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Interaction between the Fermi-edge singularity and optical phonons
in Al,Ga,_,AgIn,Ga,_,As/GaAs heterostructures
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Many-electron effects in pseudomorphically strained modulation-dopg@ail,As/In,Ga _,As/GaAs
(x=0.20, y=0.19) heterostructures are investigated using photoluminescence as a function of magnetic field
B, temperaturdl, and excitation density. The interaction of the many-body excitofermi-edge singularify
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.
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[. INTRODUCTION strongly depends not only on the strength of electron-LO-
phonon(Frohlich) coupling but also on the interference be-
Modulation-doped quantum well@W's) afford a unique ~ tween e|4ectr.on.—phonon and hole-phonon rgcombination
opportunity to gain deeper insight into the properties of achanneld? This interference leads to a suppression of direct-
two-dimensional electron ga@DEG) and, in particular, to  transition PSB’s and to an inverted dependence in relative
its response on the external perturbation, a variety of finalStrength for indirect-transition PSB's compared with that of
state excitations, and the electron-electron interactiohs. the zero-phonon lines. The physical mechanisms governing
The optical properties are dominated by the Fermi-edge sirthe optical processes with a 2_DEG participation are not yet
gularity (FES, a continuum resonance whose spectral shap°MPletely explored and details of the valence-band struc-
is governed by the Coulomb interactions of the photoexcite%ure' th_e' hole localization, and intersubband coupling need to
carriers with the low-lying Fermi-sea excitatioh#. In addi- elflﬁ”f'eg' n recently demonstrated that even in the or
tion, lattice[longitudinal-optical(LO) phonong$ and Fermi- as been recently demonstrated that eve € pres
sea (shake-up excitations are observed in the magneto-ence of hole localization the QW system has to be slightly

tical tra f W taini hiah densiti foptically “heated,” creating a small concentration of non-
optica 7S_gec ra from QW' containing \gh densilies o equilibrium holes, to develop the FES enhancement in the PL
carriers.”” Usually the FES develops at the high-energy Sldespectruml_5 The observed nonmonotonic temperature and ex-
of the photoluminescencéPL) band, whereas the LO

it i citation density dependencies of the FES suggest the need to
phonons and shake-up excitations appear in the low-energgeyajuate the picture based on weakly localized Hids.

tail of the emission spectra. this paper, we present data describing the correlated behavior
The observation of the FES and other many-body effectgf the FES and its PSB in modulation-doped
such as shake-up satellites in magnetoluminescence SPGCN%(Gal,XAs/InyGai,yAs/GaAs heterostructures which re-
is associated with a strong hole localizatfSThis localiza- quires a refined description of the electron-phonon coupling
tion energy has also recently been quantifie@he depen- in a dense 2DEG system with hole localization.
dence of satellite intensity as a function of magnetic field is
ascribed to the change of the Landau-lefid!) filling factor Il. EXPERIMENTAL DETAILS
with field and to the resonant interaction between the LO-
phonon and shake-up satellites. For even integer filling fac- A series of  pseudomorphic  modulation-doped
tors, the FES is found to be weak and the shake-up pealdlGa ,As/InGa ,As/GaAs heterostructures were grown
relatively strong as a result of the poor screening of thdgo allow the conditions of the FES and PSB observation. The
electron-hole Coulomb interaction in the incompressibleepilayer sequence for the sample which is mainly described
state of the 2DEG. Conversely, for odd integer filling factors,in this paper consists of a GaAs buffer layer, a 15-nm un-
the FES strength is enhanced and the shake-up peaks becofaped I ;{G& g;As strained QW2DEG channgl a 7.5-nm
smeared into a continuous background due to efficienflgdGagAs undoped spacer, a 35-nm AKGa gAS
screening of the electron-hole interaction in the compressibleeavily Si-doped supplier layer withlp=2X 10'® cm3,
state of the 2DEG?13 and a 5-nm Si-doped GaAs cap layer withp=2.5
This relatively simple picture is inconsistent with some X 10" cm™3. The electron sheet density, of the 2D elec-
recently reported behavior of LO-phonon sideba(fiSB’y  trons, obtained from low-field Hall measurements down to
in a magnetic field; these data may be interpreted as an im.2 K is aboutng=1.05< 10'> cm™2. Double-crystal x-ray-
dication that the strength of the LO PSB’s accompanying thaiffraction together with simulation were used to verify the
transitions between the electron and hole Landau levelsamples’ structural parameters. The x-ray data also indicate a
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high quality of the structures under investigation.

