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Cyclotron emission from quantized Hall devices: Injection of nonequilibrium electrons
from contacts
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Emissions of cyclotron radiation associated with the inter-Landau-level transition of nonequilibrium elec-
trons are experimentally studied in quantum-Hall-effect devices. It is confirmed that both the longitudinal
resistance and the contact resistance are vanishing when the cyclotron emission~CE! is being observed. For the
CE, a critical source-drain voltageVSD is found to exist atVSD5\vc/2e, where\vc is the inter-Landau-level
energy spacing. Spatially resolved measurements reveal that the CE takes place at both of the current entry and
exit corners~‘‘hot spots’’! of the Hall bars. A model of ideal current contacts is discussed. The CE on the
source side is interpreted as being due to injection of nonequilibrium electrons from the source contact, and the
CE on the drain side as due to an inter-Landau-level electron tunneling caused by a steep potential wall formed
at the drain contact.@S0163-1829~99!04619-6#
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I. INTRODUCTION

In the quantum Hall effect~QHE! regime,1,2 the longitu-
dinal resistanceRxx of a Hall-bar conductor vanishes. If th
current I passing through a Hall-bar conductor is infinite
mal, theories predict that the electrical power necessar
supportI is totally dissipated within the current contacts
the QHE regime.3,4 In the experiments,I is always finite and
little is yet clarified about the mechanism of dissipation. E
pecially it is still unclear whether the dissipation proces
take place within the contacts or in the two-dimensional el
tron gas~2DEG!. This issue is of physical importance for
deeply relates to understanding of the kinetics of elect
entry and exit at the interfaces between the 2DEG layer
the ~metallic! Ohmic contacts.

By using the fountain-pressure effect of superfluid liqu
helium, Klaß et al.5 demonstrated that, in the QHE stat
dissipation takes place almost totally at the diagonally op
site current entry and exit corners of the sample. The e
tence of these ‘‘hot spots’’ was expected earlier by Waka
yashi and Kawaji.6 The same conclusion has been deriv
from the experiments of Russellet al.,7 who applied local
bolometry technique. These experiments, however, do
specify whether the dissipation takes place within the c
tacts or in the 2DEG.

von Klitzing et al.8 and Zinov’evet al.9 reported observa
tion of the cyclotron emission~CE! associated with the tran
sition of electrons from higher Landau levels to lower La
dau levels in GaAs/AlxGa12xAs Hall-bar devices. These CE
experiments demonstrated the presence of nonequilibr
electrons among Landau levels, and indicated that powe
dissipated at least partly in the 2DEG. A similar conclusi
has been derived recently by Roshko, Dietsche,
Challis,10 who found the emission of phonons with the c
clotron energy\vc in Si metal-oxide-semiconductor field
PRB 590163-1829/99/59~19!/12537~10!/$15.00
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effect transistors~MOSFETs!. Unfortunately, however, the
CE experiments were carried out at large currents where
QHE breaks down to yield a finite longitudinal resistan
Rxx .8,9 Also in the phonon experiments,10 Rxx is finite at
relatively low magnetic fields where the inter-Landau-lev
transition of the 2DEG is demonstrated: Although phono
are detected in the condition ofRxx50 in higher magnetic
fields, those phonons cannot be unambiguously ascribe
those from the 2DEG without interpretation.

Despite these preceding works, our present understan
is thus not satisfactory. First, we still do not have dire
evidence of dissipation in the 2DEG in the unambiguo
condition that bothRxx and the excess contact resistanceRC

are vanishing. Secondly, it is completely unclear whether
dissipation in the 2DEG, if any, occurs in the source-s
corner~where electrons enter the 2DEG! or in the drain-side
corner~where electrons leave the 2DEG!, or in both. Finally,
if dissipation indeed takes place in the 2DEG withRxx

1RC50, its physical mechanism should be clarified: T
coexistence of dissipation in the 2DEG and the vanishing
Rxx1RC may not be a trivial issue. Based on a simple th
oretical model, van Son and co-workers suggested that l
nonequilibrium distribution of electrons should be totally a
sent, yielding no dissipation in the 2DEG if the source-dra
voltageVSD is smaller than\vc/2e but nonequilibrium elec-
trons come to be injected from the source contact whenVSD
exceeds\vc/2e.11,12 In this model, nonequilibrium electron
distribution and resultant dissipation in the 2DEG are e
pected only in the source-side~electron entry! corner. All the
measurements in the above5,7–10are carried out withVSD far
larger than\vc/2e, and comparison with theory is impos
sible.

