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We propose an all-electrical nanostructure where a spin accumulation, an observable signature of the spin
Hall effect, and a spin current are induced in the probes attached to a quantum-coherent ballistic one-
dimensional 7 junction when unpolarized charge current is injected through its longitudinal lead. Our proposal
is essentially based on the Rashba spin-orbit interaction (SOI) and on the presence of one lead where the SOI
vanishes. Tuning of the Rashba SOI in the semiconductor heterostructure hosting the junction generates
quasiperiodic oscillations of the predicted spin current due to spin-sensitive quantum-interference effects
caused by the difference in the interferometric phase accumulated by opposite spin states.
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I. INTRODUCTION

Conventional electronic devices rely on the transport of
electrical charge carriers. In recent years, the study of spin-
tronics devices, which utilize the spin rather than the charge
of an electron, has been intensified mainly because they are
expected to operate at much higher speeds than the conven-
tional ones and have potential applications in quantum
computing."> Among these studies many are focused on the
role of the spin-orbit interaction (SOI) in condensed matter
systems. The latter interaction is due to the Pauli coupling
between the spin momentum of an electron and a magnetic
field, which appears in the rest frame of the electron, due to
its motion in the electric field?

. ¥ .
Hgp=~ fmer(m[& X pl. (1)

Here, my is the electron mass in vacuum, ¢ are Pauli matri-
ces, p is the canonical momentum operator, r is a three-
dimensional position vector, and A\j=#%2/(2myc)>. In con-
densed matter systems, m, and A, are substituted by their
effective values m* and N. Thus, many of the proposed spin-
tronics devices are low-dimensional nanostructures that work
in the presence of the SOI.

Moreover, several fundamental quantum phenomena,
which involve electron spin, have been investigated in order
to generate and measure pure spin currents, i.e., not accom-
panied by any net charge current. In contrast to conventional
charge currents, or spin-polarized charge currents that have
been explored and utilized in metal spintronics over the past
two decades,* pure spin currents emerge when equal num-
bers of spin-T and spin-| electrons move in opposite direc-
tions so that the net charge current is zero.> A recent theoret-
ical analysis has found potential sources of such currents in
the typical devices supporting the so called spin Hall
effect®® (SHE). The electrical Hall effect'® manifests itself
when an electric current flows along a conductor subject to a
perpendicular magnetic field and the Lorenz force deflects
the charge carriers, creating a transverse Hall voltage be-
tween the lateral edges of the sample.
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In analogy to the conventional Hall effect, an external
electric field can be expected to induce a pure transverse spin
current in the absence of applied magnetic fields. Thus, the
SHE is the creation of a spin imbalance, or spin current, due
to scattering of electron spin moments in a direction perpen-
dicular to an applied electric field. It follows that the SHE
induces edge spin accumulation and a pure spin Hall current
flowing in the direction orthogonal both to the electric field
and to the injected unpolarized charge current.

Early theoretical studies predicted the SHE as an extrinsic
effect due to impurities in the presence of SO coupling.®
When the scattering due to the impurities is spin dependent,
spin-T and spin-| electrons of an unpolarized beam are scat-
tered into opposite directions, resulting in spin-up and spin-
down charge Hall currents. It was realized long ago that the
extrinsic spin Hall current is the sum of two contributions.!!
The first contribution (commonly known as “skew-
scattering” mechanism'>'3) arises from the asymmetry of the
electron-impurity scattering in the presence of spin-orbit
interactions,'* and the second one, i.e., the so-called “side-
jump” mechanism,!13-17 is caused by the anomalous rela-
tionship between the physical and the canonical position
operator.'®

