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Electron-spin polarization by resonant tunneling
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The spin-dependent electron resonant tunneling through nonmagnetic 1ll-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 politypgABgsAS/INP/GQ 44ANg s4AS/

GaAg sShy /Ga 44N 55As double barrier nanostructures show, for instance, sharp spin-split resonances, cor-
responding to resonant tunneling through spin-orbit split quasibound ground and excited electrofssates
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 eff2163-18289)50724-§

Besides its electric charge the electron carries also its inn k), which besides being adjustable according to the asym-
trinsic angular momentum. The spin dependence of the eleanetry fabricated, has been shown to be, in general, the stron-
tronic properties of artificial nanostructures is one of today’'sgest one in the case of structures with narrow gap
leading problems in the physics of electronic devices. Thénaterialst®’ As the main result, we obtain a new spin-
interest lays both on the improvement of actual devices, likélependent resonant tunneling effect, that can, in principle, be
the GaAs polarized electron sour@@aAs-PES! and on the used for the polarization of electron beams. The effects of
search for new devicésThe effects of the spin degree of the microscopid® term are going to be treated elsewhere.
freedom on the electron quantum confinement in 1ll-V semi-  The Rashba spin-orbit term, which can be derived from
conductor  nanostructures have been  considereg€neral symmetry argumeritsdoes not depend on the struc-
experimentallj as well as theoreticall§;;” and the relevant ture’s orientation with respect to the cry;tal axis; it depends
physics have been reasonably well clarified. On the othenly on the angle) between the growth directiorz) and the
hand, while, for example, a better understanding of the spinelectron’s wave-vectok. It can be written as
dependent electron transmission through ferromagnetic metal d q
thin Igyeré and tunnel Junct|or?sh_as been repently optalned, Heo=—=B(z,E)|K|sin 6= — B(z,E)k, . (1)
very little has been done to elucidate the microscopic mecha- dz d
nisms of electron spin-polarized transport across nonma
netic semiconductor heterostructutés.

The spin dependence of the electronic properties of suc
structures at zero applied magnetic field originate from the p2 1
spin-orbit interaction. The lifting of the spin degeneracy in B(Z,E)= 2|\ ECU@-E@
the conducting subbands when the system lacks inversion v
symmetry is of particular interest to both electron optical and 1
transport properti_e%‘.‘_"s'7 Such symmetry in common GaAs TE U@ -E,0+AD))’ 2
heterostructures is, in general, broken by both microscopic
and mesoscopic contributions to the electron potential. ThewhereU(x) is the electrostatic potential from the depletion
are due to the polarity of the bond and to the asymmetries ifayer or applied external fiel&, is the edge of the valence
the band-gap engineering, respectively, and produce diffehand, A is the spin-orbit splitting in the maximum of the
ent wave vector ok dependence of the energy splitting be- valence band, anB is the interband momentum matrix ele-
tween states with opposite spins. This in turn leads to spinment. Simple spin-dependent boundary conditions for the en-
dependent electron transport effects of a somewhat differemelope functions can be derived in the presence of thisterm
character. and the problem of the spin-dependent quantum transport

Here, we present the results of our investigations on thean be studied within the standard envelope function ap-
effects of the specular asymmetry along the growth directiorproach.
on the spin-dependent electron quantigmherent and verti- Let us then consider the problem of an electron scattered
cal) transport in 1lI-V asymmetric nanostructures. Such ef-by an ideal asymmetric double barrier potential with perfect
fects come from the so-called Rashba spin-orbit tdmear  translation symmetry along the plane of the interfaces, as

9he coupling paramete8 as given by the eight-band Kane
Rwodel reads
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FIG. 1. lllustration of the spin-dependent scattering of conduct- ) 5 5
ing electrons by an asymmetric double barrier 1ll-V semiconductor T 2_"” (Bo—Bi)%— 2z P ®)
nanostructure. The conduction-band-edge profile has been drawn in f 0 ~i m(z) mj2 !

the upper part and a view of thez plane(a look from the topin

the lower, showing the angle of incidenée whered; is the barriej width, 7ik,= y2mgE sin # is the con-
served momentum parallel to the interfaces, apg

illustrated in Fig. 1. In the case of normal incidence ( :\/(2mj/ﬁ2)(EJC_ E)+k, is the decay coefficient of the

=0) the electron wave vector has no component parallel t@vanescent wave inside the barrierWe remember that

the interfaces K,=0), there is no spin-orbit interaction and {my,Bo} and{m;,B;}, the well and barrier material param-

one has the spin independent resonant tunne(@@oss eters, respectively, are energy dependent in accord to the

asymmetric double barrieproblem?? If instead the crossing expressiong4) and(2) above. In the limit of8,= 8;=0 (or

is oblique(6+0), the nonzero electron’s, is conserved and  A,=A;=0), i.e., no spin-orbit interaction, the above trans-

the result for the transmission probability will depend on thefer matrix reduces to the usual spin-independent

orientation of the electron’s spin. We here obtain such transexpressiort?

