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Magnetotransport in a two-dimensional electron gas in the presence of spin-orbit interaction
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We evaluate the transport coefficients of a two-dimensional electron gas in the presence of a perpendicular
magnetic field and of the spin-orbit interactid®Ol) described only by the Rashba term of strengtffhe SOI
mixes the spin-up and spin-down states of neighboring Landau levels into two new, unequally spaced energy
branches. The broadened density of states, as a function of the energy, and the longitudinal resistivity, as a
function of the magnetic field, show beating patterns in agreement with observations. The positions of any two
successive nodes in the beating pattern approximately determine the strength of the Rashba term. A strong SOI
results in a splitting of the magnetoresistance peaks and a doubling of the number of the Hall plateaus. Each
peak in the derivative of the Hall resistivity with respect to the magnetic fieldfed splits, fora+0, into two
peaks, whose separatidB increases initially witha and saturates for large.
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[. INTRODUCTION same time they concluded that contributions to the SOI from
the bulk~k® term due to a crystal inversion asymmetry are
There has been an increasing interest in zero-magneti®f minor importance.
field spin splitting in one-dimension&lD) and 2D electron Generally, the contributions to the spin splitting in the
systemg2DES due to the spin-orbit interactioi®Ol). Such conduction band of asymmetric heterostructures result from
systems have potential applications in spin-basedhe bulk~k? term due to a crystal inversion asymmetry and
transistor$? expected to service in the future quantum com-from the Rashba-k asymmetry. Due to their different mo-
putation. The SOI has been found also important in an unexmentum dependence, the former dominateswiadle-gap
pected metal-to-insulator transition in ARef. 3 hole gas, Structures with small thickness whereas the later dominates
in spin-resolved ballistic transpdtin Aharonov-Bohm(AB)  in narrow-gapstructures. It was showhthat thek® term
experiments,and in a spin-galvanic effeftThe analysis of leads to anomalous beating patterns while the Rashba term
the Shubnikov—de Haa$dH) oscillations in magnetoresis- leads to the regular beating patterns in magneto oscillations.
tance measurements has become the main method of mdaecently, the well-developed shaping technique in nano-
suring the SOI strength in such systems. structures has been used to control the SOI strength in 2D
Decades ago theoretical studiésn 3D semiconductors Systems of different materiats;**and principally the SdH

found that the spin degeneracy should be lifted in inverselyscillations are used to measure the Rashba parametér
asymmetric crystals due to the internal crystal field. LaterHowever, to our knowledge there are no detailed theoretical
magnetotransport and cyclotron resonance measurementsthgatments of the influence of the SOI on magnetotransport in
a 2D hole system, in a modulation-doped GaAs/AlGaAs het2D systems. We therefore aim at developing a more realistic
erojunction, showetevidence of zero-magnetic-field spin model to describe theoretically magnetotransport in systems
splitting for carriers with finite momentum. Similar experi- with SOI, in which the Rashba term dominates, and deter-
ments on 2D electron gases, formed in a GaAs/AlGaAs inmine more accurately the parameter
version layer, led to similar conclusiof$The first explana- In Sec. Il we present the energy spectrum and the density
tion was proposed by Bychkov and RasHbemploying the  of states(DOS). In Sec. Il we present the results for the
Rashba spin-orbit Hamiltonian, where the spin of finite-transport coefficients and in Sec. IV concluding remarks.
momentum electrons feels a magnetic field perpendicular tSome auxiliary results are found in the Appendix.
the electron momentum in the inversion plane. Though non-
parabolicity of the bulk band structure of GaAs/AlGaAs Il. EIGENVECTORS, EIGENVALUES, AND DENSITY
could also explain the previous experimental results and bulk OF STATES
inversion-a_lsymmetry induced spin splitting,Bi# 0.’ could We consider a 2DES in thex(-y) plane and a magnetic
dominate in heterostructures of_W|de-gap semlconducto_r§-eld along the z direction. In the Landau gauge
the Rashba SOI has been considered the most appropri e=(—By,0,0) the one-electron Hamiltonian including the
reason for the observation of the zero-field spin splitting iNRashba term reads
low-dimensional electron systems, especially in narrow-gap
semiconductor$? Later, Luo et al!® investigated the SdH (p+eA)?
oscillations in a series of GaSb/InAs quantum wells and con- =
cluded that the lifting of the spin degeneracy results from the 2m
inversion asymmetry of the structure which invokes an elecwherep is the momentum operator of the electrons; is
tric field perpendicular to the layer. Using the Rashba SOlthe effective electron masg, the Zeeman factorug the
they fit the experimental results and determined the Rashbohr magnetonp= (0,0 ,0,) the Pauli spin matrix, and
parameter, which describes the strength of the SOI. At the o the strength of the SOI.

