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Many-body effects in the quasi-one-dimensional magnetoplasma
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We compare measured and calculated luminescence spectra of quantum wires in normal magnetic fields. The
experiments have been performed on modulated barrier In0.13Ga0.87As/GaAs quantum wires in magnetic fields
up toB510.5 T. In the regime of high magnetic fields in which the cyclotron energyvc exceeds the lateral
intersubband energyV the carriers show the behavior of a fully quantized system. The experimental magne-
toluminescence spectra for different excitation intensities are in excellent agreement with calculated spectra.
The calculations contain not only the influence of the strong magnetic field, but also the many-body effects on
a Hartree-Fock level in terms of state filling, band-gap renormalization, and excitonic correlations with up to
four lateral subbands. A magnetic-field-dependent momentum cutoff is introduced, which ensures that elec-
trons and holes are not pushed out of the quantum wire under the influence of the Lorentz force. By fitting the
calculated to the measured spectra we determine the density and the temperature in the one-dimensional
magnetoplasma. In contrast to the field-free case (B50) the renormalization of one subband is mainly deter-
mined by the occupation of the other subbands in the high-field regime because the excitons on one subband
form, to a good approximation, an ideal gas. Its formation becomes possible because the symmetry under
continuous rotations in the electron and hole isospin space that is broken by the lateral confinement is to a good
approximation restored by high magnetic fields, which suppress the motion of the free carriers along the wire.
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I. INTRODUCTION

Novel nanofabrication techniques permit the product
of quasi-one-dimensional semiconductor quantum wir
which have attracted considerable interest because of
size-dependent physical properties and because of their
tential for technological applications. These nanostructu
have been investigated by quasistationary optical spec
copy ~i.e., by cw measurements! both without1–4 and with
magnetic fields.5–8However, many-body effects in these sy
tems have not been studied experimentally as intensely a
systems of higher dimensionality. One of the macrosco
effects of the many-body interactions is the shift of the ba
gap to lower energies, the band-gap renormalization.

Without the influence of a magnetic field, the band-g
renormalization in quantum wires has been studied in sin
and multisubband situations.9–17In Refs. 9 and 10 it has bee
shown that in the absence of a magnetic field the effec
screening on the optical spectra and on the subband
shifts of quantum wires is relatively small. While in thre
dimensional~3D! bulk crystals the ionization of the excito
originates from screening effects, these effects are no lon
sufficient to ionize the exciton in 2D quantum wells. In th
case, phase-space filling has to be taken into account. In
quantum wires the ionization of the exciton solely by pha
space filling is an appropriate description.9

Therefore we suggested using a Hartree-Fock descrip
of the Coulomb interactions in quantum wires. Most impo
tant is, however, that all Coulomb interactions, namely,
electron-electron, hole-hole, and electron-hole interactio
are treated on the same footing.11 The first two interactions
550163-1829/97/55~19!/13180~13!/$10.00
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give rise to self-energy corrections, while the attracti
electron-hole interaction introduces the excitonic corre
tions. The self-energy corrections manifest themselves
plasma-density-dependent shrinkage of the intersubb
gaps, while the excitonic correlations give rise to a stro
redistribution of the oscillator strength. At low excitatio
levels nearly all the oscillator strength is concentrated in o
very strong exciton line with a large exciton binding energ
The excitonic ‘‘Sommerfeld factor’’ suppresses complete
the divergence of the single-particle density of states. W
increasing plasma density this exciton emission is tra
formed continuously into a plasma emission, in which ex
tonic effects still redistribute oscillator strength away fro
the band edge to the spectral region above the comb
Fermi level. This smooth effect at elevated plasma tempe
tures is a remanant of the Fermi-edge singularity or of
Mahan exciton at low temperatures. Any unbalanced use
the repulsive carrier-carrier interaction and of the equa
strong attractive electron-hole interaction leads to system
errors in the interpretation of the spectra.

In Refs. 12–14 experimental results of the band-g
renormalization atB50 are discussed within a very simpl
fied picture. For example, the attractive electron-hole int
action is completely neglected by using a free-carrier tran
tion model for the line-shape analysis in order to g
information on the band-gap shifts. As expected from su
an oversimplified analysis, the results are controversial
Ref. 14 no band-gap shift at all is found, while in Ref. 13 t
band-gap shift obtained with a free-carrier transition mo
is found to agree to the rather accurate random phase
13 180 © 1997 The American Physical Society
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proximation~RPA! self-energy calculations of Refs. 15 an
16.

A balanced analysis becomes increasingly important
the dimensionality is lowered by quantum confineme
While, e.g., excitonic effects on the optical spectra of a
GaAs plasma are still relatively small, so that the errors w
a free-carrier transition line-shape analysis are also relati
small, the excitonic effects become even at room tempera
much stronger in 2D quantum wells and become really do
nant in 1D quantum wires, so that the use of free-car
transition models in low-dimensional structures, and parti
larly 1D quantum wires, is not possible.

Consistently analyzed experiments and calculations s
clearly that without a magnetic field the plasma-densit
dependent shifts of the various lateral subbands dep
mainly on the population of the corresponding subba
itself.10 This can be attributed to the small Coulomb inte
subband matrix elements. With magnetic fields, to the bes
our knowledge, no studies of many-body effects in qua
one-dimensional systems have been reported up to now

In this paper we report measurements and calculation
~quasistationary! magneto-optical spectra of quantum-we
wires subject to a magnetic fieldB perpendicular to the
quantum-well layer in which the wires are embedded. O
important criterion for the quality of the quantum wires is t
observation of well-resolved higher lateral subbands. For
quantum wires investigated in the present experiments
have studied the lateral subband structure by high excita
photoluminescence and photoluminescence excitation s
troscopy atB50.3 In these references the systematic dep
dence of the energies of the lateral subband transitions on
wire width were shown.

