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Vanishing cyclotron gaps in a two-dimensional electron system
with a strong short-period modulation
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Magnetotransport in a density-tunable two-dimensional electron gas that is modulated with a strong, atomi-

cally precise superlattice potential of a 15 nm period is investigated. For low densities, the system shows
typical two-dimensional behavior. In the regime of large densities, however, a quasi-one-dimensional state is
entered, in which the cyclotron gaps vanish and the quantum Hall effect breaks down. Both regimes, and the
transition between them, are theoretically described in the framework of a quantum-mechanical tight-binding

model.
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The observation! and explanation’ of the Weiss oscilla-
tions represent the first studies of a two-dimensional electron
system (2DES) subject to a periodic modulation. Since then,
many interesting new phenomena have been observed in
such structures. Recent results include investigations of the
Fermi surface®* and of the Hofstadter butterfly.>® However,
all measurements reported on periodically modulated 2DES
so far exhibit two-dimensional behavior in the form of the
quantum Hall effect (QHE) at high magnetic fields. This
can become different when a strong modulation potential is
combined with a short periodicity.

All fabrication-dependent limitations on modulation pe-
riod or strength were completely lifted with the introduction
of the cleaved-edge overgrowth (CEO) process.” In this ap-
proach, the 2DES can be realized directly on the side of a
superlattice (SL) structure, and it allows, therefore, an atomi-
cally precise modulation with almost arbitrary period and
strength. A strong short-period modulation leads to the for-
mation of minibands along the modulation direction which
results for structures with wide minibands in a free two-
dimensional magnetotransport behavior, albeit with a differ-
ent effective mass.® Fundamental deviations from this behav-
ior are predicted when the Fermi energy becomes larger than
the miniband width.” So far, only once experiments in this
extreme regime were presented.’ In contrast to this study, we
conclusively link the experimental data to the density of
states (DOS) of the system and find good qualitative agree-
ment in a direct comparison to theory without relying on fit
parameters.

We investigate the magnetotransport in 2DESs with a
strong short-period modulation in which the density or,
equivalently, the Fermi energy of the system can be widely
tuned. Even though the applied CEO method restricts us to a
two-point measurement geometry, we show that it is possible
to clearly separate the individual conductivity contributions
to the measured resistance. This enables us to demonstrate
that the system can enter both a two-dimensional and a one-
dimensional transport regime according to the ratio between
Fermi energy and miniband width. The typical free two-
dimensional transport regime is found at relatively low den-
sities. In contrast, a dominating Fermi energy results in a
state in which the spin and cyclotron gaps have become
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unresolvably small. The system has become quasi-one-
dimensional. The collapse of the two-dimensional behavior
occurs for high densities and intermediate mobilities, which
in conventional 2DESs are good conditions for the observa-
tion of the QHE. The transition from the two- to the one-
dimensional state can be directly verified in the experimental
data by a continuous shrinking of the cyclotron gaps.

The paper is organized in the following way. In Sec. I, the
device structure is introduced. This is followed by a descrip-
tion of the observed density-dependent magnetoresistance
oscillations in Sec. II. The theoretical model is detailed in
Sec. III. Finally, in Sec. IV the experimental data are ex-
plained by the introduced quantum-mechanical tight-binding
model, and a direct comparison of the experimental and
theoretical magnetoresistance (MR) is presented.

