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Collapse of odd-integer Hall gaps in double quantum wells due to edge effects

O. G. Balev
Departamento de Fı´sica, Universidade Federal de Sa˜o Carlos, 13565-905, Sa˜o Carlos, Sa˜o Paulo, Brazil

and Institute of Semiconductor Physics, National Academy of Sciences, 45 Pr. Nauky, Kiev 252650, Ukraine

Nelson Studart
Departamento de Fı´sica, Universidade Federal de Sa˜o Carlos, 13565-905, Sa˜o Carlos, Sa˜o Paulo, Brazil

~Received 23 May 2002; revised manuscript received 4 February 2003; published 8 April 2003!

We show, within the Hartree-Fock approximation, that the quantum Hall effect for total filling factorn
51, 3, 5, and 7 can be destroyed due to many-body effects induced by the edges of a bilayer system. Forn
51, we also study the correlation effects, in addition to the exchange interaction, which are mainly related to
the edge-state screening. Calculation results explain quite well the experimental behavior observed in double-
quantum-well structures with rather large tunnel splittingDSAS*0.5 K.
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I. INTRODUCTION

The quantum Hall effect~QHE! in bilayer systems, espe
cially in double-quantum-well~DQW! structures, has at
tracted great attention because remarkable new quantum
nomena have been discovered.1 In symmetric DQW’s
besides the Coulomb interaction between electrons in dif
ent quantum wells, there is a new energy scale associate
the symmetric-antisymmetric~SAS! energy gapDSAS due to
interwell tunneling. IfDSAS is much larger than the therma
energy, new steps in the Hall conductance are expecte
appear at the odd total filling factorn in the absence o
Coulombic effects. However, magnetotransport meas
ments show the collapse of integer QHE’s associated w
the SAS gap at large well separations.2–5 Theoretical inves-
tigations forn516–8 andn53, 5, 7 ~Ref. 6! predict that in-
teraction effects may destroy this gap because the cha
density excitation spectrum develops a soft mode when
well separation is on the order of the magnetic length.
particular, for n51 the combined effect of single-particl
tunneling and many-body interactions can enhance as we
destroy the QHE, and quantum phase transitions should
created from a regime dominated by inter-well tunneling in
one where highly correlated liquids and Wigner crystals c
be developed.1,5,9,10To our best knowledge, theoretical ca
culations for the collapse of odd integer Hall gaps in a DQ
system are fully ‘‘bulklike’’ in the sense that effects comin
from edge states11 are completely ignored.

In this paper, we investigate the edge-state effects on
collapse of the odd integer Hall effect in the DQW system
Firstly, we show that even in the Hartree-Fock approxim
tion ~HFA! that does not include electron correlations, t
combined effect of the lateral confinement and the excha
interaction may lead to the collapse of then51, 3, 5, 7 Hall
gaps in DQW’s, i.e., the edge states due to the lateral c
finement induce drastic changes in the bulklike properties
the whole wide DQW channel. The present calculation
scribes quite well the experimental results for all thr
samples of the seminal work2 for the n51, 3, 5, 7 QHE re-
gime, going beyond the results of the single-mod
approximation calculations.6 Secondly, we take into accoun
0163-1829/2003/67~15!/155305~9!/$20.00 67 1553
he-

r-
to

to

e-
th

e-
e

n

as
be

n

he
.
-

ge

n-
f
-

-

the influence of strong correlations, induced by the ed
states, on the collapse of then51 Hall gap in the DQW by
using a generalized local-density approximation~GLDA!.12

In addition, for n51 we show that correlations, comin
from, which we call a quasiresonance screening, which
essential, in particular, when the cyclotron frequencyvc
@DSAS/\, in the inner part of the DQW channel, contribu
to inhibit the Hall gap collapse. However, the latter effect
typically much weaker than the effect of correlations rela
with the edge-state screening. We show that particle corr
tions do not restore then51 Hall gap when it was already
collapsed within the HFA. Furthermore, correlations can le
to the collapse of Hall gaps unpredictable within the HFA

We extend the GLDA for a realistic DQW model~finite
thickness of barriers and wells, the interwell tunneling, et!
to treat in a self-consistent way the effect of correlatio
induced by the edge-state screening. We calculate the g
velocity of the edge states renormalized by exchange
correlations. We make a detailed comparison with the exp
mental results of the seminal works of Refs. 2 and 5. We fi
a good agreement with our calculation results.

The paper is organized as follows. In Sec. II we pres
the one-electron spectrum of the Landau levels of a DQ
channel. In Sec. III we study the destruction of the QH
states showing that exchange effects from the edges
DQW can lead to the collapse ofn51, 3, 5, and 7 Hall gaps
and the experimental results of Ref. 2 are analyzed within
HFA. In Sec. IV the exchange-correlation effects at the ed
and at the bulk of symmetric DQW’s, on then51 Hall gap
are studied and the possibility of the destruction of then
51 QHE state due to correlations is investigated. In Sec
we summarize our results.