Our previous theoretical work on the magneto-opti
properties of quantum wires17 is extended from only one
optically excited subband to a multisubband case. In a p
bolic confinement potential the effect of a magnetic fie
oriented perpendicular to the quantum-well plane on
single-particle energies and wave functions can be calcul
exactly. The Coulomb interactions between the carrie
which are assumed to be thermally distributed in their co
sponding subbands, are treated consistently in the Har
Fock approximation. We include thus several lateral qu
tum wire subbands, a magnetic field of arbitrary streng
self-energy corrections, and excitonic correlations in
simple but balanced way. In addition to Ref. 17 we take i
account in the calculations that the one-dimensional m
menta are restricted by the condition that the carriers hav
stay within the wire potential under the influence of the Lo
entz force. With this procedure the calculated luminesce
spectra are in excellent agreement with spectra measure
modulated barrier In0.13Ga0.87As/GaAs quantum wires in
magnetic fields up toB510.5 T. We find that in a neutra
quasi-one-dimensional magnetoplasma, in contrast to
case ofB50, the renormalization of one subband is almo
independent of its population but is mainly determined
the population of the other subbands.

This paper is organized as follows. In Sec. II we give
short description of the investigated samples and of the
perimental setup that we used to perform magnetophotolu
nescence studies. We present luminescence spectra for
ing values of the magnetic field strength and for vario
s
t.
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optical excitation powers. In Sec. III the theoretical mode
described, which has been used in order to calculate abs
tion and luminescence spectra and to show the excita
power dependence of the energies of the observed tra
tions. In Sec. IV we compare experimental and theoret
spectra and discuss the plasma-density-dependent line s
In Sec. V we finally summarize our results.

II. EXPERIMENT

A. Investigated samples and experimental setup

We have investigated the photoluminescence of hig
excited modulated barrier In0.13Ga0.87As/GaAs quantum
wires with a width of 2963 nm in magnetic fields up toB
510.5 T. These structures have been fabricated by elec
beam lithography and by wet chemical etching on a 5-n
wide quantum well. The heterostructure parameters h
been chosen in order to have only one confined elec
quantum-well subband, from which the lateral subban
arise by the patterning. A schematic sketch of the wires
shown in Fig. 1. The GaAs top barrier layer of the quantu
well has been removed on both sides of the wire by
etching process.3 This lateral pattern results in different po
sitions in energy of the ground-state quantum-well subba
because the potential profile along the growth direction is
a good approximation, symmetric in the unetched regio
while it is asymmetric in the etched regions. Therefore
band edges in the etched regions have higher energies th
the unetched regions and hence also in the lateral directi
potential discontinuity is generated that confines electr
and holes in the same spatial regions beneath the reman
of the quantum-well cap layer. The total lateral confinem
potential in the modulated barrier structures is about
meV, which is comparable to the sum of the electron a
hole cyclotron energies\vc at the highest applied magnet
fields ofB510.5 T. As mentioned above, the electronic su
band structure in these quasi-one-dimensional systems
been studied by photoluminescence and photoluminesc
excitation spectroscopy atB50.3

The samples have been immersed in liquid heliumT
51.8 K! in an optical magnetocryostat (B<10.5 T!. As in-
dicated in Fig. 1, the experiments have been performed
Faraday configuration, i.e., the magnetic field has been
ented normal to the quantum well and therefore also nor
to the quantum wire axis. A cw Ar1 laser (l5514.5 nm!

FIG. 1. Schematic sketch of the modulated barrier wires inv
tigated in the present experiments. Also the choice of the coordi
system is shown: Thez direction is chosen to be parallel to th
quantum-well growth direction and they direction is parallel to the
quantum wires. The magnetic fieldB was aligned along thez di-
rection.
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13 182 55M. BAYER et al.
has been used for optical excitation with power densities
up to 3 kW cm22. Great care has been taken to obtain h
mogeneous excitation conditions by focusing the laser s
to a diameter slightly larger than the size of the quant
wire pattern of 1003100mm2. In order to avoid any signifi-
cant sample heating a mechanical chopper has been use
minimizes the average laser power incident on the wires
less than about 0.1 kW cm22. The emission has been dis
persed by a single grating monochromator with a fo
length of f50.25 m and detected by a Peltier-cooledS1
photomultiplier interfaced with a lock-in amplifier.

B. High-excitation spectra

In order to investigate many-body effects in the neut
quasi-one-dimensional electron-hole plasma, we have
formed magneto-photoluminescence studies by using v
ing optical excitation powers. Figure 2 shows a series
luminescence spectra of 29-nm-wide In0.13Ga0.87As/GaAs
quantum wires recorded atB510.5 T. In order to resolve
emission features with low intensity more clearly we ha
plotted the intensities on a logarithmic scale@in Fig. 11~a!
the spectra are also shown on a linear intensity scale#. At low
excitation one spectral line can be observed with its pea
an energy ofE51.443 eV. This emission is due to recomb
nation of quantum-wire ground-state excitons. With incre
ing excitation power the intensity of the ground-state em
sion increases continuously and finally it saturates, indica
completely filled ground subbands. Simultaneously an ad
tional spectral line atE51.465 eV can be resolved tha
arises from transitions between the second lateral subba
because higher electron and hole subbands are occupied
to Pauli blocking in the ground states. It should be noted t
the emission lines do not broaden strongly with increas
excitation, indicating that the plasma temperature increa
only slightly. However, due to the finite plasma temperatu
that cause a redistribution of carriers from the ground
excited states this excited spectral line can be observed
ready at rather low excitation intensities at which the em

FIG. 2. Experimental luminescence spectra of modulated ba
In0.13Ga0.87As/GaAs quantum wires with a lateral width of 29 n
for various excitation intensities atB510.5 T. The emission inten
sities are shown on a logarithmic scale. The arrows indicate
shift of the spectral lines between the spectrum recorded with m
mum excitation power and the spectrum recorded with maxim
excitation power.
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sion from the ground state is not yet saturated. The spec
lines are labeled with a pair of subband quantum numb
namely, the quantum-well subband numbernz51 and the
quantum wire subband numbernx51,2,3,. . . .

