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We develop a theory of designing slit experiments in two-dimensional electron systems with the Rashba
spin-orbit interaction. By investigating the spatiotemporal dynamics of electrons passing through a single slit or
a double slit both analytically and numerically, we find that the interference fringes of the electron probability
density attain specific spin orientations via the precession of spins around effective magnetic fields mediated
by the Rashba spin-orbit interaction the directions of which are determined by the propagation path. The spin
orientations of the fringes can be controlled by tuning the Rashba spin-orbit parameter, which can be achieved
by applying an electric gate voltage. This phenomenon can be exploited to implement electrically tunable
transmission of spin information and to generate spin-polarized currents.
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I. INTRODUCTION

Spintronics has attracted a great deal of research interest
recently because of its high potential for application to next-
generation storage and logic devices. To control the charge
and spin of electrons in spintronics devices, the Rashba
spin-orbit interaction (RSOI) of relativistic origin plays an
extremely important role. This interaction appears in two-
dimensional electron systems with broken spatial inversion
symmetry [1–5], and its magnitude can be tuned electrically
by application of an electric gate voltage through modulating
the asymmetry [6–8].

The Hamiltonian of the RSOI is given by

HR = σ̂ · (k × α), (1)

where α is the Rashba vector. This interaction induces an ef-
fective magnetic field HRSOI that acts on conduction electrons.
The HRSOI field that an electron feels is oriented perpendicular
to the momentum (or to the propagation direction) of the
electron, which enables us more complex manipulation of
their spins than usual magnetic fields. To date, a variety of
intriguing physical phenomena and useful device functions
associated with RSOI have been reported or proposed [3],
such as the spin Hall effect (charge-current to spin-current
conversion) [9,10], the spin-galvanic effect [11], the Edelstein
effect [12], the spin-polarized field-effect transistor [13,14],
the spin-filter effect [15,16], and the spin polarizer with cir-
cularly polarized light [17]. Research for novel spin-related
transport phenomena associated with the RSOI is an issue of
vital importance in the field of spintronics.

In this paper, we theoretically propose that efficient manip-
ulation of spins can be achieved by exploiting the interference
effect of conduction electrons passing through a single slit
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or a double slit in a Rashba electron system. It is known
that the double-slit experiment is one of the epoch-making
experiments in physics, which demonstrated de Broglie’s
wave-particle duality and provided a firm basis to the modern
quantum mechanics. In this experiment, however, only the
charge degrees of freedom of electrons were concerned. In
contrast, we propose that the interference fringes of electrons
in a RSOI system become spin polarized, which enables the
spin separation in space. This effect provides a simple means
to use electron spins as information carriers and to generate
spin-polarized currents [18].

II. NUMERICAL SIMULATIONS

We simulate the time evolution of a Gaussian wave packet
passing through a single slit or a double slit by numerically
solving the time-dependent Schrödinger equation for a two-
dimensional RSOI system. The time-dependent Schrödinger
equation reads

ih̄
∂

∂t
�ψ (r, t ) =

[
p̂2

2m
+ 1

h̄
σ̂ · ( p̂ × α) + V

]
�ψ (r, t ), (2)

where �ψ (r, t ) = (ψ↑(r, t ), ψ↓(r, t ))t is the electron wave
function, σ̂ = (σ̂x, σ̂y, σ̂z )t are the Pauli matrices, and p̂(= h̄k)
is the electron momentum. The first and the second terms on
the right-hand side give the kinetic energy and the RSOI. We
consider a system with RSOI present only in the right-hand
side of the slit. The last term V is the rigid-body potential
which describes the slit wall. The potential V is set to be 2500
times larger than a kinetic energy of the incident wave packet,
while the numerical results are insensitive to the detailed
value of V as long as it is large enough. Here m is the mass
of the free electron, h̄ is the Dirac constant, and α is the
Rashba vector. This kind of system can be realized using an
asymmetric heterostructure of semiconductors. We consider
a heterostructure in which the spatial inversion symmetry
is uniformly broken and thus the Rashba vector is given

2469-9950/2020/101(4)/045301(6) 045301-1 ©2020 American Physical Society

http://crossmark.crossref.org/dialog/?doi=10.1103/PhysRevB.101.045301&domain=pdf&date_stamp=2020-01-13
https://doi.org/10.1103/PhysRevB.101.045301


