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Abstract. An analysis of the linear conductance of 2D quantum wires and stripes with
Rashba spin-orbit interaction and attached to spin polarized leads is presented. Differences and
similarities between both systems are highlighted. We discuss the dependence of the conductance
with both energy and Rashba intensity.

1. Introduction

Almost twenty years after the theoretical proposal of a spin transistor by Datta and Das [1]
the underlying physical principle of conductance oscillation induced by electrical tuning of the
spin-orbit coupling has been proved in experiment [2]. This spin-orbit coupling is due to the
asymmetry of the vertical (z) confinement felt by a 2D electron gas lying in the zy plane. It
is known as Rashba interaction [3] and its tunability with electric gates has been demonstrated
in quantum wells [4] and quantum wires [5]. Although the subject of conductance oscillations
induced by Rashba coupling has been a central topic in spintronics for some time (see Ref. [6]
for a review) the experiment by Koo et al spurred on a renewed interest [7, 8, 9, 10].

The physics of quantum wires with spin-orbit coupling differs depending on whether the
coupling is uniform or localized in space. With an extended and uniform coupling the system
is characterized by a modified subband structure, as compared to the case without Rashba
coupling. A characteristic of this modified subband structure is the existence of anticrossing
points in the presence of in-plane magnetic fields [11, 12]. An interesting consequence of the
anticrossings is the existence of anomalous conductance plateaus due to the subband maxima
and minima. Indeed, whenever the Fermi energy crosses a local extremum the number of
propagating modes increases or decreases by one unit, with a corresponding increase or decrease
in conductance. Quite remarkably, these anomalous conductance variations have been recently
measured in a GaAs quantum wire with transport carried by holes [13].

A localized Rashba interaction, restricted to a small region of a quantum wire, is predicted
to generate peculiar conductance dips due to the existence of quasibound states. This physical
behavior was dubbed the Fano-Rashba effect in Ref. [14] due to the similarity with the well-
known Fano resonances in electron scattering by atoms [15]. Since in real devices the spin-orbit
channel is usually attached to ferromagnets an inhomogenous Rashba coupling is a more realistic
description than an extended one for small-sized devices.

(© 2010 IOP Publishing Ltd 1
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- - Figure 1. (Color online) Sketch of the
) AP - physical system (a) and of the spatial
—\ [ / variation of Rashba intensity a(x) (b) and of

‘ the spin-dependent potentials vy (x) (c,d).

In this work we discuss differences and similarities in the conductance oscillations of quantum
wires and stripes with localized Rashba interaction, two distinct cases that we treated separately
in Refs. [8, 9]. Other related works dealing with spin-orbit wires and stripes are Refs.
[16, 17,18, 19, 20, 21, 22, 23]. While a quantum wire is characterized by a transverse confinement,
which we assume to be parabolic, a stripe has a vanishing confinement in the transverse direction.
Transport in a quantum wire is carried by a discrete set of transverse modes that are coupled
by the Rashba interaction. On the contrary, a stripe has a continuum of transverse momenta
q, uncoupled with each other since the Rashba interaction preserves this quantum number. We
shall discuss the physical implications of these two behaviors on the linear conductance and the
polarization of the transmitted current.

2. Model

Our model considers a 2D electron gas in the xy plane with transport occurring along z and
with the possibility of a transverse confining potential v;(y). We call stripe the system described
by a vanishing v;(y), while v;(y) = mw3y?/2 corresponds to a parabolic wire characterized by
a confinement energy hwgy. The reader is addressed to Refs. [8, 9] for full details of the model
while here it is just sketched for the sake of completeness. The system Hamiltonian reads

hQ d2 d2 .
o (d— +d—y2> Fuy) + A@)i- & + A + M, )

2m0

where Hp is the Rashba Hamiltonian,

& (o -

= SHa@.na, ) &)

