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Spectroscopic studies are carried out on the cyclotron emission from the hot spots of GaAs/AlGaAs two-
dimensional electron gas systems in a quantum Hall regime at B=6.0 T ��=2.5� and 7.5 T ��=2.0� at T
=4.2 K by applying a terahertz scanning microscope. The spectra at the current entry and exit corners �hot
spots� are remarkably broadened towards lower frequencies with increasing I up to 300 �A, indicating the
significant relevance of higher excited Landau levels. The spectra are analyzed by assuming that the effective
electron temperature, TE, at the local injection/withdrawal point reaches a maximum �300 K while it is TE

=25–30 K when averaged over the region determined by the spatial resolution �50 �m diameter�.
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The quantum Hall �QE� effect of two-dimensional gas
�2DEG� systems in high magnetic fields provides a nontrivial
problem in true physical conductors; that is, transferring
electrons across the interface between a dissipationless
2DEG layer and dissipative metallic contacts. The problem is
a prototype for mesoscopic conductors, in which electrical
resistance is determined by elastic scattering processes inside
the conductor while the energy dissipation takes place out-
side the conductor. When a current is passed through a quan-
tum Hall �QH� bar, a voltage drop occurs locally at the di-
agonally opposite corners of the interfaces, at which
electrons enter and leave the dissipation-less 2DEG layer.1

These corners, called hot spots, are the locations where the
total power is dissipated. Experimentally, excellent quantiza-
tion of two-terminal resistance has been established, indicat-
ing the absence of excess contact resistance at the interface.2

This suggested that tunneling process is essential and that the
physical region through which electrons enter or leave the
2DEG layer is well localized in a microscopic region. Since
the voltage drop at the hot spots can reach an order of 1 V in
typical experimental conditions, the tunneling process must
lead to significant generation of highly energetic electrons.

Several experimental attempts have been made to study
the kinetics of electrons at the hot spots,3–10 with underlying
interest in its possible influence on the quantization of
resistance11 or on the breakdown of the QH effect.9,12 Interest
about the dynamics of the entry �exit� of electrons has lead to
theoretical considerations.8,13–15 Particularly, a consistent
model supported by experiments2,8–11,16 has been obtained in
Ref. 8. Spatial distribution of nonequilibrium electrons
around the hot spots has recently been revealed by imaging
cyclotron radiation, or the cyclotron emission �CE�, from
nonequilibrium electrons.8–10 Despite all those previous stud-
ies, however, the key issue of the hot spot, or the energy
distribution of the nonequilibrium electrons, has been left
completely unknown because of experimental difficulties.

Here, we carry out spectroscopic studies of spatially re-
solved CE to gain information about the energy distribution
of nonequilibrium electrons. By applying a novel terahertz
�THz� microscope, we find that CE spectra at the hot spots

are significantly distorted with substantial broadening to-
wards lower frequencies. Noting a conduction band nonpa-
rabolicity in GaAs,17,18 we argue that electrons are signifi-
cantly distributed in higher Landau levels �LLs� up to N=4,
while the Fermi level lies in N=1 LL or in the gap region
between N=0 and N=1 LLs. We suggest that at the lattice
temperature of 4.2 K the effective electron temperature, TE,
reaches as high as TE�300 K at the spot center while it
decreases rapidly as the location moves away from the spot,
yielding an averaged value of TE=25–30 K over the focal
area under study �50 �m�.

The CEs studied in this work are below a subpicowatt
level. Resolving spectra of such weak THz radiations are
nontrivial. We use a novel highly-sensitive scanning THz
microscope shown in Fig. 1, which has been developed
based on the earlier microscope �spatial resolution:
50 �m�.19 As described elsewhere in detail,20 the wavelength
is resolved �spectral resolution: �d=1.2 cm−1� by magneti-
cally tuning a quantum-Hall detector.

