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Magnetotransport in two-dimensional electron systems with spin-orbit interaction
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We present magnetotransport calculations for homogeneous two-dimensional electron systems including the
Rashba spin-orbit interaction, which mixes the spin eigenstates and leads to a modified fan chart with crossing
Landau levels. The quantum mechanical Kubo formula is evaluated by taking into account spin-conserving
scatterers in an extension of the self-consistent Born approximation that considers the spin degree of freedom.
The calculated conductivity exhibits besides the well-known beating in the Shubnikov—ded $thésoscil-
lations, a modulation which is due to a suppression of scattering away from the crossing points of Landau
levels and does not show up in the density of states. This modulation, surviving even at elevated temperatures
when the SdH oscillations are damped out, could serve to identify spin-orbit coupling in magnetotransport
experiments. Our magnetotransport calculations are extended also to lateral superlattices and predictions are
made with respect to B/ periodic oscillations in dependence on carrier density and strength of the spin-orbit
coupling.
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[. INTRODUCTION Kubo formula with an extension of the self-consistent Born
approximation(SCBA) by taking into account the electron
The Rashba spin-orbiSO) coupling? that exists in sys- spin degree of freedom. Our results show besides the known
tems with axial symmetry, plays a key role in spintrofics beats in the SdH oscillations an additional modulation con-
realized with two-dimensiondRD) carriers in semiconduc- nected with the crossing of Landau levels. This modulation,
tor heterostructures as it allows one to manipulate the spin byhich is not seen in the density of states, arises as we take
a gate-controlled confinement potential. Spin-orbit couplinginto account spin-conserving impurity scattering which is
mixes the spin states and removes the spin degeneracy feuppressed when the SO coupled states are not degenerate. It
states with finite momentum. Besides the Rashba termurvives even at higher temperatures, when SdH oscillations
caused by the asymmetry of the confinement, there existgave died out, and could serve, if experimentally detected, as
also a SO coupling due to the inversion asymmetry of theynother fingerprint of SO interaction. In lateral
crystalline structure of the semiconducto_r bulk materialsupeﬂamceg’2 where a 2DES is subjected to a periodic po-
(Dresselhaus ter?_‘h Both types of SO coupling combine t0 tantial there exist besides the SdH oscillations oth& 1/
an anisotropic spin-splitting of 2D electrons, which has beer,qjogic magnetotransport oscillations due to commensura-
analyzed by |nglast|c I|ght7scatte_r ﬁ]_gnd plays a role aiso in bility between cyclotron radius and lattice constamind due
weak localization studie¥’ The intimate relation between to the formation of a miniband structu?&?> From our mag-

spin splitting and spin relaxation, well known for bulk . . .
material®® has found renewed interest for 2D electrdhst netotransport calculations for lateral superlattices with weak
' . one-dimensional1D) modulation we predict a splitting of

further th ibility to m r in-relaxation tim . . .
vtlith eme(?n(t))gola? Fz)(;)stiscgl grigntaiif# 'IE'}hSep zer?)-afliealldospin esthese penpds due to SO coup_llng and calculate their depen-
splitting™® has to compete with the Zeeman spin splitting if a 9€NCe On its strength and carrier denéfty! ,
magnetic field is applied perpendicular to the plane of the 2D The paper is organized as follows. In Sec. Il we describe
electron system. This results in a fan chart showing charadl® energy spectrum and eigenstates of a 2DES with Rashba
teristic Crossings of Landau |eve|S, which in magnetotransso interaction. For the calculation of the COﬂdUCtIVIty we
port data are detected as beating of the Shubnikov—de Ha&inplify the energy spectrum and introduce a constant SO
(SdH) oscillations*~1” The two SO coupling mechanisms splitting model. In Sec. Il the SCBA is extended by the spin
have been found to be responsible for anomalous magnefiegree of freedom to describe the scattering of spin-
oscillations'®~2° The structural asymmetry of the confine- conserving impurities in a 2DES with SO interaction. The
ment can be tuned into a regime where the Rashba SO coeffects of this extension will be demonstrated for a two-level
pling dominates over the bulk inversion asymmétryn  system: It will turn out that for SO coupled states the scat-
spite of this current interest in the Rashba SO coupling antering, which is strongest for degenerate levels, is reduced
its relevance for spin-related transport in two-dimensionalWwhen separating these levels. In Sec. IV we present the con-
electron system@DES it is surprising that there is so far no ductivity and compare the cases with and without SO cou-
rigorous magnetotransport calculation which takes this coupling. Finally in Sec. V we show results for a system with
pling into account. SO interaction and a 1D periodic modulation and study in