The PL was excited by the 514.5-nm line of a cw*Ar
laser and was dispersed through a 3/4-m Czerny-Turner
scanning spectrometer, with a spectral resolution better than

0.1 meV. The samples were mounted in an Oxford Spectro- )
mag 4000 system allowing measurements in magnetic fields 5
up to 7 T and at temperatures from 1.7 to 300 K. g

In order to identify weak peaks lying in close proximity to i'; 1
much stronger ones, the number and approximate energetic aleT
position of the peaks are located using the second derivative |5
of the PL spectrum. The entire spectrum is then deconvo- £ |57
luted into a set of Gaussian-shaped curves with their maxima a a7

at the energies determined using the second derivative. The
convolution of these Gaussians reproduces the spectral shape 37T E,,

of the original PL signal. In this fashion the various contri- e
butions in the PL spectrum have been distinguished and ana- O_T — T
lyzed, and, in particular, the integrated intensity of relatively 126 128 1.30 1.32
weak features reliably determined.

Photon enetgy (eV)

IIl. RESULTS AND DISCUSSION B 350, 40,

Figure 1 shows the PL behavior in a magnetic field. At 1a2 L 30
zero magnetic field, the dominant feature results from the 50
transition between the,=1 2DEG state and the,=1 1.81 o
heavy-hole state. At low temperatures, this featltg) is a =130 I 1.0,
relatively broad peak with its maximum at 1.2837 eV and a =
full width at half magnitude of 16 meV. A second peBk; £1-29 ?:E(;“
observed at 1.3249 eV is ascribed to the transition between 5 1 28 [ :,*'(é"-Bh)'
then,=2 2DEG state and the,=1 heavy-hole state. lden- é f * +2:0)
tification of the photoluminescence peaks is aided by a self- £1271 * 0

consistent solution of the coupled Schirmger and Poisson 2L PR
equations. The Fermi level for a given temperature has been =
calculated iteratively from the charge-neutrality condition.
The intersubband separatidn=E,—E; in the conduction o4 1

band is found to be 45 meV, aritk is 8 meV below theE, e v s ST IR E R
energy. To correctly model the overall PL line shape for non- L
zero temperatures, the technique of Lyo and Jones is'ised. Magnetic field B (T)
Thus, differences in the electron and hole quasi-Fermi levels, o 4 (@) Magnetic-field-induced transformation of the PL

Ievgl ,broademr,]g que o ,'°”'Zed"”?p““tY Scattgrlng of thespectrum at low temperaturd €6 K). TheEq; andE,, transition

majority and minority carriers, and impurity-assisted recom-gnergies aB=0 T are marked(b) Landau-level fan plot. On the

bination are mc!udgd. Higher excitation densities can also beow_energy side of the PL spectra LO-phonon satellites ofNbe

modeled by adjusting the electron temperat(eperimen- .o, (N,>1) transitions are observed. Vertical bars show the val-

tally measured as a function of excitation intensiiyd al-  yes of the filling factor.

lowing the electron and hole densities to increase. When the » . _ .

