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Exchange-induced enhancement of spin-orbit coupling in two-dimensional electronic systems
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We study theoretically the renormalization of the spin-orbit-coupling constant of two-dimensional electrons
by electron-electron interactions. We demonstrate that, similarly tagytfaetor, the renormalization corre-
sponds to the enhancement, although the magnitude of the enhancement is weaker than thatfeatone
For high-electron concentratioismall interaction parameteg) the enhancement factor is evaluated analyti-
cally within the static random phase approximation. For largel0, 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 couplif&0163-182@9)08731-7

I. INTRODUCTION A,
_ET(kF)_El(kF):T- (4)
Early experimental studies of magnetotransport in two- 1——\,
dimensional(2D) electron systentsindicated that they fac-

tor of electrons in these systems may differ S|gn|f|cantly

. .
from its bulk value. It was establishkthat the magnitude of In Eq. (4), m™ s the effective mass

the g factor for electrons confined to (100) Si surfaces ex- IE | 1
ceedsg=2 and increases from=2.47 tog=3.25 with de- m* =ﬁ2kF(W> , 5)
creasing the concentration of electrons froms B0'? cm™? Ke

to 102 cm™ 2.

Shortly after the publication of experimental resdlis,
was suggested by Jarfakat the enhancement of thdactor
can be accounted for by the electron-electron interactions.
The argument of Janak represents a 2D version of the Fermi
liquid theory® and goes as follows. In applied weak magnetic
field B the quasiparticle energies for the two spin prOJect|ons
can be written as

andkg is the Fermi momentum. The enhancement faktor
is given by

m 2w
(27h)?Jo

)\Z: d¢Veff( 2kF S|n§> (6)

n the random phase approximatiRPA) one ha3

2

A 2me
) Az Y, = 7
E (K =EQK)+ 5+ [k Ey ()], el Q)= arke) (@)
for q<2kg, whereg is the dielectric constant of the mate-
E, (k) =EO@(k)— ﬁJrzl[k E (K] (1) rial, andre=y2me/sofi’ke is the interaction parameter of
5 , ,

the 2D gas. With/¢¢¢(q) in the form Eq.(7), m* and\, can

be evaluated analytically yieldiA
wherek is the momentumE(®)(k)=7#%2k?/2m is the spec- val tically yieldifid

trum of a free electromd ;=gugB is the bare Zeeman split- Ny=F(ry), 8
ting, and> (k,Ey) is the self-energy

m 2 r?
d?k’ , , —*=1—£rs+§+(1—r§)f(rs), (9)
2m(k)z_f(2—)2Veff(|k_k Dfo[EF—E;  (K)], m m
a
(2)  where the functionF(r) is defined as
whereVq¢(q) is the Fourier component of the effective in- r 2
teraction between the electrons, dids the Fermi function. Frg)= —scosh‘l(—> L re=<\2,
Solving the system EqJ1), Eq. (2) in the zero-temperature N2 Fs
limit, the effectiveg-factor can be presented as
r 2
A% J—'(rs)z—scosl<£), re=2. (10)
g* :_Z (3) T\lg— 2 ls
usB’
° In the high-density limit (;<<1) the enhancement fact()
where takes the formsee also Ref. )6
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rs 23/2 R 1 1 ie_i¢k R R
( ) (11 P+(k):§(_iei¢k 1 ) P (k)=1-P"(k),
(14

Note that the theo?yneglects the frequency dependence ofsg thatﬁ*(k)ﬁ)*(k)zo_ In Egs.(13) and(14), k=|K| is the
Vest- As aresult, Eq(9) predicts that interactions reduce the absolute value ang,=arctank,/k,) is the azimuthal angle
effective mass. In fact, taking the frequency dependence intef the wave vectok. The energy spectrum consists of two
account leads tom*/m>1 already within the RPAsee, Dbranches
however, the recent numerical simulatitns

Later magnetotransport experimehtSon quantum well
structures in narrow band semiconductors provided an evi-
dence for a splitting of the conduction band in a zero- ) . _
magnetic field. The analysis of the beating patterns in elecEollowing the Fermi liquid theory, the selfenergy in the pres-
tron Shubnikov-de Haas oscillations led the authito the ~ €nce of the SO coupling becomes an operator
conclusion that such a splitting can be accounted for by add-