2

Polarized leads in the direction of 7 are described by means of a Zeeman field A(x) that
couples to the spin vector &. The functions determining the Hamiltonian are A(z) and
a(z). These quantities take a constant value in the three parts of our system: left contact
(L), central region and right contact (R), and they vary smoothly, described by a Fermi-
type function, at the interfaces. We denote by mg the conduction-band effective mass of the
semiconductor and by «g the Rashba intensity of the central region. The Zeeman field in contact
¢, where ¢ = L, R, is denoted by A, respectively. The case of parallel polarized contacts (P)
corresponds to Ay, = Ar = Ag, while the case of antiparallel polarizations (AP) corresponds
to A, = —Agr = Ag, where the total Zeeman splitting is 2Ay. For simplicity, Ag is assumed
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equal in both contacts. We use the notation nP and nAP to indicate parallel and antiparallel
configurations along a certain direction n. Figure 1 shows a sketch of the model with the
variation of the Rashba intensity a(x). It also shows the potentials v, for s = £ spins, defined
as

vs(z) = sA(z) + |Az)] (3)
where |A(x)| is a scalar gate potential aligning the band bottom of the different regions. Notice
that in the P configuration the s = — spin sees no potential at all while s = 4 is confined by a

potential well of width d. On the contrary, in the AP configuration both spins feel a potential
step, but in opposite contacts. As we will discuss below, these differences in potential landscape
for 4+ and — spins greatly influence the transport properties of the stripe with polarized contacts.

3. Linear conductance and polarization

We calculate the linear conductance G from left to right contacts when an infinitesimal potential
bias is applied along z. In the Landauer formalism of scattering G is given by the quantum
transmission 7' at the Fermi energy [24]. In practice, however, we have to differentiate the
quantum wire and the stripe systems due to the discrete and continuous character of the
transverse modes, respectively. In terms of the conductance quantum Go = e?/h, Landauer
formula for the quantum wire reads

(Wire) G= GQ Z Tn’s’,ns 5 (4)

ns,n’'s’

where ns and n's’ are labeling transverse mode and spin in L and R contacts, respectively.
On the other hand, for the stripe the corresponding formula for the conductance per unit of
transverse length L, reads

] G Go /2 3m/2 ,
(stripe) =2 KLS/ d9|cos€|Ts/s(an,¢9)+nRs/ d0 | cos 0| T (krs, 0) b
y Ty —7/2 /2
(5)

where k.s is the Fermi wavevector in contact ¢ = L, R and spin s, while 6 gives the polar
angle of the vectorial momentum for the incident electron. We shall also calculate the relative
polarization p of the transmitted current, defined as p = G, /G, where the polarized conductance
G takes into account the spin of the current in the R terminal. Its expression for the quantum
wire and the stripe are straightforward extensions of Eqs. (4) and (5).

4. Results

This section presents our results for the linear conductance of wires and stripes, Egs. (4) and
(5), using the method of Refs. [8, 9]. We shall discuss the dependence with energy and Rashba
intensity for various orientation of the Zeeman fields in the contact regions.

4.1. Energy dependence

Figures 2 and 3 display a comparison of G(FE) for a stripe (S) and a wire (W). Black symbols
correspond to the results without Rashba coupling while gray (red in color) symbols are for an
intensity of ag = 0.3Ey Ly, where Ey and Ly denote energy and length unit, respectively. As
in Refs. [8] and [9] we choose a units system in which & = mg = 1. Additionally, for the stripe
we choose the energy unit Ey = Ay while for the wire we take Ey = hwy. In terms of these

units it is Ly = \/h?/moEy.
In the quantum stripe (left panels in Figs. 2 and 3) the energy 24 signals the threshold from
only one propagating spin (F < 2A() to both spins propagating in the contacts (E > 24).
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Figure 2. (Color online) Conductance of the stripe (S, left) and wire (W, right) systems for
polarization of the contacts along xz. Upper and lower rows correspond to parallel (P) and
antiparallel (AP) orientations, respectively. We take ¢ = 8Ly (length of the Rashba region),
and Ay = 0.2hwq in the wire case. Black symbols are for vanishing Rashba coupling while gray

(red) ones correspond to ag = 0.3ary. The unit of Rashba coupling is given by oy = /h2Aq/mq
and /h3wo /mg for the quantum stripe and wire, respectively.

