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Interaction between the Fermi-edge singularity and optical phonons
in Al xGa1ÀxAsÕIn yGa1ÀyAsÕGaAs heterostructures

Yu. I. Mazur,* G. G. Tarasov,† Z. Ya. Zhuchenko,† H. Kissel,‡ U. Müller, Vas. P. Kunets, and W. T. Masselink§

Department of Physics, Humboldt-Universita¨t zu Berlin, Invalidenstrasse 110, D-10115 Berlin, Germany
~Received 29 November 2001; revised manuscript received 5 February 2002; published 9 July 2002!

Many-electron effects in pseudomorphically strained modulation-doped AlxGa12xAs/InyGa12yAs/GaAs
(x50.20, y50.19) heterostructures are investigated using photoluminescence as a function of magnetic field
B, temperatureT, and excitation densityI. The interaction of the many-body exciton~Fermi-edge singularity!
with the longitudinal–optical-phonon is observed. Both the Fermi-edge singularity and the enhancement of the
exciton-longitudinal optical phonon interaction can be controlled by varying the magnetic field; the strengths of
these two many-body effects change with filling factor. They are synchronous both with each other and with
the resonance of the upper Landau level with the Fermi level. The strength of this phonon replica when the
Fermi level is resonant with a Landau level is attributed to the magnetic-field-dependent screening properties
of the two-dimensional electron gas in the quantum well.

DOI: 10.1103/PhysRevB.66.035308 PACS number~s!: 78.55.Cr, 78.20.Ls, 73.40.Kp
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I. INTRODUCTION

Modulation-doped quantum wells~QW’s! afford a unique
opportunity to gain deeper insight into the properties o
two-dimensional electron gas~2DEG! and, in particular, to
its response on the external perturbation, a variety of fin
state excitations, and the electron-electron interactions1–3

The optical properties are dominated by the Fermi-edge
gularity ~FES!, a continuum resonance whose spectral sh
is governed by the Coulomb interactions of the photoexc
carriers with the low-lying Fermi-sea excitations.4–6 In addi-
tion, lattice @longitudinal-optical~LO! phonons# and Fermi-
sea ~shake-up! excitations are observed in the magne
optical spectra from QW’s containing high densities
carriers.7–9 Usually the FES develops at the high-energy s
of the photoluminescence~PL! band, whereas the LO
phonons and shake-up excitations appear in the low-en
tail of the emission spectra.

The observation of the FES and other many-body effe
such as shake-up satellites in magnetoluminescence sp
is associated with a strong hole localization.10 This localiza-
tion energy has also recently been quantified.11 The depen-
dence of satellite intensity as a function of magnetic field
ascribed to the change of the Landau-level~LL ! filling factor
with field and to the resonant interaction between the L
phonon and shake-up satellites. For even integer filling f
tors, the FES is found to be weak and the shake-up pe
relatively strong as a result of the poor screening of
electron-hole Coulomb interaction in the incompressi
state of the 2DEG. Conversely, for odd integer filling facto
the FES strength is enhanced and the shake-up peaks be
smeared into a continuous background due to effic
screening of the electron-hole interaction in the compress
state of the 2DEG.12,13

This relatively simple picture is inconsistent with som
recently reported behavior of LO-phonon sidebands~PSB’s!
in a magnetic field; these data may be interpreted as an
dication that the strength of the LO PSB’s accompanying
transitions between the electron and hole Landau le
0163-1829/2002/66~3!/035308~7!/$20.00 66 0353
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strongly depends not only on the strength of electron-L
phonon~Fröhlich! coupling but also on the interference b
tween electron-phonon and hole-phonon recombina
channels.14 This interference leads to a suppression of dire
transition PSB’s and to an inverted dependence in rela
strength for indirect-transition PSB’s compared with that
the zero-phonon lines. The physical mechanisms govern
the optical processes with a 2DEG participation are not
completely explored and details of the valence-band str
ture, the hole localization, and intersubband coupling nee
be clarified.