temperature and/or excitation density is increasednth@  tive transition with electrons in the.Gstate is allowed, the

electron state becomes populated and the PL feature relat@@nsitions withN.>0 being nominally forbidden. Due to

to then=2 state E,, transition is also measured. carrier-impurity interactions these indirect transitions be-
A magnetic field applied perpendicular to the layer sur-cOMeé  allowed —and ~are also seen in  the

face quantizes free electron and hole states into LLs. Thignagnetoluminescencé Electron-hole emission arising pri-

guantization is reflected in the PL, which breaks up into amarily from the direct @— 0, transition is accompanied by

series of peaks corresponding to transitions between LL's 0§
the electron conduction band and those of the heavy-hol . . X -

. Strengths in comparison with the allowed transitioms, (
valence bandlight-hole states are separated Y0 meV —Np=0). The measured recombination energies of Landau
in these structures and are not taken into account in oulr h : 9

study). Electron-hole recombination occurs between LL's evels with indicesNe andN,, and magnetic-field strengt

mission from the nominally forbidden,40,,, 2.—0,,
«— 0, ... transitions, which have much weaker oscillator

with the same quantum numbeks,, N,=0, 1, 2,... ac- are given by

cording to the well-known selection rule. Under low-level 1 N, N,

excitation and at low temperature, most of the photoexcited E(Ne,Np)=Eg +heB T T —*) 1)
holes relax into the LL ground state, Oand only the radia- Koomg my
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whereEj is the effective energy gafEe; —Epp, Me and ]
m} are the electron and hole effective masses; arid the /
reduced effective mass of the electron and hole. The number
of LL's which are occupied for a given magnetic-field

strength and Fermi energy is determined by the LL filling 01 L
factor E

v=hng/eB=E;/fw,, (2

log. PL intensity (arb. units)

whereng is the 2DEG density and. is the cyclotron fre- 00T

guency. For a given filling factor;, the maximum occupied SRS P T I I T
Landau level whenN,=0 has an indexN, given by 124 126 128 130 132 1.34
Ne(max)=(v—1)/2. Using theng value derived above, it is Photon energy (eV)
straightforward to find that aB=7 T only LLs with
N.=0, 1, and 2 are filled resulting in three PL peaks visible
in Fig. 1. .. . . transitions identified. The labeling is as follows: 100, transi-
The transition energies derived from the PL spectra '%on, 2—1,0;, transition, 3—1%— 1, transition, 4—2—0, tran-

plotted in Fig. Ib) as a function of magnetic.field. By fitting sition, 5—3,—0y, transition, 6—FES, and 7—20-0, transition.

the LL fan plot[Fig. 1(b)] to Eq. 1, the effective energy gap, the 0-phonon replicas of primary transitions are denotel‘as

Ej . may be precisely determined. This valueEff in the

INo.1dGe gAS QW is found to be 1.2787 eV, significantly aqgition, the direct transition 11, is revealed in the PL
smaller than the valug;;=1.2837 eV, the maximum inthe (feature 3 in Fig. 2due to the energy distribution of holes in
PL spectrum aB=0 T. The spectral blueshift of the PL the valence band, which for low excitation density, is
onset observed experimentally is consistent with the theoretigoizmann-like. The FESfeature 6 in Fig. 2is identified
cally predicted shift caused by the scattering of elect{@ns  fjst of all through its energetic dependence on magnetic field
holeg into virtual intermediate states befor@ften the 55 seen in Fig. (b) and by comparing its zero-field energy
recombinatiort” The impurity and alloy potential scattering yith the self-consistent calculation. In addition, it becomes
within the InGa ,As layer, as well as the scattering by enhanced each time one of the successive LL's crosses the
ionized donors on the other side of the spacer layer are prizermij energy.

marily responsible for the broadening and spectral shift of \\ie have also investigated the dependence of the FES and
the E1; transition. The energies of the various Landau levelspe magnetoluminescence in general on temperature; the
as a function of magnetic field, furthermore, allow us to detemperature-related changes of the PL spectru=a? T
termine the electron effective massmg =0.0634  are displayed in Fig. 3. First of all, one sees that the tem-
(+0.0003)n, and the hole effective massy; =0.09Img.  perature dependence of diagonal and off-diagonal transitions
The relatively small value fomy: is due to the strain-induced
coupling between the heavy- and light-hole bands. The de-
pendence of theE,; transition on magnetic field is also
shown in Fig. 1b) and is well approximated by B> depen-
dence typical for diamagnetic excitons.

