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We present experimental evidence for the existence of impurity localized electron and hole states in~in-well!
p-type doped GaAs/Al0.25Ga0.75As multiple quantum wells~MQW’s! under applied magnetic fields~B,14 T!
and at a temperature ofT52 K. We study the photoluminescence excitation~PLE! spectra with the monitored
energy (Em) varied throughout the inhomogeneously broadened photoluminescence~PL! band. The main
effect is a broadening of the Landau PLE transitions asEm decreases towards the low-energy side of the
excitonic PL band. This effect is explained by an enhanced carrier relaxation rate between quantum states that
are spatially localized in the vicinity of impurity centers. Also, the width of the observed transitions is nearly
independent of the magnetic field. This confirms the long-range nature of the localizing extrinsic potential,
which we suggest is due to compensated~charged! acceptors randomly distributed over the QW plane. We
calculate the line shape dependence of the lowest Landau PLE band onEm and obtain a good agreement with
the experimental spectra. In contrast, for an undoped MQW of similar well width, the width of the Landau PLE
transitions is independent ofEm and shows aAB dependence. This demonstrates the short-range potential
carrier scattering nature of the Landau-level broadening.@S0163-1829~96!02628-8#

I. INTRODUCTION

There is an on-going interest in the electrical and optical
properties of two-dimensional electron systems under an ap-
plied magnetic field. In the most studied case of the quantum
Hall effect it is generally accepted that the existence of pla-
teaus in the dependence of the Hall conductivity on the fill-
ing factor is related to the presence of localized states in the
electron spectrum.1,2 The microscopic mechanism of this lo-
calization is still unclear. A full analytical description of the
electron motion in two-dimensional disordered systems is
not simple, even in the absence of interactions between car-
riers. A numerical study was done by Ando,3 who calculated
the wave functions and eigenenergies of electrons subjected
to randomly distributed impurities. This study determined
the extent of electron localization at the edges of the Landau
subbands.

The carrier localization nature strongly depends on the
impurity potential range, as compared to the scale of the
magnetic length. For short-range potentials, the localization
is weak and scattering theory can be applied. The simple
Born approximation4 gives the width of broadened Landau
subbands to be proportional to;AB. Lyo5,6 calculated the
photoluminescence~PL! line shape in modulation-doped
quantum wells~QW’s! within the framework of multiple
scattering. However, this approach neglects the localized na-
ture of the broadened states. In the case of long-range poten-
tials, the edge states of the Landau subbands can be de-
scribed by perturbation theory.7,8 The two-dimensional
carrier motion is then separated into two parts: cyclotron

rotation ~unperturbed part! and a cyclotron center motion
~perturbation!. The eigenfunctions and eigenenergies of the
decoupled Hamiltonian were explicitly derived.9,10However,
until now there is no theory of the optical spectra based on
the quantum states obtained in this way.

The present investigation is concerned with QW’s, which
are doped within the well. Then, the ~quasi-! two-
dimensional carriers are subjected to the potential of ran-
domly distributed impurities~acceptors and donors!. Experi-
mentally ~Sec. II!, we used photoluminescence excitation
~PLE! spectroscopy to study the spectrum of perturbed elec-
tron and hole states, as well as the relaxation processes that
photogenerated carriers undergo.

A p-type multiple quantum well~MQW! is studied, since
the broadening of the Landau transitions in this case is
smaller than that ofn-type MQW’s with comparable doping
levels.11 Therefore, for acceptor doped MQW’s, it is possible
to resolve the structure of Landau transitions in the PLE
spectra at relatively low magnetic fields. A comparison is
made with the Landau transitions observed in an undoped
MQW. In Sec. III, the experimental results are discussed and
compared with the calculated line shape of the Landau tran-
sitions in the PLE spectra. A short summary concludes this
paper.

II. EXPERIMENT

The GaAs/AlxGa12xAs MQW structures used in this
study were grown by molecular-beam epitaxy on~001!-
oriented GaAs substrates. Results will be shown for two
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MQW’s: ~a! GaAs well widths of 54 Å, Al0.25Ga0.75As bar-
riers of 88 Å width, and 100 periods. This MQW is 331017

cm23 Be-doped~p-type! in the central 30 Å of the wells.~b!
An undoped GaAs/Al0.33Ga0.67As MQW with well widths of
50 Å, barrier widths of 100 Å, and 200 periods.

