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Discrete states of conduction electrons bound to magnetoacceptors in quantum wells
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Discrete states of conduction electrons bound to ionized acceptors are observed in intraband magneto-optical
experiments on Be-doped GaAs/Ga0.67Al0.33As 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.
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I. INTRODUCTION

Cyclotron resonance~CR! experiments have been a pow
erful tool for years in the studies of two-dimensional electr
gas ~2DEG! in semiconductor heterostructures. Magne
optical data are sensitive to particularities of the band str
ture, presence of impurities, and multielectron effects. T
presence of donors in a quantum well~QW! results in addi-
tional magneto-optical transitions, which can be attributed
single impurities. On the other hand, samples containing
tentional or residual acceptors exhibited until present on
disorder-shifted CR-like excitation observed by many a
thors, first on Si-MOS structures1–3 and then on the
GaAs/Ga12xAl xAs heterostructures.4–9 A simple interpreta-
tion of this CR like excitation is that the ionized accepto
provide potential fluctuations forming approximately pa
bolic wells. Such a well acts as a harmonic oscillator with
characteristic frequencyv i . However, in a sample doped i
the well with acceptors, one should also observe transiti
related to single impurities, similar to the case of dono
Kubisa and Zawadzki10 proposed and described the discre
states of conduction electrons bound to ionized acceptor
heterostructures in the presence of a magnetic field. I
modulation-doped n-type structure all acceptors are ioniz
An ionized acceptor acts as a repulsive center for a cond
tion electron. However, the latter cannot run away from
acceptor because it is confined in thez direction by the quan-
tum well and in thex-y plane by the Lorentz force of mag
netic field. The proposed states, whose energies occur a
the free-electron Landau levels, were observed in interb
photoluminescence by Vicenteet al.11

The present paper reports CR studies of conduc
electrons in GaAs/Ga0.67Al0.33As heterostructures dope
in the well with acceptors. We observe and discu
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effects related to single acceptors and disorder mo
of the cyclotron resonance.

II. RESULTS AND DISCUSSION

Our four samples were modulation-doped asymme
single quantum wells grown by molecular beam epita
Sample 1 was a sample of reference similar to others
without a d layer of Be acceptors. The other three samp
ared doped in the well with Be atoms. The samples char
teristics are reported in Table I.

Samples were wedged to avoid interference effects.
most experiments the far infrared~FIR! optical transmission
was measured atT51.8 K in magnetic fields up to 13 T
using a Fourier spectrometer. In order to minimize the ba
ground noise of the transmission spectra we took an ave
of 100 runs for each magnetic field.

Figure 1 shows FIR transmission spectra of the refere
sample 1 for different magnetic fields. The standard cyc
tron resonance is observed, its width slowly becomes n
rower as the field increases. Figures 2–4 show the spectr

TABLE I. Samples characteristics:d is the width of GaAs well,
z0 is the distance betweend layer and interface on the side o
modulation doping;d-Be is the density of Be acceptors ind layer;
Ns andm are the electron density and mobility~at T51.8 K), re-
spectively.

Sample d z0 d-Be31010 Ns31011 m3104

~nm! ~nm! (cm22) (cm22) (cm2V21s21)

1 25 2.05 28.5
2 25 2 1 2.2 8.8
3 25 2 2 5.2 16
4 15 2 2 3.7 3.8
©2003 The American Physical Society30-1
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samples 2–4, respectively, which wered doped with accep-
tors. It can be seen that their spectra are much richer
that of the reference sample. However, for the filling fact
n<1, the behavior of the undoped sample 1 and the wea
doped sample 2 become similar, as reported previousl5,7

For the Be doped samples, in addition to the CR transit
we observe a number of additional peaks. We find that
three samples doped with acceptors have similar spectra
comparable values of the filling factor. For example, it c
be seen that the spectra for sample 2 atn51.65, for sample
3 atn51.79, and for sample 4 atn51.61 have quite similar
forms.

In order to determine the transition energies we carr
out a deconvolution of each spectrum using Gaussian p
of variable amplitude and width. It can be seen from Fi
5~a!, 5~b! and 6 that the amplitudes of contributing peaks

FIG. 1. Infrared transmission spectra at constant magnetic fi
for the modulation-doped GaAs/Ga0.67Al0.33As sample 1, not inten-
tionally doped with acceptors. The magnetic field increment
DB50.5 T.

FIG. 2. Same as in Fig. 1, but for sample 2, intentionally dop
with Be acceptors. Various spectra are marked with different li
for clarity.
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considerably higher than those of the background peaks
tributable to noise. We carefully checked that the contrib
ing peaks had their correspondence at higher and lo
fields. In addition, it was verified in a set of separate expe
ments at 1.8 K,T,8.5 K that the main peaks did no
change their positions with the temperature.

The energies of the observed transitions for sample
~counted from the CR energy! are shown in the upper part o
Fig. 7 as functions of magnetic fieldB. The lower part of the
figure shows the magnetotransport data obtained on the s
sample under FIR illumination.