Both lines, 1,1e-h and 1,2e-h are seen to shift toward
lower energies with increasing excitation power. Figure
shows the peak energies of the two features versus the e
tation power densities. The second peaknx52 shifts signifi-
cantly more strongly to lower energies than the peak of
lowest emission line withnx51. The energy of the ground
state transition is almost constant up to excitation powers
about 2 kW cm22, which correspond to situations in whic
the ground-state emission clearly dominates the spectr
Only at the highest excitation powers used in the pres
experiments is a decrease of its position in energy fou
which amounts to up to 1.5 meV. In contrast, the high
transition shifts continuously to lower energies by abou
meV over the whole range of plasma densities.

To investigate the excitation density dependence of
quantum wires further, we have also performed experime
at B58.5 T. The corresponding set of spectra recorded
using varying optical excitation power is shown in Fig.
~logarithmic intensity scale! and Fig. 13~a! ~linear intensity

er

e
i-

FIG. 3. Transition energies atB510.5 T observed for the 29
nm-wide In0.13Ga0.87As/GaAs quantum wires as functions of th
excitation power densities that were used to record the corresp
ing spectra.

FIG. 4. Luminescence spectra of the 29-nm-wide modula
barrier In0.13Ga0.87As/GaAs wires for various excitation intensitie
as in Fig. 2, but atB58.5 T.
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scale!. Due to the decreased intersubband splittings at
lower magnetic field three spectral features can now be
solved at high excitation powers. These features can be
tributed to the three electron quantum-wire subba
nx51,2,3, which are confined in the investigated structur
Similarly to the case ofB510.5 T, also here a saturation o
the emission intensity from the lower subbands is obser
with increasing excitation power in connection with the a
pearance of higher-lying transitions. Simultaneously
spectral lines shift towards lower energies in qualitatively
same manner as atB510.5 T. Due to the finite temperatur
of the carriers emission from the higher confined subba
can be already observed when the emission from lower-ly
subbands is not yet saturated.

Figure 5 displays the peak energies versus excita
power density of the three spectral lines atB58.5 T. The
splitting between the transitions is almost equidistant for
highest excitation powers, at which the splitting between
two lowest lines is 15 meV, whereas the splitting betwe
the two higher lines is with 14 meV slightly smaller. Sim
larly to the case ofB510.5 T the total shift of the secon
line to lower energies with increasing excitation power
significantly stronger than the low-energy shift of th
ground-state emission. The energy of the 1,1e-h emission line
decreases only when the higher-lying states are significa
occupied with carriers. On the other hand, the second s
tral line does not shift continuously to lower energies.
energy is almost constant between;1.9 and 2.2 kW cm22,
which corresponds to situations in which the emission fr
the ground state is already saturated, but emission from
third quantum wire subbands is not yet observed; i.e.,
states 1,3e and 1,3h are not significantly occupied with car
riers. However, if the third lateral electron and hole subba
are occupied with carriers, the energy of the first exci
transition is again shifted towards lower energies.

In order to analyze these experimental results in deta
theoretical model is required. As discussed above, the en
scales, which determine the properties of the quasi-o
dimensional system, the cyclotron energy, the exciton bi
ing energy, and the lateral confinement potential are of

FIG. 5. Transition energies atB58.5 T observed for the 29-nm
wide In0.13Ga0.87As/GaAs quantum wires as functions of the las
power densities.
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same order of magnitude. This leads immediately to the
cessity of a theoretical description in which all the effects
treated on the same level.

III. THEORY

A. Assumptions and basic results

In our theoretical model we treat a quantum wire that
embedded in a quasi-two-dimensional~ideal! quantum well
by means of some additional lateral confinement. Furth
more, we assume that this lateral confinement potentia
smooth and can be modeled by a Gaussian potential, w
can be approximated for the lower-lying states by a harmo
oscillator potential. The confinement potential of the mod
lated barrier quantum wires is actually in between a fin
square-well potential and a Gaussian one, but the low
eigenfunctions in these potentials are at least qualitativ
very similar. We make use of the effective-mass approxim
tion, but we neglect band mixing effects because they
expected to be of minor importance for the thin strain
nanostructures investigated here.18 Therefore, we take into
account only quantum-wire states that are formed out of
lowest quantum-well electron and heavy-hole subbands,
spectively. The single-particle Hamiltonian for an electr
( j5e) or a hole (j5h) moving in thex-y plane with the
wire axis in they direction reads~setting\51)

H
j

0
5

1

2mj
S pj2 ej

c
A~r j ! D 21 1

2
mjV j

2
x
j

21
Eg

2
. ~1!

The kinetic energy is modified by the vector potent
A(r j ) . The second term is the lateral parabolic confinem
potential and characterized by the intersubband frequen
V j . Eg denotes the band gap of the underlying quant
well. The coupling ofB to the magnetic moment of the spi
~i.e., the Zeeman spin splitting! is neglected here becaus
this term becomes important only for very large magne
fields.19 For a magnetic field normal to the quantum we
i.e., in thez direction, the vector potential can be chos
parallel to the wire axis by using the Landau gauge, i
A(r j )5xjBe2 , wheree2 is the unit vector in they direction.
The Hamiltonian can easily be diagonalized and one obta
the following eigenfunctionsc

kl

j
and eigenvaluese

kl

j
:

c
kl

j
~x,y!5

1

ALy
eikyf l ~x2kd j !, d j5

1

mj

v
c

j

~v
c

j
!
2
1V j

2 ,

~2!

e
kl

j
5

V j
2

V j
2
1~v

c

j
!
2

k2

2mj
1AV j

2
1~v

c

j
!
2S l 1

1

2D ,
l 50,1,. . . , ~3!

where thef l are normalized harmonic oscillator wave fun
tions, k is the wave number in the wire direction, an
vc

j
5ejB/mj are the individual (j5e,h) cyclotron frequen-

cies.kd j is the center of the lateral wave function. The ele
tron and hole wave functions are time-reversal counterp
of each other, respectively:

r



e
wi
za
ag
ag
ld

. I
-

bo

n

e
tic
he
ac

tr
e
a
o
g

ve
-
on

ul

te

d

ity

-

for
nly

nt in

, one
the
the
for
le-

in

ire

mb
ion.

u-
bare
le-

ns
-
in
e-
nds

nly
cy
g
er
-
for
ele-
ses
ld
ent

le-
. A
nts.
ge
an

13 184 55M. BAYER et al.
ckl
e ~x,y!5@c2kl

h ~x,y!#!.

