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Local far-infrared spectroscopy of edge states in the quantum Hall regime
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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 H@lH) effect can be 2DEG. Finally, 120-nm-thick Ag stripes are deposited which
viewed as an ideal model system for one-dimensighBl) blank out the FIR radiation from one edge of the Hall bars
electron transport.These channels, which are confined toand allow excitation of only the other. For the laser wave-
within =0.5 um from the edge of a Hall bar, lack many of lengths used\=118, 163, 17Qum, this constitutes a spatial
the imperfections of lithographically defined 1D systems,confinement of the FIR radiation to withimA/5 of the edge
and electronic mean-free paths of up#d.00 um have been channel. Nevertheless, more than 90% of the exposed area
observed in dc transport experimefité. Lithographically — consists of “bulk” 2DEG and therefore the transmission sig-
defined 1D systems have been extensively studied with reial is dominated by thébulk) cyclotron resonance excita-
spect to both their static and dynamic respoh§H edge tion. We obtain the additional selectivity, necessary to probe
states, on the other hand, have been investigated almost etke edge excitations, by recording ttaeral (i.e., between
clusively in the low-frequency regime. Only recently, the dy-the Ohmic contacjsphotovoltage induced by the FIR radia-
namic behavior of QH edge channels was studied using timetion. In the present geometfywo-probe, long-channel, high
or spatially resolved techniqués® One problem in explor- magnetic fieldsthis voltage directly reflects the difference in
ing the high-frequencyTHz) properties of edge channels in chemical potential between the illuminated and the not-
the QH regime is to separate their signal from that of thelluminated edge of the Hall strip$.
adjacent high-mobility two-dimensional electron gas The samples are mounted in a liquid He cryostat, in the
(2DEG), which covers an area typically three orders of mag-center of a superconducting solenoid, with the direction of
nitude larger than that of the edge. Two techniques can bthe magnetic field perpendicular to the 2DEG. The far-
used to overcome this problem: one is local spectroscopinfrared radiation from an optically pumped molecular laser
with a lateral resolution well below typical Hall bar is coupled into the cryostat using an oversized waveguide.
dimensions;® the other is the use of the edge channels themAn aperture is used to minimize interfering voltage signals
selves as detectofsin the present study, we combine both from irradiation of the Ohmic contacts. The laser light is
techniques and obtain sufficient selectivity to directly inves-chopped with a frequency~30 Hz, and the transmission
tigate the far-infraredFIR) excitations of quantum Hall edge and photosignals are recorded using standard lock-in detec-
states. tion. A schematic of the sample layout and measurement ge-

The samples are prepared from molecular-beam epitaxbmetry is shown in Fig. (B).
ally grown Al,Ga; _,As heterostructures. The individual lay-  Figure 2 displays the measured lateral photovoltage
ers are as follows: Buffer and smoothing layergsth GaAs, Vo 0f sample | at magnetic fieldsOB<4 T and at a gate
a 15-nm AlLGa;_,As (x=0.3) spacer layer, 3:910"* voltage V4= 0. Pronounced oscillations are observed which
cm~2 Si 6 doping, 5-nm Al Ga; _,As, 36-nm AlAs(2-nm)/  are periodic in 1B with the same period as the
GaAs(2-nm) superlattice, and a 4-nm GaAs cap layer. In theShubnikov—de Haas oscillations of the magnetoresistance
unprocessed wafer the carrier density and mobility at liquid'see arrows in Fig.)2 We attribute these oscillations to FIR
He temperatures are 4x8.0° m~2 and 50 nf/V s, respec- radiation-induced heating of the electron systert.In the
tively. Using standard lithographic patterning techniques, 2Gollowing, we will label this signal “nonresonant” photovolt-
to 30 Hall strips, 36um wide and 2.2 mm long, are defined age, because it reflects a temperature gradient in the sample
by wet etching. All channels are connected in parallelwhich can be equally well induced by external, resistive
through common Ohmic contacts at the ends. This geometrigeating. A thorough discussion of the thermoelectrical prop-
(many parallel stripshas the advantage that it increases theerties of 2DEG's, in terms of the diffusion model, can be
active area of the sample and thus allows us to probe the FIRund, e.g., in Ref. 12. An alternate, simple explanation for
transmission and the transport properties simultaneously. fhe temperature-induced lateral photovoltage is given in the
5-nm-thick, semitransparent NiCr layer is evaporated as #&nset of Fig. 2 . When the filling factoN is just above an
continuous gate electrode to vary the carrier density of thénteger, a rise in temperature will lead to a decrease of the
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FIG. 1. (a) Schematic of the measurement setup, depicting the continuouglighiteshading and the metallic masking stripglark
shading. Also shown is the 2DEG with the two counterpropagating edge charibgEdge ,) and bulk ) 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.

