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Grand canonical equilibrium of two-dimensional electrons confined in asymmetric
Al,Ga; _,As/GaAs heterostructures in a quantizing magnetic field
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The energy of electronic states of a two-dimensional electro2jaEG) confined in a one-sided-doped
Al,Ga _,As/GaAs asymmetric quantum welQW) in a perpendicular magnetic fiel is studied using
low-temperature photoluminescence experiments. The interband Landau-level energies show an oBcillatory
dependence. This oscillatory behavior does not depend on QW width and is sensitive to the carrier concentra-
tion Ng of the 2DEG. These observations disagree with what one would expect from many-body theory. A
theoretical model is developed assuming that, under continuous illumination, the 2DEG is in grand canonical
equilibrium with the rest of the structure. Thé¥y may change from that &=0 because of thB dependence
of the density of states. In these semi-equilibrium conditions, the Fermi level should stay flat across the
structure and should not depend BnThis study shows that, in asymmetric modulation doped quantum wells,
the electronic transfer can be the main factor in the oscillatory behavior of interband transition energies as a
function of B. [S0163-18209)01135-2

Low-temperature photoluminescen®.) experiments on hole (e-h) interaction is the most important in explaining the
Al,Ga,_,As/GaAs modulation doped quantum wells magnetic oscillation of PL energy. These oscillations arise
(MDQW's) have been of great interest for several years. |,~tr_om the oscillation in the scree_ning due to the disc.rete den-
particular, PL studies in the presence of magnetic field havéity of states(DOS). However, it was both theoreticalfy
led to a wealth of very useful investigations on the two_and_experlmentalﬁ? established that the contribution from
dimensional2D) character and on the physical properties ofé-h interactions to the spectral position of the luminescence
the two-dimensional electron gd@DEG) confined at the line is strongly dependent on the spatial separation between

Al Ga, ,As/GaAs interfacé.It has been, for example, ex- the 2DEG and photogenerated holes. Therefore, it is interest-

perimentally revealed that the energy of interband Landaui-?r?e_tsoi dggrr]f_(c)jrom e??sn?Tt]?;]lgtrr?éngs\x/enfﬁisn;?f:fcl:lf;nﬁgg ?Qea
level (LL) transitions oscillates as a function B’ These P Y ’

lat d t exist in th 1 tical X {;\dvantage that one can control the strength of the e-h inter-
oscillations do not exist in the magneto-optical Spectra 0l tjon py changing the well width. Consequently, in this sys-

undoped quantum weII@QW_’s).S , _ tem, the competition between electron-elect(er® interac-
One reason invoked to interpret such an interesting f€agon and e-h interaction is very sensitive to the QW's size.
ture was the Fermi-energy jumps between different LL'SThe amplitude and the phase of resulting magnetic oscilla-
which may originate from different occupied electric tions are controlled by changing e-h separation when the
subbands.Since these have different spatial extents of theifyell width changed?
wave functions, different occupation implies different charge |n this paper, we report on experimental observations of
distribution. This gives rise to a deformation of the confine-this oscillatory behavior of interband LL transitions in three
ment potential causing a change of subband energies ®hendifferent asymmetric QW’s which we selected with different
varies. well widths, andor) a different 2DEG densitis. The main
The phenomena commonly assumed for the steplike beaim of this work is to compare the many-body approach with
havior of the PL energies with increasifgyrequires a cor- the experimental results obtained on these specific samples.
rection involving the self-energy of electron and hole arisingA qualitative disagreement is clearly identified and dis-
from many-body interaction¥. This model was generally cussed.
compared to experimental results in the casenafoped An attempt to describe the energy of interband LL transi-
symmetric QW's. In this case, the self-energy from electrontions in increasingB is proposed here. We think that the
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TABLE |. Characteristics of the investigated sampleg:is the well width;d, is the spacer thickness;
Ng4( &) is the surface density of Si donors for the closest plane from th&al ,As/GaAs interfaceNg is
the 2DEG density in the dark) and under illuminatiorll ); w is the 2D electron mobility under illumination.

Ns
[X 10" cm™?]
LW Na( o) do K
Samples (A) [X10" ecm?] [A] I I [X10° cn?é/Vs]
A 130 10 110 5.3 7.8 2.5
B 250 3.3 110 3.6 7.6 4.6
C 250 5 100 6.3 8.5 4.5

