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Abstract

In this work we briefly review the present dagrgpectives for explng converional non-
magnetic semiconductor nano-technology to design high speed spin-filter devices. In recent
theoretical investigatins a high spin polarizatichas been predicted for thallistic tunneling current
in semiconductor single- and dogbbarrier asymmetric tunnel atitures of 11l-V semiconductors
with strong Rashba spin—orbit coupling. We show in this paper that the polarization in the tunneling
can probabilitybe sufficiently increased forpducing realistic single-bagt structuredy including
of the Dresselhaus term into consideration.
© 2004 Published by Elsevier Ltd
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Recently a new branch of electronics, so-cél#pintronics, became a focus of interest
(see for instancel] 2]). For this reason the electronic spin polarization (filtering) in
solid-state systems has attracted considerable attention. Many possible structures were
investigated for achieving high level elemtic spin filtering and injection. Most of them
consist of magnetic material elements (ske5] for references). But in principle one can
use the all-semiconductor approach utilizingltizlayered nano-systems to generate and
detect the electron spin polarizatios].[ The semiconductor approach has the advantage
of being compatible with conventional semiconductor technology. From this point of
view the most important property of seraitductors to be utilized in all semiconductor
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spintronic rano-devices is the spin—orbit (SO) interactidr9q]. The control of spin in
samiconductors together with modern seomcuctor technology can guarantee the future
of the spintronics and result in valuable commercial interest.

The SO interaction comes from a relativistic correction to the electronic non-relativistic
Hamiltonian and manifests the lack of inversion symmetry in semiconductor compounds.
In the bulk of llI-V and II-VI semiconductor materials the SO interaction lifts the
spin degeneracy of the conduction states in the center of the Brillouin Zgn& lhis
part of the SO interaction is called of bulk inversion asymmetry (BIA) type and it is
represented by the effective Dresselhaus Hanian. Macrosopic effective electric fields
in semiconductor nano-structures result in structural inversion asymmetry (SIA) and a
linear (in the electron wavevectk} term (orof Rashba type) of the SO interactids) P].

Ample experimental evidence in recent yedrews that the SO interaction becomes easy
to detect in semiconductor heterostructures by measurements of the Shubnikov—de Haas
o<cillations [10], weak antilocalization11], and electronic Raman scatterinty].

It has been found out recently that the Raskpa&—orbit coupling in conventional
[1I-V semiconductor tunnel barrier structures can lead to the spin-dependent tunneling
phenomenonl[3-15]. The spin-polarization ratio in tunneling structures is defined as

T+ (Ez, k) = T_(Ez, k) )
T (Ez k) + T-(Ez, k)’

whereT. (Ez, k) is the spin-up (spin-dowrtunneling probability ande; is the part of the
electronic energy which corresponds to the motion perpendicular to the baragis,
andk = (kx, ky) is the component of the electronic wavevector parallel to the barrier.
In resonant tunnel heterostructures (due @ ghict resonant tunnel conditions) the spin-
dependent asymmetry in the tunneling proitity can gain a higher level. In symmetric
structures with the exceptional Rashba iat#ion included we need to apply an external
perpendicular electric fieléF, to generate asymmetry of the tunneling probability. At the
same time in asymmetric structures a difference betwkerand T_ exigds with zero
externalelectric field and it is possible to reveriee polarization by means of adjusting
the strength of the external electric figfg.

The calculation results show considdmlinfluence of the SO interaction on the
tunneling transmission characteristics at zettemal magnetic field and the dependence
can be controlled by an external electric field. In addition the SO interaction can provide
a hg difference (a few orders of magnitude) between tunneling times of electrons of
different spin polarizations ithout additional magnetic fieldsLf]. The polarization of
the dectronic current can gain about 40% for moderate electric fields.

The Dresselhaus coupling term can also lead to a dependence of the tunneling
probability on the spin orientation even for symmetrical barrier structuded. [Results
from different authors suggest that the spin—orbit filtering for all-semiconductor tunnel
devices can reach almost 100% polarizati@n more sophisticated designs of the
devices 18, 19]. Recent investigations have shownttbampletely planar or linear designs
of the tunnel transistors can be achieved with present day technd6pysuch a design
should have much better efficiency in spin filtering.