Here, we present fully quantum-mechanical calculationghe power spectrum of the magnetoconductivity the evolu-
of the magnetoconductivity including the Rashba SO intertion of the characteristic periods with increasing SO cou-
action. The calculations are based on the evaluation of thpling.
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Il. ENERGY SPECTRUM AND THE CONSTANT Including the external magnetic field, the Hamiltonian can be
SPIN-ORBIT SPLITTING MODEL formulated with ladder operatorg'|n)=\n+1|n+1),

aln)=n|n—1). In the Pauli representation the Hamil-

The Hamiltonian of a 2DESin the xy plane realized in / .
fpnian can be written as

the lowest subband of a semiconductor heterostructure wit
effective massn*, Rashba SO interaction due to theon-

. . ) . 1
finement with coupling constant,, and Zeeman term with a'a+ §+’8 aa
effective g factor g*, in a magnetic fiellB=Be,, is given H=%w, (4)
1
by aa’ alat 5 -p
2
1 I —A*
_ 2, 2 %z B 1, with  the parameters B=g* ugB/2hw. and «
H= om* (mtmy) h (ommy= oyma) + 29 #802B, =—a,\2/\ o, the cyclotron frequency,=eB/m* and

(1)  the magnetic length ;= (%/eB)"2
In Fig. 1 we show the spectrum of Hamiltoniéh) with-

i *(— *
spin matricesu e {x,y,z}. The spin(up/down is quantized ~Parameter values corresponding to InAs*(=0.023m,,g"
in z direction. The energy spectrum is isotropic and without= ~14.9). In Fig. 1a) the situation without SO coupling

the magnetic fieldB=0, it depends on the wave vectlor  With spin-degenerate parabolic dispersiteft) and regular
and is given by fan chart of Landau levelright) is depicted. Including SO
coupling the picture of Fig. (b) is obtained with thek de-
pendent splitting of the subband dispersigeft) and the
4 f.2k? . characteristic crossing pattern of Landau levgight). For
Ex :Zm* * aglk]. 2 this calculation the SO coupling parametgrwas chosen to
be a,=2.0x 10 ! eVm close to the experimental values re-
ported for InAs sample¥ The Hamiltonian(4) indicates that
in the presence of SO coupling the spin states, quantized in
direction and used in the Pauli representation, are no longer
eigenstates. Instead Hamiltonigd) is diagonal for the
Ago=2a,]K|. (3)  stated

The SO coupling lifts the spin degeneracy even without ex
ternal magnetic field and the energy branches are split by
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| > ( Cﬂr(I)n ) d| |> (Cﬁlq)n—l) (5) E ﬁzkz +1A (l]_)
n,ry= and|n,l)= , = +— ,

Cgrq)n+l Cglq)n 2m* 2 S0
which can be classified by the helicike {right,leftt and the  shown in Fig. Zc) (left). For fixed energy the two solutions
Landau indexn=0,1,2 .... ®, are the eigenfunctions of with the same direction of th& vector exhibit different

the harmonic oscillator. Thesgght/left states evolve with slopes of the energy dispersion but for energies much higher
increasing SO coupling from the spip/downstates, respec- thanAgg this difference is negligible. For the spectrum with

tively, by the following choice of the coefficients: magnetic field we divide the SO coupling constant by the
absolute value ok and replacea— a/+a'a+3 with a
ayn+1

ol — =a,/2hw,, Wherea,=3Agg is taken from the spin split-
nr 1 2 ting Agp at the Fermi energy. We will be interested mainly in
\/(n+ 1)a®+ ——ﬂ) — \/d—,) the low-magnetic-field regime where the conductivity is
2 dominated by contributions from Landau levels with 1 so
we arrive with the approximation+ 1/n—1 at a model with
(1 \/—) constant spin-orbit splitting and the coefficieri® and (7)
5B d,

take the forms

Cgr: ’ (6) -
1 2 a
\/(n+1)a2+ ——3) —\/d—r) c = !
2 \/_ 1 \/: 2
2 _ —
for the right states and “r 2 B) d)

ayn

Cni=

>’

o= (12)

