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Influence of subband mixing due to spin-orbit interaction on the transmission through periodically
modulated waveguides
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Ballistic spin transport, through periodically stubbed waveguides, is studied in the presence of a weak
spin-orbit interaction(SOI) and the resulting subband mixing. By an appropriate choice of the waveguide
length and of the stub parameters, injected spin-polarized electrons can be blocked completely and the trans-
mission shows a periodic and nearly square-wave pattern with wide gaps when only one mode is allowed to
propagate in the waveguide. Relative to the case when subband mixing is neglected, the transmission changes
drastically as a function of the incident electron energy or of the stub height, as it exhibits new peaks or dips,
but remains robust as a function of the stubs’ degree of asymmetry. Varying the strength of the SOI parameter
changes the relative contribution to the total transmission or conductance of the spin-up and spin-down states.
The structure considered is a reasonable candidate for establishing a spin transistor.
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. INTRODUCTION dicular to the directions df and of the electron momentum.
The Rashba parameter is proportional to the average value of
Recently, research in spin-related effects, such as spin irE and can be well controlled by a tdpack gate over(be-
jection into devices, spin-polarized transport, has been interlew) the device'®
sified. Part of the reason is that the possibility exists to use Ballistic spinlesselectronic transport has been studied ex-
the electron’s spin for quantum computation¥he basic tensively in systems of reduced dimensionality? but until
principle of a spin transistor was formulated in Ref. 2 for arecently it was not known how to effectively control the
waveguide in the presence of the spin-orbit interact®@l)  spin-polarized flux in the relevant systems. In previous
or Rashba couplifigand was recently studied for a simple Work,” we showed how spin-polarized transport can be real-
semiconductor waveguide using a tight-binding mdawi ize_d and contrplled in stubbed waveggides mostly when only
periodically modulated waveguid&svarious spin-filterin§ ~ SPin-up or spin-down electrons are injected and only one
or spin-valvé effects have been studied and several design§'0de propagates in the waveguide. Our treatment, which
have been proposed to spin-polarize electronic currents inoWed how asquare-wave spin-dependent transmission
nanostructuré$ among other studies of SOI effects on the could be realized, relied on the weakness of the SOl and the

band structure and transport of similar systérfsin this neglect of sut_)band mixing due to th.is interaction. This put
respect several efforts have been made using ferromagnéle™e constrains on the ranges of various parameters, namely,

semiconductor interfaces to produce spin-polarized eleciN width of the waveguide, the height of the attached stubs,

trons, but this method must face the mismatch of physicaf’md the energy of the incident electrons. In the present paper,

parameters between these two quite different matefiais- V€ build upon this work and study in detail the effects of
other idea is to employ diluted magnetic semiconductor ubband mixing which, to Fhe best of our knov_vledge_, have
(DMS), which can match well with other extensively used een dealt with only partly in Ref. 4 for waveguides without

semiconductors. such as AlGaAs. and has created a lot C}Fubs. In doing so we relax substantially the constrains men-
interest in DMSl'z,ls ’ tioned above. Again our aim is to investigate in detail the

gonditions for the realization of a spin transistor in periodi-
ally stubbed semiconductor waveguides in the presence of
Ol. As will be shown, relative to the work in Ref. 5, we find
new resultgpeaks or dipsin the transmission as a function
c?f the incident electron energy or of the stub height, but its
square-wave pattern, as a function of the stubs’ degree of

Spin degeneracy in semiconductors results from inversio
symmetry, in space and time, of the considered system. B
introducing a spatial inversion asymmetry, one can realiz
spin splitting for carriers of finite momentum without apply-
ing any external magnetic field. This so-called Rashba effe
or SOI (Refs. 3,14 has been confirmed experimentally in .
various semiconductor structurgsn semiconductor hetero- 2Symmetry, remains robust. .
structures, this spatial inversion asymmetry can be easily ob- In Sec. Il, we present the formalism and contrast the re-

tained by either built-in and external electric fields or thesu.ItS for the eigenvalues and eigenvectors with those ob-

position-dependent band edges. It is found that in man?zalned W't.hOUt sutt))lband mclix!ng.sln S:/C' I we forrtnulate thel
cases, especially in narrow gap semiconductor structures, t ganslrlsgon |pI:' em, ank 'r} ”ec. . é/ve p\r/esen numerica
corresponding SOl is a linear function of the electronic mo-'ESUltS. Loncluding remarks 1ollow in Sec. v.