In this paper we further investigate thspin-dependent tuntieag probability for
realistic symmetric tunneling structures, with consideration of both the Rashba and

P(E21 k) =
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Dresselhaus couplings. Our calculation is performed for realistic semiconductor structures
on the basis of the effective electronic one-band Hamiltonian, energy- and position-
dependent electron effective mass approximation, and spin-dependent Ben Daniel-Duke
boundary conditions. We consider the spirpeledent Hamiltoniarfor a single-barrier
structure, which can be written as follows3 17, 21, 22:

H=H0+|:|D+|:|R, 2
where
d 1 d h2k2

Ho = 2 dzm(E,2) dz + 2m(E, 2) +tE@+V@,
and
1 2p? 2
M(E,z)  3h? | E — Ec(2) + Eg(2) + V(2)

1
+ E—Ec(2+ Eg(2 + A2 + V(Z)j| ’

represents the energy- and position-dependent reciprocal effective Ei@zs. Eq(2),
and A(2) stand for the position-dependent condoatiband edge, the band gap, and the
spin—orbit splitting in the valence ban¥,(z) = —eF,z is the potentihenery due

to the external electric did in the barrier regiong(is the electrord charg), and P

is the momentum matrix element. In EQ) the Rakba and Dresselhaus terms (when
the kinetic energy of electrons is subdially smaller than the barrier heightp) are
correspondingly13, 17, 21]

N R R ds(E, z
Hr = (kay - Uykx) : %,

and
2

dz2’

whereo = {6y, 6y, 6} is the vector of the Pauli matrices,

|'A|D =y (oxkyx — &yky)

B(E,2) = P—z[ :
7 3 lE-E(@+Eg(@+ V(@

1
E-Ec(@+Eg(@ + A2 + V(z)}

is the Rashba spin-coupling parameter, arid a material constant.
The wavefunction of the electron can be written in the form

D1 (X, Y,2) = x+ ¥+ (2) expli (kxx + kyy)]

wherey . are spinors, which correspond to electron spin states of opposite spin directions,
and ¥, sdisfies the spin-dependent Ben Daniel-Duke boundary conditions in each
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Fig. 1. A sketch ba redistic Ing 53Gay 47AS/INg.50Al 9.48AS/INg 53G 8y 47AS Symmetric single-barrier structure
of width 10 nm.

interface of the structure:

i (2)
2 N R N R
= continuous at the boundary

The standard solutions of the Soldifiger equation with the Hamiltoniar?)( and
the spin-dependent boundargralitions above allow us to calculate the spin-dependent
tunneling probability andpolarization ratio {) for symmetric single-barrier tunneling
strucures L3, 23], as we demonstrate ifig. 1 In Fig. 2 we present esults of our
calculation for a realistic lfls3Gap 47AS/1Ng.52Al 0.48AS/INg 53G &y 47AS Symmetric single-
barrier structure of width 10 nm. The band structure parameters are chosen as follows: for
Ing53Gay47As Eq = 0.937 eV, A = 0.361 eV,m*/mp = 0.04368,y = 76.89 eV A>,
for Ing52Al0.48As Eg = 1.289 eV, A = 0.332 eV,m*/mp = 0.0840,y = 73.36 eV A3
band offsetVyp = 0.278 eV R4, 25. Parameters for compound materials are calculated
according to a linear interpdian formula. The polarization is quite significant even
without an electric field (symmetric structure, only the Dresselhaus coupling is included).
An additional possibility for manipulating the polarization ratio arises when an external
electric field is applied (the Rashba term includddy. 2(b) and (c) show how one can
manipulate with the polaration by means of the field.