It has been recently demonstrated that even in the p
ence of hole localization the QW system has to be sligh
optically ‘‘heated,’’ creating a small concentration of no
equilibrium holes, to develop the FES enhancement in the
spectrum.15 The observed nonmonotonic temperature and
citation density dependencies of the FES suggest the nee
reevaluate the picture based on weakly localized holes.16 In
this paper, we present data describing the correlated beha
of the FES and its PSB in modulation-dope
Al xGa12xAs/InyGa12yAs/GaAs heterostructures which re
quires a refined description of the electron-phonon coup
in a dense 2DEG system with hole localization.

II. EXPERIMENTAL DETAILS

A series of pseudomorphic modulation-dop
Al xGa12xAs/InyGa12yAs/GaAs heterostructures were grow
to allow the conditions of the FES and PSB observation. T
epilayer sequence for the sample which is mainly descri
in this paper consists of a GaAs buffer layer, a 15-nm u
doped In0.19Ga0.81As strained QW~2DEG channel!, a 7.5-nm
Al0.20Ga0.80As undoped spacer, a 35-nm Al0.20Ga0.80As
heavily Si-doped supplier layer withND5231018 cm23,
and a 5-nm Si-doped GaAs cap layer withND52.5
31018 cm23. The electron sheet densityns of the 2D elec-
trons, obtained from low-field Hall measurements down
4.2 K is aboutns51.0531012 cm22. Double-crystal x-ray-
diffraction together with simulation were used to verify th
samples’ structural parameters. The x-ray data also indica
©2002 The American Physical Society08-1
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high quality of the structures under investigation.
The PL was excited by the 514.5-nm line of a cw A1

laser and was dispersed through a 3/4-m Czerny-Tu
scanning spectrometer, with a spectral resolution better
0.1 meV. The samples were mounted in an Oxford Spec
mag 4000 system allowing measurements in magnetic fi
up to 7 T and at temperatures from 1.7 to 300 K.

In order to identify weak peaks lying in close proximity
much stronger ones, the number and approximate ener
position of the peaks are located using the second deriva
of the PL spectrum. The entire spectrum is then decon
luted into a set of Gaussian-shaped curves with their max
at the energies determined using the second derivative.
convolution of these Gaussians reproduces the spectral s
of the original PL signal. In this fashion the various cont
butions in the PL spectrum have been distinguished and
lyzed, and, in particular, the integrated intensity of relative
weak features reliably determined.

III. RESULTS AND DISCUSSION

Figure 1 shows the PL behavior in a magnetic field.
zero magnetic field, the dominant feature results from
transition between thene51 2DEG state and thenh51
heavy-hole state. At low temperatures, this feature (E11) is a
relatively broad peak with its maximum at 1.2837 eV and
full width at half magnitude of 16 meV. A second peakE21
observed at 1.3249 eV is ascribed to the transition betw
the ne52 2DEG state and thenh51 heavy-hole state. Iden
tification of the photoluminescence peaks is aided by a s
consistent solution of the coupled Schro¨dinger and Poisson
equations. The Fermi level for a given temperature has b
calculated iteratively from the charge-neutrality conditio
The intersubband separationD5E22E1 in the conduction
band is found to be 45 meV, andEF is 8 meV below theE2
energy. To correctly model the overall PL line shape for no
zero temperatures, the technique of Lyo and Jones is us17

Thus, differences in the electron and hole quasi-Fermi lev
level broadening due to ionized-impurity scattering of t
majority and minority carriers, and impurity-assisted reco
bination are included. Higher excitation densities can also
modeled by adjusting the electron temperature~experimen-
tally measured as a function of excitation intensity! and al-
lowing the electron and hole densities to increase. When
temperature and/or excitation density is increased, then52
electron state becomes populated and the PL feature re
to then52 state (E21 transition! is also measured.