mentumk expressed as the Rashba tesm(k X E) in the

electron Hamiltonian, where is the Pauli spin matrix and
the local electric field. Thus, a local electric figidacts on When a typical two-dimensiondRD) electronic system,
the electronic spin similar to a local magnetic field perpen-such as an InGaAs/InAlAs quantum well, is confined, e.g.,

Il. FORMALISM
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where E}=E,+\kJ; the indexm labels the discrete sub-
bands resulting from the confinement along thexis.

As shown elsewhergjf we neglect mixing between the
subbands by assuminy,,~0, we can easily solve E¢3).
This procedure is valid fofad,| <|En— En|. The resulting
eigenvalues read

E°—E
ak

0 1
-1 0

aky
E°-E

+ az Jmn
y n

E*(Ky) = Ep+h2Kk/2m* + ak, . (4)

The eigenvectors corresponding B®',E~ satisfy C..=
+C,,. Accordingly, the spin eigenfunctions can be taken as

®)

|i>=(i11)/\/§.

An important aspect in this case is that the difference in
wave vectorsk;r and k, , resulting from E*=E =E, is
constant; it reads

FIG. 1. A stubbed waveguide along tlyedirection (a) with a
two-stub section detailed ifb). The width isc in region | anda in
region lll. The height of the stubs s their lengthb, and the length
of the segment between themThe asymmetry parametdris the
distance between the center lines of the waveguide and stubs. k; — k; =2m* alh2. (6)
by a potentialV(x) along thex direction, we have a quasi- To go beyond this limiting case, described by,~0,
one-dimensional electronic system, such as the stubbend still have a tractable problem, we neglectJal}, terms
waveguide shown in Fig. 1. The one-electron Hamiltonianexceptd,; andJ;,= —J,1=8/3w= 6, wherew is the width
including the Rashba SOI term, reads of the waveguide along; that is, we include mixing only
between the first and second subband. Then, the secular
equation for these two lowest subbands reads

= P’ + 2 (GXP)+V(X)
2m*  fi ’ ES-E ak, O ad 7 ci
CAV24V(X) V- ak, E}-E —ad O c;
- —aVt AVZ4+V(x) | (1) 0 —aé EJ-E aky c; =0. (1)
as 0 ak, E3-E||c;

where N=#2/2m*, V2= 3%/9x2+ ¢?lay?, and V. =dldx
+idldy. The parameterr measures the strength of theesol The resulting eigenvalues:{) and eigenvectorsi?) are
and is proportional to the interface electric field;

=(ox,0y,0,) denotes the spin Pauli matricess; eﬁfd; the . o o et 1+,
momentum operator. The wave function can be expressed in &1 =(Ei+E;—AE_)/2, Wy=c| ,
the form b1 Tdh2
1[—¢1trad
. . Cn g1 =(ES+ES—AE )2, W == )
Wy (D=6 ¢y(x)Chlo)=e" W ¢n<x>< C'l) o P D\ ditrag
no n n
(2
1/ drtrpad
el =(EQ+EQ+AE )2, wi== ° " 1),
with |o)=(3) for spin up(+) and @) for spin down (). D\ r—radhy
¢(x) is the eigenfunction of the 1D Hamiltonialm(x) =
—\V2+V(x) with an assumed square-well confining poten- _ _ 1 —¢otreds
tial V). g, =(ES+ES+AE )2, W, G\ dotrady |
We insert this eigenfunction in the equatiehV =EW,
multiply both sides by¢,(x), and integrate ovek. With 14
S dX(X) o(X) = B AN Iy = FAXbr () b5(X), We: Ob- e mE0rak,, N2 Wi- )
tain J2\ én
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whereas that of the segment AB between the solid curves is
not and depends on the energy; AB satisfies .only
approximately.

