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Electron-spin polarization by resonant tunneling
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The spin-dependent electron resonant tunneling through nonmagnetic III–V semiconductor asymmetric
double barriers is studied theoretically within the envelope function approximation and the Kane model for the
bulk. It is shown, in particular, that an unpolarized beam of conducting electrons can be strongly polarized, at
zero magnetic field, by a spin-dependent resonant tunneling, due to the Rashba mesoscopic spin-orbit interac-
tion. The electron transmission probability is calculated as a function of the electron’s energy and angle of
incidence. Specific results for tunneling across lattice matched politype Ga0.47In0.53As/InP/Ga0.47In0.53As/
GaAs0.5Sb0.5/Ga0.47In0.53As double barrier nanostructures show, for instance, sharp spin-split resonances, cor-
responding to resonant tunneling through spin-orbit split quasibound ground and excited electron states~qua-
sisubbands!. The calculated polarization of the transmitted beam in resonance with the second quasisubband
shows that polarization bigger than 50% can be achieved with this effect.@S0163-1829~99!50724-8#
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Besides its electric charge the electron carries also its
trinsic angular momentum. The spin dependence of the e
tronic properties of artificial nanostructures is one of toda
leading problems in the physics of electronic devices. T
interest lays both on the improvement of actual devices,
the GaAs polarized electron source~GaAs-PES!,1 and on the
search for new devices.2 The effects of the spin degree o
freedom on the electron quantum confinement in III–V se
conductor nanostructures have been conside
experimentally3 as well as theoretically,4–7 and the relevant
physics have been reasonably well clarified. On the ot
hand, while, for example, a better understanding of the s
dependent electron transmission through ferromagnetic m
thin layers8 and tunnel junctions9 has been recently obtained
very little has been done to elucidate the microscopic mec
nisms of electron spin-polarized transport across nonm
netic semiconductor heterostructures.10

The spin dependence of the electronic properties of s
structures at zero applied magnetic field originate from
spin-orbit interaction. The lifting of the spin degeneracy
the conducting subbands when the system lacks inver
symmetry is of particular interest to both electron optical a
transport properties.3,4,6,7 Such symmetry in common GaA
heterostructures is, in general, broken by both microsco
and mesoscopic contributions to the electron potential. T
are due to the polarity of the bond and to the asymmetrie
the band-gap engineering, respectively, and produce di
ent wave vector ork dependence of the energy splitting b
tween states with opposite spins. This in turn leads to s
dependent electron transport effects of a somewhat diffe
character.

Here, we present the results of our investigations on
effects of the specular asymmetry along the growth direc
on the spin-dependent electron quantum~coherent and verti-
cal! transport in III–V asymmetric nanostructures. Such
fects come from the so-called Rashba spin-orbit term~linear
PRB 590163-1829/99/59~24!/15583~3!/$15.00
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in k!, which besides being adjustable according to the as
metry fabricated, has been shown to be, in general, the st
gest one in the case of structures with narrow g
materials.4,6,7 As the main result, we obtain a new spin
dependent resonant tunneling effect, that can, in principle
used for the polarization of electron beams. The effects
the microscopick3 term are going to be treated elsewhere

The Rashba spin-orbit term, which can be derived fro
general symmetry arguments,11 does not depend on the stru
ture’s orientation with respect to the crystal axis; it depen
only on the angleu between the growth direction (ẑ) and the
electron’s wave-vectork. It can be written as

Hso5
d

dz
b~z,E!ukusinu5

d

dz
b~z,E!ki . ~1!

The coupling parameterb as given by the eight-band Kan
model reads7

b~z,E!5
P2

2 S 1

E2U~z!2Ev~z!

2
1

E2U~z!2Ev~z!1D~z! D , ~2!

whereU(x) is the electrostatic potential from the depletio
layer or applied external field,Ev is the edge of the valenc
band, D is the spin-orbit splitting in the maximum of th
valence band, andP is the interband momentum matrix ele
ment. Simple spin-dependent boundary conditions for the
velope functions can be derived in the presence of this te7

and the problem of the spin-dependent quantum trans
can be studied within the standard envelope function
proach.

Let us then consider the problem of an electron scatte
by an ideal asymmetric double barrier potential with perf
translation symmetry along the plane of the interfaces,
R15 583 ©1999 The American Physical Society
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illustrated in Fig. 1. In the case of normal incidenceu
50) the electron wave vector has no component paralle
the interfaces (ki50), there is no spin-orbit interaction an
one has the spin independent resonant tunneling~across
asymmetric double barrier! problem.12 If instead the crossing
is oblique~uÞ0!, the nonzero electron’ski is conserved and
the result for the transmission probability will depend on t
orientation of the electron’s spin. We here obtain such tra
mission probability from the solution of the stationary pro
lem H6F65EF6 , for each spin orientation along the dire
tion ŷ perpendicular to bothki and ẑ. In the flat-band and
zero-bias conditions@U(z)50#, the envelope function in the
layer material j is of the form F65eik ix(A6

j eik j z

1B6
j e2 ik j z), and the effective Hamiltonian is given by

H6~E!52
\2

2

d

dz

1

m~E,z!

d

dz
1Ec~z!6Hso~E!, ~3!

whereEc(z) gives the conduction-band-edge profile and

1

m~E,z!
5

P2

\2 S 2

E2Ev~z!
1

1

E2Ev~z!2D~z! D ~4!

is the inverse of the energy-dependent effective mass
given by the same Kane model for the bulk.

