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Spin-dependent electron transport of a waveguide with
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We investigate theoretically the spin-dependent electron transport in a straight waveguide with Rashba spin—orbit

coupling (SOC) under the irradiation of a transversely polarized electromagnetic (EM) field. Spin-dependent electron

conductance and spin polarization are calculated as functions of the emitting energy of electrons or the strength of

the EM field by adopting the mode matching approach. It is shown that the spin polarization can be manipulated by

external parameters when the strength of Rashba SOC is strong. Furthermore, a sharp step structure is found to exist

in the total electron conductance. These results can be understood by the nontrivial Rashba subbands intermixing and

the electron intersubband transition when a finite-range transversely polarized EM field irradiates a straight waveguide.
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1. Introduction

Since the pioneering work of Datta and Dasl!!
and the experimental realization of the gate-voltage
control on the strength of Rashba spin—orbit cou-
pling (SOC) in a semiconductor heterostructure two-
dimensional electron gas (2DEG),[?) the spin-related
electron transport in mesoscopic systems in the pres-
ence of Rashba SOCPB~13] has been studied extensively
because of their potential application in future spin-
tronic devices. In these devices the key issue is how
to inject and manipulate electron spin as the carrier
of information.

A polarized EM field can be used to generate
spin current. When a mesoscopic system is illumi-
nated by a coherent external EM field, many new fea-
tures will arise due to the inelastic scattering of elec-
trons by photons.['*=24 The spin photocurrent was
detected in (001)-grown n-type GaAs multiple quan-
tum well structures under circularly polarized infrared
radiation.l?®! In the same structures, pure spin cur-
rent was found by the irradiation of orthogonally po-
larized two optical harmonic pulses.28) These results
may arise from resonant intersubband transitions.

The question of what will happen when the EM
field and Rashba SOC are present simultaneously in
a mesoscopic system may be interesting. Recently,

the spin transport properties of a 2DEG in the pres-
ence of both Rashba SOC and a longitudinally po-
larized terahertz laser field have been investigated
theoretically.?728] Tt is found that the electron den-
sity of states, the Fermi energy and spin polariza-
tion are sensitive to the longitudinally polarized ter-
ahertz laser field. However, the spin transport prop-
erties of a low-dimensional system in the presence of
both Rashba SOC and a transversely polarized EM
field have been studied rarely.[??) The influence of a
transversely polarized EM field on the electron trans-
port is different from that of a longitudinally polarized
EM field because the former results in intersubband
transitions!20:23:24] while the latter leads to intrasub-
band transmissions.'922] Consequently, some new ef-
fects may emerge when a Rashba low-dimensional sys-
tem is irradiated under a transversely polarized EM
field. Furthermore, electron spin in the system may
be manipulated by adjusting the parameters of the
external EM field.

In this paper, we theoretically calculate the spin-
dependent electron conductance and spin polarization
of a straight Rashba waveguide submitted to a trans-
versely polarized EM field at low temperatures. The
effects of different EM field parameters and Rashba
SOC strengths on the electron transport properties are
studied by the mode matching approach. The results
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are twofold. First, the spin-dependent electron con-
ductance is modulated by the Rashba SOC. The prop-
erties of the spin polarization are quite different when
the Rashba subbands intermixing, due to the interac-
tion between the subbands and Rashba SOC, is weak
or strong. Second, the effect of the finite-range EM
field on the waveguide is equivalent to that of a barrier
which yields an electron reflection from lateral colli-
sions of electrons with photons. A new feature is that
a sharp step structure appears in the total electron
conductance as the emitting energy or the strength
of the EM field increases to a threshold value due to
the effect of electronic mode split induced by the EM
field. The paper is organized as follows. In Section 2
we present the model Hamiltonian and the formula-
tion for solving the time-dependent Schrodinger equa-
tion of the system. In Section 3 we analytically cal-
culate the electron conductance of the system. The
numerical results and discussion are shown in Section
4. Finally, Section 5 concludes the paper.

2. Model and formalism

The system considered is sketched in Fig.1, where
a straight waveguide of width d is smoothly con-
The
zr-axis is longitudinally along the wire, while the y-

nected with two metal electrodes at the ends.

axis describes the transversal direction, and part of

0 (- £A)?

where p = —ih(9/0x + J/0y) is the momentum, m*
and e are the electron’s effective mass and charge, &
is a Pauli matrix. «(z) are the effective parameters
describing the strength of the Rashba effect: a(x) = «
for 0 < x < L, and a(x) = 0 elsewhere.