Ill. FORMULATION OF THE TRANSMISSION PROBLEM

Let us consider the transmission process when an electron
of energyE is incident from the left to a stubbed waveguide
shown in Fig. 1. The electron wave function is decomposed
into + and— branches in all regions in Fig. 1. In each region

0 we have ¢n(x)=(—1)""Isin(nm(x+w/2)/w), —w/2<x
k (10°m’) <w2, wherew is the width along the direction. Including
spin and referring to Fig. 2, we can write the eigenfunction

FIG. 2. Energy dispersion of the two lowest subbariisand  of energyE in region | as
E,, in an InGaAs waveguide 500 A wide. The solid curves include
subband mixing, induced by the SOI, the dotted and dash-dotted L o
ones do not. The intersections of the dispersion curves with the ¢’1=E [Cm¥ m 7)€ MY +C W (= 79 ) €7 7Y
dashed line, showing the constant energy of the incident electrons, m
defines thet components of the wave vectors.

+ W 7)€1Y+ AW (— e Y], (9)

in region Il as

B0k ns2 oo (_¢”) ®)
& =Ep— akKy, ) A~ . ) _ -
V2 én by=D [anWt (BL)eFnY D 12, W (—p-)e Bnly—D)
m
Here, AE. =[(AE .+ 2aky) 2+ 4?8212 AE;,=E3—ES, +by W (Br)eFn D) b W (— gr)e iAn(D)],

A=(AEt2ak)+AE,, B=(AE;p—2ak))+AE_, 1,

=2adlA, rg=2adlB, D?=2+2r5, and C?=2+2r3. _ _

Notice that the first fourtwo-row eigenvectors are linear @nd in the stub region Il as

combinations of théour-row ones corresponding to E¢f). L -
We further notice that the eigenvalues and eigenvectors ¢ =, (U (Y€MY +u W (— oy )e YmY
given above reduce to those given, respectively, by Es. m
and(5) if we sets5=0.

The dispersion relation given by E¢B) for the lowest
two subbands is shown in Fig. 2 by the solid curves. For arHere,n,f], ,3;, andy,ﬁ are the wave vectoﬂﬁ in regions |,
electron of energ in branches:{ , e; , &5 , ande, , the 1, and I, respectively. In this paper, we study the case
corresponding wave vectors alongare ki (—k;), Kk where the electron energy is low enough so that at most two
(—kf), |<2+ (—ky), andk, (—k2+), respectively. When an modes propagate in the waveguide segmérgions | and
electron with a positive wave vectds, has energy much Il), though more modes are considered in the stobgion
higher than E,=5E,/2+9%%E2/(8m* a?), the value at II). We proceed as follows. . _
which anticrossing due to the SOI occurs between dfie We match the wave functions 0f+d|ﬁe+rent regionsyat
and thee, branches, its spin is up along thedirection :9 afd y=b; we multiply by Win(y1), Vin(71),
[lo)y=(H] when it is in the two higher spin branchesj(,  Van(72), and¥5i(v;), respectively, the equationg(y
ande;) and down[|o)=(_23)] when it is in the other two —0)=¥1(y=0) and ¥(y=b)="¥,(y=Db). Then inte-

branches. When its energy is lower thag, its spin is up in grating over X, we obtain eight Iinear. equations  for
the “+” branches ¢; gﬁds*) angﬁgown iE the E the eight coefficients of the wave functions of the two
1 2

branches. Electrons of the same energy and the same blgwest chpIed_ subBands_ denoted by the matrices

opposite momenta have always opposite spin orientationd?12= (U1,U1,01,01,Uz,Uz,02,02), in  region I, ';12
Similar observations were made in Ref. 10 for a quantum=(cy,c;,d;,d;,C5,C5,d5,dy), in region 1, and RI,
wire with parabolic confinement. One interesting case is that (a,,a;,b;,b;,a,,a,,b,,b,), in region I, whereT de-
an electron of positive momentum always has its spin pointnotes the transfer matrix. This gives