In this work we study CE, which serves as a powerful to
to probe exclusively the local nonequilibrium electron dist
bution in the 2DEG. The purpose of this work is~i! to gain
12 537 ©1999 The American Physical Society
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unambiguous experimental proof of local nonequilibriu
distribution of electrons in the 2DEG under the conditi
Rxx1RC50, ~ii ! to extend the study toward smallerVSD val-
ues in order to make comparison with theory possible,
~iii ! to specify the location~s! of the nonequilibrium distribu-
tion. The final goal of this work is to derive a consiste
picture of the kinetics of electron entry and exit in QHE H
bars at finite currents based upon these experimental res

This paper is organized as follows. After a brief introdu
tion of experimental methods in Sec. II, experimental res
are presented in Sec. III. In Sec. III A we study the QH
state for the filling factor ofn52 and show that CE is ob
served~and thus finite dissipation occurs in the 2DEG! under
the conditionRxx1RC50. In Sec. III B, we study depen
dence of the CE intensity onVSD and find that the CE rapidly
weakens and practically vanishes forVSD,\vc/2e. Dissipa-
tion in the 2DEG is thus suggested to occur only whenVSD
exceeds\vc/2e. Section III C describes spatially resolve
measurements and shows that the CE occurs at both o
electron entry and exit corners. This suggests that diss
tions of comparable amplitudes take place on the 2DEG
at both of these corners. At the beginning of Sec. IV, it
argued that an electron heating model due to QHE bre
down at the current entry and exit corners is inappropriat
interpret the experimental findings. The model of van S
et al. of current contacts is also suggested to be not co
pletely satisfactory for the interpretation. To derive a cons
tent picture, Sec. IV A is devoted to construction of a the
retical model that deals with electron kinetics both inside
QHE Hall-bar conductor and at the interface to metallic co
tacts. In Sec. IV B the generation of nonequilibrium distrib
tion in the 2DEG forVSD.\vc/2e is derived in a natura
way and explained as a general property of ideal QHE c
ductors with current contacts. Experimental results are
sonably interpreted in terms of the proposed model, givin
consistent picture of dissipation in QHE Hall bars. Section
summarizes important conclusions.

II. EXPERIMENTAL METHODS

Samples of three different geometries, labeled asE1 –E3
in Fig. 1, are used in the present work. The samples
fabricated on a GaAs/AlxGa12xAs heterostructure crysta
with the 4.2-K mobility of 80 m2/V s and the 4.2-K electron
density of 2.631015/m2. Figure 1~a! shows a long 2DEG
Hall bar ~sampleE1) of a channel width of 200mm and a
total length of 53 mm. The 2DEG channel runs zigzag in
square of 434 mm2. An equivalent geometry is illustrated i
the right panel of Fig. 1~a!. Figure 1~b! shows a Hall-bar
array ~sample E2), in which 197 parallel Hall bars ar
jointed in series 67 times. Each Hall bar is 40mm long and
20 mm wide. Figure 1~c! shows a standard Hall bar of 3 mm
length and 1.5 mm width~sampleE3), which is used for the
study of spatial distribution of the cyclotron emission.

Highly sensitive photoconductive detectors based on
cyclotron resonance of high-mobility 2DEG systems
GaAs/AlxGa12xAs heterostructures are used.13,14 The detec-
tors are fabricated on the same GaAs/AlxGa12xAs hetero-
structure crystal as that for samplesE1 –E3. The spectral
response of the detectors has been studied by using a Fo
transform spectrometer, and shown to be due to sharp cy
d
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tron resonance of the 2DEG with the full width at half max
mum of about 2.5 cm21 in the range of magnetic fields stud
ied. The absolute relationship between the detec
wavelengths and the applied magnetic fields is determi
through the Fourier transform spectroscopy.