More recently, it has been pointed out that there may exist
a different SHE purely intrinsic. A pure transverse spin Hall
current should be observed, that is, several orders of magni-
tude larger than in the case of the extrinsic effect, arising due
to intrinsic mechanisms related to the spin-split band struc-
ture in SO coupled bulk!'*?° or mesoscopic?! semiconductor
systems. In Ref. 22, the authors calculated the electric-field
induced spin accumulation and spin current in a finite-size
sample and showed that the spin Hall conductivity vanishes
in an infinite system. Thus, in macroscopic samples, intrinsic
SHE vanishes so that in recent years the presence of intrinsic
SHE was largely studied in ballistic devices as nanojunctions
formed by crossing quasi-one-dimensional (Q1D) devices. In
fact, in Ref. 23, the authors demonstrated that the flow of a
longitudinal unpolarized current through a ballistic two-
dimensional electron gas (2DEG) with SOI will induce a
nonequilibrium spin accumulation that has opposite signs for
the two lateral edges. The discussion was extended with the
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FIG. 1. (Color online) Schematic plots of the 7 junction (A) with the axis (B) and the shape of the transverse Rashba electric field E,(y)
(C) and potential V(y) (D). The junctions can be assumed as crossing junctions between two Q1D wires of width W ranging between ~25
and 100 nm. We propose a hybrid lead-wire system [a semi-infinite wire (y>—d) is attached to an ideal lead (y <-d)]. In the wire (sections
I-11I) a strong Rashba SOI is present, while the latter vanishes in the lead (section IV).

investigation of the SHE in multiprobe ballistic SO coupled
semiconductor bridges,24 i.e., a device where longitudinal
leads are attached to ballistic quantum-coherent 2DEG in a
semiconductor heterostructure.”»>* The latter device can be
assumed as a crossing junction between two Q1D wires.?

Here, we consider low-dimensional electron systems
formed by Q1D nanojunctions patterned in a 2DEG where a
natural SOI is present, the Rashba coupling, which stems
from the structure inversion asymmetry of the heterostruc-
ture quantum well. We propose a hybrid lead-junction sys-
tem, i.e., two crossing semi-infinite wires [section 1 and sec-
tions I and IIT in Fig. 1(a)] with strong Rashba coupling
attached to an ideal lead (y <-d) where SOI vanishes.

In this paper, we predict that a spin-polarized current can
be induced in probe 2 by injecting an unpolarized charge
current through probe 1 when the ideal lead 4 does not ac-
cept any current. The magnitude of the spin polarization will
strongly depend on (i) the distance d between the center of
the junction and the ideal lead and (ii) the strength of the SO
coupling, arising from the electric field along the z axis
(which can be tuned by the gate electrode) that confines elec-
trons within the xy plane of the quantum well in the semi-
conductor heterostructure. We also predict that a nonequilib-
rium spin accumulation will appear in the ideal lead 4 to
generate a compensating current in the direction opposite to
the spin current.

Next, we discuss what happens when the ideal lead 4 can
accept a current, and we predict that when an unpolarized
charge current is injected through probe 1, (i) a zero bias
charge current (pseudo-Hall current) can flow from probe 4
to 2, (ii) a spin-polarized current can be induced from probe
4 to 2, and (iii) tuning the distance d or the strength of the
SOL, it is possible to have a pure spin (Hall) current from
probe 4 to 2.

II. MODEL AND THEORETICAL APPROACH

A. Rashba spin-orbit interaction

As already mentioned, the Rashba effect?® originates from

the macroscopic electric field in a semiconductor quantum

well (a potential well along the z direction, which is present
in semiconductor heterostructures). Due to the band offsets
at the interface of two different materials, the electrons are
confined by forming a 2DEG (in the xy plane). Since an
asymmetric quantum well potential confines the electron
gas?’ in some heterostructures the electrons move in an ef-
fective electric field E, along Z, and the Hamiltonian in Eq.
(1) will take the form?®

~ o o

HSO = %[pry - prx]- (2)
a, which in vacuum is given by )\%Eze, in semiconductor
heterostructures takes values typically?-3? within the range
of ~1071'=107"2 eV m, while its highest value is close to
1071 eV m, as reported in Refs. 33 and 34. In the reference
system of the electron, this electrical field transforms into an
effective magnetic field. Even though the Rashba spin split-
ting is expected to be very small, nonetheless, this perturba-
tion can give rise to a sizeable modification of a semicon-
ductor band structure.?>3 Moreover, for applications, it is
essential that the strength of the Rashba effect, and thus the
spin splitting, can be controlled by means of a gate electrode.

B. Quantum wave functions

The ballistic one-dimensional wire is a nanometric solid-
state device in which the transverse motion (along y for
probe 1 in Fig. 1 and along x for wire 2-3-4) is quantized into
discrete modes, and the longitudinal motion (y direction for
probe 1 in Fig. 1) is free. In this case, electrons propagate
freely down to a clean narrow pipe, and electronic transport
with no scattering can occur.

