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The magnetotransport
of a narrow (75-nm) parabolic well reveals suppressed quantum Hall
states at even-integer filling factors. The width of the parabolic well and the sheet carrier density
determine which quantum Hall plateaus are observed. The observed behavior is explained by the
inAuence of the magnetic field on the subband structure of the well.

The integral quantum Hall effect is mostly studied in
high-mobility two-dimensional electron gases (2D EG),
where the extension of the wave function perpendicular to
the 2D EG is typically 10 nm. Recently a double quantum well was investigated
and the disappearance of oddinteger Hall plateaus was observed. Subsequently, this
was explained by the destruction of the energy gap between the symmetric and antisymmetric states of the double quantum well in high magnetic fields.
In double
quantum wells separated by thick barriers to prohibit tunof evenneling between the wells, the disappearance
In
integer as well as odd-integer plateaus was reported.
with two occupied subbands,
the abheterostructures
sence of even-integer Hall plateaus was observed, while at
the same time an anomalously wide Hall plateau at spinsplit Landau levels occurred. In wide parabolic quantum
wells the disappearance of some even-integer quantum
Hall plateaus was reported and explained by the threedimensional behavior of these structures.
Here we report on the suppression of even-integer quantum Hall states which can be recovered by changing the
thickness of the electron-gas layer using an applied electric field. A self-consistent calculation which explicitly
considers the infiuence of a magnetic field on the subband
the regime of carrier
structure explains quantitatively
Hall
densities where particular even-integer quantum
states are suppressed. It is shown that these states are
suppressed independent of measurement temperature and
of the width of the Landau levels, i.e., the mobility of the
sample. In addition, our results help to explain previous
observations
and relate them to the basic subband
structure of the particular system studied. The system we
investigate is a parabolic well that is relatively narrow
The electrons are
compared to those previously studied.
thus confined to one well, but the extent of the wave function is almost an order of magnitude larger compared to
that in a heterojunction. Typical confinement energies (8
meV) are comparable to the Landau quantization energies for intermediate magnetic fields (B 5 T). The parabolic well represents an interesting system since it allows
us to study the transition of electronic systems from two to
three dimensions. In addition, for high magnetic fields,
the particular subband structure of the parabolic well can
lead to unique carrier distributions among the diA'erent
subbands, which cannot be realized in a heterojunction.
For example, for high carrier densities the lowest two subbands may have equal populations. Also the upper sub-

—

band can be populated at very low total carrier densities.
Thus the ratio of the carrier densities in the two lowest
subbands can vary over a wide range in contrast to a conventional 2D EG, where the carrier density in the lower
subband is always much higher compared to the value of
N, in the upper subband. These unique properties allow
us to tune the absence and presence of certain quantum
Hall states by varying the sheet carrier density, and therefore the width of the eAective well, via a front-gate voltage. For high carrier densities, where the well is very wide
and 3 subbands are occupied, pronounced quantum Hall
plateaus at filling factors v =4, 6, and 10 (v =hN, /eB) are
observed, while the corresponding Hall plateau for v=8 is
For lower carrier densities the plateaus for
suppressed.
v =2, 6, and 8 are well developed while there is no plateau
for v=4. For very low carrier densities %, &2&10''
where only one subband is occupied, the sample
behaves like a heterojunction.
The subband structure of the parabolic well is calculated self-consistently by explicitly taking into account the
modified density of states due to the magnetic field. On
this basis, we calculate the magnetic-field-dependent
resistivity p which is in good agreement with the experiment. The features in p„„, which are not periodic in 1/B
anymore (unlike a 2D EG with only one occupied subband) arise from the interplay of the Landau levels from
different subbands. The experiment cannot be explained
in terms of a simple fan chart, where the motion of the
electrons perpendicular to the 2D EG does not depend on
8. It is important to take into account the changing subband separations as a function of magnetic field B. This
and detheory explains our observations quantitatively
scribes previous experiments
on other systems.
The GaAs-Al„Ga — As parabolic quantum well is
grown by molecular-beam epitaxy and has the following
sequence: on top of the substrate there is a 400-nm GaAs
buA'er layer, then 200 nm A103Ga07As, 16 nm A103Gao7As with Si doping (ND =2.5X10" cm
), 20 nm
A103Ga07As spacer, the 75-nm-wide parabolic well with x
varying 0 & x & 0. 1, 20 nm A103Ga07As spacer, and 101nm Si-doped Alo3Gap7As (No =2.5x10' cm
). At
4.2 K the mobility of the electron gas in the well is p
=100000 cm /Vs and the carrier density N, =5x10"
cm
. The mesa structure is a Hall geometry with a
width of 50 pm and a spacing between the voltage probes
of 150 pm. Ohmic contacts are made by annealing
front gate (Ti/Au) is
AuGe/Ni, and a semitransparent

