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Discrete states of conduction electrons bound to magnetoacceptors in quantum wells

S. Bonifacie, Y. M. Meziani, S. Juillaguet, C. Chaubet, and A. Raymond
Groupe d’Etude des Semiconducteurs, UMR CNRS 5650, Univétsitépellier 11, 34095 Montpellier, France

W. Zawadzki
Institute of Physics, Polish Academy of Sciences, 02668 Warsaw, Poland

V. Thierry-Mieg
Laboratoire de Photonique et de Nanostructures, CNRS, 91460 Marcoussis, France

J. Zeman
Laboratoire des Champs Magtigues Intenses, CNRS, 38042 Grenoble, France
(Received 31 July 2003; published 20 October 2003

Discrete states of conduction electrons bound to ionized acceptors are observed in intraband magneto-optical
experiments on Be-doped GaAsza\ 35As quantum wells. The electrons are bound to acceptors by a joint
effect of the quantum well and an external magnetic field. The observed transition energies are successfully
described using states of single magnetoacceptors. The energies show evidence for oscillatory screening of
acceptor potentials. Also, two disorder modes of the cyclotron resonance related to acceptor potential fluctua-
tions are observed at higher filling factors.

DOI: 10.1103/PhysRevB.68.165330 PACS nunider79.60.Jv, 76.40tb, 61.72.Vv

[. INTRODUCTION effects related to single acceptors and disorder modes
of the cyclotron resonance.

Cyclotron resonancéCR) experiments have been a pow-
erful tool for years in the studies of two-dimensional electron Il. RESULTS AND DISCUSSION
gas (2DEG in semiconductor heterostructures. Magneto-
optical data are sensitive to particularities of the band struc- Our four samples were modulation-doped asymmetric
ture, presence of impurities, and multielectron effects. Théingle quantum wells grown by molecular beam epitaxy.
presence of donors in a quantum WelW) results in addi- Sample 1 was a sample of reference similar to others but

tional magneto-optical transitions, which can be attributed thithglét a5dlgyerr] of BI(IE a_czﬁeé)tors. TheTohther threle sarznples
single impurities. On the other hand, samples containing indre o doped in the well with Be atoms. The samples charac-

tentional or residual acceptors exhibited until present only éenstlcs are reported in Table |. -
Samples were wedged to avoid interference effects. In

disorder-shifted CR-like excitation observed by many au, i o eriments the far infrar¢BIR) optical transmission
thors, first on Si-MOS structurfs and then on the P P

-9 . . was measured ai=1.8 K in magnetic fields up to 13 T
GaAs/Ga_ Al As heterostructures.® A simple interpreta- using a Fourier spectrometer. In order to minimize the back-

tion of this CR like excitation is that the ionized acceptors ., nq pojse of the transmission spectra we took an average
provide potential fluctuations forming approximately para-o¢ 100 runs for each magnetic field.

bolic wells. Such a well acts as a harmonic oscillator with a Figure 1 shows FIR transmission spectra of the reference
characteristic frequency; . However, in a sample doped in sample 1 for different magnetic fields. The standard cyclo-
the well with acceptors, one should also observe transitionfon resonance is observed, its width slowly becomes nar-
related to single impurities, similar to the case of donorsrower as the field increases. Figures 2—4 show the spectra for
Kubisa and ZawadzK{ proposed and described the discrete

states of conduction electrons bound to ionized acceptors in TABLE I. Samples characteristicd:is the width of GaAs well,
heterostructures in the presence of a magnetic field. In & is the distance betweed layer and interface on the side of
modulation-doped n-type structure all acceptors are ionizednodulation dopings-Be is the density of Be acceptors élayer;

An ionized acceptor acts as a repulsive center for a condud¥s and . are the electron density and mobiliggt T=1.8 K), re-

tion electron. However, the latter cannot run away from theSPectively.

acceptor because it is confined in théirection by the quan-
tum well and in thex-y plane by the Lorentz force of mag-
netic field. The proposed states, whose energies occur above

Sample d Z, 6-Bex10° Ngx10% wx10*
(nm  (hm  (cm?) (em™?)  (cmPV isT

the free-electron Landau levels, were observed in interband 25 2.05 28.5
photoluminescence by Vicendt al! 2 25 2 1 2.2 8.8

The present paper reports CR studies of conduction 25 2 2 5.2 16
electrons in GaAs/GgAlg3As heterostructures doped 4 15 2 2 3.7 3.8

in the well with acceptors. We observe and discuss
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FIG. 1. Infrared transmission spectra at constant magnetic fields o ) ]
for the modulation-doped GaAs/GaAl, sAs sample 1, not inten- _ FIG. 3. Same as in Flg. 1, but for sample 3, mt._entlo_nally doped
tionally doped with acceptors. The magnetic field increment iswith Be acceptors. Various spectra are marked with different lines

AB=05T. for clarity.