This transition reflects in an abrupt enhancement of conductance when the energy exceeds the
threshold. In addition, there are conductance oscillations of two types: for z-oriented contacts
the system displays Fano oscillations below the threshold 2Ay due to the Rashba-induced
coupling between the propagating spin and the quasibound states of the opposite evanescent
spin. Above threshold there are Ramsauer oscillations due to the potential steps in the polarized
leads. Notice, however, that in AP configurations the Ramsauer oscillations are greatly reduced
and, also, that in y-polarization the Fano oscillations are absent. Quite remarkably, while the
conductance of P configurations is enhanced by the Rashba coupling with respect to the spin-
orbit-free case, i.e., red-gray symbols are higher than black ones, this situation is reversed in AP
configurations. This behavior can be interpreted as a destruction of the spin-valve behavior due
to the mixing induced by the Rashba coupling.

Let us now focus on the wire conductances shown in the right panels of Figs. 2 to 3. In
the absence of spin-orbit coupling the conductance is characterized by a staircase appearance;
each step corresponding to the activation of additional transverse modes. In P configurations
steps for up and down spins are shifted by an energy 24, and, therefore, the conductance jumps
by Gy from one step to the next. In the AP case the corresponding increments are doubled,
2Gy. With the addition of the Rashba coupling (red-gray symbols) we see that in general the
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Figure 3. (Color online) Same as Fig. 2 for y configuration of the contacts.

conductance displays more oscillation. As a reminiscence of the perfectly clean wires we refer
to the energy interval [n — 1/2,n + 1/2]hwgy as the n-th conductance plateau. Comparing with
the stripe case (left panels) we notice that the wire conductance for each conductance plateau
resembles the result of the stripe. Looking, for instance, the result in Fig. 2 for the second
plateau [1.5,2.5]hwy we see at the beginning Fano oscillations followed by a sudden increase in
conductance for E =~ 1.9hwq, quite similar to the stripe behavior. Interestingly, a qualitative
difference with the stripe can be seen at the end of the plateau as a pronounced conductance dip.
This is again a Fano resonance but is qualitatively different from those seen at the beginning
of the plateau. It originates in a quasibound state shifted by a negative energy from the next
plateau by the Rashba coupling. Notice that this is different with respect to the Fano resonances
at the beginning of the plateau which stem from quasibound states induced by the polarized
contacts. These wire conductance structures are repeated almost regularly in each plateau.

The results for other configurations of the polarized contacts show analogous similarities
between wire and stripe conductances for each conductance plateau. Notice, in particular that
in y orientation the Fano oscillations at the beginning of the plateaus are absent while those
at the end are still present. It is also worth mentioning that the yAP configuration displays
the less-structured conductance of all, the Rashba interaction only inducing dips at energies
E ~ (n+1/2)hw in this case.

Figure 4 displays the energy dependence of the polarization p for selected cases to illustrate
the polarization mechanism of the localized Rashba coupling. The stripe is characterized by its
full polarization |p| = 1 for energies below the Zeeman gap 2A,. When exceeding this threshold,
the polarization decreases in absolute value and tends to zero for high enough energies. Ramsauer
oscillations can be clearly seen for energies slightly above threshold. Comparing black and gray
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Figure 4. (Color online) Polarization of the transmitted current, defined as p = G,/G, where
Gp = > 4 5Gys is the polarized conductance. As in Fig. 2, black and gray (red) symbols
correspond to the absence and presence of Rashba interaction, respectively. The configuration
of the contacts for each panel is also labeled as in Fig. 2.

(red) symbols, we notice that the main effect of the Rashba interaction (red-gray symbols)
in the stripe geometry is to smooth the transition from full to vanishing polarization in AP
configuration.