mission probablllty from the solution of the Stationary prob— Fina"y, if one now considers an unp0|arized beam of in-

lemH.F.=EF., for each spin orientation along the direc- coming conducting electrons, it is possible to calculate the

tion y perpendicular to bottk, andz. In the flat-band and polarization of the transmitted beam defined by

zero-bias conditiongU(z) =0], the envelope function in the

layer material j is of the form F.=e*X(Al ek T.(E,0)—T_(E,0)

+Bl, e %), and the effective Hamiltonian is given by P(E.0)= T.(E.0)+T_(E0)’

€)

H.(E)=— ﬁ_zi 1 E+E (2)=H(E), (3 where T. =t.t% is the spin-dependent transmission prob-
- 2 dzm(E,z)dz 77 soTn ability. We should mention that the above obtained transfer
. . ' matrix can be used to calculate the spin-dependent tunneling
whereE(2) gives the conduction-band-edge profile and across single asymmetric barriers; however, the polarization
1 p2 2 1 of the transmitted beam in this case is quite srifals
=7 = R — (4) shown here, a much larger polarization can be obtained with
m(Ez) A"\E-E(2) E-E(2)-A(2) asymmetric double barriers due to the spin-dependent elec-
is the inverse of the energy-dependent effective mass &gon resonant tunneling effect.

given by the same Kane model for the bulk. As a practical and realistic example we have calculated
Now we can consider an incoming electron with definitethe transmission probability and the polarization of the trans-
energyE and spin+ or — (up or down with respect tg), mitted beam for the case of a lattice matched politype

and solve for the spin-dependent transmission coeffitient  Gay 4ANo sAS/INP/ G 47N sAS/ GaAs sShy 5/ Gay 4ANg sAS
Using standard transfer-matrix method the solution isdouble barrier nanostructure, with typical parameterse

straightforward: figure caption. The results, shown in Fig. 2, present sizable
_ spin splittings in the sharp tunneling resonances. A splitting

tse 2) elkat 0 1) 1 of ~3 meV between the spin opposite transmission peaks is

o/ V=l o ekt M3 Nk (5 obtained in the case of resonant tunneling through the second

, quasi-sub-band. The effect is smaller in the case of tunneling
where theM{, j=1,2 are the spin-dependent transfer ma-through the ground quasisubband, due to a smaller Rashba
trices corresponding to the two different barrieksjs the  spin-orbit effect in the lower lying levels of these flat band
well width andk,=\[2mg(E)/%]E cos(@) is the electron’s asymmetric structures in accord to a smaller importance of
wave vector along the growth direction. The transfer matrixthe spin-dependent boundary conditions as discussed in Ref.
is obtained directly from the spin-dependent boundary7. Note also that the results have been shown here as a func-
conditions and can be written as tion of electron’s energy
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I L L I L 5 tering oscillations* The obtained polarization in the case of

08 o Y resonance with the secend_quasisubbeqd is seen to be over
- 50%. Even larger polarization@nd splittings can be ob-
@ 06 - tained not only with the use of different and new material
= 04 E combinations, but also with a careful optimization of the
2 - structure’s parameters;, d,, andL. The above results for
& 02 - this politype double barrier structure demonstrate the main
a C . features of the spin-dependent electron resonant tunneling

o

POLARIZATION
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effect, both qualitatively and quantitatively. Results for other

asymmetric heterostructures can be easily obtained with the

use of the transfer matrix in E¢6), however corrections due

to thek® term may be of importance for a more quantitative

prediction, particularly in the case of large gap compounds.
Summarizing, we have presented the electron-spin-

o
()
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polarization effect due to the Rashba spin-orbit term in the
-05 V__ resonant tunneling through asymmetric double barrier I[lI-V
Lvov v N b v by | semiconductor nanostructures. Specific calculations have
0 50 100 150 been performed for the spin-dependent electron transmission
ENERGY (meV) probability across politype double barrier structures, that

show spin-split resonances able to polarize the transmitted
FIG. 2. Obtained spin-dependent electron transmission probabileam up to over 50%. The fabrication of samples in which
ity for crossing an asymmetric double barrier G#ng sAs/InP/  electrons are injected in and collected from double barrier
Gay 4ANng sAS/GaAg Shy /Gay 44Ny s5AS politype lattice matched semiconductor structures with a given angle with respect to
nanostructure, illustrated in Fig. 1. The two doublets correspond tehe growth direction would permit a direct observation of the
transmission through the ground and first excited spin-slit quasisubyredicted effects. In view of the continuous improvement in
bands, respectively. In the lower panel is plotted the polarization ofpe nanolithography technology, the specific example consid-
the transmitted beam. The bulk parameters used are the lowsieq gpove leads us to believe that in the near future it will
temperature values reported in the Landoltitein tables and we b .

e possible to test and hopefully apply the present theory of

have used.=150 A, #==/4, and for the InP and Ga@sShys . L
barriersd, =40 A, V,= 0.4 eV andd,=60 A, V,=0.15 eV, respec- the spin-dependent electron resonant _tunnelmg in the devel-
opment of new electron-polarized devices.

tively.
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