As can be seen from Eq.~3!, the magnetic field increases th
lateral subband spacing as well as the effective mass in
direction,20 which is a consequence of the stronger locali
tion of the carriers by the magnetic field. Therefore the m
netic field suppresses the motion along the wire. Two m
netic field regimes can be distinguished: In the low-fie
regime (V@vc) the lateral wire widthl x is the characteris-
tic length that determines the quantization of the carriers
contrast, at high fields (V!vc) the quantization is deter
mined by the magnetic lengthl m5(c/eB)1/2. The change-
over between these two field regimes takes place, when
length scales become comparable.

The magnetic field also shifts the lateral wave functio
proportional to the wave numberk perpendicular to the wire
direction @see Eq.~2!#. At low magnetic fields, the shift is
approximately proportional toB. This linear shift withB is a
result of the Lorentz force, which is proportional to the v
locity of the particle and also proportional to the magne
field. At high fields, however, the shift is reduced by t
field-induced localization so that the carriers are driven b
to the center of the wire.

For simplicity, we assume an electron-hole symme
meVe5mhVh5mV, wherem is the reduced electron-hol
mass andV the total intersubband spacing. This approxim
tion leads to a local charge neutrality. While the values
k are unrestricted forB50 ~besides the restrictions arisin
from periodic boundary conditions!, they are restricted for
BÞ0 by the condition that the center of the carrier wa
function kd j must lie inside of the quantum wire, which re
sembles a boundary condition for the assumed harm
confinement potential:

ukd j u<
L

2
. ~4!

By fitting the lateral subband splittingV with the energy
splitting between the two lowest subbands of a rectang
square well,

V5
3p2

2mL2
, ~5!

the following largest allowed wave numberkext is obtained:

ua0kextu5
p

4
A3

E0

V S vc
21V2

E0vc
D , ~6!

whereE0 is the three-dimensional exciton Rydberg anda0 is
the corresponding Bohr radius. Now the density of sta
D(E)5Trd(E2H) can be calculated withkmin52kext and
kmax51kext being the minimum and the maximum allowe
values for the wave numberk:

D~E!5A m

2p2(
l

1

AE2AV21vc
2S l 1

1

2D
3@Q„kmax2k~E!…1Q„k~E!2kmin!…], ~7!

with k(E)5A2m @(V21vc
2)/V2# (E2El ).
re
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With increasing magnetic field the single-particle dens
of states changes from the 1/AE-like behavior of a 1D sys-
tem to thed-function-like behavior of a totally confined sys
tem. Calculating now the total number of statesg in a quasi-
one-dimensional subband with indexl , one finds the
relation

g}AV21vc
2

V2 . ~8!

In contrast to a quantum well in normal magnetic fields,
which the number of states on a Landau level depends o
on the magnetic field and increases linearly withB, the num-
ber of states in a quantum wire subband is almost consta
the low-field regime. Only in the high-field regime doesg
increase linearly withB.

Because the electrons and holes are charged particles
has to take into account their mutual Coulomb forces. If
field lines between two particles can also penetrate into
barrier material arround the quantum wire, one obtains
the quasi-one-dimensional Coulomb interaction matrix e

mentsV
l l 8

j j 8 (q) as functions of the transferred momentum
wave-number space

V
l l 8

j j 8
~q!5(

q8

2pejej 8
e0Aq21q82

U E dxf l
* ~x1dq!eixqf l 8~x!U2,

~9!

wheree0 is the static dielectric constant of the quantum w
material. The total~difference! momentum in thee-e, h-h,
ande-h channels is taken to be zero. Forj5 j 8 Eq. ~9! de-
fines the electron-electron and hole-hole exchange Coulo
interactions, which determine the subband renormalizat
Simultaneously, Eq.~9! defines the directe-h Coulomb in-
teraction, which is relevant for excitonic effects. These Co
lomb matrix elements can be understood as an averaged
two-dimensional interaction with respect to the lateral sing
particle wave functions.

For a parabolic confinement potential the eigenfunctio
@see Eq.~2!# are known explicitly so that the Coulomb ma
trix elements can be calculated analytically and are given
the Appendix. To our knowledge, explicit results for the on
dimensional Coulomb matrix elements for several subba
have only been published without a magnetic field.21

It is seen that the Coulomb matrix elements depend o
in a parametric way on the ratio of the cyclotron frequen
vc to an effective total intersubband spacin
V*5Avc

21V2 and on the dimensionless wave numb
qac where ac51/(mV* )1/2 is the amplitude of the zero
point motion. In Figs. 6 and 7 we show numerical results
the wave-number dependence of the Coulomb matrix
ments for several subband indices in the two limiting ca
vc /V*50 and 1, respectively, i.e., without a magnetic fie
and for magnetic fields, where the magnetic confinem
clearly dominates the geometric one (B→`). Only the ma-
trix elements describing thee-e or theh-h interactions are
shown. Without a magnetic field the diagonal matrix e
ments are always larger than the off-diagonal elements
magnetic field causes large changes of the matrix eleme
Due to the shifted single-particle wave functions for lar
values ofqac , the off-diagonal elements become larger th
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the diagonal ones. For small wave numbers (q→0) the di-
agonal elements with and without a magnetic field dive
logarithmically, whereas the off-diagonal elements rem
finite in both cases. The matrix elements at finite magn
fields do not decrease monotonically because of
k-dependent shift of the electron and hole wave functio
Therefore the maxima and the minima of these wave fu
tions are at different positions for differentk values, result-
ing in a quasioscillating behavior of the wave-function ov
lap.