A magnetic field applied perpendicular to the layer s
face quantizes free electron and hole states into LL’s. T
quantization is reflected in the PL, which breaks up into
series of peaks corresponding to transitions between LL’
the electron conduction band and those of the heavy-h
valence band~light-hole states are separated by;60 meV
in these structures and are not taken into account in
study!. Electron-hole recombination occurs between L
with the same quantum numbersNe , Nh50, 1, 2, . . . ac-
cording to the well-known selection rule. Under low-lev
excitation and at low temperature, most of the photoexc
holes relax into the LL ground state, 0h , and only the radia-
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tive transition with electrons in the 0e state is allowed, the
transitions withNe.0 being nominally forbidden. Due to
carrier-impurity interactions these indirect transitions b
come allowed and are also seen in t
magnetoluminescence.18 Electron-hole emission arising pri
marily from the direct 0e→0h transition is accompanied b
emission from the nominally forbidden 1e→0h , 2e→0h ,
3e→0h , . . . transitions, which have much weaker oscillat
strengths in comparison with the allowed transitions (Ne
2Nh50). The measured recombination energies of Land
levels with indicesNe andNh and magnetic-field strengthB
are given by

E~Ne ,Nh!5Eg* 1\eBS 1

2m
1

Ne

me*
1

Nh

mh*
D , ~1!

FIG. 1. ~a! Magnetic-field-induced transformation of the P
spectrum at low temperature (T56 K). TheE11 andE21 transition
energies atB50 T are marked.~b! Landau-level fan plot. On the
low-energy side of the PL spectra LO-phonon satellites of theNe

→0h (Ne>1) transitions are observed. Vertical bars show the v
ues of the filling factorn.
8-2
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whereEg* is the effective energy gap;Ee12Ehh1 , me* and
mh* are the electron and hole effective masses; andm is the
reduced effective mass of the electron and hole. The num
of LL’s which are occupied for a given magnetic-fie
strength and Fermi energy is determined by the LL filli
factor

n5hns /eB5EF /\vc , ~2!

wherens is the 2DEG density andvc is the cyclotron fre-
quency. For a given filling factor,n, the maximum occupied
Landau level whenNh50 has an indexNe given by
Ne(max)5(n21)/2. Using thens value derived above, it is
straightforward to find that atB57 T only LL’s with
Ne50, 1, and 2 are filled resulting in three PL peaks visib
in Fig. 1.

The transition energies derived from the PL spectra
plotted in Fig. 1~b! as a function of magnetic field. By fitting
the LL fan plot@Fig. 1~b!# to Eq. 1, the effective energy gap
Eg* , may be precisely determined. This value ofEg* in the
In0.19Ga0.81As QW is found to be 1.2787 eV, significantl
smaller than the valueE1151.2837 eV, the maximum in the
PL spectrum atB50 T. The spectral blueshift of the P
onset observed experimentally is consistent with the theo
cally predicted shift caused by the scattering of electrons~or
holes! into virtual intermediate states before~after! the
recombination.17 The impurity and alloy potential scatterin
within the InyGa12yAs layer, as well as the scattering b
ionized donors on the other side of the spacer layer are
marily responsible for the broadening and spectral shift
the E11 transition. The energies of the various Landau lev
as a function of magnetic field, furthermore, allow us to d
termine the electron effective mass,me* 50.0634
(60.0003)m0 and the hole effective mass,mh* 50.091m0.
The relatively small value formh* is due to the strain-induce
coupling between the heavy- and light-hole bands. The
pendence of theE21 transition on magnetic field is als
shown in Fig. 1~b! and is well approximated by aB2 depen-
dence typical for diamagnetic excitons.

Below the principal 0e→0h transition energy a series o
phonon satellite lines is seen in the fan chart of Fig. 1~b!.
EachNe→0h (Ne>1) LL fan is replicated by a satellite. Th
phonon satellites arise from the LO-phonon Fro¨hlich interac-
tion and occur to be intensive when the initial state of the
includes a localized hole.19 The magnetic-field dependencie
of the satellite energies converge onto the energy axi
B50 T, giving the energy of 36.5 meV belowEg that cor-
responds to the GaAs-like LO-phonon energy. It is also
table that the FES feature is replicated also by the sa
phonon energy.

