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Electron-spin polarization in symmetric type-Il quantum wells from bulk inversion asymmetry
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The effect of the bulk inversion asymmetry on electron-spin polarization by resonant tunneling in symmet-
ric, nonmagnetic, type-1l semiconductor quantum wells is investigated within the envelope function approxi-
mation. A 14x 14 k- p matrix Hamiltonian is used which includes the nonparabolicity and spin-split nature of
the energy-band structure. Spin-dependent boundary conditions are derived and the transfer-matrix method is
applied to obtain analytical expressions for the electron-spin polarization in single- and double-quantum wells.
Numerical calculations of the polarization are performed for quantum well systems made from InAs and GaSb.
It is shown that the inversion asymmetry of the bulk materials can produce electron-spin polarizations of up to
90% for oblique tunneling.
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[. INTRODUCTION bation theory, the 14-band model accounts for these bands
explicitly. It can thus describe the band structure further
The electron transport properties of low-dimensionalaway fromk=0 more accurately.
nanostructures have attracted a great deal of experimental In this paper, the resonant tunneling and resulting
and theoretical interest? and considerable effort has been €lectron-spin polarization in symmetric, nonmagnetic, type-
spent studying the electron-spin polarization in a wide vari-ll, semiconductor quantum wells are investigated by using a
ety of structureS~® Spin-dependent tunneling coefficients 14-band matrix Hamiltonian. This model Hamiltonian in-
and tunneling currents are potentially useful for improvingcludes the nonparabolicity and nonsphericity of the energy-
existing spin-dependent optoelectronic devices or for preband structure, and accounts for the spin splitting from the
dicting entirely new spintronic transport devices. inversion asymmetry of the bulk materials. It also takes into
Other than electron-spin polarization by the application ofaccount anisotropy in the splitting with respect to different
a constant magnetic field, zero-field spin-dependent intradirections ofk;, the component of the wave vector that lies
band tunneling can occur because of the spin-orbiin the plane of the heterointerfad@erpendicular to the
interaction®”*8Such zero-field splitting has two distinct con- growth direction. The 14<14 Hamiltonian is algebraically
tributions: (1) microscopic, originating from the lack of in- reduced to a X2 pseudomatrix Hamiltonian that involves
version symmetry in the bulk material, af@) macroscopic, only two of the original 14 envelope functions—a result
originating from asymmetry in the confining potential of the which we believe is different. Numerical results are pre-
nanostructure. The second contribution is often referred to asented for quantum wells made from InAs and GaSb. It is
the Rashba splitting, an effect which is negligible in symmet-found that the zero-field spin splitting due to the bulk inver-
ric quantum wells->~?*Most work on electron-spin polariza- sion asymmetry is comparable to the spin splitting that can
tion has focused on the effects of applying a magnetic fielde produced by the application of a uniform magnetic field
to type-l or type-ll semiconductor nanostructures, and theéf about 3 T°*! In the absence of a magnetic field, it is
contributing physical processes are by now relatively wellfound that electron-spin polarizations of up to 90% can occur
understood. By contrast, few researchers appear to have stug+ oblique tunneling, i.e., when the in-plane wave vector
ied the zero-field splitting with the view of elucidating the kj=(ky,k,)# 0. Because of a shortage in experimental data
microscopic mechanism of electron-spin-polarized transporfor symmetric quantum wells made from InAs and GaSb, a
across nonmagnetic type-ll  semiconductor quantundletailed experimental comparison with our theoretical pre-
wells 222 dictions is difficult at present. Future fabrication of symmet-
In order to take into account the bulk inversion asymme-ic quantum wells, into which electrons can be injected at
try, as in this paper, it is essential to use, at least, a l4rbitrary angles with respect to the growth direction, may
X 14 k- p matrix Hamiltonian(as opposed to the more famil- permit a direct comparison with the theoretical results pre-
iar 8x 8 Kane model>*?°The Kane model on its own does sented here.
not account for inversion asymmetry in the bulk
materials?®2’ Although the Kane model may be used to cal- Il. THEORETICAL FORMULATION
culate the Rashba contribution to electron-spin polarization,
the effect of the microscopik® contribution has in the past
been neglected or estimated using perturbation tH&GH.
While such approximations may be acceptable in type-I Hy H
guantum wells, where the tunneling occurs between conduc- H- W
tion bands, they are less accurate for type-Il quantum wells 2 1
where the tunneling occurs between the conduction band afhered is a column matrix of envelope functions denoted
one material and the valence band of the other materiaby ¢,¢,, ... ,$14. The 14X 14 matrix Hamiltonian to the
Rather than including the effects of higher bands via perturteft of ® is given in natural unit§ by

