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Spin Hall effect in a square 2DEG sample with a central defect
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We study spin and charge accumulation and currents in two-dimensional electron gas (2DEG) with

Keywords:

Spin Hall effect

Rashba spin-orbit coupling
2DEG samples with defect

spin-orbit Rashba interactions. The Landauer-Keldysh formalism is employed to numerically compute
the accumulations and currents in a 2DEG finite square sample with and without an embedded spin-
independent hard-wall impurity. We find that under certain conditions the charge accumulation and
the spin currents may be confined to a small region of the sample, between the defect and the positive

lead. The conditions for the existence of this phenomenon are described.
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1. The model system

The inversion symmetry of a two-dimensional electron gas
(2DEG) leads to the Rashba spin-orbit (SO) coupling [1]. In this
work, we present an interesting case of a steady state spin bond
current confined by an impurity embedded in a small 2DEG
sample. To this end we consider a finite spin-orbit interacting
sample with an embedded central impurity. The sample is square,
connected to two or four ideal leads, and the impurity is modeled
by hard-wall boundary conditions. The system is thus arranged as
a ballistic bridge consisting of the square 2DEG sample connected
to the two or four leads in the customary Landauer setup. The size
of the square sample is (N—1)?a® where a is the lattice constant
and N = 38,9, ...,30is the number of lattice nodes. The samples are
either free of defects, or have a square defect of size a2 if N is even,
and 4a? if N is odd. In this manner, it is always possible to
place the defect into the center of the sample. The width of the
leads is (N—1)a, and the left and right leads carry the electric bias
of +eVp/2 and —eV,/2, respectively. The top and bottom leads, if
present, carry no bias.

The model sample is described by the Hamiltonian

H = Hg + Himp,
where the first term describes the Rashba coupling potential and
the second term the spin-independent impurity. A two-dimen-
sional linear Rashba system in tight-binding approximation can
be written as [2,3]
Hr =) emChoCmo + > CglimCmo

mao mm'co’
where c¢,,," and ¢, are creation and annihilation operators for
o = +1 (spin-up) and ¢ = —1 (spin-down) electrons, and ¢, is the
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on-site energy at site m = (m,, m,). We choose ¢,, = 0 by selecting
an overall energy shift —4t, = 4h/2m*a® where m* is the effective
electron mass (see below). Let now I be the identity matrix. Then
the hopping terms of the Hamiltonian can be expressed in terms
of the Rashba coupling strength o as

7% = (6| — tols — itR,0,10")

for m = m'+e,, and
, . R
tory = (0] — tols + itgyox|0")

for m = m'+e,. In these expressions to = #/2m*a® and tso% = «/2a.
The impurity potential in the tight-binding approximation only
contributes to the on-site energy, and can therefore be written as

Himp = E Vmc,;o—cma
ma

where V;;, = 0 if m# My and Vi, = oo if m = mypp.

Given the Hamiltonian we now employ the Landauer-Keldysh
formalism [4,5] to obtain the spatial distribution of the spin
accumulation and the spin bond current, so that the spin S,
current, for example, is given by the expression
s ty [Errev/

Fim = [ dETr(0:0Grm(®) ~ G (B

T JEp—ev)2
where the trace is taken over the spin —J space, G=(E) is the lesser
Green'’s function, and o, is the Pauli matrix. The leads are assumed
to be in thermal equilibrium so that, in lead p, where the positive
bias +eV}, is applied, the electrons are distributed according to the
Fermi-Dirac distribution

fp(E) =1/{1 + exp[—(e — eVp)/kgT]}

The lesser Green’s function is obtained from the Kkinetic
equation

G~ (E)=G'(B)>_ (G (E).
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The leads are taken into account by the self-energy [6]
B =) > (E)=> tig,®
P P
both in the retarded Green'’s function

G'(E)=1/[E~H - X(E)

and in the lesser self-energy
TNE) == [Zp(E) — Z;(EN] x f(E)
P

where E' = E—eV,,. The steady state spin accumulation and bond
currents then follow from here by means of a numerical
calculation.

The Landauer-Keldysh Green’s function formalism yields the
spin accumulation and the steady state spin bond current in the
sample with and without an impurity. Our calculation is
preformed with the conventional parameters for a two-dimen-
sional gas confined in an InGaAs/InAlAs semiconductor hetero-
structure [7] grown along the [001] direction: the electron
effective mass m* = 0.05m, (m, is the electron rest mass), and the
lattice constant a =3 nm which yields the hopping energy
to = 84.68 meV. We set the Fermi wavelength [7] as Ar= 14a
which corresponds to the Fermi energy Er = —3.8t,. This is close
to the band bottom at E, = —4ty, so that the long wavelength
approximation [5,7] is valid. The Rashba hopping strength
tR = 0.1t, yields the precession length Lso = 15.7a. For purposes
of comparison we have carried out our calculations with the high-
and low-bias values of eV = 0.4t;, and eV = 10~3t,, but only the
low-bias data are discussed here in detail.

