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Quantum entanglement for acoustic spintronics
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We consider the entanglement of spins for two electrons contributing to the acoustoelectric current driven by
a surface acoustic wa&AW) in two adjacent narrow channels by calculating their exchange eri&rgyhe
channels belong to an acoustic nanocircuit which comprises a network of quasi-one-dimensional pinched-off
channels serving as wires along which SAW quantum dots transport electrons. This is motivated by possible
practical applications involving quantum information processing and quantum computers. We cdl@adate
function of time as the electrons travel side-by-side in the adjacent channels and as a function of the distance
between the centers of the channels. The leakage from the state in which the system is prepared, is calculated.
The oscillations in the leakage indicate the probability for the electron system to make transitions between the
ground and excited states, or for an electron to hop back and forth between channels.
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Recently, there has been a considerable amount of interestson[18]. Our paper is motivated by RgfL8] and our aim
in the interaction of a surface acoustic wa\®AW) with a  is to support their suggestion by doing numerical calcula-
two-dimensional electron ga2DEG) in a GaAs/AlGaAS tions of the entanglement and leakage. Both these quantities
heterostructure. A SAW propagating in this piezoelectric ma-contribute to the accuracy of the two-bit gate and together
terial interacts with the 2DEG through the electric field ac-they show that the scheme described in RES] is feasible.
companying the elastic wavg$—4]. A consequence of the We now consider when the SAW beam transports elec-
interaction between the SAW and 2DEG is an acoustoelectritons along two adjacent channels, shown schematically in
current in the 2DEG due to the drag of the 2D electrons byFig. 1. When the channels are close to each other, two adja-
the SAW[5-10. Recent measurements of the SAW-inducedcent SAW dots in different channels form a pair of coupled
acoustoelectric current were carried out in a narrow channejuantum dots. If the electron spin state in one channel is the
formed in GaAs/AlGaAs heterostructures with the use ofsame or opposite as the spin in the other channel, then two
split gates[11-14. electrons in coupled SAW quantum dots will form either

Measurements done at high SAW power and with gatdriplet or singlet states. We shall estimate the exchange en-
voltages beyond pinch off revealed a remarkable feature ofrgy J by calculating the difference in the energies of the
the acoustoelectric effect in quasi-one-dimensiofmglasi-  singlet and triplet states. For this, we must first determine the
1D) ballistic channels, i.e., the quantization of the acoustotwo lowest energy states for a single electron. The coupled
electric current in the channel at SAW wavelengths compaedots are modeled by the Hamiltoniat==_; ;Hq(i)+H;,
rable with the channel lengtli~1 x). The current-gate where Ho(i)=(1/2m*)pZ+V(r) and Hy,=€’/ef, with
voltage curves have steps with the current plateaus equal t8,(i) the Hamiltonian for noninteracting electrons having
I=nef, wheree is the electron chargd, is the SAW fre-  coordinatesr;=(x;,y;) (i=1,2) and separatiorr,, in the
quency, and is an intege{13,14. These values of corre-
spond to the transfer af electrons through the channel per
SAW cycle and can be explained as the result of the trapping |
of electrons in the moving SAW-induced quantum potential |
wells and the transfer of electrons, residing in these wells,
through the channgll3-17.

A natural extension of the use of the SAW single electron —t
pump is an acoustic nanocircuit which comprises a network SAwi
of the quasi-1D undoped channels serving as wires along
which the SAW quantum dots transport electrons. In this| |
paper, we will consider the entanglement of spins for two
electrons contributing to the acoustoelectric current in two
adjacent narrow channels by calculating their exchange en-

ergy. This is motivated by possible practical applications in- g 1. Schematic plot of the SAW beam transporting electrons
volving quantum information processing and quantum coMyjong a pair of channels. Two adjacent SAW dots in different chan-
puters[18]. If one could control the spin degree of freedom nels form a pair of coupled quantum dots. The vertical lines in the
of the electrons in the SAW quantum dots, then this wouldfigure represent maxima of the SAW potential which carries elec-
allow one to use SAW circuits for quantum computation.trons (depicted as full circlésalong the channels. The split gates
This was described in the work of Barnes, Shilton, and Robsefining the channels are denoted ®y, G,, andGs.
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quantum well; we denote their interaction bij,. Also, &g 2 T T T T
=4mege,, Where g, is the background dielectric constant. s fF—— T~
The confining potentiaV(r;) is separable in thex andy
directions, and we denote each term\yi=1,2). The cou- s 12r 1
pling of the dots in they direction includes tunneling. To N i
simulate this bound-state tunneling, we choose the following
1D quartic potential with degenerate minima, i.e., 04 | .
1 0 L L L L
Va(y) = —m* Q4(y? - a?)?, (1) 0 02 04 06 08 1
8a T