Displaying the magnetoluminescence on a semilogar
mic scale as in Fig. 2 and identifying the peak positions
described above using the second derivative and deconv
tion techniques allows not only the various Landau levels
be identified, but also the FES and a number of phonon
licas. Figure 2 clearly shows the radiative transitio
Ne→0h from LL’s with Ne<3 which are also the only elec
tronic Landau levels expected to be populated atB55 T
based on the value of the filling factor@see Fig. 1~b!#. In
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addition, the direct transition 1e→1h is revealed in the PL
~feature 3 in Fig. 2! due to the energy distribution of holes i
the valence band, which for low excitation density,
Boltzmann-like. The FES~feature 6 in Fig. 2! is identified
first of all through its energetic dependence on magnetic fi
as seen in Fig. 1~b! and by comparing its zero-field energ
with the self-consistent calculation. In addition, it becom
enhanced each time one of the successive LL’s crosses
Fermi energy.

We have also investigated the dependence of the FES
the magnetoluminescence in general on temperature;
temperature-related changes of the PL spectrum atB57 T
are displayed in Fig. 3. First of all, one sees that the te
perature dependence of diagonal and off-diagonal transit

FIG. 2. Semilogarithmic representation of a magnetolumin
cence spectrum withB55 T and atT56 K with a number of
transitions identified. The labeling is as follows: 1—0e→0h transi-
tion, 2—1e→0h transition, 3—1e→1h transition, 4—2e→0h tran-
sition, 5—3e→0h transition, 6—FES, and 7—0e

2→0h transition.
The LO-phonon replicas of primary transitions are denoted asN8.

FIG. 3. Temperature-related evolution of the PL spectrum
magnetic field ofB57 T. Arrows mark the transitions as labeled
Fig. 2; additional peaks are 8—2e→2h transition and 9—LL tran-
sitions related to then52 subband. The dashed lines are guides
assist in following the temperature development of the peaks.
8-3
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between LL’s is principally different. As the thermal popul
tion of higher hole LL’s grows with increasing temperatur
the allowed 1e→1h transition becomes relatively more in
tense at the expense of the nominally forbiddenNe→0h
(NeÞ0e) transitions.

It should be noted that the low-temperature (T56 K)
spectrum between peaks 3 and 7 in Fig. 3 is dominated
the 1e→1h , 2e→0h , FES, and 0e

2→0h transitions. At el-
evated temperature, however, the 2e→2h related feature de
velops at the low-energy side of the 0e

2→0h transition, fi-
nally dominating the PL in this spectral range at temperatu
above 45 K. Using the procedure of line-shape analysis
scribed above, the different contributions for each tempe
ture are identified. The temperature dependencies of t
integral PL intensities are plotted in Figs. 4~a,b! and we see
that the dependencies for the 1e→1h and 2e→2h transitions
follow the thermal population of heavy-hole states. The in
gral intensity of the FES feature is seen to be a nonmo
tonic function of temperature with a maximum intensity
T;18 K, persisting up to 55 K, and then vanishing
still higher temperatures. The observed nonmonoto
dependence is not theoretically anticipated. It is expec
that the FES feature will become less visible as the temp
ture is increased due to the smearing out of the Fermi sur
and decays completely if the temperature reaches o
T;10 K. That is just contrary to what is observed expe
mentally. There are at least two mechanisms which co

FIG. 4. Temperature dependence of the integral PL intens
for ~a! FES and 2e→2h , and~b! 1e→1h and 1e→0h transitions.~c!
Temperature dependence of the inter-LL transition energies in
PL spectra at a magnetic field ofB57 T. The solid lines show the
temperature change of the band gapEg .
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lead to a thermally inducedincreasein FES intensity. One is
that previous investigations of the FES in the pseudomorp
cally strained modulation-dope
Al xGa12xAs/InyGa12yAs/GaAs system have identified tw
hole localization energies.11 Assuming that the higher-lying
level ~with higher hole binding energy! leads to a more-
pronounced FES, a thermal activation of the lower-lyi
level could increase the population of the higher-lying lev
by bringing the populations closer to thermal equilibriu
with each other. A second mechanism could be that acou
phonons withq5kF aid in the development of the FE
through their contribution to the multiple electron-hole sc
tering.

