Generation of dc spin current in a narrow channel with Rashba and Dresselhaus spinorbit interactions
Chi-Shung Tang, Wen-Hsuan Kuan, Wen Xu, and Yia-Chung Chang
Citation: Journal of Vacuum Science & Technology B 26, 1624 (2008); doi: 10.1116/1.2908440
View online: http://dx.doi.org/10.1116/1.2908440
View Table of Contents: http://scitation.aip.org/content/avs/journal/jvstb/26/4?ver=pdfcov
Published by the AVS: Science & Technology of Materials, Interfaces, and Processing
Articles you may be interested in
Separation of Rashba and Dresselhaus spin-orbit interactions using crystal direction dependent transport
measurements
Appl. Phys. Lett. 103, 252407 (2013); 10.1063/1.4855495
Interplay of magnetic field and geometry in magneto-transport of mesoscopic loops with Rashba and
Dresselhaus spin-orbit interactions
J. Appl. Phys. 112, 024321 (2012); 10.1063/1.4739485
Determination of Rashba and Dresselhaus spin-orbit fields
J. Appl. Phys. 110, 064306 (2011); 10.1063/1.3632060
Anisotropic magnetoplasmon spectrum of two-dimensional electron gas systems with the Rashba and
Dresselhaus spin-orbit interactions
J. Appl. Phys. 109, 093306 (2011); 10.1063/1.3583651
Pure spin current in a three-terminal spin device in the presence of Rashba spin-orbit interaction
Appl. Phys. Lett. 91, 092128 (2007); 10.1063/1.2777149

Redistribution subject to AVS license or copyright; see http://scitation.aip.org/termsconditions. Download to IP: 150.203.176.45 On: Sat, 21 Jun 2014 06:04:35

Generation of dc spin current in a narrow channel with Rashba and
Dresselhaus spin-orbit interactions
Chi-Shung Tanga兲
Micro- and Nanotechnology Division, Department of Mechanical Engineering, National United University,
Miaoli 36003, Taiwan

Wen-Hsuan Kuanb兲
Physics Division, National Center for Theoretical Sciences, Hsinchu 30013, Taiwan

Wen Xuc兲
Department of Theoretical Physics, Research School of Physical Sciences and Engineering, Australian
National University, Canberra ACT0200, Australia

Yia-Chung Changd兲
Research Center for Applied Sciences, Academia Sinica, Taipei 11529, Taiwan

共Received 30 October 2007; accepted 17 March 2008; published 15 August 2008兲
The authors consider a finite range ac-biased front gate acting on a quantum channel with Rashba
and Dresselhaus spin-orbit interaction effects. The ac-biased gate, giving rise to a dynamical Rashba
coupling, causes spin-resolved coherent resonant inelastic scattering. A pure dc spin current is
subsequently generated without accompanying charge current. In the presence of Dresselhaus effect,
the dc spin current is suppressed in the regime but is assisted in the high kinetic energy regime.
© 2008 American Vacuum Society. 关DOI: 10.1116/1.2908440兴

Manipulation of electron spins is achievable with external
active control, which is a central requirement of spintronic
devices. Of fundamental interest and practical application is
the spin current in the emerging field of spintronics.1 One of
the key issues is how to generate spin current in spintronic
devices. The standard way is to inject spin polarized current
from a ferromagnetic electrode.2 However, its efficiency is
usually limited by the poor quality of the interface, and it is
accompanied by the charge current. Narrow gap semiconductor heterostructures offer an efficient control of spins through
intrinsic spin-orbit interaction 共SOI兲. Several approaches utilizing spin Hall effects,3–8 magnetic fields,9–12 ferromagnetic
materials,13,14 or optical excitations15–17 were proposed.
The success of dc front-gate control for the measurement18 of Rashba coupling strength19 inspired proposals for
spin current generation by nonmagnetic means.20–24 These
proposals include adiabatic quantum pumping in a quantum
dot with static SOI 共Ref. 20兲 interfaced with a timedependent barrier and a spatially separated Rashba SOI
region21 and an ac-biased Rashba-type two-dimensional 共2D兲
disorder system23 or quantum channel.24 It is known that the
translational invariance is broken in the channel direction
due to a spatially localized time-dependent potential, thus
allowing us to explore coherent resonant inelastic scattering
and time-modulated quasibound state features.25
In addition to the Rashba SOI,19 which is caused by the
structure inversion asymmetry of the confining potential of
the 2D trapping well, there is also a Dresselhaus effect26
caused by the bulk inversion asymmetry27 共BIA兲 and the
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interface inversion asymmetry 共IIA兲.28 The contributions associated with BIA and IIA are phenomenologically inseparable. The Rashba effect is usually dominant, but the
Dresselhaus effect could be also observable.29 In this article,
we consider a narrow channel formed in a high-mobility
electronic quantum well by applying negative bias on the
front split gates. When a finger gate is deposited above the
split gate separated by an insulating layer, a local time varying Rashba coupling parameter ␣共r , t兲 can be induced by
ac-biasing the finger gate.21,24 We shall explore how the interplay among the static Rashba, the static Dresselhaus, and
the dynamical Rashba SOI effects influences the efficiency
of spin current generation in the absence of source-drain
bias. The considered dynamical system for spin pumping is
depicted in Fig. 1.
The electron transport in a narrow channel in the presence
of SOI can be described by the dimensionless Hamiltonian,25
0
H0 = k2 + HSO
+ Vc共y兲,