All the spectroscopic studies were done with the samples
immersed in liquid He atT52 K and subjected to an external
magnetic field~0<B<14 T! oriented normal to the QW
plane~zi@001#!. The excitation was done with a cw dye laser
~linewidth of 0.15 meV!. The light emitted from the crystals
was dispersed through a double spectrometer~resolution of
0.05 meV!.

Figure 1 shows the PL spectrum of thep-type doped
MQW and a series of PLE spectra. The PL spectrum ob-
served under above band-gap excitation consists of a strong
emission from the inhomogeneously broadened~e1:hh1!1S
exciton band~centered at.1.597 eV! and a recombination
band of electrons with acceptor bound holes~centered at
.1.575 eV!. As was previously reported,12,13 the excitonic
band of doped QW’s has a characteristic low-energy shoul-
der ~in some cases even a separate peak!, which corresponds
to emission from acceptor bound exciton states. Under ap-
plied magnetic fields, the excitonic PL band shows a diamag-
netic blueshift of.4 meV forB514 T, which is still smaller
than the PL bandwidth. The PLE spectra shown in this paper
were monitored at various energiesEm of the excitonic PL
band. Those of Fig. 1 were all monitored at the same energy
Em51.605 eV, corresponding to the upper energy part of the
excitonic PL band for all values of the magnetic field. The
PLE transitions between electron and heavy-hole Landau
subbands are discernible forB>3.5 T. Their Landau index

identification is made by using the results of a MQW sub-
bands structure calculation, where the Luttinger
Hamiltonian14 ~with parameters taken from Ref. 15! is ap-
plied to the valence band, while the conduction band is con-
sidered in a simple parabolic approximation (mc>0.067m0).

The problem presented in this paper is demonstrated in
the next four figures. In Fig. 2, the PLE spectra of~a! un-
doped and~b! p-type doped MQW’s are compared. The Lan-
dau transitions are clearly observed for allEm throughout the
inhomogeneously broadened PL band of the undoped MQW.
For a given magnetic field, the PLE spectrum is independent
of the monitored PL energy~apart from its overall intensity!.
In the case of thep-type doped MQW, the PLE Landau
transitions are observed only forEm in the high-energy wing
of the PL band. The Landau transitions are then very similar
in energy, but much broader than those observed in the un-
doped MQW. ForEm in the lower parts of the PL band, the
Landau transitions are greatly broadened and can hardly be
observed in the very low-energy tail of the PL band. Figure 3
shows the PLE spectra of thep-type doped MQW monitored
at three different PL energies and observed under various
magnetic fields. It is observed that for a givenB, the width of
the Landau PLE bands increases forEm in the low-energy
part of the PL band. We found that forEm51.592 eV@point
(c) in Fig. 3#, the Landau transitions are unobservable for
B<8 T.

In order to compare the dependence of the Landau PLE
transitions onB, we measured their average width for both

FIG. 1. The PL spectrum excited by abovee1-hh1 band-gap
radiation and the PLE spectra observed under different applied
magnetic fields. The two bands in the PL spectrum are due to ex-
citonic recombination (X) and to electron-acceptor bound hole tran-
sitions ~e Å!. The PLE spectra are monitored atEm51.605 eV~in
the high-energy side of the excitonic PL band!. For B514 T, the
observed bands are assigned to the Landau transitions~1!
nlh150→ne150, ~2! nhh151→ne151, ~3! nlh151→ne151, ~4!
nhh152→ne152.

FIG. 2. The PLE spectra of~a! the undoped and~b! p-type
doped MQW’s under an applied magnetic field of 5 T monitored at
the energies~a! Em151.618 eV,Em251.611 eV; ~b! Em151.605
eV,Em251.587 eV. In~b!, the dashed arrows indicate the evolution
of Landau transitions, whenEm is tuned from the high-energy part
of the excitonic PL band to its low-energy tail.
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the p-type doped and the undoped MQW’s by resolving the
PLE spectra, as shown in Fig. 4~a!–4~c! and 4~d!–4~f!, re-
spectively. We fit the PLE line shapes~full line! to multiple
Lorentzian functions~dotted line! by adjusting the Lorentz-
ian widths and positions. The results of the fitting are shown
by a dashed line for three values of the magnetic field~es-
sentially coincident with the experimental spectra!. In Fig. 5,
we present the measured width of the PLE transitions as a
function of B for the p-type doped and undoped MQW’s.
For each value ofB, the experimental bar center is the mea-
sured average width over the resolved transitions. The bar
half length is the mean deviation of the different Landau
transitions.