The sample and the detector are, respectively, place
the centers of two superconducting solenoids installed i
liquid helium cryostat. Radiation from the sample is guid
through a 29-cm-long metal light pipe to the detect
Samples are excited with an ac current at a frequency o
Hz and the detector signals are studied by using a loc
amplifier. All the measurements are carried out at 4.2 K.

Below, we will denote, byRi j ,kl , the multiterminal resis-
tance obtained by passing current from contacti to contactj
and measuring the voltage between contactk and contactl .

III. EXPERIMENTAL RESULTS

The two-terminal resistanceR2t of a Hall-bar device may
be simply approximated by the sum of the longitudinal res
tance over the full length of the Hall bar,Rxx , the source/
drain excess contact resistances,RSC andRDC,4 and the Hall
resistance,RH :

R2t5Rxx1RSC1RDC1RH . ~3.1!

When currentI is passed through the device, the total pow
input is given byR2tI

25(Rxx1RSC1RDC1RH)I 2. The term
(Rxx1RSC1RDC)I 2 leads to generation of nonequilibrium
electron distribution and causes dissipation in the inte
region of the 2DEG layer. The CE can be accordingly e
pected from this term. The present experiments prima
deal with the Hall resistance termRHI 2 that does not cause
dissipation in the interior region. The power,PH5RHI 2, has
been suggested to be totally dissipated at the electron e
(PS) and exit (PD) corners forming ‘‘hot spots’’ in the Hall
bar;5–7 viz.,

FIG. 1. Schematic of the samples used.~a! SampleE1: a long
2DEG Hall bar. An equivalent geometry is illustrated in the rig
panel.~b! SampleE2: an array of 673197 Hall bars.~c! Sample
E3: a standard Hall bar.
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PH5PS1PD .

From the general point of view, these dissipations may
cur, respectively, partly on the contact side (PS(D)2C) and
partly on the 2DEG side (PS(D)22DEG) of these corners; viz.

PS5PS2C1PS22DEG,

PD5PD2C1PD22DEG.

Experimentally, however, the occurrence of dissipation
the 2DEG side,PS22DEG and/or PD22DEG, has not been
proved in an unambiguous manner because a possible
tribution from the term (Rxx1RSC1RDC)I 2 was not ruled
out completely in the existing experiments. Dissipation p
cesses may be dominated by phonon emissions in any c
ponent mentioned in the above. However, the compon
PS22DEG andPD22DEG can be exclusively probed by the C
when investigated under the conditionRxx1RSC1RDC50.

A. Cyclotron emission in the dissipationless QHE state

Figure 2~a! displays the two-terminal resistanceR25,25 of
sampleE1 and shows thatRxx vanishes in the QHE states o
n52 (B55.65 T) andn54 (B52.8 T) but largely exceeds
the Hall resistance outside the QHE states. We study
from this sample in the vicinity of the QHE state ofn52.
The magnetic field for the detector is fixed atBD55.90 T,
where the detector exhibits sharp spectral response a
frequency of 79.9 cm21. The current for the sample isI
550mA. As the magnetic fieldB is scanned, a sharp emis
sion line shows up at aroundB55.85 T, as displayed by th
thick solid line in the top panel of Fig. 2~b!, where the two-
terminal resistanceR2t5R25,25 is shown together. The emis
sion band is located at a magnetic field position sligh
higher than then52 QHE plateau. To study CE exactly i
the n52 QHE state, we increase the electron densityns of
the sample by illumination of an infrared light-emitting d
ode~LED!. At each time of a slight increase inns , we carry
out similar measurements. The experimental data show
the middle and bottom panels of Fig. 2~b! are examples taken
from such series of measurements.

The observed line shape of the photoresponse sign
Vsig, is strongly affected by the sharp minimum of the to
dissipation (R2tI

2) at n52. To obtain the correct shape o
the emission spectra,Vsig is normalized asVsig/R2tI

2 and
displayed in the corresponding columns in Fig. 2~c!. The
numbers marked on the vertical scales of Fig. 2~c! make it
possible to compare the relative intensity among the th
emission lines.