Va e

\/na2+

1
(§_ﬂ+\/d—'
chi= (7)

nl 1 21
\/na2+ E—ﬁ +\/d—|

for left states with d,=+/(n+1)a?+(1—B)? and d
=+/na?+(3—B)2 The energy eigenvalues of these states

1
5—,3

and

o

C|: ’
2

\/ZZJr

N AN
2
o

are
d:
1 2 C 1 > (13)
En=fiog| 14n=\/(n+Da’+| =8| |, ® 2+ =g+ Vd
2
1 2 respectively, wherd = \/a?+ (% — ). For this constant SO
En=fw| n+ \/na?+ E_ﬁ) . (9 splitting model the energy eigenvalues are
In the following we use the notation —. (1
En=fioc| 1+n—\/a“+ E_B ) (14
O— K
InK)=2> Crx n—770>, (10

2

En=fod n+ \/a?+ %—,8) ) (15)
where o denotes the spin quantized mdirection (1: up,
—1: down and « the helicity (1: right, —1: left). The energy spectrum of this mod@&lig. 1(c)] consists of the

The low-temperature magnetoconductivity is determinedWo branches of right and left states which by our choice of

by the electron states close to the Fermi energy. To simplifyr, are shifted byAgo=5 meV. The crossing of Landau lev-
the energy spectrum and the spinor coefficients we eliminatels takes place for all levels at the same magnetic field. Thus
thek dependence of the SO splitting. For vanishing magnetiour model preserves the two main effects of SO coupling, the
field the energy dispersion for a constant SO splittingcrossing of Landau levels and the mixing of spin components
modef?® is up/down.
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[ll. SCBA WITH SPIN DEGREE OF FREEDOM We consider spin-conserving short-range impurity scatter-

For the calculation of the conductivity scattering has to be"Y: By this choice we neglect magnetic impurities and SO

taken into account. The impurity-averaged Green function OFoupImg with the scattering center, thus without Rashba SO

the systents is given by the Dyson equation
G=G(+G2G. (16)

The scattering is included by the self-enefyin SCBAZ®
The matrix elements of the self-energw|X|a’)=3 ./,
a=(nk) read in the basis of eigenstatd®)

Eaa’zz Faﬁﬁ’a’GB,B’ . (17)
BB’

The kernell .44/, is given by the expression

dq2 ~ iqr Ia—iqr| 7
Cassrar= | ooz @l B e Ve,
(18)

coupling scattering is possible only between states with the
same spin quantum number. In the new b&s®, including

the Rashba term, scattering between states with different he-
licity becomes possible. Faf scatterers Eq(18) simplifies

to

Fapprar=T22 (CR)* Cra(Crz* S (19
go

X On— (o kl2),n' = (o’ —K'/2)5m—<a—7</2),m'—(a' —%'12)
(20)
where I'’?>=(1/2m)hwhl 7 is connected through the relax-
ation timer with the mobility u=es/m* in the case without
magnetic field. The Kronecker symbols have the form
Onrn—g and Sy m—, With 0=3(c—0'—k+k')=—2,
-1,0,1,2 andu=3(oc—0' —k+«')=—-2,-1,0,1,2. We re-

wherev,(q) denotes the Fourier transform of the impurity strict ourselves to the diagonal approximation in the spacial

potential*°

guantum numbers by considering orflys ©=0. In this ap-
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sk’ s with

nn’

proximation the self-energy rea
s« independent ofn, and the Green functiorG**,
=G§1"/5mm, . Thus the SCBA self-energy becomes

P
S=T2Y > o G 21
m ki’
with
kk' o, o !
a;;,=2 (CZ)*C;(C;I)*C(’:’ 50-70-’,;(7;(’50'70’,;*7(’
’

go (22)
and

(GE) 1= (G ) 0 — 35, (23)

whereGg ,, is the Green function of the system without im-

purities. Using the abbreviations**=3*, G‘=G}, and

KK __ _ Qe
a~,= a0 the self-energy can now be calculated from

SP=I73 aglh with ag=3 [crf?cd?
mk 7
(24)
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being a mixture of pure spin stajeme reduced as compared
with Fig. 2(a) but have significant contributions at the energy
of the state with opposite helicity, while the density of states
gets more concentrated at the level energies. For strongly SO
coupled states,,— 3 the height and width of the imaginary
part of the self-energy are reduced by a factor/af for E,
—E,>T", as can be seen by inspection of Eg4). With
decreasing level separation the results of Fig) &ight pan-

elg) are recovered. As the imaginary part of the self-energy is
inversely proportional to the relaxation time we conclude,
that the SO coupling becomes effective by reducing the scat-
tering efficiency(or increasing the corresponding transport
times for nondegenerate states of different helicity away
from the crossing points of the full spectryraig. 1(b) and
1(c)]. This will become important in the calculations of the
conductivity (Sec. V).

