
PHYSICAL REVIEW B VOLUME 46, NUMBER 23 15 DECEMBER 1992-I

Magneto-optics of acceptor-doped GaAs/Ga, „Al„As heterostructures in the quantum Hall regime:
Resonant magnetoexcitons and many-electron effects
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The effect of carrier density, magnetic field, and final-state interactions on the radiative recombination
of electrons with holes localized on acceptors in GaAs/Ga& „Al„As heterostructure is investigated. In
the high-density regime, strong oscillations of the position and intensity of the emission spectrum as a
function of the magnetic field are observed at even filling factors. In the low-density regime, an almost

perfect cancellation of many-body effects in emission from the first subband is observed accompanied by
oscillations of the emission intensity of the second subband magnetoexcitons. The peaks in the intensity
of the second subband emission occur at the integer values of the ratio of the subband separation to the
cyclotron energy. These results are explained by the calculated self-consistent subband structure and
emission spectrum including shake-up and excitonic effects.

I. INTRODUCTION

The photoluminescence spectra of ultraclean mod-
ulation-doped quantum wells and heterojunctions are
determined by the recombination of the two-dimensional
electrons with photoexcited holes. For "free" holes, the
main contribution to the emission spectrum comes from
transitions involving low-energy electron states (small k
vector) while very little information is available about the
electronic states in the vicinity of the Fermi surface,
thereby making the correlation of optical data with trans-
port measurements diScult. This problem can be cir-
cumvented by localizing the holes either on alloy disorder
fluctuations' or on intentionally introduced acceptors '

or by coupling with higher subbands. ' The latter ap-
proach was used by Chen et a/. with specially designed
modulation-doped asymmetric quantum wells to show
the enhancement of the tail of the emission spectrum in
the vicinity of the Fermi level. This enhancement at the
Fermi edge [Fermi-edge singularity (FES)j was only
present when the Fermi level in the populated (n =1)
subband approached the empty subband (n=2). Both
the FES (n =1)and the emission by photoexcited carriers
in the empty subband (n =2 magnetoexcitons) were
found to be sensitive functions of the magnetic field and
correlated with the filling factor and resistivity in the
quantum Hall regime. Subsequently, several groups '

have used the magnetoexciton as a spectroscopic probe of
the integer and fractional quantum Hall eff'ect (IQHE and
FQHE, respectively).

The calculation of the emission spectrum of
modulation-doped quantum wells in the IQHE regime
has been carried out by Uenoyama and Sham using the
self-consistent Born approximation for disordered elec-
tronic states and a rigid Fermi sea (Mahan exciton) ap-
proximation for excitonic-corrections. In the same spirit

the theoretical explanation for the enhancement of the
FES in the presence of the n =2 subband has been pro-
posed by Mueller. ' A different explanation has been
proposed by one of us."' In Ref. 10 the enhancement
takes place when the Mahan exciton associated with the
rigid Fermi surface of the occupied subband resonates
with the exciton state originating from the empty sub-
band. Clearly, such a mechanism is plausible only for an
attractive electron-hole interaction and it completely
neglects the dynamical response of the Fermi sea. It is
known for a localized hole that the Fermi sea mediated
scattering processes remove Mahan excitons complete-
ly." An exact calculation for the emission spectrum with
a localized hole"' which includes both the dynamical
response of the Fermi sea and excitonic (final-state)
effects reveals that the enhancement is due to the mixing
of the subband states by the photoexcited hole and due to
virtual excitations of electron-hole pairs involving the
higher subband. These processes are enhanced by the
proximity of the Fermi level and the higher subband,
whose energy separation from the Fermi level can be
varied by sweeping the magnetic field. ' Theoretically,
the calculated intensity oscillation' correlates with the
subband separation and, by coincidence, with even filling
factors. Experimentally, on the other hand, the ob-
served oscillations in emission from magnetoexcitons in
the empty subband correlated with odd filling factors.
However, for free valence holes excitonic effects make the
correlation of the position of oscillations with the filling
factor dificult.