Next, we assume that the SO interaction vanishes in sec-

tor 4, while in the other sections the Hamiltonian IEISO is
given by the term in Eq. (2).

Here, we discuss the case of a quantum well (QW) ori-
ented along the y axis, in the presence of SO interaction.
Following Ref. 36, the lateral confining potential of a QW,
V.(x), is approximated by a parabola,
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= 22, (3)

The quantity w controls the curvature of the confining poten-
tial.

As we know from Refs. 37 and 38, the QW Hamiltonian
in the presence of a-SOC cannot be exactly diagonalized.
We can calculate its spectrum (and related wave functions)
by a numerical calculation or with simple perturbation
theory. In order to get to our result, we analyze the Hamil-
tonian [Eq. (2)] in the general case and separate the commut-

ing part ([H,,H,]=0),

.« hkgp,
A.=p,6,= 5, (4)
h m*

where kp="S 87 , which has a natural value’®* for o
~107"2-107" eV m and kz~10-10"2 nm™".

The nondiagonal term
hsz

A

0':

(a —-ah(6t+ 6, (3)

where [,=(fi/m*w)"* and dx,&l are creation-annihilation op-

erators of the 1D quantum mechanical harmonic oscillator,*°
can be neglected in the first order approximation and be-
comes relevant just near the crossing points *k.*! as it was
discussed in Refs. 37 and 38 and in bibliography therein.

It follows that the Rashba subband splitting in the ener-
gies, in the first order approximation, read

1
Enks, = ﬁw(n + 5)

The = sign corresponds to the spin polarization along the x
axis, i.e., to the spin eigenstate Xs, (see the Appendix).
Hence, we can conclude that four- spht channels are present
for a fixed Fermi energy e corresponding to *p, and s,
= * 1 with eigenfunctions

)1/2

2

— kgl (6)

_ ik (ep)y
QDSF,n,sX_un(x)e n=F X‘Yx’

where u,(x) are displaced harmonic oscillator eigenfunc-
tions.

Here,
k) (ep) = sk = \r’k,ze + ki =skg = q,,,
where k=2 - 2 (gp—horet) and g,= ki +k2.

In each of the sectors of the junction, H* has eigenfunc-
tions belonging to the 1D subbands (2=0,1,...). If we sup-
pose that the QWSs are quite narrow (1D limit), we can limit
ourselves to n=0 and neglect the transverse part of the wave
function u,,(x).

This approximation can be justified by assuming the en-
ergy &, =¢ep—fiw/2 to be less than fiw that is ~50 meV for a
QW of effective width W~ 20 nm.

Thus, the wave functions in sectors 1, 2, and 3 are built
starting from

o= ety
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f;,T — eiqxeikaX%" f;i _ eque_lkRXXf’
where || stands for probe 2 or 3 and = for sector 1.

In sector 4 where no SO interaction is present, the wave
functions are built starting from

| _ —iky | _ —iky
K,— e i XL’ Ky— e XL’

where

2m* 2n+1
K;(SF) = ?—<8F_ ﬁwT 2 - VO) ’

where V) is the barrier potential shown in Fig. 1(d).

C. Ballistic transport and Landauer formula

In order to study the transport properties of the system
subject to a constant low bias voltage (linear regime), we
calculate the zero temperature conductance G based on the
Landauer formula,*?

2 > 177, (7)

n'.n=0 o' o

e
h

where T;’,’;’ denotes the quantum probability of transmission
between incoming (n,0) and outgoing (n',o’) asymptotic
states defined on semi-infinite ballistic leads. The labels n,n’
and o, o’ refer to the corresponding mode and spin quantum
numbers, respectively. As we have discussed above, we also
limit our analysis to the case of just one mode involved: n
=n'=0.

The Landauer formula works in the ballistic transport re-
gime, in which the dimensions of the sample are reduced
below the mean free path of the electrons. Thus, the Land-
auer formula in the form of Eq. (7) properly works just at
T=0, while a more general formulation at finite temperatures
has to take into account the width of the distribution of in-
jected electrons. Thus, in order to generalize the calculations
at finite temperature, the conductance at finite 7' can be ob-
tained by*

*  OF(e,ep,T
G:—(ez/h)zf d8M|T0(8
o 0 de

where F is the Fermi distribution function and 7 the tempera-
ture.

