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Exchange-induced enhancement of spin-orbit coupling in two-dimensional electronic systems
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~Received 20 January 1999!

We study theoretically the renormalization of the spin-orbit-coupling constant of two-dimensional electrons
by electron-electron interactions. We demonstrate that, similarly to theg factor, the renormalization corre-
sponds to the enhancement, although the magnitude of the enhancement is weaker than that for theg factor.
For high-electron concentrations~small interaction parameterr s) the enhancement factor is evaluated analyti-
cally within the static random phase approximation. For larger s;10, we use an approximate expression for
effective electron-electron interaction, which takes into account the local field factor, and calculate the en-
hancement numerically. We also study the interplay between the interaction-enhanced Zeeman splitting and
interaction-enhanced spin-orbit coupling.@S0163-1829~99!08731-7#
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I. INTRODUCTION

Early experimental studies of magnetotransport in tw
dimensional~2D! electron systems1 indicated that theg fac-
tor of electrons in these systems may differ significan
from its bulk value. It was established1 that the magnitude o
the g factor for electrons confined to (100) Si surfaces e
ceedsg52 and increases fromg52.47 tog53.25 with de-
creasing the concentration of electrons from 631012 cm22

to 1012 cm22.
Shortly after the publication of experimental results,1 it

was suggested by Janak2 that the enhancement of theg factor
can be accounted for by the electron-electron interactio
The argument of Janak represents a 2D version of the F
liquid theory3 and goes as follows. In applied weak magne
field B the quasiparticle energies for the two spin projectio
can be written as

E↑~k!5E(0)~k!1
DZ

2
1S↑@k,E↑~k!#,

E↓~k!5E(0)~k!2
DZ

2
1S↓@k,E↓~k!#, ~1!

where k is the momentum,E(0)(k)5\2k2/2m is the spec-
trum of a free electron,DZ5gmBB is the bare Zeeman split
ting, andS(k,Ek) is the self-energy

S↑,↓~k!52E d2k8

~2p!2
Ve f f~ uk2k8u! f 0@EF2E↑,↓~k8!#,

~2!

whereVe f f(q) is the Fourier component of the effective in
teraction between the electrons, andf 0 is the Fermi function.
Solving the system Eq.~1!, Eq. ~2! in the zero-temperature
limit, the effectiveg-factor can be presented as

g* 5
DZ*

mBB
, ~3!

where
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DZ* 5E↑~kF!2E↓~kF!5
DZ

12
m*

m
lZ

. ~4!

In Eq. ~4!, m* is the effective mass

m* 5\2kFS ]Ek

]k D
kF

21

, ~5!

andkF is the Fermi momentum. The enhancement factorlZ
is given by

lZ5
m

~2p\!2E0

2p

df Ve f fS 2kF sin
f

2 D . ~6!

In the random phase approximation~RPA! one has5

Ve f f~q!5
2pe2

«0~q1A2r skF!
, ~7!

for q,2kF , where«0 is the dielectric constant of the mate
rial, and r s5A2me2/«0\2kF is the interaction parameter o
the 2D gas. WithVe f f(q) in the form Eq.~7!, m* andlZ can
be evaluated analytically yielding2,4

lZ5F~r s!, ~8!

m

m*
512

A2

p
r s1

r s
2

2
1~12r s

2!F~r s!, ~9!

where the functionF(r s) is defined as

F~r s!5
r s

pA22r s
2

cosh21SA2

r s
D , r s<A2,

F~r s!5
r s

pAr s
222

cos21SA2

r s
D , r s>A2. ~10!

In the high-density limit (r s!1) the enhancement factor~8!
takes the form~see also Ref. 6!
4826 ©1999 The American Physical Society
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lZ5
r s

A2p
lnS 23/2

r s
D . ~11!

Note that the theory2 neglects the frequency dependence
Ve f f . As a result, Eq.~9! predicts that interactions reduce th
effective mass. In fact, taking the frequency dependence
account7 leads tom* /m.1 already within the RPA~see,
however, the recent numerical simulations8!.

