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Edge-induced magnetoplasmon excitation in a two-dimensional electron gas
under quantum Hall conditions
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The spectrally resolved terahertz photoconductivity between two separately contacted edge channels of a
two-dimensional electron gas in the quantum Hall regime is investigated. We use a not-simply-connected sample
geometry which is topologically equivalent to a Corbino disk. Due to the high sensitivity of our sample structure,
a weak resonance situated on the high-energy side of the well known cyclotron resonance is revealed. The
magnetic field as well as the carrier density dependence of this weak resonance, in comparison with different
models, suggests that the additional resonance is an edge-induced magnetoplasmon.
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I. INTRODUCTION

In recent years, two-dimensional electron gases (2DEGs)
in the quantum Hall (QH) regime have attracted considerable
interest in connection with the possibility of developing highly
sensitive terahertz (THz) detectors based on the photoinduced
change in conductivity."™ Unlike conventional absorption
experiments, this technique combines magnetotransport with
spectroscopy and provides us with a unique tool to investigate
not only the bulk cyclotron resonance (CR) of the 2DEG. It
is now possible to resolve even spectral features, which are
related to effects of the edge states in the QH effect,>’ as well
as excitations of collective magnetoplasmon modes®'° and
spin-flip transitions.!!1?

In the present paper, we use spectrally resolved photocon-
ductivity measurements on a2DEG formed in a GaAs/AlGaAs
heterostructure to investigate the THz excitation process in the
QH regime. We use a sample structure, which is topologically
equivalent to a Corbino geometry, however, the circumference
is greatly enlarged by a meanderlike patterning. This sample
structure provides us with a high sensitive of ~107 V/W
for THz radiation® and allows us to investigate not only
one dominant resonance—which we identify as the bulk
cyclotron resonance (CR)—but reveals also a second, very
weak resonance, situated on the high-energy side of the CR
peak. We will present measurements on the magnetic field
dispersion and the carrier density dependence of this high-
energy resonance. Additionally, we will present measurements
in tilted magnetic fields, which exclude spin effects as the
origin of the high-energy resonance. Finally, we show that the
high-energy resonance observed in the present experiments
can be interpreted as a unusual magnetoplasmon excitation,
where the characteristic length scale of the plasmon modes
is given by the depletion length of the 2DEG at the sample
boundary.

II. EXPERIMENTAL SETUP

The samples are fabricated from two different molecular-
beam-epitaxially grown GaAs/AlGaAs heterostructures A and
B, using standard photolithography and wet chemical etching.
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The 2DEG of wafer A is located 60 nm below the surface.
The carrier concentration is N, = 4.6 x 10" ¢cm™2 and the
mobility is approximately 1 = 500000 cm?/V s. The 2DEG
in wafer B is located 110 nm below the surface and has a carrier
concentration and a mobility of approximately N, = 2.61 x
10" cm™2 and p = 288100 cm?/V s, respectively. Ohmic
contacts are provided by alloyed AuGe/Ni/AuGe (88 : 12)
pads.

Figure 1 schematically shows the topology of the samples,
consisting of a meanderlike patterned (Corbino-geometry)
mesa, with a circumference (total length of the edges) of
~32 mm for all samples. The channel width of samples A.1,
A.2,and B.1 is w = 100 um, whereas sample B.2 has a width
of w =50 um. Sample A.2 is furthermore equipped with a
NiCr top gate to tune the carrier density. The large circle in
Fig. 1 indicates the illuminated area.

In the present experiment, we record the photoinduced
change in conductivity by applying a constant current between
the inner and outer edge (contacts 1 and 2 in Fig. 1) and measur-
ing the change of the nonlocal voltage AV between two other,
well-separated contacts (3 and 4). We use a Bruker IFS113v
Fourier-transform spectrometer (FTS), and the sample itself
as a photodetector to obtain spectrally resolved photoresponse
measurements. At fixed magnetic fields, the broadband THz
radiation of a mercury lamp was modulated by the FTS and
the corresponding change in the nonlocal voltage AV was ac
coupled to a high-impedance (=100 M) voltage preamplifier.
The preamplified signal was recorded as an interferogram,
which was Fourier transformed to obtain the photoconductivity
spectrum. In the spectral range of interest, the light source
and all optical components have a very weak dependence on
wavelength, so that the recorded signal will be dominated
by the spectral response of the sample itself. A system of
mirrors and polished stainless-steel tubes, acting as oversized
waveguides, guides the THz radiation to the sample, mounted
inside a “He cryostat with a superconducting magnet, to apply
fields up to B = 12 T. Optionally, a commercial Si bolometer
can be mounted below the sample to perform transmission
measurements. All data were obtained by 7 = 4.2 K in the
Faraday geometry.
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FIG. 1. (Color online) Sketch of the sample geometry. Contacts
(hatched) are positioned along the inner and outer edges of the
meanderlike patterned mesa (gray). Arrows indicate the direction
of electron drift motion in the edge channels for an integer filling
factor.

