
PHYSICAL REVIEW B VOLUME 49, NUMBER 23 15 JUNE 1994-I

Collective excitations in imperfect parabolic quantum wells
with in-plane magnetic Belds

P. I. Tamborenea and S. Das Sarma
Department of Physics, University of Maryland, College Park, Maryland 207/2-$111

(Received 7 July 1993; revised manuscript received 25 January 1994)

Calculations of far-infrared optical absorption for Al Gaq As perturbed parabolic quantum
wells (PQW) with a magnetic field in the plane of the electron slab are presented within the linear
response theory. The nonparabolicities associated with the perturbation allow the coupling of long-
wavelength radiation to collective excitations of the electron gas other than the center-of-mass mode,
otherwise forbidden in pure PQW's by virtue of Kohn's theorem. We employ a quantum-mechanical
self-consistent-Seld approach which makes use of the density functional formalism within the local-
density approximation. We study two different types of samples employed in recent magneto-
optical absorption measurements. The first consist of PQW's with controlled b-planar perturbations
located at the center of the well or forming superlatticelike periodic arrays. These samples were
recently used in an experimental study aimed at indirectly measuring the magnetoroton dispersion
relation of a three-dimensional electron gas. We construct a magnetoplasma dispersion relation and
critically discuss whether the experimental results are consistent with the bulk magnetoroton picture
originally invoked to understand the data. The second system we study is asymmetric parabolic
wells, obtaining good agreement with experiment at high and low areal densities, but quantitative
discrepancies at intermediate density.

I. INTRODUCTION

Remotely doped Al Gaq As parabolic quantum wells
(PQW's) are systems where a wide, high-mobility quasi-
two-dimensional (2D) electron gas can be realized. Such
systems have been proposed as candidates for the obser-
vation of three-dimensional electron-electron interaction
eH'ects in an environment &ee of impurities. 2 The general-
ized Kohn theorem, which states that an electron gas in
perfect parabolic confinement with a magnetic Geld ap-
plied in an arbitrary direction absorbs long-wavelength
light at the two frequencies that correspond to excita-
tions in the center-of-mass (CM) motion, fully explained
the results of far-infrared (FIR) optical absorption ex-
periments in perfect PQW's. It then became clear that
this type of experiment could reveal characteristics of the
electron-electron interaction only if slight imperfections
were introduced in the parabolic confinement. Since then
a number of imperfect parabolic well systems have been
investigated experimentally and theoretically, without
magnetic Gelds, and with tilted and in-plane magnetic
Gelds. 9

In this paper we will present theoretical calculations
related to recent FIR absorption experiments on imper-
fect parabolic wells in the Voigt geometry, i.e., with a
magnetic field B applied in the plane of the electron slab
and radiation propagating perpendicular to that plane
with polarization E' ~ J B. For pure parabolic wells in
this geometry there is only one resonance (the so-called
Kohn mode) at the frequency ioir = (aio + io, ) ~, inde-
pendent of the areal density N„asstated by the general-
ized Kohn theorem. In this expression iso ——(2ao/m') ~

is the frequency of the harmonic confining potential

V f = cxoz, m' is the electron effective mass in GaAs,
and io, = (eB/m'c)i~2 is the cyclotron frequency. This
center-of-mass mode is the only one that couples to long-
wavelength radiation and corresponds to a rigid oscilla-
tion of the electron slab. By introducing controlled per-
turbations on PQW samples it becomes experimentally
possible to study nonuniform modes of oscillation of the
(quasi)parabolically confined electron gas, which make
manifest the internal degrees of freedom of this many-
body system.

An interesting applications of the idea of using a wide
PQW to study the properties of a 3D electron gas in a
strong magnetic field is the recent measurement of FIR
spectra of samples with controlled b-planar perturbations
(thin layers of Al Gai As with a difFerent concentration
of aluminum which produce small spikes in the otherwise
parabolic potential). Besides the expected Kohn mode,
additional peaks appeared in the spectra, which, inter-
preted as collective excitations with a certain transver-
sal wave vector q, (to be suitably defined), permitted
the construction of a "three-dimensional" magnetoplas-
mon dispersion relation. The result showed a minimum
around q, = 2/E, (f is the magnetic length) in agree-
ment with the magnetoroton minimum predicted by the
3D calculation in the single-mode approximation. In this
paper we apply the insight provided by a microscopic
quantum-mechanical calculation that takes into account
the exact geometry of the experimental samples to test
the validity of the assumptions underlying the interpre-
tation of the experimental data made in Ref. 5.