The form of the electronic wavefunction in the
irradiated area can be expressed as

U(z,y,t) =Y &Y duly)en()o)e” EM(2)
k n,s

where k is the longitudinal wave vector of the elec-
tron, ¢ (t) is the time-dependent amplitude of differ-
ent subbands and spin states, | s) =[1) for spin-up and

the waveguide (0 < x < L) is irradiated under a
transversely polarized EM field in an unspecified way,
so that the EM field transports along the z-axis. The
Rashba SOC is assumed to be only present in the irra-
diated area. Because the size of the waveguide in the
z-axis is much smaller than the wavelength of the il-
luminating EM field, the vector potential can be writ-
ten as A(t) = —(e/w) cos(wt)y, where w and € are the
frequency and amplitude of the EM field respectively,
and g is the unit vector of the y coordinate. The z-axis
is chosen as the spin-quantized axis.
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Fig.1. Schematic view of the system considered here. The
width of the waveguide is d. The grey area represents the
Rashba SOC and the EM field region with its length L.
The arrows denote the propagation directions of electrons.

At low temperatures, we can use the free electron
model to describe the electronic dynamics. The ap-
propriate time-dependent Schrodinger equation for an
electron, therefore, is

| s) =|)) for spin-down, ¢, (y) is the eigenfunction of
the steady-state Schrodinger equation

Py
2m*

in which €, is the transversal subband energy level.
For the sake of simplicity, only the lowest two
subbands in the irradiated area are assumed to be in-
volved in the transport. Inserting Egs.(2) and (3) into
Eq.(1) and neglecting the ~ A2 term (this term only
gives an extra phase that is common to all modes) we
obtain the matrix form of the Schrodinger equation
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E, ak i~y cos(wt) -0
0 k E iy cos(wt

ih—V = “ ' o tyeostet) |y, (4)

ot — iy cos(wt) Jé; E, ak

-3 — iy cos(wt) ak E,
where V = [¢](t) ¢(t) eb(t) ¢5(t)]T is a time-dependent row vector, here T means transposition, Ei2) =
h2k2/2m + €1(2) is the total energy of electrons on the lower (upper) subband, 8 = afd/22 o1 (y )dy¢2(y)
and y = 2= f((gé%) o5 (y 6y¢2 Zee f(%%) o5y 6y¢1(y)dy denote the Rashba SOC and the EM field

interactlon w1th the lowest two Subbands, respectively.
Applying a time-dependent unitary transformation and rotating wave approximation, the time-independent
Schrodinger equation is obtained

El + %U ak % —B

ak B+ o
_ i v . 2 V=V, (5)

—% ﬁ E2 — TW ak

-8 - ak E,— e
\

in which V' = [¢I' ¢ ¢ |7 is a new time- K, K3 and K are the wave vectors in the irradiated
independent eigenvector. Solving this secular func-  area that can be determined by the four eigenvalues.

tion, the four eigenvalues F and E3 and the corre-
sponding four time-independent eigenvectors Vj’ (j=
1,2,3,4) are obtained. 3. Electron conductance of the

Then through an inverse transformation, the system

time-dependent row vectors of the electron in the ir-

radiated area Vj (j = 1,2,3,4) are finally achieved, When a spin-up electron with energy F emits

so that the electronic wavefunction in the EM field  f4m the left metal electrode to the interface at o = 0,

irradiated area is transmission and reflection will take place simultane-

U(z,y,t) = mye K17e™ i(Ef’/h)tvl ously. Because the electron has a certain probability
+ el K2z i(ET /Rty of absorbing a photon after penetrating the interface,
B i(E;/h)tV?) a transition from lower mode to upper mode happens,
) o hence there are two energy components E and E + hw
+ myel Kat e 1By /M)ty 6) . ) ) .
’ in the reflection wave in the region of z < 0. The
where m1, mo, ms and my are arbitrary constants; K1, electronic wavefunction in this area is

l

U(z <0,y,t) = etFe iEMG (4) 1) 4 ppe™ IRemiEME G (4) |1) 4 rge™ TR =iE/MEg, () 1)
+ rge HheaTilEHR)/RIE ) (1)) 14y 4 pge™ TRee—il(EHR) /AL ) () | 1), (7)