The 1414 k-p Schradinger equation for a zinc-blende
semiconductor material can be writterfas

P=0, 1)
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In the preceding equation®y=E;+A;—E, B=E;—E, C  electron bandA, is the spin-orbit coupling in the valence
=—E, D=—Ey—E, and F=—Ey—Ay—E. The compo- bands, and\, is the spin-orbit coupling in the conduction
nents of the wave vector, with respect to the three crystabands. The interband matrix elemeitg, P;, andQ model
axesa[ 100], b[010], andc[001] are denoted b¥,, k,, and  the nonparabolicity and nonsphericity of the energy-band
k., respectively, and we have used the standard notatiogtructure E is the carrier energy measured with respect to the
kiz(kxiiky)/\/i. As shown in Fig. 1, the fundamental en- conduction-band minimum of the materigee Fig. 1

ergy gapE, is measured between the conduction-band mini- Equation (1) constitutes a set of 14 coupled linear
mum and the valence-band maximuly, is the energy gap equations involving 14 envelope functions. Twelve of
between the conduction-band minimum and the split-offthese equations can be used to express, ¢,,ds,
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FIG. 2. Spin-split conduction and valence-bands in InAs and
/—-*'\ soh GaSb, respectively, as functions kf, for kj=0.095< 10" cm™*

. ) along the[110] direction. The splitting is due to bulk inversion
FIG. 1. Schematic energy-band structure for bulk Z'”C'ble”deasymmetry. These energy bands were calculated from(Bgto
semiconductors shov.ving. some of the parameters u§ed in the ]\ferify that the original eigenvalue problem posed by Ex).coin-
X 14 k-p matrix Hamiltonian. These bands are sometimes referreqjes exactly with the derived result given by Eg). If instead we
to by the labels on the right side of the figule:light electron, L ake use of Eq(8), in which we have neglecteki* and higher-
he-heavy electronsoesplit off electron,c-conduction electromhh- 4oy terms, the calculated band structure ferB<0.15 eV does
heavy hole/h-light hole, andsohsplit off hole. In general, when o gifer by more than 2% from that shown here. This is consid-

kj#0, the spin degeneracy is removegee, for example, Fig. 2, graply more accurate than the band structure obtained from third-
which shows the spin splittingoy lack of inversion symmetry in = qer perturbation theorfsee also Fig. B
the bulk material. This inversion asymmetry originates from the

polarity of the bonds in the material. >
_ o gs==[A(AD+5BD+2AF+BF)P3Q?

b5, . .., Prod12¢13, and ¢4 as linear combinations ap, 3

and ¢,,. Resubstitution then produces a set of two coupled

212
linear equations involving only, and ¢¢,. This 2X2 sys- TD(AD++5AF+2BD+BF)P1Q7]

