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Kinetics of spin relaxation in quantum wires and channels: Boundary spin echo
and formation of a persistent spin helix
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In this paper we use a spin kinetic equation to study spin-polarization dynamics in one-dimensional (1D)
wires and 2D channels. The spin kinetic equation is valid in both diffusive and ballistic spin transport regimes
and therefore is more general than the usual spin drift-diffusion equations. In particular, we demonstrate that
in infinite 1D wires with Rashba spin-orbit interaction the exponential spin-relaxation decay can be modulated
by an oscillating function. In the case of spin relaxation in finite length 1D wires, it is shown that an initially
homogeneous spin polarization spontaneously transforms into a persistent spin helix. We find that a propagating
spin-polarization profile reflects from a system boundary and returns back to its initial position similarly to the
reflectance of sound waves from an obstacle. The Green’s function of the spin kinetic equation is derived for
both finite and infinite 1D systems. Moreover, we demonstrate explicitly that the spin relaxation in specifically
oriented 2D channels with Rashba and Dresselhaus spin-orbit interactions of equal strength occurs similarly to
that in 1D wires of finite length. Finally, a simple transformation mapping 1D spin kinetic equation into the
Klein-Gordon equation with an imaginary mass is found thus establishing an interesting connection between

semiconductor spintronics and relativistic quantum mechanics.
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I. INTRODUCTION

Dynamics of electron spin polarization in semiconductor
structures' has attracted a lot of attention recently in the context
of spintronics.” It is also important for understanding the time-
dependent response of certain memory-resistive (memristive)
devices.>* Typically, the most significant mechanism of spin
relaxation in semiconductors lacking inversion symmetry
is the D’yakonov-Perel’ spin-relaxation mechanism,>® inti-
mately related to the spin splitting of the electronic states.
Numerous studies of D’yakonov-Perel” spin relaxation in the
past have dominantly concentrated on spin relaxation in infi-
nite two-dimensional (2D) systems,’~'® while the electron spin
relaxation in confined geometries is not yet well understood.
This problem, however, is of crucial importance since actual
spin-based electronic devices'? are normally of a finite size.

There are only several examples in the literature where
the effects of boundary conditions on D’yakonov-Perel’ spin
relaxation have been explored theoretically and/or experimen-
tally. In particular, previous investigations of spin relaxation in
systems with boundaries include studies of spin relaxation in
2D channels,?~2> 2D half space,?° 2D systems with antidots,?’
large quantum dots,”®?° and one-dimensional (1D) finite-
length wires®® and rings.’! The common conclusion of these
studies is that in the diffusive regime of spin transport the
introduction of boundary conditions results in an increased
spin lifetime. In particular, in Ref. 30 the present authors
studied spin relaxation in finite length quantum wires using
the drift-diffusion equations approach. It was demonstrated
that a persistent spin helix*>*} spontaneously emerges in the
course of relaxation of homogeneous spin polarization.

In this paper, we extend the results of our previous study*’
applying the spin kinetic equation approach to the problem of
spin relaxation in 1D wires and 2D channels with spin-orbit in-
teraction. The formalism of the spin kinetic equation describes
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both diffusive and ballistic regimes of spin transport at any
value of spin rotation angle per mean free path. Therefore the
spin kinetic equation is more general than the traditional spin
drift-diffusion equations®'%343% and can be strictly justified
by using quasiclassical Green’s functions.?!*® Basically, the
spin kinetic equation describes the spin-polarization dynamics
on shorter time and space scales than the scales of spin
drift-diffusion equations. Consequently, the application of the
spin kinetic equation to the problem of spin relaxation pro-
vides deeper insights into the spin-polarization dynamics. In
particular, in this paper we report the boundary spin-echo effect
in which a localized spin-polarization profile reflects from a
sample boundary and returns with a decreased amplitude to its
initial position similarly to the usual spin echo of sound waves.
This type of spin echo is essentially different from the spin echo
in nuclear magnetic resonance. The latter is related to nuclear
spins dephasing in an applied magnetic field.*” Moreover,
we find a simple transformation that maps the spin kinetic
equation into the Klein-Gordon equation with an imaginary
mass, which is a relativistic analog of Schrodinger’s equation.
It is worth mentioning that the Klein-Gordon equation with
an imaginary mass describes tachyons’®*'—hypothesized
particles that travel faster than light. Consequently, we suggest
that semiconductor spintronics structures have a potential
to be used as a laboratory test bed for relativistic quantum
mechanics.