Now we can consider an incoming electron with defin
energyE and spin1 or 2 ~up or down with respect toŷ),
and solve for the spin-dependent transmission coefficientt6 .
Using standard transfer-matrix method the solution
straightforward:

S t6

0 D 5M 6
~2!S eikzL 0

0 e2 ikzLD M 6
~1!S 1

r 6
D , ~5!

where theM 6
( j ) , j 51,2 are the spin-dependent transfer m

trices corresponding to the two different barriers,L is the
well width andkz5A@2m0(E)/\#E cos(u) is the electron’s
wave vector along the growth direction. The transfer ma
is obtained directly from the spin-dependent bound
conditions7 and can be written as

FIG. 1. Illustration of the spin-dependent scattering of condu
ing electrons by an asymmetric double barrier III–V semiconduc
nanostructure. The conduction-band-edge profile has been draw
the upper part and a view of thexz plane~a look from the top! in
the lower, showing the angle of incidenceu.
to
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M 6
~ j !5

m0mj

2kzr j
sinh~r jdj !S e2 ikzdj 0

0 eikzdj
D S P Q6

Q6* P* D ,

~6!

with

P5
2kzr j

m0mj

1

tanh~r jdj !

1 i F S 2ki

\ D 2

~b02b j !
21S kz

2

m0
22

r j
2

mj
2D G ~7!

and

Q65
4kzki

\2m0
~b02b j !

1 i F S 2ki

\ D 2

~b02b j !
22S kz

2

m0
2 1

r j
2

mj
2D G , ~8!

wheredj is the barrierj width, \ki5A2m0E sinu is the con-
served momentum parallel to the interfaces, andr j

5A(2mj /\2)(Ec
j 2E)1ki is the decay coefficient of the

evanescent wave inside the barrierj. We remember that
$m0 ,b0% and $mj ,b j%, the well and barrier material param
eters, respectively, are energy dependent in accord to
expressions~4! and~2! above. In the limit ofb05b j50 ~or
D05D j50), i.e., no spin-orbit interaction, the above tran
fer matrix reduces to the usual spin-independ
expression.13

Finally, if one now considers an unpolarized beam of
coming conducting electrons, it is possible to calculate
polarization of the transmitted beam defined by

P~E,u!5
T1~E,u!2T2~E,u!

T1~E,u!1T2~E,u!
, ~9!

where T65t6t6* is the spin-dependent transmission pro
ability. We should mention that the above obtained trans
matrix can be used to calculate the spin-dependent tunne
across single asymmetric barriers; however, the polariza
of the transmitted beam in this case is quite small.10 As
shown here, a much larger polarization can be obtained w
asymmetric double barriers due to the spin-dependent e
tron resonant tunneling effect.

As a practical and realistic example we have calcula
the transmission probability and the polarization of the tra
mitted beam for the case of a lattice matched polity
Ga0.47In0.53As/InP/Ga0.47In0.53As/GaAs0.5Sb0.5/Ga0.47In0.53As
double barrier nanostructure, with typical parameters~see
figure caption!. The results, shown in Fig. 2, present sizab
spin splittings in the sharp tunneling resonances. A splitt
of ;3 meV between the spin opposite transmission peak
obtained in the case of resonant tunneling through the sec
quasi-sub-band. The effect is smaller in the case of tunne
through the ground quasisubband, due to a smaller Ras
spin-orbit effect in the lower lying levels of these flat ban
asymmetric structures in accord to a smaller importance
the spin-dependent boundary conditions as discussed in
7. Note also that the results have been shown here as a f
tion of electron’s energy
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for a fixedu, but it is clear that similar results are obtained
a function ofu for a fixed energy.

The polarization of the transmitted beam plotted in t
lower part of Fig. 2 presents simple polarized electron sc

FIG. 2. Obtained spin-dependent electron transmission prob
ity for crossing an asymmetric double barrier Ga0.47In0.53As/InP/
Ga0.47In0.53As/GaAs0.5Sb0.5/Ga0.47In0.53As politype lattice matched
nanostructure, illustrated in Fig. 1. The two doublets correspon
transmission through the ground and first excited spin-slit quasi
bands, respectively. In the lower panel is plotted the polarizatio
the transmitted beam. The bulk parameters used are the
temperature values reported in the Landolt-Bo¨rnstein tables and we
have usedL5150 Å, u5p/4, and for the InP and GaAs0.5Sb0.5

barriersd1540 Å, V150.4 eV andd2560 Å, V250.15 eV, respec-
tively.
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tering oscillations.14 The obtained polarization in the case
resonance with the second quasisubband is seen to be
50%. Even larger polarizations~and splittings! can be ob-
tained not only with the use of different and new mater
combinations, but also with a careful optimization of th
structure’s parametersd1 , d2 , andL. The above results for
this politype double barrier structure demonstrate the m
features of the spin-dependent electron resonant tunne
effect, both qualitatively and quantitatively. Results for oth
asymmetric heterostructures can be easily obtained with
use of the transfer matrix in Eq.~6!, however corrections due
to thek3 term may be of importance for a more quantitati
prediction, particularly in the case of large gap compoun

Summarizing, we have presented the electron-sp
polarization effect due to the Rashba spin-orbit term in
resonant tunneling through asymmetric double barrier III
semiconductor nanostructures. Specific calculations h
been performed for the spin-dependent electron transmis
probability across politype double barrier structures, t
show spin-split resonances able to polarize the transmi
beam up to over 50%. The fabrication of samples in wh
electrons are injected in and collected from double bar
semiconductor structures with a given angle with respec
the growth direction would permit a direct observation of t
predicted effects. In view of the continuous improvement
the nanolithography technology, the specific example con
ered above leads us to believe that in the near future it
be possible to test and hopefully apply the present theor
the spin-dependent electron resonant tunneling in the de
opment of new electron-polarized devices.
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