in terms of an oscillator frequendy and separation distance  fig. 2. The exchange interaction enedgs a function of time
2a between the centers of the dots. Here, badtlanda are  for g8=0.5 and separatioa=0.7\, between a pair of narrow chan-

assumed to be independent of theoordinate. However, if nels J is larger when we take the difference between the energies
we allow the barrier height between the channels to vary afr the singlet and triplet states, obtained by finding the eigenvalues
the quantum dots travel along the channels, then we coulgf the Slater determinant numericallgolid line) compared to the
control the exchange of electrons between channels over thdeitler-London approximation for separated harmonic wells
SAW period. Each dot is moving side-by-side in thdirec-  (dashed ling The parameters used in the calculation are given in
tion within the channel in a potential that arises from the gatehe text.

voltage with a negative bias and the SAW potential, which

we model by valid when the acoustoelectric current is @t below the
Vo first ) pzlateau. Also, the overlapS,_=[" dy ¢.(y)¢¥_(y)
Vix.t) = cosR(x/) +Vscogkx— ot), (2) =g and AV,=V,(y)-m* Q2(yFa)%/2. Evaluation of

the matrix elements oAV, in our model yields
where w and k are the SAW frequency and wave number,

respectively, and/gis the SAW amplitude. The height of the (@4 (r,1)@_(r 5, )| AV, | @, (1 1,1) @_(r 5, 1))
electrostatic potential barrier in the channel is denoted by _ 4,2 2
Vo=%2/(2m* 13), wherel, is a parameter andéZs the effec- = (3139 (\gfaym* 0%,
tive length of the channel. When the split-gate voltage is
sufficiently negative, the channel between the gates is (@+(r1,t)@-(r2)[AV. e (rat)e_(rq,t)

inched off and the conductance in the channel is zero, indi- _ 2y 2 21/ 2 2 2.2 2
Eating that there is a potential barrier in the channel between = 332 (Ao + 22%) (Ao = 227) ~ AhgaJm* S
the source and draifill]. This potential barrier is repre- \yhich are independent of time. However, the matrix ele-
sented by the first term in Eq2). The model Hamiltonian ments of the Coulomb energy are time dependent and must
does not contain any spin-dependent term and is therefolige evaluated numerically.
diagonal in the spin variables of both electrons. In Fig. 2, we present results for the exchange energy as a

We have obtained the exchange interaction insfieave  fynction of time for a fixed separatiombetween the centers

Heitler-London approachl9] by using symmetric and anti- of the channels. We chode)=3.0 meV,m* =0.067m,, ap-

symmetric combinations of single-dot ground-state orbitalyropriate for a GaAs/AlGaAs heterostructure, whetgis
wave functions in the two adjacent channels. This methoghe free-electron mass ana/\,=0.7. Also, we used(

gives contributions from the direct and exchange terms with- 1500 A, 1o0=100 A, and the parametg#=0.5; this dimen-
2P { sionless parameter is defined as the ratio of the SAW poten-
J(t) = ——1 {@u(r,t) o_(r 1) tial amplitude to the height of the electrostatic potential bar-
1-si rier in the channel and its value corresponds to an
e? acoustoelectric current on the first plateau. Also, the SAW

X{ ot AV, + AV—] |@s(r 1, D @_(rp,0)) velocity v~3.0x10° m/s andk=27x10°nm. We ob-
€12 serve that the exchange energy obtained by taking the differ-
encek,;—E; between the triplet and singlet states which are
determined by solving the interacting Schrédinger equation
numerically is larger than the result calculated in the Heitler-
London model. However, both results exhibit similar behav-
><|(,D+(r2,t)(,0_(r1,t)>}, (3)