共1兲

where the first term k2 = k2x + k2y denotes the kinetic energy and
the third term Vc共y兲 = 2y y 2 is a potential that confines the
electron in the y direction. For a narrow quantum well along
the 关0,0,1兴 crystallographic direction, the unperturbed SOI
0
involving Rashba and Dresselhaus interaction efterm HSO
fects can be described in terms of k-linear form,
0
0
= HR0 + HD
= ␣0共xky − ykx兲 + ␤0共xkx − yky兲,
HSO

共2兲

where i 共i = 兵x , y , z其兲 are the Pauli matrices and k = 共kx , ky兲 is
the 2D electron wave vector. The unperturbed Rashba coupling strength ␣0 is proportional to the electric field along z
direction perpendicular to the 2D electron gas. Moreover, the
Dresselhaus coupling strength ␤0 is determined by the semiconductor material and the geometry of the sample.
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再

冉

n共x,t兲 = 兺 Anm⬘eikn共m兲xJ p knR共m⬘兲
m⬘ p

R

冉

+ Bnm⬘eikn共m兲xJ p knL共m⬘兲
L

⫻ exp关− im⬘+pt兴 p ,

FIG. 1. Schematic illustration of the quantum wire with Rashba and Dresselhaus spin-orbit interaction influenced by an ac-biased finger gate 共with
length L兲 across the wire.

For a narrow wire,30 the spin-orbit coupling contributions
0
can be simplified as HSO
⬇ −␣0ykx + ␤0xkx. The right-going
共left-going兲 eigenfunctions of the unperturbed Hamiltonian
in the subband n are given by
R共L兲
R共L兲
nk
 共r兲 = exp关ikn 共兲x兴n共y兲 ,

共3兲

where  = ⫾ labels the two spin branches,  is the spinor of
branch  with two components given by ei/2 / 冑2, and
e−i/2 / 冑2 with  = arctan共␣0 / ␤0兲. In addition, the wave vectors are defined by knR共兲 = 冑 − n − ␥0 / 2 and knL共兲 =
−冑 − n − ␥0 / 2, where  is the chemical potential, ␥0
= 共␣20 + ␤20兲1/2, and n is the subband threshold, which is
shifted from the bare subband bottom 0n = 共2n + 1兲y by
−␥20 / 4. The total Hamiltonian H = H0 + HSO共t兲 contains a dynamical term, induced by the ac-biased finger gate, which
can be written in the form
HSO共t兲 = −

␣1
y兵kz, 共L/2 − 兩x兩兲其cos t,
2

共4兲

where 共x兲 is the step function and 兵,其 stands for anticommutator.
Below, we assume that the Dresselhaus SOI is weak and
neglect the spin-flip mechanism. The scattering wave function of the conduction electron incident from the left reservoir in the spin state  can be obtained of the form
⌿共r , t兲 = 兺nn共x , t兲n共y兲. In the region x ⬍ −L / 2, the
time-dependent wave function along the channel direction is
given by

n共x,t兲 = eikn共兲e−it + 兺 rnmeikn共m兲xe−imt ,
R

L

共5兲

m

where m ⬅  + m and rnm denotes the reflection coefficient
of the conduction electron in the subband n and photon sideband m. In the region x ⬎ L / 2, the wave function is simply of
the form

n共x,t兲 = 兺 tnmeikn共m兲xe−imt ,
R

共6兲

m

where tnm indicates the corresponding transmission coefficient. The longitudinal wave function in the time-modulated
region 兩x兩 ⬍ L / 2 is given by25

