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Spectroscopy of Phonon Emission in the Quantum Hall Effect Regime
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Phonon emission from two-dimensional electron gases in the quantum Hall effect (QHE) state of
MOSFET was measured using the phonon-induced conductivity of the substrate. The inherent ph
energy detection threshold of this system was used to analyze the frequency spectra of the phon
strong magnetic fields. It was found that phonons with cyclotron energy are emitted in the QHE s
The emission takes place in the corners of the Hall bar sample where the current enters and exits.
observation probably indicates that, in the QHE state, the temperature of the electrons in the co
rises sufficiently to allow inter-Landau-level transitions. [S0031-9007(98)05967-5]

PACS numbers: 73.40.Hm, 66.70.+ f
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In the quantum Hall effect (QHE) [1], all dissipative
processes are concentrated in “hot” spots in two diag
nally opposite corners of a two-dimensional electron ga
(2DEG) leading to the near vanishing of the longitudina
resistanceRxx. The existence of hot spots was suggeste
in 1978 [2] and was experimentally verified both by mea
suring the local temperature [3] and by fountain-pressu
imaging [4]. Little is known, however, about the nature o
the dissipative processes on a microscopic scale, the s
of the hot spots, or the value of the electric field insid
them. Indeed, it is not even known whether the hot spo
are located mainly inside the 2DEG or the contacts.

Power is dissipated in a 2DEG at low temperature
either as photons (far infrared radiation) or as acoust
phonons. The far infrared comprises less than1024 (GaAs
heterostructures) or1026 [Si MOSFETs (metal-oxide-
semiconductor field-effect transistors)] of the total emis
sion [5–7] and has been observed only at source-dra
currentsISD , which exceed the breakdown currents for th
QHE. The study of the acoustic phonon emission is an a
ternative and more desirable approach because it direc
reflects the majority of the dissipation.

Spectroscopic study of the phonons emitted from 2DE
systems, both in zero and in large magnetic fields, had be
tackled previously but encountered experimental difficu
ties due to limitations in the available techniques. In zer
magnetic field, the detection threshold of superconductin
tunnel junctions was used to show there is a2kF cutoff in
the spectrum of the emitted phonons [8]. Only very indi
rect techniques were available in high magnetic fields, an
the sensitivity limited the experiments again to current
greatly exceeding the breakdown threshold of the QHE
Using these techniques Kentet al. [9] observed that the
phonons were strongly scattered by impurities in the su
strate and so concluded that phonons emitted had predo
nantly high, i.e., cyclotron, energy. Cooperet al. heated
the 2DEG to electron temperatures near 100 K and o
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served a smalls,1%d oscillation of the angular distribution
of the emission [10] consistent with the theoretical pred
tion for cyclotron phonon emission.

In this Letter, we report experiments which use th
intrinsic B1 doped substrate of a Si-MOSFET structure
a phonon detector with a well-defined energy threshold:
first use of this system as a spectroscopic detector in h
magnetic fields. Its sensitivity allows measurements to
made for currents well below the breakdown current of t
QHE. We find that the hot corners emit phonons with
significant component at the cyclotron energy only if th
Hall bar sample is in the QHE state. From this informatio
we estimate the temperature of the electrons in the hot sp
and their approximate diameters. The sizes should dif
depending if the sample is in the QHE regime or not.

In our experiment, positively charged B1 centers are
produced from the neutral boron dopant atoms; an ex
hole is captured on optical excitation. This extra hole h
a binding energy of only 1.8 meV, and acoustic phono
with energies exceeding this value can ionize the ho
and so increase the substrate conductivity. The proper
of this process were originally studied in zero magne
field [11]. The dependence of the binding energy on ma
netic field was measured using metallic tunnel junctions
quasimonochromatic phonon sources [12]. It was fou
that the binding energy increases linearly with magne
field according to the relationEsBd  E0 1 sh̄ey2mp

hdB,
whereE0  1.8 meV is the binding energy in zero mag
netic field andmp

h is the effective mass of the heav
holes in Si.

