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Spin-interference device
Junsaku Nitta,a) Frank E. Meijer,b) and Hideaki Takayanagi
NTT Basic Research Laboratories, 3-1, Wakamiya, Morinosato, Atsugi-shi, Kanagawa 243-0198, Japan

~Received 24 May 1999; accepted for publication 7 June 1999!

We propose a spin-interference device which works even without any ferromagnetic electrodes and
any external magnetic field. The interference can be expected in the Aharonov–Bohm~AB! ring
with a uniform spin-orbit interaction, which causes the phase difference between the spin wave
functions traveling in the clockwise and anticlockwise direction. The gate electrode, which covers
the whole area of the AB ring, can control the spin-orbit interaction, and therefore, the interference.
A large conductance modulation effect can be expected due to the spin interference. ©1999
American Institute of Physics.@S0003-6951~99!03031-4#
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Much attention has been focused on spin related tra
port in semiconductor systems. One attractive device ap
cation using spins of electrons is the so-called spin field
fect transistor~spin FET! which was proposed by Datta an
Das.1 The key idea of this device is that the precession of
spins of carriers injected by the ferromagnetic injector el
trode depends on a spin-orbit interactiona of the channel.
The modulation of current can be expected by controlling
alignment of the carrier’s spin with respect to the magn
zation vector in the collector ferromagnetic electrode. R
cently it has been shown that the spin-orbit interactiona can
be controlled by the gate voltage in InGaAs-based two
mensional electron gas~2DEG!2,3 and GaAs two dimen-
sional hole gas~2DHG!4 systems. These results show th
the Rashba spin-orbit interaction5,6 is a dominant mechanism
for the spin splitting in these semiconductor systems.

Large efforts have been dedicated to demonstrate
injection from ferromagnetic contacts into semiconducto
However, the modulation in the conductance of the spin-F
structure has been very small so far.7 The problem of the
spin FET is that the 2DEG is very sensitive to the perp
dicular component of the stray field from the ferromagne
electrodes.8,9

In this letter, we propose a spin-interference dev
which works without any ferromagnetic electrodes and a
external magnetic field. We calculate the phases which
acquired by the spin wave functions during a cyclic evo
tion in an Aharonov–Bohm~AB! ring in the presence o
Rashba spin-orbit interaction and Zeeman coupling. It
shown that a large conductance modulation can be expe
due to the interference of spin wave functions.

The electron HamiltonianH in a one dimensional ring in
the presence of Zeeman coupling and spin-orbit interactio
given by

H5
1

2m
~2 i\“2eA!21

e\

4m2c2 ŝ•E

3~2 i\“2eA!1
ge\

4mc
•ŝ•B, ~1!
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whereA is the vector potential and thes’s are the Dirac spin
matrices. We can rewrite this Hamiltonian in cylindrical c
ordinates as

H5
\v0

2 S 2 i
]

]f
1

F

F0
D 2

1
a

a
s r S 2 i

]

]f
1

F

F0
D1

\vB

2
sz ,

~2!

wherea is the radius of the AB ring, and we introduce th
following parameters:

v05
\

ma2 , vB5
geBz

2mc
, a5

e\2Ez

4m2c2 , F05
h

e
.

By substituting the Dirac matrices for the spin operators a
then diagonalizing this 232 matrix, we can find four eigen
functions of the Hamiltonian. They are given by

C↑
1~f!5exp@ inf#F cos

u

2

sin
u

2
eif
G ,

C↑
2~f!5exp@2 inf#F cos

u

2

2sin
u

2
eif
G ,

~3!