+AV, + AV_]
€l12

&
- Szi_<<p+(r1.t)<p-(rz-t)|{

ior such as positive exchange energy O (antiferromag-

) ) netism as well as time-reversal symmetry. Figure 2 shows
where ¢.(r,t)=¢(x,t)¢(y) are single-dot wave functions ot the variation of is a few percent over the period of a
within the channels centered p& +a; ¢(x,1) is the lowest  gaw cycle. We found that this remains true over a wide
eigensolution ofho=p/2m*+Vy, and y.(y)=y¢(y+a) are range of values for the parametasl,, ¢, and 3. As the

the single-particle harmonic-oscillator orbitals _shifted toelectrons are transmitted through the channels, it is required
(0, £a) with zp(y):e‘yz’z’w/wl/“)\})’z and \p=VA/m* Q. Our that, for two-qubit operation, the transformation associated
assumption that the electrons are in the ground stétet) is  with the exchange interaction is unitary. As a matter of fact,
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FIG. 3. The exchange interaction &0 as a function of the
separation between a pair of parallel channels. The solid line is the FIG. 4. The leakage 1leq(t)]> as a function of time. Here,
difference in energies between the singlet and triplet states obtainesf \,=0.7,8=0.5. The oscillations in the leakage are due to the
by numerically solving the Schrddinger equation for a pair of inter-phase factors for the levels involved in our calculations. The inset
acting electrons. The dashed line is the result in the Heitler-Londoshows the position of the electron in the potential of E2). at t
model. The parameters used in the calculation are given in the textT/4 andt=3T/4.
uB(t)>

2, (1) > W

JH(t)
ot

. aa o ac,(t) _ ca(t)
the exchange Hamiltonian behaves lik@)S;-S;, which is P > E.(1) - E41) Ugy
Hermitian for reald and gives rise to a unitary transforma- e =a s
tion. The fact that the variation af is small illustrates the
practical nature of the gate operation with a SAW.

In Fig. 3, we plot the exchange energy as a function of the
separation between channels for a fixed time. We see th‘?}\t/hereto is an initial time,u,(t) are instantaneous eigenstates

J>0 at all separations due to antiferromagnetic Spin-spir.¢ time-dependent Hamiltoniaki(t) with eigenvalue

coupling. There is an exponential decay of the exchange en= . _ -
ergy as the separation between the channels increases, due (0, I.e., H{OU.D=E,()u,(1), and c,(t) are the coeffi

the factorS?_ that represents the overlap of the wave func-C'.ents in the ex_pansmn_of the wave functidn(t) in the
. . N . eigenstatesi,(t), i.e., V(t)=2 ¢, (t)u,(t). If we note that the
tions in they direction. The numerical plot also decays to

zero as the separation increases. Furthermore3 s in- Berry phasey,(t) is given by[21]
creased from zerd, increases monotonically through a SAW
cycle. In the simplest Heitler-London method, these results dy,(t) _ i<u )

x @i AEQ(D-Eo(m) 4 <ua(t) o

show how the exchange energy behaves in the adiabatic ap- dt at

proximation as a function of the parameters used in the

model. The exchange energy has been evaluated in eXtendfahden it follows that the coefficients,(t) are naturally deter-

basis such as the Hund-Mulliken approximation, using aS . ed by a geometric bhase factor Exp(t)]. However
basis four two-particle wave functions constructed from the . yag P PRAL . '

single-electron wave functiong.(r,t) within the channels tsr:récceomﬁbﬂsi‘(r)r::l:‘(r)grlr?rtlhgepeegﬂ?et(r)iz ahzggfvgmﬁepaﬁggtgfr'
centered ay=+a [19,20. The results obtained for a Hamil- 9 P P

tonian with these four basis functions only differ by a few the time-dependent Hamiltonian is z¢2i]. Consequently,

: 5 - i
percent from the results in Figs. 2 and 3 for the parametertshe Iealr:age from thﬁ. (:]Otﬁ' €., lb_:d » wherem=0 dﬁ
chosen[19]. notes the state in which the system is prepared-&, wi

We now discuss imperfections arising during the transpor e obtained by solving Eq4) without the geometric phase