We use the minimum phonon energy needed to ion
the substrate conductivity to analyze the emission. F
ure 1 shows the binding energyEsBd as a function of mag-
netic field together with the cyclotron resonance energ
of the electrons in the 2DEG. The two lines intersect
3.6 T, so, if the 2DEG emits phonons ath̄vc, the con-
ductivity of the substrate should increase at this field.
© 1998 The American Physical Society 3835
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FIG. 1. The cyclotron energies of electrons in Si-MOSFE
structures in a magnetic field applied in two different angles
the normal to the 2DEG. These energies exceed the bind
energy of the extra hole of a B1 center in the substrate. At
magnetic fields exceeding these threshold fields an incre
in substrate photo conductivity should occur, if phonons wi
cyclotron energy are emitted.

the magnetic field is tilted, the detection threshold shif
to higher magnetic fields, for example, to 4.7 T for a ti
angle of 37± (the directional dependence of the heavy ho
mass is negligible).

The Si-MOSFET structures used were from th
same batch as those of Refs. [9,10]. The substra
were 400 mm thick and had a boron concentration o
1013 cm23. The oxide layer of the MOSFET structure wa
100 nm thick. The 2DEG had a peak mobility of abou
104 cm2yV sec and was shaped as a Hall bar measur
1500 mm 3 500 mm with three voltage probes on each
side. The conductivity of the substrate was measur
using two evaporated Al pads opposite the source-dr
contacts on the other side of the substrate. The separa
of the Al pads was1500 mm so that the volume over
which the conductivity was measured coincided approx
mately with that covered by the Hall bar. The samp
was immersed in liquid helium at 1.1 K.

The B1 centers were produced by illumination from
light bulb through a window in the bottom of the cryo
stat. The substrate conductivity was measured by apply
1.5 V across a10 kV resistor in series with the sub-
strate contacts and monitoring the voltage across the
sistor with a lock-in amplifier. A source-drain curren
was switched on and off with a frequency between 17 H
and 3 kHz, and the resulting conductivity changes we
monitored. No frequency dependence was observed.
Fig. 2, the phonon-induced currents are plotted as a fu
tion of magnetic field. The two panels correspond
3836
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FIG. 2. Phonon-induced conductivity of the Si substrate a
a function of magnetic field. The two panels correspond t
different angles of the magnetic field with respect to the norm
to the 2DEG with a carrier density of1.1 3 1012 cm22. The
different traces were taken with different currents (inmA).
The signal onsets (arrows) take place at fields at which t
cyclotron energy crosses the phonon detection threshold. T
top panel also shows the longitudinal resistance of the 2DE
The phonon signal is maximal when the longitudinal resistan
vanishes. The spin and valley splitting was more pronounc
at oblique angles leading to clearer maxima.

different angles of the sample with respect to the exte
nal magnetic field. The density of the electrons was th
same,1.1 3 1012 cm22, in both sets of experiments. Sev-
eral source-drain current amplitudes were used in the e
periment as indicated in the figure. Also shown are th
Shubnikov–de Haas oscillations inRxx , the longitudinal
resistance in perpendicular magnetic field.

The phonon signals show several features. Most impo
tant, however, are the clear signal onsets at 3.6 T and
4.7 T for angles of 0± and 37±, respectively. These fields
(arrowed) correspond closely to the intersection of the c
clotron energy with the threshold energy of the B1 centers
expected from Fig. 1. This shows very clearly that acou
tic phonons with energies equal to the cyclotron energ
are emitted by the 2DEG. The signal onset is observ
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at currents as small as1 mA corresponding to 2 nW dis-
sipated power at the threshold field. All measuremen
were made at currents less than breakdown:,55 mA at
filling factor 4 sB  11.7 Td.

At larger magnetic fields, the signal oscillates in oppo
site phase toRxx . Strikingly then, the cyclotron phonon
emission is maximal in the dissipationless QHE state
the bulk of the 2DEG, when the only emission is from th
corners. So this is a clear demonstration that this em
sion contains a significant component at the cyclotron e
ergy. Outside the QHE state the longitudinal resistan
is nonzero. So the total source-drain resistance and he
dissipation increases. However, this is accompanied b
drop in the intensity of the cyclotron phonon emission, an
this must indicate a shift in the phonon spectrum emitte
from the corners to lower frequencies below our detectio
threshold. At larger current amplitudes, an additional fe
ture becomes visible at small magnetic fields where t
Landau levels overlap. We attribute this to electron tra
sitions across the Fermi surface, the dominant process
B  0 [8]. This is known to produce a significant fraction
of phonons with energies of several meV, i.e., above t
present threshold energy.

