanical coher-

ence is lost on length scales larger titgp. In the 4<4 S
matrix defined above to take into account inelastic scattering,
the inelastic scattering parametecan be reparametrized as
1-exp(-d/d,), to obviate this deficiency of single point in-

. ) elastic scattering. For complete elastic scattering, i.e., in the
tious channels 3 and 4 are effectively decoupled from theﬁmit ds>d,e—0, while for complete inelastic scattering,

system. In Figs. @ and 8b), we plot the effect of inelastic d.<d el
interactions on both the pumped spin and charge currents for® =~ '
incident energy corresponding to a resonance in the system.

In the special case of very weak pumping the charge current VIl NOISELESS TRANSPORT

is essentially zero throughout, while spin-current decreases The adiabatic quantum pump not only generates an elec-
throughout till the maximume=1 is reached but for strong tric current but also heat current which is the sum of the
pumping we see that the pumped charge current increasegise and power of joule heat. A quantum pump is termed
and in thee—1 limit dominates the spin current. In the optimal if it is noiseless? i.e., if the total heat generated is
insets of(a) and (b) we plot the currents for non-resonant only due to the joule heating. Following the procedure out-
pumping, and herein the results in both cases do not diffelined in Refs. 33 and 34, one can derive an elementary for-
much from the resonant case. With inelastic scattering thenula for the heat current, joule heat and noise produced in
device still pumps spin current but now the pumped charggnhe pumping mechanism.

dominates but only in the strong pumping regime. In the The electric current generated in the pumping process and

weak pumping regime the pumped charge current is agaigis in Eq.(4) can be reformulated as
zero throughout the range of the inelastic scattering param-

etere. Of course the model defined in Ref. 21 and utilized ie
earlier in analyzing inelastic effects in resonant tunneling loa
diodes® assumes that an inelastic event takes place only at a

particular point of the whole system. This is depicted in Fig.The above formula is derived from the more general expres-
7 by the triangle, the junction between the voltage probe angion
our model system. A more realistic model would be to couple
the system to many such voltage probes at many points
throughout the system. The relevant parameter in this model

is then the probability that the electron be inelastically scat-
tered while traversing the system. This parameter can be cho- ~f(E)ISHE.D]ua- (18

Here the coupling parametercharacterizes the strength
of inelastic interactions. Ak=1, all electrons are inelasti-
cally scattered within the system, whereasat0, the ficti-

:2777'

T 0X;
f dt 2 [&X-Sasjr]aa_J' (17)
0 j=12 ] at

| =if7dtde[S (E.O[F(E+ia,2)
oa 7)o (o ’ t
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One goes from Eq(18) to Eq.(17) in the zero tempera- X[SO'(EYt)&tSZ-(EYt)]Ba' (22)
ture limit and by expanding the Fermi Dirac distribution
f(E+id/2) up to first order ind;. See for details, Ref. 34.
One should also keep in mind the fact that by unitarity of the
S matrix —i(4;S!'S,) . equals IMa,S'S,],.. HereS, is
the 2x2 Smatrix as defined in Sec. lll. Again - - ],, rep-
resents thexath element of theS matrix.

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

The diagonal term is identified as the joule heat while the
off-diagonal term is the nois¥. For a=1,8=1,2, the ex-
pression for the heat current can be shown to be broken into
the noise and Joule parts as follows:

Ho’lz‘-]a'l+ Na’l

1 T
1 T - T T
wa:W—J dtf dE(E—E,)[S,(EO[f(E+id2) 87”[0dt[atsg(E.t)sg(E,t>]u£s(,<E,tmts(,(E,t)]n
0
1 T
—H(E)ISHE1) ] 4 - (19 +8—Wf di[ S, (E,t)SI(E,1) 112
0
Expandingf(E+id,/2) up to second order id;, one gets
the heat current in the zero temperature limit as X[SU(E,t)atSL(E,t)]Zl. (22
Hoazsidet[f?tS(r(E,t)<9t32(E,t)]aa- (20) When the pumping amplitude is very small one can simi-
)

lar to previous cases derive a formula for the heat current,
Joule heat produced, and noise in our pumping mechanism
as has been earlier derived for the heat current in Ref. 33 and
also for the noise in Refs. 35 and 36. To derive the equations
%Liow we have takem= 2. Herein below we drop thed”
index in the representation of the heat, Joule, and noise cur-
1 o+ rents as it is assumed that we consider currents pumped into
HMZ%Ldt[atsg(E,t)atsg(E,t)]w lead (or, channel 1. Thus

Here the scattering matrix alluded toS,,” is the same
as that in Sec. lll, with elements given in Ref. 11.

