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Using local spectroscopy, we study the far-infrared response of edge channels in the quantum Hall regime.
Both nonresonant and resonant excitations are observed. The resonant signal is shifted with respect to the
cyclotron resonance in the two-dimensional electron gas, which reflects the local curvature of the edge poten-
tial. The observation of higher-order transitions, which are forbidden in the bulk, reveals the presence of
nonparabolic contributions to the edge potential.

The edge states in the quantum Hall~QH! effect can be
viewed as an ideal model system for one-dimensional~1D!
electron transport.1 These channels, which are confined to
within '0.5 mm from the edge of a Hall bar, lack many of
the imperfections of lithographically defined 1D systems,
and electronic mean-free paths of up to'100mm have been
observed in dc transport experiments.2–4 Lithographically
defined 1D systems have been extensively studied with re-
spect to both their static and dynamic response.5 QH edge
states, on the other hand, have been investigated almost ex-
clusively in the low-frequency regime. Only recently, the dy-
namic behavior of QH edge channels was studied using time-
or spatially resolved techniques.6–8 One problem in explor-
ing the high-frequency~THz! properties of edge channels in
the QH regime is to separate their signal from that of the
adjacent high-mobility two-dimensional electron gas
~2DEG!, which covers an area typically three orders of mag-
nitude larger than that of the edge. Two techniques can be
used to overcome this problem: one is local spectroscopy
with a lateral resolution well below typical Hall bar
dimensions,7,8 the other is the use of the edge channels them-
selves as detectors.9 In the present study, we combine both
techniques and obtain sufficient selectivity to directly inves-
tigate the far-infrared~FIR! excitations of quantum Hall edge
states.

The samples are prepared from molecular-beam epitaxi-
ally grown AlxGa12xAs heterostructures. The individual lay-
ers are as follows: Buffer and smoothing layers, 1mm GaAs,
a 15-nm AlxGa12xAs (x50.3) spacer layer, 3.931012-
cm22 Si d doping, 5-nm AlxGa12xAs, 36-nm AlAs~2-nm!/
GaAs~2-nm! superlattice, and a 4-nm GaAs cap layer. In the
unprocessed wafer the carrier density and mobility at liquid
He temperatures are 4.531015 m22 and 50 m2/V s, respec-
tively. Using standard lithographic patterning techniques, 20
to 30 Hall strips, 36mm wide and 2.2 mm long, are defined
by wet etching. All channels are connected in parallel
through common Ohmic contacts at the ends. This geometry
~many parallel strips! has the advantage that it increases the
active area of the sample and thus allows us to probe the FIR
transmission and the transport properties simultaneously. A
5-nm-thick, semitransparent NiCr layer is evaporated as a
continuous gate electrode to vary the carrier density of the

2DEG. Finally, 120-nm-thick Ag stripes are deposited which
blank out the FIR radiation from one edge of the Hall bars
and allow excitation of only the other. For the laser wave-
lengths used,l5118, 163, 170mm, this constitutes a spatial
confinement of the FIR radiation to within'l/5 of the edge
channel. Nevertheless, more than 90% of the exposed area
consists of ‘‘bulk’’ 2DEG and therefore the transmission sig-
nal is dominated by the~bulk! cyclotron resonance excita-
tion. We obtain the additional selectivity, necessary to probe
the edge excitations, by recording thelateral ~i.e., between
the Ohmic contacts! photovoltage induced by the FIR radia-
tion. In the present geometry~two-probe, long-channel, high
magnetic fields! this voltage directly reflects the difference in
chemical potential between the illuminated and the not-
illuminated edge of the Hall strips.10

The samples are mounted in a liquid He cryostat, in the
center of a superconducting solenoid, with the direction of
the magnetic field perpendicular to the 2DEG. The far-
infrared radiation from an optically pumped molecular laser
is coupled into the cryostat using an oversized waveguide.
An aperture is used to minimize interfering voltage signals
from irradiation of the Ohmic contacts. The laser light is
chopped with a frequencyn'30 Hz, and the transmission
and photosignals are recorded using standard lock-in detec-
tion. A schematic of the sample layout and measurement ge-
ometry is shown in Fig. 1~a!.

Figure 2 displays the measured lateral photovoltage
Vphot of sample I at magnetic fields 0<B<4 T and at a gate
voltageVg50. Pronounced oscillations are observed which
are periodic in 1/B with the same period as the
Shubnikov–de Haas oscillations of the magnetoresistance
~see arrows in Fig. 2!. We attribute these oscillations to FIR
radiation-induced heating of the electron system.11,12 In the
following, we will label this signal ‘‘nonresonant’’ photovolt-
age, because it reflects a temperature gradient in the sample
which can be equally well induced by external, resistive
heating. A thorough discussion of the thermoelectrical prop-
erties of 2DEG’s, in terms of the diffusion model, can be
found, e.g., in Ref. 12. An alternate, simple explanation for
the temperature-induced lateral photovoltage is given in the
inset of Fig. 2 . When the filling factorN is just above an
integer, a rise in temperature will lead to a decrease of the
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Fermi level. Just below an integer filling factor, on the other
hand, the Fermi level will increase.~In the present experi-
ment we are not able to resolve spin splitting, up to a mag-
netic field of B57 T. We therefore only consider Landau
levels and not spin levels in the determination of the filling
factorN.! Similar effects have been observed in thevertical
photovoltage~between the 2DEG and the gate!.13 We can
rule out, however, that the oscillations observed in Fig. 2 are
caused by cross-talk between vertical and lateralVphot: The
dotted line shows thatVphot changes sign when the magnetic
field is reversed. From symmetry considerations, a possible
vertical photovoltage should be an even function ofB.14