KOTARO SHIMIZU AND MASAHITO MOCHIZUKI PHYSICAL REVIEW B 101, 045301 (2020)

in the form α = αez with ez being the unit vector along z.
We assume a typical value for the Rashba parameter α =
α0(=5.06 meV nm) but also examine effects of its variation.
The initial form of the wave packet �ψ (r, t = 0) is given by

�ψ (r, 0) = 1√
2πδ2

exp

[
− (x − x0)2 + y2

4δ2
+ ikinx

]
�χ (0), (3)

where δ(= 2.7 nm) is the width of the wave packet, and
kin=(kin, 0, 0) is the incident wave number. We usually con-
sider the case with kin=k0(=0.4π/a) where a(=0.6 nm) is
the lattice constant but also study effects of its variation. The
distance between the initial position of the wave packet and
the slit wall is |x0|=60 nm. The quantization axis of the spin
is chosen to be the z axis. A recent theoretical study predicted
that an electron injected to a point contact with RSOI becomes
spin y polarized due to the Landau-Zener tunneling effect
[19–21]. Thus, we consider the +y-polarized spin for the
initial spin state �χ (t = 0) as

�χ (0) = 1√
2

(
1
i

)
. (4)

Note that even if the initial spin polarization deviates from
the y direction the spin-precession frequency will not change
because it is governed only by the RSOI-mediated effective
magnetic field as argued later, whereas the fringe pattern will
vary.

We numerically analyze the time evolution in Eq. (2) by
using the fourth-order Runge-Kutta method. For the simula-
tions, we use a system of 600 × 600 nm with open boundary
conditions. This system is divided into identical square cells
of a × a, and the Laplacian in the equation is treated within
the finite-difference method. Using the time evolution of the
wave function obtained by the numerical simulations, we
calculate spatiotemporal profiles of the dynamical charge and
spin densities:

Dc(r, t ) = | �ψ (r, t )|2, (5)

Ds(r, t ) = �ψ (r, t )†σ̂z �ψ (r, t ). (6)

We also study the spin orientation at each interference fringe
by calculating the normalized spin-polarized vectors:

n(r, t ) = �ψ (r, t )†σ̂ �ψ (r, t )

| �ψ (r, t )†σ̂ �ψ (r, t )| . (7)

III. RESULTS

Figures 1(a) and 1(b) show details of the setup considered
in this paper, i.e., the single-slit system and the double-slit
system, respectively. Figures 1(c)–1(e) show snapshots of
the simulated dynamical charge density Dc at selected times
for the double-slit case. The results show that after passing
through the slit the electron wave packet exhibits clear in-
terference fringes. In fact, these interference fringes appear
even in a system without RSOI. Moreover, the charge-density
profiles shown here do not alter even without RSOI. The
peculiarities of the RSOI system appear in the spin density
Ds.

Figures 2(a)–2(c) show superimposed images in which all
the time-slice snapshots obtained in the simulation are merged
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FIG. 1. (a, b) Schematic illustrations of (a) the single-slit system
and (b) the double-slit system considered herein. (c–e) Snapshots of
the typical spatiotemporal evolution of the charge-density distribu-
tion Dc obtained from the simulation at (c) t = 0.488 ps, (d) t =
0.859 ps, and (e) t=1.33 ps.

for Dc, Ds, and n, respectively, on specific lines for the single-
slit system. Here the simulations were done by using a large
system of 600 × 600 nm to avoid influences from the edges,
whereas the figures focus on an area of 180 × 255 nm near
the slit. We also show simulated results for the double-slit
system in Figs. 2(d)–2(f). From these results, we immediately
realize the following three features. First, the spin density
Ds exactly vanishes in the direction parallel to the initial
momentum, whereas the charge density Dc is maximized in
this direction. Second, both the charge and spin densities Dc

and Ds exhibit interference fringes, and the fringes appear
even in the single-slit case because the slit width is sufficiently
narrow as compared to the width of the incident Gaussian
wave packet. Third, the interference fringes of Ds change their
signs in an oscillatory manner and with constant intervals.
Moreover, the oscillation phases in the upper and lower halves
of the system have opposite signs for both the single-slit and
the double-slit cases.