. . . 211
Ing the Spln-orblt(SO) term i(k):j (Z:)zveff(“(_k,|){ls+(k,)fO[EF_E+(k,)]

72k?
EQ (k)= S Eak. (15)

Hgo=ak-(oxn), (12) +P (k) f[Er—E_(k")]}. (16)
to the Hamiltonian of a free electron. Here, is the SO Our main observation is that in the presence of the interac-

coupling constanty is the wave vectom is the unit vector tion, the operato (k) still retains the structure of E¢13)
normal to the plane of the quantum weth=(o,05,03) . . .
are the Pauli matrices. The term Ef2) was first introduced 2(k)=X" (kP (k) +Z (k)P (k), 17
by Bychkov and Rashb&?to explain the experimental re-
sults on electron spin resonafhtand a cyclotron resonance
of holes* in GaAs/AlLGa _,As heterostructures.

In order to obtain more detailed information about the 3 *(k)=-— Ej

whereX = (k) are thescalar functions ofk

21,1
Verr( k=K' D{fo[ Ep—EL(k")]

SO-induced splitting of the conduction band, the evolution of (2m)?

the Shubnikov-de Haas oscillations with a tilting of magnetic +f[Er—E_(K)T}

field was traced® Subsequently, the energy spectrum of a oL=F ==

2D electron in a tilted magnetic field in the presence of the 1¢ d?k’

SO coupling was studied theoreticalfy’ i—f coS ¢ — ¢y ) Vet |k—K'])
Recently, a zero-field splitting in different 2D systems 2) (2m)?

was inferred experimentally either from the Shubnikov-de _ N1 _ /

Haas® 2! or from the commensurability oscillatioffs(in a X{folEr— B (K)]=To[Er—E_(K)]}. (18

spatially modulated sampl@atterns. For renormalized energy spectrum, we have

In the domain of weak-magnetic fields, the Shubnikov-de
Haas oscillations are smeared out. However, it was demon- E.(K)=EQ(K)+3"(k), E_(k)=E©(k)+2"(k).
strated both experimentaffyand theoretical§# that the SO (19
coupling still manifests itself in this domain through the By solving the system Eq$18) and(19), we get the follow-
weak-localization corrections to the conductance. Earlxng result for the renormalized SO splitting
works’>2% in this direction were succeeded by detailed

studies?® Aso
In the present paper, we investigate theoretically the in- ASo=E,(kp)—E_(kp)= ————, (20
terplay between the SO coupling and the electron-electron 1— m—)\so
m

interactions. Namely, we address the question whether the
interactions cause the renormalization of the coupling con

i . whereA so=2akg is the bare SO splitting and the renormal-
stanta in Eq. (12) as it is the case for the factor. SO~ ~fr piitting

ization factor is determined as

"9 2

We assume that the bare SO splitting is weak enough (2mh)"Jo

ake<Eg. With the SO term Eq(12) the Hamiltonian of If V. does not depend o (when interactions are short-
noninteracting electrons can be presented in the form ranged due, e.g., to the presence of a gate electrode close to
the 2D plang then we have\go=0. However, in general,

the integral(21) is positive. Thus, we conclude that the ex-
change interaction leads to teahancementf the SO cou-

A . pling. Within the random phase approximation whepg;
where the projection operatols’ (k) andP ™ (k) are defined has the form Eq(7), the integral21) can be calculated ana-

as lytically and expressed through the functiir ;) as follows

m 2
Il. RENORMALIZATION OF THE SO SPLITTING deb COSd)Veff( 2ke Sin?) ' (22)

H=EP (kP (k) +ED (k)P (K), (13
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2 0.5
r2  \arg
Nso=m ——— +(L=r) AT, (22 _
Comparison of the last expression with E@) indicates that oal T

1+Ngo=m/m*. In fact, this relation holds not only for
Vei1(q) in the form(7), but for arbitrary static effective in- -
teraction and represents a 2D version of the corresponding
relation in the Fermi-liquid theor$? To verify this relation, 0.3 -
it is convenient to perform transformation to the real space ,

where the interaction has the fofh¢((p). Then from Egs.