II. DQW CHANNEL IN A STRONG MAGNETIC FIELD

We consider a two-dimensional~2D! electron system
~2DES! in the presence of a strong magnetic fieldB along the
perpendicular direction (z axis! confined in a DQW channe
of width W and lengthLx5L. We treat the electrons in th
effective-mass approximation characterized by an effec
massm* moving in a medium with a dielectric constante
©2003 The American Physical Society05-1
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that is assumed constant across the DQW structure. It
sists of two finite square wells~depthU) along thez axis,
with widthsdl anddr , and separated by a potential barrier
width db . In the model the interwell tunneling is implicitly
included by considering two closely located levels due to
ground levels of the left~l! and right~r! isolated QW’s. For
weak barrier penetration, the DQW wave functions can
written as13,14

z2~z!5N$Xr~z!2@2T/~D1DT!#Xl~z!%,

z1~z!5N$Xl~z!1@2T/~D1DT!#Xr~z!%, ~1!

where the normalization factorN5A(D1DT)/2DT. The en-
ergy gapDT5AD214T2, whereD is the energy splitting of
the isolatedl and r levels and the tunneling matrix eleme
T52T0exp(2kdb) (T0'2p2\2/m* kdl

3/2dr
3/2) with k21

'\/A2m* U. For the most studied symmetric DQW’s,D
50, DT5DSAS5«a2«s is the SAS gap in the one-electro
approximation andz2,1(z)5zs,a(z) are the symmetric and
antisymmetric wave functions.

We consider a lateral confinement model described b
symmetric potential given byVy50 in the inner part of the
channel andVy5m* V2(y2yr)

2/2, y>yr at the right edge.
Vy is assumed to be smooth on the scale of,0
5(\/m* vc)

1/2 such thatV!vc , wherevc5ueuB/m* c is
the cyclotron frequency. Choosing the Landau gaugeA
5(2By, 0, 0), the electron wave function in the plane
given by Cn,kx

(x,y)fs5eikxxcn(y2y0)fs /AL, wherefs

represents spin states for spin up (↑) and down (↓) of the z
component of the spin operator with eigenvaluess51 and
s521, cn(y) is a harmonic oscillator function andy0

[y0(kx)5,0
2kx . The energy eigenvalues for the bulk

right-edge region of the channel, are well approximated b14

«n,s~kx!5~n1 1
2 !\vc1 1

2 @m* V2~y02yr !
2Q~y02yr !

1sg0mBB#, ~2!

whereQ(x) is the step function,g0(,0) is the bare Lande´ g
factor, mB is the Bohr magneton, andyr5kr,0

2. Summariz-
ing the results, the total electron wave function is given
Cn,kx ,s,i(x,y)5Cn,kx

(x,y)fsz i(z), wherei stands for lev-

els (2,1), with the corresponding energies«n,s,i(kx)
5«n,s(kx)1« i , where«656DT/2.

Throughout the paper, if otherwise is not stated, we w
considern51 and assume that all the electrons are in
lowest Landau sublevel~LSL! (n50, s51, i 52). Then in
the independent-particle model~Hartree approximation!, the
total energy spectrum in the bulk or in the right-edge reg
of the DQW channel for the four lowest LSL’s is given as

«0,s,6~kx!5@\vc1m* V2~y02yr !
2Q~y02yr !

2sug0umBB6DT#/2. ~3!

From Eq. ~3! we define the group velocity of the LS
edge states as vg0,1

2,H5\21@]«0,1,2(kr1ke,1
0,2)/]kx#

5\V2ke,1
0,2/m* vc

2 with ke,1
0,25(vc /\V)A2m* DF0,1

2 , where
DF0,1

2 5EF
H2@\vc2ug0umBB2DT#/2.0, and EF

H is the
15530
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Fermi energy; superscriptH stands for the Hartree approx
mation. The edge of the LSL is denoted byyr0,1

2 5,0
2kr ,1

0,2 ,
wherekr ,1

0,25kr1ke,1
0,2 , andW52yr0,1

2 . Similar characteristic
wave vectorske,s

n,i can be written forn53, 5, 7. We assume
thatW@,0 such that when many-body interactions are tak
into account, the energy spectrum at the right edge of
DQW is totally independent of the left edge. In particula
k̃r ,1

0,25kr ,1
0,2,0@1 and we will use notationk̃x5kx,0.

III. COLLAPSE OF ODD QHE STATES IN THE DQW
DUE TO EXCHANGE EFFECTS AT THE EDGES

It is well known that we can obtain exchange and cor
lations contributions for the self-energy of an interacting s
tem by considering the exchange contribution to first orde
r 05e2/e,0\vc in the screened Hartree-Foc
approximation.15 In the DQW channel, the electron sel
energy takes the form12

E0,kx ,s,i5«0,s,i~kx!1«0,kx ,s,i
xc , ~4!

where~for n51, 3)

«0,kx ,s,i
xc 52

1

~2p!3 (
j .0

6 E
2kr ,s

0,j

kr ,s
0,j

dkx8E
2`

`

•••

3E
2`

`

dqydqy8dzdz8z i~z!z j~z!z j~z8!z i~z8!

3Vs~k2 ;qy ,qy8 ;z,z8!~0kxueiqyyu0kx8!