As mentioned above, Fig. 2 displays thenonresonantpho-
tovoltage. For the laser wavelength used,lLaser 5 118.8
mm, cyclotron resonance occurs atB56.24 T, as inferred
from the transmission signal shown in Fig. 3. In this
magnetic-field regime, the lateral photovoltage signal differs

drastically from that observed in Fig. 2 in several respects: It
is up to two orders of magnitude larger, its amplitude is very
sensitive to the applied gate voltage, and it does not change
sign when the filling factorN is swept across an integer~it
does, however, change sign when the magnetic field is re-
versed!. As shown in the lower trace of Fig. 3, maximum
response is observed atVg52270 mV andB55.9 T, which
corresponds toN50.8. At the position of the cyclotron reso-
nance, the signal is more than 50% smaller, independent of
the applied gate bias, even though at this magnetic field the
total absorbed power is approximately an order of magnitude
larger than at 5.9 T.

We interpret the strong photoresponse shown in Fig. 3 as
resonant far-infrared excitation of the QH edge channels. As
discussed below, the transition energy between the edge
channels,\ve , is expected to be larger than the cyclotron
resonance energy\vc . Thus, at a fixed laser frequency,
resonance forve is expected at a lower magnetic field than
for vc , in agreement with Fig. 3. Furthermore, independent
of the filling factor, we do not observe any peaks inVphot at
magnetic fieldsabovethe cyclotron resonance, also in agree-
ment with the fact that~at least for vertical transitions! all

FIG. 1. ~a! Schematic of the measurement setup, depicting the continuous gate~light shading! and the metallic masking strips~dark
shading!. Also shown is the 2DEG with the two counterpropagating edge channels.~b! Edge (ve) and bulk (vc) excitations at high magnetic
fields. Possible relaxation mechanisms which can lead to different local chemical potentials at the edge and in the bulk are sketched.

FIG. 2. Lateral photovoltage as a function of the magnetic field
for positive ~solid line! and negative~dotted line! field orientation.
Upward arrows identify integer filling factorsN. The excitation
wavelength is 118.8mm. Inset: Schematic representation of the
Fermi level as a function of the magnetic field for high~dashed line!
and low~solid line! temperatures. The sharp drop in the Fermi level
at integer filling factorsN ~downward arrows! is washed out at high
temperatures, resulting in a decrease~increase! of the Fermi level
just above~below! integerN.

FIG. 3. Transmission and photovoltage, measured simulta-
neously at high magnetic fields. The shift between the maximum of
the photovoltage and the minimum in the transmission reflects the
energetic difference between edge and bulk excitations.
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edge excitations are expected to have a larger energy than the
bulk cyclotron resonance.

For a more quantitative picture, we calculate the energy
shift of QH edge states by first-order perturbation theory,
starting from the well-known wave functions of free elec-
trons in high magnetic fields.15 Another instructive picture is
to view the edge as one-half of a~parabolic! quantum wire.5

In high magnetic fields, both approaches give the same re-
sults: The transition energies are not affected by a linear term
in the potential; the parabolic term causes a frequency shift
of

Dv'
v0
2

2vc
, ~1!

with v0 being the characteristic frequency of the parabolic
term. The relation betweenv0 and the magnetic fields at
resonance isv05e/mABbulk

2 2Bedge
2 . For the values obtained

from Fig. 3, this leads tov05531012 s21, in agreement
with results for etched quantum wires,5 which are expected
to exhibit a similar edge profile. Assuming a constant curva-
ture, this value leads to an estimate for the width of the edge
channel of '0.4 mm, also in agreement with other
experimental16 and theoretical17 estimations. Caution is ad-
vised, though, in directly relating the local curvature to the
FIR response, since the latter is affected by depolarization
and other electron-electron interactions. However, from com-
parison with FIR data of lithographically defined quantum
wires, we infer that the generalized Kohn theorem,18,19which
well describes the relation between the bare~single-particle!
potential and the collective, high-frequency response in
quantum wires, also applies to the present excitation of QH
edge channels. We therefore conclude that the shift between
the bulk and the edge excitation as seen in Fig. 3 reflects to
a good approximation thebare curvature of the QH edge
potential, rather than the self-consistent potential calculated,
e.g., by Chklovskii, Shklovskii, and Glazman.17 Other pos-
sible explanations for a shifted resonance, such as localiza-
tion or plasmon effects, can be ruled out, since they would
lead to much smaller shifts and would affect the transmission
in a similar fashion as the photovoltage.