o
+ g[ax (p+eA)],+gugBo,, (1)
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Using the Landau wave functions without SOI as a basis, =0.1meV =0.5meV
we can express the new eigenfunction in the f¢kgp com- 100 100
mutes with the Hamiltoniaiil)] o —
xS O 80 ] 30
Py (r)=e¢e"x —Yy.)C? L Co
(D=5 gy-yaCHlo) /T @ % ) ©)
. Cr-‘:— 60 “;oo —_—— L 60
=el ) ¢n<y—yc>( - / Lo n=012.... & L EBe= >
n C Q ‘o P
" E = =
(2) m” 404 .o [ S F40
Here L, is the length of the system along tlxedirection, _—
2 ‘o
boly—yo) =e U@ [(y -y IV Vm2hil, is ] S = 20
the usual harmonic oscillator functiom.=eB/m* the cy- I o -wp BV0enxs
clotron frequency] .= (%/m* w.)*? the radius of the cyclo- N A +an T
tron orbit centered ay.=12k,, n the Landau-level index L SR . o
cKxs , 0 10 20 300 2 4 00 05 10
and|o) the electron spin written as the column vecfor) s DOS DOS

=(g) if it is pointing up and £) if it is pointing down.
Substituting Eq(2) in the Schrdinger equatiorH¥V =EW,
multiplying both sides by (y—y.), and integrating ovey
we obtain the following system of equationsE(=

*gugB—E)
i(all)\2IC]  +[(1+12hw+E_]C; =0

FIG. 1. (a) Subband energk, versus indes. The triangles are
for the + branch and the circles for the branch.(b) Energy(right
scalg versus DOS with a subband broadenlfg 0.1 meV.(c) The
same as inb) but with I'=0.5 meV. The other parameters aye
=2,B=1T, m*=0.05, andae=10"tevm.

[(1+12hw.t+E,1C —i(all)2(1+1)C/,,=0

1=0,1,2.... ©)

where A;=1+D?2 and

V2sall,

Eo+ VE2+ 250?12

(€)

S

This infinite system of equations is solved exactly afterThe density of state¢DOS) is defined byD(E)=ES,&05(E
decomposing it into independent one- or two-dimensional o ; ; ; ;
P 9 P —Eg). Assuming a Gaussian broadening of widitrwe ob-

secular equations. Denoting the new subband indes g

obtain tain
_ —(E-EZ)?/2r?
[1/2hwc+E-]Cs =0, s=0, 4 D(E)= A (10)
(2m)%? sz 121
(s—1UDhwe+E,  —i(all)\2s (c;l) .
, - 1=0 In Fig. 1(a we plot the level energiegE. and E; as
C . ) s FLv S

'(allc)\/g (s+129hw +E- s functions of the level indes. For the case studied here we

s=1.23 5) haveE; =E; . Because the level spacing of thebranch is

larger than that of the- branch, the level energy of the

Corresponding t®=0, there is one level, the same as thebranch increases faster and the line through the triarigtets

lowest Landau level without SOI, with enenﬁg:Eo shown has a slope larger than that through the circlest

=1/2%hw,—gugB and wave function W;(k)  Shown in Fig. 1(a). Here we also notice tha;=(Eg

= (e /L) do(y—yo)(3). Corresponding tos=123, +Eg)/2, Ez=Ejs, Ey=(E;+Ejy)/2. This difference in

.-+, we find two branches of levels with energies level spacing results directly in the modulation of the density

of states as shown in Figs(k) and Xc). As Fig. 1(b) shows,

where the level broadening is smdll=0.1 meV, the DOS

as a function of the energy shows peaks of the same height

except when levels of different branches have the same value

and higher DOS peaks appear. For wider level broadening, as

7 shown in Fig. 1c), withI'=0.5 meV, the DOS is modulated
and shows a beating pattern. The nodes of this pattern appear
when a— branch level is located near the middle between
two + branch levels; thus, the first node appears neaEthe