Later magnetotransport experiments9,10 on quantum well
structures in narrow band semiconductors provided an
dence for a splitting of the conduction band in a ze
magnetic field. The analysis of the beating patterns in e
tron Shubnikov-de Haas oscillations led the authors9,10 to the
conclusion that such a splitting can be accounted for by a
ing the spin-orbit~SO! term

ĤSO5ak•~s3n!, ~12!

to the Hamiltonian of a free electron. Here,a is the SO
coupling constant,k is the wave vector,n is the unit vector
normal to the plane of the quantum well,s5(s1 ,s2 ,s3)
are the Pauli matrices. The term Eq.~12! was first introduced
by Bychkov and Rashba11,12 to explain the experimental re
sults on electron spin resonance13 and a cyclotron resonanc
of holes14 in GaAs/AlxGa12xAs heterostructures.

In order to obtain more detailed information about t
SO-induced splitting of the conduction band, the evolution
the Shubnikov-de Haas oscillations with a tilting of magne
field was traced.15 Subsequently, the energy spectrum o
2D electron in a tilted magnetic field in the presence of
SO coupling was studied theoretically.16,17

Recently, a zero-field splitting in different 2D system
was inferred experimentally either from the Shubnikov-
Haas18–21 or from the commensurability oscillations22 ~in a
spatially modulated sample! patterns.

In the domain of weak-magnetic fields, the Shubnikov-
Haas oscillations are smeared out. However, it was dem
strated both experimentally23 and theoretically24 that the SO
coupling still manifests itself in this domain through th
weak-localization corrections to the conductance. Ea
works23,24 in this direction were succeeded by detail
studies.25

In the present paper, we investigate theoretically the
terplay between the SO coupling and the electron-elec
interactions. Namely, we address the question whether
interactions cause the renormalization of the coupling c
stanta in Eq. ~12! as it is the case for theg factor.

II. RENORMALIZATION OF THE SO SPLITTING

We assume that the bare SO splitting is weak eno
akF!EF . With the SO term Eq.~12! the Hamiltonian of
noninteracting electrons can be presented in the form

Ĥ5E1
(0)~k!P̂1~k!1E2

(0)~k!P̂2~k!, ~13!

where the projection operatorsP̂1(k) andP̂2(k) are defined
as
f

to

i-
-
c-

d-

f
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P̂1~k!5
1

2 S 1 ie2 ifk

2 ieifk 1 D , P̂2~k!512 P̂1~k!,

~14!

so thatP̂1(k) P̂2(k)50. In Eqs.~13! and~14!, k5uku is the
absolute value andfk5arctan(ky /kx) is the azimuthal angle
of the wave vectork. The energy spectrum consists of tw
branches

E6
(0)~k!5

\2k2

2m
6ak. ~15!

Following the Fermi liquid theory, the selfenergy in the pre
ence of the SO coupling becomes an operator

Ŝ~k!5E d2k8

~2p!2
Ve f f~ uk2k8u!$P̂1~k8! f 0@EF2E1~k8!#

1 P̂2~k8! f 0@EF2E2~k8!#%. ~16!

Our main observation is that in the presence of the inter
tion, the operatorŜ(k) still retains the structure of Eq.~13!

Ŝ~k!5S1~k!P̂1~k!1S2~k!P̂2~k!, ~17!

whereS6(k) are thescalar functions ofk

S6~k!52
1

2E d2k8

~2p!2
Ve f f~ uk2k8u!$ f 0@EF2E1~k8!#

1 f 0@EF2E2~k8!#%

6
1

2E d2k8

~2p!2
cos~fk2fk8!Ve f f~ uk2k8u!

3$ f 0@EF2E1~k8!#2 f 0@EF2E2~k8!#%. ~18!

For renormalized energy spectrum, we have

E1~k!5E1
(0)~k!1S1~k!, E2~k!5E2

(0)~k!1S2~k!.
~19!