(8)

D. Theoretical treatment of the scattering

We approach this scattering problem using the quantum
waveguide theory** justified for strictly one-dimensional de-
vices. The incident wave can be taken in probe 1 with spin
Sy== f/2 as

1 i(g+hp)x 1
¢0T=€l(q+RhX1, %1:6 X|-

Next, we use the Griffith boundary condition,* which states
that the wave function is continuous and that the current
density is conserved at each intersection [(0,0),(0,—d)]. The
resulting set of linear equations [Eq. (A1)] leads to a relation
between the expansion coefficients té in the different do-

i(g—kp)x
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mains (see the Appendix). Thus, the transmission problem
can be solved exactly by matching appropriate Ansdtze for
wave functions in the wires. Then, we obtain the transmis-
sion coefficients 7}, where s is the spin of the injected
electron in probe p and o is the spin of the exiting one in
probe g. Here, s and o can be T, |, or —, «.

III. RESULTS

Since the SO coupling often vanishes in the contacts,’’-38

it can be useful to analyze the behavior of a hybrid system.
In the latter system, the transport is strongly affected by the
scattering at junction-lead interfaces due to the different na-
ture of electron states in the wires and the lead. The simplest
model*®#7 is the one obtained by attaching semi-infinite
leads with kx=0 (section IV corresponding to y <-d) to the
junction where kj # 0.

The first result concerns the symmetry of transmission
coefficients T;; as functions of the parameters. We can cal-
culate them analytically, as we report in the Appendix [Egs.
(A2) and (A3)]. We first focus on probe 2. It follows that

Ty =12qd+ ¢@r), Ty~ =m2qd - ¢p),

where 7 is a simple function, and the phase shift reads ¢p
=2kgd. Thus, the symmetry breaking between spin« and
spin— electrons is clearly induced by the quantum interfer-
ence in the region 0>y >—d. This polarization is present if
we inject both a spin unpolarized current and a polarized one
in probe 1.

A. Lead 2 conductance

Here, we suppose that the potential of the ideal lead (V)
is much larger than the energy £y of the injected electrons in
probe 1. Since no current flows through probe 4, the device
is reduced to a two-terminal one, i.e., the current injected in
lead 1 (source) can just exit from probe 2 (drain).

By a comparison between the transmission amplitudes, it
is evident that a spin-polarized current can be generated in
lead 2 and can be modulated by acting on the parameter ¢g.
In order to see this modulation clearly, we introduce a di-
mensionless quantity P, to describe the spin polarization
along the x axis of current transmitted in lead 2, which is
defined by
j~> _j<— _ TI; + Tl; - T‘{; - Tl;
Jotie T AT +Ty 411

PX(SF’ ‘PR) =

where the spin resolved currents j; were obtained by employ-
ing the Landauer formula. Here, P, is similar to the spin
injection rate defined in ferromagnetic/semiconductor/
ferromagnetic heterostructures,*® and it can be measured
experimentally.*’

As we show in Fig. 2, where P, is reported as a function
of d and &g, we predict that a spin-polarized current can be
induced in probe 2 by injecting an unpolarized charge cur-
rent through probe 1 when the ideal lead 4 does not accept
any current. The magnitude of the spin polarization will
strongly depend both on the distance d between the center of
the junction and the ideal lead and on the strength of the SOI.
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FIG. 2. (Color online) Spin polarization of the emerging current
in lead 2. Here, Vy~2Aw (we suppose iw~ 50 meV) and kx=1.2
X 1073 nm~!. (Top) Density plot of the spin polarization as a func-
tion of the cavity length and the kinetic energy &y from O to the
bottom of the second subband. (Bottom left) The oscillation for two
fixed values &x~ 0.1%w (black thick line) and £x~ 0.8 w. (Bottom
right) The charge conductance (G, thick line) compared to the
spin polarization (black thin line) as a function of d.

This dependence produces the oscillations shown in Fig. 2.

We can also observe that the maxima of the spin polariza-
tion correspond to the minima of the charge conductance
(obtained by applying the two-terminal Landauer formula),
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which, however, is significantly nonvanishing for large d.