Our paper is organized as follows. In Sec. II we introduce
a spin kinetic equation and derive a set of equations for spin-
polarization components and boundary conditions. We also
demonstrate that the spin kinetic equation can be transformed
into the Klein-Gordon equation. Next, in Sec. III, we employ
the spin kinetic equation to study spin relaxation in infinite
and finite length wires with Rashba spin-orbit interaction. In
particular, in Sec. III D, we present the boundary spin-echo
effect. The spin relaxation in two-dimensional channels with
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Rashba and Dresselhaus*? spin-orbit interactions of equal
strength is investigated in Sec. [V. We demonstrate that such
a problem, for channels in a specific direction, can be mapped
into the problem of spin relaxation in finite length wires with
Rashba interaction only. The results of our investigations are
summarized in Sec. V.

II. THEORETICAL FRAMEWORK
A. Spin kinetic equation

The main goal of this paper is to study the kinetics
of spin relaxation in wires made of 2D quantum well or
heterostructure with Rashba spin-orbit interaction.*® Therefore
we first introduce the Hamiltonian for an electron in 2D space
in the presence of spin-orbit interaction and all important
parameters that will be used later in the spin kinetic equation.
The standard Hamiltonian with the Rashba*’ term is given by

2
H=Hy+Hp =2 +a(xp)z, (1)
2m

where p = (py, py) is the 2D electron momentum operator, m
is the effective electron’s mass, o is the Pauli-matrix vector,
« is the spin-orbit coupling constant, and z is a unit vector
perpendicular to the confinement plane.

It is not difficult to demonstrate®> that in the case of
Hamiltonian (1) the quantum-mechanical evolution of a spin
of an electron with a momentum p can be reduced to a spin
rotation with the angular velocity Q2 = 2ap/h about the axis
determined by the unit vector n = p x z/p. In this way, the
spin-orbit coupling constant o enters into equations through
the parameter = 2amh ™', which gives the spin precession
angle per unit length.

Besides this evolution, 2D electrons experience different
bulk scattering events such as, for example, due to phonons or
impurities. These scatterings randomize the electron trajecto-
ries. Correspondingly, the direction of spin rotation becomes
fluctuating, which causes average spin relaxation (dephas-
ing). This is the famous D’yakonov-Perel’ spin-relaxation
mechanism.>® The time scale of the bulk scattering events
can then be characterized by a single rate parameter, the
momentum relaxation time t. It is connected to the mean free
path by £ = vt, where v = p/m is the mean electron velocity.
To take into account these scatterings we use a kinetic model of
spin transport, presented below. When a characteristic system
size L >> ¢, the time scale of interest is much longer than 7, and
Qt < 1, the spin kinetic model yields the spin drift-diffusion
equations (such as, e.g., reported in Ref. 35).

In the semiclassic approximation the kinetic equation for
electron spin polarization can be written as (see, e.g., Refs. 12,
21,28, and 36)

d P
(EJFZV) Sp = R, xS, + St{Sp}, @

where S,(r,?) is the vector of spin polarization of electrons
moving with momentum p, and St{Sp} is the collision
integral describing electron-scattering processes. In the 7
approximation the collision integral is given by

1
St{sp} = _;(Sp - (Sp>)s 3)
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where the angle brackets denote averaging over the direction
of electron momentum. The conditions of applicability of
Eq. (2) can be found in Ref. 21. The collision integral (3)
corresponds to the elastic scattering of electrons by scatterers
with a characteristic time T between the collisions. Note that
the collision integral (3) conserves the total spin polarization
redistributing spin polarization between electrons moving
in different directions. For the 1D case the average spin
polarization simplifies to the following expression: (Sp) =
(St +S7)/2, where ST and S~ are the spin polarizations
of electrons moving along the wire in the positive (with
momentum p = mve,) and negative (p = —mue, ) directions
with the average velocity v. Thus the kinetic equation (2) for a
1D wire takes the form of the system of two vector equations,