Focusing now on the wire polarization of the transmitted current, displayed in the right
panels of Fig. 4, we notice that each conductance-plateau-region, [n—1/2,n+1/2]hwy, is again a
qualitative repetition of the stripe behavior. The P configuration is characterized by a transition
from high absolute polarization at the beginning of the plateau to low polarization towards the
plateau end. There is an overall tendency to decrease the polarization when the energy increases
and conspicuous oscillations are superimposed on the general trend. In agreement with our
preceding analysis of the conductance, we can associate the oscillations in the high-|p| part of
each plateau with Fano resonances due to quasibound states and those on the vanishing tail
with Ramsauer potential oscillations. The Fano resonances are quite narrow and, although not
seen in the discrete set of plotted symbols of Fig. 4, polarization can be actually reversed with
respect to the main trend when the energy is very close to some resonances. An approximate
expression for the polarization, not taking into account conductance oscillations, is obtained
from the number of up (n4) and down (n_) propagating channels as |p| ~ (ny —n_)/(ny +n_).
This simplified formula is in qualitative agreement with the behavior shown in the right panels
of Fig. 4 when counting the number of propagating modes for a given energy.
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Figure 5. (Color online) Conductance as a function of ag in stripe (left) and wire (right)
geometries. The polarization of the contacts is indicated for the stripe, while for the wire
(n—,n4) gives the number of propagating down and up spin modes.

4.2. Dependence on Rashba coupling intensity

The Datta-Das spin transistor relies on the oscillatory character of the conductance as a function
of Rashba intensity. The present subsection analyzes this dependence of the conductance, at
a fixed energy, in quantum wires and stripes. In particular, we explore the robustness of the
oscillations when E > 2Ay and both spins can propagate in the contacts, i.e., the regime of
partially polarized contacts. Figure 5 displays the conductance in both systems. In the stripe
the incident-current polarization can be varied in a continuous way simply by increasing the
energy above the Zeeman barriers of the contacts. For the wire, however, we always have
an integer number of spin-down and spin-up propagating modes (n_,n;) and, as mentioned
above, approximate polarizations |p| ~ (n4 —n_)/(ny +n_). Of course, partial reflections and
transmissions can lead to deviations from this simplified expression.

For the stripe, shown in the left panel of Fig. 5, at full polarization (p = —1) the conductance
displays damped oscillations with og. Remarkably, when the polarization of the leads is reduced
the oscillating behavior is greatly quenched and it is fully washed out for polarizations below
20%. In the wire geometry (right panel) the behavior is less regular. At full polarization there is
a clear initial oscillation, but as «g increases the conductance exhibits an irregular or disordered
behavior. When the polarization is reduced the initial oscillation is heavily distorted, but is
more robust than in the stripe case. At large ag’s the region of irregular conductance is not
qualitatively modified when the polarization is reduced.

5. Conclusions

In this work we have compared the linear conductance of a parabolic wire and a stripe with a
localized Rashba interaction and polarized contacts. The spin splitting of the polarized contacts
is modeled by means of Zeeman fields. For energies below the Zeeman energy gap the spin-
selective barriers of the contacts induce the formation of quasibound states. These quasibound
states couple with propagating states via the Rashba coupling and manifest as Fano resonances of
the conductance for both stripe and wire systems. In the case of the wire these Fano resonances
appear at the beginning of each conductance plateau. At the end of each plateau we also find
a second class of Fano resonances, conductance dips, due to quasibound states which are not
induced by the polarized leads, but they originate in the Rashba interaction alone. For energies
above the Zeeman gap the conductance shows Ramsauer oscillations due to the underlying
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potential. We have also discussed the variations for « and y orientation of the polarized contacts
in both parallel and antiparallel configurations.

As a function of ag the stripe conductance shows a damped oscillating behavior which is
not robust for partial polarizations; i.e., it becomes monotonous for polarizations below ~ 20%.
The wire conductance is qualitatively similar but with a more robust initial oscillation. At high
values of ag the wire conductance is characterized by an irregular behavior that we attribute to
the existence of many resonances.
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