III. ANALYSIS

The experimental observations that are detailed in Sec. II,
can be summarized as follows: In both undoped andp-type
doped MQW’s, the PLE spectra were observed in the spec-
tral range above the~e1-hh1! gap and under an applied mag-
netic field. The monitored energy was varied throughout the
PL band that is due to the radiative recombination of exci-
tons. In thep-type doped MQW, the low-energy part of the
excitonic PL band is due to excitons bound to impurities,12,13

while the high-energy part arises mainly from the recombi-
nation of delocalized excitons scattered by intrinsic potential
fluctuations.16,17 The PLE spectra of the undoped MQW are
independent ofEm and the Landau transition width shows an
approximateAB dependence. The PLE spectra of thep-type

doped MQW show a significant broadening of the Landau
transitions with decreasingEm , but their bandwidth is almost
independent ofB.

The main difference between thep-type doped and the
undoped systems is associated with different types of poten-
tials acting on the photocreated carriers. In the undoped
MQW, the AB dependence of the Landau transition width
indicates the short-range nature4 of the intrinsic potential,
which is probably due to interface roughness and local de-
fects. For thep-type doped MQW, on the other hand, the
doping produces a long-range potential that dominates over
the intrinsic one, as confirmed by the Landau transition
width being nearly independent ofB. We suggest that this
potential is due to randomly distributed charged acceptors
appearing as a result of compensation by unintentionally in-
corporated donors. The presence of this strongly localizing
Coulomb potential changes the character of the optical tran-
sitions between the electron and the hole Landau subbands,
as well as the carrier dynamics during~phonon-assisted! en-
ergy relaxation. The transition rates of localized carriers are
sensitive to the spatial separation between initial and final
states. This results in appreciable dependence of the PLE
spectra onEm , as it varies from the high-energy excitonic PL
band~essentially delocalized excitons! to its low-energy tail

FIG. 3. The PLE spectra for thep-type doped MQW observed
under the applied magnetic fields of 0, 5, 14 T and monitored at
different energies~marked on the PL band!: ~a! Em51.605 eV,~b!
Em51.597 eV,~c! Em51.590 eV. FIG. 4. The PLE spectra~full line! for thep-typed doped MQW

@~a!–~c! with Em51.605 eV!# and for the undoped MQW@~d!–~f!
with Em51.618 eV#. They are fitted to multiple Lorentzian func-
tions ~dotted line! at three indicated values of the magnetic field.
The result of the fitting is shown by a dashed line~essentially co-
incident with the experimental curve!.
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corresponding to the emission of strongly localized excitons.
In order to understand this point, let us consider optical

transitions between electron and hole Landau subbands for a
QW that contains charged acceptors, as shown in Fig. 6. In
the limit of high magnetic fields, the subbands have the same
structure: the high-energy edge states are localized on the
charged acceptors, while the states of maximal density~close
to the unperturbed Landau levelsEnc andEnv for the elec-
tron and the hole, respectively! are extended or delocalized
with respect to a single charged acceptor. Therefore, ab-
sorbed photons of energy\v'Enc2Evc[Eng correspond-
ing to the inter-Landau-level gap@vertical transitions~a! in
Fig. 6# create mainly delocalizede-h pairs. On the other
hand, for photon energies\vÞEng @transitions (b) and (c)
in Fig. 6#, at least one of the created carriers is strongly
localized. Thus, the observed broadening increase of an in-
dividual Landau PLE transition with decreasingEm essen-
tially reflects the fact thate-h pairs photocreated at the tran-
sition peak relax mainly to the intrinsic exciton states
monitored at highEm , while those photocreated at the tran-
sition tails correspond to preferable relaxation into the low-
energy extrinsic exciton states. For a quantitative evaluation
of this effect, we consider the consecutive stages of the PLE
process:~1! creation of an electron-hole pair by photon ab-
sorption and~2! relaxation of this pair into an excitonic state
in which it recombines radiatively~at the monitored energy!.

We assume a random distribution of charged acceptors,
the limit of high magnetic fields and no excitonic effects.
Then, the density of states~calculated in detail in Appendix

A! for both electron and hole is

r~e!5
1

pl2

G2

e3
expS 2

G2

e2 D , ~1!

wheree is the electron~ec! or hole~ev! subband energy mea-
sured from the respective unperturbed Landau levels andl
[Ahc/eB is the magnetic length.G[2e2/kApN represents
a characteristic subband energy scale, whereN is the areal
density of charged acceptors andk denotes the GaAs dielec-
tric constant. The states at the subband edge withe@G are
localized on a single charged acceptor, while for 0,e<G the
states have large, but finite~Anderson! localization lengths.18

The degree of localization can be expressed, in the simplest
form, by a Gaussian wave function with an effective length
inversely proportional toe, as follows:3,7,8

Ce~r !5
1

Apa
e expS 2

r 2e2

2a2 D , ~2!

wherea is the coupling constant that depends on the poten-
tial: a;~e2/k!. Note, that, in this simplified model, the de-
scription of the Landau subbands is independent of the Lan-
dau indexn.