tem of equations is algebraically equivalent to the original 1
14X 14 system and is given by + §C(4AD+ 2BD+2AF+BF)Q*
Y=X—\ h ¢4)
=0, 4 =4.2[BD-AF]P,P;Q?,
SN P 4) 95=4:2[ 1PoP1Q
where g6=[(2A+B)PgQ*+(2D+F)PiQ"],
y=3A2BCD?F, g,=8[BD—AF]P,P,Q3. (6)
X=02(K2+ 2K K_) +ga(4k2 K2 +K4) + gok2k K, The energy eigenvalues for E@) are given by
— ge(BK3 K +K8— 2Kk k_ — 4k2K2 K?), y=x+EV\*+h% )
k2 2,2, _ L4 where the positive sign is for spin-up carriers and the nega-
=0k vk k- Fgs(kpkik-—kak-), tive sign is for spin-down carriers.
h=2g:k.k. k_+g-(k3k_k, — 2k k2 k2), 5 In Fig. 2, we have used Ed7) to plot the spin-split
\/—gg o Orlick-k, ACKE) ® conduction-band in InAs and the spin-split heavy-hole and
and light-hole bands in GaSb againgt,, for k,=k,=0.067
7 a1 - PRk = 7 o= L
G [ IPot( JP1 [110] direction.®* We have also calculated these same bands
+2C(BD+AF+BF)Q?], by solving the energy eigenvalues numerically, directly from
Eqg. (1). The resulting bands are identical to those shown in
8 Fig. 2.
92:§[A(AD_BD_AF+BF)PSQ2 If we neglect terms in Eq(4) that are fourth order or
higher in the wave vector components, the same energy
+D(AD—-BD—-AF+ BF)P%QZ] bands(those shown in Fig.)2can be calculated with an error
) of less than 2%. This has been verified by numerical calcu-
+ SC(4AD+ 2BD+ 2AF+BE)O% lations. For the purposes of the calculations that follow, we
BC( )% shall therefore consider only the terms in E4).,, which are

less than or equal to third order in the wave vector compo-
9324\/§AD[BD—AF]POP1Q, nents. With this approximation, E¢4) reduces to
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E(C+2k k) + &Kk k- —C =285k k k-
&K+ 2k ko) — &Rk k- —C

—\2&5kk k.

where §,=9g,C/y and ¢é,=g3C/y. The eigenvalues of Eq.
(8) are given by

y=01(K2+2k k)= g3kzk k- +2g3kski k2. (9)

Equation(8) describes the energy-band structure of the bul
material, with the zero of carrier ener§y=0 measured with
respect to the conduction-band minimum of the material.

now consider a type-Ill quantum well made from InAs and
GaSb. Since the conduction-band minimum of InAs lies at

an energy ofVy=0.150 eV below the light-hole or heavy-

hole valence-band maxima of the GaSb material, a so-calle
negative or crossedgap configuration, charge transfer occurs.
This produces intrinsic carriers on either side of the hetero-

interface, and gives rise to activationless generation and

recombinatiort® In an n-type single quantum well InAs/
GaSb/InAs, electrons with energystE<V, can tunnel
through the structure. Similarly in p-type quantum well
GaSb/InAs/GaSh, hole resonant tunneling can occur.
We choose the zero of carrier enefgy: 0 in the quantum

well to coincide with the zero of carrier energy in InAs, i.e.,
the conduction-band minimum of InAs. With respect to the
band structure of GaSh, the zero of carrier energy in the

quantum well then lies at an energy W§+Eg below the

conduction-band minimum of GaSb. Thus, the carrier energy

in GaSb is written a€—V,—ES. Note that here we have
added a superscrif@ to denote thaEg is the fundamental
energy gap of GaSfeferred to as materi@d). Note that the
parameters such &E; . .. ,PyP;, andQ, are different for
each materia(see the first paragraph of Sec.)lll

We apply Eq.(8) to a single-quantum well InAs/GaSb/
InAs grown in thez direction. For notational purposes we
will denote the layers in this well bp/B/C, whereC andA
both stand for InAs and stands for GaSb. The envelope
functions ¢4(2), ¢7(z) and ¢5(2), $F,(2) have to be joined
smoothly across the interfad®/B. Assume that this inter-
face lies in thex-y plane ¢=0), while the second interface,
B/C, lies parallel to the first a=dg. With this choice, the
solution of Eq.(8) inside layer {=A,B,C) can be written in

lghe envelope wave functions

PHYSICAL REVIEW B67, 195334 (2003

=0, )

( b4
d11

We can obtain relationships between the coefficients in
the three different layers by applying suitable boundary
conditions®3" at the interfaceg=0 andz=djy. Difficulties
associated with deriving appropriate boundary conditions for
have recently been
reviewed®®=° We make use of well-established boundary

W&onditions that satisfy two fundamental physical require-

ments: (1) continuity of the envelope wavefunctions at the
interface and2) continuity of the probability currents at the
interface?! At z=0, the first of these two requirements can
lae expressed mathematically as

( $4(2) ) - ( P5(2) ) -
N =| & . (12)
d711(2) 7=0 b11(2) =0

To express the second requirement mathematically, we fol-
low the method outlined in Refs. 30,31,41,42. The result for
the z=0 interface is given by