Also, if no current can flow in probe 4, a nonequilibrium
spin accumulation will appear in the ideal lead 4 in order to
generate a compensating current in the direction opposite to
the spin current. In general, the quantum interference in the
region 0<y<-d can produce a spin-polarized current by
deflecting opposite spin electrons in opposite directions,
yielding a spin accumulation (S,) in the probes (2 and 4).
Obviously, this spin polarization corresponds to a current
that flows in probe 2, while in the lead the spin polarization
disappears at a distance from the interface of some €y
=1/(ik) corresponding to a few tens of nanometers.

In Fig. 3, we show the spin accumulation (S,) as a func-
tion of k; and &g, both in leads 2 and 4.

B. Three probe conductance

Next, we discuss what happens when the ideal lead 4 can
accept a current. Here, we assume that V,, vanishes, so that
the only difference between the junction and the lead con-
sists in the absence of SOI. Thus, we can now define the spin
polarization for the currents /, and I, in the top and bottom
probes. We can observe that the SOI and the quantum inter-
ference can give currents with opposite spin polarization
flowing in the opposite probes, as shown in Fig. 4.

The correspondence between this spin polarization and
the presence of a transverse spin Hall current can now be
discussed, starting from a theory for the quantum transport of
spin currents in a three-terminal device. In fact, the current
can now flow out of the junction also by probe 4. The charge
currents in mesoscopic structures attached to many leads are
described by the Landauer-Biittiker formulas,>® which gener-
alize the Landauer formula for two-terminal devices to a
multiprobe system,

L= 2 GV, = V,), 9)
qFp

while the analogous formulas for the spin currents in the

leads are straightforwardly extracted from them,’!2
p=t > GV, -G"v,) (10)
p‘zeq#p ap 'p~ Ypa’aq)

n_glly Gl _Ggl_gl au_ 11y Gl_gGll

where qu‘qu"'qu_qu_qu and qu—qu+qu—qu
"G,

The conductance coefficients are related to the transmis-

sion matrices t’? between leads p and ¢ through the

Landauer-type  formula G;";’ = 2—22%1;1“ t‘f}’fm, 2
|t s|* is the probability for spin-a’ electron incident in
lead g to be transmitted to lead p as a spin-« electron and i,
label the transverse propagating modes (i.e., conducting
channels) in the leads.

Now, we fix the potential V,=Au while V,=V,=0. The
charge current in probe 2 is now given by

., Where

!

62

12=1?+1?=gAM([T¥z_’+Tb_’]+[TTz_+TIZ]),

while in probe 4 it results to
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FIG. 3. (Color online) (Top) Spin polarization of the emerging
current in lead 2. Here, V~2%iw (we suppose iw~ 50 meV) and
kr=1.2X 1073 nm~!. Density plot of the spin polarization as a func-
tion of the strength of the SOI, kg, and the kinetic energy £x from 0
to the bottom of the second subband. (Bottom) The spin accumula-
tion (S,) across the probes (2 and 4) of the ballistic 7 junction as a
function of the SOI strength (kg). Here, V(~2%iw (we assume fiw
~50 meV). We observe that the spin polarizations are opposite
each other. (Left) ex~0.1%w, the penetration length €y of the spin
polarization in probe 4 is ~3.5 nm. (Right) ex~0.8%w, and the
penetration length €y of the spin polarization in probe 4 is
~7.3 nm.
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FIG. 4. (Color online) (Top) Spin polarization of the emerging
current in lead 2. Here, V=0 and d=100 nm. Density plot of the
spin polarization as a function of the strength of the SOL, kg, and the
kinetic energy €. (Bottom) Spin polarization of the emerging cur-
rent in leads 2 (,) and 4 (1) versus the the strength of the SOI, kg
for a fixed value of §K=510‘3hw (if we assume W~ 50 nm, and we
have £x~0.25 meV).

L=1, +I; =—Ap(T), +Tiy 1+ [Ty + T ).
We can define a “pseudo-Hall” current as the current that
flows between probes 2 and 4 without any bias voltage,

IH=I2—I4,

and it does not vanish because of the spin induced symmetry
breaking (as we show in Fig. 5, bright line).

This current is also spin polarized as we can calculate.
The “pseudo-spin-Hall current” is obtained from the
Buttiker-Landauer theory as

Ly=I -1y -1 +I; .

In Fig. 5, we show a comparison between charge and spin
transverse currents between probes 2 and 4. It follows that
we could modulate the angle ¢ (e.g., the strength of the
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FIG. 5. (Color online) Charge and spin transverse currents be-
tween probes 2 and 4. We can observe that for kp~0.007, the spin
current vanishes and a pure charge current flows from lead 2 to lead
4. For kp~0.0065, the charge current vanishes and a pure spin
current flows from probe 4 to probe 2.