) level and the second node near thg, one. The maximum

Es =shw,+[Ei+2sa?/12]*2 (6)
The + branch is described by the wave function
1 ik X(_iDs¢sl(y_yc))
e X 1
VLA s(Y—Ye)

and the— one by

W (ko) =

(f’sf 1(y - yc)

) (8) oscillation amplitude appears when two levels of different
—I Ds¢s(y_ yc)

W (ko) =
’ branches are degenerate, e.gEa=E; here.

eik><x<

1
VLxA's
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IIl. TRANSPORT COEFFICIENTS ,6’e
col | —E%) 2
A. Analytic results Tyy = 277h|2 duf de[ 8(e —Eg)]f(e)

For weak electric fieldg,, i.e., for linear responses, and 12 )
weak scattering potentials the expressions for the direct cur- X[1=f(e)]JU(N2ullg)|?[F{u)|u, (15
rent (dc) conductivity tensorcrﬂ,,, in the one- electron ap-  \where
proximation, reviewed in Ref 23, reads 0' ,to ”d

with w,v=x,y,z. The termSzr , and 0' stem from the |FodW|?={Le_1(U)+D2Ly(u)}2e A2,
diagonal and nondiagonal part of the densny operatare- . , ) ) )
spectively, in a given basis and,)=Tr(pJd,)=0,,E,. In [FeW[?={DsLs 1(u)+Ls(u)}?’e "/ Ag.

general, we have|,= o'+ 0% The termo describes

the diffusive motion of eIectrons and the temj"' collision
contributions or hopping. The former is given by

dif

The exponentiat™" favors small values ofi. Assuming
b=Kk2I2/2>u,?* we may neglect the termu2|? in the de-
nominator of Eq.(14) and obtain

2

e? e

o =% 5 > fEDL-TEDIFEDvLe. (1D o= 4fhb et ; ds[5<s— DI (e)
where {=(s,o.k,) denotes the quantum numbers;, X[1=1e)]Is, (16)
=(¢|v,|¢) is the diagonal element of the velocity operatorwhere
v,, andf(e) the Fermi-Dirac function. Further(E?) is
the relaxation time for elastic scattering= 1/kgT, andS, is I§=[(Zst1)D‘S‘—25D§+23i1]/,4§. (17
the area of the system. The tem’jﬁl can be written in the
form The impurity densityN, determines the Landau Level

broadeningl’=W,.(e,e")/. EvaluatingW,, (e,e")/A in
the u—0 limit without taking into account the SOI, we ob-

col_ d d —E%(Kk tain N,~4 [ (2e€y/€%) 1T /1.
o So“f 8] e’ ole—Eg(ke] ! 0

e The Hall conductivityoy is given by
x e’ —ES (k) 1f(e)[1—f(e")] ,
S o= L= FED(Lloxl <)
XWer(g,8") (Y= Ye)7, (12
_ N 1—ePEE)
wherey,=(Zly|{); Wy (e,&") is the transition rate. For X<§’|vy|§>—, ['#¢. (18)
elastic scattering by dilute impurities, of dendiy, we have (E,~E})?

The evaluation of Eq(18) proceeds along the lines of Ref.
25 using the the matrix elementg|v ,|{"), u=X,y, given

2
Wep(e,e')= E [U@I*IF g ()] in the Appendix. Taking:J, ,—e~%w., leads readily to

X5(8_8,)5kka'

-~ 13

NI h Z (s+DB(fs ~fon)+Culfsin—Foia)],
whereu=129%2 andg?= g%+ 7. U(q) is the Fourier trans- (19)
form of the screened impurity potentialU(r)

=(e%/4meqe)e *'Ir, wheree is the static dielectric con- where
stant, ¢, the dielectric permittivity, andks the screening .
wave vector: B— _ 1 2, 2m*aDs;
S A2A2,, hlm s+ 1
e? 1
U(Q)Z - (14) X aDS_H' + +

2606 (2u/|§+k§)l/2 ﬁ\/m m*Ic ®S \/E ’ (20)
In the situation studied here the diffusion contribution given 1 om* oD
by Eq. (11) vanishes because the diagonal elements of the CSZ—{ @é2+ 2—5”
velocity operator’, vanish. Neglecting Landau-level mix- AL AL, fifwcys+1
ing, i.e., takings'=s, and noting thatogy=osy, Eq - .