A simple departure from perfect parabolicity is given
by the case of an asymmetric parabolic well consisting
of two half parabolas of slightly de'erent curvatures.
FIR magneto-optical absorption experiments were re-
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cently realized in such a system. The spectra showed

a crossover from a quantum regime with N, /np 4( E,
(np is the average design density) to a classical regime
with N, /np )) f,. The crossover region over which

a unique resonance (at low N, ) splits into two "Kohn
modes" (at high N, ) is roughly given by the condition

2li ( N, /np ( 4Ei, where Ii ——~3I, is the radius of
the second Landau orbit. Here we calculate absorption
spectra for an asymmetric PQW modeled following the
parameter values of the sampl. e used in Ref. 6 and com-
pare our results with experiment in the relevant range of
areal densities.

The outline of the rest of the paper is as follows. In
Sec. II we describe the method employed in our calcula-
tion of long-wavelength optical absorption in the Voigt
geometry. In Sec. III we present the results for the
samples employed in the experimental construction of
the magnetoroton dispersion relation. The asymmetric
parabolic well problem is covered in Sec. IV, and in Sec. V
we provide some concluding remarks.

II. METHOD

Intersubband optical absorption for a quasi-2D elec-
tron gas in the presence of an in-plane magnetic GeM with
the radiation polarized in the growth direction has been
calculated by Ando, and his treatment was adapted to
the normal incidence case by Dempsey and Halperin. 9

In this article we employ a similar self-consistent-field
approach, which includes exchange and correlation ef-
fects within the local-density approximation (I DA). We
choose the z axis to be in the confinement direction,
the magnetic field B = (O, B,O), and the gauge A =
(Bz,0, 0). Ignoring the Zeeman energy for simplicity, and
working in the efFective mass approximation, we write the
effective single-particle Hamiltonian as

2
(pz c ) + ~v + pz + V ( )2m' 2m' 2m'

where the efFective confining potential V,ir(z) = V, „i+
V~(z) + Vxc(z) contains contributions from the bare
con6ning potential, the Hartree potential, and the
exchange-correlation potential within the local-density
approximation. ii The eigenfunctions of II are factorized

(2)

and the corresponding eigenenergies are E (k, k„)
„"+ z (k ). Notice that in the presence of an in-plane

magnetic 6eld the z-dependent part of the solution of the
eigenvalue problem also depends on k, making the dis-
persion c (k ) nonparabolic, and thereby the calculation
of the self-consistent electronic structure computation-
ally demanding. In this work, the quasicontinuous set of
values of the quantum number k obtained when peri-
odic boundary conditions are applied in the x direction

is discretized into a coarser mesh to make the problem
tractable numerically. 9 The self-consistent density is
given by

n(z) = ) N„s i y„I,.(z) i,

where N A, is the occupancy of the single-particle states
labeled with (n, k ). We restrict our treatment to zero
temperature. Next we make use of the self-consistent
electronic structure and time-dependent perturbation
theory to calculate the linear response of the system
to long-wavelength radiation. The zz component of the
modified two-dimensional conductivity is given by

-20 7l

+ - iz —(hu)) z —2i,h2(u/7. '

where Z„arethe resonant energies, which include the de-

polarization and the excitonlike corrections, i i f„are
the corresponding oscillator strengths, and v is a phe-
nomenological relaxation time. If only the lowest sub-
band is occupied in the Voigt con6guration, the index

q has a one-to-one correspondence to the composite in-
dex (n, k ). Since the radiation is normally incident, the
absorbed power is proportional to the real part of the

zz component of 82D, which is given by Re[0' ] = ~
Re[crzD].P We will also need to calculate the density fiuc-
tuations associated with the resonant modes of the elec-
tron gas. For the resonant mode g we obtain

bn„(z)oc ) s„p(k )N„si p„s (z)@pi,.(z)U„i...„,(5)

where s„p(k~):—s„(k) —Ep(k ), and U s
„

ls a unitary
matrix used in the linear response calculation leading to
Eq. (4), whose eigenvalues are e„.More details on the
technical aspects of these calculations can be found in
the literature.