ing down and vice versa in the bag of each braafhwith

energy between the bottom of the branch and zero- M12015= Pl 1o+ QuRys. (12
momentum energyﬁ. Another noteworthy feature in Fig. 2 N
is that mode mixing makes the wave vector differenkgs The coefficients  corresponding  to n>2, U,
—k; andk; —k, depend slightly on the energy. The length = (un,U,,v,,v,), can be found in a similar way by multi-
of the horizontal segment AC between the dotted curvesplying by ¥ .(v.) and¥ (v, ) before integrating ovex;
given by Eq.(6), is constant and independent of the energythe result is

(10

iy — o
+vm\I’mh(ym)e'7my+vm‘I’mh(—yr;)e YmY]. (12)
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GO Bl LR 1.0
M Up=P,Ly+QnRyp. (13 (a)

The matriceM ;»,P1,,01,,M,,P,,,Q, as well as the matri-
cesN;,, N, U, . 712, B12, appearing in Eqs(14) and (15),

are specified in the Appendix. = 054

We now match the derivatives of the wave functions at 03 116
y=0 and y=b. Further, we multiply by ¥ .(7;), L\h(lOOA)
Vi(71), Vau(75), Vao(n,) the equationdW/dyly_o 0,0 Joees e IJ e

:dqflldy|y=0 and by \Pi—a(ﬁf)1 WVia(B1), \I’;a(,B;)-
V,.(B,) the equationdW¥/dy|y_p=d¥,/dy|,_,. Then
we integrate ovek and obtain

NpoU o+ ; NoU = 715l 10+ B12R1o. (14

Now the relation between the coefficients of the wave func-
tion to the left of the waveguidéegion |) and to its right

(region 1) is established as 0.0 : - ' T :
5 10 15 20
. Ca 2 C e s s -1 h (100A)
L2: NzM_P2+ NM_P_7]2
! iz e, T ! FIG. 3. Transmissioff as a function of the stub heightfor one
stub. Pane(a) is for spin upand panelb) for spin down The solid
| =N 20, — NV + 8.0 R curves include subband mixing, the dotted ones do not. Notice the
12M12 Q12 nZ2 nMn “Qnt Br2|Raz absence of the first peak {@) and the first dip in(b) when mixing
L is neglected. The inset if@) is a detailed view of the first peak.
:TlRlZ' (15)

¥vhereTij is the element of the transfer matfix The trans-

If there are more than one unit in the device, we denote the ) S .
mission process is then embodied in the malvlix:

transfer matrix of théth stub asT; and that of théth wave-

guide segment aéi , and obtain the total transfer matrix as a, cy
S TT %6 Pl | 19
=1 7P (16) a | Mg, | 19

b, dy

Assuming we input electrons from the left of the device
and measure the transmission at its right, the reflection coef-
ficient at its right should be zero. FEZaSz{EﬁEZ
—[(A 512)2+4a252]1/2}/2, with 8‘1) the first-subband’s zero- In our previous work, we obtained asquare-wavespin
momentum energy, we hava,=b;=0, and for Eng transm_lssmn asa functlon bfandd, when one .m.ode propa-
—[E;+Ep+[(AE;p) 2+ 4262172 /2, with 82 the second- gates in th_e _Wavegwde and the subband mixing due to the

, —c = SOl is negligible. However, when a gate voltage is applied to
subband’s zero-momentum energy, we haye:b,=0. The  he stups to increase their heightthe second subband ap-
transmission matrixM, and the reflection matriM, are  proaches the first one and the mixing between them becomes
given by stronger. If not otherwise specified, we consider only spin-up

incident electrons and the following parameters: width
Ty Tz Tis Ty =c=500 A, stub height h=1600 A, stub lengthb
s | Ta Te T Ty =660 A, waveguide segment lendtis 1050 A, asymmetry
M = (17) parameterd=0, electron energyfe=4 meV, anda=1.6
x 10" eVm. The conductanc& at zero temperature can
T T3 Te5 T4 be expressed in terms of the transmissidn as G
=(e?/h)T.
and In Fig. 3, we show the spin-up, Fig(8 and spin-down
transmissions, Fig.(8), through one unit with one symmet-
ric stub as a function of the stub heightvhen only spin-up