To understand the correlation of emission oscillations
with magnetic field and their relation to the many-
electron effects in the dynamical response of the Fermi
sea, we have carried out experiments and calculations of
the emission spectra in acceptor 5-doped heterostructures
as a function of magnetic field and carrier density. %'e
concentrate on a recognized spectral feature below the
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band-to-band recombination originating from the
acceptor-bound exciton, the B line. Due to the presence
of free carriers, only the photoexcited valence hole
remains bound to the negatively charged acceptor. The
localization of holes means that the optical transitions in
the vicinity of the Fermi level have significant spectral
weight and are hence ideal for the study of the Fermi-
edge singularity. The calculations of Refs. 12 and 13 are
extended to include magnetic field, disorder, and empty
subbands. We separate the emission by photoexcited car-
riers (magnetoexcitons) from the FES (due to equilibrium
carriers) and demonstrate that the recombination of pho-
toexcited carriers in empty subbands measures the
dynamical response of the Fermi sea to the annihilation
of the valence hole.

The remaining part of this paper is organized as fol-
lows: Sec. II contains a theoretical discussion of the
recombination process; Sec. IIIA presents experiments
and calculations of high-carrier-density samples with the
Fermi level in the vicinity of the second subband; Sec.
III B studies magnetoexcitons associated with empty sub-
bands in the presence of the Fermi sea; Sec. IV summa-
rizes our results.

conduction subband from that of a charge neutral to a
negatively charged acceptor and this makes the transition
a many-electron effect. The emission spectrum E(co) is
written in terms of a time-dependent emission function
E( t ).11 —13

E(co)=2 Re I dt e '" E(t ) .
0

The maximum photon frequency co,„ is given by the
difference between the ground-state energies of N+ 1 par-
ticles before and after emission: co,„=E;(N+1)
—[Ef(N)+( —co)]. Ef(N) is the ground-state energy of
the normal (final) state, i.e., without the photoexcited
electron. The time-dependent emission spectrum E(t) of
course assures that no frequencies larger than the max-
imum allowed frequency co,„contribute to the frequency
spectrum. The key role in the calculation of the
emission spectrum is played by matrix elements' '
4(t)1, 1,

, =(k~ exp( itHf)—~k'). 4(t)1, 1, describes the
propagation of the initial single-particle states

~
k ) by the

final-state Hamiltonian Hf and is determined by the
final-state energies and the overlap matrix elements
(k ~A, ) between initial and final states

II. THEORY OF EMISSION
e(t)„=y (k~A, )e "' (k~k'& . (2)

A. Two-subband Fermi-edge singularity

We study a single modulation-doped
GaAslGa„Al, „As heterostructure with electron densi-

ty n„ in the range of 10" cm with typically one or two
subbands occupied. The heterostructure contains a 5-
doped layer of acceptors (Be) with a sheet density of
2X10' cm at the distance z, =2SO A away from the
GaAs/Ga„AI, „As interface. In a magnetic field per-
pendicular to the interface electrons occupy ladders of
disorder broadened Landau levels "I" associated with
different subband "n".

The physical picture of the recombination process is
very simple: prior to illumination (and after the recom-
bination) our system consists of N electrons and a single
negatively charge acceptor which acts as a repulsive
scattering center for electrons. The single-particle states
and energies for N conduction electrons in a heterostruc-
ture and one electron trapped on the acceptor are denot-
ed by ~}1,) and e& and ~h ) and —co„respectively. This is

our final basis. It contains all the single-particle effects of
the confining potentials (subband structure), disorder,
and magnetic field. The effect of electron-electron in-
teractions are included via static self-energies. Upon il-

lumination, one electron is added to the conduction band
and a hole from the valence band is localized by the nega-
tively charged acceptor, Inaking it a neutral weak scatter-
ing center. The single-particle states and energies of
(N+1) conduction electrons in a heterostructure in the
presence of a neutral acceptor are denoted by ~

k ) and e1, .
The emission spectrum E(co } involves the emission of a

photon with frequency co with one of the N+1 conduc-
tion electrons making a transition to the empty level

(hole) localized on the acceptor. The annihilation of the
hole changes the potential seen by all electrons in the

The overlap matrix elements satisfy the usual Wannier
equation:

k'

The matrix elements are written in the initial basis. The
interaction Vk k is the change in one electron potential
between initial and final bases and corresponds to a repul-
sive scattering potential due to the screened charge of the
hole localized on acceptor. The scattering potential of
the neutral acceptor is assumed to be negligible.

