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Ballistic spin interferometer using the Rashba effect
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We propose a ballistic spin interferometer using a square (8t geometry, where an incident electron
wave packet is split into a pair of partial waves by a “hypothetical” beam splitter. These electron partial waves,
then, follow the SL path in the clockwise and counterclockwise directions, respectively, so that they interfere
with each other at the incident point, retaining the spin degree of freedom. We find that the backscattering
probability of an incident electron can be largely modulated by varying the magnitude of the Rashba spin-orbit
coupling constante. We propose to make the proposed spin interferometry experiment using an artificial
nanostructure fabricated in, for exampleg $8Al g 4gAS/ INg 585Gy 47AS/ INg 57l g 4gAS quantum wells.
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Exploitation of spin degree of freedom for the conductionsplitting in the conduction band. We are aware of another
carriers provides a key strategy for finding new functionalmechanism that induces spin splittings due to the bulk inver-
devices in semiconductor spintronics. A promising ap-  sion asymmetry, so-called “Dresselhaus teffhywhich we
proach for manipulating spins in semiconductor nanostructeave as a future research topic. The energy dispersion rela-
tures is the utilization of spin-orbis.0) interactions. In this  tjon for a system with the Rashba effect is given By
regard, lifting of the spin degeneracy in the conduction  =#2k2/2m" + ak, wherea is the Rashba spin-orbit coupling
valence band due to the structural inversion asymmetry isconstant and + and — signs are for spin up and down states,
especially called “Rashba effect?the magnitude of which  eqpectively, for a given wave vectlr For example, assum-
can be controlled by the applied gate voltages and/or speciﬁﬁ:]g k% and taking the spin basis aloagxis (perpendicular

H iy . .
sample design of the heterostructdfe. to the 2DEG plang we can write these two spin states as
In the present work, we propose a ballistic spin interfer-

ometer(Sl) using a square loogpSL) geometry, where an 1/1 -i
electron spin rotates by an angledue to the Rashba effect Wy, = —( ] > kx
as it travels along a side of the SL ballistically. The use of the 2\1+i

SL geometry for a Sl is contrasted with our previous pro-

posal of a Sl using a ringcirculan geometry* There, we and

assumed that electrons in the interferometer travel along the .
curvature of the ring ballistically as well as adiabatically v, = }(1 ') ik x
(without scattering retaining both the dynamical spin phase K7 o\1-i '

and the geometrical Berry phase. In reality, experimental
verification of such a Sl has not been an easy taSkbe-  respectively(spin pointing in the ¥ direction), in the plane-
cause(1) electrons have to travel along the whole circle of wave approximation.

the ring without scattering in order for us to see the predicted Let us first consider the mechanism of spin precession for
spin interference effect an(®) the universal conductance kllX. In this case, wave vectors for the spin-up and -down
fluctuation(UCF),12 which is caused by the presence of ran-states at a given energg.g., Fermi energyare written as
domly distributed elastic scatterers in the ring, would coverk =(k=+ Ak,0,0), where — and + signs correspond to spin-up
the signal of the spin interference. It is expected that thesand -down states as defined above, respectively, &kd
hurdles found in a Sl using a circular loop would be circum-=m"a/#°+0(a?). Making a linear combination between
vented in a Sl using SL’s. In a SL geomet(y) electrons are these states, one can construct a following spin coherent
required to travel ballistically only along sides of the SL. state:
Electrons would, then, experience spin-preserving scattering
(reflectior) at each corner of the SL. This makes the consid-

1
eration of the geometrical Berry phase unnecessary, because Wy = E(wk—AkT + Wiiak))

the spin preserving reflection of electrons is a nonadiabatic _ _

process, which simplifies the model calculatig@) Other _ 1)1 (k-AK)X 141 eanx
advantages of using SL'’s include the geometrical feasibility B 22| \1+i € 1—i €

of two-dimensional arraying for diminishing the effects of )

the UCF and the Aharonov-Boh@\B) oscillatior® as we _ ok Xi<C05(Ak X) = sin(Ak X)) o
discuss later. J2\cogAk x) + sinf(Ak x) /

An electronic band structure for a two-dimensional elec-
tron gas(2DEG) that is confined in an potential well suffi- We see that¥, can be written as a product between the
ciently asymmetric to induce the Rashba effect has a spiplane-wave pare* and the spin state vector part
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1 (cos(Ak x) = sin(Ak X) )

V2\cogAk X) + sin(Ak X) _ (path 1) ~ @
i~ - ’
which exemplifies the motion of spin precession #g path 2 (0)
propagates along axis: 0
1/1 0 where(g) represents a general spin state vectow + 88"
_E 1 — <1> =1) using the spin basis alongaxis. The property of the
v beam splitter introduced above is defined by the following
polarized in th polarized in th unitary operator:
+ x direction -z direction 1/(1 1
(Ak x=0) (Ak x= 7/4) U:§<| _|>, 3
1(-1
— —5( 1 ) — and so on. wherel denotes the X 2 identity matrix. Thus, we apply,
v to U,
polarized in th
. . 1/«
- x direction —_( )
(Ak x=7/2) Uw, = \*12 A = ($1> (4)
o
The proposed Sl in the present work is illustrated in Fig. _§<,3> ?
N