I. DEVICE STRUCTURE

The samples investigated in this work are realized in two
subsequent MBE growth steps (cf. the inset of Fig. 1). First,
a 66-period GaAs/Al,;Gay;As SL is grown, sandwiched
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FIG. 1. Miniband width and Fermi energy of the 5 nm CEW
sample plotted for increasing density. The voltage scale on the top
axis connects the experimental gate voltage to the calculated densi-
ties and energy values. The inset shows a schematic drawing of the
sample structure.
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between two highly doped GaAs contact layers. The well and
barrier widths are 12 and 3 nm, respectively. On both ends a
well is placed right next to the contact layer. This structure
is, then, in situ cleaved and overgrown with a GaAs well,
referred to as the cleaved-edge well (CEW), followed by an
Alj;Gaj,As barrier and a highly doped GaAs gate contact.
Structures with CEW widths of 1.6, 5, and 10 nm are inves-
tigated. The two doped layers next to the SL are used to
contact the modulated 2DES that is established in the x-y
plane by the application of a positive gate bias at the gate
electrode. All structures have a width W to length L ratio of
500. Estimated mobilities of about 20 000, 25000, and
30 000 cm?/Vs are found for the 1.6, 5, and 10 nm CEW
samples, respectively, from the onset of MR oscillations at a
density of about 2.8 X 10'' cm™2. Further details about the
sample structure can be found in Refs. 10 and 11.

The ratio between the Fermi energy E and the miniband
width A determines which state the electron system enters:
two-dimensional at Ep;<<A or one-dimensional at E,>A.
While the value of the applied gate voltage (V;) controls the
Fermi energy, the miniband width is determined by the SL
properties, the CEW width, and V. Both a larger gate volt-
age and a wider CEW width shift the center of the electron
wave functions further away from the SL potential. This re-
duces the modulation strength and results in wider mini-
bands. The miniband width for different gate voltages can be
calculated by a self-consistent solution of the Schrodinger
and Poisson equations.!® Figure 1 shows the density depen-
dence of the miniband width for the 5 nm CEW sample.
Even though the gate voltage leads to an increase of both the
miniband width and the Fermi energy, a stronger dependence
of the latter allows us to move the Fermi energy from inside
the miniband at low densities (shaded region of Fig. 1) into
the first minigap at larger densities (nonshaded region of Fig.
1). Experimentally, the transition from a two-dimensional to
a one-dimensional state can be realized both for the 1.6 and
5 nm CEW samples. For the 10 nm CEW sample, the mini-
band width becomes so large that the densities necessary for
the transition into the one-dimensional state can no longer be
achieved. At the corresponding gate voltages, strong gate
leakage currents develop that render the MR measurement
meaningless.

II. DENSITY DEPENDENT MAGNETORESISTANCE

Figures 2(a) and 2(b) show typical MR data for a 5 nm
CEW sample at small and large magnetic fields. The mag-
netic field is applied perpendicular to the two-dimensional
electron system (cf. Fig. 1). The traces were measured with
standard lock-in techniques at a temperature of 350 mK. The
three gate voltages were chosen so that Ep<A at Vg
=35V, E:ZA at V=5V, and E;>A at V;=6.5 V. In the
low magnetic field regime, an increase of E leads to two
prominent changes. A delayed onset of the MR oscillations is
observed (marked by the gray triangles) and the position of
the integer filling factors is shifted from maxima to minima.
The latter observation can be extracted from Landau plots at
small and large E. The delayed onset of the MR oscillations
is only observed for E>A and does not occur in samples
without modulation.

PHYSICAL REVIEW B 75, 075303 (2007)

RI)

FIG. 2. (a) MR measurements for a 5 nm CEW sample at three
different gate voltages in the small magnetic field regime. (b) Same
traces at higher magnetic fields.

Changes in the MR at large magnetic fields due to an
increasing Fermi energy are even more dramatic. At small
Er, large peaks appear that also mark the positions of integer
filling. For the 10 nm CEW sample, such large peaks appear
at all densities (Ex<<A always) and the peak at v=2 eventu-
ally (above a certain magnetic field) reaches a plateau with
the quantized resistance value R=h/2e? [cf. Fig. 5(a)]. This
shows that the large MR peaks at small densities (Er<<A)
are indeed a signature of the QHE in these samples, confirm-
ing the two-dimensionality of the electron system in this re-
gime. The large peaks of the 5 nm CEW sample at small E,
strongly shrink at large Er and are replaced by a series of
smaller features. At the same time, the shaded areas of Fig.
2(b), which denote regions of Ep between gaps in the DOS
(noninteger v) as we shall explain in Sec. III, strongly ex-
pand for increasing densities. The peak marked as v=4 even-
tually decreases in height with increasing Er even though
higher magnetic fields are necessary to reach v=4. The same
is true for the peaks at filling factors 6 and 8. Peaks at higher
filling factors completely vanish.