Figure 4~c! shows the temperature shift of the emissi
lines for the inter-LL transitions in a magnetic field ofB
57 T. The solid line shows the corresponding change of
band-gap energy. The total redshift of the entire spectrum
caused by the band-gap shrinkage, while the LL spaci
remain intact. The well-pronounced deviation of the expe
mental points from the temperature dependence of the b
gap for the 0e→0h transition can be attributed to fluctuation
of the local potential energy in the QW.20 These fluctuations
also broaden the LL’s. At low excitation densities and lo
temperature the photoexcited holes will populate predo
nantly the low-energy states within the broadened LL, a
the transition energy becomes smaller than the gap betw
the corresponding electron and hole LL’s. The width of t
Nth hole LL, GN , is determined by both the magnitude
the fluctuations and their ranges. The magnetic length
B57 T is found to be of the same order as a characteri
scale of the potential fluctuations in our QW’s. In this ca
GN becomes smaller for largerNh .21 Therefore the deviation
from theEg dependence at low temperature is expected to
smaller for largerN in accordance with the experiment. Th
temperature elevation results in a more regular distribut
of holes over all states within broadened LL’s and t
inter-LL transition energies follow the temperature variati
of Eg as one can see from Fig. 4~c!. A similar effect is also
expected for increasing excitation density.

Figure 5~a! shows the excitation density dependence
the low-temperature PL spectra (T56 K) in magnetic field
B57 T. The dependence of the spectrum on excitation
tensity is similar to that on temperature. It is clearly seen t
the 1e→1h related feature increases in intensity at high
excitation densities. Nevertheless its appearance canno
explained only by the subsequent filling of the hole LL. B
tov et al.20 have assumed that the ‘‘excess’’ recombinati
involving excited hole states can develop here due to
increase of the hole relaxation rate whenever the hole c
centration is enlarged.

The behavior of the FES feature as a function of tempe
ture and excitation density is of particular interest. Figure
depicts the FES development as a function of the excita
density at magnetic field ofB57 T. It is clearly seen the
FES feature increases in intensity with increasing excitat
density as a distinct peak even if it was not detected
B50 T; the FES has its maximum intensity for an intens
of I'I 052 W cm22 for lattice temperatureTL56 K and
B57 T. At I 5I 0520 W cm22 the FES feature coexist
with then52 conduction-band–heavy-hole transition, whi

s

e

8-4



el
on

t

rg
tro
t

i
g
n

,

an
es
om
o
nc
e
s

ie

f
ca
B
n

ro-
in-
all
e-
tion

en
nd
Fi-
the
-
nd
ral
nvo-
n-
ing
on-
As
lla-

n-

tial
y
0
ing
nse
g.
at

ing
ermi
Both
PSB
can

face
w-

uc-

ing
on
,
n-
s of
nc-
ally
en-
It

the
en-
the

or

u
by

ore
r is

c-

in
d

INTERACTION BETWEEN THE FERMI-EDGE . . . PHYSICAL REVIEW B 66, 035308 ~2002!
demonstrates the excitonlike behavior in a magnetic fi
@see Fig. 1~b!#. Figure 5 shows that whenever this transiti
appears, the FES feature repelled itself from then52 elec-
tronic state and moves towards lower energies against
Fermi energy. Increased excitation intensity results in
higher electron temperature; an analysis of the high-ene
tail of the magnetoluminescence indicates that the elec
temperatureTe is about 18 K forI 5I 0 and already abou
13 K for I 50.1I 0 when the lattice temperatureTL56 K.
Thus, one effect of the increased excitation energy is an
crease inTe . A second effect is a smearing of the Fermi ed
due to excess hot electrons; this smearing, as long as it is
too great, can also aid in the development of the FES.