IV. RESULTS AND DISCUSSIONS

. Tar Taz Tus Ta7 electrons are incident. The solid curves denote the results
MM = T Ter Tee Tl (18 with mixing and the dotted ones without it. The only influ-
61 763 765 67 ence of the mixing in Fig. @) is that a nearly zero transmis-
Tgr Tgz Tgs Tgr sion is followed by a transmission peak in the range
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1.0 1.0
(a) (a)
0.5
F
, 054 0.0
= 1.0
(®
0.0 . T
5 10
1.0
(b) d (100&)

FIG. 5. Transmissiof as a function of the asymmetry param-
eterd for onestub in(a) andfive stubs in(b). The lower(uppe)
curves in(a) and the upperlower) ones in(b) are for spin up

054 0 (down). The solid curves include subband mixing, the dotted ones
= 11.2 11-40 11.6 do not. As shown, the differences between the solid and dotted
h (100A) curves are minimal.
¥ subband mixing does not change the square-wave form of
i the transmission gap. Nevertheless, both spin-up and spin-
00 J ; T ; B down transmissions shift here and there and five oscillations

. appear foh=1120 A. The inset in Fig. @) shows in detail
h (100A) these oscillations. It is worth noting that here the transmis-
sion is much more sensitive to the variationhathan that in

FIG. 4. As in Fig. 3 but for five stubs. Notice the wide gap for the previous one-unit case, and its oscillations may be weak-

h spi i 1 A. Again th I . -
both spin states starting at abdut=1500 A. Again the results oo o ndedoff by lateral fluctuations kaf which are
without mixing (dotted curvesmiss the prominent structure near

h=1120 A. The inset in(b) is a detailed view of the region eXF')\IeCted tC}_OCﬁurhln_ riil: nanr?stru"ctlfres. ] .
1120 A<h=1160 A. ow we fix the heighh so that all electrons are reflected,;

for one stub this happens lat=1562 A and for five stubs at
h=1600 A. Then, we shift the stub along thalirection to
1100A<h= 1200 A. The form of the peak is shown in de- change the asymmetry parameterThe result is shown in
tail in the inset. In contrast, in the same rangehofthe  Fig. 5 and the mixing effect is negligible. The change in
spin-down transmission in Fig(i3 shows a dip instead of a curve order froma) to (b) is due the change in the length of
peak. This happens whérhas such a value that the first and the structure.
the second subbands in the stubs are coupled with each other The transmission through one unit versus the electron en-

by the mixing termJ;,,, and both of them are coupled well ergy is shown in Fig. 6 fod=0. As shown in Fig. 3, we
with the waveguide mode through the interface connecting

the stub and waveguide. The numerical result shows that the 1.0

phase of the output electrons is changed by the shift of (a)
when this transmission oscillation happens, which has not

been observed when mixing is neglecte@orrespondingly, . 054

the phase difference between tiieand — branches and the

spin orientation of the output electrons are changed,byut B - -

the total transmission is kept constant. Here, we see that one L0 S
important effect resulting from SOI mixing is that the pre- i ()
cession of the electronic spins depends not only on the length

of the waveguide but also on its shape and width. If we . 0.5

change the parameter to shift the anticrossing enerdy,,
the position of the oscillation does not shift but its amplitude
can change. For the parameters used here, the electron en- 0.0
ergy is close tcE, .

Next, we evaluate the transmission of a structure com-
posed of five units identical to the one above. We obtain a FIG. 6. Transmissiof vs incident electron energy for one stub.
square-wave pattern of the transmission if we neglect mixPanel(a) is for spin upand panel(b) for spin down The solid
ing, as shown by the dotted curves in Fig. 4. Surprisingly, theurves include subband mixing, the dotted ones do not.