␣1


␣1


冊冎

冊
共7兲

where  p = 1 if p is even and  p = −y if p is odd. Performing
the time-dependent mode matching at x = ⫾ L / 2,24 one can
obtain the reflection and transmission coefficients, rnm and
tnm, at the edges of the time-modulated region. Similarly, it is
easy to obtain r̃nm and t̃nm for the conduction electrons incident from the right reservoir.
Summing over all possible scattered propagating modes
from both reservoirs, the net right-going dc spin current can
be expressed as IS = I↑ − I↓, where
I =

e
h

冕

¯

dEf共E兲关TRL
+ TLR
兴,

共8兲

with f共E兲 being the Fermi function in the reservoirs. In ad¯

dition, TRL
= 兺 n兺 m
= 兺 n兺 m
⬘ 兩tnm兩2vmn / v0n and TLR
⬘ 兩t̃nm¯兩2vmn / v0n,
m
where vn ⬅ 共m − n兲1/2. The spin current conservation is
maintained due to the suppression of spin-flip subband mixing. Since a symmetric narrow channel configuration gives
¯

= TRL
, the net charge current IQ = I↑ + I↓ is identically zero,
TLR
and a pure nonequilibrium spin current is generated. It turns
out that the two charge currents for both spin types have
identical values but opposite directions. Therefore, the generated pure spin current implies the fully polarized charge
current.31
The calculations presented below are carried out under the
assumption that the electron effective mass m* = 0.036m0,
which is appropriate to the InGaAs–InAlAs interface. The
typical electron density ne ⬃ 1012 cm−2 and ប␣0
⬃ 10−11 eV m.18 We select y = 0.035 such that the subband
level spacing, ⌬ = 2y, is 4.13 meV. Accordingly, the length
unit L* = 4.0 nm, the energy unit E* = 59 meV, and the spinorbit coupling parameters are in units of vF* / 2 = 1.8
⫻ 105 m / s.
In Fig. 2, we demonstrate how the Dresselhaus spin-orbit
coupling strength influences the dc spin current generated by
the ac-biased front gate with driving region L = 120 nm. The
other parameters are static Rashba parameter ប␣0 = 1.5
⫻ 10−11 eV m, ␣1 = 0.38␣0, and ប = 0.2 meV. In Fig. 2共a兲,
the sharp dip structure at K ⬇  is the one-photon quasibound
state feature.25 For electron energies at 1 ⬍ K /  ⬍ 2, we see
↑
↓
clearly TRL
⬍ TRL
leading to positive spin current. The change
↑
↓
− TRL
comes
in sign in the transmission difference ⌬TRL = TRL
across the dip structures, that is, ⌬TRL共K = −兲 ⬎ 0, while
⌬TRL共K = +兲 ⬍ 0. Consequently, for electrons with incident
energy K /  ⬇ 1, the spin current peak is generated within the
order of 1 nA, as is shown in Fig. 2共b兲.
For the cases of zero and weak Dresselhaus SOI such as
␤0 = 0.0 and 0.02, the electrons with energy K /  ⬇ 2 exhibit
small dip structures which is associated with two-photon
quasibound state feature. Since at K /  ⬇ 2 the current trans-
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↑
↓
FIG. 2. 共a兲 Spin-resolved current transmission TRL
共solid red兲 and TRL
共dashed blue兲 as a function of electron energy in units of driving frequency.
共b兲 Generated dc spin current for the cases of ␤0 = 0.0 共dotted red兲, 0.02
共dashed green兲, and 0.04 共solid blue兲. L / L* = 30, ␣0 = 0.13, ␣1 = 0.05, and
 = 0.05⌬.

↑
↓
FIG. 3. 共a兲 Spin-resolved current transmission TRL
共solid red兲 and TRL
共dashed blue兲 as a function of electron energy in units of driving frequency.
共b兲 Generated dc spin current for the cases of ␣1 = 0.03 共dotted red兲, 0.04
共dashed green兲, and 0.05 共solid blue兲. L / L* = 50, ␣0 = 0.13, ␤0 = 0.03, and
 = 0.05⌬.