In order to describe the magnetoacceptor~MA ! energies
we follow Ref. 10. First, the screened repulsive Coulom
potential for the bulk is reduced to a 2D potential in the w
by a variational ansatz. The screening of the potential d
not include the effect of magnetic field, the polarization fun

ds

s

d
s

FIG. 3. Same as in Fig. 1, but for sample 3, intentionally dop
with Be acceptors. Various spectra are marked with different li
for clarity.

FIG. 4. Same as in Fig. 1, but for sample 4, intentionally dop
with Be acceptors. Various spectra are marked with different li
for clarity. Two twinlike disorder modes are clearly observed.
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tion is taken in the form given by Ando, Fowler, and Stern12

for the degenerate 2D gas. The static dielectric constan
GaAs isk0512.91. Next, the energies of conduction ele
trons are calculated variationally using the trial functions

CNM5CNMeiM Fh uM u/2e2h/2LN
M~h!, ~1!

where N50,1,2, . . . , M5 . . . 21,0,1, . . . are quantum
numbers,CNM is the normalization factor,h5gr2a2/2, LN

M

are the associated Laguerre polynomials,a is the variational
parameter,r25x21y2, and g5\vc/2R* .13 The resulting
energies are higher than the Landau level~LL ! energy«n to
which the corresponding MA states ‘‘belong.’’ The effectiv
2D potential depends on the acceptor position in the well

FIG. 5. Infrared transmission spectra for GaAs/Ga0.67Al0.33As
quantum wellsd doped with 231010 cm22 of Be acceptors at a
magnetic fieldB511 T. In addition to the cyclotron resonanc
~CR! and two disorder modes~DM! one observes a number o
excitations evidenced by the deconvolution procedure. Solid line
experiment, dashed lines—the sum of Gaussian peaks. Fig. 5~a!—
sample 3, Fig. 5~b!—sample 4.

FIG. 6. Transmission spectrum and deconvolution peaks
sample 3 atB512.5 T.
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the calculated MA energies exhibit a similar positio
dependence.10 For this reason, the theoretical transition e
ergy 1, shown in Fig. 7, is indicated for three acceptor po
tions. The position dependence for other transitions
weaker. According to the selection rules, obtained with
functions~1!, the transition energies can be both larger a
smaller than the CR energy. The smaller energies corresp
to transitions from MA states above LLn to the free electron
state LLn85n11, while the larger ones correspond to tra
sitions from LL n to MA states above LLn85n11. The
selection rules areDM561 but the transitionsDM511
are much stronger. For free electron states the Landau n
ber isn5N1(M1uM u)/2, so that all states withM<0 have
the same energy. Thus the selection rules allow, for exam
transitions from LL state (N50, M521) to MA state (N
51, M50) or from MA (N50, M521) to LL (N51,
M50).

As indicated in the upper abscissa of Fig. 7, with incre
ing B the filling factor changes fromn>4 to n,2. As a
result, the optical transitions do not occur between the sa
states asB varies, but they shift from (n52)→(n53) at
low values ofB to (n50)→(n51) at highB. Since the MA
binding energies depend on the Landau numbern,10 we cal-
culate weighted averages of all transition energies as fu
tions ofB. This leads to a nonmonotonic slope of the ene
1 and tends to linearize other energies. The theory is c
pared with the experiment in the upper part of Fig. 7. It c
be seen that two transitions: full squares above CR and
circles below CR can be attributed to the discrete state
conduction electrons bound to the ionized acceptors.
r

FIG. 7. Upper part: energies of magneto-optical transitio
~counted from the CR energy! between magneto-acceptor~MA ! and
free electron Landau level~LL ! states versus magnetic field inten
sity. Solid lines show the calculated energies for MA atz052 nm
from the interface. Tr1: LL(N50, M521) → MA( N51, M
50); Tr2: LL(N50, M522) → MA( N51, M521); Tr3: LL
(N50, M523) → MA( N51, M522); Tr4: LL(N50, M
524) → MA( N51, M523); Tr5: MA(N50, M523) → LL
(N51, M522); Tr6: MA(N50, M522) → LL( N51, M
521); Tr7: MA(N50, M521) → LL( N51, M50). Different
symbols indicate experimental energies. Lower part: dc mag
totransport tensor componentsrxx and rxy vs B, measured on the
same sample under FIR illumination.
0-3
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We identify the transition marked by stars as the disord
shifted CR excitation@we call it disorder mode~DM!#. Con-
siderations of optical excitations for the harmonic oscilla
in a magnetic field lead to an absorption frequencyv1

2

5v i
21vc

2 , where vc5eB/m0* is the cyclotron frequency
andv i is the characteristic harmonic frequency related to
average distance between the acceptors.2,14 A typical excita-
tion of this type is seen in Fig. 5~a! as the strong peak a
\v5155.4 cm21. For sample 3 this peak becomes comp
rable to CR atB512 T, which corresponds to the filling
factor n,2. However, we find from the deconvolution pro
cedure that this excitation begins to be observable aB
55 T, i.e., forn>4.