We now turn our attention to the peaks seen in Figs. 2
and 5~a! with energy less than the 0e→0h transition which
are due to longitudinal-optical-phonon replicas of other tr
sitions and are seen only with applied magnetic field. Th
satellites result during the electron-hole recombination fr
the simultaneous emission of one GaAs-like LO phon
(Eph536.5 meV). The physical reasons for the appeara
of phonon sidebands in a magnetic field have been wid
discussed.10,14The importance of hole localization as well a
screening for the determination of the strength of the carr
LO-phonon interaction has been demonstrated.10,22,23 So-
called shake-up excitations10 are ruled out both because o
the magnetic-field dependence and because they are typi
only observed at rather high magnetic fields. The LO PS
for transitions between the electron and hole LL’s are fou
to be relatively strong and their strengths grow for largerNe

FIG. 5. ~a! Excitation density-related evolution of the PL spe
trum in magnetic field ofB57 T and at low temperature (T
56 K, I 0520 W cm22). The labels have the same meaning as
Figs. 2 and 3.~b! Integral PL intensity ratio for LO satellites an
parent LL transitions versus excitation density.
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values just in contrast with the relative strength of the ze
phonon lines. This dependence of the LO PSB strengths
verted byNe has been explained by the suppression of sm
DN5uNe2Nhu sidebands arising from the interference b
tween the electron-phonon and hole-phonon recombina
channels and the magnetic quantization in a 2D system.14 It
is of interest that the observed PSB’s are practically hidd
in the noise if the excitation density is small enough a
enhance significantly with increasing excitation density.
nally, they reach magnitudes comparable with those of
off-diagonal parent transitions. Figure 5~b! shows the depen
dencies of the integral intensities ratio for LO satellites a
parent LL transitions on the excitation density. The integ
intensities have been extracted from the PL spectra deco
lution following the procedure described above. The e
hancement of the LO PSB’s is also observed with increas
temperature. We consider the hole localization to be resp
sible in part for both the FES and PSB development.
mentioned above, the optical detection of quantum osci
tions of the PL intensity in a magnetic field11 revealed two
sorts of holes in pseudomorphically strained modulatio
doped AlxGa12xAs/InyGa12yAs heterostructures:~i! nearly
free, or in shallow traps, localized holes due to poten
fluctuations, and~ii ! those which are strongly localized b
alloy fluctuations~with a localization energy of about 1
meV!. The strong hole localization favors the strengthen
of the electron-phonon coupling even in the case of a de
2DEG, when it will be inevitably weakened due to screenin
An analysis of Fig. 3 reveals that the FES decays
T555 K and simultaneously the decay of accompany
PSB’s takes place. As the temperature increases the F
edge is smeared out and the holes become delocalized.
these factors tend to reduce the FES as well as the
strength. On the other hand the electron-phonon coupling
be also contributed by confined phonon modes and inter
modes, which are expected to yield stronger PSB’s. Ho
ever, the contribution of these modes in layered alloy str
tures lacks a quantitative explanation at present.

Focusing on feature 68, just below the 0e→0h transition
in energy, we note that it tracks feature 6, the FES, ly
36.5-meV lower in energy. That the energy dependence
magnetic field of feature 68 is the same as that of the FES
but one GaAs LO-phonon energy lower, is in marked co
trast to the energetic dependence of the phonon replica
Landau levels which track the parent Landau level as a fu
tion of magnetic field, and the shake-up excitations gener
decrease in energy with increasing magnetic field. We id
tify feature 68 as the GaAs LO-phonon replica of the FES.
was noted above, in connection with the description of
magnetic-field behavior of the FES, that the integrated int
sity of the FES increases when a Landau level crosses
Fermi level. This event occurs whenever the filling fact

