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Optical observation of impurity localized states at the edges of Landau subbands
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We present experimental evidence for the existence of impurity localized electron and hole Siatesih)
p-type doped GaAs/Al,:Ga 75As multiple quantum well§MQW'’s) under applied magnetic fieldB8<<14 T)
and at a temperature =2 K. We study the photoluminescence excitatiph.E) spectra with the monitored
energy E,,) varied throughout the inhomogeneously broadened photolumines¢Bhgeband. The main
effect is a broadening of the Landau PLE transitionsEgsdecreases 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 compensatedarged acceptors randomly distributed over the QW plane. We
calculate the line shape dependence of the lowest Landau PLE bafg 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 d,, and shows a/B dependence. This demonstrates the short-range potential
carrier scattering nature of the Landau-level broader{i8§163-182¢06)02628-9

[. INTRODUCTION rotation (unperturbed partand a cyclotron center motion
(perturbation. The eigenfunctions and eigenenergies of the
There is an on-going interest in the electrical and opticadecoupled Hamiltonian were explicitly derivéd® However,
properties of two-dimensional electron systems under an apntil now there is no theory of the optical spectra based on
plied magnetic field. In the most studied case of the quanturthe quantum states obtained in this way.
Hall effect it is generally accepted that the existence of pla- The present investigation is concerned with QW’s, which
teaus in the dependence of the Hall conductivity on the fill-are doped within the well. Then, the (quasi) two-
ing factor is related to the presence of localized states in thdimensional carriers are subjected to the potential of ran-
electron spectrurh? The microscopic mechanism of this lo- domly distributed impuritiegacceptors and dongrsExperi-
calization is still unclear. A full analytical description of the mentally (Sec. 1), we used photoluminescence excitation
electron motion in two-dimensional disordered systems iPLE) spectroscopy to study the spectrum of perturbed elec-
not simple, even in the absence of interactions between catron and hole states, as well as the relaxation processes that
riers. A numerical study was done by Andlasho calculated photogenerated carriers undergo.
the wave functions and eigenenergies of electrons subjected A p-type multiple quantum weMQW) is studied, since
to randomly distributed impurities. This study determinedthe broadening of the Landau transitions in this case is
the extent of electron localization at the edges of the Landaamaller than that ofi-type MQW'’s with comparable doping
subbands. levels!! Therefore, for acceptor doped MQW's, it is possible
The carrier localization nature strongly depends on thdo resolve the structure of Landau transitions in the PLE
impurity potential range, as compared to the scale of thepectra at relatively low magnetic fields. A comparison is
magnetic length. For short-range potentials, the localizatiommade with the Landau transitions observed in an undoped
is weak and scattering theory can be applied. The simplQW. In Sec. Ill, the experimental results are discussed and
Born approximatiof gives the width of broadened Landau compared with the calculated line shape of the Landau tran-
subbands to be proportional tey/B. Lyo>® calculated the sitions in the PLE spectra. A short summary concludes this
photoluminescencgPL) line shape in modulation-doped paper.
guantum wells(QW’s) within the framework of multiple
scattering. However, this approach neglects the localized na- Il EXPERIMENT
ture of the broadened states. In the case of long-range poten-
tials, the edge states of the Landau subbands can be de- The GaAs/A|Ga_,As MQW structures used in this
scribed by perturbation theoff> The two-dimensional study were grown by molecular-beam epitaxy @01)-
carrier motion is then separated into two parts: cyclotronoriented GaAs substrates. Results will be shown for two
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FIG. 1. The PL spectrum excited by aboe#-hh1l band-gap §
radiation and the PLE spectra observed under different applied F4 (E,p)
. . . m
magnetic fields. The two bands in the PL spectrum are due to ex-
citonic recombinationX) and to electron-acceptor bound hole tran- | ) ;

1
sitions (e A). The PLE spectra are monitored B&t,=1.605 eV(in 1.60 164
the high-energy side of the excitonic PL banBor B=14 T, the ENERGY (eV)
observed bands are assigned to the Landau transitidhs
Ny =0—Ng =0, (2) Nppy=1—Ne1=1, (3) Ny =1—ne =1, (4)
Nhh1=2—Ne1 =2.