To summarize, the scattering strength depends on the
level separation, i.e., on the distance from crossing points in
Fig. 1. As this distance varies with the magnetic field we
expect a modulation of the scattering strength with the mag-
netic field.

IV. CONDUCTIVITY

Based on the exact eigenstates of the constant SO splitting

The off-diagonal elements of the self-energy will be ne-model we evaluate the Kubo formula

glected.

The density of states for the left and right components is

obtained by the trace over the spectral functioA§
=—Im{l/w G}

1
D(E)= TTrm{Ag}
xby

1 ’
= D (@ €)@

ay
Here (@~ 1), are the elements of the inverse of the matrix UXZF( Tyt 7 %y

formed from thea, . of Eq. (24) for which @+ a (-

=1. For vanishing SO coupling one has;— 4, and the

ezﬁﬁ dfO ’
e K DI PV

to calculate the conductivity. Here the spectral function
includes the impurity scattering in SCBA as described in
Sec. Il and the Fermi distribution function yields the tem-
perature average. The velocity is given by the equation
ihv, =[x, ,H], which results in

1

1 1e%
and vy=$(wy—f¢7x). (27)

Besides o,,,u=Xy we calculate also the thermo-

st@dard SCBA result is reproduced. For strong SO couplingynamic density of states at the Fermi enerdy:
if «>1, i.e., the Landau splitting is smaller than the splitting = fdE(—df,/dE)D(E). In Fig. 3 both quantities are shown

induced by the SO interaction, one has,— 3.

for the two temperaturef=1 K and T =3 K with the Fermi

Due to the SO interaction the Landau levels of differentenergy determined from the constant electron demsity=or
helicity cross as seen in Fig(l and Xc). To demonstrate comparison the classical high-temperature limit of the SCBA
the influence of scattering around these crossing points wkr decoupled Landau levels is given by the dashed line. The
apply the described extension of the SCBA to a two-leveleffect of SO coupling is seen D¢ as beating pattern, well
system with different spacings. The two states at the energidgown from measured SdH oscillatioHs;}” while in o it
E,, E, have different helicity and evolve with increasing SO causes an additional modulation, which survives even at a

coupling from the spirup/down states with energ¥{,, and
Eq.
Without SO interactioiiFig. 2(@)] we havea, ;.= 6,5 and

higher temperature when the SdH oscillations are damped
out. The period of this modulation is determined by the
crossing of Landau levelgnarked in Fig. 3 induced by the

the two levelsE, and E4 are pure spin states. In the upper SO coupling. The self-energy enters differently i@ and
(lower) panels of Fig. 2a) the evolution of the self-energy o,,. In D¢ it leads to a modulated broadening of the Landau
(density of statesis shown for decreasing level separationlevels which is washed out in the high-temperature limit,
E,—Eg4. It is clearly seen that the form of these quantitieswhile in o, it acts in addition as a scattering time whose
does not change with the level separation. In contrast, fodependence on the level separation remains even at higher

finite SO couplindFig. 2(b)] the situation is completely dif-

ferent. The self-energies of the two levdts and E; (now

temperatures. This is seen by comparing with the classical
SCBA limit for decoupled Landau levelglashed ling the
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FIG. 3. Thermodynamic density of states at the Fermi enBrgy
and longitudinal conductivityr,, for the parameters of Fig. 1, elec-
tron densityng=3.0x 10'®> m~2 and mobility =50 n¥/Vs at two
temperaturesT=1.0 K (black solid and 3.0 K(gray solid. The
gray circles mark the expected position of maxima of the SdH os-

O, [6%h]
8

oololc'o0o0o000O0OOCOCOOOOOOOOO (b)

40 |

5 6 8 9 10

7
1/B [1/T]

O [67]

cillations without SO coupling, Landau-level crossings due to the I A B 0;=06

SO coupling are indicated by crosses. The dashed line in the plot o 0L . . . . .

the longitudinal conductivity is the classical limit of the SCBA 5.0 55 6.0 6.5 7.0 7.5 8.0
when the Landau levels are decoupled. 1/B [1/T]