3~0kx8ue
iqy8y8u0kx!, ~5!

and Vs(qx ;qy ,qy8 ;z,z8) is the 2D Fourier transform of the
screened Coulomb interaction,k65kx6kx8 and the matrix
element (0kxueiqyyu0kx8)5exp$2@k2

2 1qy
222iqykx#,0

2/4%. The
summation overj includes only occupied LSL’s. If neglec
by screening inVs(qx ;qy ,qy8 ;z,z8), substituting the bare
electron-electron interaction

Vbare~qx ;qy ,qy8 ;z,z8!5
4p2e2

eq
d~qy1qy8!e2quz2z8u ~6!

into Eq. ~5!, we obtain the exchange contribution«0,kx,1,i
x

which, in the regions far from the edges of the DQW cha
nel, reproduces the exact HFA result for the energy in
‘‘bulk’’ model. In our calculations we take in Eq.~1! the
approximated form Xl ,r(z)5A2/dl ,rcos@p(z2zl,r)/dl,r# for
uz2zl ,r u<dl ,r /2, and zero foruz2zl ,r u>dl ,r /2, wherezl and
zr are the centers ofl and r QW’s, respectively. We denote
d[zr2zl5db1(dl1dr)/2.

Now we describe the exchange renormalization of
LSL’s and the pinning of the Fermi level due to edge effec
First, we considern51. Substituting Eq.~6! into Eq.~5!, we
obtain the exchange contribution to the single-particle ene
in the form
5-2
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«0,kx,1,i
x 52

e2

2peE2kr ,1
0,2

kr ,1
0,2

dkx
8E

2`

`

dqy

e2(k2
2

1qy
2),0

2/2

Ak2
2 1qy

2 E dz

3E dz8e2uz2z8uAk2
2

1qy
2
z i~z!z2~z8!z i~z8!z2~z!.

~7!

For dl ,r→0 andk̃r0,1
2 2uk̃xu@1, it follows that

«0,1,2
x(n51)52Ap

2

e2

e,0
FD212T2

D214T2

1
2T2

D214T2
ed2/2,0

2
erfcS d

A2,0
D G , ~8!

and

«0,1,1
x(n51)52Ap

2

e2

e,0

2T2

D214T2 F12ed2/2,0
2
erfcS d

A2,0
D G ,

~9!

where erfc(x) is the complementary error function. Thus, t
exchange-enhanced splitting between (n50, s51, i 56)
the LSL’s is given as

«0,1,1
x(n51)2«0,1,2

x(n51)

5
e2

e,0
Ap

2F D2

D214T2
1

4T2

D214T2
ed2/2,0

2
erfcS d

A2,0
D G .

~10!

For a symmetric DQW system,D50, Eq. ~10! gives
(e2/e,0)Ap/2exp(d2/2,0

2)erfc(d/A2,0), which is indepen-
dent of the tunneling matrix elementT and tends to
Ap/2(e2/e,0), for d/,0!1, or to (e2/ed), for (d/,0)2

@1. Then forn51 andD50 the exchange-enhanced spl
ting of the lowesti 56 LSL’s, in the bulk of the DQW
channel, is substantially greater thanDSAS52uTu or the usual
Zeeman spin splittingug0umBB. Notice that, forD2@4T2,
the enhanced splittingAp/2(e2/e,0) coincides with the ex-
change enhancement of ‘‘regular’’ spin splitting.15

Furthermore, at the DQW edge we obtain, from Eq.~7!,
that «0,6k

r ,1
0,2,1,2

x
5«0,1,2

x(n51)/2. At the LSL edge,kx56kr ,1
0,2 ,

the exchange energy of the (i 52) LSL is two times smaller
than that for the inner part of the DQW channel. Then
Fermi level pinning due to the exchange effects at the ed
is given by

EF5 1
2 @\vc1m* V2,0

4~ke,1
0,2!22ug0umBB2DT1«0,1,2

x(n51)#.
~11!

For (k̃r0,1
2 2uk̃xu)@1, the energy of the bottom of the emp

(n50, s51, i 51) LSL is given as

E0,1,15 1
2 @\vc2ug0umBB1DT#1«0,1,1

x(n51) , ~12!

where«0,1,1
x(n51) is defined by Eq.~9!.

The n51 Hall gap is then written as
15530
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E0,1,12EF5AD214T22
m* V2

2
,0

4~ke,1
0,2!22

1

2
Ap

2

e2

e,0

3F2T22D2

D214T2
2

6T2

D214T2
ed2/2,0

2
erfcS d

A2,0
D G .

~13!

Notice that (EF2E0,1,2), in contrast with (E0,1,12EF), is
always positive and rather large, of the order ine2/e,0. For
symmetric DQW,D50 anddl5dr , Eq. ~13! yields

E0,1,12EF52uTu2
m* V2

2
,0

4~ke,1
0,2!2

2
1

4
Ap

2

e2

e,0
F123ed2/2,0

2
erfcS d

A2,0
D G .

~14!

We observe in Eq.~14! that the collapse of then51 Hall gap
occurs when d/,0 is sufficiently large such tha
exp(d2/2,0

2)erfc(d/A2,0),1/3 and

1

4
Ap

2

e2

e,0
F123ed2/2,0

2
erfcS d

A2,0
D G>2uTu. ~15!