The emission spectrum E(t) is now written in terms of
the matrix 4k k built out of all initially occupied elec-
tronic states, i.e., k, k' & k~, where k~ is the highest occu-
pied state, including the photoexcited electron:

IE'fE(t)=e det(4(t)) g mt, @t, 1,.(t)mt, (4)
k, k'~kF

The first term in Eq. (4) [det(4)] describes the shake-up
of the Fermi sea due to the disappearance of the valence
hole, while the last term describes vertex corrections, i.e.,
the scattering of the hole (@ ') inside the Fermi surface
by a repulsive potential in the final-state Hamiltonian Hf.
This scattering process is mediated by exchange of the
photocreated hole with holes (empty states} above the
Fermi surface. The Fermi sea hole optical matrix ele-
ments mt, =p„,(h ~k ) correspond to a transition from a
conduction state

~
k ) to a localized state

~
h ) . p„are the

conduction- to valence-band momentum matrix elements
and ( h jk ) is the overlap of the conduction and localized
electron envelope wave function.

Equation (4) involves the states of the photoexcited sys-

tem while one wants to measure the states of the system
in equilibrium. This is done by transforming Eq. (4) into
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the final basis. We define matrix G& & which describes
the propagation of the hole in the Fermi sea in the final-
state basis as Gi i (t)=+I, I, &„&Ak &4t, I, (t)&k'~A, '&.

Using the relationship between the initial matrix
elements mk and final basis matrix elements m &

given by mI, =Jim & & A, ~k &, and the identity det(p)= exp( TrI ln(P)]) = exp( iC—(t)), one can show that
the vertex (G ) and self-energy (C } functions satisfy a set
of nonlinear differential equations:

—C(t)=2+eiGi i(t) .

The final expression for the emission" ' function E(t)
is now given simply in terms of the vertex 6 and self-
energy corrections C:

f —iC(t)
~ 0 +ie&tE(t}=e f e ' g mme Gi i.(t)mi. . (6)

An important consequence of working in the final-state
basis is that all the single-particle states of the final basis
(e.g., all subband states mixed by the final-state potential)
contribute to the frequency spectrum of the emission
E(t ), irrespective of whether they are occupied or empty
in the final ground state of the system. The filling of
phase space of initial states enters via the initial condition
for the matrix G(0):

G, (0)= y &Xlk&&klan'& .
k &kF

The effect of an empty subband on the emission spec-
trum is twofold: the subband mixing due to the hole po-
tential affects the overlap matrix elements (and initial
conditions) and the electron-hole pair excitation. The
closer the Fermi level to the bottom of the empty sub-
band, the larger the mixing. In addition to this static ex-
citonic correction, a dynamical response (shake-up) of the
Fermi surface in terms of intersubband electron-hole pair
excitations leads to an enhancement of the emission at
the Fermi level. We wish to emphasize again that the
FES always corresponds to a repulsive final-state interac-
tion, i.e., switching off the valence hole potential. The in-
itial state, on the other hand, is determined by the charge
of the impurity-valence hole complex.

cesses between the equilibrium and the photoexcited car-
riers, i.e., matrix elements 4(t)l, x. The emission spec-
trum now separates into two contributions: one from
equilibrium carriers and one from photoexcited carriers.
The photoexcited carrier contribution can be written as

E(t)= exp I itE;(N ) —iC(t ) ]mx. e

It is a convolution of a single-particle transition superim-
posed with the shake-up process of the electron gas due
to the annihilation of the valence hole. It is easily
identified as the Green's function of the valence hole in
the presence of the electron gas. ' This is to be contrast-
ed with the main subband emission which is a convolu-
tion of excitonic effects (due to the creation of the hole in
the Fermi sea) and shake-up processes. To emphasize the
role of the second-subband emission as a probe of the
electron gas we can rewrite the emission spectrum in
terms of exact initial ~i & and final

~f & eigenstates of the
X electron Hamiltonian:

E2(t)=mme exp(it5E )

X g ~
&i [f & ['exp[it(Ef Ef )]

f
The overall shift of the emission line 5E is governed by
the change in the ground-state energy of the N electron
system due to annihilation of the valence hole. The
single-particle transition is broadened by the excitation
spectrum of the electron gas. Any gap in the excitation
spectrum, either cyclotron, Zeeman, or in the FQHE re-
gime leads to the narrowing of the emission line and a de-
velopment of a shoulder. It should be stressed that the
rigid Fermi sea picture, or Mahan exciton approxima-
tion, completely neglects these shake-up effects. The
effect of the Fermi sea is only via screening of the valence
hole potential.