(&1+26k)V,  —igkike )(ﬁ(z))*

—iggkike  (£1-26k0V )\ 6D,

[(EE+265k0)Y,  —igkake )<¢E(z>)+
—igkoko (28K )V \ o))

13

where the quantitieg), &5, £2, and &5 are obtained from
their definitions by using the appropriate parameter values
for each materialsee the first paragraph of Sec,)llSimilar
boundary conditions apply to the interfaBéC located atz
=dg. Notice that ifkj=0, then the boundary conditions
reduce to the well-known BenDaniel-Duke boundary
conditions?® with effective masses ) ! and (2%) 1.

We can now apply the transfer-matrix method to the bound-
ary conditions to obtain the mathematical relationships be-
tween the plane-wave coefficients for each layer of the
single-quantum wel”A/B/C. The coefficientd , andR, of

terms of a linear combination of an incident and reflectecthe left-hand InAs layetdenoted byA) can be expressed in

plane wave with coefficients™ andR;", respectively.
¢£(Z) . a].i + i+ + s
=| . |[l] explik}"2) + Ry exp(— ik}~ 2)],
(10)

Ph(2) ;
wherek)* is calculated using Eq9). The spin components
a; andg;" are given by

+ F1

a. .

,B_Jt:: tan% , (11)
i

where tang;=h;/\; .

terms of the coefficientsc andR¢ of the right-hand InAs
layer (denoted byC). The result of this calculation is

|5 .
r:| ~Mso

where (after setting A=C) the 2x2 matrix, Mgqy
=M gMasMg,, and the transfer matrices are given by

*
I C

rRZ)" (14)

+ +
. 1 KtKé_"rKgiKtKé:—KE_
M= x| = A+ B+ =+ A+ B[

(19
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exp(—ikP*d 0 20
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k- =apag+BaPe 0 ‘ _Ea()
e e . 0 0.2 0.4 0.6
Ky =&k T T 285Kk (apan — BaBa) — 285K ap By k: (10"cm™)
KA = KA+ 20K KA (arap — Br Br)+ 280K, s By FIG. 3. The spin splitting in the valence-band of bulk GaSb as a
function of k, with k,=k,=0.067x 10" cm™*. We have used the
Kg‘—’ = Kf?szi + 2§5sz¢ K (ap aé—’ —BaBg) same paramete(ﬁste_d at the beginning of Sec. Jito calculate the
three curves shown in Fig. 3. Each curve is, however, calculated by
— &5k (ap Bg +agBa), a different method: by third-order perturbation thegtyp curve,
by numerical solution of the eigenvalues of Et) (bottom curve,
ko= kEBKET +2£5KB K., (ax a5 — BA B3) and by numerical solution of E¢9) (middle curve.
+ E5Kk. (ap Bg + ag Ba). (18)

Af5=0.380, A}=0.240, P§=21.60, P{=5.20, and Q"
The expressions fok5=, k3%, k5=, k4~ are obtained by =15.82. The parameter values for GaSb afg=0.150,
interchangingA and Bin Egs. (18). We can now define the E§=0.8143, EJ=3.191, A5=0.758, AP=0.210, P§
spin-dependent transmission probabilWﬁ(E,k”), as =27.50, P?=1l.50, andQB=15.11.

. The present formulation is more accurate than the third-
(Ia)(Ia,)” . ., order perturbation techniques. The spin-split band structure,
m:|(M§QW)11| . (19 as calculated from third-order perturbation theory, for

AV A examplet®2/29%giffers by more than 10% from that shown
Notice that the transmission probability depends on the diln Fig. 2. As indicated in Sec. II, the same spin-split band
rection and magnitude of the in-plane wave vector. The spinStructure can be calculated according to our present method,
dependent transmission probability for a double-quanturP@sed on the approximation used to obtain &, and the
well is obtained by fep|aCiﬂgM§QW)11, in Eq. (18), by resulting band structure dlgzrs (l))ylét(a)ssvt)haﬂ 2%_ovFe_r the
(Mow) 11, WhereM Eou =M ZouM ssM o same carrier energy range<E=0.150 eV) shown in Fig.