B. Magneto-optical spectra

The magneto-optical spectra are calculated for a laser
cited electron-hole plasma that has relaxed into a quasie
librium state. Although relaxation and carrier capture p
cesses may be significantly slowed down in quasi-o
dimensional structures,22–25 we assume that the relaxatio
process is completed within the carrier lifetime. In this si
ation the occupation numbers of the individual subba

FIG. 6. Intraband and interband Coulomb matrix eleme
( j5 j 8, i.e., describing thee-e or theh-h interaction! as functions
of the wave numberq at zero magnetic field (vc50); the numbers
indicate the lateral subband quantum numbers.

FIG. 7. Coulomb matrix elements as functions of the wave nu
ber q as in Fig. 6, but at a very strong magnetic field, so that
lateral confinement is negligible.
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states are described by Fermi distributionsf
kl

with one
chemical potential for the electrons and the holes, resp
tively. The coupling between the electron-hole system a
the external light field is described within the dipole appro
mation. If we neglect the~small! photon momentum, the
light field ~in our model! couples only subband states wi
equal quantum numbers.

As discussed in the Introduction we calculated all man
body effects within the Hartree-Fock approximation, beca
screening in one-dimensional structures is a relatively sm
effect compared to band filling, excitonic correlations, a
the strong influence of the magnetic field. We stress ag
that the use of an unscreened Coulomb potential in the
culations of the self-energies and of the interband den
matrix elements forms a conserving approximation, wh
fulfills Ward identities.11 We calculate the optical suscept
bility within the so-called ladder approximation. The inte
band matrix element of the single-particle reduced den
matrix obeys an integral equation in which the attract
electron-hole Coulomb interaction determines the integ
kernel.11 This equation can be transformed into an integ
equation for the optical susceptibility componentsxkl ~the
interband matrix elementdcv is assumed to be a constant!

xkl ~v!5xkl
0 ~v!2xkl

0 ~v!
1

dcv
(
k8,l 8

V
l l 8

eh
~k2k8!xk8l 8~v!,

~10!

where the free-particle susceptibilityxkl
0 (v) in the spectral

representation26 is given by

xkl
0 ~v!5dcvE

2`

` dv8

p

g

~v82e
kl

e
2e

kl

h
!
2
1g

2

3
@12 f ~v82e

kl

e
!2 f ~e

kl

h
!#

v82v2 id

.dcv
e
kl

e
1e

kl

h
2v

~e
kl

h
1e

kl

e
2v!

2
1g

2 @12 f ~e
kl

e
!2 f ~e

kl

h
!#

2 idcv
g

~e
kl

e
2e

kl

h
2v!21g

2

3@12 f ~v2e
kl

h
!2 f ~e

kl

h
!#. ~11!

Here,e
kl

j
are the single-particle energies@see Eq.~3!# renor-

malized by the exchange energy, that is,

e
kl

j →e
kl

j
2 (

k8,l 8
V
l l 8

j j
~k2k8! f ~e

k8l 8

j
!. ~12!

The Lorentzian spectral functions are characterized b
single broadening constantg. f (e

kl

i
) are the thermal Ferm

distribution functions for the electrons and the holes, resp
tively. The total susceptibility is obtained by summing ov
all wave numbersk and all subbandsl :

x~v!5(
k,l

dcv* xkl ~v!. ~13!
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-
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The absorption coefficienta(v) is given by the imaginary
part of the optical susceptibility,a(v)5Imx(v). The real
part ofx(v) determines the reflectivityr (v). For the calcu-
lation of the optical spectra one has to solve a set of~linear!
coupled integral equations by a numerical matrix invers
procedure.26,27

In a quantum well the magnetoexciton spectrum cons
of bound states. Only the excitons with magnetic quant
numberm50 (s states! are optically active; that is, in eac
Landau level only one exciton state is optically active. T
magnetic quantum number is no longer a good quan
number in quantum wires because the lateral confinem
breaks the in-plane rotational symmetry. As discussed ab
the carriers can move along the wire also when a nor
magnetic field is applied to the structure. Consequently
exciton spectrum of a quantum wire is hydrogenlike, i.e.
consists of both an infinite number of bound states an
continuum of scattering states.28,29 The restriction of thek
space by Eq.~4! restricts also the number of bound states
a finite number.

Figure 8 shows absorption spectra of a quantum-well w
made of In0.13Ga0.87As/GaAs with a subband spacin
V52E0.8.4 meV (E0 is the three-dimensional excito
Rydberg of GaAs! for zero plasma density. The spectra a
shifted vertically to each other for increasing magnetic fiel
The frequencyv is measured from the one-dimensional ba
edgeEg

0 in units ofE0. The spectrum forB50 shows four
excitonic resonances that belong to the ground-state exc
of the lowest four one-dimensional subbands. It is seen
the lowest exciton state~i.e., the one from the lowest sub
band! has the largest oscillator strength. By applying a m
netic field the absorption spectrum changes in various
pects. First, for finite magnetic fields all spectra a
blueshifted. This indicates that the localization energy due
the magnetic field is always larger than the increa
electron-hole binding energy due to the modified quasi-o
dimensional Coulomb interaction. The blueshift of t
ground state is considerably smaller than the shift of
higher states, indicating the bound nature of the ground s

FIG. 8. Absorption spectra of an In0.13Ga0.87As/GaAs quantum
wire for varying magnetic fields. The lateral subband spacingV is
two times the excitonic RydbergE0 and the broadening is assume
to be one Rydberg.
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i.e., the binding energy of the ground-state exciton is sign
cantly more strongly increased with increasingB than that of
the excited excitons.

For low magnetic fields~when the cyclotron frequency i
smaller than the subband spacing! the shift of the ground
state exciton is diamagnetic proportional toB2. In addition,
the oscillator strength of the ground-state exciton is to a g
approximation constant in this field regime. For large ma
netic fields~where the cylotron frequency is larger than t
subband spacing! we obtain in contrast a clearly increasin
oscillator strength for increasing magnetic fields. In this
gime the influence of the lateral confinement potential
comes small and the main features in the optical spectra
semble the features in the spectra of a quantum well i
normal magnetic field.30,31We obtain resonances with larg
oscillator strengths in the absorption spectrum, which co
spond to the Landau levels with their energies given in ter
of the combined~electron and hole! cyclotron frequency.