By solving the system Eqs.~18! and~19!, we get the follow-
ing result for the renormalized SO splitting

DSO* 5E1~kF!2E2~kF!5
DSO

12
m*

m
lSO

, ~20!

whereDSO52akF is the bare SO splitting and the renorma
ization factor is determined as

lSO5
m

~2p\!2E0

2p

df cosfVe f fS 2kF sin
f

2 D . ~21!

If Ve f f does not depend onf ~when interactions are short
ranged due, e.g., to the presence of a gate electrode clo
the 2D plane!, then we havelSO50. However, in general,
the integral~21! is positive. Thus, we conclude that the e
change interaction leads to theenhancementof the SO cou-
pling. Within the random phase approximation whenVe f f
has the form Eq.~7!, the integral~21! can be calculated ana
lytically and expressed through the functionF(r s) as follows
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lSO5
r s

2

2
2

A2r s

p
1~12r s

2!F~r s!. ~22!

Comparison of the last expression with Eq.~9! indicates that
11lSO5m/m* . In fact, this relation holds not only fo
Ve f f(q) in the form ~7!, but for arbitrary static effective in-
teraction and represents a 2D version of the correspon
relation in the Fermi-liquid theory.26 To verify this relation,
it is convenient to perform transformation to the real spa
where the interaction has the formṼe f f(r). Then from Eqs.
~5! and ~21! it is easy to check that

lSO5
m

m*
215

m

\2E0

`

dr rJ 1
2~kFr!Ṽe f f~r!, ~23!

whereJ1(x) is the Bessel function. Combining Eq.~20! with
Eq. ~23!, we get

DSO*

DSO
511lSO. ~24!

In Fig. 1, we plot bothlZ andlSO as a function of interac-
tion parameterr s . It is seen thatlZ is much bigger than
lSO, which has a maximum atr s50.52 and does not excee
6%. The decay oflSO(r s)>1 indicates that RPA is not suit
able for the calculation oflSO in this domain. The physica
origin of the failure of RPA is that it overestimates th
screening effect at larger s . This, in turn, leads to the drasti
suppression oflSO as can be seen from Eq.~21!. To extend
the Fermi-liquid description to higherr s , it is customary27 to
modify the random phase dielectric function as follows

«~q!5«0F12
v~q!x0

11v~q!G~q!x0
G , ~25!

where v(q)52pe2/«0q is the Fourier component of th
Coulomb interaction andx052m/p\2 is the Lindhard sus-
ceptibility of the free-electron gas. The factorG(q) ~local-
field correction! describes the reduction of the screening
large q ~small distances!. For G(q)50 we recover Eq.~7!
for the effective interaction5 Ve f f(q)5v(q)/«(q).

In later works,28,4,29,30 a different approximation for
Ve f f(q) was put forward
n

r

ng

e

t

Ve f f~q!5v~q!1v2~q!@12G~q!#2x~q!, ~26!

wherex(q) is defined as

x~q!5
x0

12v~q!@12G~q!#x0
. ~27!

For the local-field correctionG(q), the authors28,4,29adopted
the following form

G~q!5
G`q

Aq21q1
2~r s!

, ~28!

whereq1(r s)52a(r s)kF , andG`(r s), a(r s) are the numeri-
cal factors. Equation~26! is written neglecting the spin
fluctuation-induced vertex corrections. Combining Eqs.~26!,
~28!, and ~21!, we get the following expression for the en
hancement factor of SO coupling

FIG. 1. The enhancement factors of Zeeman splitting~dotted
line! and spin-orbit splitting~full line!, calculated within the static
random phase approximation, are plotted vs the interaction par
eter r s .
lSO5
r s