The symmetry properties of the Hamiltonian yield the
symmetry properties of our numerical solutions: let therefore &,
be a horizontal axis which passes through the center of the
ballistic bridge and possibly through the center of the impurity as
well. Then the local charge accumulation and the corresponding
local non-equilibrium bond charge current are symmetric with

Charge accumulation(in unit of e<0)
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respect to the current axis &,, and so are the accumulation and
bond spin current of the y spin-component. The accumulations
and bond spin currents of the x- and z-spin components, on the
other hand, are antisymmetric with respect to &,.

2. Numerical results

In this section, we present the results of our numerical
calculations. Unless otherwise specified we consider here the
two leads (left and right) and low bias, small sample arrangement.
We concentrate on small samples so that the effect of the defect is
not distorted by the precessional and wave interference effects so
characteristic of larger samples.

We first discuss the charge accumulation and charge current in
a sample with and without a central defect. These two quantities
are interesting in that their behavior is diametrically opposed to
the behavior of the spin accumulation and spin current. In the
absence of the defect the charge accumulation forms, as expected,
a band pattern with charge depleted regions along the upper and
lower edges of the sample. The highest charge accumulation is in
the central region of the sample, along the axis &,. The charge
current flows from left to right, with maximum current long the &,
axis, and zero current along the upper and lower edges of the
sample. This current pattern is only slightly perturbed by the
presence of the defect, since the current simply flows around it.
However, the charge accumulation in this case is confined entirely
to the left of the defect, and the rest of the sample is fully depleted
of charge (see Fig. 1). We shall show presently that in the case of
spin this confinement phenomenon is observed in the steady-
state bond current, and not in the accumulation pattern as is the
case with the electric charge.

Let us consider first the accumulation of the z-spin component:
in the absence of a defect we observe a two band pattern, with the
upper band composed of negatively oriented spins and the lower
band of positively oriented spins. The highest spin concentration
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Fig. 1. (Color online) The charge accumulation in a small square sample with a central defect. The green dots represent nodes of the tight-binding lattice. (For interpretation
of the references to color in this figure legend, the reader is referred to the web version of this article).
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Fig. 2. (Color online) The bond current of the z-spin component in a small square sample with a central defect. The white and black dots in the leftmost and rightmost node
columns are an artifact of the plotting software, and have no physical significance.

5 © e e e e e o o
1T o ® e e o o e e
6 ® o o o o o o
>~ 5¢ 1 b o o o
4t 1 ® ® o o
3t cf ¢ o o o o o o
2 o & e e e e e e
RN S SHD U SE SEE SIS SE S

X

Fig. 3. Same as Fig. 2, but for the x-spin component.
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Fig. 4. Same as Fig. 2, but for the y-spin component.

is along the centerline of each band. A defect, if present, induces a
dipole [8] which is oriented inversely to the orientation of the
sample, so that it decreases the spin density in both bands.
Indeed, in some cases the induced dipole is so strong that it
reverses the orientation of the entire sample. The current of the
z-spin component is antisymmetric with respect to the axis &,
and forms a single vertex structure within the sample. The effect
of the defect is apparent from Fig. 2 which shows the spin bond
current to be entirely confined to the region left of the defect.
Its symmetry properties are not affected, so that the current still
forms a single vertex. With increasing sample size, the current
gradually leaks to the right of the sample where it forms a two-
vertex pattern.

The x-spin component enjoys the same antisymmetric proper-
ties as the z-component. The unperturbed accumulation pattern is
again comprised of two horizontal bands, with each band being
formed by spin-up (upper left and lower right sample corners)
and spin-down regions. The defect induces a quadrupole which
entirely reverses the sample, with spin-up regions becoming spin-
down regions and vice versa. No confinement takes place.
The unperturbed bond spin current is confined to the vertical
edges of the sample, where it runs from bottom to top.
The inclusion of the defect (see Fig. 3) leaves the left current
pattern essentially unchanged, but fully suppresses the current
pattern along the right edge of the sample. The spin current again
leaks to the right of the defect in sufficiently large samples.

The y-spin component precesses parallel to the Rashba field,
and its dynamics are therefore determined purely by the
boundary conditions. We also recall that the accumulation and
bond spin currents are here symmetric with respect to the current
axis &,. The unperturbed accumulation pattern is composed of two
horizontal spin-up stripes separated by a horizontal spin-down
region. The inclusion of the defect has scant effect on this

accumulation pattern. The bond spin current is in this case very
similar to the charge current described above, but with opposite
orientation. According to Fig. 4, this current is again confined to
the left of the sample defect, but in large samples a two-vertex
structure forms around the imperfection.

3. Summary

In this work we have brought together four cases of spatial
confinement of a physical quantity due to the presence of a
sample defect. We have shown here that both charge accumula-
tion and spin bond current may be confined in a small sample to a
space delimited by the positively charged lead and the central
defect. No clear physical explanation of this phenomenon is as yet
known to us, though it appears certain that it is determined by the
boundary conditions. In this work, we have discussed only low
bias, two-leads samples, but the confinement exists also in high-
bias samples. It vanishes in large samples with small defects,
preferentially at increased bias, and also in samples with four
leads which were described in the introduction.
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