5 0 1
2 0l ) st = —qe, xSt — — (ST —§7), (4
(az +”ax> e 27 > @

3 9 1
Z 2 )S =Qe, xS — —( —SH).
(81 vax)s e x 8" — -8 =8"). (5

This system of equations should be complimented by initial
conditions for the spin densities ST and S~,

St(x,t = 0) = S (x), ©6)
S™(x.t =0) =S (x), 7

and by boundary conditions (for finite length wires). The
boundary conditions conserving the spin polarization in elastic
scatterings at the boundary I' = [x = 0,x = L] have the form

(S* =S87)Ir =0. ®)

Taking the sum and difference of Eqs. (4) and (5) we easily
obtain

aS oA

E—FUE—FQCyXA:O, (9)
oA oS A
2 02 1 Qe, xS+ = =0, (10)
ot ox ’ T

where the following notations areused: S = ST + S~ and A =
St — S~. As we are mainly interested in finding the total spin
polarization S, A can be eliminated from Egs. (9) and (10) via
the following transformation. First of all, we multiply Eq. (10)
by e'/* and rewrite it as

't A aS
AR vl 2 L @ilte, x$=0. ()
X

Then, Eq. (9) is multiplied by e'/* and is differentiated with
respect to the time,

d (.08 N 9 a(e’/fA)+Qe y
—le' — V——— )
ot ot ax ot )
(12)

Finally, we substitute d(e'/* A)/dt from Eq. (11) into Eq. (12).
The resulting equations for spin polarization can be presented
as

3’S 109S

e A) _

0’8 28
2 ) B
a7 oV P X g FEEThe=0
(13)

where S|, is the y component of S.
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Next, we would like to reformulate the boundary condition
given by Eq. (8) in terms of the function S only. It is easy to
notice that Eq. (8) corresponds to A|r = 0. Substituting this
boundary value of A into Eq. (10) we obtain

(v§ + Qe, X S>
ax ’
Previously, the same form of boundary condition was derived
using the Green’s-function method.**

Moreover, since Eq. (13) is the second-order differential
equation with respect to the time, one must specify both the
spin polarization and its time derivative at the initial moment
of time t = 0,

=0. (14)
r

as .
S(x,t = 0) = Sp(x), (5) = So(x). (15)
t=0

Note that if we know A at the initial moment of time ¢t = 0
then we can find the first time derivative of S at t = 0 using
Eq. (9). In particular, if A(x,t = 0) = 0 then it follows from
Eq. (9) that So(x) = 0.

Considering y components of Egs. (13) and (14) we find that
S, is not coupled to any other component of spin polarization.
Specifically, Eqs. (13) and (14) for S, can be rewritten as

%S, 198S, 95,
—%y Y 0, 16
a2z T ot U axe (16)
aS,
Pyl . (17)
ax |p

Consequently, selecting S,(x,# = 0) = 0 we can safely take
out S, from our consideration.
Let us introduce a complex polarization,

S=S5,+iS.. (18)

It is straightforward to show that Eq. (13) and boundary
conditions (14) can be rewritten in a more compact form
using S:
9°S 108 .\
— +———[|v—=iQ) §=0, (19)
a2 T or
=0. 20)

N
(v5: - i0s)
ax r

Moreover, it follows from Eqgs. (19) and (20) that they have
only one stationary solution,

S = Spe'™, 21

where Sy is an arbitrary complex constant. This solution is the
so-called spin helix,'*3 which is persistent in 1D Rashba wires
despite electron collisions. Taking the real and imaginary parts
of Eq. (21) with Sy = Ae'®, we find the usual representation
of spin helix,

Sy = Acos(nx +6),S; = Asin(nx + 6), (22)

where A is the spin helix amplitude and ¢ is its phase. Since the
solution (22) of Egs. (19) and (20) is the only stationary one,
any initial spin-polarization distribution eventually transforms
into the spin helix,?® in some cases, however, having zero
amplitude A = 0.
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B. Klein-Gordon equation

We can exclude rotations of the spin-polarization vector
that are still present in Egs. (19) and (20) by introducing a
complex field u via

u(x,r) = e 2T S(x 1). (23)

It can be shown that Egs. (19) and (20) transform into

d%u ,0%u 1

oz Ve a2t =0 @4
9
) —y (25)
ox |

The transformation given by Eq. (23) is useful, in particular,
since it allows us writing down the Green’s function S (x,f)
of Eq. (19) through the known Green’s function of Eq. (24)
(we will take advantage of this fact below).