Samp|es 2-4, respective|y, which Wefgjoped with accep- considerably hlgher than those of the background peaks at-
tors. It can be seen that their spectra are much richer thaffibutable to noise. We carefully checked that the contribut-
that of the reference sample. However, for the filling factorshg peaks had their correspondence at higher and lower
v=<1, the behavior of the undoped sample 1 and the weakl{ields. In addition, it was verified in a set of separate experi-
doped sample 2 become similar, as reported previcusly. ments at 1.8 KT<8.5 K that the main peaks did not
For the Be doped samples, in addition to the CR transitionchange their positions with the temperature.
we observe a number of additional peaks. We find that the The energies of the observed transitions for sample 3
three samples doped with acceptors have similar spectra fégounted from the CR energgre shown in the upper part of
comparable values of the filling factor. For example, it canFig. 7 as functions of magnetic fielsl The lower part of the
be seen that the spectra for sample 2atl.65, for sample figure shows the magnetotransport data obtained on the same
3 aty=1.79, and for sample 4 at=1.61 have quite similar Sample under FIR illumination.
forms. In order to describe the magnetoaccefddA) energies

In order to determine the transition energies we carriedve follow Ref. 10. First, the screened repulsive Coulomb
out a deconvolution of each spectrum using Gaussian peawtential for the bulk is reduced to a 2D potential in the well
of variable amplitude and width. It can be seen from FigsPy a variational ansatz. The screening of the potential does
S(a), 5(b) and 6 that the amp”tudes of Con[ributing peaks aré]Ot include the effect of magnetic fleld, the polarization func-
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FIG. 2. Same as in Fig. 1, but for sample 2, intentionally doped FIG. 4. Same as in Fig. 1, but for sample 4, intentionally doped
with Be acceptors. Various spectra are marked with different linesith Be acceptors. Various spectra are marked with different lines
for clarity. for clarity. Two twinlike disorder modes are clearly observed.
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130 140 150 160 170 (counted from the CR energbetween magneto-accep{®lA) and
1/ (Cm-1) free electron Landau levélL ) states versus magnetic field inten-

sity. Solid lines show the calculated energies for MAzgt2 nm

FIG. 5. Infrared transmission spectra for GaAg/GAlosAs  rom the interface. Trl: LLI=0, M=-1) — MA(N=1, M
quantum wellsd doped with 2<10%° cm™2 of Be acceptors at a —0); Tr2: LL(N=0, M=-2) — MA(N=1, M=—1); Tr3: LL
magnetic fieldB=11 T. In addition to the cyclotron resonance (N=0, M=-3) — MA(N=1, M=-2); Trd: LL(N=0, M
(CR) and two disorder modefDM) one observes a number of = —4) — MA(N=1, M=-3); Tr5: MA(N=0, M=-3) — LL
excitations evidenced by the deconvolution procedure. Solid lines—(N=1, M=-2); Tr6: MA(N=0, M=-2) — LL(N=1, M

experiment, dashed lines—the sum of Gaussian peaks. @g—5 = —1); TI7: MA(N=0, M=-1) — LL(N=1, M=0). Different
sample 3, Fig. B)—sample 4. symbols indicate experimental energies. Lower part: dc magne-

totransport tensor componenis, and p,, vs B, measured on the

tion is taken in the form given by Ando, Fowler, and Sférn Same sample under FIR illumination.

for the degenerate 2D gas. The static dielectric constant fot'he calculated MA eneraies exhibit a similar position
GaAs iskp=12.91. Next, the energies of conduction elec- 9 P

O . . . _
trons are calculated variationally using the trial functions dependence. Fpr th's reason, the theoretical transition en-
ergy 1, shown in Fig. 7, is indicated for three acceptor posi-