FIG. 5. The full width of the Landau PLE transitions, as a func-
tion of magnetic field for~a! the undoped MQW~the solid line is a
fit to a AB dependence! and ~b! the p-type doped MQW. For each
value ofB, the center of the experimental bar is the average value
over the resolved Landau transitions. The bar half length stands for
the mean deviation.

FIG. 6. A schematic description of the magneto-optical inter-
band transitions between electron and hole Landau subbands in the
presence of charged acceptors that are randomly distributed over
the QW plane.Enc andEnv denote the respective Landau levels,G
is the energy scale of the subband density of statesr(E) @see Eq.~1!
in the text#. Three types of transitions are shown.~a! Vertical tran-
sitions with the photon energy\v'Enc2Env[Eng corresponding
to inter-Landau-level gap. These create mainly delocalizede-h
pairs.~b! Transitions with\v.Eng corresponding to the creation of
acceptor-localized electrons and mainly delocalized holes.~c! Tran-
sitions with \v,Eng corresponding to the creation of acceptor-
localized holes and mainly delocalized electrons.

54 2759OPTICAL OBSERVATION OF IMPURITY LOCALIZED . . .



This wave function can be used in order to obtain the
dependence of inter-Landau-subband~conduction-valence!
transition matrix elementPvc on the electron and hole sub-
band energies as follows:

Pvc~ec ,ev![u^Cec
Cev

&u5
2ecev

~ec
21ev

2!
. ~3!

Note that if we used the exact electron and hole wave
functions in the limit of a high magnetic field9 @instead of the
approximated ones, Eq.~2!#, there would be no broadening
of the Landau transitions, i.e.,Pvc(ec ,ev);d(ec2ev). This
is a result of the identical Landau states for electrons and
holes, when the respective long-range impurity potentials
differ only in sign. The physical reason for a finite broaden-
ing is the impurity-induced Landau subband mixing that
should be still effective at the range of applied magnetic
fields. However, asB increases from 2.5 to 14 T, the admix-
ture decreases and this leads to the small~.10%! decrease in
the observed transition width@Fig. 5~b!#. The analysis that
explicitly deals with admixing the Landau subbands is much
more complicated. For the present purpose, it is sufficient to
take into account the localization property of the electron and
hole subband edge states in order to obtain a qualitative
agreement with the experiment.

Within the same framework of the approximate wave
functions @Eq. ~2!#, the acoustic phonon-assisted relaxation
rate between the carrier initial stateCe(r ) ~e5ec for an elec-
tron ande85ev for a hole! and the final stateCe8(r ) will be
proportional to

M ~e,e8!;(
qi

U E Ce~r !Ce8~r !eiq¢ ir¢d2r¢U2. ~4!

Here,qi is the in-plane phonon wave vector and the sum
is over all energetically allowedqi . Energy conservation re-
quires \vsAqi

21qz
25DE, where vs is the sound velocity

~for GaAs the average value15 is 53105 cm/sec!. DE is the

carrier energy transferred into the phonon field. Thez com-
ponent of the acoustic-phonon wave vectorqz is assumed to
be unrestricted.

After integration and summation overqi from 0 to
DE/\vs Eq. ~4! yields

M ~e,e8!;
4e2e82

e21e82
h2

~DE!2
~12e2@~DE!2/~e21e82!h2#!,

~5!

whereh.~\vs/a! is a dimensionless constant which charac-
terizes the strength of the localized carrier-phonon coupling
and has the value ofh.1022 for GaAs.

We note that, if the statesCe(r ) andCe(r ) belong to the
same Landau subband, i.e.,DE5e2e8, the transition
rate given by Eq.~5! will decrease very quickly with in-
creasing DE, namely, it becomes negligible for
@ ue2e8u/(Ae21e82)#>h. Therefore, acoustic phonon-
assisted relaxations within a single Landau subband are es-
sentially excluded. However, for relaxation into an excitonic
state~or for inter-Landau-subband relaxation!, whereDE.e
andDE.e8, Eq. ~5! is reduced to a simple form:

M ~e,e8!;h2
4e2e82

~DE!2~e21e82!
. ~6!