In the panels at the top and bottom of Fig. 2~c!, the peak
position of the emission line corresponds ton51.94 andn
52.07, respectively, where the longitudinal resistancesRxx
~48 kV and 18 kV, respectively! are substantially larger tha
the Hall resistance. Therefore, the cyclotron emissions th
are ascribed primarily to the~conventional! hot electron ef-
fects arising from theRxxI

2 term. The situation is different in
the middle panel, where the emission peak is located exa
at n52.00, whereR2t is seen to be equal to the quantiz
Hall resistanceRH5(h/e2)(1/2)512.9 kV.

In order to confirm the correct quantization ofR2t more
rigorously, we replot these data together with the thr
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terminal resistancesR25,24, andR25,65, along with the two-
terminal resistanceR2t5R25,25 in Fig. 3. We see that both
R25,24 and R25,65 are vanishing in a finite magnetic-fiel
range aroundn52.00 (B55.85 T), whereVsig values are
maximal. Since the sumR25,241R25,65 includes both of the
excess contact resistances,RSC and RDC, and Rxx over a
nearly full length of the 2DEG channel, the simultaneo
vanishing ofR25,24 and R25,65 assures thatRxx1RSC1RDC
are vanishing. Measurements with higher sensitivity show
that R25,241R25,65;0.08 kV5631023RH at n52.00. We
thus conclude that nonequilibrium electron distribution
produced in the 2DEG under the condition whereRxx1RSC
1RDC is negligibly small compared toRH . This also implies
that the dissipation,PS(D)22DEG, in the 2DEG is finite under
this condition.

The radiation power reaching the detector is on the or
of 0.1 pW atn52.00, which, together with the consideratio

FIG. 2. ~a! The two-terminal resistances,R2t5R25,25, vs B in
sampleE1. ~b! Cyclotron emissions~thick solid lines! Vsig andR2t

~thin solid line! as a function ofB applied to the sample. The
electron density increases slightly from the top to the bottom.~c!
The emission intensity normalized by the total power dissipat
~thick solid lines!, Vsig/R2tI 2 , andR2t ~thin solid lines! as a func-
tion of B.
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of present optics, suggest that the power dissipated via
clotron radiation comprises on the order of 1026 of the total
dissipationPH5PS1PD5RHI 2. Returning to Fig. 2~c!, we
note that the amplitude ofVsig/R2tI

2 in the QHE state (n
52.00) is somewhat smaller than but comparable to thos
the adjacent non-QHE states (n51.94 andn52.07). This
implies that the efficiency of energy conversion to the C
from the RHI 2 term is smaller than but comparable to th
from the RxxI

2 term: An analysis shows that the efficienc
differs only by a factor of about 3.

We also note that theB position at whichVsig/R2tI
2 takes

a maximum is the same among the three lines in Fig. 2~c!,
being atBp5(5.8560.06) T. The associated cyclotron effe
tive mass is derived to bemc* 5(0.06960.0007)m0 with the
free electron massm0 . This mass value is in substanti
agreement with the bulk cyclotron effective mass in a 2D
with ns53.031011/cm2 at B;6 T.15

B. Threshold current for the cyclotron emission

The current,I 550mA, applied in the measurements fo
Figs. 2 and 3, corresponds toVSD5RHI 5660 mV that is by
a factor of 66 larger than\vc /e510 mV. The CE is visible
down to I;10mA, below which the measurements becom
difficult due to the poor signal-to-noise ratio. To carry o
lower-current measurements, we study sampleE2, where the
total currentI total through the sample is divided by 197 Ha
bars arranged in parallel. The current passing through e
Hall bar is thusI each5I total/197. The two-terminal resistanc
R2t5R12,12 of sampleE2 is depicted as a function ofB in
the inset of Fig. 4~a!. The center of then52 QHE state is
located atB55.7 T, whereR12,1254 kV is close to the ex-
pected quantized value (67/197)RH54.39 kV with RH
5(h/e2)(1/2). We accordingly suggest thatRH dominates at
n52.0.