In contrast to the complicated line shape, the total in-
tensity Io, however, is completely unaffected by the pres-
ence of free carriers and is given by the initial-state
single-particle (excitonic or free-electron —bound-hole
pair) oscillator strength Io=mtt. Hence for acceptor
samples the oscillator strength Io should not be affected
by the crossing of Landau levels of the first and second
subband. In contrast, for free holes the initial state is a
magnetoexciton and the oscillator strength should change
dramatically by the subband Landau-level mixing.

B. Subband magnetoexcitons

We now turn our attention to the effect of photoexcited
carriers in an otherwise empty subband on the emission
spectrum. To study this separately from the response of
equilibrium carriers, the Fermi level must be sufficiently
separated from the bottom of the empty subband. We
consider N carriers in the lowest subband occupying ini-
tial single-particle states k (k~ and one photoexcited
carrier in a higher subband in some initial state ~K &.
These single-particle states might include the presence of
the photohole via the Wannier equation. It is understood
that ez »ez so that we can neglect any exchange pro-

III. EXPERIMENTAL MEASUREMENT

A. Emission in the high-density regime (E&-E2 )

Photoluminescence measurements are performed in
magnetic fields up to 13 T at a temperature T=1.5 K.
The heterostructure is excited with an Ar+ laser and the
luminescence is dispersed through a 1-m double spec-
trometer and detected by a cooled GaAs photomultiplier
tube. The carrier concentration in the heterostructure is
tuned by varying the incident laser power. Typical laser
intensities are in the range 10 —10 Wcm giving
electron densities in the range 1.9-4.3X10" cm . In
each case, we measure the emission spectra correspond-
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FIG. 1. The measured luminescence spectra for magnetic
fields in the range 1.64-2.79 T corresponding to filling factors
v=10.8—6.3 for a high carrier density n, =4.3X10" cm
The intensity of the highest Landau level is strongly enhanced
towards even filling factor when the Fermi level approaches the
second subband.

Filling Factor

FIG. 3. The luminescence intensity at the Fermi energy for a
high carrier density (upper curve, n, =4.3 X 10" cm ') and a
low carrier density (lower curve, n, =2.7X10" cm '). In the
low-carrier-density case, the second subband plays no role and
no enhancement of the optical intensity towards even filling fac-
tors is observed.
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FIG. 2. The measured transition energies of the Landau lev-

els as a function of magnetic field for a high carrier density

n, =4.3 X 10" cm . The discontinuities in level energy occur
at even filling factors.

ing to the recombination of electrons with holes bound to
acceptors (B lines).

We first study the high-carrier-density limit

n, =4.3X10"cm, where the Fermi energy lies in the
vicinity of the second subband. The experimentally es-
timated Fermi level (Ez) and subband separation (b, ) are
E+=1S.O meV and 6=14.3 meV. Luminescence emis-
sion spectra are shown in Fig. 1 for the magnetic field 8
increasing from 1.64 T (v=10.8) to 2.79 T (v=6. 3). The
data are viewed from an angle to resolve the spectral
features more clearly. Transitions involving all occupied
electron Landau levels are observed. The most striking
feature is the intensity of the highest occupied Landau
level (at the Fermi energy). This shows a dramatic in-

crease as an even filling factor is approached followed by
an abrupt fall over —1% magnetic-field change as the
filling factor is passed. The fall is accompanied by a
discontinuous energy shift and increase in intensity of the
remaining occupied Landau levels. The measured
luminescence energies of the Landau levels are plotted as
a function of magnetic field in Fig. 2. The energy discon-
tinuity is the same for each Landau level in the first sub-
band, and the Landau-level separation remains equal to
the cyclotron energy at all magnetic fields. Only the sep-
aration between the first and second subbands changes
and hence we ascribe these oscillations in line position as
the response of the confining potential to changes in the
electron distribution by the magnetic field. ' In Fig. 3,

we plot the luminescence intensity at the Fermi energy as
a function of filling factor v (upper curve) and compare
its behavior with data for a lower carrier concentration
(lower curve) where the second subband plays no role.
For an almost full upper Landau level, there is a smooth
decrease in intensity as it starts to depopulate. However,
when the Fermi energy approaches the unoccupied
second subband, the optical intensity is strongly
enhanced and peaks at the even filling factor, even
though the level is now virtually empty of carriers. In
contrast, in the lower curve where the second subband

plays no role, there is a gradual decrease in intensity as
the level empties and no enhancement at the Fermi edge.