FIG. 2. The PLE spectra ofa) the undoped andb) p-type
doped MQW'’s under an applied magnetic fieldsoT monitored at
the energiega) E,;;=1.618 eV,E,=1.611 eV;(b) E;;;=1.605
eV, E»,=1.587 eV. In(b), the dashed arrows indicate the evolution
of Landau transitions, wheB,, is tuned from the high-energy part
of the excitonic PL band to its low-energy tail.

MQW's: (a) GaAs well widths of 54 A, A} ,{Ga, ;sAs bar-
riers of 88 A width, and 100 periods. This MQW isk30'’
cm 3 Be-doped(p-type) in the central 30 A of the wellgb)
An undoped GaAs/Al;Ga ¢AS MQW with well widths of  identification is made by using the results of a MQW sub-
50 A, barrier widths of 100 A, and 200 periods. bands structure calculation, where the Luttinger
All the spectroscopic studies were done with the samplesiamiltoniart* (with parameters taken from Ref. 1& ap-
immersed in liquid He aT =2 K and subjected to an external plied to the valence band, while the conduction band is con-
magnetic field(0<B=<14 T) oriented normal to the QW sidered in a simple parabolic approximatian& 0.067m,).
plane(z|[001]). The excitation was done with a cw dye laser The problem presented in this paper is demonstrated in
(linewidth of 0.15 meV. The light emitted from the crystals the next four figures. In Fig. 2, the PLE spectra(af un-
was dispersed through a double spectrométesolution of doped andb) p-type doped MQW'’s are compared. The Lan-
0.05 meV,. dau transitions are clearly observed forigl| throughout the
Figure 1 shows the PL spectrum of tigetype doped inhomogeneously broadened PL band of the undoped MQW.
MQW and a series of PLE spectra. The PL spectrum ob¥for a given magnetic field, the PLE spectrum is independent
served under above band-gap excitation consists of a stromaf the monitored PL energ§apart from its overall intensily
emission from the inhomogeneously broadefet:hh)1S In the case of thep-type doped MQW, the PLE Landau
exciton band(centered at=1.597 eV} and a recombination transitions are observed only f&g, in the high-energy wing
band of electrons with acceptor bound holeentered at of the PL band. The Landau transitions are then very similar
=1.575 eV). As was previously reported;® the excitonic  in energy, but much broader than those observed in the un-
band of doped QW'’s has a characteristic low-energy shouldoped MQW. FoIE,, in the lower parts of the PL band, the
der (in some cases even a separate peakich corresponds Landau transitions are greatly broadened and can hardly be
to emission from acceptor bound exciton states. Under apebserved in the very low-energy tail of the PL band. Figure 3
plied magnetic fields, the excitonic PL band shows a diamagshows the PLE spectra of tipetype doped MQW monitored
netic blueshift of=4 meV forB=14 T, which is still smaller at three different PL energies and observed under various
than the PL bandwidth. The PLE spectra shown in this papemagnetic fields. It is observed that for a giv@nthe width of
were monitored at various energiEg, of the excitonic PL  the Landau PLE bands increases Ky, in the low-energy
band. Those of Fig. 1 were all monitored at the same energpart of the PL band. We found that f&,=1.592 eV[point
E,=1.605 eV, corresponding to the upper energy part of théc) in Fig. 3], the Landau transitions are unobservable for
excitonic PL band for all values of the magnetic field. TheB=<8 T.
PLE transitions between electron and heavy-hole Landau In order to compare the dependence of the Landau PLE
subbands are discernible f8&=3.5 T. Their Landau index transitions onB, we measured their average width for both
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FIG. 3. The PLE spectra for the-type doped MQW observed
energy (eV)

under the applied magnetic fields of 0, 5, 14 T and monitored at
different energiesmarked on the PL band(a) E,,=1.605 eV,(b)

E,=1.597 eV,(c) E,,=1.590 eV. FIG. 4. The PLE spectréull line) for the p-typed doped MQW