(5) and(21) it is easy to check that 0.2
m m (= ) ~ r
Aso=— —1=— | dppJi(kep)Ver(p), (23 :
m nelto 0.1 =
where J;(x) is the Bessel function. Combining EQ0) with f
Eq. (23), we get f\
0 1 I 1 I 1 I 1 I 1
Ao 0 1 2 3 4 5
A_SO:1+)\50. (24) rS
In Fig. 1, we plot both\;, and\ g as a function of interac- FIG. 1. The enhancement factors of Zeeman splitfidgited

line) and spin-orbit splittingfull line), calculated within the static
d random phase approximation, are plotted vs the interaction param-
eterrg.

tion parameters. It is seen that\, is much bigger than
Nso, Which has a maximum at=0.52 and does not excee
6%. The decay okgo(rg)=1 indicates that RPA is not suit-
able for the calculation ok sg in this domain. The physical _ 2 2
origin of the failure of RPA is that it overestimates the Verd @) =v(Q)+vi(q)[1-G(q)]"x(a), (26)
screening effect at large . This, in turn, leads to the drastic where y(q) is defined as

suppression ok g as can be seen from E(R1). To extend

the Fermi-liquid description to higheg, it is customary’ to Xo
modify the random phase dielectric function as follows x(@)= 1-v(@)[1-G(d)]xo" @
v(9) Xo For the local-field correctio®(q), the authoré+?°adopted
e(q)=go 1— TG X, (25  the following form
where v(q)=2me?/soq is the Fourier component of the G..q
Coulomb interaction ang,=—m/ 74?2 is the Lindhard sus- G(q)= m (28)

ceptibility of the free-electron gas. The fact@i(q) (local-
field correction describes the reduction of the screening atwhereq;(r) =2a(rg)kg, andG..(rg), a(r,) are the numeri-
large g (small distances For G(q)=0 we recover Eq(7)  cal factors. Equation26) is written neglecting the spin-

for the effective interactiohVe¢(q) =v(q)/&(q). fluctuation-induced vertex corrections. Combining E@$),
In later works?®42%30 3 different approximation for (28), and(21), we get the following expression for the en-
Vei1(q) was put forward hancement factor of SO coupling

o Ts szd Ja2+ sir? ¢pI2[G..r o+ \2(a%+ sir? ¢/2)]— G2rsin¢/2
S 4m2)o ¢C°S¢(rs+ 2 sing/2)(a%+ Sir ¢/2) — G.rsin ¢/2\a2+ sir? ¢/2°

(29

In Fig. 2, we present the dependencgy(rg) calculated nu- only within a limited intervalr;<3 in Refs. 4 and 28. We
merically within the region up tos~8. Following?®*?®we  used the same value for calculation at highgin order to
took G.,(rs) from numerical calculationgat discrete values illustrate that the enhancement factor can take appreciable
of ry) of the pair correlation functiot and following Ref. 28  values in this domain.

assumeda(rg)~1.5G,, within the entire domain. It is seen The alternative approach to the effective interaction in 2D
that instead of falling dowitas in Fig. 2 Ago(rs) increases electron gas withig>1 is described in Ref. 32. In this paper
with rg, when the local factor is included. Note, however, the local-field factor in the conventional for(25) of £(q)

that approximately constant value fa(rs) was established was fitted in such a way that the static characteristics of the
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06| 0 Pou( )=—7°(k) (751(.k) ie_i¢k)
/ ST 1520 | el ye(k) )
05 J/
0.4 Pou (k) =175, (k), (32
5 // are introduced. In Eq32) (k) is defined as
po3t o
i S’ Aske\? Ak
o / ZKE ZKE
02| % k)= 1+<— - 33
| /o// yO( ) Asok Asok ( )
0.1 'X.X—X/X//—;é The bare energy spectrum is given by
X o

0.0 1 | 1 1 L | 1 1 . 1 hzkz 1 k
0 3 6 ° 2 0 EQ= 5t 3 VAl ] +a% (39

so that the splitting of the spectrum lat ke equals

FIG. 2. The enhancement factar, calculated numerically
with local-field correction taken into account, is plotted vs the in-
teraction paramet_ars. Full curve corresponds tq the approach of A= ,/Ago_,_ A%. (35)
Refs. 4 and 29 witlG,, taken from Ref. 31 at points marked with
crosses. Dashed curve is calculated using the local field factor tak

from Ref. 32 at points marked with empty circles. ®fhe general expression E@.6) for the selfenergy retains its

form in the present case after changiRg (k) by P, (k),
system, calculated with this(q), are consistent with the Where the renormalized projection operators have the form of