To understand these effects, we perform a self-
consistent calculation of subband levels in a magnetic
field and for finite temperature. ' ' The effect of disorder
is taken into account rather crudely by assuming a
Gaussian density of states D(E ):

oo

D(E)= g — g expI (E E„ I
)—/2I'

I .—
&2m?'m. lo I=o

(9)

Here, E„&=E„+/%co, are subband Landau-level ener-

gies, I is the broadening of Landau levels, A~, is cyclo-
tron energy, and lp is the magnetic length. The choice of
I"=0.3(B)' meV is in line with previous work. Other
parameters include the electron density n, =4. 3 X 10"
cm, the depletion charge ND =4.6X 10" cm, the ac-

ceptor sheet density N„=2.0 X 10' cm, and the accep-
0

tor position z, =250 A. The actual transition energies in-

volve energies of electrons E„ I and the hole energy co, .
The hole is localized on the acceptor, and so the hole en-

ergy changes according to the changes of the self-
consistent Hartree potential VH(z =z, ) at the position of
the acceptor. Approximately, the energy of emitted pho-
tons is equal to eo„ I =co, +E„&—VH(z, ), where co, is the

bare transition energy. Hence the transition energies
probe both the energy levels of the electrons and the spa-
tial distribution of the Hartree potential.

In Fig. 4, the self-consistently calculated transition en-

ergies, the chemical potential p, and the electron density

n, in the second subband are plotted as a function of
magnetic field. The oscillations in line positions are
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identified with the transfer of carriers due to partially oc-
cupied first-subband Landau levels crossing the lowest
Landau level of the second subband. The finite width of
the Landau levels means that close to the crossing point,
a very small population (n, —10' cm ) of carriers is
present in the second subband. Due to the large spatial
extent of the second-subband wave function, even a very
small carrier density leads to change in the self-consistent
Hartree potential VH. ' We find that the changes in the
Hartree potential at the position of the acceptor com-
bined with the electron confinement are responsible for
the decrease of transition energies with increasing mag-
netic field and hence allow us to spectroscopically probe
the spatial distribution of the Hartree potential.

The calculations of Hartree energy levels, however, do
not include effects of final-state interactions on the transi-
tion energies and emission line shape. To understand the
oscillations of intensity as a function of magnetic field,
especially the increase in intensity with decreasing popu-
lation of the highest occupied Landau level, we have car-
ried out an exact calculation of the emission spectrum for
a model short-range electron-hole potential. Details of a
similar calculation in a magnetic field have been given in
Ref. 12 while the acceptor-related emission has been dis-
cussed in Ref. 13. We consider the initial single-particle
basis as for a charge neutral acceptor while the final basis
contains the negatively charged acceptor. Only zero an-
gular momentum electron states contribute to the emis-
sion spectrum. Without disorder, there is only one zero
angular momentum state per Landau level. However, the
different angular momentum channels are mixed by the
disorder and this we model by using a Gaussian density
of states. The effect of localization is neglected. We solve
the Wannier equation for Gaussian-broadened Landau
levels with the density of states given by Eq. (7) and a
short-ranged potential for the acceptor' ' V(k, k')

Vpm„ I m„ i.. The initial matrix elements are given by
m„ I =m„[ loco, /Eb —j, where Eb is the binding energy
of the hole. The ratio of optical matrix elements from
our self-consistent calculations is mz/m&=3, and we
take V0=1.0. The broadening of Landau levels due to
disorder turns out to be important. When the Fermi level
lies in the center of the Landau level, intra-Landau-level

