
PHYSICAL REVIEW B VOLUME 40, NUMBER 17 15 DECEMBER 1989-I

Collective cyclotron resonance in a quasi-three-dimensional electron gas
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Far-infrared magnetotransmission measurements are carried out on modulation-doped wide par-
abolic Al Gal — As quantum ~elis. We report the first observation of plasma-shifted cyclotron
resonance in a semiconductor space-charge layer. The bulk carrier density deduced from the
plasma frequency is found to be independent of the areal electron density. The homogeneity of
the three-dimensional electron density is probed using this new resonant mode.

Recently a semiconductor heterostructure in which a
conducting layer nearly free of impurities and su%ciently
thick so that three-dimensional (3D) effects may occur
was suggested. ' Such structures are now being grown by
molecular-beam epitaxy using a graded Al Ga~ — As
quantum well with modulation-doped A1~6a& —~As bar-
riers (y &x). In these structures a nearly uniform
density of electrons n0=2x10' cm can be obtained over
a width of about 1000 A with the ionized donors removed
several hundred angstroms from either side of the quan-
tum well. In recent reports, experimental results sug-
gest the 3D character of the electrons in these structures
without, however, providing a definite signature of three
dimensionality. Firmly establishing their 3D behavior is a
necessary first step toward the study of possible collective
phases of these quasi-3D (Q3D) electron-gas systems at
very low temperatures. ' In this Rapid Communication
we report the first observation of plasma-shifted cyclotron
resonance in these structures and, therefore, in semicon-
ductor space-charge layers. This observation provides
direct evidence for 3D behavior of the carriers. The ob-
served resonance is shown to be a powerful probe of the
Q3D electron-gas system.

To obtain a Q3D electron gas we have grown quantum
wells with an energy-band profile tailored to cancel the
Hartree potential of the free-electron gas. In our sam-
ples the Al composition x was varied quadratically from
x=0 at the center to x 0.15 at the edges of a 1600-A-
wide Al„Gai — As layer leading to a parabolic-shaped po-
tential well sandwiched between two barrier layers of
composition y=0.38. This potential is exactly that need-
ed to cancel the Poisson potential of a homogeneous 3D
electron gas of density no 2.5x10' cm . ' The finite
width of the well leads to quantization of the electron en-
ergy levels. Magnetotransport experiments at very low
temperatures have shown such a one-dimensional quanti-
zation when a magnetic field is applied perpendicular to
the sample, as manifested by the integer ' ' ' and frac-
tional' quantum Hall effects. Analysis of the low-field
Shubnikov-de Haas oscillations showed that between 1

and 3 electric subbands were occupied, depending on the

areal electron density W, . ' To calculate the quantum
states the Schrodinger equation must be solved self-
consistently with the Poisson equation for the total poten-
tial. Model calculations show ' ' that the total poten-
tial is approximately flat in the well center when
L N, /no & a, where a =(l't/m*too) ' is the width of the
ground-state wave function of the bare potential, and mo is
the corresponding harmonic-oscillator frequency. When a
magnetic field 8 is applied parallel to the sample plane the
bulk limit is reached when the magnetic length l0
(le = fi/eB) satisfies le «L. This is specifically the
configuration in which the electron gas is considered as
Q3D.

In a thick metallic film, cyclotron resonance (CR) is
usually detected in magnetotransmission with normally
incident light of wave vector q. In this Faraday geometry
(qllB) one observes a resonant absorption of the elec-
tromagnetic radiation at the frequency co, =eB/rn*, cor-
responding to the single-particle cyclotron excitation. In
the Voigt configuration (q J B), the magnetic field lies in
the plane of the electron slab and the carriers in their cy-
clotron motion are coupled to one another by the macro-
scopic depolarization field leading to a collective or
plasma-shifted cyclotron resonance (PSCR)." The
PSCR is excited by the electric component E of the in-
cident electromagnetic radiation perpendicular to B at the
frequency co=(to, +cot, )'t, where to~ is the plasma fre-
quency of the uniform 3D electron gas. The PSCR is usu-
ally not observed in a quasi-2D electron system since cy-
clotron motion perpendicular to the confinement plane is
not possible. Therefore a necessary condition for the
PSCR is that Io is smaller than the effective quantum-well
width. This condition can be achieved in inversion layers
of narrow-gap semiconductors such as PbTe (Ref. 12) and
InSb. ' In this case, however, experiments carried out in
the Voigt geometry' have shown that only the CR is ob-
served with no characteristic plasma shift associated with
the PSCR. The absence of the PSCR in those systems
was attributed to the nonuniformity of the electron densi-
ty across the quantum well. ' ' The experiments report-
ed here on Q3D heterostructures demonstrate convincing-
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N, & 1 x 10" cm is ascribed to the increased alloy dis-
order that the electrons experience as their wave function
extends further into the higher Al concentration region of
the graded layer. Detailed analysis of the dependence
r(N, ) is beyond the scope of this paper and will be
presented elsewhere.