cm,

~
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evaporated onto the sample. This allows us to tune the
carrier density in the parabolic well and with it the width
of the well and the number of occupied subbands. ' The
high quality of our sample and the reliability of the front
gate were already demonstrated in far-infrared measurements. The dc-transport measurements are performed in
a superconducting
magnet (0-10 T) and the sample was
immersed in liquid helium at T=2.2 K. The magnetic
field is oriented perpendicular to the plane of the 2D EG.
The samples are cooled down in the dark.
meaFigure 1 presents the results of magnetotransport
surements for three different total carrier densities N, .
In the uppermost part of Fig. 1(a) with N, =2.6X 10''
where only one subband is occupied, the magneHaas
shows the typical Shubnikov-de
toresistance p
(SdH) oscillations of a 2D EG. Also, the Hall resistance
p ~ reveals plateaus at filling factors v=2, 4, 6, and 8.
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Figure 1(b) presents results for N, =3.6X10" cm 2 and
two occupied subbands. The remarkable feature here is
the missing Hall plateau at v=4, while the v=2, 6, and 8
plateaus are well pronounced. Correspondingly, there is a
double-minimum
structure in p in the vicinity of v 4.
For high carrier densities N, =4.8 x 10" cm
[Fig. 1(c))
the Hall resistance reveals quantized plateaus at v=4, 6,
and 10, while for this value of N, the plateau for v =8 is
missing. To clarify this peculiar behavior of the magnetotransport even more, Fig. 2 presents a summary of p„~
data for a series of carrier densities. The arrows mark the
position of the plateau for filling factor v=4. For high
and low carrier densities the v=4 plateau is clearly pronounced, whereas for intermediate values of N, the plateau is missing. A similar behavior, but less strongly pronounced, is also observed for the v-6 and 8 plateau.
For all the measurements, the behavior of p„„and p„„ is
clearly correlated. In the case of a suppressed Hall plateau in p ~, there is only a weakly pronounced minimum
or even none for the corresponding filling factor in p„„
(see Fig. 1). Since the inagnetoresistance p„„ is more sensitive and sho~s more structure reAecting the actual density of states, we will concentrate our discussion on the
data presented in Fig. 3. For a series of carrier densities
p is plotted as a function of 8. The curves are vertically
offset with respect to each other for clarity. The range of
magnetic fields is chosen so that the minima due to v 4
and 6 dominate the spectrum. It is important to note that
the positions of the minima do not coincide with the filling
factor v related to the total carrier density of the sample.
They can be related to the filling factors of the respective
subbands. However, since the carrier densities of the various subbands oscillate as a function of 8, the filling factor
of a certain subband depends on the gate voltage V~ as
well as on B. Thus, we will focus our discussion on the total filling factor v being related to the total carrier density
N„which does not depend on B. We determine N, as follows: Everytime a well-defined Hall plateau occurs in p„~,
the position of the Fermi energy
and thus the number of
is unambiguous.
occupied Landau levels
In that case
the corresponding minimum in p» occurs at a filling fac-
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FIG. 1. Magnetoresistance

(left-hand scale) and Hall
resistance p„» (right-hand scale) for three diff'erent carrier densities. The arrows mark the position of filling factors as indicated, the thick arrows point out filling factors with missing Hall
plateaus.
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FIG. 2. Hall resistance p ~ for diA'erent carrier densities. The
arrows indicate the v 4 plateau which vanishes and reappears
in this range of W, .
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FIG. 3. Summary of p„measurements for a series of carrier
densities. The curves are vertically oA'set for clarity. The vertical arrows indicate the position of filling factor v=4 for the total carrier density.
v related to the total carrier density 1V, . Repetition of
this procedure for a series of Vg values results in a smooth
W, -vs-V~ curve. This allows us to calculate the corresponding values of total W, and total v for a measurement
at a given Vg even though the minima in p „might not
correspond to integer values of v. The interesting feature
marked by an arrow
in Fig. 3 is the position of v=4
For high and low
with respect to the minima in
values of N„ the position of v =4 is very close to a
minimum.
However, for intermediate carrier densities,
the arrows point to a maximum of p . In agreement with
the usual picture of the quantum Hall eA'ect, which requires a pronounced minimum in p for the occurrence of
a Hall plateau, the Hall plateaus are suppressed in this
range of carrier densities (see Fig. 2). In addition there
structure between 8 =2 T and
occurs a double-minimum
3 T corresponding to filling factors 6 & v&8. Here the
influence of the higher subband becomes prominent and
the interplay of the Landau levels of different subbands is
the quantum
directly reflected in p . Correspondingly,
Hall plateaus for v =6 and 8 are destroyed in this range of
magnetic fields (see Fig. 2).
For a further understanding of this process, we solved
self-consistently Poisson's and Schrodinger's equations in
the presence of a magnetic field. All parameters for these
calculations are given by the structure design. The Landau levels are modeled by a Gaussian density of states
(DOS) with a full width at half maximum (FWHM) of
I =0.5(meV)x [8(T)l'~. ' These parameters described
measurereasonably well previous magnetocapacitance
ments"' on samples with similar mobilities. Consequently, there are no adjustable parameters. We did not
take into account complications such as spin splitting of
the Landau levels, a constant-background
DOS, ' a