The oscillatory behavior of Ds can be ascribed to the spin
precession around the effective magnetic field induced by the
RSOI. Comparing the RSOI term in Eq. (2) with the usual
Zeeman term, we find that the RSOI induces an effective
magnetic field HRSOI proportional to k × α. The orientation
of the HRSOI field is perpendicular to the electron propagation
direction within the plane. Figure 3 shows a schematic dia-
gram of the electron-spin precession around the HRSOI field.
The observed oscillation of Ds is caused by the nonadiabatic
change in the electron momentum or propagation direction
after passing through the slit. In fact, the electrons propagating
in the x direction feel the HRSOI field parallel to the original
spin direction y, and hence spin precession never happens.
Conversely, the electrons moving in a direction slanted with
respect to the x axis feel the HRSOI field tilted from the y axis.
Eventually the spin precession occurs and the dynamical spin
z-axis components appear.

The space-time dependence of Ds(r, t ) is approximately
described by Ds(r, t ) ∝ Dc(r, t ) sin θ sin(ωt − δ) where θ is
the angle between electron propagation directions before and
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FIG. 2. (a–c) Superimposed images in which all the time-slice snapshots obtained in a simulation are overlaid for spatiotemporal evolutions
of (a) the charge density Dc, (b) the spin density Ds, and (c) the spin-polarization vectors n on the specific lines indicated by dashed lines in
panel (b) for the single-slit experiment with α = α0. The arrows (colors) in panel (c) represent the in-plane (out-of-plane) components of n.
(d–f) Results obtained in a simulation of the double-slit experiment with α = α0.

after passing through the slit (see Fig. 3). The amplitude of the
spin precession is determined by the x-axis component of the
HRSOI field, which is proportional to sin θ . In the single-slit
case, the charge density Dc takes large values around the
x axis (θ ≈ 0◦). This large Dc causes the observed large
oscillation amplitude of Ds although sin θ is small around
θ ≈ 0◦. Conversely, in the double-slit case, the charge density
Dc is not so large near the x axis, which results in a very small
oscillation amplitude of Ds(∝ sin θ ).

To investigate the properties and the Rashba-parameter
dependence of the spatiotemporal oscillation of Ds, the sim-
ulated quantities of Ds(r = rmax, t ) are plotted in Figs. 4(a)–
4(c) as functions of time t after passing through the slit and
in Figs. 4(e) and 4(f) as functions of distance from the slit for
various values of the Rashba parameter α. Here rmax is the
position at which Dc is a maximum on the line B2 at time t .

Before discussing these results, let us overview the cases
without the slit. When both the RSOI and the slit are absent,
the charge density Dc for the Gaussian wave packet is given

slit
k

s/2
HRSOI

HRSOI

kin

FIG. 3. Schematic illustration of the behavior of an electron
passing through a slit. HRSOI denotes the RSOI-induced effective
magnetic field. The spin density Ds is positive and negative (Ds > 0
and Ds < 0) in the red and blue areas, respectively.
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FIG. 4. (a–c) Time profiles of Ds on the line B2 [see Fig. 2(e)] for
various Rashba parameters, (a) α = 0.5α0, (b) α = α0, and (c) α =
1.5α0, where the dots and the solid lines represent the simulated
data and fitting curves (see text), respectively. (d) Rashba-parameter
dependence of the spin-precession frequency ω, which is propor-
tional to the slope of Cω=0.801. (e–g) Spatial profiles of Ds on
the line B2 for various Rashba parameters where the horizontal axis
represents the distance from a center of the slit. (h) Rashba-parameter
dependence of the wave number κ of the dynamical spin density Ds,
which is again proportional to the slope of Cκ=0.996.
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in the form

Dfree
c (r, t ) = 1

2πδ2
[
1 + (

h̄t
2mδ2

)2]
exp

[
− (x − x0 − vgt )2 + y2

2δ2
[
1 + (

h̄t
2mδ2

)2]
]
, (8)

where vg = h̄k/m is the group velocity, and k is the electron
wave number. When the RSOI sets in, the induced effective
magnetic field HRSOI gives rise to the precession of electron
spins, which is described by the Heisenberg equation:

d

dt
σ̂(t ) = 2

h̄
(k × α) × σ̂(t ). (9)

Solving this equation, we obtain the expression of the angular
frequency ω for the spin precession as

ω = 2αk

h̄
. (10)

This RSOI-dependent angular frequency has indeed been
observed experimentally in the Zitterbewegung dynamics of
electrons in the RSOI system, that is, the translational motion
of electrons is accompanied by tiny oscillations in space with
this specific frequency because of the feedback effect from
the RSOI-induced spin precession on the real-space charge
dynamics [22,23].