E (meV)
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1.0 this mixing is negligible. In contrast, the square-wave pattern
of the transmission remains robust when the stubs’ degree of

= asymmetry is varied.

0.5 The results we reported here were obtained with param-
eters more easily accessible to experiments than those of Ref.
5. For instance, the waveguide width is twice bigger and the

. incident(Fermi energy four times smaller. We hope that this
0.0 5 Zio o will further motivate the relevant experiments especially

d (1004) ' E (meV) ' since, as we showed, a weak mixing leaves almost intact the
square-wave pattern of the transmission as a function of the
FIG. 7. Spin-down transmissioii—, through one stub, as a stubs’ degree of asymmetry.

function of the asymmetry parametetin (a) and of the energy in Though we did not show any results as a function of the
(b). The various curves are marked by the values of the en@ngy temperatureTl, we verified and can affirm that tHe depen-
meV) in (a) and ofd (in 100 A) in (b). dence of the transmission is identical to that reported in Ref.
5. Finite temperature$ smoothen the curves obtained Tat
observe similar peaksdips) in the spin-up(spin-down  =0. As the ratioEg/kgT decreases, the curves are smooth-

transmission due to the subband mixing and the resultingned or rounded off more strongly.
spin precession. As shown, these occur close to the energies Finally, we also showed that varying the strength of the
E=4.36 meV andE=9.09 meV. Apart from these features, SOI parameter changes only the relative contribution to the
the effect of mixing is negligible. total transmission of the spin-up and spin-down states. Al-
The effect on the transmission, through one stub, when weéhough side gates, needed to control the helgland the
change both the electron energynd the asymmetry param- distanced, may result in lateral fluctuations, e.g., knf and
eterd, is shown in Fig. 7. In both panels we see the samehough these do not directly address the electron spin, these
qualitative behavior between the different curves; we simplydirectly affect the phase of the wave functions in the stubs
notice a shift in the minimégaps when the two parameters and accordingly control, through the matching procedure, the
are varied. If we combine several stubs, the gaps, e.g., asteansmission profile of either spin orientation. As a result, the
function ofd, become sharper or take a square-wave form agsearly square-wave pattern of the transmission can be made
those in Fig. 5. more robust if we combine several units. This renders the
Finally, in Fig. 8, we show the dependence of the transstructure we considered, a reasonable candidate for establish-
mission, through one stub, on the Rashba parameteks  ing a spin transistor.
can be seen, its qualitative behavior remains the same upon Note addedIn Ref. 19, which was recently brought to our
changinge. The main change is in the relative contributions attention, the effect of subband mixing, due to the SOI, on
to the total transmission of the spin-up and spin-down stateshe transmission of electrons with energies near the anti-
This results from the phase differenkg —k; ; when mix-  crossing energf. was considered in one section of wave-
ing is included, Eq.(4), k;—k;=2m* alh®, is only ap- guide. The results of this work, obtained in an approximate
proximately satisfied, cf. Fig. 2. way, are similar to ours, but apply only toséublesswave-
guide.

V. CONCLUDING REMARKS
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saw, the mixing affects mainly the transmission as a function
of the incident electron energy and of the stub height, and APPENDIX
gives rise to the prominent peafdips) that are absent when
Though not appearing explicitly, the product

1.0 (\P‘,{W(k)|\lfg,’w,(k’)> in all matrix products mentioned be-

low denotes the integraﬁ\lfﬁw(k,x)\lfg,’w,(k’,x)dx, where
Vou(X) is the wave function along of a waveguide of

0.5
= width w, n its subband indexk the wave vector, and the
electron spin. To alleviate the notation, we will denote by
0.0= (X1,Xo, ... )cr(y1,Y2, ... ) or (X)cr(Y) the product of the

column matrix X with the row matrix Y.
The upper (& 8) part of the 8<8 matrix M 121S given by

d (100A)