1, where three totally reflective mirrors are placed at three

corners of the SL and a beam splitter, the property of whichye note that partial wavedr; andW,, subsequently, propa-
is defined below, is placed at the fourth corner. We also applyjate through the SL path in the clockwiggW) and coun-
an external magnetic fiell in the z direction. In this SI, an  terclockwise(CCW) directions, respectively.
incident electron is injected to the beam Splitter from path 1. Now, we consider the interference between the partia|
The injected wave packet is, then, split into two equallywavesW¥, andW¥, when they come back to the incident point
weighted partial wave¥; andW,, whereW, follows path 1 after passing through the SL paths. It is noted that the plane-
(toward the ¥ direction andW¥; follows path 2(toward #  \ave parts of the CW and CCW paths are related to each
direction. We note that any junction with more than two other by the time reversal symmetry, i.e., the time reversal
leads attached to it would do the JOb of the beam Sp”tterpath of the CW path is the regu|ar CCWwW path, and vice versa.
experimentally, since an electron wave injected from a leadhe interference of this type manifests itself(it) the weak
to the junction would be split into multiple partial waves that |ocalization (or weak antilocalization phenomena in diffu-
propagate through the other leads attached. Thus, explicive conducto® and (2) the magnetoresistance oscillation
introduction of the beam splitter is unnecessary experimenyith a period corresponding to the magnetic flux half quanta
taIIy. Slmllarly, any junction with two leads attached would CI)O:h/Ze, denoted as the A|’tshu|er-Aron0\/-SpivaS)
do the job of the reflective mirrors, since electrons in a leachscillationl® From Eq. (1), we can see that both partial
would be led to the other lead through the jUﬂCtiOﬂ. The\Na\/es\Itl and \II2 acquire an equal phase facift from
specularity of the mirrors should be optimized experimen-the plane-wave part after passing through the SL path, where
tally. L is the side length of the SL. Therefore, we can safely

The quantum mechanical state of the incident e|eCtr0r|heg|ect the p|ane wave part of the wave function when dis-
(before passing through the beam spljttesin be written as  cussing the spin interference effect in the present Sl.

Let W, describe the electron spin that emergespath
2 as a result that partial waw¥, passes through the CW
path:

Wy =€2R_(OR(OR.5(OR ()W,
= ¥?AW, — path 2, (5)

whereR(6)s (§= X, +Y) denote quantum mechanical rota-

tion operators for spin 1/2 abogtdirection by an angled
/ applying the right-handed screw rule.

path2

(S

/V
Beam splitter| |pathl /

i Rx0) =1 c050 i:g* sina (6)
mirror = - —1&- o SInZ,
W 3 ¢ 2 2
where o is the vector expression of the Pauli spin matrices.
FIG. 1. Schematic diagram for the proposed spin interferometeln Egs. (5) and (6), 6 is the spin precession angle that an
in a square loop geometry. An incident waNg is split by the beam  incident spin pointing # direction would experience while
splitter at the lower left corner. traveling through a side of the square in the presence of the
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Rashba effect 9=2AkL) and € #/? is the phase factor ac- 0.5 — T
quired from the vector potential that is responsible for the i ]
magnetic fieldB (Bll2) piercing the SL(¢=2eBL?/#). In a i 1

similar way, Wy IS the spin state vector describing the I 0.822n 1.178n .
partial wave that emerges grath 1 as a result that partial = i \ ]
wave W, passes through the CCW path: :{ 0.0 f

Weew =€ Y2A™ W, — path 1. ) [ 0.42457 1.5755m |

W andWcy hit the beam splitter from path 2 and path - 1
1, respectively, and form the finginterfered state for the -0.5 T

electron wave, 00 0s 91/'?t 1 20
! v FIG. 2. Amplitude of the oscillatory part of the backscattering
Wina = ( }) = U‘1< CCW) probability (¥;|W7) in the proposed spin interferometer as a func-
v, Wew tion of the spin precession angtealong a side of the square loop.
1 <| | )(e‘“/”zA‘l\Irz) @®
AV PARNCLLTN A

(VW) =X+ 1+sir?§ Y?
1 1 2

where we used the unitarity &f. We find, 1 1
=57 Z(coé 6+ 4 cosd sir? 6+ cos ¥)cos ¢

1 . a
‘I,r - = —I¢/2A—1 el¢/2A ( )
! 2[e * I B E%+A(0)cos¢. (12

0 . N
<X+ Y COSE)“"L 1-DYsin>ps We note that the oscillation g} | W) as a function of¢
= 0 0 ' 9 corresponds to the AAS oscillation in mesoscopic physics,
(1+i)Y sin—a+<X—Ycos—>,8 whose  amplitude is given by A(a)zi(coé 0
2 2 +4 cos@ sir? 6+cos X) in the present calculation. We plot