We note that Eq. (24) coincides with the well-known
Klein-Gordon equation (see, for example, Ref. 45), but with
an imaginary “mass” (see the sign of the last term). In
relativistic quantum mechanics such an equation describes
hypothetical particles called tachyons.’®*! Because of the
transformation (23), the tachyon physics is somewhat “hidden”
in the dynamics of spin polarization and can be recovered
by an inverse transformation. Analogies between certain
exotic particles and condensed-matter systems have attracted
a strong attention. For example, electrons in graphene*® and
graphite?’ exhibit properties of Dirac fermions, signatures of
magnetic monopoles were spotted in spin ice materials,*®
and some exotic quasiparticle excitations in a variety of
condensed-matter systems show a similarity with Majorana
fermions.** Therefore we believe that our observation is not
only exciting by itself but will also stimulate further theoretical
and experimental work in this area.

III. SPIN RELAXATION IN WIRES

In this section we present our studies of kinetics of spin
relaxation in 1D infinite and finite length wires with Rashba
spin-orbit coupling using the spin kinetic equation approach.
Our analysis is essentially based on Eq. (19) supplemented by
initial and, where appropriate, boundary conditions (20). It is
assumed that a thin narrow wire is made of a semiconductor
heterostructure with spin-orbit coupling and the conduction
electrons in the wire occupy the lowest size-quantization
level corresponding to the transverse confinement. In addition,
the length of finite length wires is considered to be much
longer than the phase coherence length. Therefore the electron
transport in the direction along the wire is described in terms
of the classical transport regime.

A. Relaxation of homogeneous polarization in infinite wires

Let us start the analysis of solutions of Eq. (19) with
the most simple case, namely, with a problem of relaxation
of homogeneous initial spin polarization in an infinite wire,
—00 < x < 00. In this case, assuming that the solution of
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Eq. (19) does not depend on x, we can rewrite this equation
and initial conditions as

d*s 1dS

@S =0, 26
dt? + T dt + (26)
) ds
St = 0) = S(0) = 5,(0) +i5,(0), - = 0. (27)
=0

The solution of Eq. (26) with initial conditions (27) can be
represented in the form

inh it
S(1) = S(0)e~/" <cosh/ct n S';ﬂf ) , (28)

where k = /1/(4t%) — Q2. It should be emphasized that the
parameter « can take both real and imaginary values depending
on system parameters. Moreover, in addition to the description
of the spin-polarization decay in infinite wires, Eq. (28) also
describes spin relaxation at long distances from boundaries of
finite length (and semi-infinite) wires.

Generally, we can distinguish two spin-relaxation regimes.
It follows from Eq. (28) that when 272 < 1 [Im(k) = 0], the
spin relaxation is described by two exponents with relaxation
rates 1/(2t) % «. In the limit of a small spin precession angle
per mean free path, 72 < 1, we find

S(t) = S(0)e "%, (29)

The above expression coincides with the spin-relaxation time
predicted by the D’yakonov-Perel’ theory for 1D relaxation.
It is clearly seen that in this situation the relaxation of spin
polarization is characterized by the time constant (%),
which is much longer than t.

The second regime of spin relaxation is realized when
27 > 1. In this case « is purely imaginary meaning that
the spin-relaxation decay described by Eq. (28) consists of
an exponential decay with a rate of 1/(2t) modulated by
oscillating functions. In the limiting case 72 3> 1 we obtain

S(t) = S(0)e"/" cos Q. (30)

Both regimes of spin relaxation are presented in Fig. 1.