; actor.
of the pair of electrons through the channels. We calculate In order for us to solve Eq4), we must first obtain the

the entanglement because it plays a key role in quantum. . . .
information processingQIP) and quantum computingC), elggnstatef for the interacting pair pf .electrons. Let
and the preservation of entanglement is a necessary condio(D®i(r) =&®;(r) for each electron moving in the channel
tion for the implementation of QIP and QC. The confining mdepe_ndent of the presence of the other. Here, we have
potential of the two-electron system changes over time du? olT) = bi(X) (), whereds,i(x) and ¢(y) are the eigen-

to the presence of the SAW in the direction and the 'unctions for electron motion in the andy directions, re-
pinched-off potential arising from the split-gate potentiaI.SpeCt'Vfaly' From th?f)e’ we can form a spin .trlpastater
The electrons may not remain in the lowest spin singlet end‘?;)e”“'”""ri‘t state @ (rl,rz;t? and a spin singlet state
tangled state but may undergo spontaneous transitions to ef®;;” (r1,r2;t). We expand the eigenstategt) in terms of the
cited states, or an electron may tunnel back and forth betwo-particle states in the fornma(t):Ei,jaiJ-CDi(jm)(rl,rz;t),
tween channels. The resulting gate error can be calculated hyherem=S, A for symmetric or antisymmetric states. It is a
making use of the solutions of the time-dependentsimple matter to show that the coefficiemis as well as the
Schrddinger equation for the two-particle system. As a matenergy eigenvaluei,, are determined from the set of equa-

ter of fact, we have tions

) > -
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(& +Enam+ > <¢,I<m>|H12|q)_<m>>aij =Ea, (6) oscillations are due to the energy transfer in the phase factors
m I 2% ’

i<j ! integrated over time, as given in E@). These oscillations

hich . ical luati f the Coulomb matri contribute to the accuracy and the design of the two-bit gate
which require numerical evaluation of the Coulomb matrix play as important a role dsto gate errors.

c(ebler(r)](;e(r;ts(. ) T(Qe (X)zng(;k?-p;rtl&l)e P ést)at(-::H d (\;ve(x)(t;bse(d) ae n summary, motivated by the suggestion in Ré&B], we
PaX)PY), P X)PyY)s Pxa(X) Py2lY), 2! X) Py2lY used a simple model to calculate the entanglement of spins
L?c:/r?sl\m:/?/itweu t\(/;/)o L?(W?:;Seggegzta;es“nlr;;rlxecac?rgky)/md;{;t;- of transported by a SAW. Our approaches demonstrate that the
(), L P i . qualitative nature of our results is not affected by the ap-
@;7(ry,ro;1), we solved the set of equatiot® numerically  oyimations. This indicates that the entanglement remains
for the time-dependent Hamiltonian and then determine thgigpje. Also, an advantage of the SAW technique is that the

leakage, which we plot in Fig. 4. The oscillations in the h,mper of identical computations that could be performed
leakage are an interesting feature of our calculations mvolvber second is equal to the SAW frequency, which is in the

ing the pair of channels. To better understand our results, wg, range. This should facilitate implementation of the

calcullated the leakage for a sing.Ie electron launched by fugqout. The SAW quantum computer has the advantage that
SAW in one of the channels but with the electron allowed 0jht5rmation is distributed quickly along the nanocircuit when
go back and forth between a pair of adjacent channels. Thgecoherence times are short. Some of the effects on the SAW
electron was assumed to be initially in its ground state. Theyeconerence times also arise from interactions of the qubit
calculated leakage is several orders of magnitude larger thapi, other electrons in the 2DEG, as well as with impurities

in Fig. 4 and oscillates with time, indicating that it is more 54 phonons. The model we have presented only considers
likely for the electron to go back and forth between energyyo contributions to the gate error which dominate at low
levels. Furthermore, when we considered two '”der’e”de%mperature and in sufficiently pure samples.

electrons, i.e., we neglected the Coulomb interaction but ap-

propriately antisymmetrize the wave functions, we found We acknowledge partial support from the National Sci-
that the leakage oscillates with time but its magnitude isence Foundation under Grants No. DMR-0303574 and
about the same as Fig. 4. This means that the Pauli principleREST 0206162, PSC-CUNY Grant No. 65485-00-34, as
dominates for the parameters chosen in our calculations. Theell as Grant No. 4137308-04 from the NIH.
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