III. PARABOLIC W'ELLS %'ITH 8
PERTURBATIONS

A. Introduction

Recently, the magneto-optical spectra of a quasi-2D
electron gas confined in wide PQW's with b-planar per-
turbations has been measured. s The perturbations were
deliberately grown in the PQW samples to "violate" the
generalized Kohn theorem and thereby allow the cou-

pling of long-wavelength radiation to the internal modes
of oscillation of the electron gas. By assigning wave vec-
tors q, = ~, or q, = —(W = width of the electron
slab, u = spike separation in the b-array samples), cor-
responding to dimensional resonances in the direction of
con6nement, it was possible to construct a dispersion re-
lation for the magnetoplasma excitations in the electron
gas. In this way, in Ref. 5 the experimental data were in-

terpreted as the observation of a 3D magnetoroton min-

imuv in the magnetoplasmon dispersion of a quasi-2D
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electron gas. %e emphasize the important conceptual
distinctions between our calculations and the theoreti-
cal interpretation used in the original work of Ref. 5.
We consider the actual experimental system which is a
PQW quasi-2D electron gas with only a few quantum
subbands occupied in the zero field (and only one mag-
netosubband populated under the magnetic field values
used in the experiment) whereas in Ref. 5 the system was
taken to be a purely 3D electron gas. We feel that the 3D
approximation could apply only when many subbands
are occupied, and, more importantly, only if our quasi-2D
calculations support such a 3D picture. Our calculation
is a fully self-consistent quasi-2D time-dependent local-
density approximation (TDLDA), which takes into ac-
count the detailed electronic structure of the system (in-
cluding the 6 function or the superlattice perturbations),
whereas in Ref. 5 a 3D single-mode approximation was
used. Finally, and this is a significant but subtle differ-
ence, our calculation is in the quasi-2D long-wavelength
limit (because the wave vector associated with the inci-
dent far-infrared radiation is effectively zero), whereas in
Ref. 5 the bulk collective mode is taken to be excited at
a 6nite 3D wave vector defined by the dimensional reso-
nance q, = ~, etc. Note that for the con6ned quasi-2D
PQW system q, is not a well-defined concept for the col-
lective modes.

The purpose of our study, thus, is twofold. On the
one hand, we intend to compare FIR absorption spectra
calculated within the TDLDA with experimental results
for parabolic wells with controlled superimposed pertur-
bations in the electrostatic con6ning potential. This
complements other theoretical studies of difI'erent types
of deviations &om perfect parabolicity available in the
literature. » On the other hand, we examine the va-
lidity of constructing a 3D magnetoplasmon dispersion
relation &om the information provided by the con6ned
intersubband excitations. We do so by calculating the
microscopic density Quctuations associated with the var-
ious observable collective modes, and using them to in-
troduce a simple definition of the "fictitious" wave vec-
tors q, . Ours is a generalization to the magnetic 6eld
case of the method of Teich and Mahler, whose results
provided the heuristic basis for the analysis of the exper-
imental data employed in Ref. 5.

B. Magneto-optical absorption spectra

In Fig. 1(a) we show our model bare potential for the
PQW sample with a single b-planar perturbation studied
experixnentally in Ref. 5. The peak in the xniddle of the
well is taken to have a Gaussian shape, and its strength is
about six times larger than the value specified for the real
sample. Also shown in Fig 1(a) are . the self-consistent
potentials for the minimum and maximum areal densi-
ties used in the experiment, N, = 1.64 x 10 cm
and 2.24 x 10 cm, with an applied in-plane mag-
netic field of B = 5.4 T. Given that the location of
the h peak is known in the experiment only within 10%%uo

af the well width, is we alsa consider a PQW with a
slightly o8-'centered b-planar perturbation. The model
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FIG. 1. Model bare potential of the parabolic well with

(s) s centered snd (c) sn off-centered 6-planar perturbation
(bottom line), snd calculated self-consistent potentials with
sn in-plane magnetic Beld of B = 5.4 T, for N, = 1.64 (mid-
dle line) snd 2.24 x 10" cm (top line); (b) snd (d) show

the calculated self-consistent densities corresponding to the
potentials of (s) snd (c), respectively, for N, = 1.64 (dashed
line) snd 2.24 x 10 cm (dotted line).