B. Relaxation of inhomogeneous polarization in infinite wires

As it is mentioned below Eq. (24), the Green’s function
of Eq. (19), S¢(x,t), can be obtained by performing a back
transformation (from u to S) of the known>® Green’s function
of Eq. (24) [the forward transformation is given by Eq. (23)].
Following this procedure we find

N
T ) Y

1 .
Sg(x,1) = ﬂQ(vt — |x|)emxr/2rlo<

where ®(¢) is the Heaviside step function, and Iy(¢) is the
modified Bessel function of zero order. We note that the
Green’s function (31) of Eq. (19) describes the evolution of a
point excitation of spin polarization with the following initial
conditions:

NYe:

Sg(x,t) =0 fort <0, —
G(x,1) or o7

= 5(x). (32)
=0
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FIG. 1. (Color online) Dynamics of spin relaxation of homoge-
neous spin polarization in infinite wires; (a) and (b) correspond to
two different regimes of spin relaxation of Eq. (28) as discussed in
the text. The values of « are indicated on the plots.

The Green’s function (31) can be employed to determine the
spin polarization at any moment of time for any given initial
conditions using the relation

S&ﬁ=ﬂi+q/ dESe(x — £.)S(E.0)
it 1))

+/ dESG(x — £.08(E.0). (33)

o0

In order to better understand the meaning of Eq. (31), let us
consider the spin dynamics of the following initial excitation
of spin polarization in the z direction:

aS(x,t)
ot

S(x,t =0) =0, = i8(x). (34)

t=0

Accordingly to Eq. (33), at any ¢ > 0 the spin polarization in
the system is given by

q; t — / 2t2 2
Sy(x,t) = —M sin pxe™"/*7 I, yrrm ,
2v 2ut
(35)
q> t _ / 2t2 — 2
S.(x,t) = Q0 = kD) cosnxe ** [, yrrm )
2v vt
(36)
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FIG. 2. (Color online) Dynamics of S, (a) and S, (b) compo-
nents of spin polarization of an initial Gaussian spin-polarization
profile with spin polarization pointing in z direction [S(x,r = 0) =
iexp(—100x2/1?)]. The spin-polarization components are calculated
using Eq. (33). This plot was obtained using the parameter value
nl =0.1.

This solution describes a propagation of the initial excitation
of spin polarization in both directions from the excitation point
with well defined fronts. Such a propagation also involves spin
precession and spin relaxation.

Figure 2 shows the dynamics of a Gaussian spin-
polarization profile found using Eq. (33) (assuming zero time
derivative of spin polarization at t = 0). This plot shows
that the initial spin-polarization profile splits into left- and
right-moving packets whose amplitude in the z direction
decreases in time. At the same time, the amplitude of S,
in moving packets increases because of the spin precession.
It should be emphasized that such moving packets of spin
polarization are not captured by the drift-diffusion schemes of
spin transport.®~1%3435 In addition, we note that an area with
a flat S, establishes between the moving packets. This region
of flat distribution of S, can be considered as a precursor of
diffusive dynamics.

Moreover, the expression for the Green’s function (31) takes
a simpler form at some specific points. For example, if we
consider the position of the moving front, then it is easy to
obtain

1.
Se(x = vt —0,¢) = Ze’”xe—’/zf. 37)
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This expression basically means that the amplitude of the
moving front exponentially decreases with the time constant
27. Another interesting point is x = 0. We find that at x = 0
the Green’s function (31) is a real function of time:

S6(0,1) = ie”/hlo L (38)
o 2v 2t )"
Its asymptotic values at short and long times can be calculated.
In particular, at short times t < 7,

1 1t 31 13
SG(OJ)ZZ 1_5;+R§+0 = (39)

and at long times 7 > t

Se(0.1) = %\/g[l n 0(%)} (40)

Clearly, Eq. (40) describes the well-known diffusive behavior.