The angular frequency ω0 for α=α0 and kin=k0 in the
absence of slit is given by ω0 = 2α0k0/h̄ because the electron
wave number k is always identical to the incident wave
number kin(=k0) when the slit is absent. On the other hand,
the wave number κ0 of the moving spin density in this case is
given by

κ0 = ω0

vg0
= 2mα0

h̄2 , (11)

where vg0 = h̄k0/m.
We then discuss the space-time profiles of charge and spin

sectors of wave packets in the presence of both RSOI and slit.
In the present paper, we employ rigid-body potentials with
finite-width hole(s) for the slit walls shown in Figs. 1(a) and
1(b) instead of point wave source(s) with zero width to mimic
the slit. This realistic modeling of the slit enables us to dis-
cuss physically correct diffractions and interferences of wave
packets in the Rashba slit systems in contrast to the crude
point-source approximation which fails to describe diffraction
effects induced by the finite-width slit with edges. Indeed,
the point-source model cannot reproduce interference fringes
in the single-slit case because of the lack of diffractions.
However, these realistic potential models make the analytical
calculations difficult, whereas the simple point-source model
can be easily treated by analytical calculations. Nevertheless,
if the wave packet maintains well-defined angular frequency
ω of the spin precession and the wave number κ of the
moving spin density Ds even after passing through the slit,
we can analytically formulate the space-time profiles of spin
polarization in the interference fringes based on its time-
evolution equation given by Eq. (9). Therefore, we perform
the numerical simulations for the systems with both RSOI and
slit to confirm this assumption.

The simulation results displayed in Fig. 4 indeed show that
the space-time profiles of the spin density Ds have unique
frequency ω and wave number κ even after passing through
the slit. More concretely, the time profiles in Figs. 4(a)–4(c)
and the space profiles in Figs. 4(d)–4(f) are fit by using

Ds(rmax(t ), t ) = Dt

1 + (σt t )2
sin(ωt ), (12)

Ds(rmax, t (rmax)) = Dr

1 + (σrr)2
sin(κr). (13)

Here Dt , σt , Dr , and σr as well as ω and κ are fitting param-
eters. These approximate expressions are deduced by analogy
to the expression for Dc in free space given by Eq. (8), which
turn out to provide an excellent fitting to the simulated data.
The sine factors in Eqs. (12) and (13) are added to describe the
oscillatory behavior of Ds in space and time. One may think
that there are too many fitting parameters. However, Dt , σt ,
Dr , and σr are introduced merely to reproduce the Lorentzian
decay, and they never affect the fitting evaluations of two
important parameters ω and κ , on which we particularly focus.

The values of ω/ω0 and κ/κ0 evaluated by the fittings are
plotted in Figs. 4(d) and 4(h), respectively, as functions of
the Rashba parameter α/α0. In Figs. 4(d) and 4(h), we find
apparent proportional relations for both cases as

ω

ω0
= Cω

α

α0
,

κ

κ0
= Cκ

α

α0
, (14)

where the proportionality factors are Cω=0.801 and Cκ=0.996
(≈1), respectively. These results indicate that the angular
frequency ω of the spin precession is reduced by a factor of
Cω = 0.801, whereas the reduction of the wave number κ is
negligibly small after the wave packet passes through the slit.
Substituting Eqs. (10) and (11) into Eq. (14), we obtain the
relations

ω = Cω

2αk0

h̄
, κ = Cκ

2mα

h̄2 ∼ 2mα

h̄2 (15)

in the presence of both the RSOI and a slit. Since the reduction
of ω is caused by the reduction of electron wave number k,
Eq. (15) indicates that the wave number kin(= k0) of incident
electrons is reduced to kout = Cωkin(= Cωk0) by a factor of Cω

after passing through the slit. Moreover, the wave number κ

of spin density Ds is independent of the incident wave number
kin of the electron but is only proportional to the Rashba
parameter α.

We now derive the spatial period λs of the oscillation in
Ds, which is given by a product of the time period of spin
precession T = 2π/ω and the group velocity of the wave
packet vg = h̄kout/m as

λs = 2π

ω
× h̄kout

m
= π h̄2

mα
, (16)

which is inversely proportional to α but is independent of the
incident wave number kin. Note that this kin-independent λs

is an important and useful feature of the Rashba slit systems
for technical applications to spin-information transfer. This
property indicates that the spatial pattern of the spin polariza-
tion is governed only by α, i.e., the strength of RSOI, which
can be tuned by application of electric gate voltages, and we
always obtain an identical spatial spin pattern irrespective of
the incident velocity of the electron as far as the strength

045301-4



THEORETICAL STUDY ON SLIT EXPERIMENTS IN … PHYSICAL REVIEW B 101, 045301 (2020)
R

as
hb

a 
pa

ra
m

et
er
 α

Incident wave number kin
k00.5k0 1.5k0

α
0

1.
5 α

0
0.