: - A FIG. 4. (a) Sketch of Landau-level spectrum witA) and with-
Kubo formula (26) yields a magnetoconductivity which is Oth(B) degeneracy of states with different helicity) Longitudinal

!’educgd away ffom the crossing pomts due to. sgppressmn ?nagnetoconductivity in dependence on the strength of the SO cou-
impurity scattering(Note, that we are in the limib,7>1,

e . pling expressed by the parametar,, for high temperaturel
where the Drude conductivity is proportional torl/ The  _3 4 k The parameters are those of Fig. 3 and the dashed line is

influence of the modified SCBA, which in Sec. Ill and Fig. again the classical limit of the SCBA when the Landau levels are
2(a) has been demonstrated for the self-energy, will now bjecoupled.

shown for the conductivity which in Fig. 4 is depicted in

dependence on the mixing Coefﬁcienlt; . We keep the en- SO COUpling from that of iﬂhomogene-ous el-eCtrO.n densities
ergy spectrum with SO splitting unchanged and analogous tyyhn;h was invoked in Ref. 21 to explain beatings in the SdH
the two-level system we vary,,., which otherwise is given OScillations.

by the coefficientsc?. Neglecting the scattering between
states of different helicityr, =1, the crossing of Landau
levels has no effect on the conductivity. For dominant SO
coupling, a,.— 3, we see that the conductivity is reduced Lateral semiconductor superlattices have proven to be
between crossing points of Landau levels. We can distinguistvell suited for studying the physics of Bloch electrons in
two situationgtop of Fig. 4. The states with different helic-
ity are degeneratéA) and the scattering efficiency keeps
unchanged; when right/left states are not degenéBt¢he
conductivity depends or, .. In Fig. 5, we have varied the

V. MAGNETOTRANSPORT IN LATERAL
SUPERLATTICES WITH SPIN-ORBIT COUPLING

X x X

<
strength of the impurity scattering by changing the parameter g,
I'. At the classical limit of the SCBA with decoupled Landau %
levels (dashed lineswe see that the conductivity rises with e
increasingl’. The modulation of the conductivity due to the : o —— I'=0.57 meV
crossing of Landau levels decreases, because the limit of 8 —— I'=0.40 meV
decoupled Landau levels can no longer be reached for large : , ‘ , — ['=0.25 ek
enoughl”. 50 55 60 65 70 75 80

We have shown by a quantum-mechanical calculation, 1/B [1/T]
that the SO coupling causes the expected beats of the SdH
oscillations. In addition our results exhibit a modulation of  F|G. 5. Longitudinal magnetoconductivity at fixeg, =0.6 but
the magnetoconductivity which can be ascribed to a modifiwith differentI” at T=3.0 K. The other parameters are those of Fig.
cation of impurity scattering in the presence of SO coupling3. The dashed lines mark the classical limit of the SCBA with
This could help in experiments to distinguish the effect of thedecoupled Landau levels.
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=75 nm, and two temperatures. The Fermi energy was fixed
to EF=30 meV, much larger than the amplitude of the peri-
odic potential, which defines the weak modulation case. The
mixing coefficient was fixed to the maximum value,,

=1. Different types of oscillations can be identified of
which at the higher temperatuf8 K) only the commensu-
rability oscillations and the modulation due to SO coupling
survive. The periodgseen in tle 1 K traces can be quanti-
fied in simplified models. Following Onsagdéithe SdH pe-
riods are

UL RARRRRRRRNRRRE

ey eh
A%/dBH.Jr/ S — (30)

1

where the appearance of two Fermi contours due to the spin-
splitting is accounted fc® The period of the commensura-

1/B[1/T] bility oscillations in given by’
FIG. 6. Longitudinal magnetoconductivities,, and o, for a ea
lateral superlattice with unidirectional modulation xndirection. A(l:,g}/*: , (31)
Modulation amplitudeVy,=3 meV, lattice constan@a=75 nm, . +1
Fermi energyEr=30 meV, mobility »=50 n?/Vs, and InAs ef- 2y/2m EF—EASO

fective mass m*=0.0229m,. The SO coupling isa,=2.0 ) _ ) ) )
%10~ eVm and the mixing coefficient, .= 0.5. where again the spin-split Fermi contours are considered.