© o) o

= (So/2m) [ 5ada=(Sp/2ml?) f5du, and 3y =(Sy/2ml2), x| Lt _( - +@;) / 2 ]; 21)
we obtain hiys+1 \m*l;
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FIG. 2. Conductivityo,, as a function of the magnetic fiell
The dotted curve is fore=0 eV m and the solid one fox=1.2 FIG. 3. The resistivityp,, as a function of the magnetic fiell
X 10" eV m. The inset shows the oscillations between the fourthfor different values of the parameteras indicated.
and fifth node.

Nme1 Ny (M+1)%%e

here®,=1+[s/(s+ 1)]1’279.31?3“ and®;=1+[(s+2)/(s Boii B amra? (23
+1)]¥2Dg, 1 Ds.». We notice that ifa=0, we have®,
=0.=As,1=As.»=1 and Eq. (19 becomes 023 If we keep the electron density, constant and use the defi-
=(e’/h)27_,fs, i.e., the conductivity expression pertinent nition of the filling factorv=N.2w7l2, we can approximate

to the integer quantum Hall effett. B by B,,=mhNg/en,,, and obtain

The resistivity tensorp,,, is given in terms of the con-
ductivity tensor. We use the standard expressions 1 1 (m+1)he? (2
=0y IS, pyy=0x!S, pyx=pxy=—0y/S, where S Bﬁwl Bﬁq Amm*2a?N,

= OxxOyy ™ OxyTyx -

and
B. Numerical results
. . . 2 , (m+ 1)7h3
In the numerical evaluation of the conductivity we assume M1 M=% 5 (25
that thes functions appearing in Eq16) are broadened and Am*“a

replace tr12em2 with  the  Gaussian  function g ations(24) and (25) can be used to estimate the Rashba
(127T)e /) Further, if not otherwise specified, we parametew. For instance, using the inset of Fig. 2 provides
use the following parametersi=0.4 K, I'=1.5meV, g  n,=71 andns=87. Experimentally, the SdH oscillations in
=0, m*=0.05,N,=4x10" m~2. In Fig. 2 we ploto$y in  the resistivity of a 2D system, in the presence of SOI, are
the smallu limit, see Eq.(16), as a function of the magnetic usually viewed as resulting from a 2D system with two
field. The dotted curve shows? in the absence of SOl and subband®2! with the SOI splitting at the Fermi level
the solid one in its presence with=1.2x10 * eVm. For =2akg serving as the subband separation. Following this
low magnetic fields and weak the conductivity decreases line of reasoning, we can also analyze the results shown in
quickly with @ and saturates around=2x10"''eVm. the inset of Fig. 2. The SdH frequency difference between
The typical beating pattern appears when the subband broathe plus and minus oscillations i8X B,,=4.8 T and corre-
ening is of the same order as the Landau-level separation. Aponds to a carrier density differenceAN=1.16
high magnetic fields, the effect of SOI is weakened and the< 10'> m~2. This lead®® to a=#kAN/(2m*Ng)=1.1
beating pattern is replaced by split conductivity peaks. Thex 10~ eV m.
latter approaches that without SOI when the magnetic field In Fig. 3 we plot the resistivity,, for different strengths
becomes very strong. One of the segments, with a typicak as a function of the magnetic field. With the increaserof
beating pattern between the fourth and the fifth node, isach resistivity peak becomes lower and gradually splits into
shown in the inset. From Fig. 1 we see that thi node is  two peaks. However, the shape of the gaps is not affected by
located near thenth Landau level whenE,, =(E,_;  SOI. We also notice that all peaks retain almost the same
+E,)/2. Using this expression for largeand smallm (n  form after splitting.

>1), we can obtain the ratio of the Landau index over the Figure 4 shows the Hall resistivity,, versus the mag-

magnetic field. The result is netic field B. For strong magnetic fields we see the integer

quantum Hall effect plateaus htne?, wheren is an integer.