PQW with a perturbation slightly displaced from the
center of the well is shown in Fig. 1(c). The displace-
ment is 130 L, somewhat larger than the magnetic length
I., = (,"&)i~2 = 110 A, but less than 10%%uo of the well
width. The ground-state self-consistent electronic densi-
ties corresponding to our two model potentials are shown
in Figs. 1(b) and (d).

The absorption spectra for the PQW with a centered
spike are shown in Fig. 2. At both densities we observe
a strong peak corresponding approximately to the CM
made (Kohn mode) of frequency u~ characteristic of per-
fect PQW's, in agreement with experiment. In our cal-
culation the frequencies of these resonances are shifted
away from co~, but the analogy with the CM mode is
corroborated by the shape of their density Quctuations,
which are approximately proportional to the derivative
of the ground-state density & [see Fig. 3(a)] as occurs in
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FIG. 2. Calculated absorption spectra for the parabolic
well with a centered b-planar perturbation, with a magnetic
Beld B = 5.4 T in the Voigt geometry for two different areal
densities N, (given in units of 10 cm ). The "Kohn" fre-
quency ~rr = (us + u, ) ~ associated with the curvature of
the well is shown as a reference.

the center-of-mass motion. To decide whether the posi-
tions of the secondary resonances agree with experiment
we need to consider that, while our results are shown as
functions of the resonant &equency, the transmission ex-
periments were performed sweeping the magnetic field at
a constant radiation frequency. Since the resonant &e-
quencies increase monotonically with magnetic field [ap-
proximately as ur (too + A&2) ~ ], an absorption peak
falling on the low-&equency side of the CM resonance
in the calculated spectrum corresponds to a transmission
peak on the high-magnetic-field side of the CM resonance
in the experimental spectrum. %e therefore verify that
the relative positions of the secondary resonances in our
calculation agree with those of the experiment. There is
also agreement in the fact that both in theory and ex-
periment the separation between the main and the sec-
ondary peaks decreases with increasing N, . However,
the theoretical separations, Lu, ~, ——1.32 and 1.0 meV
for N, = 1.64 and 2.24 x 10 cm ) respectively, are
about a factor of 3 larger than the experimental values
Lu,„p= 0.48 and 0.32 meV. Another discrepancy ap-
pears in the intensities of the secondary resonances: in
the calculation, the secondary resonance at low X, has
less oscillator strength than the one at higher N„con-
trary to the experimental Gnding. A better agreement on
these points will be found with the model potential with
an ofF-centered spike.

Our calculations of the dynamical conductivity for the
PQW with a centered 8-planar perturbation show a col-
lective mode whose frequency lies between the two reso-
nances observed in the spectra of Fig. 2, but with zero
oscillator strength. This collective mode does not give
rise to power absorption because the density Buctuations
associated with it are symmetric with respect to z = 0,
as shown in Fig. 3(b), and therefore cannot couple to
long-wavelength radiation. In the model potential with
an ofF-centered b-planar perturbation the symmetry of
the Hamiltonian is broken, and therefore such collective
modes become visible in the absorption spectrum. The
middle peaks in Fig. 4 correspond to the formerly forbid-
den symmetric modes, as can be verified from the form

—1000 —500 0
z(A)

500 1000

FIG. 3. (a) Density Ructuations hn(z) (dotted line) associ-
ated with the shifted "Kohn mode" for the potential with a
centered b-function perturbation, at N, = 2.42 x 10 cm
and the derivative of the equilibrium density z (solid line).
(b) The symmetry-disallowed mode of the centered b-function
potential (thick line) and the corresponding resonant mode for
the oR'-centered h-function potential (thin line).
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FIG. 4. Calculated absorption spectra for the parabolic
well with an off-centered b-planar perturbation, w'ith a mag-
netic Beld B = 5.4 T in the Voigt geometry for two different
areal densities N, (given in units of 10 cm ). The "Kohn"
frequency w~ = (ceo + w, ) ~ associated with the curvature
of the well is shown as a reference.