Monte Carlo results of Tanatar and Ceperfdpccordingto  EQ- (32)
Ref. 32 the local-field correction has the form

. y(k) [y Hk) e
T | R 30 Pio=13 2(k>(—ie“f’k Yk |
2| (qP+ab2E) 2 (o2 +4b2d) 7’ 7
where the parametets,(rg), b,(rg) are listed in Ref. 32 at Pr(k)=1—P" (K) (36)
1 1 ’

discrete values of up tor;=40. The numerical results for

Ao calculated for these values by substituti@ in the . . .
fosr?n (30) into Eq. (25) are shown )i/n Fig. 2. ng;)/ indicate with renormalized parametey(k), which should be deter-

that forr~10 the enhancement is quite pronounced. mined selfconsistently together with renormalized spectrum

Let us summarize the results of this section. The analytiE=(k). Since in the present case the operaw®rsk) differ
cal expressioni22) for the enhancement factar has been  from Paj(k), the consequencel?7) of Eq. (16) is not valid
derived within the RPA, and shown in Fig. 1. This resultanymore. Instead, we get the following system of equations
applies forrg<1 although the plot is extended up tg=5.
For largerrg, in order to get the correct behavior ©§(r )

2
one should go beyond RPA. The numerical results are pre- B+ (0 +y(KE-(k)

sented in Fig. 2 with the local-field correction taken into 1+ v%(k)

account. We would like to emphasize that the local-field fac- ) 5 ) 5, )

tor starts to play the crucial role for the enhancement of ~ EX(K) + (K EZ(K) +f d°k’" Verr(|k—k'])

spin-orbit coupling already at moderatg~1. This can be B 1+ 3(K) (2m)2 1+ 92(K')

o . . - 0 Y

seen frongualitativelydifferent behavior oh g(rs) in Figs.

1and 2. X{fo[Er—E4 (k") ]+ y* (k") fo[Er—E_(K)]},
IIl. NONZERO EXTERNAL FIELD (37)

Now let us address the situation when the Zeeman split- 2

. ) ; . E_(k)+y4(k)E,(k

ting and SO coupling are present simultaneously. We will () + Y (WE, (k)

study the interplay between the interaction-induced enhance- 1+92(k)

ment of theg factor and of the SO coupling. First assume ) ) ) 5, ,

that Zeeman splitting is caused by a perpendicular magnetic _ EXV(K) + vo(K) EL7(K) +f d°k’" Ver(|k—K'])

field. The bare Hamiltonian in this case takes the form 1+ y2(k) (2m)2 1+ 93(K)
A=EQ)P;, (k) +EQ (k) Py, (k), (31) X{fo[Er—E_(k)]+ y2(k)fo[Er—E. (k')1},

where the modified projection operators (38
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y(k) _ 1—»?(k) B [_m_* }
—1+72(k)[E+(k) E_(k)] —1+72(k)[E+(k) E_(K)]] 1= )z
Yo(k) A2
= ———[EP(k)-EO(K)] S (L T RS
1+ v5(k) 1+73(k)[E+ (k) —EQK)]. (42)

d2k’ ,
+J(2 )2005(¢k—¢k')veff(|k_k )
au
Dividing Eq. (42) by Eg. (41) we get a closed quadratic
X{fO[EF_E+(k,)]_fO[EF_E—(k,)]}- (39 equation for'y(k)

Subtracting Eq(38) from Eq. (37), we get

*

1—y%(k _
70 -E_ (k] ) 1- 93k 17 m hso
1+y4(k) ¥ (k) +y(k) K ——1=0. (43
Yo(k) 1_m_)\
176K o) (©) m
Zm[& (k)—EZ(k)]
0
Substituting the solution of this equation back into E3jy),
f d2k’ VoK K’ 1—y4(K") we get the renormalized splitting of the spectrufit
(2m)? et |)—1+y2(k’) =E, (kp)—E_(kg)