C↓
1~f!5exp@ inf#F sin

u

2
e2 if

2cos
u

2

G ,

C↓
2~f!5exp@2 inf#F 2sin

u

2
e2 if

2cos
u

2

G ,

where the arrow stands for the spin direction and the p
minus sign for the travel direction. Figure 1 gives an ov
view of the spin direction of the clockwise and anticlockwi
traveling electronic waves. It is natural to have eigenfun
tions like Eq.~3! from the definition of the spin direction
in Fig. 1. The effective magnetic fieldBeff due to the spin-
orbit interaction is perpendicular to the momentum direct

en-
© 1999 American Institute of Physics
e or copyright; see http://apl.aip.org/about/rights_and_permissions



um

th
th
th

ti
a

in
u
a
-
d

er

a

h
m

m
the

he

e
nt
rry
pin
be-

hat
or-
in
n,
ce

and

ual
o-
se.

l
go-
lel.
he

ich
re
tates
in

ro-

nd
he

w-
nce

per
and
to

ise

as a
ate

696 Appl. Phys. Lett., Vol. 75, No. 5, 2 August 1999 Nitta, Meijer, and Takayanagi

Down
and the electric field induced by the asymmetric quant
well profile. The spin tilt angleu is given by tanu
5^Hs.o.&/^HZeeman&.

Notice that we have definedn in Eqs.~3! to be positive,
in order to get the right sign of the expectation value of
velocity. By using these eigenfunctions we can deduce
expectation value of the energy. The expectation value of
energy will depend on the spin directionm and travel direc-
tion l, and is given by

^E&m
l 5

\v0

2 S nm
l 1l

F

F0
1lm

1

2
~12cosu! D 2

1m
a

a S nm
l 1l

F

F0
1lm

1

2
~12cosu! D sinu

1m
\vB

2
cosu. ~4!

Here we can easily identify the first term as being the kine
energy, the second term as being the spin-orbit energy,
the last term as being the Zeeman energy, respectively.

When we impose that the energy of the electrons is
dependent of spin- and travel direction and should be eq
to the Fermi energy, we can deduce the difference in qu
tum numbersnm

l by using Eq.~4!. Therefore, the phase dif
ference between the spin-up waves traveling in opposite
rections after half a revolution can be obtained as

DwC↑
12C↑

25E ~k↑
12k↑

2!•dr

5paDk↑
l5pDn↑

l522p
F

F0
2p~12cosu!. ~5!

In a completely analogous way we find for the phase diff
ence between spin-down waves

DwC↓
12C↓

2522p
F

F0
1p~12cosu!. ~6!

For the phase difference between waves of opposite spin
travel direction we get

DwC↑
12C↓

25p~n↑
12n↓

2!522p
F

F0
22pa

m* a

\2 sinu,

~7!

DwC↓
12C↑

2522p
F

F0
12pa

m* a

\2 sinu.

Equations~7! are only valid if the spin-orbit energy is muc
larger than the Zeeman energy, i.e., when we apply a s

FIG. 1. Overview of the spin directions of the clockwise and anticlockw
traveling electronic waves.
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magnetic field. In Eq.~5!, we can identify the first term as
being the Aharonov–Bohm~AB! phase, and the second ter
as being the Aharonov-Anandan phase, which is equal to
Berry phase in the adiabatic limit. In expression~7!, we also
identify the AB phase as well as the dynamical part of t
Aharonov–Casher~AC! phase. The Berry phase10 and the
AC dynamical phase11 of the AB ring in the presence of th
Rashba spin-orbit interaction were obtained in differe
ways. The present calculation clearly shows that the Be
phase is important in an interference between equal s
waves, and the AC dynamical phase in an interference
tween opposite spin waves. It is also clear from Fig. 1 t
opposite spin waves traveling in the same direction are
thogonal, but that spin-up and spin-down waves traveling
different directions are not orthogonal. From our calculatio
the origin of the AC dynamical phase is due to the differen
in precession direction of the spin between the upper
lower branch of the ring.