Rashba coupling) in order to obtain a spin unpolarized trans-
verse current or a pure spin current. In the latter cases, it
follows that to a charge current /; injected in lead 1 corre-
sponds a transverse SH current given by the equation above;
i.e., the spin accumulation will push the pure spin current /4
into the transverse probes.

Notice that for vanishing d, the symmetry breaking disap-
pears because the main role in the spin polarization and
transverse current generation is played by the quantum inter-
ference. The symmetry breaking is due to the interplay be-
tween quantum interference and spin-orbit interaction. How-
ever, according the discussion of Ref. 23, in many cases the
detection of the currents requires one to measure the spin
accumulation that they deposit at the sample edges.>?

IV. DISCUSSION

In this paper, we discussed some theoretical devices ca-
pable of acting as spin filters based on the Rashba interac-
tion. Now, we can summarize our results by starting from the
feasibility of similar devices.

The first question concerns the SOI strengths. The values
of a have been theoretically evaluated for some semiconduc-
tor compounds.®* In a QW patterned in InGaAs/InP hetero-
structures, A2 takes values between 50 and 150 AZ; hence, in
the usual devices,?®* the natural values read «
~10"""eVm and kz~10~* nm~'. For GaAs heterostruc-
tures, N2 is one order of magnitude smaller (~4.4 A?) than in
InGaAs/InP, whereas for HgTe based heterostructures, it can
be more than three times larger.>®> Thus, values of kg up to
~1072 nm™! can be assumed due to the natural SOI, i.e., to
the structure inversion asymmetry of the heterostructure
quantum well. On the contrary, larger values (as those used
in Fig. 4) have to be obtained by controlling the transverse
electric field, e.g., by tuning the voltage on the gate elec-
trode.

The second question concerns the size of the discussed
devices. A typical nanojunction should be made by using
narrow QWs of a width W from tens to hundreds of nanom-
eters. In fact, the lithographical width of a wire defined in a

075303-6



SPIN FILTERING AND SPIN HALL ACCUMULATION IN...

2DEG can be as small as 20 nm,’ always away from the
saturation region. Moreover, we have to fix d of the order of
some hundreds of nanometers, i.e., distances surely available
with a good precision.

The device proposed here can be compared to the one in
Ref. 23 where the value of « can take values that correspond
to kg~5X 1072 nm~!, while W is ~25 nm. There was a pre-
dicted spin accumulation (S.) that ranges from 10™4/2 to
10734/2.

In this paper, we proposed a scheme of spin filtering
based on nanometric cross junctions in the presence of
Rashba SOI. The cross geometry seems to be one of the most
efficient devices for the spin filtering because it acts like a
kind of ultrasensitive scale, capable of reacting to the small-
est variations of external or effective fields. In this paper, we
take into account a hybrid lead-junction system, i.e., a cross
junction with strong Rashba coupling attached to an ideal
lead where the SOI vanishes. Due to the quantum interfer-
ence in the cavity between the center of the cross junction
and the ideal lead, there is a symmetry breaking between
currents with opposite spin polarization. Thus, tuning the dis-
tance d or the strength of the SOL, it is possible to modulate
the interferometric phase @p.

Here, we discussed two different cases. The first device
that we proposed is a two-terminal device attached to the
interferometer discussed above. In fact, no current can flow
through the ideal lead. We showed that a spin-polarized cur-
rent can be induced in probe 2 by injecting an unpolarized
charge current through probe 1, while just a nonequilibrium
spin accumulation will appear in the ideal lead 4. The second
case corresponds to a three terminal 7" junction. Here, we
showed that when an unpolarized charge current is injected
through probe 1, (i) a zero bias charge current (pseudo-Hall
current) can flow from probe 4 to 2, (ii) a spin-polarized
current can be induced from probe 4 to 2, and (iii) a pure
spin (Hall) current can go from probe 4 to 2.