The MR data of the 1.6 nm CEW sample show similar
behavior, however the closing of the cyclotron gaps
starts already at a density of about 2.0X 10'' cm™ since
the smaller CEW leads to a smaller miniband width'® and,
therefore, the condition Ex> A is reached at lower V.

III. THEORETICAL MODEL

The described behavior of the MR oscillations in Sec. II
in dependence on Ej can be explained in terms of DOS
calculations in a tight-binding approximation® (cf. Fig. 3). A
comparison to experiment requires us to additionally find the
relationship between the measured MR and the relevant
quantities of the conductivity tensor . Since the sample ge-
ometry is wide and short, in contrast to the usual Hall bar,
the electric field perpendicular to the modulation direction is
negligibly small. This then leads to a measured resistance
given by
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FIG. 3. DOS of a 2DES with strong short-period modulation
calculated in tight-binding approximation for A=6 meV. The
dashed vertical lines mark the extension of the miniband.
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This equation has been shown to hold quantitatively by pat-
terning Hall bar structures on modulation-doped CEO
2DES.!2 Thereby, it is assumed that the current density along
both the x and y directions contributes to the total current.
The electrons flowing along the y direction move toward the
opposite electrode once they reach the boundaries of the
sample. Even though Eq. (1) simultaneously contains contri-
butions from the longitudinal and transversal conductivities,
the geometry is nevertheless well suited to study the magne-
totransport in the QHE regime. As long as o,,#0, the large
geometry factor W/L implies a relatively small R propor-
tional to the scaled inverse of o,. Only when the Fermi
energy is in or very close to a cyclotron gap and o,, van-
ishes, the resistance is given by the larger (quantized) Hall
resistance values. This is the correct limit for every two-point
measurement on a sample with boundaries.'® Equation (1)
expresses the intuitive expectation for the given sample ge-
ometry. As long as there are extended states, they will di-
rectly connect the two electrodes and o, determines the re-
sistance. The Hall conductivity only contributes in the
regime of localized states (o,,~0). This intuitive under-
standing is clearly violated by the earlier experiments,’
where the system becomes essentially insulating in the re-
gime of extended states (1/0,,=20 M) between Hall pla-
teaus). This results in fitting constants corresponding to un-
realistically long relaxation times in Ref. 9. A possible origin
of the experimental differences lies in a small structural
difference at the edges of the sample.'*