For the interesting case ofuTu→0, in the HFA there is a
finite n51 Hall gap whend,h,0, while this gap is col-
lapsed ford>h,0, whereh'2.023 is the solution of the
equation 3exp(h2/2)erfc(h/A2)2150.

For then53 Hall gap (E0,21,12EF) expressions are ob
tained from Eq.~13! or, for D50, Eq. ~14! after changing
ke,1

0,2 by ke,21
0,2 . The bottoms of the occupied LSL’s are lo

cated at @\vc2ug0umBB7DT2A2pe2/e,0#/2, for (n
50, s51, i 57) LSL’s and at E0,21,25(\vc1ug0umBB
2DT)/21«0,1,2

x(n51) , for (n50, s521, i 52) LSL. The bot-
tom of the empty (n50, s521, i 51) LSL is at E0,21,1

5(\vc1ug0umBB1DT)/21«0,1,1
x(n51) .

Further we present the results only for symmetric DQW
and we take the interwell spacingd5dl1db by the experi-
mental values ofdl anddb ~Ref. 6!. In Fig. 1 we depict the
phase diagram of the collapse of the QHE in a DQW. T
boundary depends ond/,0 and the Hartree gap
DH /(e2/«,0). The heavy solid curve representsd/,0, for
n51, as a function of the Hartree gapDH5«0,1,1(0)2EF

H

52uTu2m* V2,0
4(ke,1

0,2)2/2, where«0,1,1(0) is given by Eq.
~3!. d/,0 was calculated from Eq.~14! for Dx(vg0,1

2,H)
5E0,1,12EF50. This curve corresponds to a zero Hall g
within the HFA. Forn53, the same curve representsd/,0 as
a function of the Hartree gap«0,21,1(0)2EF

H52uTu
2m* V2,0

4(ke,21
0,2 )2/2, which corresponds to a zero Hall ga

in the HFA forn53. We can also rewrite the Hartree gap
DH(vg0,s

2,H)52uTu2mp(vg0,s
2,H)2/2 wheremp5m* vc

2/V2 and
s51(21) for n51(3). It is seen that if the condition
4uTu2m* V2,0

4(ke,61
0,2 )2,0 is fulfilled, i.e., even when the

Hartree-Hall gap is absent, the Hall gap can still exist with
the HFA for n51, 3. The heavy solid curve delimits, fo
dl /d50, the region where the QHE states exist~below! and
5-3
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the other one of missing QHE states~above! in which the
Hall gap collapses because it becomes formally negat
Pairs of points indicated by solid circle, open circle and so
square in Fig. 1 correspond to samples data of Ref. 2 w
db528, 40, and 51 Å, respectively. At the maximum of t
pertinent Hall gap, these marks correspond toke,1

0,250 for
n51, while they correspond toke,21

0,2 50 for n53. Starting
from these marks, the solid, dashed, and dotted horizo
lines represent their changes whenke,61

0,2 Þ0. Now we pro-
ceed to compare our results with the experimental data
Ref. 2. We conclude by using thedl50 approximation that
~i! for db528 Å both n51 andn53 QHE were observed
according to our predictions;~ii ! for db540 Å only the n
51 Hall gap collapses~see that the dashed straight line li
totally within the no-QHE region! while the n53 Hall gap
may be present in agreement with the experimental res
~iii ! for db551 Å then51 QHE state is absent, as observ
in the experiment, whereas then53 QHE state can exist, bu
was not observed experimentally. Then the HFA results
the collapse ofn51, 3 Hall gaps are in good agreement wi
the experimental ones. It should be pointed out that our H
calculation reproduces better the experimental achievem
than that based on a single-mode approximation.6

In addition, we shortly discuss the changes in the ph
boundary due to the finite width of the DQW. We represe
in Fig. 1 the phase boundary by the solid, dashed, and do
curves for dl /d50.83 (db528 Å), dl /d50.78 (db
540 Å), anddl /d50.73 (db551 Å), respectively. The in-
fluence of the finite width is to decrease the region for

FIG. 1. Phase diagram for then51, 3 QHE in a symmetric
DQW, within the HFA. The heavy solid curve is the calculat
phase boundary, fordl /d50, of then50 Landau level for collapse
of the energy Hall gap.DH(vg0,s

2,H) is the energy gap between th
bottom of the lowest unoccupied Landau sublevel and the Fe
level in the Hartree approximation,d5db1dl and ,0

5(\c/eB)1/2. The experimental data forn51(3) from the three
samples of Ref. 2 are represented by solid circle~a DQW with
barrier thicknessdb528 Å), open circle (db540 Å), and solid
square (db551 Å). The solid, dashed, and dotted straight lines
dicate the modification of the data positions asvg0,s

2,H varies. The thin
solid, dashed, and dotted curves include our finite-well-thickn
corrections for dl /d50.83(db528 Å), 0.78(db540 Å), and
0.73 (db551 Å), respectively.
15530
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QHE collapse. For instance, then51 andn53 QHE states
can be observed for the samples withdb540 and 51 Å.

Now we briefly discuss the possibility of the nonoccu
rence of then55, 7 QHE states within our HFA picture. Fo
the symmetric DQW, with a finitedl , a similar procedure as
developed above leads ton55, 7 Hall energy gaps given by

E1,61,12EF52uTu2
m* V2

2
,0

4~ke,61
1,2 !2

2
e2

e,0
E

0

`

dqe2q2/2~12q2/2!2

3E
21/2

1/2

dxE
21/2

1/2

dx8cos2~px!cos2~px8!