) A(6) as a function ofg in Fig. 2.
where X=cod ¢/2){cos(612) +sir(612)[ cos(6/2) Experimentally, we propose to fabricate an array

-sir¥(6/2)]}, andY=2 sin(¢/2)sir’(6/2)cog6/2). We note  of micron-sized SL's in 1B5Al 0 4gAS/ INg 5G4 AS/

that the probability that an incident wa¥, is backscattered Ing 57Al g 4gAS quantum well§QW) using conventional nano-

to path 1 is given by the inner produ@¥;|W;), whichis @ jithographic techniques, where we investigate the amplitude

function of the initial spin statéf;). We consider the spin of the AAS oscillatiod® aroundB=0 as a function of the

interference effect for the case that an incident electron iapplied gate voltage. We illustrate an example of the SL

spin unpolarized. We let array sample in Fig. 3, where electrons in the shaded region
are depleted by the nano fabrication process. The undepleted

{ oo white region consists of six SL's and every neighboring pair

o COSEGX of the loops is electrically connected at the middle of the
= , (10) side. Note that the incident electrons are injected from the

B Sinﬁe_ix/z sides of the SLs in Fig. 3, not from the corners as we as-
2 sumed in the theoretical model. In fact, our further theoreti-

cal investigation showed that the magnitude (& ;|¥)
and calculate the expectation value(8f; | W) for an unpo-  does not depend on where to inject the incident electron in
larized incident spin using the following formula: the perimeter of the SL’ Therefore, the gate-voltage depen-
dence of the AAS oscillation amplitude for a sample de-
1 (7 2 scribed by Fig. 3 should still be predicted By6).
(physical quantity= —J sin¢ dgf dyx In an actual SL array sample, the lengtishould ideally
4mJo 0 be smaller than the electron mean free gatthough it still
has to be large enough for the spin precession afdtebe
gate-controllable to a significant extent. ValuesLofibout
(1D 1.5um would satisfy these requirements E£0.3 K. The
width W for the channel should be smaller thianthough, of
We shall see tha{¥;|W;) contains terms proportional to which values should be optimized experimentally. In actual
|af>~|B% o' B, andaf’. It is easily shown that the expecta- samples, the number of SL’s that should be arrayed two-
tion values of these terms become zero for an unpolarizedimensionally is much larger than six in order to diminish
incident spin using Eq(11) . We finally obtain quantum fluctuationgQF’s) like (1) the AB oscillation with

X {physical quantity to be averaged
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In a QW system with the Rashba effect, spin precession
angled is given by

2am’
h2

0=2AKL= L. (13

In the Iy s5Alg.46AS/ INg 5958 4AS/ INg 5A1 g 4gAS QW sys-
tem, the magnitude df| is typically 2x 1072eV m& The
variation of & value that can be achieved by the applied gate
voltage is approximately +5 10713 eV m. For example, for
sample 3 in Ref. 8, using’' =0.0471, (the effective mass at
Fermi energyandL=1.8 um, 6 can be varied from 0.28to
a (the correspondingy values are 0.410*?eVm and
_ﬁ 1.4x 10°*? eV m, respectively by the applied gate voltage.
With this variation of6, we see that the value @&f(0) is also
FIG. 3. An illustration of the array of nanolithographically de- yaried from the minimum valupA(6) =-0.5 for 6=0.64x] to
fined square loops that we propose to use for testing the proposeﬁe maximum valugA(6) =0.5 for 9=]. This result predicts
spin interferometry experiment. Each square loop has its corners C'flllat the amplitude of the AAS oscillation should be drasti-

at an angle of 45° to reflect the electrons coming from a side to th . .
other side. The whole array is covered with a gate electrode for th%ally modulatedsometimes even change sigrby the ap

control of the value of the Rashba constanby the applied gate plleld gate voltage in the actual Exﬁ.ert'.mem.s' interf t
voltage. A typical length. for the side of the square loop is 1.8n ' summary, We propose a ballistic spin interferometer
and the size of the channel widtiV should be optimized using a squa_re IOO(SL)_geometry. In this model, a pair of
experimentally. electron partial waves is created by a “hypothetical” beam

splitter at the incident point of the interferometer, where one
the period corresponding to the magnetic flux qudritaand  partial wave follows the square path in the clockwise direc-
(2) the UCF. Both of these effects, which manifest them-tion and the other does in the counterclockwise direction.
selves in a single-loop sample as QF's of the electric conThese partial waves, then, meet each other again at the inci-
ductance as a function @ and the applied gate voltage, dent point, where the spin interference should take place.

respectively, are expected to be averaged out to zero by apwe propose to use a SL array fabricated ig gyl g 46AS/
raying a number of SL'8% For the measurements, we pass anin, s{Gay 4+ AS/ 1N, 5,4l o 46AS quantum wells to test the results
electric current across the whole array and measure the elegf the present model calculation, where #hgRashba con-

tric resistance there that is related(¥s ;| W}) as a function
of B at temperatures typically lower than 0.3 K.

stany values in this material system have been already stud-
ied quantitatively using the weak antilocalization analysis.
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