C. Relaxation of homogeneous polarization in finite length wires

Let us consider the problem of spin relaxation in wires of
finite length L, 0 < x < L, when at the initial moment of time
the electron spins are homogeneously polarized along the z
axis,

S(x,0) = iSo, 93 =0. 41)
1 |10
We find the solution of Eq. (19) with the boundary conditions
(20) and initial conditions (41) using the standard method of
separation of variables. A straightforward application of this
method leads to the following expression for the complex spin
polarization:

S(x,t) _ .Sin(nL/Z)ein(fo/Z) _'_ZnLe,‘,]x,,/(zf)

S L2
+00 —inL :
1 —(=D"e ™" hk,t
X Z % (coshK,,t + bl )
n=1 (77L) —(T[I’l) 2.”(;1
Tnx 2)
X COS —,
L

where k, = /1/(412) — w2n2v2/L2.

Previously, we investigated the spin relaxation in finite
length wires in the diffusive regime and found that an initially
homogeneous spin polarization in z direction transforms into
a persistent spin helix at long times.’ The same qualitative
result follows from Eq. (42) [note that only the first term in the
right-hand side of Eq. (42) survives at long times]. However,
Eq. (42) by itself is more complex compared to a corresponding
expression reported in Ref. 30 for the case of diffusive spin
transport. This is because Eq. (42) incorporates details of both
diffusive and ballistic spin transport. It can be shown that
Eq. (42) gives the same result® in the diffusive limit. Indeed,
when £ = vt <« L and t > 7 it is easy to demonstrate that

sinh k,t
,J(i)r?ﬁoeit/m) (COShI{nt + 2.”(" ) _ efyﬂnZDt/Lz’ (43)
il n

where D = ¢ /7. Substituting Eq. (43) into Eq. (42) we obtain
the same expression for S(x,#) as in Ref. 30. The dynamics
of formation of persistent spin helix in the ballistic regime of
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spin transport is depicted in Fig. 3. This figure is obtained by
plotting Eq. (42) at different moments of time. One notices
that the persistent spin helix is almost entirely formed within
a short ~57 time interval.

PHYSICAL REVIEW B 84, 155306 (2011)

Let us consider the ballistic limit in more details. In this case
assuming £ > L, 2k,t/i =~ 2anl/L > 1, the second term in
the big round brackets in Eq. (42) can be omitted [since it
involves a small multiplier 1/(2«,7)]. Then, we obtain

. +00 —i
S0 _ SOLT) sty g gin-isen 3 L= G " (cos T | o
(nL)* — (n)?

So nL/2

n=1

We can sum the series in Eq. (44) taking into account the
fact that at the initial moment of time, r = 0, the right-hand
side of Eq. (44) is equal to i. Moreover, since these Fourier
series are even and 2L periodic, we can finally obtain a very
simple expression for the spin polarization in the ballistic
limit:

S(.a) _ sin(nL/2)

in(x—L/2)(l _ e—t/(ZI))
S() T]L/z

+ ie*t/(Zr)(ein(xflx%t\) 4 M-y - (45)
2 ’

where 7 = z + 2Ln, and n is an integer number selected in
such a way that, for any real z, —L <7 < L.

10 = T T T —
@
J/ \
. T, /7 \ L N
05k e L T
o e
20 ‘\ \\\
o e 3 ° S
@ S |
N 4 / " SN
“oor / \ T
/’, /' \‘ \\
/ \
/| \
/ t=07 —---t=0.1I7| \
OSSN 1=037 == =171 N
N~ pEN g
t=57 ------ t=507
1 1 1
0.0 0.5 1.0 1.5 2.0
x/l
T T T
1.0 | s
- D)
. , .
L N\ i
051 ... _;/. \\\\\ \
N / N \\\ \, .
S N I /
Q 0.0~ S +
0! / \\\ N
. /
4 N Tl PR
L \ ]
-0.5 N ;
— =07 ---1=0l7| L _-
----- t=037 ——-t=11 -
t=57 ------ t=507
-1.0F . . . s
0.0 0.5 1.0 1.5 2.0
x/1

FIG. 3. (Color online) Dynamics of formation of persistent spin
helix in the ballistic regime of spin transport. This plot was obtained
using the parameter values n/ = 2 and L = 2.

