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Subband structure of a nearly free, uniform-density, dilute electron system
in a wide quantum well
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Quantum oscillations in the magnetoresistance of an electron system realized in a selectively
doped, wide parabolic quantum well of Al Ga& — As are analyzed to obtain the electron densities
of the electric subbands. Self-consistent calculations of the subband structure predict that the
electrons in the well occupy four electric subbands, and that the total electron wave function is
nearly constant over the central 1000 A of the well. The measured subband densities agree with
the predictions of the calculation remarkably well, verifying the realization of the electron system
designed.

In selectively doped semiconductor structures, the car-
riers are spatially separated from the dopant atoms to
reduce the ionized-impurity scattering. Because of the re-
duced disorder and scattering, these structures provide a
nearly ideal system for the study of many-body effects.
The high-mobility two-dimensional electron system at the
interface of GaAs/Al„Gai „As, for example, made the
discovery of the fractional quantum Hall effect possible
and has been used to observe new quantum phenomena. '

Studies of the electron-electron interaction effects can be
extended to three-dimensional (3D) semiconductor sys-
tems. In fact, a variety of collective phenomena such as
charge-density waves, spin-density waves, and Wigner
crystallization have been theoretically proposed to occur
in dilute 3D free-electron systems under appropriate con-
ditions (e.g. , at very low temperatures and in intense ap-
plied magnetic fields). Experimentally, dilute electron
systems in uniformly doped degenerate semiconductors
have been studied extensively; however, the electron-
impurity interaction in these systems is strong and usually
leads to the magnetic freeze-out of the carriers. Realiza-
tion of a 3D dilute electron system with low disorder is,
therefore, of considerable interest.

We recently reported the fabrication of a selectively-
doped semiconductor structure which may be considered
as a first step towards the realization of a 3D or quasi-3D
free-electron system. Such structures were suggested in
Ref. 2 and were recently grown using molecular-beam ep-
itaxy by Shayegan and co-workers and independently
by Sundaram et al. Magnetotransport and magneto-
optical measurements on our structures revealed that the
system contains -2.5 x 10" cm electrons, which occu-
py four electric subbands and have a low-temperature mo-
bility of —1.2 x 105 cm /Vs, indicating the high quality of
the structure. Magnetotransport data on similar struc-
tures have also been reported by Gwinn et al. These
measurements, however, do not provide quantitative infor-
mation on the subband structure of these systems. In this
Rapid Communication, we report low-temperature
(T=30 mK) magnetotransport measurements from
which we obtain the subband densities in our structure.
The excellent agreement of these measured densities with
the results of our self-consistent calculations of the sub-
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FIG. 1. The conduction-band edge of the structure in the ab-
sence of any space charge is shown by curve a. We assumed
that the conduction-band offset for GaAs/Al„Ga~ — As hetero-
structure is equal to 750x (in umts of meV) (Ref. 8). Curve b
shows the self-consistently calculated potential for n, 2.5 x 10"
cm . The total electron wave function, calculated by appropri-
ately summing the wave functions of the four occupied subbands
is shown by curve c (with an arbitrary scale). The energies of
the occupied subbands, with respect to the bottom of the final
conduction band (curve b), are Eo 0.30 meV, E~ 1.09 meV,
E2 2.26 meV, and E3 3.75 meV; and the Fermi level
EF 4.08 meV. The subband densities are given in Table I.

bands provides clear, quantitative evidence for the realiza-
tion of the electron system designed.

The details of our structure (M77) and its growth pa-
rameters were given previously. ' It consists of a 2000-
A-wide undoped Al„Gai „As well bounded by undoped
(spacer) and doped layers of AI~Ga& —«As (y & x) on two
sides. The alloy composition (x) in the well is graded
quadratically, from x 0 at the center of the well to
x 0.19 at the edges of the well, while the Al composition
in the barrier is y 0.27. In the absence of any space
charge, and assuming that the conduction-band offset for
GaAs/Al„Gai „As is linearly proportional to x, this com-
positional grading in the well is expected to result in a par-
abolic potential well as shown in Fig. 1 (curve a). Classi-
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1. The low-temperature p„„and p„s data shown in Figs. 2
and 3, on the other hand, can be used to obtain quantita-
tive information about the subband structure. The data in
Fig. 2 were measured at T-30 mK, and exhibit quantum
Hall effect. The vertical arrows in Fig. 2 indicate the
Landau-level filling factors (v) at which the integral
quantum Hall effect is observed. The positions (in mag-
netic field) of p„„minima and p„~ plateaus for 8 & 1 T are
consistent with an areal density n, (2.45+ 0.05) X10"
cm . It is interesting to note that in the field range of
8 & 2 T, the Landau-level versus 8 fan diagram indicates
that only the N 0 Landau levels of the lowest electric
subbands are occupied.

In the low-field range, many Landau levels of each sub-
band are occupied. The oscillatory magnetoresistance
data in this range are periodic in I/8 and contain several
oscillation frequencies (Fig. 3). These frequencies, which
are directly proportional to the areas of the Fermi surface
cross sections, ' can be found from the fast Fourier trans-
form (FFT) of the p» vs 1/8 data. " The FFT power
spectrum of the p„„data of Fig. 3 is shown in Fig. 4. The
positions of the peaks in the FFT power spectrum give the
areas of the Fermi-surface cross sections (circles in our
case), and therefore the electron densities for the different
occupied electric subbands (n; for i-0, 1,. . .). These
measured densities are no 1.06, nj 0.80, n2 0.51, and

n3 0.08 in units of 10" cm, and are listed in Table
I. ' The excellent agreement between the measured and
calculated densities for each subband is quite remarkable.

In summary, we have reported magnetotransport data
and self-consistent calculations that provide clear and
quantitative evidence for the realization of a low-disorder
(high-mobility), dilute, quasi-three-dimensional electron
system with a nearly uniform density over a wide distance
of —1000 k We plan to grow similar low-disorder struc-
tures with wider wells and more uniform total electron
wave functions; such structures are expected to better ap-
proximate a 3D free-electron system.

Note added in proof. Inclusion of the exchange-
correlation effects in the local-density-functional approxi-
mation' changes the calculated subband densities very
slightly. We find 42.8, 34.2, 20.6, and 2.4 for the subband
densities no, n j, n2, and n3, respectively (expressed as per-
centages of n, 2.5 & 10"cm; cf. Table I).
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