FIG. 8. Transmissio, through one stub, as a function of the
asymmetry parametet for a=1.6x 10" eVm (solid curve$ and (An(y)cr(Bp(y)), (A1)
a=1x10 " eVm (dotted curves The upper(lower) curves are
for spin down(up). where
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and
Br) =P 1,(¥D)) [P in(= ¥ ¥ (1)),
|‘Pfh(_ ')’I)>!|\P;h(72+)>'|q,;h(_ Y2))s

[P on(v2 ) Wan(= 72 ),
Its lower part is given by

(A3)

An()er (W (y9))er? Wi (- y;))e b,
W 10(¥1))eT 0, [T (— v )ye M0, | W (vi))er2®,
[Won(—72))e 720 | Won( vz )72,
[Wan(—73))e™720). (Ad)

The lower (4x8) part ofl512 (8 8) is zero; its upper
part is given by

(An(y))er(Be(n)).

The upper (4 8) part of Q;, (8 x8) is zero; its lower
part is the product

(An(¥))er(Ba(B)).
The upper X 4 part of the matrixM, (n>2) is given by

(Ch(Y))Cr(N’rTh( 7;)>1|\P:lrh(_ 7;)>!|\Pr:h( 7;)%

(A5)

(AB)

V(= 7)), (A7)
where
Crly) =Yy AP (v (A8)
Its lower part is given by
(Cr(P)Cr (W k(7)) e o [T (— yo ))e 7n®,
W (v )€ [ Wi (— 7 ))e 7). (A9)

The lower (2x 8) part of P, (4% 8) is zero; its upper part
is given by

(Ch(y)er(Be(n)). (A10)

PHYSICAL REVIEW B 68, 035305 (2003

The upper (X 8) part of@n (4%8) is zero; its lower
part is the product

(Ch(y)er(Ba(B)). (A11)
The upper &8 part of the 8<8 matrix le is given by
(Ac(m)er(Dr(y)), (A12)

where
On()=1 [Win(71)), = 71 (= 71)),
7I|‘1’1_h(71_)>a_7f|‘1'1_h(—YI»:
Y2 1 Won(¥2)), = ¥2 [Won(— 72)),
Y2 [Won(72)), = 72 [Won(—72))) (AL3)
and the lower one by
(Aa( BT (7 W (7)) M0, = vy [W (= v1)ye 72,
Y1 IWT(rD))en®, = v [Wi(— y]))e b,
Y3 1Wan(v2))e20, = y7 | Win(— 77))e 72",
V2 IWan(72))e72% = y3 [Wa(— y3))e 2b).  (A14)

The lower (4x8) part of 75, (8 X 8) is zero; its upper
part is the product

(Ac(m)er(De( 7).

The upper (4 8) part of B, (8x8) is zero; its lower
part is given by

(A15)

(Aa(B))er(Da(B)).

The upper 4«4 part of the 84 matrix N, (n>2) is
given by

AcmCr (v ¥ an(¥m))s = Yo ¥ (= ¥0)),
')’r:|q’r:h( 7;)):_ 7:|‘I’r?h(— 7:)>),

and the lower part by

(A16)

(A17)

Aa(B)CT (W (v ))emn®, — g [ W (— v ))e 7a®,

e _ - _ o+
Yo [ Wan(vn )€ P =y [Won(— vy ))e ). (A18)

*Email address: wang@boltzmann.concordia.ca

TEmail address: takis@boltzmann.concordia.ca

13.M. Kikkawa and D.D. Awschalom, Phys. Rev. L&D, 4313
(1998; R. Fitzgerald, Phys. Toda¥3, 21 (2000.

2s. Datta and B. Das, Appl. Phys. LeBi5, 665 (1990.

3E.l. Rashba, Fiz. Tverd. TeléLeningrad 2, 1224 (1960 [Sov.
Phys. Solid Stat, 1109(1960].

4F. Mireles and G. Kirczenow, Phys. Rev.@, 024426(2007).