[(@—(c) with E,,=1.605 eVj] and for the undoped MQW/d)—(f)

the p-type doped and the undoped MQW's by resolving thev_vith Em=1.61_8 e\l. They are fitted to multiple Lorentzian_ fupc-
PLE spectra, as shown in Fig(a—4(c) and 4d)—4(f), re- tions (dotted ling e_lt _thre_e indicated values of the mag_netlc field.
spectively. We fit the PLE line shapésill line) to multiple _Th_e result_ of the flttlng_ is shown by a dashed li@ssentially co-
Lorentzian functiongdotted lind by adjusting the Lorentz- Mcident with the experimental curye

ian widths and positions. The results of the fitting are shown
by a dashed line for three values of the magnetic flelt  doped MQW show a significant broadening of the Landau
sentially coincident with the experimental spegtta Fig. 5,  transitions with decreasirigy,, but their bandwidth is almost
we present the measured width of the PLE transitions as #&@dependent oB.

function of B for the p-type doped and undoped MQW’s.  The main difference between thetype doped and the
For each value oB, the experimental bar center is the mea-undoped systems is associated with different types of poten-
sured average width over the resolved transitions. The bdials acting on the photocreated carriers. In the undoped

half length is the mean deviation of the different LandauMQW, the VB dependence of the Landau transition width
transitions. indicates the short-range natfiref 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 experimental observations that are detailed in Sec. Ithe intrinsic one, as confirmed by the Landau transition
can be summarized as follows: In both undoped prigipe  width being nearly independent &. We suggest that this
doped MQW's, the PLE spectra were observed in the spegotential is due to randomly distributed charged acceptors
tral range above th@1-hh1) gap and under an applied mag- appearing as a result of compensation by unintentionally in-
netic field. The monitored energy was varied throughout theorporated donors. The presence of this strongly localizing
PL band that is due to the radiative recombination of exci-Coulomb potential changes the character of the optical tran-
tons. In thep-type doped MQW, the low-energy part of the sitions between the electron and the hole Landau subbands,
excitonic PL band is due to excitons bound to impurilfe®  as well as the carrier dynamics durifighonon-assisteden-
while the high-energy part arises mainly from the recombi-ergy relaxation. The transition rates of localized carriers are
nation of delocalized excitons scattered by intrinsic potentiakensitive to the spatial separation between initial and final
fluctuations:®*’ The PLE spectra of the undoped MQW are states. This results in appreciable dependence of the PLE
independent oE,, and the Landau transition width shows an spectra orE,,,, as it varies from the high-energy excitonic PL
approximatey/B dependence. The PLE spectra of théype  band(essentially delocalized excitont its low-energy tail

Ill. ANALYSIS
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FIG. 5. The full width of the Landau PLE transitions, as a func-  F!G. 6. A schematic description of the magneto-optical inter-
tion of magnetic field fora) the undoped MQW(the solid line is a  Pand transitions between electron and hole Landau subbands in the
fit to a VB dependendeand (b) the p-type doped MQW. For each Presence of charged acceptors that are randomly distributed over
value ofB, the center of the experimental bar is the average valudh® QW planeE,c andE,, denote the respective Landau levdls,

over the resolved Landau transitions. The bar half length stands fdp the energy scale of the subband density of sia(te$ [see Eq(1)
the mean deviation. in the tex{. Three types of transitions are showa) Vertical tran-

sitions with the photon energyo~E,.—E,,=E,4 corresponding

corresponding to the emission of strongly localized excitons'® Né'--andau-level gap. These create mainly delocaliec

In order to understand this point. | id - roairs.(b) Transitions withiw>E 4 corresponding to the creation of
i, point, let us consider Optlcaacceptor-localized electrons and mainly delocalized ho&S.ran-
transitions between electron and hole Landau S“‘f’bar.‘ds fors‘r?\ions with Aw<E,, corresponding to the creation of acceptor-
QW that contains charged acceptors, as shown in Fig. 6. IR 4jized holes and mainly delocalized electrons.