\/2m E €1) k‘ \/2m* E+hw €2)
2 =

According to Eq.(6), the electronic wavefunction in the 1rrad1ated area can be ertten as

where rq, ro, 3 and r4 are the reflection coefficients, k1 =

y'/(o <r< L,y,t) _ z:{ﬂﬂblieil(lizefi(E/h)thli +m2ieiK2iIeii(E/h)t‘/2i
+

+ mgiei Kgizef i(E/h)tvgi + m4iei K4ia:ef 1(112/7=L)ztv4i}7 (8)

where m;+ are arbitrary constants, K;+ and Vj+ (j = 1,2,3,4) are, respectively, the wave vectors and eigen-
vectors, which can be determined by Eq.(5).
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The electronic wavefunction in the region of = > L is given by

Uz > L,y,t) = tyet Mo EMLG, (h) |4) 4 tpet eI E Mg, () |])
+ tget P2 TR/ g, () |1)  tyet keemilEFR) Bl () | 1), 9)

where t1 and t3 are the transmission coefficients for the
spin-conserved electron, and ts and ¢4 are the trans-
mission coefficients for the spin-flip electron.

We now match the electronic wavefunctions at the
interfaces x = 0 and x = L, where the wavefunctions
and their flux must be continuous. The transmission
coefficients ty, ts, t3 and t4 can be determined by
the boundary conditions. Based upon the Landauer—
Biittiker formula, the spin-dependent electron conduc-
tance and the total electron conductance can be ob-
tained

G = ([ta]* + [t3]*)Go,
G = ([t2|* + [t4]*) G,
Gl = G+ GY1, (10)

where Gy = €2/h is the conductance quantum. The
definition of spin polarization is

Gt
p-G —G7

Gtotal (1 1)

4. Numerical results and discus-
sion

In our numerical example, the waveguide is
taken to be that in a 2DEG of high-mobility
GaAs/Al,Ga;_,As with a typical electron density
n ~ 2.5 x 10 /em? and m* = 0.067m., where m, is
the mass of the free electron. The structural parame-
ters are d = 50 nm and L = 400 nm. The boundary of
the waveguide is determined by the hard-well confin-
ing potential, i.e., U(y) = 0 when |y| < d/2 (else c0),
which can eliminate the possibility of Rashba SOC due
to the effective electric field coming from the nonuni-
formity of the confining potential.[30-31]

According to Refs.[23] and [24], an electron has
the most possible probability to absorb a photon in the
resonance case, namely, the energy of photon equals
the energy gap between the lowest two subbands.
Thereby, only the resonance (w = 10.2 THz) spin-
dependent electron conductance and spin polarization
of the system are shown in the following calculation.

The resonance spin-dependent electron conduc-
tance as a function of the emitting energy of elec-
trons is illustrated in Fig.2(a) with parameters of
a=1.05x 10" eV.-m and € = 60 V/mm. The solid
line stands for the total electron conductance, while
the dashed and dotted lines stand for spin-up electron
conductance and spin-down electron conductance, re-
spectively. One can see that the electron is blocked by
the EM field when the emitting energy E < 5.31 meV.
Interestingly, there is a 0.5 Gy step arising in the to-
tal electron conductance as E increases to 5.31 meV.
Further, another 0.5 Gg step appears as E reaches
5.90 meV. The conductance profiles in Fig.2(a) can
be explained by the resonance energy-subband dis-
persion in Fig.2(b). When an electron penetrates
through the interface to the region with EM field
and Rashba SOC, the transversal levels of the elec-
tron in the waveguide are dressed and one electron
mode is split into two pairs of electron modes. All
the electron modes are evanescent (nonpropagating)
modes when F < 5.31 meV, which contribute nothing
to the conductance so that the conductance is zero.
When 5.31 meV< E < 5.90 meV, the lower pair of
modes become propagating modes whereas the up-
per pair of modes still are nonpropagating modes so
that the conductance is only about 0.5 Gy. Further-
more, when F > 5.90 meV, the upper pair of modes
also become propagating, which results in another
0.5 Go conductance. This pure external field effect
cannot be achieved for the waveguide irradiated un-
der a longitudinally-polarized EM field. Apart from
the step structures in Fig.2(a), another character, the
oscillation of electron conductance, is also found in
our results. This oscillation originates from the in-
terference between different pairs of modes and the
backscattering caused by the EM-field-induced bar-
rier. In addition, the spin polarization (see the inset)
remains constant, i.e., P = 0.47, with the variation of
the emitting energy of electrons. In Fig.3 we show the
resonance spin-dependent electron conductance as a
function of the strength of the EM field with param-
eters of @ = 1.05 x 107! eV-m and E = 6.12 meV.
The 0.5 Gy step structure also can be found in the to-
tal electron conductance when the EM field strength
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increases to 47 V/mm, but its direction is opposite to
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Fig.2. (a) The resonance spin-dependent electron conduc-
tance as a function of the emitting energy of electrons. The
dashed line represents GTT, the dotted line G+T, and the
solid line G*°t21, Inset: spin polarization vs. the emitting
energy of electrons. (b) The resonance energy-subband
dispersion of the waveguide with EM field and Rashba
SOC. The parameters are o = 1.05 x 10~ eV-m and