4pA2
E

0

2p

df cosf
Aa21 sin2 f/2@G`r s1A2~a21 sin2 f/2!#2G`

2 r s sinf/2

~r s1A2 sinf/2!~a21 sin2 f/2!2G`r s sinf/2Aa21 sin2 f/2
. ~29!
able

2D
r

the
In Fig. 2, we present the dependencelSO(r s) calculated nu-
merically within the region up tor s;8. Following,28,4,29we
took G`(r s) from numerical calculations~at discrete values
of r s) of the pair correlation function31 and following Ref. 28
assumeda(r s)'1.5G` within the entire domain. It is see
that instead of falling down~as in Fig. 1! lSO(r s) increases
with r s , when the local factor is included. Note, howeve
that approximately constant value fora(r s) was established
,

only within a limited intervalr s<3 in Refs. 4 and 28. We
used the same value for calculation at higherr s in order to
illustrate that the enhancement factor can take appreci
values in this domain.

The alternative approach to the effective interaction in
electron gas withr s@1 is described in Ref. 32. In this pape
the local-field factor in the conventional form~25! of «(q)
was fitted in such a way that the static characteristics of
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system, calculated with this«(q), are consistent with the
Monte Carlo results of Tanatar and Ceperley.33 According to
Ref. 32 the local-field correction has the form

G~q!5
1

2 F q

~q214b1
2kF

2 !1/2
1

q

~q214b2
2kF

2 !1/2G , ~30!

where the parametersb1(r s), b2(r s) are listed in Ref. 32 at
discrete values ofr s up to r s540. The numerical results fo
lSO calculated for these values by substitutingG(q) in the
form ~30! into Eq. ~25! are shown in Fig. 2. They indicat
that for r s;10 the enhancement is quite pronounced.

Let us summarize the results of this section. The anal
cal expression~22! for the enhancement factorlSO has been
derived within the RPA, and shown in Fig. 1. This res
applies forr s<1 although the plot is extended up tor s55.
For largerr s , in order to get the correct behavior oflSO(r s)
one should go beyond RPA. The numerical results are
sented in Fig. 2 with the local-field correction taken in
account. We would like to emphasize that the local-field f
tor starts to play the crucial role for the enhancement
spin-orbit coupling already at moderater s'1. This can be
seen fromqualitativelydifferent behavior oflSO(r s) in Figs.
1 and 2.

III. NONZERO EXTERNAL FIELD

Now let us address the situation when the Zeeman s
ting and SO coupling are present simultaneously. We w
study the interplay between the interaction-induced enha
ment of theg factor and of the SO coupling. First assum
that Zeeman splitting is caused by a perpendicular magn
field. The bare Hamiltonian in this case takes the form

Ĥ5E1
(0)~k!P̂0'

1 ~k!1E2
(0)~k!P̂0'

2 ~k!, ~31!

where the modified projection operators

FIG. 2. The enhancement factorlSO, calculated numerically
with local-field correction taken into account, is plotted vs the
teraction parameterr s . Full curve corresponds to the approach
Refs. 4 and 29 withG` taken from Ref. 31 at points marked wit
crosses. Dashed curve is calculated using the local field factor t
from Ref. 32 at points marked with empty circles.
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P̂0'
1 ~k!5

g0~k!

11g0
2~k!

S g0
21~k! ie2 ifk

2 ieifk g0~k!
D ,

P̂0'
2 ~k!512P̂0'

1 ~k!, ~32!

are introduced. In Eq.~32! g0(k) is defined as

g0~k!5A11S DZkF

DSOkD 2

2
DZkF

DSOk
. ~33!

The bare energy spectrum is given by

E6
(0)~k!5

\2k2

2m
6

1

2
ADSO

2 S k

kF
D 2

1DZ
2, ~34!

so that the splitting of the spectrum atk5kF equals

D5ADSO
2 1DZ

2. ~35!

The general expression Eq.~16! for the selfenergy retains its
form in the present case after changingP̂6(k) by P̂'

6(k),
where the renormalized projection operators have the form
Eq. ~32!

P̂'
1~k!5

g~k!