As stated above, the exciton spectrum of a quantum w
consists of bound states and scattering states. Consequ
not only the ground-state excitons can be observed in
absorption spectra for magnetic fields>5 T, but also weak
additional features appear with energies between those o
ground-state excitons of the lowest and the first excited
eral subbands. These features correspond to the lowes
cited bound exciton states of the lowest subbands. At 1
only one excited bound state is observed; at 15 T indicati
for a second excited state can be found. Moreover, it sho
be noted again that no indications for the 1/AE singularity
can be found at the onset of the continuum of scatter
states. The disappearance of this divergency originates f
the strong redistribution of oscillator strength to the groun
state exciton, which is a consequence of the excitonic co
lations. These correlations cause the ‘‘Sommerfeld factor’
be smaller than unity in contrast to most systems of hig
dimensionality.

Luminescence spectra can be calculated by using the
lation

I ~v!;
Imx~v!

eb~v2m!21
, ~14!

wherem is the combined~electron and hole! chemical po-
tential. An example for a spectrum of a highly excite
In0.13Ga0.87As quantum wire is shown in Fig. 9 for differen
magnetic fields. Again, the origin of the frequency is t
unrenormalized subband edge and is measured in excit
units of E0. The spectra for several values ofB are again
shifted vertically to each other. For the assumed plasma d
sity of na054 all four subbands are populated atB50. Be-
cause the broadening is chosen to be smaller than the
band spacing, we obtain for low magnetic fields four distin
peaks that are connected with the corresponding subb
edges. In the high-field limit the spectrum is described t
good approximation by Landau levels separated by the s
of the electron and hole cyclotron frequencies and it
proaches that of a quantum well in a normal magne
field.30,31
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FIG. 9. Calculated luminescence spectra o
highly excited In0.13Ga0.87As/GaAs quantum wire
at varying magnetic field strengths. The plasm
temperature is 300 K and the plasma density
na054. The rest of the parameters are identic
to those chosen for the calculation of the abso
tion spectra.
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IV. COMPARISON OF EXPERIMENTAL
AND THEORETICAL SPECTRA

The quantum-wire structures that were investigated in
present experiments meet the restrictions imposed by the
sic theoretical assumptions quite well. In detail, the wires
embedded in a two-dimensional quantum well, as sho
schematically in the inset of Fig. 1. The lateral confini
potential in the modulated barrier wires is close to a rect
gular shape. Nevertheless, its shallowness creates sub
spacings which are approximately equidistant. The diff
ence in energy between the second and the first excited
eral subbands is even slightly smaller than the differe
between the first and the ground subbands for the inve
gated wires. Furthermore, in Ref. 7 we modeled the sing
particle states in these quantum wires subject to magn
fields by assuming rectangular geometric confinement po
tials. We calculated both the single-particle eigenstates
eigenfrequencies. While the wave functions show some
viations from parabolic ones, particularly at th
semiconductor/vacuum interface, the energies as function
the magnetic field differ only slightly from those calculate
in the parabolic approximation. This indicates that in t
present quantum wires the matrix elements are not very
sitive to the particular shape of the confining potential.

The strain due to the lattice mismatch betwe
In0.13Ga0.87As and GaAs causes a splitting of the heavy-h
and light-hole subband edges of about 60 meV, which
larger than the lateral confinement potential. Therefore
influence of band mixing will be small and the highest qua
tum well valence subband has a heavy-hole character
can be described by a simple parabolic band.

In studies using a sufficiently intense optical excitation
order to observe emission from higher lateral subbands,
transformation of the electron hole plasma from quasi-o
to quasi-zero-dimensionality with increasing magnetic fi
has already been shown earlier.7 In the wires investigated
here the lateral subband splitting amounts to aboutV510
meV. This splitting requires magnetic fields of aboutB55 T
for the 1D-0D transition. The transition is accompanied b
e
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strong exchange of oscillator strength between the obse
lateral subband transitions.

Under high excitation the emission intensity from th
lowest subbands is saturated for all applied magnetic fie
Figure 10 shows the integrated luminescence intensity of
ground-state transition normalized by its integrated inten
at B50. For small magnetic fields the intensity remains
most constant up toB55 T, where the transition to com
pletely quantized behavior occurs. Above 5 T the intensity of
the lowest subband transition increases almost linearly w
B. The equivalent behavior has already been observed in
calculated luminescence spectra in Fig. 10. Assuming
the first subband is in all cases completely occupied at
approximately constant plasma temperature, the integr
luminescence intensity is proportional to the total number
statesg in a subband. It thus reflects the one-dimensio
behavior ofg in a quantum wire subband as given by Eq.~7!.

FIG. 10. Integrated luminescence intensity of the ground-s
transition of 29-nm-wide In0.13Ga0.87As/GaAs quantum wires as
function of the magnetic field. The intensities have been determi
from high excitation spectra~excitation powers.2 kW cm22) so
that the electron and hole ground states were completely filled w
carriers, i.e., the ground-state emission is saturated.
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The number of states in one subband increases with incr
ing magnetic field, leading to a depopulation of higher su
bands. Simultaneously the subband spacing is increase
that the oscillator strengths of the lower transitions are
hanced and the lowest resonance dominates at high mag
fields. As observed experimentally, this increase show
highly nonlinear dependence onB in quantum wires, in con-
trast to the emission intensity from a Landau level in a qu
tum well that increases linearly withB.