Combining Eq. (1) with the relation o, ~DOS (following
Ref. 9), we can beautifully explain the observed experimen-
tal data. The theoretical model is completely defined by two
parameters, the period d and the hopping parameter t=A/4
of the first miniband. The resulting eigenvalue problem is
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equivalent to that of a one-dimensional particle in the cosine
potential V(x)=2]|¢|[1-cos(deBx/#)],>!> which is generally
known as the Mathieu-problem. When the Fermi energy is at
the bottom of the cosine potential, i.e., the miniband width
dominates, a quadratic expansion of the potential leads to
equidistant Landau levels (LL) with a modified effective
mass® as seen in Fig. 3 at small B (R« 1/0,,%1/DOS). For
such narrow LLs, the DOS is high and therefore the MR is
small. Inside a DOS gap, the small overlap between the
broadened LLs gives a large MR [o,,~0 in Eq. (1)], which
eventually approaches the quantized value 1/0,, [cf. Fig.
5(a), gray line]. This explains why integer filling factors cor-
respond to resistance maxima at Ex<<A in the experiment.
When the Fermi energy, however, rises above the miniband,
the cosine potential becomes a weak modulation for the one-
dimensional particle and therefore wide bands separated by
small gaps result, as can be seen in Fig. 3. In this limit, the
LLs have broadened into wide bands with DOS singularities
of 1/\VE type at their edges (which can numerically not be
fully resolved). When the broadened DOS singularities of
neighboring bands overlap, the gap in between (where
0, ~0) is closed and the large o, leads to a small MR at
integer filling factor and thereby turns the maximum at small
Er into a minimum. This explains the experimentally ob-
served switching from maxima to minima at integer v. A
similar observation was made for individual higher filling
factors in 2DES with strong long-period modulation.'® Also,
DOS features at large Er and small B are easily smeared by
disorder so that the onset of MR oscillations are delayed up
to larger magnetic fields in agreement with our findings in
Fig. 2(a). For large magnetic fields, the gaps in the DOS are
clearly visible at small and intermediate Fermi energies.
However, at fixed B, an increasing E leads to successively
smaller gaps. It can, therefore, be expected that disorder
broadening closes all gaps above a certain filling factor. And
this is, indeed, what is observed in the experiment. As Fig.
2(b) shows, at a small Fermi energy (V;=3.5 V) the MR is
dominated by wide DOS gaps, marked by peaks, with thin
valleys (shaded) in between, which correspond to the inverse
LLs of the DOS. These valleys broaden at larger E. (Vg
=5 V) into bands. However, their internal structure is only
fully resolved when the Fermi energy becomes sufficiently
large (V;=6.5 V). The bands, then, inversely appear as ad-
ditional broad peaks (maximum of 1/c,,°1/DOS in the
Landau band center) between those marking the shrinking
DOS gaps. The fact that the DOS gaps are increasingly
closed by disorder broadening is clearly documented in the
experiment both by significantly smaller Hall resistance
peaks at larger magnetic fields and by the absence of peaks
for v>38.

IV. DISCUSSION

The gradual collapse of the DOS gaps becomes even
more evident when the MR data of the 5 nm CEW sample
are plotted versus the inverse filling factor as shown in Fig.
4. With this rescaling, it is possible to directly follow the
changes at individual filling factors when the gate voltage
and thereby the Fermi energy is increased. Gaps at odd fill-
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FIG. 4. MR data of the 5 nm CEW sample vs inverse filling
factor. The gate voltage ranges from 2.5 to 7.5 V in 0.5 V steps.

Higher gate voltage data are consecutively shifted upwards by
5.5 kQ.

ing factors (v=3 and 5), which open up due to an enhance-
ment of the g-factor, are only observed for V;=4 V, which
corresponds to the purely two-dimensional regime with
Ep<A. Once the Fermi energy exceeds the top of the mini-
band (V;=4.5 V), the g-factor enhancement at »=3,5 ap-
pears to break down abruptly. In comparison, the closing of
the DOS gaps at even filling factors occurs on a slower scale.
The MR peaks marking v=10, 8, 6, and 4 vanish, respec-
tively, when V exceeds 6, 6.5, 7, and 7.5 V. They are re-
placed by MR minima, which once again result from the
overlap of DOS singularities of neighboring Landau bands.
And even though the peak at v=2 survives at the highest
manageable densities and magnetic fields, it is also substan-
tially reduced. The vanishing of the DOS gaps at high den-
sities leaves the system in a quasi-one-dimensional state. The
possible quantization of the Hall resistance is lifted by the
presence of extended states at the Fermi energy for all mag-
netic fields. Experimentally, this is observed in a transition of
the MR from wide and large peaks (Hall plateaus) at small
densities to that of smaller oscillations with opposite phase
for Ep>A.