3$e2q(dl /,0)ux2x8u23e2qudl (x2x8)2du/,0%.

~16!

Equation ~16! is obtained assuming thatk̃e,61
1,2 2 k̃e,61

0,2 @1.
Figure 2 shows the phase diagram for the existence of
n55, 7 QHE states with the same notations of Fig. 1. T
agreement with the experimental results is remarkablen
55, 7 QHE states are observed and predicted for all sam
of Ref. 2.

The exchange enhanced symmetric-antisymmetric g
for n51, is given as

DSAS
x 52uTu1

4e2

«,0
E

0

`

dqe2q2/2E
21/2

1/2

dx

3E
21/2

1/2

dx8cos2~px!cos2~px8!e2qudl (x2x8)2du/,0,

~17!

where the last term fordl50 coincides with Eq.~10!, for
D50. We obtain that (DSAS

x 22uTu)/(e2/e,0)'0.34, 0.33,
and 0.31 for the samples of Ref. 2 withdl /d50.83, 0.78,
and 0.73, respectively. The corresponding experimental

i

-

s

FIG. 2. Same as in Fig. 1, for then51 Landau level with data
for n55, 7. The thin dashed curve represents the phase boun
for dl /d50.75.
5-4
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ues for 2uTu are 17.3, 8.1, and 3.9 K. Since (e2/e,0)
.200 K, we see thatDSAS

x is much larger thanDSAS

52uTu.

IV. EFFECT OF CORRELATIONS ON THE COLLAPSE
OF nÄ1 HALL GAP

In Sec. III it was demonstrated that our scenario of
n51 Hall collapse within the HFA leads to the same resu
as in the experiment of Ref. 2 only when the approximat
of zero thickness QW’s,dl50, is used. For a more realisti
model of the DQW’s with finite thickness QW’s, differen
results are obtained for two DQW samples used in Ref
These HFA results clearly indicate that our model must
improved to take correlation effects into account. We inclu
here the correlation effects, related with both the edge-s
screening and quasiresonance screening in the inner pa
the channel. The latter takes place when 2uTu, DSAS

x !\vc .
First, we calculate explicitly the contributions to the Co
lomb interactionVs(qx ;qy ,qy8 ;qz ,qz8) due to the screening
by the edge states and the dominant contribution of the q
siresonance screening for the inner part of the channel
extending the approach of Ref. 12 to the symmetric DQ
structures. To simplify the notation, we will omit the indice
of fixed n50 ands51. Then«kx ,6

xc [«0,kx,1,6
xc , kr

2[kr ,1
0,2 ,

Ekx ,6[E0,kx,1,6 , «6(kx)[«0,1,6(kx), and so on. Now it is
convenient to present Eq.~5! in the form

«kx ,2
xc 52

1

~2p!5E2kr
2

kr
2

dkx8E
2`

`

•••

3E
2`

`

dqydqy8dqzdqz8V
s~k2 ;qy ,qy8 ;qz ,qz8!

3exp$2@2k2
2 1qy

21~qy8!2#,0
2/4%

3exp@ i ~qy1qy8!k1,0
2/2#x~qzdl !x~qz8dl !

3ei (qz1qz8)(zl1d/2)cos~qzd/2!cos~qz8d/2!, ~18!

where we used the matrix elementŝXl ,r ueiqzzuXl ,r&
5eiqzzl ,rx(qzdl), with x(a)5(2/a)sin(a/2)/@12(a/2p)2#.13

The expression for «kx ,1
xc is obtained by changing

cos(qzd/2)cos(qz8d/2) in Eq. ~18! by 2sin(qzd/2)sin(qz8d/2).
The calculation of the Hall gapG(vg

H) proceeds essen
tially in the same way as in Ref. 12. Because the Fermi le
EF of the 2DES, pinned due to the edge effects atEF
5Ek

r
2 ,2 , is closer to the bottom of the empty (i 51) LSL

than to the bottom of the occupied (i 52) LSL, we have
G(vg

H)5E0,12Ek
r
2 ,2 , where the energies given by Eq

~3!, ~4!, and~18! are calculated in the GLDA.
In order to determineE0,1 , we need to evaluate«0,1

xc .
Since the edge-state screening does not affect«0,1

xc for wide
DQW channels, we look for the correlation effects comi
only from the screening due to the inner part of the chan
neglecting here the edge effects. We consider, as in
experiments,2,5 that \vc@DSAS, and we assume also tha
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\vc@DSAS
xc , DSAS

x . Then the dominant contribution~qua-
siresonance! to the screened potential in the interior part
the channel comes from the ‘‘bulk’’ screening related to v
tual transitions between the two lowest LSL’s. A straightfo
ward calculation allows us to write the contribution to th
Coulomb potential due to the screening effects of the in
part of the channel as

DVbulk
s ~qx ;qy ,qy8 ;qz ,qz8!