Fermi level. Just below an integer filling factor, on the otherdrastically from that observed in Fig. 2 in several respects: It
hand, the Fermi level will increaséln the present experi- is up to two orders of magnitude larger, its amplitude is very
ment we are not able to resolve spin splitting, up to a magsensitive to the applied gate voltage, and it does not change
netic field of B=7 T. We therefore only consider Landau sign when the filling factoN is swept across an integét
levels and not spin levels in the determination of the fillingdoes, however, change sign when the magnetic field is re-
factorN.) Similar effects have been observed in thegtical ~ versed. As shown in the lower trace of Fig. 3, maximum
photovoltage(between the 2DEG and the gaté We can response is observed @ =—270 mV andB=5.9 T, which

rule out, however, that the oscillations observed in Fig. 2 argorresponds tt=0.8. At the position of the cyclotron reso-
caused by cross-talk between vertical and lat¥al,: The  nance, the signal is more than 50% smaller, independent of
dotted line shows that ,,,; changes sign when the magnetic the applied gate bias, even though at this magnetic field the
field is reversed. From symmetry considerations, a possibletal absorbed power is approximately an order of magnitude
vertical photovoltage should be an even functiorBof* larger than at 5.9 T.

As mentioned above, Fig. 2 displays thenresonanpho- We interpret the strong photoresponse shown in Fig. 3 as
tovoltage. For the laser wavelength useqdqs.r = 118.8 resonant far-infrared excitation of the QH edge channels. As
pum, cyclotron resonance occurs B&=6.24 T, as inferred discussed below, the transition energy between the edge
from the transmission signal shown in Fig. 3. In this channelsf w., is expected to be larger than the cyclotron
magnetic-field regime, the lateral photovoltage signal differsesonance energfiw.. Thus, at a fixed laser frequency,

resonance fot, is expected at a lower magnetic field than
for ¢, in agreement with Fig. 3. Furthermore, independent

P R— ow T _ of the filling factor, we do not observe any peaks\vig,,; at
0.1 F vV / B, magnetic fieldsbovethe cyclotron resonance, also in agree-
Ep WighT B., ment with the fact thatat least for vertical transitionsall
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FIG. 2. Lateral photovoltage as a function of the magnetic field 'r ——
for positive (solid line) and negativedotted ling field orientation. 0 " 0
Upward arrows identify integer filling factorbl. The excitation 4 5 6 B (T)

wavelength is 118.8um. Inset: Schematic representation of the

Fermi level as a function of the magnetic field for higlashed ling

and low(solid line) temperatures. The sharp drop in the Fermi level  FIG. 3. Transmission and photovoltage, measured simulta-
at integer filling factorN (downward arrowpis washed out at high neously at high magnetic fields. The shift between the maximum of
temperatures, resulting in a decredserease of the Fermi level  the photovoltage and the minimum in the transmission reflects the
just above(below) integerN. 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. Vg=
For a more quantitative picture, we calculate the energy 100 mV

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.Another instructive picture is

to view the edge as one-half of(paraboli¢ quantum wire’

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 2.0 3.0 2.0 3.0 B(M

of

Vphot

FIG. 4. Photovoltage signal of sample Il arouBd,, (dashed
2 line) for gate voltage®/, = —100 mV (a) andVy = +25 mV (b).
Yo (1) The peaks slighly belowB,;, are attributed to higher order edge
excitations which are forbidden in the bulk. The excitation wave-
length is 118.8um.

with wq being the characteristic frequency of the parabolic

term. The relation betweemw, and the magnetic fields at contributions to the edge potential comes from the observa-
resonance igo=e/myBp— Bgdge For the values obtained tion of higher-order transitions, in particular from Landau
from Fig. 3, this leads tav,=5X%10"? s~ %, in agreement levelm to levelm+2.

with results for etched quantum wirgsyhich are expected Figure 4a) shows the photovoltage of sample Il around 3
to exhibit a similar edge profile. Assuming a constant curva-T for gate voltages/y=—100 mV and+25 mV. The exci-
ture, this value leads to an estimate for the width of the edgéation wavelength i& o= 118.8m, and we again observe
channel of ~0.4 um, also in agreement with other a strong photoresponse arouBe6 T (not shown. We also
experimentdf and theoretical estimations. Caution is ad- observe pronounced maxima close to the magnetic field
vised, though, in directly relating the local curvature to theBy,,, where 2v.= w5 [dashed line in Fig. @&)]. Similar to