of their density fluctuation profiles [Fig. 3(b)]. A com-
parison of the separations between the main resonance
and the secondary ones gives now a substantially bet-
ter agreement than with the centered perturbation. For
X, = 1.64 x 10 cm, Lu, ~,

——0.43 meV, whereas
Lcu,„p= 0.48 meV, and for N, = 2.24 x 10 cm

0.22 meV for the first peak and 0.86 meV
for the second one, whereas L~,„~= 0.32 meV and
0.71 meV, respectively.

We have also performed calculations of optical absorp-
tion spectra for a parabolic well with a periodic array
of b-planar perturbations with a distance between spikes
a = 300 A. Using spike strengths ten times larger than in
the experiment, we obtain a broad secondary peak whose
energy is approximately equal to the cyclotron energy for
two difFerent areal densities. Consequently, its separation
to the Kohn mode is independent of K„in qualitative
agreement with the experimental spectra. However, this
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resonance is weaker than the experimental one, and its
energy difference with the Kohn mode is somewhat larger
than in the experiment. For a parabolic well with a peri-
odic array of b-planar perturbations with a distance be-
tween spikes a = 200 A, we also obtain a broad resonance
around the cyclotron frequency. It should be emphasized,
however, that the precise forms of the perturbations in
the experimental samples are, in general, unknown and,
under the circumstances, our approximately quantitative
agreement with experiment is all we can hope for.

12 -''''''

10

SINGLE PERTURBATION

0 ~ a = 300 A

a = 200 A

C. Construction of a magnetoplasmon dispersion
relation

9 i I ~

1 2 3
q.&0

In this section we examine the basic assumption made
in the interpretation of the experimental data of Ref. 5,
which made possible the construction of a "bulk" disper-
sion relation out of the measured energies of the confined
intersubband collective excitations. This connection was
established by assuming that the different resonances ob-
served experimentally correspond approximately to sinu-
soidal standing waves in the electron density with wave
vectors q, = +~, or q, = —,where W = N, /no is the
approximate width of the electron slab (no is the design
density of the parabolic well), N is an even integer, and a
is the periodicity of the array of h spikes in the confining
potential. This picture was motivated by the following
points: (i) the fact that for perfect parabolic wells the
ground-state density pro6le is very uniform over most
of the extent of the electron slab, and the assumption
that such a uniform equilibrium density would not be
substantially altered by the introduction of small per-
turbations; (ii) random-phase approximation (RPA) cal-
culations in square wells without magnetic fields, which
show a remarkable agreement between the bulk plasmon
dispersion relation and a dispersion relation constructed
from intersubband excitation energies in a similar fash-
ion; and (iii) a hydrodynamic model calculation for per-
fect parabolic quantum wells in the presence of a mag-
netic 6eld.

We employed the density fiuctuations [see Eq. (5)j asso-
ciated with the various secondary resonances described in
the previous section, whose energies show a semiquantita-
tive agreement with experiment, to construct a dispersion
relation with two different definitions of the transverse
wave vector q, . [An example of such density fiuctuations
is shown in Fig. 3(b).) We introduce a simple defini-
tion of the wave vector in the z direction, q, = 2n/A,
where A:—2Wb„/(I + 1), Wg„is the width of the den-
sity fluctuations, and M is the number of nodes. The
resulting dispersion relation is shown as empty symbols
in Fig. 5. We plot the same data points with q defined
as in Ref. 5 as solid symbols. As a caveat we mention
that the four points with smaller q have been shifted
down in energy by an amount equal to the displacement
of the Kohn modes from their theoretical values. This
correction seems justified since we veri6ed that the same
potentials with smaller spikes do not have their Kohn
modes displaced from the expected values. The solid
line is the 3D RPA magnetoplasmon dispersion. 7 It can