52
32p2e4

e2,0
2DSAS

xc

P~qz ;dl ,d!P~qz8 ;dl ,d!

qx
21qy

21qz
2

d~qy1qy8!

qx
21qy

21~qz8!2

3e2(qx
2
1qy

2),0
2/2F11

4e2

e,0
2DSAS

xc
Mz~qx ,qy ;dl ,d!G21

,

~19!

where we have introduced the complex form factor

P~qz ;dl ,d!5 i sin~qzd/2!x~qzdl !e
2 iqz(zl1d/2), ~20!

and

Mz~qx ,qy ;dl ,d!5
e2(qx

2
1qy

2),0
2/2

p E
0

`

dkz

uP~kz ;dl ,d!u2

qx
21qy

21kz
2

.

~21!

Substituting Eq.~19! into «0,6
xc , given by Eq.~18!, we obtain

that DVbulk
s makes a finite contribution to«0,1

xc and exactly a
null contribution to«0,2

xc . Then the symmetric-antisymmetri
gapDSAS

xc 5E0,12E0,2 renormalized by exchange and corr
lations can be written as

DSAS
xc 5DSAS

x 1D«0,1
xc , ~22!

whereDSAS
x is given by Eq.~17! and

D«0,1
xc 5

16e4

pe2,0
2DSAS

xc E
0

`

dqx

3E
0

`

dqy

Mz
2~qx ,qy ;dl ,d!

11~4e2/e,0
2DSAS

xc !Mz~qx ,qy ;dl ,d!
.

~23!

Equations ~22! and ~23! determine the self-consisten
symmetric-antisymmetric gap, renormalized by exchan
and correlations, so«0,1

xc . Indeed, from above it follows tha

«0,1
xc 5«0,1

x 1D«0,1
xc , ~24!

where

«0,1
x 52

4e2

pe E0

`

dqxE
0

`

dqyMz~qx ,qy ;dl ,d!. ~25!

From Eqs.~23!–~25! we obtain that«0,1
xc →0 when formally

DSAS
xc →0. It means that the correlation effects, due to t

quasiresonance screening, totally cancel the exchange
for the i 51 LSL.
5-5
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In order to determineEk
r
2 ,25EF , we follow the same

steps of Ref. 12. Taking into account now only the edge-s
screening, because the quasiresonance screening doe
contribute toEkx ,2 , we arrive at the following expressio
for the screened Coulomb potential:

V2
s ~qx ;qy ,qy8 ;qz ,qz8!

5
4p

e~qx
21qy

21qz
2!

S 4p2e2d~qy1qy8!d~qz1qz8!

2
2pe2r ~vg!

qx
21~qy8!21~qz8!2

x~qzdl !x~qz8dl !

3exp@2 i ~qz1qz8!~zl1d/2!#cos~qzd/2!cos~qz8d/2!

3exp$2@2qx
21qy

21~qy8!2#,0
2/4%

3exp@2 i ~qy1qy8!~kr
22qx/2!,0

2#

3@11r ~vg!M ~0,qx ;dl ,d!#21D , ~26!

wherevg[vg
2 is the group velocity of the edge states ren

malized by exchange and correlations, the dimensionless
rameterr (vg)5e2/(p\evg), andM (0,qx ;dl ,d) is a special
case of the matrix element

M ~kx2kr
2 ,qx ;dl ,d!5

2

p
e2qx

2,0
2/2E

0

`

dqz

3E
0

`

dqy

exp~2qy
2,0

2/2!

qx
21qy

21qz
2

x2~qzdl !

3cos2~qzd/2!cos@qy~kx2kr
2!,0

2#.

~27!

The group velocity of the edge states renormalized by
change and correlations is given, as a function ofvg

H , by

vg5
vg

H

2 H 11F11
4e2

p\evg
H

M ~0,d/,0 ;dl ,d!G 1/2J , ~28!

whered!1 is a small cutting parameter that avoids the ve
weak Coulombic divergence as the wave vector tends
zero.12 Our physically relevant results have a very we
dependence on d. It can be estimated asd
;max$,0 /dg ;,0 /vgt̄%, wheredg is a typical distance to a re
mote screening gate andt̄ is a typical lifetime for the edge
states.

We use subscript inV2
s to emphasize that we take int

account in Eq.~26! only those terms inVs that contribute to
Ekx ,2 . The first term in the curly brackets of Eq.~26! is the
bare Coulomb interaction, which leads to the exchange c
tribution. The second term is related with strong screening
the edge states. The weak effect of the ‘‘bulk’’ nonresona
screening is neglected here. Furthermore, from Eqs.~18! and
~26!, it follows that the correlations due to the edge-st
15530
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screening do not contribute to«kx ,1
xc . However, they strongly

modify the dispersion«kx ,2
xc of the occupied LSL in a wide

region nearby the edge. We point out that the conditionW
.,0 /d should be held for the assumed wide DQW channe
for typical ,0;1026 cm and d51023, it leads to W
.1023 cm.