The general behavior of the phonon signal is indepe
dent of sheet densityns. This can be seen in Fig. 3 which
shows the effect of varying the gate voltage. As expecte
the peak in the phonon signal shifts in field linearly with
ns, in line with the shift in the minima inRxx, while the
onset remains at,3.6 T.

We summarize the results as follows: The onsets
3.6 and 4.7 T occur when the cyclotron energies of th
phonons emitted by the 2DEG exceed the detection thre
old of the B1 centers. The similarity of the peaks for vari

FIG. 3. Phonon-induced conductivity curves at different ca
rier concentrations (1:0.9 3 1012 cm22, 2: 1.1 3 1012 cm22,
and 3:1.3 3 1012 cm22). The maxima positions in the signal
increase linearly with field in line with the shift in the minima
in Rxx . There is, however, no detectable shift in the detectio
threshold (arrow).
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ous values ofB andns strongly suggests they are due t
cyclotron energy phonons even at larger magnetic fie
where we do not have direct spectroscopic evidence. I
also of note that no features are visible at magnetic fields
which phonons at̄hvcy2 [13] should become detectable
From Fig. 1, this should be at 9.2 T for 0± and 13.4 T for
37± (not reached).

In conclusion, we have introduced a new experimen
technique which allows spectroscopic investigation of th
phonons emitted by a Hall bar at currents smaller than t
QHE breakdown current. In interpreting the results o
tained, we note first that, since the two-point resistan
measurements show almost perfect Hall quantization, th
is no measurable contact resistance. So the total dissipa
power and hence total phonon emission in the device
lowest in the QHE states. On the other hand, our phon
conductivity signal shows maxima in the QHE state wit
intensities which are up to 4 times higher than in the ad
cent non-QHE state. These large maxima indicate that
the QHE state, the spectrum of the dissipated phonons c
tain a significant fraction at̄hvc. It is possible, of course,
that there is still some emission at low energies which w
do not detect. The magnitude of this emission is not, ho
ever, important for the following analysis.

For a phonon emission with energies ath̄vc to occur
a significant population of the upper Landau level mu
be created in the hot spots, where all dissipation tak
place in the QHE state. The most probable way to achie
this is by heating the electrons to a sufficient high ele
tron temperature,Te. This would requireTe , 10 to 20 K
[14,15], because, in Si-MOSFETs, the Landau level sep
ration is about 2 to 4 meV at the magnetic fields inves
gated here. The power densityp needed to heat to these
temperatures evidently determines the size of the hot sp
This argument is related to the local temperature mod
developed for the breakdown of the QHE [16,17]. W
cannot deduce the electron temperature precisely from
data nor has the dependence ofTe on p been measured in
high magnetic fields. However, an estimate of the spot s
is possible if we assume thatTe , 10 K and use the mea-
sured values ofTespd at zero field. The assumption tha
Tespd is not heavily dependent onB is reasonable because
atTe , 10 K the thermal smearing is comparable with th
Landau-level splitting in this case. Withp  500 Wym2

at Te , 10 K [6] this suggests a hot spot size of,25 mm
at 10 mA and filling factor 4. The choice ofTe is not very
critical, e.g., using 20 K instead of 10 K only halves th
size of the hot spot. This range of spot sizes is reasona
if one compares the size of,140 mm expected at55 mA,
the breakdown current, with the sample width,500 mm.
For completeness we note that this analysis suggests
average electric field in the hot spots is about5400 Vym.

Outside the QHE state, this model suggests that, fo
given power input, the cyclotron phonon emission shou
be weaker because now the Fermi energy is within
Landau level and intra-Landau-level transitions becom
3837



VOLUME 80, NUMBER 17 P H Y S I C A L R E V I E W L E T T E R S 27 APRIL 1998

n
,

.

,

.

.

.