(44)

an(x — vt)
L L '

D. Relaxation of inhomogeneous polarization
in finite length wires

Next, we investigate the dynamics of relaxation of an
arbitrary spin-polarization profile in finite length wires. For
this purpose, we obtain an expression for the Green’s function
G(x,t; &) that allows finding the spin-polarization profile at
any moment of time for given initial conditions. The Green’s
function G(x,t;&) is calculated by mapping Eq. (23) into
Eqg. (24) taking into account the boundary conditions (25) by
an even mapping of the initial condition on an infinite wire. It
is straightforward to show that G(x,z; &) can be written as

e Nx—§)—1/Qr) T

G(x,t;6) = . Z [cb(vt —|x —& —2Ln))
><10(\/v2t2 G 2Ln)2) + O(vt — |x
vt
242 _ 2
+$_2Ln|)10<\/v 12— (x + & —2Ln) )}
2ut

(46)

The spin-polarization distribution along the wire at any
moment of time can be calculated using the following
equation:

a 1 L
S(x,1) = [5 + ;}/0 d§G(x,1;6)S(6.0)

L
+ / dG(x,1;€)S(€,0). a7
0

As an example of spin dynamics calculation in finite
length wires, let us consider the evolution of a Gaussian
initial spin-polarization profile. The time derivative of spin
polarization at r = 0 is set equal to zero (this is the second
initial condition). Figure 4 shows results of our calculations
based on Egs. (46) and (47). Specifically, it is clearly seen
that the initial spin-polarization profile splits into two packets
moving in opposite direction similarly to the result shown
in Fig. 2 for the case of infinite wire. The amplitude of
S, in these packets decreases in time. At t = 2t the left-
moving packet reaches the wire boundary and is reflected
back changing its direction of motion. We refer to such a
reflected packet of spin polarization as the boundary spin
echo to distinguish it from the spin echo in nuclear magnetic
resonance (NMR).*’ The boundary spin echo much closer
resembles the echo of sound waves than the spin echo in NMR.
We also note that at long times any initial spin-polarization
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FIG. 4. The boundary spin echo in a finite length wire. The
evolution of an initially Gaussian spin-polarization profile pointing
in z direction [S(x,t =0) = iexp(—100x2/1%)] was found using
Eqgs. (46) and (47). It is clearly seen that the spin-polarization
packet initially moving in —z direction moves back after the
reflection from the boundary. This plot was obtained using the
parameter values nl = 0.1, L = 6/. The curves are displaced for
clarity.

profile (including one shown in Fig. 4) shapes into the
persistent spin helix characterized by a certain amplitude and
phase.

IV. SPIN RELAXATION IN 2D CHANNELS

Let us consider a two-dimensional electron gas in the
presence of linear in the wave vector Rashba and Dresselhaus
spin-orbit couplings. The electron Hamiltonian is written as

2
p
H = E + o (pyax - pr'y) + ﬂ(pxax - pyO'y), (48)

where o and § are strengths of Rashba and Dresselhauss spin-
orbit couplings correspondingly. In the specific case that we
consider below, namely when « = §, the Hamiltonian (48)
takes the form
p>
H =~ +a(0x = 0y)(px + py)- (49)
m
Next, consider a rotation about z axis by an angle ¢ =
7/4. Then, x is transformed into x’ = (x 4+ y)/+/2 and
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y' = (y — x)/~/2. The transformation of the spin part of the
Hamiltonian (49) is performed using the standard unitary

transformation,
e/? 0
U = ( 0 €i¢/2> . (50)

In the new basis the Hamiltonian (49) is given by

2
H=UHU =2 _20p.o’, (51)
2m )
where o, = o, corresponds to the projection of spin operator
in the rotated basis on y’. Under the action of the Hamiltonian
H', the spin of an electron precesses with an angular velocity
Q) = —Q'e, cos 6, where 6 is the angle between the direction
of electron momentum and the x’ axis and Q' = 4ap/h.
Now, let us consider electron spin dynamics in a channel
of width L in the x’ direction and of infinite length in the
y’ direction. Our goal is to show that the evolution of spin
polarization (homogeneous in the y’ direction) in such a
channel is similar to the evolution of spin polarization in finite
length wires considered in Sec. III. Assuming that the spin
polarization in the channel depends only on x” and S = 0, we
can combine Egs. (2) and (3) as

ad
_S(G) + v cos 9—8S(9)
ax’