€ =60 V/mm.
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Fig.3. The resonance spin-dependent electron conduc-

tance as a function of the strength of the EM field. Inset:
spin polarization vs. the strength of the EM field. The
line presentation and the parameters are the same as those
in Fig.2(a) except for E = 6.12 meV.

that in Fig.2(a) due to the upper pair modes chang-
ing from propagating modes to nonpropagating modes

so that the conductance is suppressed to near 0.5 Gg.
Interestingly, the spin polarization (see the inset) not
only keeps constant but also has its magnitude equal
to that in Fig.2(a) as the strength of the EM field
varies, which can be attributed to the Rashba sub-
bands intermixing being weak enough to be negligible.

Figure 4(a) plots the resonance spin-dependent
electron conductance as a function of the emitting en-
ergy of electrons with another Rashba SOC strength
a = 3.45 x 107! eV-m. The other parameters are
the same as those for Fig.2(a). The 0.5 G step struc-
tures and oscillation behaviours also can be found
to exist in the total electron conductance, which can
be understood from the resonance energy-subband
dispersion in Fig.4(b). The physical origin of these
effects is the same as that in Fig.2(a). However,
the spin polarization (see the inset) does not remain

unchanged but varies as the emitting energy increases.
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Fig.4. (a) The resonance spin-dependent electron con-

ductance as a function of the emitting energy of elec-
trons. The line presentation is the same as that in
Fig.2(a). Inset: spin polarization vs. the emitting energy
of electrons. (b) The resonance energy-subband disper-
sion of the waveguide with EM field and Rashba SOC.
The parameters are the same as those in Fig.1 except for

o =345 x 10" eV-m.
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Fig.5. The resonance spin-dependent electron conduc-
tance as a function of the strength of the EM field. Inset:
spin polarization vs. the strength of the EM field. The
line presentation is the same as that in Fig.2(a). The pa-
rameters are a = 3.45 x 10711 ¢V-m and E = 7.59 meV.

The spin polarization almost equals —1 when E =
7.7 meV, implying full spin flip. Then it almost equals
1 when E = 8.4 meV, which indicates that the electron
spin keeps its original state after passing the waveg-
uide. Figure 5 shows the resonance spin-dependent
electron conductance as a function of the strength of
EM field with parameters of a = 3.45 x 107!! eV-m
and F = 7.59 meV. Interestingly, the spin polariza-
tion (see the inset) also varies with the increase of the

strength of the EM field; full spin flip and spin conser-

vation can also be achieved when the strength of the
EM field equals 27.0 V/mm and 59.7 V/mm, respec-
tively. In this case, the spin polarization has a strong
external parameter dependence because the Rashba
subbands intermixing is so strong that it cannot be
neglected. This effect may provide new tunable pa-
rameters, i.e., the EM field strength and the emitting
energy of the electron, to manipulate electron spin in
the waveguide.

5. Conclusion

In conclusion, we have clarified the spin-
dependent electron transport properties of a straight
Rashba waveguide, placed in a transversely polarized
EM field, and found that (i) the spin polarization re-
mains constant when the strength of Rashba SOC is
weak; (ii) electron spin in the waveguide can be ma-
nipulated by the emitting energy of electrons and the
external EM field when the strength of Rashba SOC
is strong; (iii) a sharp step structure appears in the
total electron conductance. An all-electrical nonmag-
netic spintronic device may be desirable under an ap-
propriate choice of external control parameters. An
experiment is worth doing to observe these effects.
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