FIG. 5. Magnetoplasmon dispersion relation constructed
by assigning simply defined transverse wave vectors q, to the
intersubband charge density excitations of various PQW's
with b-planar perturbations. Open symbols correspond to
the q extracted from the calculated density fluctuations, and
solid symbols correspond to the definitions of q used in Ref.
5 (see text). The solid line gives the bulk RPA magnetoplas-
mon dispersion at a 3D density equal to the design density of
the PQW.

be seen that the two definitions of q, give a reasonable
agreement with each other and with the bulk RPA re-
sult. Therefore, our analysis supports, at least qualita-
tively, the method used in Ref. 5 to relate the FIR ab-
sorption data to the 3D single-mode approximation cal-
culation. However, we feel that this type of interpreta-
tion of the long-wavelength quantum-confined quasi-2D
collective intersubband charge density excitation modes
should be taken with caution, due to the ambiguity in the
definition of the transverse wave vectors q, . At this stage
we can at most say that such an interpretation would be
meaningful only if it were backed by a microscopic calcu-
lation that takes into account the exact geometry of the
problem, like the one presented here.

IV. ASYMMETRIC PARABOLIC WELLS

In this section we present results for the asymmetric
parabolic well studied experimentally in Ref. 6. The
aim of that study was to determine the conditions for
a quasi-2D electron gas to cross over from two- to three-
dimensional behavior. The FIR magneto-optical spec-
tra evolve, as the areal density increases (and with it,
the width of the electron slab), from one peak at the
inter-Landau-level energy difference of the bare well to
two peaks located at the Kohn frequencies of the half
parabolas. As we mentioned in the Introduction, there is
a crossover region given approximately by 2Eq & N, /np &

4Eq, where Eq
——v 3E . The upper limit shows that to ob-

tain two separate resonances at the Kohn frequencies the
slab has to be wide enough to accommodate one excited
Landau orbit in each half of the well.

We consider the model potential shown in Fig. 6(a) to
describe the asymmetric PQW sample studied in Ref.
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FIG. 6. (a) Model bare potential of the asymmetric
parabolic well (solid line), and calculated self-consistent
potentials with an inplane magnetic Beld of B = 58
T, for N, = 2.4 (dashed line), 4.7 (dotted line), and
7.5 x ]0 cm (dash-dotted line); (b) corresponding cal-
culated self-consistent densities.
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6. It consists of two half parabolas with curvatures

ai ——5.1 x 10 meV/A. and ns ——6.2 x 10 s meV/A,
and is 3000 A wide. We choose a magnetic field in the
region of the observed resonances of 8 = 5.8 T. In Fig.
6(a) we show the calculated self-consistent potentials for
some values of the sheet density N„which, as expected,
become flattened over a wider region in the center of the
well as the electron slab width increases with N, . Note,
however, that the density profiles n(z) shown in Fig. 6(b)
are not flat as in the pure parabolic wells, as might have
been expected naively. For the values of N, considered
in the experiment, and in our calculations with magnetic
field, only the lowest subband is occupied at zero tem-
perature. We checked that the abrupt change in the cur-
vature at z = 0 does not produce unphysical results by
using a similar potential with a graded change in curva-
ture, and the density profile was identical to the original
one within our numerical precision.

The optical absorption spectra for the asymmetric
quantum well and for several densities N, in the range
used in Ref. 6 are shown in Fig. 7. The kequencies as-
sociated with the half parabolas of curvatures aq 2 are
Mi 2 = 2o!i 2/m*. The frequencies tU~i ~s marked for ref-
erence on each panel of Fig. 7 are the "Kohn" frequencies
of each half parabola, w~i ~2 ——(uri 2+a, ) ~ . The phe-
nomenological scattering time v = 20 x 10 s, taken to
be a constant in our calculations, was obtained from the
linewidth of the narrower resonance in the experiment.
For a perfect PQW the generalized Kohn theorem pre-
dicts a unique resonance independent of the electron den-
sity. In our case, in contrast, we obtain a strong depen-
dence on N, . For small N, ~ 4.7x10 cm there is only
one resonance (for example, s' = 10.644 meV at N, =
0.1 x 10 cm ), corresponding to the optical transition
between the first two energy levels of the bare confining
potential in the presence of the in-plane magnetic Geld,
whose energy is si(k = 0) —sp(k = 0) = 10.648 meV.