the limit of high magnetic fields, the subbands have the same
structure: the high-energy edge states are localized on thg) for both electron and hole is

charged acceptors, while the states of maximal delslibge

to the unperturbed Landau leveis,. andE,,, for the elec- 1 T2 2
tron and the hole, respectivglare extended or delocalized p(e)= poiv o e d P 1

with respect to a single charged acceptor. Therefore, ab-

sorbed photons of energyw~E,.—E,.=E,4 correspond- Whereeis the electrori;) or hole(e,) subband energy mea-
ing to the inter-Landau-level gdwertical transitionga) in sured from the respective unperturbed Landau levelsxand
Fig. 6] create mainly delocalizeg-h pairs. On the other =./hc/eB is the magnetic lengti:=2e?/ x/7N represents
hand, for photon energigsw # E, 4 [transitions p) and () a characteristic subband energy scale, whers the areal

in Fig. 6], at least one of the created carriers is stronglydensity of charged acceptors ardlenotes the GaAs dielec-
localized. Thus, the observed broadening increase of an irtric constant. The states at the subband edge with are
dividual Landau PLE transition with decreasiig, essen- localized on a single charged acceptor, while feres<I" the
tially reflects the fact thag-h pairs photocreated at the tran- states have large, but finitAnderson localization lengthg®
sition peak relax mainly to the intrinsic exciton statesThe degree of localization can be expressed, in the simplest
monitored at highE,,,, while those photocreated at the tran- form, by a Gaussian wave function with an effective length
sition tails correspond to preferable relaxation into the low-inversely proportional ta, as follows> "2

energy extrinsic exciton states. For a quantitative evaluation

of this effect, we consider the consecutive stages of the PLE 1 r2e?
processi(1) creation of an electron-hole pair by photon ab- V(r)= — X~ 5,2/ @

sorption and2) relaxation of this pair into an excitonic state
in which it recombines radiativelgat the monitored energy = wherea is the coupling constant that depends on the poten-

We assume a random distribution of charged acceptorsial: a~(e?/«). Note, that, in this simplified model, the de-
the limit of high magnetic fields and no excitonic effects. scription of the Landau subbands is independent of the Lan-
Then, the density of statdsalculated in detail in Appendix dau indexn.
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This wave function can be used in order to obtain thecarrier energy transferred into the phonon field. Zheom-
dependence of inter-Landau-subbatmbnduction-valende ponent of the acoustic-phonon wave vedajgiis assumed to
transition matrix elemenP,. on the electron and hole sub- be unrestricted.

band energies as follows: After integration and summation ovey, from 0 to
AE/fvg Eq. (4) yields
= 2¢€c€, 212 2
Puc(fcyfv)—|<q’ec‘1’ev>| (6(2:4-65)' (3 M(ere')~ de‘e 7 (1_8_[(AE)2/(62+EV2)772])
’ +¢e'? (AE)? '
Note that if we used the exact electron and hole wave (5)

functions in the limit of a high magnetic filinstead of the

approximated ones, E@2)], there would be no broadening
of the Landau transitions, i.eB, (e ,€,)~ d(e.—€,). This nd has the value of=10"2 for GaAs.

is a result of the identical Landau states for electrons ang We note that, if the state¥ (1) andW (r) belong to the

holes, when the respective long-range impurity potential§ame Landau ,subband i.ZAE=6—ef the transition

differ only in sign. The physical reason for a finite broaden- .. given by Eq(5) wil ‘decrease ver); quickly with in-

ing is the impurity-induced Landau subband mixing thatcreasing AE, namely, it becomes negligible for

should be still effective at the range of applied magneticHE_ €'|/(\/?+_€’2)]>7l Therefore, acoustic phonon-

Iﬁgzegfg;i\éiréﬁ? tﬁgrgaasde:tg%?; i's too%/‘; gétcrsgaasini]rgx_ assisted relaxations within a single Landau subband are es-
(Ratlovy sentially excluded. However, for relaxation into an excitonic

B o s o LSO o e anca-subband reatomhere .-
; " . andAE>¢€', Eq.(5) is reduced to a simple form:

more complicated. For the present purpose, it is sufficient to
take into account the localization property of the electron and 4e2¢'?
hole subband edge states in order to obtain a qualitative M(e €' )~n° BB E+eD (6)
agreement with the experiment.