1505

electron-hole pair excitations lead to a Fermi-edge singu-
larity in the emission spectrum. This is illustrated in Fig.
5(a), where the exact emission spectrum (solid line) corre-
sponding to a filling factor v=4. 84 is compared with the
emission spectrum without final-state interactions (bro-
ken line). For this filling factor the second-subband Lan-
dau level is well separated from the partially populated
highest first-subband Landau level. The effect of repul-
sive final-state potential is to shift and redistribute the os-
cillator strength of emission lines corresponding to filled
Landau levels to higher energies, and increase the emis-
sion intensity at the Fermi level (FES}. As the magnetic
field is increased and the Landau level depopulates fur-
ther, the character of response changes from a collective
(dominated by the dynamical response of many electrons}
to a single particle, excitonlike. We illustrate this in Fig.
5(b), where the calculated emission spectrum for v=4. 18
is shown. For this filling factor, both first and second
subbands are weakly populated by carriers. Without the
presence of the second subband, the emission from the vi-

cinity of the Fermi level would have been small due to
depopulation. The emission including the second sub-
band but without final-state interactions is strong due to
the large matrix elements (broken line). The effect of the
repulsive final-state acceptor potential (solid line), howev-
er, is to reduce the intensity at the Fermi level when com-
pared with the noninteracting emission. The decrease of
intensity can be simply understood. Since the valence
hole is localized on the acceptor, the repulsive finite-state
acceptor potential reduces the overlap of the electron and
hole wave function. Hence, in the experiment, the in-
crease in emission towards even filling factors is due to
population of the second subband with a higher optical
matrix element. The calculation shows that the strength
of the emission is reduced by the final-state interactions.
This helps to explain the fact that the enhancement ob-
served here of emission at the Fermi level is much smaller
than that observed in Ref. 4. For a detailed comparison
with experiment, the effect of electron-electron interac-
tions, screening, and localization on the emission spec-
trum should be included. We relegate this nontrivial task
to a future publication.
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FIG. 4. Calculated transition energies ( ), chemical po-
tential (- ~ ~ ), and occupation of the second subband
( ———) as a function of magnetic field for the high carrier
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FIG. 5. Calculated emission spectra for different filling fac-
tors with ( ) and without ( ———) electron-hole interac-
tion for filling factor v=4. 84 (second subband empty) and filling

factor v=4. 18 (second subband partially occupied) ~
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FIG. 6. The measured transition energies of the Landau lev-

els as a function of magnetic field for a low carrier density

{n,=2.0X10"cm ').

We now turn our attention to the use of the second-
subband emission as a spectroscopic probe of the degen-
erate electron gas. By increasing illumination we reduce
the carrier density and increase the separation of the
second-subband energy and the Fermi energy. The
lowest carrier density studied is n, =2X10" cm, with
measured Fermi energy EF=6.2 meV and subband sepa-
ration 6=9.5 meV. The luminescence spectra are now
dominated by emission from the occupied Landau levels
in the first subband with only a weak feature correspond-
ing to the emission from the second subband. The transi-
tion energies of the subband Landau levels are plotted in
Fig. 6 as a function of magnetic field. We observe almost
no oscillations of the first-subband Landau-level transi-
tion energies with magnetic field (or filling factor v). This
contrasts with large oscillations reported for the recom-
bination of electrons with free holes in doped quantum
wells, which is attributed to the oscillation of the valence
hole self-energy with magnetic field. '

The valence hole self-energy is due to the interaction
with conduction electrons. The mobile hole drags with
itself an electron cloud and lowers its energy. In the case
of a free hole, the dynamic response (screening) of the
electrons varies with magnetic field and leads to the oscil-
lation in the valence hole self-energy. In comparison, a
negatively charged acceptor reduces the electron density
in its neighborhood. Hence, when the hole is trapped by
an acceptor, the hole and acceptor electronic clouds can-
cel each other. This is just another way of saying that the
acceptor is charge neutral. Thus the only changes ob-
servable in acceptor samples are changes in electron self-
energy. As predicted by theory, the experiment shows
that these changes are very small.