Below the principal @— 0y, transition energy a series of
phonon satellite lines is seen in the fan chart of Fig).1
EachN.— 0y, (Nc.=1) LL fan is replicated by a satellite. The
phonon satellites arise from the LO-phonon iich interac-
tion and occur to be intensive when the initial state of the PL
includes a localized hol¥. The magnetic-field dependencies
of the satellite energies converge onto the energy axis at
B=0 T, giving the energy of 36.5 meV belok, that cor-
responds to the GaAs-like LO-phonon energy. It is also no-
table that the FES feature is replicated also by the same
phonon energy.

Displaying the magnetoluminescence on a semilogarith-
mic scale as in Fig. 2 and identifying the peak positions as
described above using the second derivative and deconvolu-
tion techniques allows not only the various Landau levels to
be identified, but also the FES and a number of phonon rep- £, 3. Temperature-related evolution of the PL spectrum in
licas. Figure 2 clearly shows the radiative transitionsmagnetic field oB=7 T.Arrows mark the transitions as labeled in
Ne— 0y from LL's with N.<3 which are also the only elec- Fig. 2; additional peaks are 8—2:2, transition and 9—LL tran-
tronic Landau levels expected to be populatedBat5 T  sitions related to tha=2 subband. The dashed lines are guides to
based on the value of the filling factpsee Fig. 1b)]. In  assist in following the temperature development of the peaks.

FIG. 2. Semilogarithmic representation of a magnetolumines-
cence spectrum witlBB=5 T and atT=6 K with a number of

log. PL intensity (arb. units)

1.22 1.24 126 128 1.30 1.32 1.34
Photon energy (eV)
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lead to a thermally induceidicreasein FES intensity. One is
that previous investigations of the FES in the pseudomorphi-
cally strained modulation-doped
Al,Ga As/In,Ga, _yAs/GaAs system have identified two
hole localization energies.Assuming that the higher-lying
level (with higher hole binding energyleads to a more-
pronounced FES, a thermal activation of the lower-lying
N level could increase the population of the higher-lying level
by bringing the populations closer to thermal equilibrium
with each other. A second mechanism could be that acoustic
phonons withg=kg aid in the development of the FES

o -
o =23

o

n
=
T

_
[22]
T

o
T T

1.-0
e

Integral PL intensity (arb. units)

NSl et s B through their contribution to the multiple electron-hole scat-
0 10 20 30 40 bK0 60 tering.
Temperature (K) Figure 4c) shows the temperature shift of the emission
tesr lines for the inter-LL transitions in a magnetic field 8f
130 =7 T.The solid line shows the corresponding change of the
3 I band-gap energy. The total redshift of the entire spectrum is
3 caused by the band-gap shrinkage, while the LL spacings
8 130 remain intact. The well-pronounced deviation of the experi-
2 I mental points from the temperature dependence of the band
g 1 gap for the @Q— Oy, transition can be attributed to fluctuations
£ 128 of the local potential energy in the Q¥ These fluctuations
o7k (c) also broaden the LLs. At low excitation densities and low
T °e'°nl temperature the photoexcited holes will populate predomi-

nantly the low-energy states within the broadened LL, and
the transition energy becomes smaller than the gap between
the corresponding electron and hole LL's. The width of the