This is an important finding, since until now the DM e
citations were observed only atn<2, see Refs. 1–9. This
feature was never understood because it did not follow fr
the harmonic oscillator model.2 At high fields, the DM peak
tends to replace the CR peak, which is what one usu
observes. We believe that also the transition marked w
empty squares is a disorder mode. First, it is almost exa
parallel to the DM discussed above. Second, we observ
another sample two parallel DM peaks, see Figs. 5~b! and 10.
Also the lower transition energy~half-filled circles in Fig. 7!
is parallel to the main DM energy. At lower fields this ener
corresponds well to the calculated transition energy 2, bu
high fields it is lowered by the main DM excitation. Th
lowest transition energy~crosses! is almost parallel to the CR
energy and its origin is not clear. Still, it occurs well with
the range of calculated transition energies involving M
states.

It can be seen in Fig. 7 that the transition energies ab
CR have two maxima: first aroundB.5.7 T and second a
around 10.8 T. They correspond approximately to the fill
factorsn54 andn52, respectively, and result, in our un
derstanding, from the oscillatory screening of the accep
potentials by the 2DEG. Each time the Fermi energy is
tween the Landau levels the screening has a minimum
the interaction a maximum. This gives a maximum of ene
for a transition having MA as the final state, which is wh
we observe. The oscillations of donor binding energy
similar structures were convincingly demonstrated by R
mondet al.15 Interestingly, the energy maxima in Fig. 7 o
cur also for the disorder modes. This corresponds well to
model of parabolic well formed by neighboring acceptor p
tentials. If the potentials are not screened, the well beco
narrower and the resulting oscillator frequency becom
higher.

The transmission curves for samples 3 and 4 shown
Figs. 5~a! and 5~b! are similar. Both exhibit CR, MA, and
DM peaks. In particular, the spectrum in Fig. 5~b! for sample
4 confirms our identification of the two peaks abo
150 cm21 as DM modes. In general, the disorder introduc
by acceptors in sample 4 is higher than that of sample
which is confirmed by the experimental mobility values
T51.8 K (m53.83104 cm2/Vs and 163104 cm2/Vs, re-
spectively!.

In principle, not only the transitions between free ele
trons and MA states~or vice versa! are possible but also th
transitions between MA states associated to different L
16533
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We checked this possibility but did not find experimen
excitations having the corresponding energies. This sho
not be surprising since the number of MA states is lower th
that of the free electron states, so that excitations between
MA states alone should be considerably weaker than th
observed.

Now we turn to the disorder modes observed in o
samples. Sample 2, which is rather weakly doped with
ceptors, exhibits one disorder mode. As illustrated in Fig
this mode follows quite well the standard parallel behavior
the CR energy in theE2(B2) plot. On the other hand, a
already discussed above, the more heavily doped samp
exhibits at least two~possibly even three! disorder modes.
The energies of two DMs for this sample are shown in Fig
together with the CR energy using theE2(B2) plot. It can be
seen that the characteristic parallel behavior of the ener
is not perfect. Finally, in Fig. 10 we give similar plot for th
heavily doped sample 4. Again, the parallel behavior is
perfect. Sample 4 exhibits a richer spectrum than sampl
see Figs. 5~a! and 5~b!, but the weaker excitations are no
indicated in Fig. 10 for clarity.

The origin of multiple DM excitations is not clear. Th
standard picture of the oscillator frequencyv i results from
the acceptor potential fluctuations and the strong electr
electron interaction.16,17There is no obvious reason why th

FIG. 8. Cyclotron resonance and disorder mode energies
sample 2~energy square vsB2). The solid lines are theoretical.

FIG. 9. Cyclotron resonance and disorder modes energies
sample 3~energy square vsB2). The straight line for CR is theo-
retical, the lines for DM’s are drawn to guide the eye.
0-4
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approach should give more than one oscillator frequen
Alternatively, twov i frequencies could come from two dop
ing planes, one is introduced by the actuald doping at 2 nm
from the interface, the other results from the diffusion of
atoms, probably at the GaAs/GaAlAs interface. In this ca
however, the two frequencies should differ more from ea
other than what we observe, since the acceptor density a
second plane should be considerably lower than that of

FIG. 10. Cyclotron resonance and disorder modes energies
sample 4~energy square versusB2). The straight line for CR is
theoretical, the lines for DMs are drawn to guide the eye.
hy
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first. In a recent paper, Buthet al.18 reported an additiona
excitation between CR and DM, but its intensity was mu
lower than that of the DM peak.

We also investigated another heavily doped sample
(Ns54.431011 cm22 and dBe5431010 cm22). It showed
spectra similar to those showed above, in particular, two
order modes were observed. The problem of multiple D
excitations requires further investigations.

III. SUMMARY

In summary, we observed and described states of con
tion electrons in heterostructures bound to single ionized
ceptors by a joint effect of the potential well and a magne
field. Our results confirm the data of interband experimen
The magneto-optical energies show evidence of the osc
tory screening of acceptor potentials by 2D electron gas
magnetic field. We also observed three effects related to
disorder modes of cyclotron resonance. First, two DMs
observed on three samples. Second, the DM energies s
evidence for the resonant screening of the acceptor po
tials. Third, at least one disorder mode begins to be obse
at the filling factorn>4, which contributes an importan
element missing until present in the harmonic oscilla
model of DM excitations.
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