The samples are fabricated in a GaAs/AlxGa1−xAs hetero-
structure crystal with an electron density and a mobility
of ns=3.7�1015/m2 and �=60 m2/V s, respectively, at
T=4.2 K. The samples are shaped into 3-mm-long and
0.5-mm-wide Hall bars, as outlined by broken lines in the
upper panel of Fig. 2�a�. Electrodes 1 and 5 serve as the
source and the drain contacts. All the experiments are made
at 4.2 K. The studies are made in the �=2.0 QH state
�B=7.52 T� and �=2.5 state �B=6.02 T�. The CE spectra at
the hot spots are similar between �=2.0 and �=2.5, but CE
along the edge of the sample is visible only at �=2.5.21 To
utilize the CE along the edge as reference, we present here
the data at B=6.02 T.

The topmost panel of Fig. 2 displays a two-dimensional
�2D� image of CE taken with I=50 �A, where strong CE is
seen around the two diagonally opposite corners �hot spots�
and weaker CE along the edge of the lower potential bound-
ary. The relative emission intensity per unit area is, roughly,
50:40:1 �I=50 �A� for the source hot spot �� electrode�, the
drain hot spot �� electrode� and the edge region. In absolute
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terms, the CE in the edge region is on the order of several
tens of femtowatts �from an area of 50 �m diameter�. The
area of CE around the hot spot spreads beyond the resolution
limit �50 �m� as seen in the expanded 2D image and by the
profiles displayed in the upper panel of Fig. 2. For the study
of hot spots, the focal point of the microscope is placed at the
location of maximum intensity.

The emission spectra in respective regions are compared
in Figs. 2�a� and 2�b� for I=50 and 300 �A, respectively,
where the peak height of each line is normalized. The
emission intensity at the hot spots for I=300 �A is by
a factor about 3 higher than that for I=50 �A. The
spectra in the edge region are relatively narrow, symmetric,
and kept substantially unchanged with increasing I
from 50 to 300 �A. Both spectra are well described
by the Lorentzian curve, 1 / ���−�0�2+ �� /2�2�, with �0

=80.5 cm−1 and �=4.35 cm−1 as shown by the solid lines in
Figs. 2�a� and 2�b�. By contrast, the spectra in the hot spots
are asymmetrically broadened towards lower frequencies
whereas the peak position shifts only slightly. The asymmet-
ric broadening is enhanced at I=300 �A. These features,
similar between the source and the drain hot spots, definitely
indicate that nonequilibrium electrons are excited in higher
LLs.

We begin with brief discussion of the spectrum in
the edge region. The peak frequency, �0=80.5 cm−1

���0=9.98 meV�, corresponds to the cyclotron effective
mass of mc

*=0.0698m0 �m0; the free electron mass�. This
strongly suggests the transition from the first excited Landau
level �N=1 LL� to the lowest LL �N=0�. The symmetric
Lorentzian spectrum rules out substantial relevance of
higher excited LLs �N	2�. The true spectral width,
�CE=�−�d=3.15 cm−1, is comparable to the linewidth of
CR absorption lines reported for 2DEG layers with similar

values of �, ns, and �.22,23 The irrelevance of higher-level
transitions is also consistent with the underlying mechanism
of nonequilibrium electron generation discussed in Ref. 21.

At the source hot spot the electron injection from the
source reservoir to the 2DEG layer is known to take place
via electron tunneling into higher LLs as schematically illus-
trated in Fig. 3�a�.8,24 At the drain hot spot inter-LL tunnel-
ing, N→N+1, takes place before electrons enter the drain
reservoir as depicted in Fig. 3�b�.8 Since the electrochemical
potential difference between the source and the drain reser-
voirs, �s−�d=eVSD, is by a factor more than 50 larger than
��c when I	50 �A, we expect that higher LLs up to
N	50 are fed with electrons via tunneling in either hot spot
region. After the tunneling events, the energetic electrons
will rapidly release their excess energies via cascadelike
emission of optical phonons ���op=36 meV�,25,26 until they
eventually fall into the lower energy region, E
E1+��op
�E1 is the energy of the first excited LL�, where the optical
phonon emission is no longer possible. Since the energy re-
laxation process switches to much slower acoustical phonon
emission, significant electron distribution is expected only in
the LLs with N�4 at B=6 T.