FIG. 4. Temperature dependence of the integral PL intensitiefNth hole LL, I'y, is determined by both the magnitude of
for (a) FES and 2—2,, and(b) 1.— 1, and 1.— 0;, transitions(c) the fluctuations and their ranges. The magnetic length at
Temperature dependence of the inter-LL transition energies in th8=7 T is found to be of the same order as a characteristic
PL spectra at a magnetic field B=7 T. The solid lines show the scale of the potential fluctuations in our QW's. In this case
temperature change of the band dap. I'y becomes smaller for largé\;, .2 Therefore the deviation

o _ from theE, dependence at low temperature is expected to be

between LL's is principally different. As the thermal popula- smaller for largeiN in accordance with the experiment. The
tion of higher hole LL's grows with increasing temperature, temperature elevation results in a more regular distribution
the allowed 1— 1y transition becomes relatively more in- of holes over all states within broadened LL's and the
tense at the expense of the nominally forbiddeg—0, inter-LL transition energies follow the temperature variation
(Ne# 0g) transitions. of E4 as one can see from Fig(c}. A similar effect is also

It should be noted that the low-temperatufB<6 K)  expected for increasing excitation density.
spectrum between peaks 3 and 7 in Fig. 3 is dominated by Figure 5a) shows the excitation density dependence of
the 1—1,, 2.—0y, FES, and §—0, transitions. At el-  the low-temperature PL spectrd£6 K) in magnetic field
evated temperature, however, the-22,, related feature de- B=7 T. The dependence of the spectrum on excitation in-
velops at the low-energy side of th&-0.0,, transition, fi-  tensity is similar to that on temperature. It is clearly seen that
nally dominating the PL in this spectral range at temperaturethe 1,—1,, related feature increases in intensity at higher
above 45 K. Using the procedure of line-shape analysis deexcitation densities. Nevertheless its appearance cannot be
scribed above, the different contributions for each temperaexplained only by the subsequent filling of the hole LL. Bu-
ture are identified. The temperature dependencies of thetov et al?° have assumed that the “excess” recombination
integral PL intensities are plotted in Figga4) and we see involving excited hole states can develop here due to an
that the dependencies for the-2 1, and 2,— 2}, transitions increase of the hole relaxation rate whenever the hole con-
follow the thermal population of heavy-hole states. The inte-centration is enlarged.
gral intensity of the FES feature is seen to be a nonmono- The behavior of the FES feature as a function of tempera-
tonic function of temperature with a maximum intensity atture and excitation density is of particular interest. Figure 5
T~18 K, persisting up to 55 K, and then vanishing atdepicts the FES development as a function of the excitation
still higher temperatures. The observed nonmonotonidensity at magnetic field oB=7 T. It is clearly seen the
dependence is not theoretically anticipated. It is expecte#ES feature increases in intensity with increasing excitation
that the FES feature will become less visible as the temperadensity as a distinct peak even if it was not detected at
ture is increased due to the smearing out of the Fermi surfad@=0 T; the FES has its maximum intensity for an intensity
and decays completely if the temperature reaches onlgf |~I,=2 Wcm 2 for lattice temperaturd, =6 K and
T~10 K. That is just contrary to what is observed experi-B=7 T. At |=1,=20 Wcni 2 the FES feature coexists
mentally. There are at least two mechanisms which couldvith then=2 conduction-band—heavy-hole transition, which

0 20 40 60 80 100 120
Temperature (K)
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values just in contrast with the relative strength of the zero-
phonon lines. This dependence of the LO PSB strengths in-
verted byN, has been explained by the suppression of small
AN=|N.—N;| sidebands arising from the interference be-
tween the electron-phonon and hole-phonon recombination
channels and the magnetic quantization in a 2D sysfein.