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

2 2
c?SUl,B

X

o’lﬁ
9%,

Xt >

g=12

X5 2,

1 T
- U U —
5| 008, (E DS E0S,(E0AS,ED., H,=

j dtZ Lo SHE,DSHE,D]ap +2x1x2cos<¢)2 e(as"” "m) (23

2

811'7'

2 *
98511 9S412 5
+2 Re( sgllsﬁlz—axl X, +X5

W2

J,= 16W[x2{ 2’2

+2X1X2cos(¢){ > s
B=1.2

(9 (rlﬁ
So1BTox, X,

S* o"S(,lﬂ
alp (7Xl

2 *
9Sg511 9S412
+2 RE( 50118312(9—)(2 X,

95,12 9S511 95,11 9S512
+Re 5,115 +Re s,155* , 24
4 119012 (9X1 (9X2 01230'11 (9X1 (9X2 ( )
9S511 &3012) ISh11 (93021) }

2 2
+2R * +2R x 0
4802180-22 axl (9X1 % S(erSa'ZZ (9)(2 (9X2

as (35 Js Jsy Js ask
2 o1 * 021 Y 0ll * oll “©021
R +R —  ———|+R S” o — —— A 2
( IX, &Xl [ 80218022 IXy, Xy ) ( Ss225521 IXy,  IXq )H 29

>
£=1.2

2R 95,15 ISh1p
X, 9%,

olp

2 (? a'lB

(J'2,B ﬂx

é] a'lB
SUZB axl

N w
"~ 167

>

g=12

X3 +X3

>
B=12

a2

+2X,X,c0q ¢){ > s
=12

In the above equations, “Re” represents the real part ofspin and charge currents along with the ratio of the power of
the complex quantity inside parenthesis. Since there are nidoule heat to the heat curre/H) as also the ratio of the
correlations between electrons with different spin indftes, noise to heat currentN/H) as a function of the Fermi en-
the noise of the charge current and of the spin current igrgy. We find that our pump is completely noiseless through-
simply N=Nguii=Nchage=N4+1+N_;. Similarly the heat out the range of Fermi energies in the weak pumping regime.
generatedH =Hgpn=Henage=H 1 +H_1 and Joule heat For very strong pumping in the initial range of Fermi ener-
produced) = Jg,in= Jcharge= J+1+J-1. In Fig. 9, we plot the  gies (E/E(<100.0) the noise contribution to heat is small
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FIG. 9. Noiseless transporfa) The weak pumping regime. Parameters Bre=5.0, dy=5.0, ¢=n/2, q=0.0, andg* =0.44. The
pumped currents are normalized ky (b) The strong pumping regime foq,=6.0, = 7/10, all other parameters remaining same.

less than 4% while foE/E;>100.0 the noise is negligible point contac{QPQC), as has been done in the first experimen-
less than 0.2% of the total heat generated. Almost all of théal realization of the quantum puripAnother method of
heat generated comes as a result of the Joule power. Thus c@xperimentally realizing this proposal could be to put two
model spin pump is almost optimé We have also checked such stripes side by side and applying different external mag-
that our spin pump remains optimal for a wide range ofnetic fields to both, modulation of these external fields can
variation of parameters. In the case of weak pumping, th&ffectively provide spin-polarized currents.

full counting statistics(distribution of the pumped charge/

spin per cyclg is fully characterized by only two

parameters’ the electric current generateg [Eq. (9)] and X. CONCLUSIONS

the noiseN,, [Eq. (25)]. The full counting statistics of our  Tq conclude, a spin polarized device acting on the prin-
model quantum spin pump remains as an interesting problegples of quantum adiabatic transport has been proposed. In
and will be dealt with later on. the dc transport case this device does not show any sign of
spin polarization as the system is time reversal invariant but

in the adiabatic regime, when time reversal invariance is dy-

IX. EXPERIMENTAL REALIZATION namically pro.ken almqst cent pgrcent.spin polarization is
observed, incidentally in all the simulations, apart from the

To experimentally realize the above proposal, one can apeffects of inelastic scattering or to a lesser extent if signifi-
ply an external magnetic field to modulate the strength ofcant spin-orbit scattering is present, we obtain zero charge
magnetization of the ferromagnetic stripe and this is oneurrent. As a welcome addition we see almost noiseless
modulating factor, the other can be apart from the width oftransport, i.e., realization of an optimal quantum spin pump.
the stripe as has been employed in this work, the distZgce These features tell us that a adiabatically modulated mag-
between stripe and 2DEG, which can be modulated by apretic barrier may be the best way to achieve not only quan-

plying suitable gate voltages in the manner of a quantumum spin pumping but also optimal quantum spin pumping.
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