To briefly conclude, in this paper we demonstrate that the transmission tunneling
probability for a realistic symmetric single-bvger structure can gain a well-recognizable
spin dependence for a not too large in-plane wavevector of the tunneling electrons.
In addition, one can control the magnitude of the polarization ratio by means of an
externalelectric field. The effect described caropide a basisdr more advanced spin-
filtering techniques at zero magnetic field. Our calculation results show that the interplay
between the BIA and SlAnteractions makes the spin-fitteg processes richer and more
controllable.
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Fig. 2. (a) The polarization ratio for adm3Gap 47AS/Ing 52Al0.48AS/INg 53G &y 47AS symmetric single-barrier
structure without an external electric field; (b) the patation ratio for the same structure with the external
electric fieldF; = +5 x 10* Vem™1; (c) thepolarization ratio for the same structure with the external electric
field F; = =5 x 10* Vem™1,

Acknowledgement

This work was supported by the National Science Council of Taiwan under contract
NSC-92-2212-M-009-015.

References

[1] G. Prinz, Science 282 (1998) 1660.
[2] J.M. Kikkawa, I.P. Smorchkova, N. Smath, D.D. Awschalom, Science 277 (1997) 1284.
[3] D.L. Smith, R.N. Silver, Phys. Rev. B 64 (2001) 045323.
[4] I. Zutic, J. Fabian, S. Das Sarma, Phys. Rev. B 64 (2001) 121201,
[5] J.F. Gregg, |. Petej, E. Jouqutl€. Dennis, J. Phys. D 35 (2002) R121.
[6] O. Voskoboynikov, C.P. Lee, J. Supercond. 16 (2003) 361.
[7] G. Dresselhaus, Phys. Rev. 100 (1955) 580.
[8] Yu.A. Bychkov, E.I. Rashba, J. Phys. C 17 (1984) 6039.
[9] E.l. Rashba, J. Supercond. 15 (2002) 13.
[10] B. Jusserand, D. Richards, G. Allan, R¥iester, B. Etienne, Phys. Rev. B 51 (1995) 4707.
[11] T. Koga, J. Nitta, T. Akazaki, H. Takayanagi, Phys. Rev. Lett. 89 (2002) 046801.
[12] G. Engeles, J. Lange, Th. Sabers, H. luth, Phys. Rev. B 55 (1997) R1958.
[13] A.Voskoboynikov, S.S. Liu, C.P. Lee, Phys. Rev. B 58 (1998) 15397; Phys. Rev. B 59 (1999) 12514.



552 L. Yu et al. / Superlattices and Microstructures 34 (2003) 547-552

[14] A. Voskoboynikov, S.S. Liu, C.P. Lee, O. Tretyak, J. Appl. Phys. 87 (2000) 387.

[15] E.A. de Andrada e Silva, G.C. La Rocca, Phys. Rev. B 59 (1999) R15583.

[16] O. Voskoboynikov, S.S. Liu, C.P. Lee, Solid State Commun. 115 (2000) 477.

[17] V.I. Perel’, S.A. Tarasenko, I.N. Yassievich, S.D. Ganichev, V.V. Bel'’kov, W. Prettl, Phys. Rev. B 67 (2003)
201304.

[18] T. Koga, J. Nitta, H. Takayanagi, S. Datta, Phys. Rev. Lett. 88 (2002) 126601.

[19] D.Z.-Y. Ting, X. Cartoixd, Appl. Phys. Lett. 81 (2002) 4198.

[20] M. Governale, D. Boese, U. dlicke, C. Schroll, Phys. Rev. B 65 (2002) 140403.

[21] G. Bastard, Wave Mechanics Applied to Semicordudieterostructures, Les Edition de Physique, Les
Ulis, 1990.

[22] E.A. de Andrada e Silva, G.C. La Rocca, F. Bassani, Phys. Rev. B 55 (1997) 16293.

[23] E.O. Kane, Tunneling PhenomenionSolids, Plenum, New York, 1969.

[24] J.H. Davies, The Physics of Low-dimensionan3iconductors: An Introduction, Cambridge University
Press, Cambridge, 1998.

[25] R. Eppenga, M.F.H. Schuurmans, Phys. Rev. B 37 (1988) 10923.



	Electron spin filtering in all-semiconductor tunneling structures
	Acknowledgement
	References