oscillating B dependence is a signature of the existence obnly the e-h screened interaction term is present and gives
gaps in the LL energy spectrum as well as of the linBar then the dominant term in the oscillatory behavior of the
dependence of bidimensional DOS. Consequently, wiBen total energy. This term depends on electron occupation
varies, the 2DEG system has to exchange electrons with trough the dielectric screening. When the filling factais
large reservoir made of the whole of the structure, so that thean even integer, the screening effect is minimum, and con-
grand canonical equilibrium condition is satisfied. This con-sequently the e-h interaction term shows an anomalous shift
dition requires that the Fermi energy should stay flat acrosfom the lineaB dependence. Note that the amplitude of this
the sample and should be magnetic field independent. Thghift is very sensitive to the LL's broadening parameler
hypothesis of an external reservoir was first proposed bynd that the period of the experimental oscillations does not
Baraff and Tsui to explain quantum Hall platedidJsing  coincide with the period of the many-body oscillations: ex-
the reservoir hypothesis one can describe not only the quarperimentally the shift is observed for valuesitodmaller than
tum Hall effect and the Shubnikov—de Haas effédiut also  the even valuessee Ref. 10 Recently*® the authors of this
the oscillations of magnetization and thermoelectric potfRer. model theoretically predicted that, in asymmetric QW struc-
In our experimental conditions, namely under continuous il-tures, the phase and the amplitude of the induced many-body
lumination, one can certainly assume that the 2DEG is nogffect oscillations are strongly dependent on QW width. This
isolated but in contact with the whole of the structure whichis due to the competition between e-h and e-e interactions. In
represents the grand canonical reservoir. the narrow-well limit, the e-h interaction dominates and
Our investigations are based on magnetoluminescencghows oscillations with blue-shift peaks. In the large-well
measurements performed on,Bk, _,As/GaAs single QW limit, the e-h interaction vanishes because of spatial separa-
structures, grown by molecular beam epita®BE), with  tion between the 2DEG and the photogenerated holes and the
well widths L,, of 130 and 250 A. The value dfly under dominating term is then the e-e interaction which shows os-
optical excitation was measured using magnetotransport exillations with red-shift peaks. In Ref. 13, the calculation was
periments and varied from sample to sample between 7.6

X 10" cm 2 and 8.5¢10' cm? (see Table)l Details on 1,565 [P T e
the investigated samples and on the experiments are given ii I 444 s34 ..' .,,' ]
Ref. 17. At zero field, we observed an asymmetric broad line r o ¢ K s 1
with a spectral weight shifted towards higher energies. The  1.550 [~ N S 0 s -
position of this line depends dds and on QW width. When i « o & ]
B is applied, the broad line splits into separate peaks, related i o . ." o~ ]
in the first approach, to the transition between conduction- 1.645 |- « o °* ™ 1-1 —
band and valence-band LL’s. Note that we have not observec L . = . ]
any difference between the spectra measured on sample_. C . ‘-° o ]
with contacts and the spectra measured on samples witho@, 1.540 |- S . s ...°° —
contacts. A typical fan chart of the observed magnetolumi- g [ ,' o o ]
nescence peaks related to LL transitions is shown in Fig. 18 r oo * 1
(sample A. As shown in Fig. 1, the LL transitions present a 1535 | " -
nontrivial oscillatory behavior as a function Bf L ‘e 00 1
It is clear that the observed energy oscillations cannot be r A o 1
explained by the assumption of a possible electronic redistri- 1530 .." e —
bution between different occupied electric subbands when I M “.'“"" ]
varies, since only one subband is populated for sandple - K ]
with L,=130 A. 1,525 guawesree -]
In symmetric QW structures, Uenoyama and Sttaas [ ]
P PSRN ARTEN RSUYS SV AU S SIS N STEN MU A T B AU A0 N AE AT AT

well as Katayama and And8,attributed the oscillatory be-
havior of LL transitions to the self-energy correction of elec-
trons and holes. The conduction e-e screened interaction
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term and the electron exchange term tend to cancel each FIG. 1. A representative fan chart of the magnetoluminescence
other out. Such cancellation does not occur for holes sincpeaks aff=4.2 K for sampleA.
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FIG. 2. (a) Low temperatureT=4.2 K) magnetoluminescence 1525
oscillation of the ground state energy transition 0-0, after subtract- 1520 E 3
ing the lineaB dependence, for sample A with,=130 A (closed . Sample C
circles and for sampleB with L,,=250 A (open circles The two 2
samples have approximately the same carrier concentrddion E‘o
~7.7x10" cm™2 (b) The magnetoluminescence oscillations E
taken from samplé with L,,=130A. The closed circles represent
oscillations of transition energy 0-0, the open circles represent the

oscillations of transition energy 1-1. The linear dependencd on

has been subtracted. 0 1 2 3 4 5 6 7 8 9 10 11 12

Magnetic field (T)

performed in one-sided-doped A|Ga _,As/GaAs sample
with Ng=2.2x 10" cm™2 The transition from blue-shift to FIG. 3. Experimentalcircles and calculatedsolid lines tran-
red-shift occurs for widths between 200 and 300 A. Furthersition energy 0-0 at 4.2 K, as a function Bffor the three investi-
more, in this case of asymmetric QW, higher carrier concengated samples.
tration induces more e-h separation and consequently, the
critical well width to this change of phase should be with the whole surrounding structure which plays the role of
achieved at.,,<<200 A. In any case, this phase change is athe reservoir. This result was experimentally established by
crucial test to identify the clear mechanism of the experimenHayneset al,'® by Kukuskin et al,'® as well as by Plentz
tally observed magnetic oscillations of PL energy. et al'? who showed that, aB=0, the Fermi energy re-