The LL energy spacing, �EN=EN+1−EN, is reduced for
higher values of N due to the conduction band
nonparabolicity.18,19,27 By taking into account the effects of
2DEG quantization and LL quantization, we can derive an
approximate expression28

�EN = ��c�1 − 2���c
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where Eg
*=0.98 eV is an effective energy gap of GaAs,

m0
*=0.066m0 is the band edge mass, =11.910 the dielectric

constant of GaAs, nd is the residual donor density in the
depletion layer, and ��c=eB /m0

*. For the 2DEG layer stud-
ied �ns=3.7�1015/m,nd=3�1014/m2,B=6.02 T�, Eq. �1�
is reduced to a simple prediction that the CE frequency de-
creases by a step of 1.9% as N increases by 1.

We assume that the population of Nth LLs �N�4� is
characterized by the Fermi distribution function fN
=1/ �1+exp��EN−�� / �kBTE��� with an effective electron
temperature TE, where the chemical potential � is deter-
mined by �N=0

4 fN=� /2=1.25. The N+1→N transition con-
tributes �N+1��fN+1�1− fN�� to the CE intensity, where the
prefactor �N+1� takes account of the matrix element for the
dipole transition between Harmonic oscillator functions.

The experimental spectra for I=50 and 300 �A are re-
plotted, respectively, in the upper and the lower panels of
Figs. 4�a� and 4�b�. In the upper panel �I=50 �A�, the black
solid line represents a theoretical line assuming TE=25 K
and gives a reasonable fit to the experimental spectra of both
the source and drain hot spots. Thin black lines represent
respective contributions of N+1→N transitions �N=0–3�,
each of which is taken to be a Lorentzian line with
�=4.35 cm−1 and the resonance frequency, �N, shifted at a

FIG. 1. �Color online� The scanning THz microspectroscope.
The quantum Hall device to be studied is mounted on an XY stage
and is moved with respect to the solid immersion lens �SIL� made
of Si. The electron density of the detector is controled by the semi-
transparent back gate.
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step of −1.9%. The transitions of N=0 and 1 dominate while
those of N=2 and 3 are negligible.

The lower panel �I=300 �A� shows that theoretical lines
assuming a single electron temperature, TE=30 K �black
lines�, 100 K �green lines�, or 300 K �blue lines�, fail to
reproduce experimental spectra. The difficulty is that a re-
markably high TE��100 K� is requisite for the account of
lower frequency components but it inevitably gives rise
to a significant peak shift that is not observed. We interpret
this as a consequence that the finite area under study, deter-
mined by the spatial resolution of the microscope �50 �m�,
cannot be characterized by a single value of TE. Right at the
injection point of source hot spot, TE may be very high
�TE	��c /kB=120 K� since different LLs �N=0–4� are fed
with electrons more-or-less equally via optical phonon emis-
sions. In the slow cooling-down process that follows, elec-
trons drift away from the point of injection at a speed of
E /B. Since the CE primarily takes place during this slow
cooling-down process, TE may decrease as the location
moves away from the injection point. The higher-TE area will

progressively expands as I increases because the electrons
drift away at higher speeds. Similar discussion may be pos-
sible for the drain hot spot as well.