Within the same framework of the approximate wave For the sake of simplicity, an excitonic state is considered
functions[Eq. (2)], the acoustic phonon-assisted relaxationwithin this model as a direct product of the decoupled elec-
rate between the carrier initial stae(r) (e=¢, for an elec-  tron and hole states with=0.1° We require, however, that

tron ande’ =€, for a hole and the final statd’ (r) will be  then=0 subband energy be the same for the recombining

where n=(fivJ/a) is a dimensionless constant which charac-
terizes the strength of the localized carrier-phonon coupling

proportional to electron and hole. It is different from the selection rule ex-
) pressed by Eq3) and reflects, to some extent, the excitonic
f g2 nature of the recombining state, where the Coulomb binding
AP , qr, 2 . ’ g
M(e.€) %H" VW e(r)edd @ enhances the electron and hole spatial overlap.

The PLE spectrum is then taken to be proportional to the
Here, g, is the in-plane phonon wave vector and the sumabsorption efficiency between electron and hole Landau sub-
is over all energetically allowed,. Energy conservation re- bands/Eq. (3)] weighted by their direct relaxation ratgsq.
quires ivg\q, 2+ qzz=AE, wherevg is the sound velocity (6)], with energyAE=E, .+€ and AE=E,, +¢€', respec-
(for GaAs the average valtreis 5x10° cm/sed. AE is the tively:

|5/(w)~f dfvf dec|Pycl?S(€ec—€,+ Egn—Trw)p(€,)M(€, €' ) p(ec)M(ec €'

+20 X(X+w)e" *exd —x 2= (x+w) ?]
=Kf dx
0

2
[X%+ (X+ )2 2%+ €' 2)[ (x+ w) 2+ 5’2](ET”C+ e’) (Elfv +

7, (7
e')

wherew=(|E,,—%w|/T'), € is expressed in units df, and calculated PLE Landau transition spectral line shapes show
the constanK lumps all the rest of the constants together. an increasing broadening with increasieg namely, with
Results of the numerical integration for different values ofdecreasing monitored exciton PL energy. The transition peak
€ are shown in Fig. 7. Note that there is a direct corresponintensity reaches its maximal value fér=0.5I". This corre-
dence between the=0 Landau subband energy and the sponds to the experimentally observed PL peak.
energy of an exciton bound to a charged impurity. It was Figure 8 shows a comparison between the calculated line
shown by DzyubenKd that, in a strong magnetic field, the shapes width and the observed PLE band corresponding to
binding energy of zero angular momentum excitéwhich  the n,,;=1—n,,=1 transition. The best fit between the
can recombine radiativelyin their ground state, is-0.94  model and experiment is achieved fbg,,~7 meV. Using
times that of free carriers. Then, we relate them by this ratighe relation I'=(2e%/ ) J#N, we derive the density of
and obtain the monitored exciton energy at the PL band. Theharged acceptotd~10 cm 2, which requires about 10%



54 OPTICAL OBSERVATION OF IMPURITY LOCALIZED . .. 2761

trary to charged ones, cannot produce a long range, strongly
localizing potential, since the acceptor Bohr radiag~20

A as deduced from the three-dimensional v&fues still
smaller than the magnetic lengi~70 A atB=14 T. The
potential of a single neutral acceptor can be obtained by the
Gauss theorem and has the form

V(r)=(e? k)(1/r +1lag)exp(—2r/ag).

Intensity

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

I scat< \/p/277)\2|f d’r V(r)|=6.3(ag/\) (meV),

wherep=10' cm 2 is the doping level. For a magnetic field
of B=14 T it givesT',.,+w<1.8 meV, which is significantly
smaller than the experimental value. Therefore, in spite of
Yheir 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

compensation of the doping level. We emphasize that théoca]ization centers—acceptor ions in the plane of confin.ed
calculated degree of compensation is probably overestC&'i€rs. In the undoped MQW, by contrast, there are intrin-
mated. This is due to the approximation used in the model, t§i€ 'ong-range potential fluctuations, which are due to inter-
additional broadening mechanisms such as fluctuations in tH&€€ roughness. These are, probably, too weak to localize the
acceptor location along the QW axis, compensated charg otog(_-:tnerated.h|gh-energy ele.ctrons and holes,'and, there-
donors penetrating into the QW, intrinsic potential, or neutraf©re: this effect is not observed in undoped MQW's.