Next we study many-body effects in the dense neu
quasi-one-dimensional magnetoplasma atB510.5 T. For
that reason we have fitted the measured spectra with
calculations by adjusting the temperature and the densit
the carriers only, while for the rest of the parameters exp
mentally determined values have been used.32 As can be seen
from the comparison of the experimental spectra in F
11~a! and the calculated spectra in Fig. 11~b!, excellent
agreement is obtained with respect to both the line shape
the oscillator strength of the observed transitions. Part
larly, the saturation of the lowest emission line 1,1e-h and the
simultaneous increase of the second emission line 1,2e-h is
described quite well within our model. Here we want to e
phasize again that the excellent agreement of the line sh
is only obtained if the momentum cutoff discussed in S
III A is used in the calculations.33

From the lineshape analysis we obtain plasma dens
that increase from about 0.13106 cm21 at the lowest exci-
tation up to about 1.63106 cm21 at the highest excitation
Simultaneously the plasma temperatures increase

FIG. 11. ~b! Calculated line shapes for the modulated barr
In0.13Ga0.87As/GaAs quantum wires atB510.5 T in order to fit the
experimentally recorded luminescence spectra, which are displ
in ~a!. The plasma densities and the plasma temperatures that
been determined from the line shape analysis are shown in~b!.
s-
-
so
-
tic
a

-

l

ur
of
i-

.

nd
-

-
es
.

es

ly

slightly, but continuously from about 40 K to about 120 K.34

This moderate increase clearly indicates that sample hea
effects can be excluded. The plasma densities and the pla
temperatures that were determined from the line-sh
analysis are displayed in Fig. 11~b! for the set of lumines-
cence spectra atB510.5 T.

The position in energy of the lowest subband emiss
does not change with increasing plasma density until
second subband begins to be significantly occupied. N
rally the absence of a peak shift should not be taken as a
of the absence of a band-gap shift. In this regime the ba
gap shifts and the excitonic correlations compensate e
other completely. Figure 12 shows the shift of the groun
state transition~squares! and of the first excited transition
~circles! as a function of the total plasma density~i.e., the
plasma density in both occupied subbands! for a magnetic
field of 10.5 T. At densities below about 0.63106 cm21

only the lowest subband is occupied and the density dep
dence of the band-gap renormalization and of the excito
correlations cancel completely. At densities abo
0.63106 cm21 both transitions shift towards lower energie
due to the dominance of the band-gap renormalization o
the excitonic correlations. At the highest plasma densi
this shift is 1.5 meV for the ground-state transition and
amounts to about 5 meV for the first excited level. As ind
cated by the dashed~ground state! and dotted lines~first
excited state!, the calculated shifts are in good agreeme
with the experiments.

The observed low-density behavior is very well know
for excitons in one Landau level, where an exact cancella
occurs due to the inherent symmetry of the two-dimensio
neutral carrier system, which makes thee-e andh-h inter-
actions equal to thee-h interactions.35–44 Therefore the
quasi-two-dimensional electron-hole system in one Lan
level forms an ideal gas. However, this cancellation does
hold for excitons from different Landau levels: Whereas t
exchange interaction remains significant, the Pauli repuls
responsible for the exciton-exciton interaction is significan
reduced. The renormalization of one subband is there

r

ed
ve

FIG. 12. Shift of the emission lines to lower energies for t
modulated barrier In0.13Ga0.87As/GaAs quantum wires as a functio
of the total plasma density atB510.5 T. The symbols show the
experimental data, while the lines show the results of the calc
tions.
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determined by the occupation of the other subbands. T
behavior is completely different from the behavior of
quasi-one-dimensional plasma at zero magnetic field, wh
the renormalization is determined mainly by the occupat
of the subband itself, whereas interband contributions
comparatively small.10

In Ref. 45 general conditions have been formulated
the formation of a singlet quantum state of noninteract
composite particles~ideal gas!. These conditions are as fo
lows: ~i! the system contains two kinds of particles for whi
the matrix elements describing the~arbitrary! interparticle
interaction are symmetric.~ii ! The spectra of the free par
ticles in the two-component system are degenerate with e
other. Both conditions are not exactly, but to a good appro
mation, fulfilled for quantum wires subject to high magne
fields: as was shown in Ref. 45 the possibility of such
exact solution for a many-body system arises from its sy
metry under continuous rotations in the isospin space of
two components of particles that form the quantum syst
While without magnetic field this symmetry is broken
both quantum wells and wires, it is exactly fulfilled for
two-dimensional electron-hole system in magnetic field. F
quantum wires the lateral confinement potential breaks
symmetry, because also in a magnetic field motion of
free carriers along the wire is possible and therefore
single-particle spectra are not degenerate. However, as
discussed already in Sec III, this carrier motion is contin
ously suppressed byB. In the high-field regime, in which the
magnetic length is clearly smaller than the wire width, t
dispersion along the wire becomes small and the isos
symmetry is then to a good approximation restored.

Due to the finite carrier temperatures emission from
second subband can be observed already at rather s
plasma densities, at which the lowest subband is not c
pletely filled. With increasing plasma densities the seco
subband peak is shifted strongly towards lower energies
expected from the strong population of the lowest subba
If one compares this renormalization with that in a qua
two-dimensional magnetoplasma system over equiva
plasma densities, the low-energy shift is enhanced in
quantum wire by about 50%. This can be understood qu
tatively in the following way: in the case of a two
dimensional system it is well known that the magnetic-fie
induced localization enhances the interparticle interac
and therefore the renormalization.39 In the present high-
magnetic-field studies we work in a regime where the m
netic confinement dominates the lateral confinement po
tial. This situation equals that of a two-dimensional syst
in an accordingly higher magnetic field. This effective
higher magnetic field explains the enhanced renormalizat

We have analyzed also the experiments performed
B58.5 T. At this field strength the carriers are still in th
high-field, quasi-zero-dimensional regime, but the splitt
between the subbands is significantly reduced by about
meV. As shown in Fig. 13~b!, this allows us to populate eve
three lateral subbands. In the present structures the sub
spacing between the third and the second subbands is sli
smaller than that between the second and first subba
while in our harmonic oscillator model the subbands
equidistantly spaced. Because of the larger spacing in en
we are not able in our calculations@see Fig. 13~b!# to popu-
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late the third lateral subband as strongly as it is populate
the experiments@Fig. 13~a!#. Here we find that the plasm
density is continuously increased from abo
0.13106 cm21 to about 23106 cm21 with increasing ex-
citation, while the plasma temperatures increase modera
from about 40 K to about 140 K.