The model in the above may be most simply tested by
assuming two different TE’s. The red dotted lines in the
lower panel of Figs. 3�a� and 3�b� represent a theoretical
spectrum obtained by superposing the spectra of TE=300 K
on the one of TE=30 K at the intensity ratio of 30:70 �1:99 in
terms of area�. These lines yield much better fit to the ex-
perimental spectra. Each contribution from N+1→N transi-
tion is elucidated by the thin black lines �30 K� and the red
broken lines �300 K�. The higher-level transitions �N=3,2�
arising from the higher-TE region �300 K� yield lower-
frequency components, while the lower-level transitions
�N=0,1� in the lower-TE region �30 K� primarily determine
the peak position. The fitting of the spectra at I=50 �A is

FIG. 2. �Color� Top panel: a CE image at B=6.02 T and
I=50 �A. Broken lines show the outline of the Hall bars studied.
Shown below are a blowup of the image with a dotted circle giving
a measure of the microscope resolution, and the intensity profiles
�red and blue lines, respectively, along the X and the Y directions�
about the source hot spot. �a� and �b� Emission spectra at I=50 and
300 �A. The solid lines in �a� and �b� are a Lorentzian curve �see
the text�, while dotted lines are guides for eyes. A bar marks the
spectral resolution.

FIG. 3. �Color� Schematic representation of the electron tunnel-
ing to higher LLs �fat arrows� followed by cascadelike emissions of
optical phonons �dotted round arrows� at the source hot spot �a� and
the drain hot spot �b�.

FIG. 4. �Color� Replots of the emission spectra in the source �a�
and in the drain �b� hot spots at I=50 �A �upper panel� and
300 �A �lower panel�. Solid lines represent theoretical spectra at
elevated TE�s; thick black lines in the upper panel �TE=25 K�; black
�30 K�, green �100 K�, and blue �300 K� lines in the lower panel.
See the text for the other lines.
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also improved in the lower frequency region if we add the
spectrum of 300 K to that of 25 K with the intensity ratio of
10:90 �0.1:99.9 in terms of area� as shown by the red dotted
line in the upper panels of Figs. 4�a� and 4�b�. Though not
explicit in Fig. 4, the peak emission intensity in this calcula-
tion increases by a factor of three from I=50 to 300 �A,
which agrees with the experimental finding, giving addi-
tional support to the present analysis.

Discrepancy still remains in a lower frequency range for
I=300 �A; viz., experimental spectra are of larger compo-
nents. This may be attributed to the simplified assumptions
adopted here; �i� the electron distribution is sharply cut off at
N=4 LL and �ii� the broadening parameter is fixed for dif-
ferent transitions. Though not shown here, much better
agreement can be obtained if we assume small contributions
from higher LLs �N=5 and 6� and increasing values of � �by
10% �25%� with increasing N �by 1�. Polaron effect may
also contribute to shift the CE frequencies towards lower
frequencies for higher-level transitions.29,30

If the second derivative, U��x�, of the electrostatic poten-
tial with respect to the coordinate x is finite, CE frequency
should shift by ��c=U��x�lB

2 / �2��. The relative shift,
��c /�c, is expected to be small in general, since U�x� is
smoothed out over the screening length �� lB of the 2DEG.
In fact, we find no systematic �c shift ascribable to this ef-
fect, probably due to the fact that the CE primarily occurs in
a region not right at the injection point.

U. Kla � et al. studied temperature rise of the hot spots
through the fountain-pressure effect of superfluid liquid he-
lium and reported �T=10 �K�I=30 �A,�=2�,5 which is by
many orders of magnitude smaller than TE found here. Stud-
ied in Ref. 5 is the lattice temperature. The discrepancy may
be understood by noting that �i� locally heated lattice spots
can be efficiently cooled down by the ballistic passage of
acoustical phonons,31 whereas the energy relaxation of the
electron system relies on the relatively weak electron-phonon
interaction and �ii� the heat capacity of the lattice is far larger
than the quantized 2DEG system.

In summary, spectra of CE have been studied in quantum
Hall bars. The spectra of CE at the current entry and exit
corners are remarkably broadened towards lower frequencies
with increasing I up to 300 �A, indicating substantial rel-
evance of nonequilibrium electrons generated in higher-level
LLs with N up to 4; in terms of effective electron tempera-
ture, TE reaching as high as 300 K is suggested.
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