< {fo[Er—E+(K) ]~ fEr—E_(K)]}.  (40)

Now we can apply to Eq39) and Eq.(40) the same argu- " 5 " 5
ment that led to renormalization afgg and A,, respec- \/(1_ 22 LR T TN
tively. In the zero-temperature limit this results in the follow- A* Yo m S© Yo m ¢
ing system of equations A = o 5 o 5
1+93) 1— —\ 1——2\
y(K) [ m* 1+ - so) o z)
————[E. (K —E_(K)]|1— —A\
1+72(k)[ +(K) (k)] m \so (44)
k
= Lz)[E(f)(k) ~EOWK)], (41)  Using the definition(33) of y,, we can rewrite the last result
1+ y5(k) in the following concise form
A* A3 1 2 AZ, 1 2
A \/AZ+aA? m | " aZyal m* ' 43
z SO l_ﬁ)\z z SO 1_ﬁ)\so

Finally, with the use of Eqs4) and (20), we arrive at the caused by a parallel magnetic field applied alongxéaec-
conclusion that renormalized splittiy* is related to renor-  tion. Then the Hamiltonian can be written as

malized valuesA? and A%, in the same way as the bare
values[Eqg. (32)]

h2k2 A .
o 72+iake*'¢k
H= A, i £/2K2
3+ (EETA a9 2
=EQ() P4 (k)+ Q) Py k), 4

Consider now the case when the Zeeman splitting isvhere the energy spectrum
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h2k?
O)(y= L
EX(K) =5
+1\/A2+A2 (k 2+2A A (k in¢
= — —|SIn ,
2 z SO kF Z=2 S0 kF k
(48)

depends both on the amplitude and orientationkodvith
respect to the magnetic field. In E@7), the projection op-

eratorsf%”(k) are defined as

1 e %k
- A+
el 1 ) Poj(k)=1=Pg)(k),

(49

1
7’o(k)=§<

with the angleg, related to the azimuthal angle of vector
as follows

ak cos
p=arcta —gbk (50)
Az

aksingy+ 5

The bare splitting of the energy spectrunidt=kg is equal
to
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4831

N dzk/ D+/L’ ’ ’
2<k>=f(2 P OO Ve Dl e EL ()]

w

+Wers([k—K'[)fo[ Ep—E_ (k") ]}

dzk, D=/l ’ ’
+ Gt KO Ver kK D o B E_(K)

+Weri([k—K'Dfo[Er—E4(K') ]} (54)
Here Vq¢(q) corresponds to the effective interaction in Eq.
(16), whereasW,;(q) accounts for the difference between
fSandf?. It is straightforward to check that with selfenergy
operator Eq.(54), the projection operatord®* (k) and
IS‘(k), which, in principle, should be determined self-
consistently, still retain the form Eq14). Thus, we can re-
peat the derivation for the enhancementAqf, in a similar
way as in Sec. Il. The difference is, however, that the rela-
tion Eq. (23) does not hold anymore. Indeed, the renormal-
ization of the effective ma8ds now determined by the ef-
fective interaction Vgs4(q) + Wes1(q) through m*/m=1
+3F3, while A 5o is determined by the first Fourier harmon-
ics of Va1(q) —Wei(q); accordingly,\, is determined by
the zero’s Fourier component &;¢(q) —W,e¢(q). Conse-
quently, in terms of the dimensionless Landau paraméters,
we get the following generalization of E(R4)

*
A(¢)=VAZ+AZo+ 20 Ag0sing.  (5D) R (55)
SO
1+ -F§
Performing calculations similar to those for perpendicular 2t

field, it is easy to check that in the present case the relation

between the renormalized splitting* and A,, Agg pre-
serves the fornt51)

A* ()= AT+ AEZ+ 203 AL osing. (52)

IV. RELATION TO THE LANDAU PARAMETERS

The above calculations were based on the concept of ef-

fective interaction between electron¥,.¢¢(q). Generally

The dependence of Landau parameters om two dimen-
sions has been the subject of extensive Monte Carlo studies
in Ref. 8. ForF§ the results listed in Ref. 8 at=1,2,3, and
r«=5 areF{=—-0.19-0.24,-0.26, andF{=—0.27. Sub-
stitution of these values in E¢55) leads toAfJ/Ago=1.11,
1.14, 1.15, and 1.16, respectively. These values agree within
30% with the results shown in Fig. 2.