In order to observe the edge excitations through lateral
photovoltage measurements, it is essential that the edge
states equilibrate only slowly with each other and the bulk
2DEG. One would therefore expect maximum photosignal at
integer filling factors. In Fig. 3 we observe the strongest
response atN50.8 ~neglecting spin!, slightly below an inte-
ger. The strongest photoresponse is observed in a narrow
range of gate voltages,2300 mV<Vg<2230 mV. In this
regime, the position of the maximum shifts fromB55.7 T
(2300 mV! to B56.1 T (2230 mV!. The corresponding
filling factors are N50.73 (2300 mV! and N50.92
(2230 mV!. This means that the local curvature, as inferred
from the shift between the cyclotron resonance and the maxi-
mum photoresponse, is filling factor dependent and that our
experiment enables us to map out this dependence in a small
range of filling factors just belowN51.

The concept of a local variation of the curvature implies
the presence of higher-order terms in the Taylor expansion of
the potential. Another strong indication for nonparabolic

contributions to the edge potential comes from the observa-
tion of higher-order transitions, in particular from Landau
levelm to levelm12.

Figure 4~a! shows the photovoltage of sample II around 3
T for gate voltagesVg52100 mV and125 mV. The exci-
tation wavelength islLaser5118.8mm, and we again observe
a strong photoresponse aroundB56 T ~not shown!. We also
observe pronounced maxima close to the magnetic field
B1/2, where 2vc5v las @dashed line in Fig. 4~a!#. Similar to
theve excitation above, this signal is strongly dependent on
Vg in both amplitude and position. Maximum signal is ob-
served forN53.9 (Vg525 mV! and N52.9 (Vg52100
mV!, again, slightly below integer filling factors, as for the
fundamental excitation shown in Fig. 3. Furthermore, the
peaks are shifted to slightly belowB1/2 and change sign
when the magnetic field is reversed. From this we conclude
that the photoresponse shown in Fig. 4~a! is caused by an
edge excitation between Landau levels 3 and 5 (Vg52100
mV! and between levels 4 and 6 (Vg5125 mV!, respec-
tively. These transitions, which are forbidden for bulk 2DEG
electrons, are made possible by nonparabolic contributions to
the edge potential. We do not observe any resonances in the
transmission signal aroundB53 T, which gives additional
support for the assumption that the photosignal aroundB1/2
is not related to bulk effects.20

Higher-order transitions are also observed in sample I;
however, they are somewhat obscured by the strong thermo-
electric signal~cf. Fig. 2!, which is much weaker in sample
II.

At present, we do not want to speculate how the edge
excitations lead to a lateral photosignal. Among the possible
schemes are the following@cf. Fig. 1~b!#: ~1! Different drift
velocities in the upper Landau level, caused by higher-order
terms of the edge potential;~2! nonvertical transitions, in-
volving phonon emission; and~3! multiple phonon emission
and transfer of carriers into the bulk 2DEG. Mechanisms 1
and 2 will directly induce a net current; mechanisms 2 and 3
will change the local chemical potential. Since current and
chemical potential are closely interrelated, more experimen-
tal investigations, including current and multiprobe voltage
measurements, are necessary to identify the dominant pro-
cesses.

Finally, we would like to briefly mention some unex-
pected and so far unexplained resonancelike features that are

FIG. 4. Photovoltage signal of sample II aroundB1/2 ~dashed
line! for gate voltagesVg 5 2100 mV ~a! andVg 5 125 mV ~b!.
The peaks slighly belowB1/2 are attributed to higher order edge
excitations which are forbidden in the bulk. The excitation wave-
length is 118.8mm.

1056 53BRIEF REPORTS



observed superimposed upon the broadVphot signal at high
magnetic fields. Their occurrence is strongly dependent on
the applied gate voltage and they are observed close to the
position of the 2DEG cyclotron resonance. Typically, these
spikes are separated byDB560 mT. Using the energy scale
given by the cyclotron resonance, this corresponds to only
0.1 meV. The sharpness of the resonances, their occurrence
at high magnetic fields, and the low energies involved sug-
gest that they are related to edge magnetoplasmons.21 How-
ever, we could not find the clear filling factor dependency
commonly found for such excitations.

In conclusion, we have developed a simple, yet powerful
technique for local far-infrared spectroscopy of edge states in
the quantum Hall regime. Making use of the one-
dimensionality of the system, we could confine the FIR ex-
citation to within 'lLaser/5 of the edge channels without

having to employ evanescent waves. Using, in addition, the
edge channels as detectors, we obtain sufficient selectivity to
directly probe the resonant excitations of QH edge states.
The difference between the position of maximum photore-
sponse and the position of the 2DEG cyclotron resonance
reflects the local curvature of the edge potential. The obser-
vation of higher-order transitions, which are forbidden in the
bulk, reveals the presence of nonparabolic contributions to
the edge potential. Unusual, presently unexplained, sharp
resonances are observed, which might be related to collective
excitations between or within the edge channels.
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1There are, however, fundamental differences between edge states
and regular 1D systems. Quantum Hall edge states have, e.g., a
chiral character. In the present work we repeatedly make use of
this fact when we study the antisymmetric behavior of the edge
photosignal as the magnetic field is reversed.
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