5M. Governale, D. Boese, U. Zulicke, and C. Schroll, Phys. Rev. B
65, 140403(2002.

T Matsuyama, C.-M. Hu, D. Grundler, G. Meier, and U. Merkt,
Phys. Rev. B65, 155322(2002; F. Mireles and G. Kirczenow,
ibid., 66, 214415(2002.

8A.A. Kiseley and K.W. Kim, Appl. Phys. Lettr8, 775 (2001).

9A.V. Moroz and C.H.W. Barnes, Phys. Rev.88, R2464(2000);
ibid. 60, 14272(1999.

SX.F. Wang, P. Vasilopoulos, and F.M. Peeters, Appl. Phys. Lett°M. Governale and U. Zulicke, Phys. Rev.d8, 073311(2002.

80, 1400(2002; Phys. Rev. B55, 165217(2002.

1HJ. Zhu, M. Ramsteiner, H. Kostial, M. Wassermeier, H.P.

035305-7



X. F. WANG AND P. VASILOPOULOS PHYSICAL REVIEW B68, 035305 (2003

Schonherr, and K.H. Ploog, Phys. Rev. L&, 016601(200); 1R, winkler and U. Rssler, Phys. Rev. B8, 8918(1993.
D. Grundler,ibid. 86, 1058(2001); P.R. Hammar, B.R. Bennett, 1°B. Das, D.C. Miller, S. Datta, R. Reifenberger, W.P. Hong, P.K.
M.J. Yang, and Mark Johnsoihid. 83, 203(1999; H.X. Tang, Bhattacharya, J. Singh, and M. Jaffe, Phys. Rev3® 1411

F.G. Monzon, R. Lifshitz, M.C. Cross, and M.L. Roukes, Phys.  (1989; J. Luo, H. Munekata, F.F. Fang, and P.J. Stilbil. 41,
Rev. B 61, 4437 (2000; L.W. Molenkamp, G. Schmidt, and 7685(1990.

G.E.W. Bauerjbid. 64, 121202(2001). 163, Nitta, T. Akazaki, H. Takayanagi, and T. Enoki, Phys. Rev. Lett.
'2Y. Ohno, D.K. Young, B. Beschoten, F. Matsukura, H. Ohno, and  7g 1335 (1997; G. Engels, J. Lange, Th. Schapers, and H.
D.D. Awschalom, NaturéLondor’) 402, 790 (1999, R. Fieder- Luth PhyS Rev. 5. R1958(199D

ling, M. Keim, G. Reuscher, W. Ossau, G. Schmidt, A. Waag,17g gq|s M. Macucci, U. Ravaioli, and K. Hess, Appl. Phys. Lett.
5, 2nd L.W. Molenkampibid. 402, 787 (1999. 54, 350(1989; S. Datta, Superlattices Microstrué:. 83 (1989.
L. Loureiro da Silva, M.A. Boselli, X.F. Wang, and |.C. da Cunha 18 Wu. D.W.L. Sprung, J. Martorell, and S. Klarsfeld, Phys. Rev.
Lima, Appl. Phys. Lett79, 3305(2001); X.F. Wang, L. Loureiro B 44, 6351(1991): R. Akis, P. Vasilopoulos, and P. Debrayid.

da Silva, M.A. Boselli, and I.C. da Cunha Lima, Physica E 52, 2805 (1995: ibid. 56, 9594 (1997 P. Debray, R. Akis, P.

(Amsterdam 15, 23 (2002; M.A. Boselli, A. Ghazali, and I.C. .
da Cunha Lima, Phys. Rev. &, 8895(2000: K. Chang, J.B. Vasilopoulos, and J. Blanchet, Appl. Phys. Lé#, 3137(1995.

19
Xia, and F.M. Peetersbid. 65, 155211(2002; X.F. Wang and P, J-C- Egues, G. Burkard, and D. Loss, Appl. Phys. L&2.2658
Vasilopoulos, Appl. Phys. LetB1, 1636(2002. (2003.

035305-8