In the same way of the GLDA developed for a wide cha
nel in the single-quantum well with zero thickness12 ~which
has some similarity with the local-density approximation15

and, especially, with the modified local-density approxim
tion of Ref. 16!, we point out thatEkx ,2 follows from the

solution of the single-particle Schro¨dinger equation~for i 5

2) with the Hamiltonianĥ5ĥ01Vxc
2 (y), where the self-

consistent exchange-correlation potentialVxc
2 (y)5Ey/,

0
2 ,2

2«2(y/,0
2). Indeed, assuming thatVxc

2 (y) is smooth on the
scale of,0 we find, neglecting small corrections, that th
energy dispersion of (i 52) LSL is given again by Eqs.~3!,
~4!, ~18!, and ~26!–~28!. This confirms the self-consistenc
of the GLDA method to treat the present many-body pro
lem. The assumed smoothness of the latter potential imp
that vg , given by Eq. ~28!, should satisfy the condition
vg /,0!vc , which can be rewritten asvg /(\vc /m* )1/2

!1, where (\vc /m* )1/2 is the characteristic velocity.
Now we will study the effect of the correlations on th

destruction of then51 Hall gap. From Eqs.~3!, ~4!, ~18!,
and ~23!–~28!, we obtain the Hall gapG(vg

H) as

G52uTu2
m* vc

2

2V2
~vg

H!22
e2

e,0
E

0

`

dqe2q2/2E
21/2

1/2

dx

3E
21/2

1/2

dx8cos2~px!cos2~px8!

3~e2q(dl /,0)ux2x8u23e2qudl (x2x8)2du/,0!1D«0,1
xc

2
e2

pe,0
E

0

`

dt
R~vg

H!M2~0,td /,0 ;dl ,d!

11R~vg
H!M ~0,td /,0 ;dl ,d!

, ~29!

where byR(vg
H) we denote the function ofvg

H , which fol-
lows from r (vg), aftervg is expressed throughvg

H according
to Eq. ~28!; td5At21d2. HereD«0,1

xc is determined by Eq.
~23! and represents an upward shift of thei 51 LSL due to
the correlations, caused by the quasiresonance bulk scr
ing; i.e., these correlations contribute to increase then51
Hall gap. The last term in the right-hand side of Eq.~29!
represents the contribution due to correlations induced by
edge-state screening. These correlations tend to destroy
n51 Hall gap. Notice that their contribution tends to zero
the formal limit vg→`. A finite positive value ofG means
that n51 QHE regime holds while the Hall gap collapses
G<0. The HFA result forG is given by Eq.~29! when the
last two terms are omitted.

We defineGa(vg
H)5G/uTu the dimensionless activatio

gap renormalized by exchange and correlations. In the
sence of many-body interactions, the maximum value
Ga51. So the activation gap is enhanced whenGa.1. No-
5-6
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tice that for the usual activation gap5 Dac , determined from
the resistivity rxx}exp(2Dac/2kB T), we have thatDac
52G.

In Fig. 3 we showGa , calculated from Eq.~29!, as a
function of vg

H for n51, using the parameters of the DQW
sample of Ref. 2 withdb528 Å, dl /d50.83, 2uTu5DSAS
517.3 K, and the electron densityns54.231011 cm22. The
curves correspond, from top to bottom, tovc /V57, 10, 15,
20, 25, 30, and 35, respectively;d51023. We observe that
for these values, the Hall gap is positive forvc /V<35.
However, there is a collapse forvc /V.35. Notice that here
vc54.5431013 s21 and the curves in Fig. 3 forvc /V510
and 30 correspond toV'4.531012 s21 and 1.531012 s21,
respectively. As a consequence, we obtain that in this sam
the n51 QHE state exists~more exactly, it is highly prob-
able!, which is in agreement with experiment.2

In Fig. 4, Ga is plotted as a function ofvg
H for n51 and

another sample studied in Ref. 2 withdb540 Å, dl /d
50.78, 2uTu58.1 K, andns53.831011 cm22. The curves
correspond, from top to bottom, tovc /V59, 10, 15, 20,
25, and 30, respectively. From Fig. 4 it is seen that then
51 Hall gap is collapsed forvc /V>10, which corresponds

FIG. 3. Activation gapGa5G/(uTu) as a function ofvg
H

5vg0,1
2,H for n51 in the DQW sample withdb528 Å, DSAS52uTu

517.3 K, and the electron densityns54.231011 cm22. ~Ref. 2!.
Here exchange and correlation effects are taken into account as
as a finite dl /d50.83. From top to bottomGa is shown for
vc /V57, 10, 15, 20, 25, 30, and 35, respectively.

FIG. 4. From top to bottom, the curves correspond tovc/V59,
10, 15, 20, 25, and 30, respectively.
15530
le

to V<4.1131012 s21, since herevc is about 10% smaller
than that in Fig. 3. So for this DQW sample, in agreeme
with the experiment,2 we obtain that then51 QHE cannot
exist for rather realisticV<4.1131012 s21.

In Fig. 5 we presentGa as a function ofvg
H for n51 for

the third sample of Ref. 2 withdb551 Å, dl /d50.73,
2uTu53.9 K, andns53.931011 cm22. In Fig. 5 we see that
then51 Hall gap is collapsed forvc /V*10. As nowvc is
close to that in Fig. 4, the curves in Fig. 5 correspond
proximately to the sameV as those curves in Fig. 4. W
speculate that for this sample the above estimationV
<4.1131012 s21 is realistic too. So in agreement with th
experiment,2 for the DQW sample withdb551 Å we obtain
that the n51 QHE cannot exist. In summary, our mod
predicts, when both exchange and correlations are taken
account along with the finitedl , the collapse of then51
Hall gap in the case of the samples withdb540 Å anddb
551 Å of Ref. 2.