FIR response, since the latter is affected by depolarizatiothe w, excitation above, this signal is strongly dependent on
and other electron-electron interactions. However, from comVy in both amplitude and position. Maximum signal is ob-
parison with FIR data of lithographically defined quantumserved forN=3.9 (V=25 mV) and N=2.9 (V,=—100
wires, we infer that the generalized Kohn theor®rfPwhich ~ mV), again, slightly below integer filling factors, as for the
well describes the relation between the bgmiegle-particle ~ fundamental excitation shown in Fig. 3. Furthermore, the
potential and the collective, high-frequency response irpeaks are shifted to slightly beloB,, and change sign
guantum wires, also applies to the present excitation of QHvhen the magnetic field is reversed. From this we conclude
edge channels. We therefore conclude that the shift betweehat the photoresponse shown in Figa)dis caused by an
the bulk and the edge excitation as seen in Fig. 3 reflects tedge excitation between Landau levels 3 and/g= —100

a good approximation theare curvature of the QH edge mV) and between levels 4 and &/ {=+25 mV), respec-
potential, rather than the self-consistent potential calculatedively. These transitions, which are forbidden for bulk 2DEG
e.g., by Chklovskii, Shklovskii, and GlazmahOther pos- electrons, are made possible by nonparabolic contributions to
sible explanations for a shifted resonance, such as localizahe edge potential. We do not observe any resonances in the
tion or plasmon effects, can be ruled out, since they wouldransmission signal arouri8=3 T, which gives additional
lead to much smaller shifts and would affect the transmissiosupport for the assumption that the photosignal aroBpsgl

in a similar fashion as the photovoltage. is not related to bulk effects.

In order to observe the edge excitations through lateral Higher-order transitions are also observed in sample I;
photovoltage measurements, it is essential that the eddewever, they are somewhat obscured by the strong thermo-
states equilibrate only slowly with each other and the bulkelectric signal(cf. Fig. 2, which is much weaker in sample
2DEG. One would therefore expect maximum photosignal atl.
integer filling factors. In Fig. 3 we observe the strongest At present, we do not want to speculate how the edge
response a=0.8 (neglecting spij slightly below an inte- excitations lead to a lateral photosignal. Among the possible
ger. The strongest photoresponse is observed in a narrogchemes are the followingf. Fig. 1(b)]: (1) Different drift
range of gate voltages; 300 mV <V,<—230 mV. In this  velocities in the upper Landau level, caused by higher-order
regime, the position of the maximum shifts froB+=5.7 T  terms of the edge potential2) nonvertical transitions, in-
(=300 mV) to B=6.1 T (—230 mV). The corresponding volving phonon emission; an@) multiple phonon emission
filling factors are N=0.73 (=300 mV) and N=0.92 and transfer of carriers into the bulk 2DEG. Mechanisms 1
(—230 mV). This means that the local curvature, as inferredand 2 will directly induce a net current; mechanisms 2 and 3
from the shift between the cyclotron resonance and the maxiwill change the local chemical potential. Since current and
mum photoresponse, is filling factor dependent and that outhemical potential are closely interrelated, more experimen-
experiment enables us to map out this dependence in a smé&dll investigations, including current and multiprobe voltage
range of filling factors just below=1. measurements, are necessary to identify the dominant pro-

The concept of a local variation of the curvature impliescesses.
the presence of higher-order terms in the Taylor expansion of Finally, we would like to briefly mention some unex-
the potential. Another strong indication for nonparabolicpected and so far unexplained resonancelike features that are

Ao= 2w’
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observed superimposed upon the bra&g,, signal at high having to employ evanescent waves. Using, in addition, the
magnetic fields. Their occurrence is strongly dependent ogdge channels as detectors, we obtain sufficient selectivity to
the applied gate voltage and they are observed close to ttdbirectly probe the resonant excitations of QH edge states.
position of the 2DEG cyclotron resonance. Typically, theseThe difference between the position of maximum photore-

spikes are separated BB =60 mT. Using the energy scale sponse and the position of the 2DEG cyclotron resonance
given by the cyclotron resonance, this corresponds to onlyeflects the local curvature of the edge potential. The obser-
0.1 meV. The sharpness of the resonances, their occurrenegtion of higher-order transitions, which are forbidden in the

at high magnetic fields, and the low energies involved sugbulk, reveals the presence of nonparabolic contributions to
gest that they are related to edge magnetoplasiifoiew-  the edge potential. Unusual, presently unexplained, sharp
ever, we could not find the clear filling factor dependencyresonances are observed, which might be related to collective

commonly found for such excitations. excitations between or within the edge channels.
In conclusion, we have developed a simple, yet powerful

technique for local far-infrared spectroscopy of edge states in We would like to thank V. Dolgopolov and M. Entin for
the quantum Hall regime. Making use of the one-valuable discussions and gratefully acknowledge financial
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citation to within ~\,../5 of the edge channels without under Grant No. DMR 20007.
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