11g2~k!
S g21~k! ie2 ifk

2 ieifk g~k!
D ,

P̂'
2~k!512P̂'

1~k!, ~36!

with renormalized parameterg(k), which should be deter-
mined selfconsistently together with renormalized spectr
E6(k). Since in the present case the operatorsP̂'

6(k) differ

from P̂0'
6 (k), the consequence~17! of Eq. ~16! is not valid

anymore. Instead, we get the following system of equatio

E1~k!1g2~k!E2~k!

11g2~k!

5
E1

(0)~k!1g0
2~k!E2

(0)~k!

11g0
2~k!

1E d2k8

~2p!2

Ve f f~ uk2k8u!

11g2~k8!

3$ f 0@EF2E1~k8!#1g2~k8! f 0@EF2E2~k8!#%,

~37!

E2~k!1g2~k!E1~k!

11g2~k!

5
E2

(0)~k!1g0
2~k!E1

(0)~k!

11g0
2~k!

1E d2k8

~2p!2

Ve f f~ uk2k8u!

11g2~k8!

3$ f 0@EF2E2~k8!#1g2~k8! f 0@EF2E1~k8!#%,

~38!
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g~k!

11g2~k!
@E1~k!2E2~k!#

5
g0~k!

11g0
2~k!

@E1
(0)~k!2E2

(0)~k!#

1E d2k8

~2p!2
cos~fk2fk8!Ve f f~ uk2k8u!

3$ f 0@EF2E1~k8!#2 f 0@EF2E2~k8!#%. ~39!

Subtracting Eq.~38! from Eq. ~37!, we get

12g2~k!

11g2~k!
@E1~k!2E2~k!#

5
12g0

2~k!

11g0
2~k!

@E1
(0)~k!2E2

(0)~k!#

1E d2k8

~2p!2
Ve f f~ uk2k8u!

12g2~k8!

11g2~k8!

3$ f 0@EF2E1~k8!#2 f 0@EF2E2~k8!#%. ~40!

Now we can apply to Eq.~39! and Eq.~40! the same argu-
ment that led to renormalization ofDSO and DZ , respec-
tively. In the zero-temperature limit this results in the follow
ing system of equations

g~k!

11g2~k!
@E1~k!2E2~k!#F12

m*

m
lSOG

5
g0~k!

11g0
2~k!

@E1
(0)~k!2E2

(0)~k!#, ~41!
e

12g2~k!

11g2~k!
@E1~k!2E2~k!#F12

m*

m
lZG

5
12g0

2~k!

11g0
2~k!

@E1
(0)~k!2E2

(0)~k!#. ~42!

Dividing Eq. ~42! by Eq. ~41! we get a closed quadrati
equation forg(k)

g2~k!1g~k!
12g0

2~k!

g0~k!

12
m*

m
lSO

12
m*

m
lZ

2150. ~43!

Substituting the solution of this equation back into Eq.~37!,
we get the renormalized splitting of the spectrumD*
5E1(kF)2E2(kF)

D*

D
5

A~12g0
2!2S 12

m*

m
lSOD 2

14g0
2S 12

m*

m
lZD 2

~11g0
2!S 12

m*

m
lSOD 2S 12

m*

m
lZD 2 .

~44!

Using the definition~33! of g0, we can rewrite the last resu
in the following concise form
D*

D
5A DZ

2

DZ
21DSO

2 S 1

12
m*

m
lZ
D 2

1
DSO

2

DZ
21DSO

2 S 1

12
m*

m
lSO

D 2

. ~45!
Finally, with the use of Eqs.~4! and ~20!, we arrive at the
conclusion that renormalized splittingD* is related to renor-
malized valuesDZ* and DSO* in the same way as the bar
values@Eq. ~32!#

D* 5ADSO* 21DZ*
2. ~46!