In a weak magnetic field limitB50, ^HZeeman&50 there-
fore u5p/2, the phase difference between waves of eq
spin now goes top, and the phase difference between opp
site spin waves becomes exactly the dynamical AC pha
Notice further that in the case ofB50, the spinors of equa
spin states traveling in opposite directions become ortho
nal, whereas the spinors of opposite spin state are paral

As the first order approximation, we can describe t
conductance of the ring as

G5
2e2

h (
n

Tn5
e2

h U(
m,l

Cm
lU2

. ~8!

Thus, we have to calculate 16 inner products, some of wh
will vanish because of spinor-orthogonality condition. He
we see that the phase difference between opposite spin s
play an important role, and the conductance modulation
one dimensional ring can be given by

G5
e2

h F11cosS 2pa
am*

\2 D G . ~9!

Figure 2 shows a spin-interference device which we p
pose. The gate which controls the spin-orbit interactiona
covers the whole area of the AB ring. Note that Datta a
Das1 pointed out a possibility of spin interference due to t
weak antilocalization effect12 such as an AB ring withdiffer-
entspin-orbit interaction strengths in the two branches. Ho
ever, the present calculation shows that a spin-interfere
effect can be expected in the AB ring with auniform spin-
orbit interaction. The dynamical phases acquired in the up
and lower branch are not the same but of opposite sign,
are not cancelled out at the outgoing lead. It is interesting

FIG. 2. Schematic structure of a spin-interference device. The channel h
strong spin-orbit interaction. The AB-ring area is covered with the g
electrode which controls the spin-orbit interaction.
e or copyright; see http://apl.aip.org/about/rights_and_permissions



r
as
.
e
rib
e
er
to

er
s
a
d

w
es
la

e

se
no

rb
fo
an
c
u
to
tio
n
th

c

ice
in-

in
ers
r-
this

odu-
ple

-
en-
the
gy

ora-

fer-
rael,

a-

697Appl. Phys. Lett., Vol. 75, No. 5, 2 August 1999 Nitta, Meijer, and Takayanagi

Down
note that the obtained dynamical phase is the same exp
sion as in the case of the spin FET. The origin of the ph
difference in both cases is related to the spin precession

In the case of the spin-FET device, the spin-polariz
electrons injected from the ferromagnetic electrode cont
ute the conductance modulation. The spin polarization rat
the conventional ferromagnetic material is not 100%; sev
times 10% has been reported from the superconduc
insulator/ferromagnetic tunneling experiments.13 On the
other hand, all carriers contribute to the spin interference
this proposed device.

So far we discussed the one dimensional AB ring wh
the channel consists of a single mode. Here we empha
that this spin-interference device with multi modes works
well, because the phase difference of the spin waves is in
pendent of the wave vector of the modes in upper and lo
branches. Usually electron quantum interference devic14

have to be a single mode in order to obtain larger modu
tion, because the difference in wave vector from one mod
another causes a different phase shift which smears the
terference effect. An important advantage of this propo
spin-interference device is that the current modulation is
washed out even when multiple modes are involved.

In this device, the gate voltage changes the spin-o
interaction as well as the carrier concentration, and there
the wavelength of the electrons. If we make the upper
lower branch of the ring of equal length, the interferen
effect due to the change in wavelength will be cancelled o
Another way to pick up only the spin-interference effect is
put a back gate which cancels the carrier concentra
change. The combination of front and back gate can o
control the asymmetry of the quantum well, therefore,
spin-orbit interaction. According to the experimental data2 of
the spin-orbit interactiona50.65– 1.05310211eV m, the
change in the phase difference isDw54.6p – 7.4p in an AB
ring with 0.3 mm radius, and therefore, a large conductan
modulation is possible.
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In summary, we propose a spin-interference dev
which does not have any ferromagnetic electrodes. The
terference can be expected in the AB ring with auniform
spin-orbit interaction, which causes the phase difference
the spin wave functions. The gate electrode, which cov
the whole area of the AB ring, controls the spin-orbit inte
action, and therefore, the interference. The advantage of
proposed spin-interference device is that conductance m
lation is not washed out even in the presence of multi
modes.
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