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 i . N
less appreciable than that of neutral acceptors. As it is well  We studied experimentally the Landau transition broaden-
known?! the (A~,X) complex is not stable in bulk GaAs, ing for (in-well) p-type doped MQW's in PLE spectra moni-
because of the small electron/hole mass ratio. Irfored atEn, within the PL band and under appli&lin the
GaAs/ALGg; yAs QW's, this ratio is significantly larger, range 0—14 T. The appreciable increase of the observed Lan-

but until now there is no direct evidence for the existence offau transition broadening with decreastag within the ex--
the (A~,X) complex. citon PL band evidences the presence of strongly localized

The situation is quite different in the presence of a€lectron and hole states at the edges of Landau subbands.
strongly quantizing magnetic field. Neutral acceptors, con-The transition width is nearly independent of the appld
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

(hw~E,,)/T

FIG. 7. The Landau PLE transition line shapes calculated by E
(7) for different values of carrier subband energy The line
shapes are normalized to that calculateddet0.5T", which cor-
responds to the PL maximum.

IV. SUMMARY

GaAs/Alg 25Gag7sAs
s4k/88R

P=9%10"%cm"2
T=2K
~B=14T

INTENSITY (arb. units)

PLE

(1)

(3)

1.58 1.61
ENERGY (eV)

1.64

1.67

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
acceptorgwhich are present due to compensaticandomly
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
En. It is shown that the increased Landau transition broad-

FIG. 8. A comparison between the experimentally observecEning is due to a preferred relaxation of impurity localized

PLE band(corresponding to tha,,;=1—n¢; =1 Landau transition

carriers into bound excitonic states. These excitons recom-

atB=14 T) and the calculated PLE line shapes at the three monibine radiatively in the low-energy part of the exciton PL
tored energies marked on the PL spectrum.

band.
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APPENDIX: CALCULATION OF THE DENSITY whereE, is thenth Landau leve[n=0,1..). Substituting the
OF STATES Coulomb potential of a single charged acceptor

V(r)=(e? xr) into Eq.(A2), we obtain the density of states

Consider the motion of a photogenerated electton 3t the edge of a given Landau subband,
hole) of massm and chargee in the plane of the QW when
it is subjected to an impurity potentia(x,y) and under a 1
magnetic fieldB applied perpendicular to the QW plane. In Pedgd €)= s
the absence of impurities, the electron states are degenerate
with respect to the different values of coordinates of the elecHere,e=E—E, denotes the subband energy & the area
tron cyclotron rotation centerX(Y). However, even for a Per one impurity.
weakV(x,y), this degeneracy is removed and each infinitely ~ The next order of approximation takes into account the
degenerate Landau level splits into a quasicontinubas-  influence of neighboringcharged impurity with a random
day subband. distribution P(1) =27 NI exp(—7-rNI2), wherel is the inter-

The density of states within one Landau subband will pbedmpurity distance. The electron interaction with a nearest-
obtained under the following assumptiorial The impurity ~ Neighboring impurity cuts off the subband spectrum by an
potential is due to charged acceptors randomly distribute@nergye® «(1/2). Then, we have
over the QW plane, where the mean interimpurity distance is 22
much larger than the magnetic length) The limit of high ~ _es
magnetic fields is assumed, namely, the width of Landau pte) pedgée)a(e Kl ) (A4)
subbands is sufficiently small compared to the gaps betweeR
them. The Hamiltonian can be approximated by decouple%
electron- and cyclotron-center-dependent terms as folldivs:

e \2 1 I? Ir?
(iﬁV+EA ple)=—2 Fexf ~ =/ (A5)

H=T+V(X,Y), (A1)

et 1

TSk E

v

“E (A3)

veraging p,(e) over the impurity distribution and setting
= (1/4N) in Eq. (A3), we finally obtain

whereI'=(2e?/ k) \/mN.
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