Wy = CryeM® pIMI2g= 72 M( 1y 1 tions. The pos_ition dependen(_:e for other t_ransiti(_)ns is
NM ™ =NM g N(7) @) weaker. According to the selection rules, obtained with the
where N=0,1,2..., M=...—-1,0,1... are quantum functions(l), the transition energies can be both larger and

numbersCyy is the normalization factory= yp?a?/2, '—M smaller than the CR energy. The smaller energies correspond
are the associated Laguerre polynomialss the variational ~to transitions from MA states above Lito the free electron
parameter,p’=x>+y?, and y=fwJ2R*.*® The resulting state LLn’=n+1, while the larger ones correspond to tran-
energies are higher than the Landau le(kebl) energys, to sitions from LL n to MA states above LIn'=n+1. The
which the corresponding MA states “belong.” The effective Selection rules ardM = =1 but the transitionsdM = +1

2D potential depends on the acceptor position in the well an@re much stronger. For free electron states the Landau num-
berisn=N+(M+|M|)/2, so that all states witM <0 have

the same energy. Thus the selection rules allow, for example,
- 1 transitions from LL stateN=0, M=—1) to MA state (\
= =1, M=0) or from MA (N=0, M=-1) to LL (N=1,
= 0.95 M=0).
o) As indicated in the upper abscissa of Fig. 7, with increas-
8 ing B the filling factor changes from=4 to v<2. As a
S o9 result, the optical transitions do not occur between the same
B states asB varies, but they shift fromn(=2)—(n=3) at
g low values ofB to (h=0)—(n=1) at highB. Since the MA
@ 085 binding energies depend on the Landau nunty®rwe cal-
g culate weighted averages of all transition energies as func-
= ol tions of B. This leads to a nonmonotonic slope of the energy

: : : : 1 and tends to linearize other energies. The theory is com-
150 160 170 180 . : ) ;
1 (cm‘1) pared with the experiment in the upper part of Fig. 7. It can
be seen that two transitions: full squares above CR and full
FIG. 6. Transmission spectrum and deconvolution peaks focircles below CR can be attributed to the discrete states of
sample 3 aB=125T. conduction electrons bound to the ionized acceptors.
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We identify the transition marked by stars as the disorder- 4 2 1 Vv
shifted CR excitatioiwe call it disorder mod¢DM)]. Con- T '
siderations of optical excitations for the harmonic oscillator 5001 sample 2 0 iy
in a magnetic field lead to an absorption frequenc¥ 100 N=219.10°" omy 1
=w’+w?, where o,.=eB/m¢ is the cyclotron frequency [ MmO =0.0705 ]
andwj is the characteristic harmonic frequency related to the < 200 i
average distance between the acceptdt typical excita- g
tion of this type is seen in Fig.(8 as the strong peak at W 200 -
ho=155.4 cm!. For sample 3 this peak becomes compa-
rable to CR atB=12 T, which corresponds to the filling 100 .
factor v<<2. However, we find from the deconvolution pro-
cedure that this excitation begins to be observableB at 0 s %0 75 100 125 150 175

=5T, ie., forv=4.

This is an important finding, since until now the DM ex-
citations were observed only at<2, see Refs. 1-9. This  F|G. 8. Cyclotron resonance and disorder mode energies for
feature was never understood because it did not follow fror@,amme 2(energy square \/Bz). The solid lines are theoretical.
the harmonic oscillator mod8lAt high fields, the DM peak ) o ) _ _

observes. We believe that also the transition marked witfgXcitations having the corresponding energies. This should
%ot be surprising since the number of MA states is lower than

B*(T%)

empty squares is a disorder mode. First, it is almost exact >
at of the free electron states, so that excitations between the

parallel to the DM discussed above. Second, we observe .
another sample two parallel DM peaks, see Figs) &nd 10. bA stat(cajs alone should be considerably weaker than those
observed.

Also the lower transition energihalf-filled circles in Fig. 7 Now we turn to the disorder modes observed in our
is parallel to the main DM energy. At lower fields this energy amples. Sample 2, which is rather weakly doped with ac-