Consider now the case when the Zeeman splitting
 is

caused by a parallel magnetic field applied along thex direc-
tion. Then the Hamiltonian can be written as

Ĥ5S \2k2

2m

DZ

2
1 iake2 ifk

DZ

2
2 iakeifk

\2k2

2m

D
5E1

(0)~k!P̂0i
1 ~k!1E2

(0)~k!P̂0i
2 ~k!, ~47!

where the energy spectrum
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E6
(0)~k!5

\2k2

2m

6
1

2
ADZ

21DSO
2 S k

kF
D 2

12DZDSOS k

kF
D sinfk,

~48!

depends both on the amplitude and orientation ofk with
respect to the magnetic field. In Eq.~47!, the projection op-
eratorsP̂0i

6 (k) are defined as

P̂0i
1 ~k!5

1

2 S 1 ie2 iwk

2 ieiwk 1 D ,__P̂0i
2 ~k!512P̂0i

1 ~k!,

~49!

with the anglewk related to the azimuthal angle of vectork
as follows

wk5arctanS ak cosfk

ak sinfk1
DZ

2
D . ~50!

The bare splitting of the energy spectrum atuku5kF is equal
to

D~f!5ADZ
21DSO

2 12DZDSOsinf. ~51!

Performing calculations similar to those for perpendicu
field, it is easy to check that in the present case the rela
between the renormalized splittingD* and DZ , DSO pre-
serves the form~51!

D* ~f!5ADZ*
21DSO* 212DZ* DSO* sinf. ~52!

IV. RELATION TO THE LANDAU PARAMETERS

The above calculations were based on the concept o
fective interaction between electrons,Ve f f(q). Generally
speaking, Fermi-liquid theory relates the observable val
to the bare parameters of electron gas by means of inte
tion function3,26 having the form

f ss8~k,k8!5 f s~k,k8!1~s•s8! f a~k,k8!

5
p\2

m*
@Fs~k,k8!1~s•s8!Fa~k,k8!#, ~53!

wheres ands8 are spin matrices,f s(k,k8) and f a(k,k8) are
the symmetric and antisymmetric parts of the interact
function, respectively. In Eq. ~53!, Fs(a)(k,k8)
5( l 50

` Fl
s(a) cos(lfkk8) are dimensionless quantities. Th

concept of effective interaction used above is equivalen
the assumptionf a[ f s. The way to extend our theory in orde
to take into account the difference betweenf s and f a is to
modify the self-energy Eq.~16! as follows
r
n

f-

s
c-

n

o

Ŝ~k!5E d2k8

~2p!2
P̂1~k8!$Ve f f~ uk2k8u! f 0@EF2E1~k8!#

1We f f~ uk2k8u! f 0@EF2E2~k8!#%

1E d2k8

~2p!2
P̂2~k8!$Ve f f~ uk2k8u! f 0@EF2E2~k8!#

1We f f~ uk2k8u! f 0@EF2E1~k8!#%. ~54!

HereVe f f(q) corresponds to the effective interaction in E
~16!, whereasWe f f(q) accounts for the difference betwee
f s and f a. It is straightforward to check that with selfenerg
operator Eq. ~54!, the projection operatorsP̂1(k) and
P̂2(k), which, in principle, should be determined se
consistently, still retain the form Eq.~14!. Thus, we can re-
peat the derivation for the enhancement ofDSO in a similar
way as in Sec. II. The difference is, however, that the re
tion Eq. ~23! does not hold anymore. Indeed, the renorm
ization of the effective mass8 is now determined by the ef
fective interaction Ve f f(q)1We f f(q) through m* /m51
1 1

2 F1
s , while lSO is determined by the first Fourier harmon

ics of Ve f f(q)2We f f(q); accordingly,lZ is determined by
the zero’s Fourier component ofVe f f(q)2We f f(q). Conse-
quently, in terms of the dimensionless Landau paramete3

we get the following generalization of Eq.~24!

DSO*

DSO
5

1

11
1

2
F1

a

. ~55!

The dependence of Landau parameters onr s in two dimen-
sions has been the subject of extensive Monte Carlo stu
in Ref. 8. ForF1

a the results listed in Ref. 8 atr s51,2,3, and
r s55 areF1

a520.19,20.24,20.26, andF1
a520.27. Sub-

stitution of these values in Eq.~55! leads toDSO* /DSO51.11,
1.14, 1.15, and 1.16, respectively. These values agree w
30% with the results shown in Fig. 2.