For the sake of simplicity, an excitonic state is considered
within this model as a direct product of the decoupled elec-
tron and hole states withn50.19 We require, however, that
then50 subband energye8 be the same for the recombining
electron and hole. It is different from the selection rule ex-
pressed by Eq.~3! and reflects, to some extent, the excitonic
nature of the recombining state, where the Coulomb binding
enhances the electron and hole spatial overlap.

The PLE spectrum is then taken to be proportional to the
absorption efficiency between electron and hole Landau sub-
bands@Eq. ~3!# weighted by their direct relaxation rates@Eq.
~6!#, with energyDE.Enc1e8 and DE.Env1e8, respec-
tively:

I e8~v!;E devE decuPvcu2d~ec2ev1Egn2\v!r~ev!M ~ev ,e8!r~ec!M ~ec ,e8!

5KE
0

1`

dx
x~x1v̄ !e84exp@2x222~x1v̄ !22#

@x21~x1v̄ !2#2~x21e82!@~x1v̄ !21e82#SEnc

G
1e8D 2SEnv

G
1e8D 2 , ~7!

wherev̄[(uEng2\vu/G), e8 is expressed in units ofG, and
the constantK lumps all the rest of the constants together.

Results of the numerical integration for different values of
e8 are shown in Fig. 7. Note that there is a direct correspon-
dence between then50 Landau subband energye8 and the
energy of an exciton bound to a charged impurity. It was
shown by Dzyubenko20 that, in a strong magnetic field, the
binding energy of zero angular momentum excitons~which
can recombine radiatively!, in their ground state, is;0.94
times that of free carriers. Then, we relate them by this ratio
and obtain the monitored exciton energy at the PL band. The

calculated PLE Landau transition spectral line shapes show
an increasing broadening with increasinge8, namely, with
decreasing monitored exciton PL energy. The transition peak
intensity reaches its maximal value fore8.0.5G. This corre-
sponds to the experimentally observed PL peak.

Figure 8 shows a comparison between the calculated line
shapes width and the observed PLE band corresponding to
the nhh151→ne151 transition. The best fit between the
model and experiment is achieved forGexp'7 meV. Using
the relation G5(2e2/k)ApN, we derive the density of
charged acceptorsN'1010 cm22, which requires about 10%
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compensation of the doping level. We emphasize that the
calculated degree of compensation is probably overesti-
mated. This is due to the approximation used in the model, to
additional broadening mechanisms such as fluctuations in the
acceptor location along the QW axis, compensated charged
donors penetrating into the QW, intrinsic potential, or neutral
acceptor scattering, and others.

It should be noticed that, at zero magnetic field, the influ-
ence of charged acceptors on the exciton states is apparently
less appreciable than that of neutral acceptors. As it is well
known,21 the (A2,X) complex is not stable in bulk GaAs,
because of the small electron/hole mass ratio. In
GaAs/AlxGa(12x)As QW’s, this ratio is significantly larger,
but until now there is no direct evidence for the existence of
the (A2,X) complex.

The situation is quite different in the presence of a
strongly quantizing magnetic field. Neutral acceptors, con-

trary to charged ones, cannot produce a long range, strongly
localizing potential, since the acceptor Bohr radius~aB'20
Å as deduced from the three-dimensional value22! is still
smaller than the magnetic lengthl'70 Å at B514 T. The
potential of a single neutral acceptor can be obtained by the
Gauss theorem and has the form

V~r !5~e2/k!~1/r11/aB!exp~22r /aB!.

For this potential, one can use scattering theory in the simple
Born approximation4 to evaluate the density of states energy
width. Its upper limit is given by the short-range potential
case3,4 as

Gscatt,Ap/2pl2u* d2r V~r !u.6.3~aB /l! ~meV!,

wherep.1011 cm22 is the doping level. For a magnetic field
of B514 T it givesGscatt,1.8 meV, which is significantly
smaller than the experimental value. Therefore, in spite of
their large density, the neutral acceptors cannot produce the
observed Landau transition broadening.

Finally, we conclude that the observed Landau PLE tran-
sition broadening is entirely due to the presence of strong
localization centers—acceptor ions in the plane of confined
carriers. In the undoped MQW, by contrast, there are intrin-
sic long-range potential fluctuations, which are due to inter-
face roughness. These are, probably, too weak to localize the
photogenerated high-energy electrons and holes, and, there-
fore, this effect is not observed in undoped MQW’s.