III. EXPERIMENTAL RESULTS

Figure 2(a) shows a typical THz photoconductivity spec-
trum of sample A.1 at a magnetic field of B = 9.62 T (filling
factor v = 2). A pronounced resonance is observed, which can
be fitted by a single Lorentzian profile (dashed red line). The fit
yields a resonance frequency of 128.59 cm™! and a full width
at half maximum of 2 cm~.

A closer look at the data reveals a second, very weak
resonance at the high-energy side of the dominant peak,
indicated by an arrow in Fig. 2(a). For a better analysis, we plot
in Fig. 2(b) the enlarged spectra measured between B = 9.48
and 9.74 T. All the spectra are normalized to their dominant
peak to account for the photoconductivity sensitivities at
different magnetic fields so that we can directly compare the
intensity of the second resonance. As indicated by the line
in Fig. 2(b), the resonance position shifts to higher energies
with increasing magnetic field whereas the amplitude remains
constant.

Figure 3 shows typical THz photoconductivity spectra of
sample A.2 at different carrier densities, while the magnetic
field is adjusted to keep the filling factor v =2 and max-
imize the photoconductivity sensitivities.> Again all spectra
are normalized to their dominant peak. Here we observe
a slight narrowing of the dominant peak with decreasing
carrier density, which causes the amplitude of the high-energy
resonance to decrease apparently. But a closer analysis (taking
into account the oscillator strength of the main peak) shows
that the strength of the high-energy resonance is independent
of the carrier density as well as of the magnetic field.

In Figs. 4(a) and 4(b) we plot the dispersion of both
resonances determined from the photoconductivity spectra
shown in Figs. 2 and 3, respectively. The magnetic field
dispersion of the dominant peak (solid red circles) corre-
sponds to the bulk cyclotron resonance (CR) dispersion (solid
red lines), with w, = eB/m™* using an effective mass of
m* = 0.0697m, (see, e.g., Refs. 13—16). As expected for the
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FIG. 2. (Color online) (a) Photoconductivity spectrum of sample
A.1 measured at a magnetic field of B =9.62 T (solid line) and
a Lorentzian fit to the data (dashed red line). (b) Normalized
photoconductivity spectra between B = 9.48 and 9.74 T, where the
scaling corresponds to the gray shaded area in (a). The spectra are
shifted along the y axis for clarity and the line is a guide to the eye.

CR, the influence of the carrier concentration on the effective
mass is negligible [Fig. 4(b)]. Furthermore, the resonance
width matches exactly the width deduced from the transport
mobility and the carrier density of sample A.1 (see, e.g.,
Ref. 17). Therefore, the dominant resonance can be easily
identified as a bolometric change in conductivity due to a
heating of the electron gas by the bulk cyclotron absorption.

The dispersion of the high-energy resonance also appears
to be linear in Fig. 4. Below, we will discuss that its behavior is
more complicated. But in contrast to the CR, the high-energy
resonance shows a reduced slope in the magnetic field disper-
sion [Fig. 4(a)] while a slightly increased slope is observed
for the carrier-density-dependent measurements [open blue
squares in Fig. 4(b)]. The carrier density dependence of the
high-energy resonance indicates a many-body effect.

To investigate a possible influence of the geometrical
confinement of the 2DEG on the high-energy resonance,
we have performed spectrally resolved photoconductivity
measurements on samples with two different channel widths.
Figure 5 shows a typical spectrum of sample B.1 with a
channel width of w = 100 um (blue curve) in comparison
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FIG. 3. (Color online) Normalized photoconductivity spectra of
sample A.2 at different carrier densities, while the magnetic field is
adjusted to keep the filling factor v = 2.

to a spectrum of sample B.2 at the same magnetic field while
the channel width is reduced to w = 50 um (orange curve).
Neither the position of the dominant CR resonance nor the
high-energy resonance (indicated by an arrow) are influenced
by the lateral, geometrical confinement.

In the following section we are going to discuss two
different approaches to explain the occurrence of the high-
energy resonance observed in the present experiments.