For the three investigated samplés, B, O, the period mained constant when the 2D dendity increased while, in
and the amplitude of the observed oscillations do not depenthe same conditions, the bottom of the first electronic sub-
on the electron and hole LL index. Also, they seem to beband decreased. On the other hand, wBenaries, the 2DEG
sensitive toNg but quasi-independent obh,,. Figure Za) exchanges electrons with the reservoir as a consequence of
shows a comparison of the fundamental energy transitiothe DOS dependence dd and because of the existence of
line referred to as 0-0, with respect to the reference energy ajaps in the energy spectrum of the 2DEG. Th&nvaries
E(B)=1.524 eW0.705 meV/T for the 130 A well width according to the electron distribution equation:

(sampleA) and E(B)=1.502 e\0.950 meV/T for 250 A 5

well width (sample B. The two samples have nearly the ex;{ 2(E—Eo,n,s> )
sameNg but two different QW widths. It can be seen that eB 21 r

both results are very similar and no phase change was ob- "s\P/= Tnzs \[; ff E—Ef dE,
served unlike predictions of the many-body effect model. ’ 1+ex;{ KT )
Moreover, the observed oscillations are quasi-independent of )

QW width. An other interesting point is that the amplitude of
the observed oscillations increases with. Figure 3 shows wherel is the electron LL broadening parameter g, ¢
such comparison measured from sampleand sampleC is thens™ LL energy related to the lowest electrical subband.
having the same well width and differeht;. Again, this In the following, we concentrate on the fundamental tran-
result disagrees with what one would expect from the manysition energy 0-0. To calculate this energy at fidve use
body effect model. It is also remarkable from FigbRthat  a self-consistent procedure to solve the Sdinger equation
these oscillations are LL index independent. Thus, we confor the eigenfunctions and eigenvalues, the Poisson equation
clude that the observed oscillations cannot be explained bfor the confinement potential, and the electron distribution
the oscillatory behavior of the many-body interactions. Eq. (1) for the carrier concentration. In our calculation, we
Our approach in interpreting such features is based on twtake into account the spin-splitting enhancement by the ex-
considerations. On the one hand, under continuous illuminashange interaction of electrof$.We assumed a pinned
tion, the 2DEG system is in grand canonical equilibriumFermi energy across the sample. The results obtained from
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our calculation show an oscillating shapeMf vs B. In the B 1\ heB
quantum-Hall plateau regimesl follows the variation of Ep(n,B)=Ee(B)~Ex(B)+|{n+ 3 o )

the DOS and increases linearly wiih In the quantum-Hall

uphill regimesN; falls, following the total number of states

in the 2DEG. The variations dflg induce oscillations of the whereE.(B) andE,(B) are, respectively, magnetic-field de-
energy profile and consequently of the electron and hole Llpendent electron and hole ground subband enengitehels
energies. According to this model, the anomalous blue-shift andau levels, anth,, is the e-h reduced effective mass. As
from linear B dependence occurs for values of the filling can pe seen from Eq2), all interband LL transitions oscil-
factor smaller than the even values predicted by the manyzie in the same way d€4(B)—E(B)] and are LL index
body effect model. The corresponding data are presented iiﬂdependent.

the insets of Fig. 3, together with the dependence of the 0-0 In conclusion, we have shown that the interband LL re-

transition energy oiB. It can be seen from this plot that the combinations exhibit an oscillatory behavior with, always,
charge transfer approach reproduces remarkably well the ob-

. . I, lue-shift from linearB dependence when the well width
served oscillations of interband LL transitions measured for .
different samples. The most remarkable observation is thgf creases. No phase changg was experllmentally observed and
the amplitude of these oscillations depends neither on Q € amphtude of thgse oscﬂlqﬂons IS mdependent of *?Oth
width nor on LL index as observed experimentally. Indeed QW Width and LL index but increase with 2DEG carrier
in the asymmetric QW case, the degenerate 2DEG system g)ncentrat!on.. These observations dlsagrge with the pre-
confined at the interface between the®&, _,As doped bar-  dicted oscillations from self-energy correction of electrons
rier and the GaAs well. In the region of spatial confinementand holes. Our experimental results are in good agreement
of e|ectronsy the band_bending prof”e iS more sensitive thlth the aSSUmption that under continuous illumination, the
carrier-concentration change than in the region of spatialDEG system is in grand canonical equilibrium with a res-
confinement of holes. Consequently, the oscillations of theervoir represented by the rest of the structure. In these con-
energy profile as well as the oscillations of the energy of theditions the Fermi energy is a constant throughout the whole
electron and hole ground subbands are quasi-insensitive &ructure and does not dependBinThe present model gives

QW width and depend only on 2DEG carrier dendity.

both period, phase, and oscillation amplitudes in the overall

Besides this, if one uses a simple parabolic approximafeature of experiments and agrees very well with recent ob-

tion, the electron-hole LL transition takes the form

servations of Kerridget al?!
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