cprrespond§ vyell to the calculated tr_ansition energy 2, but ageptors, exhibits one disorder mode. As illustrated in Fig. 8,
high fields it is lowered by the main DM excitation. The his mode follows quite well the standard parallel behavior to
lowest transition e_zn_erggcrosse}ss almos_t parallel to the CR the CR energy in th&2(B?) plot. On the other hand, as
energy and its origin is not clegr. Still, it occurs weII_ within already discussed above, the more heavily doped sample 3
the range of calculated transition energies involving MAgxhipits at least twdpossibly even thréedisorder modes.
states. The energies of two DMs for this sample are shown in Fig. 9
It can be seen in Fig. 7 that the transition energies aboveygether with the CR energy using tB&(B?) plot. It can be
CR have two maxima: first arour8=5.7 T and second at seen that the characteristic parallel behavior of the energies
around 10.8 T. They correspond approximately to the fillingis not perfect. Finally, in Fig. 10 we give similar plot for the
factorsv=4 andv=2, respectively, and result, in our un- heavily doped sample 4. Again, the parallel behavior is not
derstanding, from the oscillatory screening of the acceptoperfect. Sample 4 exhibits a richer spectrum than sample 3,
potentials by the 2DEG. Each time the Fermi energy is besee Figs. &) and §b), but the weaker excitations are not
tween the Landau levels the screening has a minimum aniédicated in Fig. 10 for clarity.
the interaction a maximum. This gives a maximum of energy The origin of multiple DM excitations is not clear. The
for a transition having MA as the final state, which is whatStandard picture of the oscillator frequeney results from
we observe. The oscillations of donor binding energy inthe acceptor potential fluctuations and the strong electron-
similar structures were convincingly demonstrated by Rayelectron interactiod®’ There is no obvious reason why this
mondet al® Interestingly, the energy maxima in Fig. 7 oc-

cur also for the disorder modes. This corresponds well to the 600 rrr 1.2 6.3 ® ‘.1 M
model of parabolic well formed by neighboring acceptor po-
tentials. If the potentials are not screened, the well becomes sample3 =~ -
narrower and the resulting oscillator frequency becomes N{5'2'10 e ogETk
higher. 400L m*mo = 0.071 0¥

The transmission curves for samples 3 and 4 shown in <
Figs. 5a) and §b) are similar. Both exhibit CR, MA, and g
DM peaks. In particular, the spectrum in Figbbfor sample T 200 _

4 confirms our identification of the two peaks above
150 cm ! as DM modes. In general, the disorder introduced
by acceptors in sample 4 is higher than that of sample 3,

which is confirmed by the experimental mobility values at 0 s 850 75 100 125 150 175
T=1.8 K (u=3.8x10"* cm?/Vs and 16<10* cn¥?/Vs, re- B2 (1%
spectively.

In principle, not only the transitions between free elec-  FIG. 9. Cyclotron resonance and disorder modes energies for
trons and MA stategor vice versaare possible but also the sample 3(energy square vB2). The straight line for CR is theo-
transitions between MA states associated to different LLsretical, the lines for DM’s are drawn to guide the eye.
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86 4 3 2 Vv first. In a recent paper, Butat al® reported an additional
A - ' excitation between CR and DM, but its intensity was much
P00 ample 4 o lower than that of the DM peak.
400 N =3.7.10" cm? ,;;‘i‘i-""* We also investigated another heavily doped sample 5

(Ng=4.4x10'" cm 2 and 6Be=4x 10 cm™?). It showed
P spectra similar to those showed above, in particular, two dis-
< 300 g 1 order modes were observed. The problem of multiple DM
w excitations requires further investigations.

m*/m0=0.072

. SUMMARY

In summary, we observed and described states of conduc-
ol , , , , , tion electrons in heterostructures bound to single ionized ac-

25 50 75 100 125 150 ceptors by a joint effect of the potential well and a magnetic

B2 (T9) field. Our results confirm the data of interband experiments.

The magneto-optical energies show evidence of the oscilla-

FIG. 10. Cyclotron resonance and disorder modes energies fdory screening of acceptor potentials by 2D electron gas in a
sample 4(energy square versiuB?). The straight line for CR is magnetic field. We also observed three effects related to the

theoretical, the lines for DMs are drawn to guide the eye. disorder modes of cyclotron resonance. First, two DMs are
observed on three samples. Second, the DM energies show

approach should give more than one oscillator frequency}?\/idencfa for the resonant screening of th.e acceptor poten-
Alternatively, twow; frequencies could come from two dop- uals. Th!r(_j’ at least one dlsorQer mode_ begins to _be observed
ing planes, one is introduced by the actdaloping at 2 nm at the f|II|ng fgctoruz_4, which _contrlbutes an important
from the interface, the other results from the diffusion of Beelement mIssing. unt|l present in the harmonic oscillator
atoms, probably at the GaAs/GaAlAs interface. In this caser,mdeI of DM excitations.
however, the two frequencies should differ more from each
other than what we observe, since the acceptor density at the

second plane should be considerably lower than that of the We thank Dr. M. Sadowski for help in the experiments.
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