IV. SUMMARY

We studied experimentally the Landau transition broaden-
ing for ~in-well! p-type doped MQW’s in PLE spectra moni-
tored atEm within the PL band and under appliedB in the
range 0–14 T. The appreciable increase of the observed Lan-
dau transition broadening with decreasingEm within the ex-
citon PL band evidences the presence of strongly localized
electron and hole states at the edges of Landau subbands.
The transition width is nearly independent of the appliedB
and this indicates the long-range nature of the localizing po-
tential. By contrast, in an undoped MQW with similar well
width, the Landau transition broadening does not show any
effect of carrier localization, and thus the intrinsic potential
fluctuations are of short-range type. It is suggested that in the
p-type doped MQW, the carriers are localized by charged
acceptors~which are present due to compensation! randomly
distributed over the QW plane. Their density is low, so that
the average distance between neighboring acceptors is larger
than the magnetic length. Assuming the limit of high mag-
netic fields, we calculate the Landau subband density of
states and the inter-Landau-subband acoustic phonon-
assisted energy relaxation rates. The dependence of the PLE
Landau transition line shape on the monitored exciton energy
is obtained by calculating the absorption spectrum weighted
by the relaxation rates into the exciton state recombining at
Em . It is shown that the increased Landau transition broad-
ening is due to a preferred relaxation of impurity localized
carriers into bound excitonic states. These excitons recom-
bine radiatively in the low-energy part of the exciton PL
band.

FIG. 7. The Landau PLE transition line shapes calculated by Eq.
~7! for different values of carrier subband energye8. The line
shapes are normalized to that calculated fore8.0.5 G, which cor-
responds to the PL maximum.

FIG. 8. A comparison between the experimentally observed
PLE band~corresponding to thenhh151→ne151 Landau transition
at B514 T! and the calculated PLE line shapes at the three moni-
tored energies marked on the PL spectrum.
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APPENDIX: CALCULATION OF THE DENSITY
OF STATES

Consider the motion of a photogenerated electron~or
hole! of massm and chargee in the plane of the QW when
it is subjected to an impurity potentialV(x,y) and under a
magnetic fieldB applied perpendicular to the QW plane. In
the absence of impurities, the electron states are degenerate
with respect to the different values of coordinates of the elec-
tron cyclotron rotation center (X,Y). However, even for a
weakV(x,y), this degeneracy is removed and each infinitely
degenerate Landau level splits into a quasicontinuous~Lan-
dau! subband.

The density of states within one Landau subband will be
obtained under the following assumptions:~a! The impurity
potential is due to charged acceptors randomly distributed
over the QW plane, where the mean interimpurity distance is
much larger than the magnetic length.~b! The limit of high
magnetic fields is assumed, namely, the width of Landau
subbands is sufficiently small compared to the gaps between
them. The Hamiltonian can be approximated by decoupled
electron- and cyclotron-center-dependent terms as follows:7,8

H5

S i\“1
e

c
AD 2

2m
1V~X,Y!, ~A1!

whereA is the vector potential. The commutation rule for the
cyclotron center coordinates is [X,Y]52 il22, wherel is
the magnetic length. This Hamiltonian can be exactly diago-
nalized for the case of an axially symmetric potential
[V(x,y)[V(r )] and the energy eigenvalues are

E5En1V~lA2n11!, n50,1..., ~A2!

whereEn is thenth Landau level~n50,1...!. Substituting the
Coulomb potential of a single charged acceptor
V(r )5(e2/kr ) into Eq.~A2!, we obtain the density of states
at the edge of a given Landau subband,

redge~e![
1

S U]n

]EU5 e4

Sk2l2

1

e3
. ~A3!

Here,e[E2En denotes the subband energy andS is the area
per one impurity.

The next order of approximation takes into account the
influence of neighboring~charged! impurity with a random
distributionP( l )52pNl exp~2pNl2!, where l is the inter-
impurity distance. The electron interaction with a nearest-
neighboring impurity cuts off the subband spectrum by an
energye2/k( l /2). Then, we have

r l~e!'redge~e!uS e2
2e2

k l D . ~A4!

Averaging rl~e! over the impurity distribution and setting
S5(1/4N) in Eq. ~A3!, we finally obtain

r~e!5
1

pl2

G2

e3
expS 2

G2

e2 D , ~A5!

whereG[(2e2/k)ApN.
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