↑
↓
mission TRL
of spin-↑ electron is still less than TRL
of the
spin-↓ electron, there is no significant contribution to the
generation of dc spin current. In Fig. 2共a兲, we show the current transmission for the case of strong Dresselhaus coupling
␤0 = 0.04. The right-going spin-↑ electron manifests Fanotype peak-and-dip line shape in transmission at K ⬇ 2,
which is associated with the two-photon quasibound state
↑
to be greater
feature. This Fano-type feature enhances TRL
↓
than TRL. Consequently, the pumped dc spin current is thus
significantly enhanced. We would like to mention in passing
that the Fano spin filtering effects may be realized in an open
quantum dot32 or a stub waveguide system.33
In the absence of Dresselhaus effect, the electron in the
low kinetic energy regime may be multiple scattered by the
transverse confining potential, such that the spin orientation
is mainly along the wire direction. The Dresselhuas effect
plays a role to rotate the spin direction toward the y direction. Consequently, the net spin current is thus enhanced.
However, the spin direction of an electron in the high kinetic
energy regime is mainly perpendicular to the wire direction,
the Dresselhaus effect thus plays a role to enhance the spin
current generation.
Figure 3 shows the spin-resolved transmission with dynamical Rashba coefficient ␣1 = 0.05 and the generated dc
spin current for cases of ␣1 = 0.03, 0.04, and 0.05. The other
parameters are ac-driven region L = 200 nm, Rashba strength
ប␣0 = 1.5⫻ 10−11 eV m, Dresselhaus strength ␤0 = 0.23␣0,
and driving frequency f =  / 2 = 50 GHz. There are com-

mon transport features for the three different dynamical coupling strengths. The overlap of IS curves for the incident
electron energies K /  艋 0.2 implies that the transport properties are insensitive to the driving strength in the very low
kinetic energy regime. The similar plateau features in IS at
K /  ⬍ 1.0 are caused by the competition of the current transmission of spin-↑ and spin-↓ electrons.
At incident electron energy 共 − 0兲 /  ⬇ 1.0, there are
kink structure in IS for ␣1 = 0.03, peak structure for ␣1
= 0.04, and shoulder structure for ␣1 = 0.05. For the case of
␣1 = 0.03, the current transmissions of the two spin states are
almost the same at K = −, exhibiting plateau feature, while
the transmission of the spin-↑ electron is smaller than the
spin-↓ at K = +, exhibiting strong drop feature in IS. For the
case of ␣1 = 0.04, the crossover in the transmission for two
spin states leads to the peak structure at K ⬇ . However, for
↑
↓
is greater than TRL
until
the case of ␣1 = 0.05, we see that TRL
the crossover at K /  = 1.87 leading to the shoulder behavior
in IS. This feature in combination with the broad dip structure, associated with electrons emitting two photons to the
subband threshold forming a quasibound state, results in the
broad spin current peak IS = 0.98 nA at K /  = 1.87. Small hill
in IS at K /  ⬇ 3.0 is barely recognized. At K /  = 4.0, the spin
currents are nearly saturated to IS = 0.04, 0.08, and 0.17 nA
for ␣1 = 0.03, 0.04, and 0.05, respectively.
In this article, we have investigated nonadiabatically how
the dc spin current is generated under the mechanism of SOI
using a dynamical all electrical control on a split-gate-
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confined narrow channel. We have demonstrated nontrivial
features concerning the spin current generation mechanism
caused by different strength of Dresselhaus spin-orbit coupling. These results provide a robust manner of generating
spin current without accompanying charge current.
The spin current generating features have been demonstrated and illustrated in detail. It has been found that the
Dresselhaus spin-orbit coupling intends to suppress the efficiency of spin current generation in the low kinetic energy
regime, while the Dresselhaus effect can enhance the
pumped spin current in the high kinetic energy regime. Unlike the parametric quantum pumping, in which two pumping
potentials with a phase difference are needed.9 Our proposed
spin current generating device is achievable using a single
ac-biased gate and should be achievable within recent fabrication capability.
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and C. S. Chu, and the computational facility supported by
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