,

a,
possible. This leads top ~ Te [15] so that Te does
not rise sufficiently for significant emission from inter-
Landau-level transitions. So the maxima in Figs. 2 an
3 also correspond to maxima inTe. Hot spots still exist,
of course, outside the QHE state because the Hall an
remains large. However, in order to achieve a balan
between the electrical power dissipation and the phon
emission, the electron temperature of hot spots may
lower, and therefore the hot spots may be less contract
Consequently, if one sweeps the magnetic field, the
should be oscillations in the size of the hot spots as we
as in their temperature.

In summary, we have used the phonon-induced co
ductivity of the boron doped Si substrate to obtain sig
nificantly better spectroscopic information on the phonon
emitted from 2DEGs in strong magnetic fields than wa
previously available. We have observed cyclotron phono
emission at power levels as low as a few nW in the QH
regime where the dissipation is restricted to small h
spots at the current entry and exit corners. We interpr
the results by a local heating model and conclude that t
electron temperature in the hot spots oscillates with ma
netic field and, in the QHE state, it is high enough fo
inter-Landau-level transitions to occur.

It would be of great interest to extend these measur
ments to GaAs heterostructures, where the role of t
form factors controlling the phonon emission would b
more important and other dissipative processes like tw
phonon emission may dominate. Investigation of possib
acceptors in the GaAs substrate for such an experimen
under way.

We gratefully acknowledge discussions with K. v.Klit-
zing, K. Lassmann, and G. Nachtwei. We thank C. M. K
Starbuck and colleagues of the Department of Electroni
and Electrical Engineering of Southampton Universit
for the Si-MOSFET structures. This work was partially
supported by the European Union.
3838
d

gle
ce
on
be
ed.
re
ll

n-
-
s
s
n

E
ot
et
he
g-
r

e-
he
e
o
le
t is

.
cs
y

*Permanent address: Institute of Physics, Ukrainia
Academy of Sciences, Prospect Nauki 46, Kiev 28
252028 Ukraine.

[1] K. v.Klitzing, G. Dorda, and M. Pepper, Phys. Rev. Lett
45, 494 (1980).

[2] J. Wakabayashi and S. Kawaji, J. Phys. Soc. Jpn.44, 1839
(1978).

[3] P. A. Russell, F. F. Ouali, N. P. Hewett, and L. J. Challis
Surf. Sci.229, 54 (1990).

[4] U. Klaß, W. Dietsche, and K. v.Klitzing, Z. Phys. B82,
351 (1991).

[5] E. Gornik and D. C. Tsui, Surf. Sci. 73, 217
(1978).

[6] A. V. Akimov, L. J. Challis, and C. J. Mellor, Physica
(Amsterdam)169B, 563 (1991).

[7] N. N. Zinov’ev, R. Fletcher, and L. J. Challis, Phys. Rev
B 49, 14 466 (1994).

[8] M. Rothenfußer, L. Köster, and W. Dietsche, Phys. Rev
B 34, 5518 (1986).

[9] A. J. Kent, V. W. Rampton, M. I. Newton, P. J. A.
Carter, G. A. Hardy, P. Hawker, P. A. Rus-
sell, and L. J. Challis, Surf. Sci. 196, 410
(1988).

[10] J. Cooper, F. F. Ouali, L. J. Challis, and C. J. Mellor, Phys
Rev. B 51, 7085 (1995).

[11] W. Burger and K. Lassmann, Phys. Rev. Lett.53, 2035
(1984).

[12] S. Roshko and W. Dietsche, Solid State Commun.98, 453
(1996).

[13] V. I. Fal’ko and L. J. Challis, J. Phys. Condens. Matter5,
3945 (1993).

[14] G. A. Toombs, F. W. Sheard, D. Neilson, and L. J. Challis
Solid State Commun.64, 577 (1987).

[15] K. Benedict, J. Phys. Condens. Matter3, 1279
(1991).

[16] G. Ebert, K. von Klitzing, K. Ploog, and G. Weimann,
J. Phys. C16, 5441 (1983).

[17] S. Komiyama, T. Takamasu, S. Hiyamizu, and S. Sas
Solid State Commun.54, 479 (1985).