0.0
109 104 106 108 110

~(me V)

FIG. 7. Calculated absorption spectra for the asymmetric
parabolic quantum well with a magnetic field 8 = 5.8 T in the
Voigt geometry for various areal densities N, (given in units
of 10 cm ). u~i and wrcst are the "Kohn" frequencies
associated with the curvatures of the two half parabolas of
the well.

As N, increases another resonance appears at an energy
lower than ~~q, and gradually moves to age while the
other resonance also shifts to end up at ~~~ for high N, .
At a sheet density N, = 7.5 x 10io cm 2 (the highest N,
reported in the experiment) we obtain two resonances

(&Lory g very close to the "Kohn" &equencies u~z ~2 ~ We
note that a direct comparison of the theoretical and cal-
culated spectra is not possible because the experimental
results correspond to a magnetic 6eld sweep at a con-
stant resonance frequency whereas the calculated optical
spectra are given as a function of frequency at a 6xed
magnetic field. In order to make a quantitative compar-
ison with experiment, we use the resonant frequencies

to compute the harmonic oscillator &equencies of
the well halves ui 2

——[(ui s) —u, ] ~, and obtain their
difference ugz

i' —ui i' = 0.378 meV. This shows an 8%
discrepancy with the input value ~2 —uz ——0.350 meV

(cui 2 are the values used in the definition of the confin-

ing potential) which is comparable to the 4% discrepancy
found in experiment between the design parameters and
the observed resonances, at the same sheet density.

Therefore, we obtain a very good agreement with the
experimental results of Ref. 6 for low and high N, . The
agreement at high N, also confirms the strong magnetic
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field classical arguments based on the Magarill-Chaplikis
theory given in Ref. 6. At intermediate N„however, the
position of the weaker resonance seems to evolve in dif-

ferent ways as a function of N, in theory and experiment.
In the experiment, the two "Kohn" resonances found at
high N, appear to merge into one absorption peak as N,
is reduced, in contrast to the separation and vanishing
of one of the resonances found in our calculation. One
possibility is that this discrepancy appears as a result
of the difFerent types of spectra obtained in theory and
experiment (frequency versus magnetic field sweep) and
then an improved fit to the experimental results at in-
termediate N, could be obtained if a magnetic-field- and
density-dependent scattering time r(B,N, ) is included
in the calculation.

V. CONCLUSION

We have studied theoretically the properties of the col-
lective modes of two types of imperfect parabolic wells as
manifested in long-wavelength magneto-optical absorp-
tion experiments. Our TDLDA calculations of the spec-
tra for parabolic PQW's with a small perturbation in the
middle of the well are in good semiquantitative agree-
ment with experiment. This agreement is considerably
improved if the perturbation is placed slightly off cen-
tered, in which case formerly symmetry-disallowed modes
appear in the spectra This. interpretation could be fur-
ther investigated experimentally if the position of the b

planar perturbation were varied systematically around
the center of the well, thus controlling the strength of

the symmetric mode .We construct a magnetoplasmon
dispersion relation by assigning transverse wave vectors
q, to the inter-Landau-level resonances, which displays
a reasonable qualitative agreement with the bulk RPA
result. This analysis provides some support for the in-
terpretation of experimental results as the observation of
a znagnetoroton feature in the magnetoplasmon disper-
sion relation of a 3D electron gas predicted by a single-
mode approximation calculation. We also calculate the
absorption spectra of an asymmetric PQW recently stud-
ied experimentally. ' A comparison of our results with
experiment shows good quantitative agreement with ex-
periment for low and high N, but some quantitative dis-
crepancies in the crossover region from two- to three-
dimensional behavior. The origin of this disagreement
remains an open question. A theory including finite tern-
peratures and a treatment of exchange and correlation
that takes into account the presence of the strong mag-
netic field may be necessary. On the other hand, ex-
periments with a frequency sweep at constant magnetic
field would permit a more direct comparison between our
calculation and experiment.
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