In the Voigt geometry, the measurements were per-
formed under two conditions of light polarization. For
EIIS there is no resonance. When E&B, an absorption
line is observed as shown in Fig. 1, which is shifted to
lower fields (or higher frequencies) than expected for CR.
The frequency dependence of the resonance ro(B), shown
in Fig. 2, obeys a quadratic relation =~+ Q . The
polarization selection rules and the frequency dispersion
of this resonance provide clear evidence that we are ob-
serving a bulklike PSCR (or collective cyclotron reso-
nance). The intercept D is then given by co~ and is mea-
sured from the 8=0 extrapolation as m~=47. 5~0.5
cm '. Relating the 3D electron density np to co~ by
ro~ noe /m roe we find n 0=2. 25xl 0' cm using a
static dielectric constant e =13 for GaAs. Our determina-
tion of m~ from the zero-field extrapolation can be
corrected for the coupling of the PSCR to the macroscop-
ic polarization field carried by the longitudinal-optical
phonon. ' Taking 0 =47.5 cm ', we calculate '

ro~ 51.5 cm ' (indicated by the arrow in Fig. 2). This
leads to a corrected 3D electron density np =2.65 x 10'
cm . Although this value seems to be in better agree-
ment with the design density, ' uncertainty in the true
curvature of the well precludes a definitive comparison.

The PSCR spectra taken for different values of N, are
shown in Fig. 1. Remarkably, the resonance position of
the PSCR is nearly independent of N, . This result shows
that m~, and hence n p, are independent of the electron
areal density. This effect demonstrates experimentally
that the electron gas spreads uniformly across the well un-
til the appropriate region of the fictitious positive uniform
background (here simulated by the parabolic built-in po-
tential) is neutralized. The effective thickness of the elec-
tron plasma is then proportional to N, . This remarkable
effect indicates that, to create a uniform 3D electron plas-
ma, precise control of the donor doping in the barrier is
not necessary, instead only good control of the quadratic
Al profile is required.

To determine N, from the PSCR approximation line we
have modeled the line shapes, within the Drude approxi-
mation, for the case of the Voigt geometry. The relative
transmittance amplitude of the Q3D heterostructure is
then given by the 2D expression

cr, (co)/Yot= 1+

where Yo is the wave transmittance, Yo=(3770) ', and
cr, (co) is the effective 2D Drude conductivity given by

Here the density N,' is the areal density of the 3D-like
electrons contributing to the PSCR. Under different LED

illumination conditions N,' could be increased up to
1.8x10" cm, corresponding to the effective thickness,
L'=N, '/no, of the 3D-like slab, varying up to 80 nm. At
maximum filling, the areal carrier density (N,'=1.8 x 10"
cm measured at 5.17 T) is significantly smaller than N,
measured in the Faraday case (2.8X10'' cm ). We at-
tribute this apparent discrepancy to the states near the
edges of the electron slab in the Voigt experiment where
the electron density is inhomogeneous so that they do not
contribute to the PSCR. ' ' The values of ~ determined
from the transmittance model ranged from s =3 to 6 ps as
N,' varied between the above-mentioned values. The
discrepancies in the apparent scattering time compared
with the Faraday CR measurements may be a conse-
quence of Auctuations in the 3D densities leading to an
artificial broadening of the PSCR. In the Faraday case,
on the other hand, the quantum confinement along the
growth direction quantizes the observable values of m*
and ~ in the resonance. This raises the important question
of the limit of the grading control that can be reached in
the growth of these Q3D systems in order to obtain a
homogeneous 3D electron density. PSCR line-shape
analysis can be a powerful tool for the characterization of
the density homogeneity of the electron gas.

In the case of very low filling conditions, the electrons
are confined in the parabolic built-in potential which gives
rise to a harmonic-oscillator spectrum with frequency
coo=(noe /eorm*)' . This harmonic spectrum is valid
for electron areal density N, ((npa. In the Voigt
geometry experiment, an intersubband resonance should
then be observed at the frequency cop+ m, which would be
identical to the PSCR frequency. In our measurements,
the low filling limit was approached but not rigorously
achieved. As N, decreases, the PSCR becomes first asym-
metric toward the high-field region [Fig. 1(c)], splits into
a two resonances [Fig. 2(d)], and then becomes displaced
to slightly higher field [Fig. 1(e)]. This indicates the ex-
istence of an unresolved resonance located in the low-field
side of the PSCR whose origin is not yet completely un-
derstood. Such a behavior is not observed in Faraday
geometry spectra. Further study will be required to eluci-
date the complex low-density spectra.

We now discuss a connection between the 2D and the
3D case. As shown in the insets of Fig. 2, the CR of the
two 2D electron gas splits into two resonances centered on
8 =3.43 T. As the field is changed from 3.40 to 3.50 T,
the oscillator strength is gradually transferred from the
lower-frequency peak to one at the higher frequency. This
splitting was reported earlier and interpreted in terms of
mode coupling between the CR and the intersubband res-
onance. This coupling is allowed by the small misalign-
ment angle (3') between B and the growth axis. ' As
shown previously, " this mode mixing is resonant at the
value of the depolarization shifted optical intersubband
resonance frequency which was found to be remarkably
close to the calculated 3D plasma frequency deduced from
the growth parameters (i.e., the curvature of the parabolic
well). Here we demonstrate experimentally (to within our
experimental accuracy of + 0.5 cm ' for m~) that these
two frequencies are indistinguishable. This is best seen in
Fig. 2 by the dashed line connecting the CR splitting and
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the plasma frequency m~. Recently this result was demon-
strated ' to be a consequence of the generalization of the
Kohn theorem to the case of parabolic quantum wells:
The depolarization shifted intersubband resonance occurs
at the normal mode frequency of the empty parabolic well
coo, which by construction is equal to co~.

In conclusion, by observing the PSCR we have demon-
strated 3D plasma behavior in a wide parabolic well when
the magnetic field is applied along the electron slab. The
PSCR mode is sho~n to be a powerful investigative tool
for such new structures since it allows independent mea-

surement of the 3D plasma frequency and the areal elec-
tron densities. Moreover, information is obtained on the
homogeneity of the 3D electron gas.
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