V. CONCLUSION

speaking, Fermi-liquid theory relates the observable _values The main goal of this paper is to demonstrate that along-
to the bare parameters of electron gas by means of interagide with fundamental characteristios;(rs), of interacting

tion function*?® having the form

foor (kK =13k, k') + (0 0")fA(K k")

wh?
— [F3(k,k")+ (o0’ )F3(k,k")], (53
m

whereo ando’ are spin matriced’(k,k’) andf?(k,k’) are

electron gas, which describes the enhancement of tiae-

tor, and was studied in many works, there exists another
fundamental characteristickso(rs), which describes the
interaction-induced enhancement of the SO coupling. We
calculated this function analytically in the limit of high con-
centrations and estimated numerically at low concentrations.
Note that throughout the paper we assumed the bare SO cou-
pling to be small:Aso<Eg. However, in the limit of high
concentrationsrg<<1) the corresponding condition is more

the symmetric and antisymmetric parts of the interactionstrict: Agg<rEr, which is equivalent tav<e?/g,. In the

function, respectively. In Eq. (53, FS®(kk")

intermediate regiom Er<Ago<Eg, instead of Eq.(22),

=31 F® cos(¢y) are dimensionless quantities. The the enhancement factor is given by
concept of effective interaction used above is equivalent to

the assumptioi®=fS. The way to extend our theory in order
to take into account the difference betwenand f2 is to
modify the self-energy Eq.16) as follows

I's

Nep=—nr
SO \/§7T

Ee
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Since experimentally the concentration of carriers is varstrong renormalization of the SO coupling, which might be

ied by changing the gate voltad®?>??there exists another

of relevance for metal-insulator transition observed in these

simple reason for the dependence of the SO coupling on thg&ystems. For example, the strong renormalization of SO cou-
concentration. Indeed, the change of the gate voltage causpbng at larger ¢ might cause an instability of electronic spec-

the redistribution of the confining potential, which, in tifn,
affects the parameter. This mechanism should be dominant
at high concentrations whexgg is small.

trum in a clean system, so that the system in zero-magnetic
field would undergo a transition into an exotic “chiral
phase” at some critical density. As it is seen from E8p),

Note in conclusion, that if the bare SO splitting is causedthe condition for such an instability is+13F5=0.

by the Dresselhaus mechanistyhich originates from the

Another possibility for strong effect of 5o on the prop-

absence of the inversion symmetry in the bulk, the renormalerties of low-density 2D electron gas is that it can cause a

ization of the corresponding splitting of the spectruly, ,
has the same form as E4): AF=(1+As0)Ap. As a
result, when both\  andA gg are present, the splitting of the

significant redistribution of electrons between the branches
of the spectrum. Note that in the latest publicatithe criti-
cal density for metal-insulator transition imtype GaAs was

energy spectrum is given by the same formula as for noninreported to ben,~1.3x10'° cm™ 2. To accommodate all

teracting electrori§’

A* (@)= JAEZ+AL3+2A% A% sin 2. (57)
Finally, let us point out that in conventional magne-
totransport oscillations experiments performed up

high ~10' cm™2. As a result, the typical values of the in-
teraction parametarg were rather low (3<1). Only in 2D
hole gaé? the condition ¢=1) was fulfilled. For low values

these electrons within the lower branch of the spectrum, cor-
responding to chirality =" [see Eq.(15)], the effective
coupling constanta should exceeda.= (%2ny/2mm*)*?
~3.65<10 12 eV.-m. On the other hand, the constanfor
relatively high-density GaAs/AGa, _,As structure withn

e . . 10-4.0x10" cm 2 can be extracted from Ref. 19 to ke
now'> the typical concentrations of electrons were quite

=Ago/\/8mN~1.7x10"'2 eV.m. Thus, a two times
interaction-induced enhancement of SO coupling would be
enough to drive all electrons into the state with the ™
chirality.

of rg our theory predicts that the renormalization of the SO

coupling is weak. However, in recent experiments on the
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