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We perform a time-dependent simulation of the spin exchange pro-
cess in laterally coupled quantum dots. The calculation is based on
configuration interaction scheme — a numerically exact approach.
Noninteracting electrons exchange their spins in a manner that
can be understood by the interdot tunneling associated with the
spin precession in the effective spin-orbit-induced magnetic field
whaich results in anisotropic spin swap. The Coulomb interaction
blocks the electron transfer between the dots, but the spin transfer
and 1ts precession is still present. We also show a possibility of
restoration the isotropy of the spin exchange.

Introduction

One of proposals for realization of a solid state quantum computer
employs spins of electrons confined in quantum dots [1]. In order to
implement an universal quantum gate one has to perform both sin-
ole and two qubit operations including single spin rotations and spin
swaps. The spin swaps occur due to the exchange interaction between
electrons confined in adjacent dots.

Spin-orbit (SO) coupling changes the way the spins of confined elec-
trons evolve. As a consequence the exchange interaction possesses an
anisotropic part |2]. Previous work |2, 3] on the role of SO coupling for
the exchange interaction focused on stationary states. The purpose of
the present work is to study the spin exchange process and the way it
actually takes place in time in the presence of the SO coupling.

Theory

The model system : laterally coupled dots:

V(z,y) = — Yo

D)

with Viy = 50 meV, V; = 10 meV — interdot barrier, 2R; = 90 nm
and 2R, = 40 nm , and 212, = 10 nm the interdot barrier width
and the material parameters taken for Ing 5Gag 5As.

Stationary states calculation: diagonalization of two-electron
Hamiltonian

o2

H = hy+ hy +

(2)
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in the basis of eigenstates of one-electron, two-dimensional Hamil-
tonian

h’k?
h=|55+V(r) |1+ Hsia+ Hpra, (3)
that are determined in a multicenter Gaussian basis [4]. The Hamil-
tonians

stands for Rashba (resulting from inversion asymmetry of the nanos-

tructure) and Dresselhaus (resulting from inversion asymmetry of
the crystal lattice) spin-orbit interactions respectively.

Spin swap simulation: time evolution described by  the
= HWV, with solution of the form

U, ¢m determined by the initial condition —
the electrons localized in separate dots with opposite spin orienta-
tions in a chosen direction.

Effective SO magnetic field: precession of a single electron spin

described by the Bloch equation % = gup(Bgp x s). The Bgp

is the spin-orbit-induced magnetic field |5

k, ka
Bso = Sy —ky |- ()
gupB 0 gupB 0
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Figure 1.  Effective spin-orbit magnetic field Bgo originat-
ing from: Bgraq — Rashba, Bgra — Dresselhaus coupling and
Bgrarpra — both the interactions with o = [3.

Results

We first assume that the nanostructure is pertectly symmetric in the

orowth direction which implies @ = 0 — pure Dresselhaus coupling
(8 = 10.8meV nm).
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Figure 2. (a) Black lines — the x component of the spin stored in
quantum dots for pure Dresselhaus coupling and electrons spins
oriented initially antiparallel in the x direction. The circles —
results obtained without SO coupling.(b) Spin-left and spin-right
densities.

e Without the SO interaction the swap |[dots in Fig. 2(a)] is indepen-
dent of the initial spin orientation and is exact at 7 = 10.9 ps.

e With Dresselhaus interaction included exchange process as depicted
with dots in Fig 2(a) is obtained for spins initially antiparallel in
the z direction (lines in Fig. 2(a) [for z direction see Fig. 3(c)].
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Figure 3. Pure Dresselhaus coupling and the electrons spins ini-
tially set antiparallel in the z direction. (a,b) The average po-
sition of the spin-up density (black solid line). The electron-
electron distance (dashed lines) in the x (black), and y (blue)
directions. (c,d) The spin components. Squares in (d) obtained
from one-electron calculation.

e In the presence of SO coupling both the spin swap result and the
process itself distinctly depend on the initial spin orientation [comp.
Fig. 2(a), Fig. 3(c)]. Orientation of the spin is tilted during the
exchange process.

e The Coulomb interaction blocks the electron interdot transfer
lcomp. dashed curves in Figs. 3(a) and (b)]. The spin packet motion
between the dots is still observed — solid curve in Fig. 3(a,b).

With Coulomb interaction neglected the two-electron results are re-
produced by the sum |dots in Fig. 3 (d)] of two one-electron cases in
which the electron is initially placed in the left(right) dot and tunnels
to the adjacent one [see Fig. 4(gh.i)|.
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Figure 4. Single electron and pure Dresselhaus coupling. (a,b,c)
curves — average values of spin components, circles — results ob-
tained from the Bloch equation. (d,e,f) The spin stored in the
quantum dots. (g,h,i) The average x position of the electron
packet.

e Motion of the electron is accompanied with tilt of its spin orientation
(curves in Fig. 4(d-f)) — the spin precesses in effective SO magnetic
field as described by the Bloch equation — dots in Fig. 4(a-c).

e If the spin is set along the Bg direction, no precession is observed
[Fig. 4(a)] — with agreement with the case of Fig. 2(a).
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Figure 5. Two interacting electrons with equal linear Dresselhaus
and Rashba constants —a = 3 = 10.8 meV nm.

For @ = 3 and the dots aligned along the [110] crystal direction (for
which case Bgp = 0) no influence of initial spin orientation on spin
swap is observed |[Fig. 6(a,c,e,g)] — the spin exchange is isotropic,
contrary to [110] alignment [Fig. 6(b,d,fh)].

Conclusions

e The spin swap involves motion of spin packets that undergo
precession in the effective spin-orbit-induced magnetic field.

e In presence of the SO coupling generally the swap is accompanied
by a tilt of the spin orientation.

e The process is anisotropic unless the initial orientation of the
spins is aligned with the effective magnetic field vector.

e The isotropy of the spin swap is reinstated for equal Rashba
and Dresselhaus constants provided that the dots are aligned
in the [110] crystal direction.
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