5 α
0

α0/α
0 1 20

1

2

λ s
/ λ
s0

kin=0.5k0
kin=k0
kin=1.5k0

(a)

(b)
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after passing through the double slit obtained in the simulations
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those in Figs. 2(b) and 2(e). (b) Rashba-parameter dependence of λs

for various values of the incident wave number kin, where λs0 is the
spatial period of spin density when α = α0 and kin = k0.

of gate voltage is fixed. We will discuss possible technical
applications associated with this feature later.

To confirm the validity of this prediction, we performed
simulations by varying the values of α and kin. Figure 5(a)
shows superimposed images of Ds after passing through the
double slit for various values of α and kin. Here the dashed
lines indicate equidistance positions from the slit. We realize
that upon varying α the spatial period λs is inversely pro-
portional to α, whereas the directions in which the enhanced
oscillations of Ds occur do not change. Conversely, the spatial
period λs never changes upon varying kin, whereas the direc-
tions along which the fringes appear and the number of fringes
vary. These aspects can be clearly seen in Fig. 5(b), which
shows plots of λs as functions of 1/α for various values of kin.
We find that all the plots are linear in 1/α and are perfectly
overlapped, which supports the predicted 1/α-linear and kin-
independent behaviors of λs. These results are consistent with
Eq. (16). The analysis gives a precise factor of proportionality
as λs = 47.2 × (α/α0)−1 nm.

IV. SUMMARY

To summarize, we theoretically investigated the charge
and spin dynamics of electrons in single- and double-slit
experiments for the two-dimensional Rashba electron system.
When an incident electron diffracts from a slit, its spin, which
is originally polarized perpendicular to the incident direc-
tion, starts precession around the Rashba-mediated effective

magnetic field HRSOI. Consequently, the spin density Ds and
the charge density Dc exhibit interference fringes. The preces-
sion of electron spins and the spin orientations of the fringes
can be controlled not only by tuning the slit parameters but
also by modulating the RSOI via application of an electric
gate voltage.

Here we expect that the phenomenon predicted here leads
to an innovative technique of the spin information transfer
in spintronics devices. The incident electron wave packet is
originally spin polarized when a sender transmits it, but this
spin polarization is not maintained when a detector receives
this wave packet after traveling a distance between them.
In the systems without RSOI, this spin-orientation change
is caused by scatterings due to magnetic impurities and re-
sulting spin relaxations. On the other hand, in the systems
with RSOI, this spin relaxation should be suppressed because
the RSOI-mediated effective magnetic field HRSOI acting on
electron spins governs the spin orientations. However, the
spin-orientation change occurs even in this case because of
the spin precession around the HRSOI field. Nevertheless, we
can control the frequency of this spin precession by tuning the
strength of RSOI via applying a gate electric voltage. More
importantly, the period of the spatial spin pattern is purely
determined by the Rashba parameter α but is independent of
the velocity of the incident electron as we have discovered
in Eq. (16) and have confirmed by numerical simulations
(Fig. 5). Consequently, we can manipulate the spin orientation
at any specific points where the detector receives the wave
packet in a deterministic way. This advantage of the RSOI
system can be fully exploited for the present slit systems be-
cause we can control the spin orientation at any specific points
in the device, over which the interference fringes spread. This
is in sharp contrast to the system without slit, in which only
the spin orientation along a line of the electron trajectory
can be manipulated. Thus, we can send a spin information
to a detector located anywhere in the Rashba slit system by
using this technique. Recalling that electrons injected to a
point contact with RSOI become spin y polarized due to the
Landau-Zener tunneling effect [19–21], the same spin patterns
shown in Fig. 2 can always be observed regardless of the
incident spin orientation, and, thereby, this phenomenon can
be used to convert injected charge currents to spin currents the
spin polarization of which is locally determined.

To realize the proposed experiments, semiconductor
nanofabrication techniques are required because the confine-
ment length of the slit must be shorter than the positional
uncertainty of incident electrons to observe clear interfer-
ence fringes. In fact, the single-slit system was recently
demonstrated experimentally in a two-dimensional electron
system by using a quantum point contact [24]. Conversely, the
double-slit experiment may require more precise fabrication,
which is a challenge for future research.
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