The periods reflecting the formation of the miniband struc-
artificial periodic system& A variety of oscillations have ture due to the periodic potentia®***are quantified by
been observed in magnetotransport experiments for systems,

in which the lattice constara is comparable with achievable _2mel
. _ . Al/B_ e (32)
magnetic lengths .= v%/eB and both being much smaller i A

(at I.OW temperatur)ethan thg carrier mean free p"."th' Aftgr whereA is the cross section of the modified Fermi contour
having studied the SdH oscillations in the preceding sec'uora

. . —given in Ref. 33. Again the spin splitting due to SO coupling
we focus h'ere on the influence O.f Fhe Ra;hpa SO mteractlol to be considered and E¢R2) yield two periods for the
on the various magnetoconductivity oscillations due to th . .

A : . ) - ermi cross sections
periodic modulation mentioned in the Introduction. For the
lateral superlattice with Rashba SO interaction the Hamil-

1
tonian is given by 2m* | Epx-Ago| 7
_ 2
AlD.+/—:
(mitmd)  F(metimy) o
< (Mt my) 5 (my Iy
H= o 2m*| E +3A
a, _ . F=5As0 7\ 2
?(’ﬂx_lﬂy) m*(7'rx+7'ry) -2 3 Py —|3 (33
V(X,y) 0 ) 1
: 8 am* | Epx-A
( 0 V(X,Y) F SO . h
We consider here a periodic modulationndirection de- - 2 arcsin
scribed by * 1
a’\/2m EFiEASO
V 2
V(x)=7ocos(?x . (29) (34)

Finally we may conclude from the eigenvalues of E).for

It removes the degeneracy of the Landau levels and is takem>1 a period of

into account in evaluating the Kubo formula together with

the spin-conserving impurity scattering in the extension of so eh

the SCBA as for the homogeneous 2DES. In Fig. 6 the lon- AUB:W (39
gitudinal magnetoconductivities,, and a,, in the direc- SO

tion of the modulation and perpendicular to it, respectively,for the modulation connected with the crossing points of the
are depicted for potential parametedgy=3 meV, a Landau levels at the Fermi energy.
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e : 11 /\/\ uf 25
1.0 1 :
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: | -
i Weiss] — FTAG™] [a.u] 20 =
0.0 AA T\~ :
0 2 4 6 8 10 .5 :
t
relT] iy — FT[AG™] [a.u]
FIG. 7. The absolute value of the Fourier spectrum of the dif- 16 — FT[Ac), ] [a.u]
ference of the conductivitieg & K and 8 K analogous to Fig. 6 is 0 - 2 "1 é é 10
shown in dependence ap,. The arrows mark the contribution due f,o[T]
B

to the crossing of Landau levels. The calculated Fourier spectrum is
compared with the models of E¢S0), (31), (32), and(39). FIG. 8. The absolute value of the Fourier spectrum of the dif-
o ference of the conductivities & K and 8 K analogous to Fig. 6 is
In order to analyze all these oscillations we take thegnown in dependence on the Fermi enegy The arrows mark the

power spectrum of the differencelso,,, u=x,y, of the  contibution due to the crossing of Landau levels. Comparison with
calculated longitudinal conductivities & K and 8 K. It is Egs. (30), (31), (32), and(35) is shown by straight lines.

shown in dependence on the strength of the SO coupling

(Fig. 7 and on the Fermi energiir (Fig. 8 together with  trivial extension of the SCBA which takes into account the
the periods predicted from Eq&0)—(35). In Fig. 7 we see spin degree of freedom. The crossing of Landau levels with
that with increasing SO coupling the frequencies of(alit  different helicity, which is induced by the spin-orbit interac-
one resolved 1/B periodic oscillations split and the maximation, manifests itself in an additional modulation of the con-
of the Fourier transform follow the predictions of the simpli- ductivity. It is due to a modification of impurity scattering in
fied models. This is not the case for the peaks showing up dhe presence of SO coupling. This signature could be used—
the lowestf, 5 values. These peaks, being due to the modubesides the beating of SdH oscillations—for the experimen-
lation resulting from our extension of the SCBS&ec. Ill), tal verification of SO coupling.

do not split and follow the analytic expressions of E8H). Further we have investigated the influence of SO interac-
In Fig. 8 the oscillation period is shown in dependence ortion on the magnetoconductivity oscillations in 1D lateral
the Fermi energy. Again the maxima of our full quantum-superlattices. The prediction of the frequencies by simple
mechanical calculation follow the predictions of the simpli- models and the numerical calculations are in agreement and
fied models of Eqs(30)—(35). should motivate an experimental verification.
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