filling-factor-dependent
DOS, or a subband-dependent
scattering time. ' The latter was investigated in detail
'
The results are not
and will be published elsewhere.
qualitatively changed by a refined model of the DOS. In
contrast to Ref. 12 and 16, it is not sufficient to model the
magnetic-field-dependent
DOS on top of a field-independent subband structure. For our sample, the electrical-confinement energies are smaller, due to the width of
well, and thus comparable to the cyclotron energy Am,
even at moderate magnetic fields. This leads to a considerable infiuence of the magnetic field on the subband energies as well as on the subband carrier densities, making a
simple fan chart invalid. For low carrier densities the
of the upper subband coincides with the
depopulation
resulting in a v=4
v~ =4 position of the lower subband
minimum in p„„ for the whole sample (see also uppermost
curve in Fig. 3) i.e. , v=4=v~+ v2=4+0. Here we define
v; as the filling factor in subband i given by the carrier
density in subband i. A plateau in the Hall resistance is
always related to the total filling factor v. For increasing
total carrier density, the depopulation field for the upper
subband eventually crosses the v~ =4 position for the carrier density of the lower subband and the total filling factor is, for example, given by v=4=v~+ v2=3+1. With
spin splitting neglected, this results in a maximum of p
For high carrier densities the total filling factor v=4 is
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FIG. 4. The upper part of the figure presents the calculated
density of states at the Fermi energy in the upper subband for
three carrier densities. The lower part shows the calculated
magnetoresistance from a self-consistent calculation taking into
account the magnetic-field-dependent
density of states. Positions of total filling factor v=4 are indicated by arrows. The
overall agreement with the experimental data in Fig. 3 is remarkably good.
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realized by filling factor 2 in the lowest two subbands, i.e. ,
v = 4 = vi + v2 = 2+ 2. Similarly, a strong minimum in p„„
and a corresponding plateau in p„~ (see Fig. 2) occurs.
The subband separation E2 —Ei changes by almost 0.5
meV as a function of 8. If the subband separation is independent of 8, the Landau levels should be Gaussian
shaped. In particular the shape of the DOS in the upper
subband is far from Gaussian and even has sharp kinks as
presented in the top part of Fig. 4. A calculation for
T=0. 1 K and 6-function-shaped Landau levels reveals a
change of more than 1 meV for E2 —
Ei and still a maximum of the DOS at the Fermi level for v=4 at an intermediate carrier density N, = 3.5 x 10" cm
. Consequently, the suppression of even-integer Hall states should
occur even for very high mobility samples measured at
m K temperatures.
From the DOS we can calculate the magnetic-fielddependent conductivity a„,(B).' Since the Hall resistance behaves almost classically in the interesting region
due to the suppression of the Hall plateaus, it is reasonable to assume o„~ = —eN, /B for the Hall conductivity.
This allows us to calculate p, (B) as presented in Fig. 4.
Again the curves are vertically off'set with respect to each
other for clarity. The range of carrier densities presented
here differs slightly (less than 10%) from Fig. 3, because
the detailed population behavior of the upper subband is a
complicated process which depends on the particular form
of the exchange-correlation potential. For a detailed discussion see Refs. 8 and 12. Nevertheless, this is expected
to be a small eA'ect and does not change the overall underThe position of v=4 with
standing of the experiment.

respect to the minima in p, „as well as the N, -independent
position of the minima for intermediate carrier densities
around 8 =2.5 T are closely reproduced by the calculation. Even the double minimum structure at 2
T is clearly visible in the theoretical results. However, the
detailed curvature of the p „measurement, as well as the
height of the maxima in
is very sensitive to the actual
DOS, which was only approximated in the present calculation. Nevertheless, there is a good understanding of the
overall behavior of p„and correspondingly of p„~. The
calculation shows that even at low temperatures there is a
regime where the position of total v =4 lies in a maximum
of
Consequently, the v=4 Hall plateau cannot be
recovered by lowering the temperature of the measurement. The suppression and recovery of the quantum Hall
plateaus is a direct consequence of the subband structure
in a parabolic well, which is inAuenced by the magnetic
field.
In conclusion, we have observed the suppression and
recovery of quantum Hall plateaus in a parabolic quantum well. This phenomenon
is explained by the magnetic-field-dependent
density of states, which directly inAuences the subband structure in a parabolic well in the
case of multiple-subband occupancy.
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