By changing the miniband width, it is possible to either
realize the one-dimensional state at lower densities or to
avoid the collapse of the cyclotron gaps. This is illustrated by
the MR data shown in Fig. 5(a). While for the 1.6 nm CEW

PHYSICAL REVIEW B 75, 075303 (2007)

12

8

Resistance [k()]

A%

FIG. 5. (a) MR data of the 1.6 nm CEW (symbol, 5 k{ shift),
the 5 nm CEW (black line, no shift), and the 10 nm CEW (gray
line, 2.5 k€ shift) samples at a density of about 3.5 X 10" cm™2. (b)
MR data of the 5 nm CEW sample (black lines) at gate voltages of
4.5 and 7 V (shifted upwards by 12 kQ). The thin gray lines are
theoretical calculations corresponding to the same densities. The
theoretical lines are offset from the experimental data by +1.5 and
—1.5 kQ (marked “improved”).

and, therefore, smallest miniband width all cyclotron gaps
have vanished (antiphase oscillations) and the DOS of a one-
dimensional band structure is obtained, the 10 nm CEW data
show a wide Hall plateau at v=2 with R=h/2e” and only
broadened LLs (no bands) in between peaks (resistance mini-
mum). The 5 nm CEW sample exhibits at »=2 no Hall pla-
teau, but a peak larger than R=h/2¢?. This suggests that the
enhancement of the g-factor, which has been neglected in our
theory, cannot be ignored at these conditions. A strong influ-
ence from electron-electron interaction is also suggested by a
strong temperature dependence of the same peak, not found
for higher filling factors.

Finally, we compare the experimental data of the 5 nm
CEW sample at V;=4.5 and 7 V with MR calculations based
on the tight-binding model combining o, and o, from Ref.
9 with Eq. (1). Disorder broadening is introduced in the form
of an effective Dingle temperature 7,=0.1 meV, estimated
from the observed onset of the MR oscillations. The imagi-
nary part of the self-energy was chosen according to the
transport relaxation time 7=0.8 ps,'%!! the Fermi energy and
hopping parameter were taken from Fig. 1. The calculated
MR [gray lines in Fig. 5(b)], which is independent of any fit
parameters, confirms the experimentally observed features:
an increasing Fermi energy leads to a vanishing of the cyclo-
tron gaps (peaks at integer filling factors become smaller or
vanish) while the signature of the internal Landau band
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structure becomes visible (antiphase oscillations of the over-
lapping Landau bands). The agreement between theory and
experiment improves somewhat when the Dingle tempera-
tures and the transport relaxation times are individually ad-
justed for the two different densities using values close to the
experimentally extracted ones. For the traces marked as im-
proved in Fig. 5(b), the Dingle temperatures were chosen as
Tp=0.1 and 0.3 meV, and the relaxation times as 7=1.6 and
1.1 ps at Vg=4.5 and 7 V, respectively. This shows that in
order to achieve quantitative agreement, a more careful treat-
ment of disorder including the dependence on density and
magnetic field is necessary. Also, electron-electron interac-
tion needs to be accounted for so that spin-related effects like
the enhanced g-factor are properly described.

In conclusion, we have studied the MR of a 2DES
subject to a strong short-period modulation. We show
that, depending on the density, the 2DES can either enter a
two-dimensional state with or a one-dimensional state with-
out the presence of the DOS gaps. The MR of the 2D regime
is marked by sharp maxima whenever the Fermi energy en-
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ters a DOS gap. In between these peaks, the broadened Lan-
dau levels lead to MR minima. In the 1D regime, the MR
shows sharp minima at integer filling (E lies in a collapsed
gap), and between these MR maxima due to the internal
Landau band structure appear. The experimental data are in
full agreement with the predictions of a quantum-mechanical
tight-binding model. The realization of a one-dimensional
state at Er> A is characteristic for strong short-period modu-
lations. The presented structures and the explanation of their
MR provide an ideal basis for the study of 2DES with
aperiodic one-dimensional modulation potentials.
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