In experiments, a beam of unpolarized electrons may bg‘ The spin splitting that we calculate from Hg) is found

injected into a quantum well. Depending on the carrier enl0 be more accurate than that which is predicted by third-

ergy E and on the magnitude and direction kf+0, an order perturbation theory. This is illustrated in Fig. 3 where

unpolarized electron beam could be polarized by resonarjfpe spin splitting in the valence-band of bulk GaSb is shown

i 5 —l — \/ —1
tunneling because of the spin splitting in the resonant energ S a fun(énohn ofk,, with kX—ky—f0.067><h10f Cr?] h We
states. It is therefore of interest to define the electron-spina’e Used the same parameters for each of the three curves

Ti(E,kH) =

polarizatior?® as shown in Fig. 3. Thg top curve was czalczulgtedzfr;)m '[2he2 well-
known formul& AE=2y[ko(kik;+kiks +k7ky)
T (E k)~ T~ (E.k)) —9kZkZkZ1Y2 This formula can be derived from the 14-
P(E k)= (200 band model using third-order perturbation theory with re-

T (Ek)+T (Ek)) spect tok terms?”#* The middle curve in Fig. 3 was calcu-
This polarization provides a comparison between the tunnelated by solving the eigenvalues of Ed) numerically, and
ing probabilities for spin-up and spin-down carriers. In non-the bottom curve was calculated numerically from E9).
magnetic quantum wells with perfect inversion symmetry inThe discrepancy between the spin splitting predicted by
the band-gap engineering, the polarization is due to the inthird-order perturbation theory and the exact numerical solu-
version asymmetry of the bulk materials. The inversiontion to Eq.(1) is significantly more than that predicted by Eq.
asymmetry in the bulk materials is a result of bond poldaty. (9). Note that Eq(9) takes into account the band nonpara-

bolicity. This can be seen though the complicated energy
Il RESULTS AND DISCUSSION dependence ofy, g;, and g; that appear in Eq(9). By
contrast, the famous splitting parameterdoes not depend

In numerical calculations, we make use of parameter valen E [see also Eq(5.7) of Ref. 8|.
ues obtained from Refs. 44,45. In units of eV, the parameter Figure 4 shows the bulk spin splitting as a function of
values for InAs areV,=0.150, EOA:O.4127, E’l*=4.390, kj[110] for the ground(bottom curve and first excitedtop
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FIG. 4. The spin splitting of the ground stai® and the first
excited staté1) as a function ok|[100] for a 250-A wide quantum FIG. 6. Electron-spin polarization in single-quantum wells InAs/
well InAs/GaSb/InAs. GaSh/InAs as a function of electron energy. The thin curve is for a

150-A wide well in which the polarization arises from splitting in
the ground resonant state. The thick curve is for a 250 A well in
which there is a spin-split groun@) and first excited 1) resonant
state. For both widths;=0.189< 10" cm™* in the [110] direction.

curve state in a 250-A wide single-quantum well InAs/
GaSb/InAs. The spin splitting of the ground stéd is less
than that of the first excited staté¢). The spin splitting is
calculated from the energy difference between the maxima in

the corresponding transmission probability peaks, one for th?tate' As the well width increases beyond 200 A another

. ! . esonant state appears. It is interesting to note that the split-
spin-up (t) case, ind lhe oth_er f_or the spm—down)(, €., ting shown in Figs. 4 and 5 is comparable with the extrapo-
we have plottedE " (Tpna) —E (Tne) againstk[110] for j5eaq values from the experimental results reported for simi-
each resonant state. . - _ lar quantum wells in which the confinement potential is
_ Figure 5 illustrates how th_e spin spl_|tt|ng from bulk inver- asymmetric, due to the epitaxial growth proc&s®€In these

sion asymmetry changes with well width. We plot the Sping,neriments, the total zero-field spin splitting could be mod-
sphttllng for a sm'gle—quantum yveII InAs/GaSh/InAs as agled purely in terms of the Rashba splitting, by neglecting
function of well width, for two different values dfj. The ¢ eftect of bulk inversion asymmetry. According to our
top two curves in the figure are for the ggou@lar.\d first  present model, however, the zero-field splitting due to bulk
excited (1) sub-bands wherkj=0.189<10" cm * in the