Nevertheless, the principal features of both the exp
mental and the theoretical spectra agree very well and
observed behavior is very similar to that observed atB
510.5 T. The lowest subband emission saturates with
creasing excitation power and emission from higher late
subbands is observed. The lowest subband emission is
shifted to lower energies when the higher subbands are p
lated. In addition, also the peak of the second subband
does not shift, when the lowest electron and hole subba
are completely filled and in addition the third subband is n
yet populated strongly, as can be seen in the third and fo
spectra from the top in Fig. 13~a!.

Figure 14 shows the shift of the luminescence lines of
ground-state transition~experimental data by squares! and of
the first excited state~experimental data by circles! in com-
parison with the results of the calculations~dashed and dot-
ted lines, respectively!. As can be seen from both the expe
mental and theoretical results first there is no resolvable s
of the ground-state transition at low plasma densities sma
than about 0.83106 cm21, at which higher states are no
populated. Second, when the first excited electron and h
subbands are populated we observe a redshift of the gro
state transition energy and also of the transition energy of

FIG. 13. ~b! Calculated luminescence spectra atB58.5 T for
the modulated barrier In0.13Ga0.87As/GaAs quantum wires in com
parison with the experimental spectra~a!. The plasma densities an
plasma temperatures are displayed in~b!.
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13 190 55M. BAYER et al.
first excited state, until the ground subbands are comple
filled with carriers. Third, at plasma densities in excess
1.53106 cm21 a further shift of the first excited-state tran
sition energy is observed, which can be assigned, by c
parison with the calculations, to the interaction between c
riers in the first and second excited levels. This confirms t
the renormalization of one subband in the neutral magn
plasma in quantum wires is mainly determined by the oc
pation of the other subbands, whereas the contributions f
carriers within the subband are comparatively small.

V. SUMMARY

We have calculated magneto-optical absorption and lu
nescence spectra of optically excited quantum well wir

FIG. 14. Shift of the spectral lines for the modulated barr
In0.13Ga0.87As/GaAs quantum wires as a function of the total plas
density atB58.5 T. Squares and circles, experimental data; das
and dotted lines, calculated lines for the ground- and first-exci
state transitions, respectively.
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The luminescence spectra show a transition from quasi-o
dimensional behavior at low magnetic fields~where one has
a strong mixing of lateral and magnetic confinement! to
quasi-zero-dimensional behavior at high magnetic fields. T
calculations make use of a parabolic wire confinement
tential in which the single-particle states in an arbitrar
large magnetic field can be calculated exactly. We use
Hartree-Fock approximation and included excitonic effe
as well as phase space filling due to an electron-hole pla
and band-gap renormalization consistently.

Luminescence spectra of modulated barr
In0.13Ga0.87As/GaAs quantum wires in magnetic fields up
10.5 T have been recorded for various excitation intensit
The transition to quasi-zero-dimensional behavior has b
confirmed by the magnetic field dependence of the integra
luminescence intensity of the lowest subband emiss
which is proportional to the total number of states per s
band. Excitation-intensity-dependent luminescence spe
are in excellent agreement with the calculated plasm
density-dependent spectra, provided one takes into acc
that the electron and hole momenta have to be small eno
that the Lorentz force due to the magnetic field does not p
the particles out of the wire potential well. Our studies sh
that the band-gap renormalization of a subband in the de
neutral quasi-one-dimensional magnetoplasma is mainly
termined by the population of the other subbands. This
characteristic difference from studies atB50, which clearly
show that the renormalization at zero field is due to carr
carrier interactions in the same subband.
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APPENDIX

In this appendix we give analytical expressions for the quasi-one-dimensional Coulomb interaction matrix elemen
the third subband, which were calculated in a parabolic approximation. Defining an effective intersubband spacing
V*5Avc

21V2 and the variablesx5 q2/4mV*5(acq)
2 andy52x(vc /V* )

2
, we can express the matrix elements in ter

of zeroth-(K0) and first-order (K1) modified Bessel functions. We give the matrix elements for the electron-electron an
hole-hole interaction (j5 j 8):

V005
e2

e0
ex2yK0~x!,

V015
e2

e0
ex2y$yK0~x!1x@K1~x!2K0~x!#%,

V115
e2

e0
ex2y@112x12x21y~y22x22!K0~x!1x~2y2122x!K1~x!#,

V025
e2

e0
ex2yF S x22xy1

1

2
y2DK0~x!2S x22 1

2
x2xyDK1~x!G , ~A1!
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V125
e2

e0
ex2yK1~x!F2S x31 5

2
x21xD2yS 3x21 5

2
xD1y2

3

2
xG2

e2

e0
ex2yK0~x!F S 2x31 7

2
x212xD2y~3x214x11!

1y2S 32 x11D2y3G ,
V225

e2

e0
ex2yK0~x!F S 2x417x31

35

4
x214x11D G1

e2

e0
ex2yK0~x!

y

4
@~y324y2~x12!14y~3x216x15!

2~16x3144x2140x116!#.
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Spiegel, P. A. Knipp, T. L. Reinecke, F. Faller, and A. Forch
ibid. 49, 5753~1994!.

4P. Ils, A. Forchel, K. H. Wang, Ph. Pagnod-Rossiaux, and
Goldstein, Phys. Rev. B50, 11 746~1994!.

5M. Kohl, D. Heitmann, P. Grambow, and K. Ploog, Phys. Re
Lett. 63, 2124~1989!.

6Y. Nagamune, Y. Arakawa, S. Tsukamoto, M. Nishioka,
Sasaki, and N. Miura, Phys. Rev. Lett.69, 2963~1992!.

7M. Bayer, A. Forchel, I. E. Itskevich, T. L. Reinecke, P. A
Knipp, Ch. Gréus, R. Spiegel, and F. Faller, Phys. Rev. B49,
14 782~1994!.

8M. Oestreich, A. P. Heberle, W. W. Ru¨hle, H. Lage, D. Heit-
mann, and K. Ploog, J. Lumin.60/61, 390 ~1994!.

9S. Benner and H. Haug, Europhys. Lett.16, 579 ~1991!.
10K. H. Wang, M. Bayer, A. Forchel, P. Ils, S. Benner, H. Hau

Ph. Pagnod-Rossiaux, and L. Goldstein, Phys. Rev. B53, 9678
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