IV. DISCUSSION

Figures 2(b) and 3 show a remarkable similarity with the
photoconductivity spectra obtained from InAs quantum wells
reported by Hu [see Fig. 3(b) in Ref. 11]. They identify the
high-energy resonance as a combined resonance (CBR). Due to
the similarity between the spectra observed in Ref. 11 and our
present spectra, we try to fit the dispersion of the high-energy
resonance (open blue circles in Fig. 4) also in terms of a CBR.
The resonance frequency of the CBR is given by'®

wcpr = V(@ + .)? + Qakg /h)>?, (1)

with the CR frequency w. = eB/m*, the electron-spin-
resonance frequency w, = —geB/(2m,), the spin-orbit pa-
rameter «, and the Fermi wave vector kr = /27 N,. The
dispersion of the high-energy resonance (Fig. 4) can be fitted
in different ways using Eq. (1). On the one hand, the spin-orbit
parameter o can be used as a free parameter, taking the well-
known g factor of —0.44 for bulk GaAs.19-20 Alternatively,
we can take both o and g as fitting parameters. In both
cases, the fitting procedure yields a spin-orbit parameter of
approximately @ = 3 x 107!! eV m, which is an order larger
then the theoretically predicted one for bulk GaAs (a ~ 10713
eV m).?! On the other hand, the data can also be fitted assuming
a reasonable spin-orbit parameter of ~107'3 eV m and a
strongly enhanced g factor of g = —6.

To rule out the possibility of such an enhanced g factor (e.g.,
observed by Nicholas et al.??) as the origin of the high-energy
resonance we use the fact that, in a tilted magnetic field, the
cyclotron resonance position only depends on the magnetic
field component normal to the 2DEG while a spin contribution
should depend on the total magnetic field.”> In Fig. 6 we
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FIG. 4. (Color online) (a) Magnetic field dispersion of the CR
(solid red circles) and the high-energy resonance (open blue circles)
obtain from fitting the photoconductivity spectra shown in Fig. 2. The
dashed blue line shows the fit of Eq. (2) using a plasmon frequency
of w, = 86 cm™'. (b) Carrier density dependence of the CR (solid
red circles) and the high-energy resonance (open blue squares) obtain
by fitting the spectra shown in Fig. 3. The dashed line is a guide to
the eye. The solid red lines in (a) and (b) correspond to w. = eB/m*
using an effective mass of m* = 0.0697m,.

compare two photoconductivity spectra of sample B.1, one
with the magnetic field direction normal to the surface (blue
curve) and the other with a magnetic field tilted by ~42°
(orange curve). For a direct comparison the magnetic fields are
chosen, so that the parallel magnetic field components of both
measurements and therefore the CR positions are identical.
Using Eq. (1) with a spin-orbit parameter of & ~ 10713 eV m
(Ref. 21) and a g factor resulting from the above fit of
the magnetic field dispersion (g = —6), we would expect at
least a shift of Aw =5 cm™! to higher frequencies for the
spectrum taken in the tilted magnetic field. Experimentally,
however, we do not observe any shift of the high-energy
resonance for the tilted magnetic field measurement (see
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FIG. 5. (Color online) Photoconductivity spectra of samples B.1
(blue curve) and B.2 (orange curve) measured at a magnetic field of
B = 5.40T. The mesa structure of sample B.1 has a channel width of
100 wm while sample B.2 is patterned with a 50-um channel width.
The spectra are normalized to the dominant CR resonance amplitude.

Fig. 6). This clearly rules out an enhanced g factor as the
origin of the high-energy resonance observed in the present
experiment. Despite the similarity of our photoconductivity
spectra [Figs. 2(b) and 3] with the spectra obtain from InAs
quantum wells,'! the assumption of a CBR could not explain
the high-energy resonance observed in the present experiment
on GaAs heterostructures.