The experimental results of Ref. 2 were obtained in
DQW samples with rather large tunneling splittingDSAS
52uTu*4 K. Now we compare our theoretical results wi
the experimental data for two samples of Ref. 5 with mu
smaller tunneling splittingDSAS;0.5 K. Both samples have
dl5dr5180 Å . For one sample, which we call A (db
531 Å, ns51.2631011 cm22, DSAS50.5 K), a strong
QHE state was found, while in the other sample B (db
540 Å, ns51.4531011 cm22, DSAS'0.2 K) the n51
QHE state is missing.

In Fig. 6,Ga , as a function ofvg
H , is depicted, using Eq

~29!, for the n51 QHE state and for the parameters
sample A (dl /d50.853, d/,051.88, r 051.146, B
55.20 T, \vc5103.7 K). The solid, dashed, and dotte
curves correspond tovc /V53.7, 3.9, and 4.3, and the con
fining frequencyV'3.6531012 s21, 3.4831012 s21, and
3.1431012 s21, respectively;d51024. Notice that these
values ofV are in resonable agreement with the above e
mation, for the samples of Ref. 2, of the maximum value
V (<4.1131012 s21). Our result indicates that then51
Hall gap is positive forvc /V<4.8 and collapses only if
vc /V>4.9, which is in a good agreement with th
observation5 of then51 QHE in sample A. In addition, from
the maximum ofGa for the solid curve in Fig. 6 it follows

ell

FIG. 5. Same as in Fig. 4 for the sample of Ref. 2 withdb

551 Å, dl /d50.73, 2uTu53.9 K, andns53.931011 cm22.
5-7
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thatDac52G'10uTu52.5 K, which is of the same order a
the experimental valueDac'8.7 K obtained for sample A in
Ref. 5, without in-plane magnetic field.

Figure 7 exhibits our results for the parameters of sam
B (dl /d50.818, d/,052.10, r 051.068, B55.98 T, \vc
5119.3 K). The solid, dashed, and dotted curves corresp
to vc /V54.3, 4.5, and 5.0, respectively, i.e., for the sa
confining frequenciesV as in Fig. 6;d51024. Figure 7
shows that the Hall gap collapses whenV<3.731012 s21.
This result is in a good agreement with the observation5 of
then51 Hall gap collapse in the sample B. We also obse
that becauseGa,0 for all curves in Fig. 7 the Hall gap ca
be more easily destroyed in sample B than in sample A
agreement with the experiment.5

V. CONCLUSIONS

In this work, we have studied exchange-correlation effe
in odd integer QHE states in the DQW structures. First,
have shown that the combined effect of the lateral confi
ment and the exchange interaction can lead to collaps
odd integer Hall gaps, forn51, 3, 5, 7. In particular, our
model of zero thickness of the QW’s predicts all obser
tions of Ref. 2 forn51, 3, 5, 7 QHE states except for th
collapse of then53 Hall gap for the DQW sample withdb
551 Å . However, for a more realistic model of the DQW
structures (dlÞ0), but still within the HFA, we have found
that then51 Hall gap exists for all three samples of~Ref. 2!.
Since the gap is observed only for the sample withdb
528 Å, we believe that the correlation effects would not

FIG. 6. Activation gap for then51 QHE in the DQW sample
with parametersdb531 Å, 2uTu50.5 K, ns51.2631011 cm22 of
Ref. 5. The solid, dashed, and dotted curves are obtained
vc /V53.7, 3.9, and 4.3, respectively.
y
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discarded in more realistic model of odd integer Hall gap
This is indeed the case because we have explained

pertinent to then51 Hall gap experimental results2 after
taking both exchange and correlations into account al
with the dlÞ0 model. It appears that the main correlatio
here result from the strong edge states screening.12,16 These
correlations tend to destroy then51 QHE state in the DQW
structures. However, the correlations due to the quasire
nance bulk screening~which is present for the DQW sample
of Ref. 2 because\vc@max$DSAS,DSAS

xc %), even much
smaller than the former correlations, tend to recover then
51 QHE state in the DQW structures. We have shown,
agreement with the experiment,2 that for the realistic DQW
model, with actualdl /d, the exchange-correlation effects~i!
destroy then51 Hall gaps for the samples withdb540 Å
anddb551 Å; however,~ii ! then51 Hall gap for the DQW
sample withdb528 Å can be present.

We have also compared the results of our calculation
then51 Hall gap in the samples of Ref. 5 pertinent with th
experimental results and have found a reasonable agreem
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FIG. 7. Same as Fig 6 for the sample of Ref. 5 withdb

540 Å, 2uTu'0.2 K, ns51.4531011 cm22. The solid, dashed,
and dotted curves are forvc /V54.3, 4.5, and 5.0, respectively, fo
the same values ofV as in Fig. 6. In agreement with th
experiment,5 in this sample then51 Hall gap can be more easil
destroyed, as for all the curvesGa,0, than in the sample of Fig. 6
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