is of interest that the observed PSB'’s are practically hidden
in the noise if the excitation density is small enough and
enhance significantly with increasing excitation density. Fi-
nally, they reach magnitudes comparable with those of the
off-diagonal parent transitions. Figuré shows the depen-
dencies of the integral intensities ratio for LO satellites and
parent LL transitions on the excitation density. The integral
intensities have been extracted from the PL spectra deconvo-
lution following the procedure described above. The en-
hancement of the LO PSB’s is also observed with increasing
temperature. We consider the hole localization to be respon-
sible in part for both the FES and PSB development. As
mentioned above, the optical detection of quantum oscilla-
tions of the PL intensity in a magnetic fiéfdrevealed two
sorts of holes in pseudomorphically strained modulation-

doped AlGa _,As/InGa, _,As heterostructures(i) nearly
free, or in shallow traps, localized holes due to potential
FIG. 5. (a) Excitation density-related evolution of the PL spec- fluctuations, andii) those which are strongly localized by
trum in magnetic field ofB=7 T and at low temperatureT(  alloy fluctuations(with a localization energy of about 10
=6 K, 1,5=20 Wcm ?). The labels have the same meaning as inmeV). The strong hole localization favors the strengthening
Figs. 2 and 3(b) Integral PL intensity ratio for LO satellites and of the electron-phonon coupling even in the case of a dense
parent LL transitions versus excitation density. 2DEG, when it will be inevitably weakened due to screening.
An analysis of Fig. 3 reveals that the FES decays at

demonstrates the excitonlike behavior in a magnetic field =55 K and simultaneously the decay of accompanying
[see Fig. b)]. Figure 5 shows that whenever this transition PSB’S takes place. As the temperature increases Fhe Fermi
appears, the FES feature repelled itself from the2 elec- edge is smeared out and the holes become delocalized. Both
tronic state and moves towards lower energies against tH¥ese factors tend to reduce the FES as well as the PSB
Fermi energy. Increased excitation intensity results in gtrength. On the other hand the electron-phonon coupling can
higher electron temperature; an analysis of the high-energ?e also con_trlbuted by confined p_honon modes and interface
tail of the magnetoluminescence indicates that the electrof1odes, which are expected to yield stronger PSB's. How-
temperatureT, is about 18 K forl=1, and already about €Ver the contrlbuthn Qf these modes in layered alloy struc-
13 K for 1=0.1, when the lattice temperatuig =6 K. tures Iacl_<s a quantitative _explanatlon at present.

Thus, one effect of the increased excitation energy is an in- Focusing on feature’6 just below the @— 0y, transition
crease if,. A second effect is a smearing of the Fermi edgel™ €nergy, we note that it tracks feature 6, the FES, lying

due to excess hot electrons; this smearing, as long as it is ngf->-meV lower in energy. That the energy dependence on
too great, can also aid in the development of the FES. magnetic field of feature '6is the same as that of the FES,

We now turn our attention to the peaks seen in Figs. 2, 30Ut one GaAs LO-phonon energy lower, is in marked con-
and Sa) with energy less than the,0-0;, transition which trast to the energetic dependence of the phonon replicas of
are due to longitudinal-optical-phonon replicas of other tran\-@ndau levels which track the parent Landau level as a func-
sitions and are seen only with applied magnetic field. Theséon of magnetic field, and the shake-up excitations generally
satellites result during the electron-hole recombination fronflécrease in energy with increasing magnetic field. We iden-
the simultaneous emission of one GaAs-like LO phonorify feature 6 as the GaAs LO-phonon replica of the FES. It
(Epn=36.5 meV). The physical reasons for the appearanc¥/as noted above, in connection with the description of the
of phonon sidebands in a magnetic field have been Widewnagnetic—ﬁeld behavior of the FES, that the integrated inten-
discussed®* The importance of hole localization as well as Sity of the FES increases when a Landau level crosses the
screening for the determination of the strength of the carrierE€rmi level. This event occurs whenever the filling factor
LO-phonon interaction has been demonstraféd?® So-  v=2(3+N,) for transitions withN,,=0, or for odd integer
called shake-up excitatiotsare ruled out both because of filling factors. When the Fermi level lies within the Landau
the magnetic-field dependence and because they are typicalgvel (which is broadened both by the spin splitting and by
only observed at rather high magnetic fields. The LO PSB’snhomogeneities in the electron’s environmerg multiple
for transitions between the electron and hole LL's are founcklectron-hole scattering across the Fermi level becomes more
to be relatively strong and their strengths grow for lafyer likely, favoring the FES enhancement. Such a behavior is