In the presence of SOI, one more plateau with value
n_m: (2m—1)(2m+ 3)e?+8gm*fie—4m* 2gzhze. 2h/(2n+ 1)e? appears between every two plateaus of order
Bm 32m*2a? nandn+ 1. The size of this new plateau increases withit

(22 is worth noting that these extra plateaus require rather strong
a and may easily shrink or disappear if disorder is included
This leads to in the calculation of the Hall resistivity. In the lower inset of
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FIG. 4. Hall resistivityp,, as a function of the magnetic fiell 2.7 — B.(T) T
The different curves correspond to differentand are marked as in 1 2 3 4 5
Fig. 3. The lower inset shows the derivativepgf, with respect tB node m
versusB for a=0 (dotted curvé anda=1.2x 10" eV m (solid
curve. In the upper inset the differenceB between the values of FIG. 5. Strengtha of the Rashba term, as a function of the
the two peaks in this derivative, into which the=0 peak neaB observed(Ref. 26 node numbem, extracted from Eq(24) and
=24 T splits, is shown as a function af measured node positiols, andB,, . ; for sample A(triangles and

sample C(squares The inset shows our calculatedvs B beating
pattern for sample A. The dotted and solid lines are guides to the
Fig. 4 we plot the derivativelp,,/dB as a function ofB. eye.
Each peak, corresponding to a sharp jump of the resistivity,
splits into two peaks which separate from each other, by dirst node appears at a slightly higher magnetic field and 40
distanceAB, with increasinge. The dependence @B on  oscillations are enclosed between them whereas the number
a is plotted in the upper inset. The split increases slowly forobserved in Ref. 26 is 35.
small « and saturates at aboat=2x 10! eV m. In Ref. 15 the SdH oscillations of a 2DEG confined in a
gate-controlled InGaAs layer were observed under different
gate voltages/,, at values—1, —0.7, —0.3, 0, 0.3, 0.5,

C. Comparison with the experiment and 1.5 V. The electron effective mass ranges froth
=0.049, atVy=—1V, to m*=0.052, atV,=1.5V, and
typical measurements of the SdH oscillation in InGaAs/the C0rreSp20ndII12L:J sheet density changes froml.6 ton
INAlAs heterostructures, assuming the Rashba term domi= 2-41X 10 cm™2. The first node$, corresponding to the
nates the contribution of the observed zero-field spin splitYq values given above are at fielég=2.032, 2.025, 2.011,
ting. Reference 26 provides results for two samples A and c1-98, 1.923,1.894, 1.87 T, respectively, and the second nodes
For sample A, with effective mass* =0.046 and sheet den- 8t B>=1.13, 1.079, 1.035, 0.966, 0.915, 0.9, 0.871 T. Em-
sity ng=1.75<10'2 cm 2, the positions of the first six
nodes are, respectively, at fields,=0.873 T,B,=0.46 T, 1.5
B;=0.291 T, B,=0.227 T, Bs=0.183 T, B4=0.153 T. .

From the positions of any two successive nodks and
Bm+1, We extract the Rashba parameter The results are
shown as full triangles in Fig. 5; as shownfluctuates and
converges to the average value=3.7xX10 *? eV m with
increasing node numben. The consistency of the values
extracted from different nodes convinces us that the Rashba
term is the main cause of the beating pattern here. It may be .
that bulk SOI contributes also and results in the variation of ‘.. o
a when different nodes are used. The calculated spin split- ] >
ting at the Fermi level is5c=2akg=2.45 meV and is the
same as the extrapolated result from Ref. 25. The same 15 10 05 00 05 10 15 20
analysis has been done for sample C, with=1.46

x102¢cm2 and B,=0.65T, B,=0.312T, and B, Vg (V)

:O'ZQA' T the re_sqlts are shown In Fig. ,5 as squares. The FIG. 6. Strengtha of the Rashba term, as a function of the
zero-field spin splitting at the_Ferml level is 1.7 me\/_ and IS applied gate voltage, extracted from H@4) (squaresand perti-
close to the value 1.5 meV given in Ref. 26. In the inset Of,ent 1o the results of Ref. 15. The latter are shown by the open
Fig. 5 we show the calculated diagonal resistivity for samplgsoliq) circles when the firstsecond nodes are fitted as in Ref. 15.

A of Ref. 26 at temperaturd =0.5 K. A magnetic-field-  The inset shows our calculatesl vs B beating pattern forv,,
dependent subband broadening is adopted'y\B, with =03V, T=0.4 K. The dotted curve, produced by=7.04
I',=0.68 meV/*2 The second node is well fitted, while the —2.26v,+0.8%?2, is a fit to our resultgsquares

In the following, we will analyze, using Eq.24), two

—_
(=]
1
||
—
>
—_—
—]

o
n

A
p,, (arb. unit)

o (10"% eVm)
%
o]
.'O’i"
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ploying Eq. (24) we evaluate the Rashba parameter as a APPENDIX
function of the gate voltage. We show the results in Fig. 6 as
filled squares and fit them with the dashed curve, obtained
with a=7.04— 2.26\/g+0.87\/g. Our results are consistent