Let us now turn our attention to the second-subband
emission. The position of the emission line appears to be
completely unaffected by the changes in the electron gas
and follows the center of the second-subband lowest Lan-
dau level. This behavior is unexpected. The valence hole
potential mixes the Landau levels in both subbands and
one would expect that the emission line shows an an-
ticrossing behavior whenever a first-subband Landau lev-
el crosses the lowest Landau level of the second subband.
However, as is evident from Eq. (7), the second-subband
recombination involves only the initial state, i.e., the elec-
tron state in the presence of a neutral acceptor. No mix-
ing should be observed, in agreement with experiment.
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FIG. 7. The integrated intensity of the second subband as a
function of 6/%co, for two different low carrier densities. The
subband separations are 5=10.7 meV (n, =2.7X10" cm ')
and b =9.5 meV (n, =2.0X10" cm ). No correlation with
filling factor (va1/Ace, ) is observed in these cases.

In contrast, an emission involving holes localized by po-
tential fluctuations should reveal an anticrossing behav-
ior, inversely periodic in 5/8. '

The second-subband emission line follows the center of
the Landau level, even though it is sparsely populated.
Hence we conclude that states in the tail of the Landau
level do not contribute to radiative recombination and
only the extended states from the center of the Landau
level contribute to the emission. The total integrated in-
tensity I2 is proportional to the oscillator strength of the
second-subband transition mz times the population of
the extended states v2: I2=mzv2. Shake-up effects do
not contribute to the integrated intensity and changes in
screening by the equilibrium carriers as a function of the
magnetic field should not affect extended states of the
second-subband Landau level in a significant way. Exper-
imentally, we observe strong oscillations in the integrated
intensity of the second-subband emission. Contrary to
the case of free holes, these do not correlate with filling
factor v. However, as demonstrated in Fig. 7, the oscilla-
tion period does correlate with 6/Ace, . We believe that
this is a population effect: whenever the first-subband
Landau level crosses the second subband, the photoexcit-
ed electrons in the first-subband Landau level transfer to
the photoexcited population of the second subband, lead-
ing to the increase of emission intensity at integer multi-
ples of 6/%co, . Note that the carrier transfer to lower
Landau levels in the first subband is slow because only
the uppermost level is partially occupied. We are there-
fore in a position to measure the carrier population
directly, and hence relaxation rates in the quantum Hall
regime.

IV. SUMMARY

We have studied the photoluminescence from electrons
in a GaAs/Ga„A1, As heterostructure with holes
bound to a 6-doped layer of Be acceptors. Our theoreti-
cal analysis focuses on the interplay between the Fermi
level and the second subband in the recombination pro-
cess and separates the emission by photoexcited carriers
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from the Fermi-edge singularity. %e compare the
theoretical model to experiment by tuning the electron
concentration in a heterostructure to separate the second
subband from the Fermi level and this provides a unique
opportunity to study the dynamical response of the Fermi
sea.

In the high-carrier-density regime, where the Fermi
level lies close to the second subband, we observe strong
oscillations in optical intensity at the Fermi level coupled
with discontinuous shifts in the transition energies of the
occupied Landau levels which correlate with even filling
factors. The energy shifts are due to change in the self-
consistent potential from a small population in the
second subband. From the decrease in transition energy
with increasing magnetic field, we can measure not only
subband energies but also the values of the effective po-
tential on the acceptor site. The optical intensity oscilla-
tions reAect a combination of the small second-subband
population and many-electron excitonic effects which
enhance the emission intensity at the Fermi level. The
many-electron excitonic effects are dominated by the
dynamical response of the Fermi sea and would be ex-
cluded in the Mahan exciton picture which treats the
equilibrium electrons as a rigid Fermi sea.

In the low-density regime, where the second subband

plays no role in the equilibrium population, we observe
very small oscillations in the energies of the first-subband
Landau levels contrary to what is observed for the recom-
bination of electrons with free holes. In our sample, the
acceptor is charge neutral in its initial state and so the
hole self-energy (which leads to oscillations in the free-
hole recombination) is canceled by the screening cloud of
the negatively charged acceptor. A weak emission is ob-
served from photoexcited carriers in the second subband,
which shows intensity oscillations with a characteristic
period b/fico, . The oscillations in emission intensity,
however, are not accompanied by rapid changes in the
line position, in agreement with theory and our picture of
a charge neutral acceptor in the initial state. The oscilla-
tions of the integrated intensity are thought to be a popu-
lation effect due to first subband "l" Landau levels cross-
ing the second subband at l b, /%co, .
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