The effects of spin interference caused by Rashba SOI
were largely studied in the past years and, more recently,
they were measured experimentally. In Ref. 57, the authors
studied Aharonov-Bohm-type conductance oscillations in
ring structures fabricated from HgTe=HgCdTe as a function
of Rashba SOI strength and associated these observations
with the Aharonov-Casher (AC) effect. More recently, the
AC effect was demonstrated also in small arrays of mesos-
copic semiconductor rings.”® The AC oscillations were also
discussed in Ref. 59 where a Rashba gate controlled ring
embedded in a p-type self-assembled silicon quantum well
was analyzed. This analysis was developed also for a three-
terminal device with a quantum dot® or a quantum point
contact (QPC)®! inserted in one of the ring’s arms using the
split-gate technique.5? This device can be appropriate in or-
der to divide the relative contribution of the AC effect in the
conductance oscillations. The presence of a nonmagnetic ob-
stacle as a QPC was also analyzed in our recent paper®
where we demonstrated the central role that it plays in in-
ducing a significant spin polarization in the current flowing
in a two-terminal quantum ring.

Thus, the idea to use two and three-terminal interferomet-
ric devices as spin filters is not new. However, most of the
proposals are based on a ring geometry.%*% This geometry
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was required in order to optimize the spin filtering of the
simple 7 stub proposed in Ref. 66 where no interferometric
effects are present. From an experimental point of view, the
latter device requires the presence of a localized SOI formed
in the 2D electron gas layer by gate electrodes and localized
to the area of intersection only.

The devices proposed in this paper are linear interferom-
eters that present two kinds of advantages with respect to the
earlier proposals mentioned above. From a technological
point of view, one advantage is due to the linear, rather than
circular, geometry that gives more compactness to the device
and a higher readiness and easiness in manufacturing it,
which could be relevant when planning a spintronic circuit
made of several such elements. The possibility of acting on
different parameters, such as the interferometric distance d,
allows one for a better control on the required phase.

From a theoretical point of view, our device is based on a
simpler interferometric effect than the ones based on the ring
geometry. In fact, the presence of a ring in the interferometer
introduce an extra phase due to the curvature of the channel,
which can be associated with the Berry phase.

Moreover, the two terminal interferometer proposed
above can be optimized by acting on parameters (Fig. 2) in
order to obtain a higher spin polarization and a significant
current (high transmission), while the same device allows the
measurement of the spin accumulation in region 4.
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APPENDIX: USEFUL FORMULAS

Let us introduce the three spin operators g; in the x-based
representation,

i ﬁ(l 0) X h(O 1) X ﬁ(O i)
g,=—= , O,=T , O0,=— . .
2\0 -1 7 2\1 0 T2\-i 0

Next, we assume for an electron with spin s,==*+1 (S,
= *f/2) corresponding to the spinor,

coli) el

while for an electron with spin sy=*1,

sh)oxe=5l)
XT \'El s XH_VE_I .

It follows that the wave functions in different regions for
each value of the spin are given below,

lpl — tIe_i(q_kR)xXT + l%e_i((”kR)xXl,
o= e Ry ety

W) =A—>ei(q+kR),vXH + B_’e_i(”_kR)yXH +A‘_ei("‘kR)yXH

+ Bee—i(q+kR)yX‘7 ,
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du=1,e Dy 41 Ny (A1)

1. Transmission elements

First, we focus on the transmission elements between
probes 1 and 2,

T | cos[(q + kg)2d] + ik sin[ (g + kg)2d]
lip =l = D ,
N
(A2)
e 1o 4 cos[ (g — kg)2d] + ik sin[ (g — kg)2d]
t =1 =
12 = D ,
(A3)
where

1 1 -+
D.=—=(3(g - ) + (g + 0T,
\J

It is now clear that if k=g, the transmission is reduced to the
one of a simple 7 junction without any spin polarization and
dependence on the Fermi energy.
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In order to focus on the role that the interference plays in
this device, we can analyze the limit d=0. In fact, in the
latter case, the transmission reads

r,_ 2

\2¢q

ts,o' 2 —
(R

il

without any difference between spin-up and spin-down elec-
trons. A similar result can be obtained for k=0, where the
interference modulates the charge conductance but cannot
have any effect on the spin polarization of the current. In
fact, we have

T= = e 2l

lp =t =l =1 -

We can also calculate the transmissions amplitudes in

probe 4, obtaining

[~ ikd
2+2e
1= _ = _
ty =ty = , (A4)
1 1 D+
_ _ 2\*’56in
=iy =20 (a3)
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