V. CONCLUSION

The main goal of this paper is to demonstrate that alo
side with fundamental characteristics,lZ(r s), of interacting
electron gas, which describes the enhancement of theg fac-
tor, and was studied in many works, there exists anot
fundamental characteristicslSO(r s), which describes the
interaction-induced enhancement of the SO coupling.
calculated this function analytically in the limit of high con
centrations and estimated numerically at low concentratio
Note that throughout the paper we assumed the bare SO
pling to be small:DSO!EF . However, in the limit of high
concentrations (r s!1) the corresponding condition is mor
strict: DSO!r sEF , which is equivalent toa!e2/«0. In the
intermediate regionr sEF!DSO!EF , instead of Eq.~22!,
the enhancement factor is given by

lSO5
r s

A2p
lnS EF

DSO
D . ~56!
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Since experimentally the concentration of carriers is v
ied by changing the gate voltage,18,20,22there exists anothe
simple reason for the dependence of the SO coupling on
concentration. Indeed, the change of the gate voltage ca
the redistribution of the confining potential, which, in turn34

affects the parametera. This mechanism should be domina
at high concentrations whenlSO is small.

Note in conclusion, that if the bare SO splitting is caus
by the Dresselhaus mechanism,35 which originates from the
absence of the inversion symmetry in the bulk, the renorm
ization of the corresponding splitting of the spectrum,DD ,
has the same form as Eq.~24!: DD* 5(11lSO)DD . As a
result, when bothDD andDSO are present, the splitting of th
energy spectrum is given by the same formula as for no
teracting electrons36,37

D* ~f!5ADD*
21DSO* 212DD* DSO* sin 2f. ~57!

Finally, let us point out that in conventional magn
totransport oscillations experiments performed up
now15,17–21the typical concentrations of electrons were qu
high ;1012 cm22. As a result, the typical values of the in
teraction parameterr s were rather low (r s,1). Only in 2D
hole gas22 the condition (r s>1) was fulfilled. For low values
of r s our theory predicts that the renormalization of the S
coupling is weak. However, in recent experiments on
electron gases in silicon metal-oxide-semiconductor fie
effect transistors38–40 and AlAs quantum wells,41 as well as
in hole gases in SiGe quantum wells,42 GaAs inverted
semiconductor-insulator-semiconductor structures,43 and
GaAs-AlxGa12xAs heterostructures44 the values ofr s ranged
from38–40r s'6 to43,44 r s'24. For such larger s we predict a
K

s

-

he
ses

d

l-

-

o

e
-

strong renormalization of the SO coupling, which might
of relevance for metal-insulator transition observed in th
systems. For example, the strong renormalization of SO c
pling at larger s might cause an instability of electronic spe
trum in a clean system, so that the system in zero-magn
field would undergo a transition into an exotic ‘‘chira
phase’’ at some critical density. As it is seen from Eq.~55!,
the condition for such an instability is 11 1

2 F1
a50.

Another possibility for strong effect oflSO on the prop-
erties of low-density 2D electron gas is that it can caus
significant redistribution of electrons between the branc
of the spectrum. Note that in the latest publication45 the criti-
cal density for metal-insulator transition inn-type GaAs was
reported to benc'1.331010 cm22. To accommodate al
these electrons within the lower branch of the spectrum, c
responding to chirality ‘‘2 ’’ @see Eq.~15!#, the effective
coupling constanta should exceedac5(\2nc/2pm* )1/2

'3.65310212 eV•m. On the other hand, the constanta for
relatively high-density GaAs/AlxGa12xAs structure withn
'4.031011 cm22 can be extracted from Ref. 19 to bea
5DSO/A8pn'1.7310212 eV•m. Thus, a two times
interaction-induced enhancement of SO coupling would
enough to drive all electrons into the state with the ‘‘2 ’’
chirality.
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