) 1 4o
= —Q'cosfe, x S(O) — - |:S(0) —/ ES(G)} , (52)
0

where the following shorthand notation is used: S(0) =

S(@,x’,t). Introducing a complex spin polarization S(6) =

Sy(0) +iS.(0), we arrive at the following integral equation:
NG 2S(9)

—_— cos b
o TV ox

) 1 4o
= iQcosHSH) — - [5(9)—f ES(Q)] (33)
0

complimented by the boundary condition

[S@) — S — ]Ir = 0. (54)
We seek the solution of Eq. (53) in the form of Fourier series,

+00
SO) =09 + Z(a,, cosnb + &, sinnf), (55)

n=1

where o, and &, are functions of x’ and ¢. In particular, it is
clear that oy = 02” d6S(0)/(2m) is proportional to the spin
polarization.

Substituting Eq. (55) into Eq. (53) and using the complete-
ness of the set of function {1, cosn@, sinnf} we find infinite
series of interconnected equations. The two first equations in
the series are

800 1 d

% 4 2 —iQ) o =0, 56

o1 +2(v8x’ ’ )G' 0)
do a0 . o} ]
9 (v i 2V 420 (57
ot +<U8x’ ' ><00+2>+r 7
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For a weakly anisotropic electron momentum distribution
|| < |og| therefore we can truncate the series by setting
0y = 0in Eq. (57). Thus Eq. (57) can be rewritten as

80’1 d o1
8t+<U8x’ ! >00+r (58)
Excluding o} from Eqgs. (56) and (58), we obtain the following
equation for the total spin polarization oy:

9o 190y v QY
TEIRET <¢§ o’ ’ﬁ) %=0, (9
which is of a similar form as Eq. (19). This is the main result
of Sec. IV proving similarity of spin relaxation in finite length
wires and 2D channels.
The boundary condition for spin dynamics in the channel
can be obtained in the following way. Substituting the
approximate solution of Eq. (53),

S(@) = 0¢g + o1 cosb + &1 sinb, (60)
into the boundary condition Eq. (54), we immediately notice
that the function o; on the channel boundary must turn to zero,
namely

ailr = 0. ©1)

Combining Eq. (61) with Eq. (58), we find the corresponding
boundary condition for the complex spin polarization oy,

< do 0 . Q )
— —i—o0y
ax’ v
which is similar to the boundary condition in finite length wires
given by Eq. (20).

-0, (62)
T
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V. CONCLUSIONS

In this paper, we studied spin relaxation in 1D and 2D
systems with spin-orbit interaction. For this purpose, we used
the spin kinetic equation that takes into account both ballistic
and diffusive spin transport regimes. This formalism was
applied to several interesting problems of spin relaxation that
were solved analytically. In particular, we analyzed dynamics
of homogeneous and inhomogeneous spin polarizations in
infinite and finite length 1D wires. Moreover, it was explicitly
demonstrated that the problem of spin relaxation in appro-
priately oriented 2D channels with Rashba and Dresselhaus
interactions of equal strength can be reduced to the problem of
spin relaxation in 1D wires. This result establishes a solid
foundation for a recently suggested method of creation of
persistent spin helical configurations in semiconductors.*"

One of the main results of the paper is a prediction of the
spin echo in the ballistic regime of spin transport. We found that
in finite length wires an initially localized spin-polarization
profile reflects from a sample boundary returning to its initial
position. To distinguish such a spin echo from that in NMR
and emphasize its closer analogy with the spin echo of sound
waves we named such an effect “the boundary spin echo.”
Another interesting result is a discovery of a transformation
that maps the spin kinetic equation into the Klein-Gordon
equation with an imaginary mass. In the relativistic quantum
mechanics, this equation is used to describe tachyons, namely,
hypothetical subatomic particles that moves faster than light.
Therefore we believe that certain predictions of relativistic
quantum mechanics can be laboratory tested. Of course, much
work is to be done in this direction.
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