n52( 1
2 1Ne) for transitions withNh50, or for odd integer

filling factors. When the Fermi level lies within the Landa
level ~which is broadened both by the spin splitting and
inhomogeneities in the electron’s environment!, a multiple
electron-hole scattering across the Fermi level becomes m
likely, favoring the FES enhancement. Such a behavio
8-5
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YU. I. MAZUR et al. PHYSICAL REVIEW B 66, 035308 ~2002!
opposite to that of shake-up excitations observed by Ru
et al.13 in the magneto-PL spectra of InGaAs/InP QW
Their study of the joint evolution of FES and shake-up sid
bands in a magnetic field shows that while the intensity
the FES is maximized for odd filling factors, that of th
shake-up excitations is maximized for even filling facto
where the Fermi energy lies between two Landau levels.
shake-up excitations in this case are strong as a result o
poor screening of the electron-hole Coulomb interaction
the incompressible state of the electron gas.13

Figure 6 depicts this enhancement in the region of
Fermi level for three magnetic-field strengths between
and 7.0 T, specifically showing the results of line-shape sp
tral analysis of the PL spectra recorded atB55.5, 6.0, and
7.0 T. For B55.5 T, the filling factorn takes the value
n58, indicating that the Fermi level lies between the~full !
Ne53 level and the~empty! Ne54 level. One sees from Fig
6 that the integrated intensity of the FES is relatively sm
At B56 T, the filling factor isn57.3 and the LL with
Ne53 overlaps with the Fermi level. In this case, a nota
enhancement of the FES is seen. Finally, atB57 T the fill-
ing factor isn56.2 and, again, the Fermi level lies betwe
two LL’s, in this caseNe52 andNe53. As atB55.5 T, the
FES enhancement is again not very well pronounced.
turning to feature 68, the phonon replica of the FES, we s
in Fig. 6 that its dependence of intensity on magnetic field
similar to that of the FES. The results of Fig. 6 are summ
rized in Fig. 7, which depicts the variation of integral P
intensity for the FES and its LO-phonon satellite with ma

FIG. 6. The changes of the PL spectrum for magnetic-fi
strengths 5.5, 6.0, and 7.0 T atT56 K. Shadowed parts of the P
spectrum focus on the FES and its PSB.
03530
io

-
f

,
e
he
n

e
5
c-

l.

e

e-

s
-

-

netic field. The synchronous behavior of the intensit
shows that both the FES and its phonon replica have max
for odd filling factors and minima for even filling factors
Together with the energy dependence of the two peaks, th
data definitively confirm the assignments of these two tr
sitions. We believe this to be the first investigation of t
coupling between the FES and phonons.

IV. CONCLUSIONS

To summarize, we have used magnetoluminescence to
vestigate many-body effects in a 2DEG in a pseudomorp
cally strained modulation-doped AlxGa12xAs/InyGa12yAs
heterostructure. The energies of theNe→0h for 0<Ne<5
and the 1e→1h Landau levels of theE11 transition were
investigated as a function of magnetic field, temperature,
excitation intensity. In addition, many-body effects such
the FES and the coupling of the GaAs-like LO phonon to
Landau levels were investigated. We find that the FES
enhanced when the Fermi edge is somewhat smeared
either thermally or due to nonequilibrium photoexcited ele
trons. Thus the FES has its maximum relative intensity
finite temperature and excitation intensity. A number of re
licas of Landau-level transitions involving the GaAs-like L
phonon were also investigated. In addition, the LO-phon
replica of the FES was investigated. We demonstrate tha
intensity also depends on the magnetic field as does the F
being maximized when the Landau levels cross the Fe
level and minimized when the Fermi level is between tw
Landau levels. The strength of the phonon replica of the F
when the Fermi level is resonant with a Landau level
somewhat surprising considering the expected screenin
this case, but is perhaps due to a reduction in screening
magnetic field.
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FIG. 7. Magnetic-field dependence of the integrated magnet
minescence intensity as a function of magnetic field for the F
transition~filled circles! and its LO-phonon replica~filled squares!.
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