Excitation density Il
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FIG. 7. Magnetic-field dependence of the integrated magnetolu-
minescence intensity as a function of magnetic field for the FES
transition(filled circles and its LO-phonon replicéilled squares

netic field. The synchronous behavior of the intensities
shows that both the FES and its phonon replica have maxima
for odd filling factors and minima for even filling factors.
Together with the energy dependence of the two peaks, these
data definitively confirm the assignments of these two tran-
FIG. 6. The changes of the PL spectrum for magnetic-fieldSitions. We believe this to be the first investigation of the
strengths 5.5, 6.0, and 7.0 TR=6 K. Shadowed parts of the PL coupling between the FES and phonons.
spectrum focus on the FES and its PSB.

F = g
124 126 128 130 132 1.34
Photon energy (eV)

opposite to that of shake-up excitations observed by Rubio IV. CONCLUSIONS

etal® in the magneto-PL spectra of InGaAs/InP QW'S. T summarize, we have used magnetoluminescence to in-
Their study of the joint evolution of FES and shake-up Side\/estigate many-body effects in a 2DEG in a pseudomorphi-
bands in a magnetic field shows that while the intensity Ofcally strained modulation-doped /@&, As/In,Ga,_,As
the FES is maximized for odd filling factors, that of the peterostructure. The energies of tN@—>0X for yO<N y<5
s . .. - . h —=Ne™=

shake-up excitations is maximized for even filling factors,gnd the 1—1, Landau levels of theE,; transition were
where the Fermi energy lies between two Landau levels. Theyestigated as a function of magnetic field, temperature, and
shake-up excitations in this case are strong as a result of thecitation intensity. In addition, many-body effects such as
poor screening of the electron-hole Coulomb interaction inthe FES and the coupling of the GaAs-like LO phonon to the
the incompressible state of the electron gas. Landau levels were investigated. We find that the FES is

Figure 6 depicts this enhancement in the region of theenhanced when the Fermi edge is somewhat smeared out,
Fermi level for three magnetic-field strengths between 5.%ither thermally or due to nonequilibrium photoexcited elec-
and 7.0 T, specifically showing the results of line-shape spedions. Thus the FES has its maximum relative intensity at
tral analysis of the PL spectra recordedBat 5.5, 6.0, and finite temperature and excitation intensity. A number of rep-
7.0 T. ForB=5.5 T, the filling factorv takes the value licas of Landau-level transitions involving the GaAs-like LO

v=8, indicating that the Fermi level lies between tfigll) ~ Phonon were also investigated. In addition, the LO-phonon
N.=3 level and théempty N.=4 level. One sees from Fig. replica of the FES was investigated. We demonstrate that its

6 that the integrated intensity of the FES is relatively small.ntensity also depends on the magnetic field as does the FES,
At B=6 T, the filling factor is»=7.3 and the LL with being maximized when the Landau levels cross the Fermi

N.=3 overlaps with the Fermi level. In this case, a notableIeveI and minimized when the Fermi level is between two

enhancement of the FES is seen. FinallyBat7 T the fill Landau levels. The strength of the phonon replica of the FES

ing factor isy=6.2 and in. the Fermi level lies betw nwhen the Fermi level is resonant with a Landau level is
g factor 1sv=0.< and, again, the +e Vel lles DEWEEN sy mewnhat surprising considering the expected screening in

two LL', inthis caseNe=2 andNe=3.As atB=5.5 T,the s caqe hut is perhaps due to a reduction in screening in a
FES enhancement is again not very well pronounced. Remagnetic field.

turning to feature 6, the phonon replica of the FES, we see

in Fig. 6 that its dependence of intensity on magnetic field is

s_lmllar to 'Fhat of th(_e FES. The results _of_Flg. 6 are summa- ACKNOWLEDGMENT

rized in Fig. 7, which depicts the variation of integral PL
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