The x andy components of the velocity operator read

with those given in Ref. 15 obtained by fitting the first nodes JH —iaV,/m* —w.y ialt

(open circleg of the observed beating pattern with those ob- ) =— = ,
tained from an approximate evaluation of the resistivity; the IPx —ialh —iaV /m* —w.y
fitting of the second nodes is shown by the filled circles. Our (A1)

calculated magnetoresistivity, as a function of the magnetic

field, for V4=0.3 V andT=0.4 K, is shown in the inset of

Fig. 6. Here we find the second node is well fitted and a JH

smaller number of oscillationsng—n;=26) than that ob- vy=£=

served &28). It is worth noting that the value ok we y

obtained, after analyzing these two examples for InAs-based

heterostructures, is of the same order of magnitude as th ; _ 112 1 —

found by the microscopic model proposed in Ref. 14 forgettllr};‘:l & wCIC[i +\/25D5+i(s+ b 2]/\/15,2’ *s “’C'C[EZ

comparable densities; from Fig. 3 of Ref. 14 the extracted_l) + DD 15")/V2, Gs= el [ D 18"*~Dy(s+ 1)1/2

value ofa is =2x10 ' eV m at densityns=10"2 cm™ 2. - \/E(a/ﬁwc%l)/zpspsu]/VZAsAs+1. and Hs=wcl[Dss
Our way to extract the parameterfrom the experimental — DPs-1(8—1)™— \/Ea/ﬁwc|c]/V?AsAs— , We can express

SdH oscillations leads to theoretical results that are in rathdf€ matrix elements of, andvy in the Landau representa-

good agreement with those obtained by fitting experimentalion as follows:

curves. One advantage of H@4) is that it is independent of

—iRV,/m* ok
(A2)

alh  —ihV,Im* |

the Zeeman splitting. Accordingly, the conclusion can be [E.— aD./h]
drawn that the Rashba effect plays the main role in the for- (W (ky)|vy| ¥ (ky)) = — =S - s’ 10k K’
mation of beating patterns in the SdH oscillations in the mea- VAsAs 1 o

surements discussed above. However, as stated above some
[Fs—aDs 1/h]

mismatches exist, e.g., the value extracted from different Ossr+10k K’
node sets can vary and not all observed nodes can be fitted VAAs— 1 ’ XX
well with the same accuracy. Also, the measured dependence (A3)

of the resistivity on the magnetic field is not well recovered
by this simple model. This might be a result of the approxi-

mations introduced in it, e.g., the neglect of the bulk SOI in i[£— aD./#]
the model, the simplified impurity potential, the smalap- (Vg (k) |vy| Vg (ky))y=— s -1 K/
proximation or some unconsidered mechanism influencing VAsAs 1 *
the resistivity. .
ISEVILY L i[Fs—aDyy/h] )
T o 9ss'+10k Kkl
IV. CONCLUDING REMARKS AsAs-1

We studied magnetotransport in a 2D electron system in (Ad4)

the presence of the Rashba spin-orbit interaction term. When

the subband broadening is much smaller than the Landau + O = (T (K’

level separation, the effect of this term on the conductivity is (Ve (kolva W (o) =( s (kX)|vy|ws'(kx)>|w7“(:a\5)
manifested as a splitting of the SdH peaks. For week mag-
netic fields, with a level broadening comparable to the Lan-
dau level separation, a beating pattern appears in the conduc- <\If;'(kx)|vylllf:/(k)'()>:<\Ils_(kx)|vy|\lis_’(k)’()>|a_>_a,
tivity plot as a function of the magnetic field. By measuring (AB)
the position of two successive nodes, we can estimate the

strengtha of the Rashba term. The theory is in reasonably

good agreement with the available experimental observation@lfg(kx)|vx|\1f;,(k)’()>=igsﬁsys,,lékkar— IHs0s,s+10k k'
for pyy. In strong magnetic fields, where the integer quantum * (A?)
Hall effect is observed, a sufficiently strong creates new

plateaus between the integer plateaus in the Hall resistivity

and splits the SdH peaks pf,. (Vg (ko) vy | (k)= —GsOs,s 16k, k!
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The form factorgF . (u)|* read
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sl us s
— e Y8 Wig, (A11)
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