Therefore, a different approach is needed to explain the
observations in the present work. In the following, we suggest
to interpret the high-energy resonance in terms of a collective
many-body excitation, i.e., the magnetoplasmon resonance
(MP). The B-field dispersion of the MP is given by!%-?3-24

WMP :‘/wf—i—a)g, 2
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FIG. 6. (Color online) Photoconductivity spectrum of sample
B.1 measured at a magnetic field of B = 5.38 T (blue curve) and the
field direction parallel to the surface normal, comparing a spectrum
measured at B = 7.22 T and a tilt angle of 42° (orange curve).
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with the plasmon frequency at zero magnetic field*

N,e?
=, .| —k, 3
@p 2m*8083ff ( )

where k is the plasmon wave vector, N, is the 2D electron
density, and e is the effective dielectric constant. Performing
photoconductivity measurements on conventional Hall bar
samples allows for the investigation of the MP without the need
of a grating to couple the incident radiation with plasmons of
a wave vector k. As described, e.g., by Vasiliadou et al.,'”
the boundaries of a Hall bar themselves provides the coupling
and determine the frequency of the confined plasmon. Their
measurements are in a good agreement with calculations using
Egs. (2) and (3) with k = 7 /w, where w is the width of the Hall
bar. But as shown in the previous section (see Fig. 5), no shift
of the high-energy resonance can be observed in the present
experiment if the channel width is reduced from w = 100 um
(sample B.1) to w = 50 um (sample B.2), while a shift by the
factor of v/2 is expected for w » [see Eq. (3)]. Furthermore, we
would expect to find the confined plasmon frequency in the
GHz regime for our samples.'® However, fitting the magnetic
field dispersion of the high-energy resonance [dashed blue
line in Fig. 4(a)], using Eq. (2), yields a plasmon frequency
of w, =86 cm™!, corresponding to 2.6 THz. For the MP
picture to hold we need a characteristic length scale which
is independent of the geometrical definition of the mesa and
which is short enough to cause a plasmon frequency in the
THz regime.

As reported by Elliott ef al.,’® an edge-induced magneto-
plasmon resonance (EIMP) can be observed in measurements
on a circular sheet of *Het ions, where the resonance
frequency is determined by the depletion length of the electron
density profile at the sample edge.

The depletion length of the carrier density of our
GaAs/AlGaAs heterostructure is given by?’

Eg €GaAs€0
meZN,

where E, =1.52 eV is the energy gap of GaAs at a
temperature of 4.2 K. Using the depletion length /csg and
substituting k = %n/lcsg ~ 2.4/lcsg (Ref. 24) in Eq. (3) we
obtain a EIMP frequency of wgmp = 85 cm™! for sample
A.1, which is in a good agreement with the experimentally
determined resonance frequency w, =86 cm~'. Here we
have used ¢ = %8G3A5[1 + coth (kh)] (Refs. 28 and 29) for
the effective dielectric constant, where £gaas = 12.8 is the
dielectric constant of GaAs (Refs. 10, 23, and 24) and £ is the
depth of the 2DEG below the sample surface.

Figure 7 shows the experimentally determined resonance
frequency as a function of the carrier density N,, evaluated
from the data of sample A.2 shown in Fig. 4(b) using Eq. (2)
(solid blue circles). Additionally, the resonance frequency
obtained from samples A.1 and B.1 (red triangles) as well as the
plasmon frequency determined by a photocurrent experiments
described in Ref. 6 (red star) are plotted. The solid red line
represents the calculated EIMP frequency as a function of
the carrier density using Egs. (3) and (4). The calculated
values resembles the experimentally determined ones quite
well, without the need for any fit parameter. The agreement

“

lesg =
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FIG. 7. (Color online) Carrier density dependence of the EIMP
resonance frequency obtained from fitting the photoconductivity
spectra shown in Fig. 3 (points) and the theoretical predicted
dispersion according to Egs. (3) and (4) (line).

over a broad range of carrier densities and also for different
samples suggests that the origin of the high-energy resonance
observed in the present experiment is indeed the excitation of
a collective magnetoplasmon oscillation, where the plasmon
wave vector and thus the resonance frequency w, is given by
the depletion length at the sample edge. So far, the microscopic
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excitation mechanism at the sample boundary and the influence
of the compressible and incompressible stripes at different
filling factors are not fully understood. As shown, e.g., in
Ref. 7, the edge reconstruction in the quantum Hall regime
can have a pronounced influence on the photoconductive
properties of 2DEGs beyond the collective bulk excitations.
Further theoretical work on THz response of the recon-
structed edge in the quantum Hall regime is therefore highly
desirable.

V. CONCLUSION

In conclusion, we have investigated the weak THz pho-
toresponse, situated on the high-energy side of the cyclotron
resonance, using spectrally resolved photoconductivity mea-
surements in the quantum Hall regime. We find that the
magnetic field and the carrier density dependence of the
resonance position is in a good agreement with an edge-
induced magnetoplasmon excitation, where the characteristic
length scale (plasmon wave vector k) is determined by the
depletion length of the 2DEG at the sample boundary.
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