L inversion asymmetry alone is not negligible in comparison to
[010] direction. The bottom curves are for th7e grciL{Q)jand the total spin splitting. The bulk inversion asymmetry does
first excited(1) sub-bands whek =0.095< 10" cm™~ in the

- ) A ’ appear to be an important contribution to the total zero-field
[010] direction. Fordg<200 A, there is only one resonant gpin spjitting, irrespective of whether the band-gap engineer-

ing is symmetric or asymmetric. It is reasonable to assume
that the bulk spin splitting should be roughly the same, in-
dependently of whether the confining potential is symmetric
or asymmetri¢®2"294Experiments that probe only the total
splitting cannot distinguish the contributions from each
source®®
In Fig. 6, we have plotted the polarization for an InAs/
GaSbh/InAs quantum well. We have plotted the polarization
as a function of electron energy flar=0.189< 10" cm™* in
the [110Q] direction. The two curves are for well widths of
dg=150 A (thin curve anddg=250 A (thick curve. In the
150 A case, the maximum and minimum in the polarization
is a result of the bulk spin splitting in the ground resonant
0130 150 170 190 210 230 o5 state of the well. The polarization from this state is apprqxi-
well width (A) mately 80%. In the case of thg 250 A well, thg polarization
corresponding to the first excited resonaritg is smaller
FIG. 5. Spin splitting in a quantum well INAs/GaSb/inAs from than that from the ground stat6). This is a general feature
bulk inversion asymmetry as a function of the well width. The top Of the polarization. In general, the spin splitting for the
two curves show the grour(®) and first excited1) resonant states higher-order resonance states is larger than for lower-lying
for k;=0.189< 10" cm™* in the [010] direction. The bottom two states(see Figs. 4 gnd 5, for exampmlél’ransmssm_)n peaks
curves show the groun@) and first excited1) resonant states for corresponding to higher-order resonance stategiargen-
kj=0.095< 10" cm™* in the [010] direction. The spin splitting in- ~ era) also broader than those of lower-order states. This re-
creases as the magnitudelgfincreases. sults in smaller polarizations for the higher-order resonances.

spin splitting (meV)

195334-6



ELECTRON-SPIN POLARIZATION IN SYMMETRC . . . PHYSICAL REVIEW B 67, 195334 (2003

The polarization is thus influenced by the magnitude of thecurrently of great interest because of its many potential ap-
spin splitting and the width of the transmission peaks. Theselications to spintronic filtering and switching devices.
two factors depend in turn ok and also on the relative In summary, we have studied the electron-spin polariza-
importance of the spin dependent boundary conditions. Théon in symmetric quantum wells due to the inversion asym-
higher-order resonances are less sensitive to the spimaetry of the bulk materials. We have reduced the<14
dependence of the boundary conditiéh$> model Hamiltonian to a X2 pseudomatrix Hamiltonian

It is interesting to note that the polarization maxima andwhich we then use to study tunneling without the use of
minima for a given resonance state may not be equal in magerturbation theory. We neglect terms in thx 2 system
nitude. If the resonant state lies close to the forbidden energihat are higher thak®, and obtain a description of the bulk
gap, the transmission peaks for spin up and spin down areand structure which is still more accurate than most of the
skewed. This feature can be exploited to polarize an initiallythird-order perturbation techniques. Our calculations show
unpolarized beam of electroR&For example, our calcula- that the zero-field electron-spin polarization can, in principle,
tions show that a 100-A wide GaSb/InAs/GaSb quanturrbe used to produce an adjustable beam of highly polarized
well contains no resonant bound states for spin-up electrongw-energy electrons. This could have practical applications
but it does contain a resonant bound state for spin-dowffor spintronic filtering or switching devices. We have also
electrons. An initially unpolarized electron beam containingshown that the calculated bulk spin splitting is comparable
electrons with energy less thaaV,+ ES‘=O.96 eV can thus with the total zero-field spin splitting that is found experi-
be filtered(in energy as well as in spirio produce a highly mentally for asymmetric quantum wells made from InAs and
polarized low-energy electron beam. This phenomenon i§&aSh.

*Electronic address: aebotha@uwo.ca

"Electronic address: msingh@uwo.ca
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