FIG. 3. The normalized emission intensity~thick solid line!,
Vsig /R2tI 2 , compared withR2t ~thin solid line! and the three-
terminal resistancesR25,24 andR25,65 ~thin solid lines! as a function
of B. The condition is the same (np52.00) as that for the middle
panel of Fig. 2~b!.
y-

in

t

t

ch The cyclotron emission is studied atn52.00 (B
55.70 T) by applyingBD55.65 T to the detector. The soli
line in Fig. 4~a! shows the emission intensity as a function
current where the current is applied in square waves alter
ing between zero and given values. For the sake of comp
son with the data of a single Hall bar, the CE intensity
sampleE3 atn52.0 is shown together. We note that the lin
shapes of the two curves are substantially different from e

FIG. 4. ~a! Dependence of the emission-peak intensity on
current in sampleE2 ~the solid line! and sampleE3 ~the broken
line!. The scale ofI each shows the current for each Hall bar i
sampleE2. The inset showsR2t vs B in sampleE2. ~b! The emis-
sion spectra in the sweep ofB in sampleE2 at different current
levels. The inset showsI each dependence of the emission-peak i
tensity.
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other. Namely,Vsig in sampleE2 decreases steeply with de
creasingI total below 200mA, and practically vanishes below
100 mA. This anomalous feature is not seen inE3, which
consists of a single Hall bar.

Figure 4~b! displays emission spectra in sampleE2 at
several values ofI each below 1 mA. The intensity of CE
rapidly decreases asI each decreases from 0.81mA to 0.51
mA, below which the CE is no longer discernible. The ins
of Fig. 4~b! elucidates the dependence of the emission-p
intensity on the current in the range belowI each50.9mA.
The result strongly suggests the vanishing of CE below
current about I each50.4mA. This critical current corre-
sponds toVSD5\vc/2e55 mV or DmSD5\vc/2, where
DmSD is the electrochemical potential difference between
source and drain contacts. This suggests that local none
librium distribution vanishes in the 2DEG forDmSD
,\vc/2, implying that PS22DEG1PD22DEG is zero for
DmSD,\vc/2 but becomes finite forDmSD.\vc/2.

C. Spatial distribution of the cyclotron emission

To specify the location of the CE, we apply the expe
mental setup illustrated in Fig. 5. SampleE3 is mounted on
a mechanicalX-Y translation stage movable from the outsi
of the cryostat. The radiation from the movable sample
collimated by a convex lens attached at the end of a fi
light pipe with a 1-mmf aperture. The radiation is guided t
a detector placed at the other end of the light pipe. The le
made of pure silicone crystal, is of a 1.2 mm focal leng
The obtained spatial resolution is about 300mm.

Figure 6~a! displays the two-terminal resistanceR2t
5R14,14 and the three-terminal resistanceR3t5R14,23 against
B in sampleE3 atI 573mA, and shows the vanishing ofR3t
and the quntization ofR2t5(h/e2)(1/2) at n52 (B
56.15 T). The measurement of CE is carried out atn52
(B56.15 T) withI 573mA, whereBD is adjusted to 6.10 T

FIG. 5. Schematic representation of the arrangements for st
ing the spatial distribution of cyclotron emission. The radiati
emitted from sampleE3 is collimated by a Si lens and guided to th
detector. The sample is placed on anX-Y translation stage. See th
text for detail.
t
k

a

e
ui-

-

s
d

s,
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Figure 6~b! shows the spatial distribution of the CE inte
sity for four different configurations of the polarities ofB
andI , where the scan is made along the widthwise direct
(Y) of the sample while the lengthwise position (X) is
shifted at a step of 600mm for each scan. Classical equipo
tential lines along with the current entry and exit corners
schematically shown in the top panel of Fig. 6~b!. In each
configuration ofB and I , the CE is seen at both the curre
entry and exit corners. The fact that the locations chang
the other two diagonally opposite corners upon reversa
the magnetic-field polarity assures that the observed pro
of the CE is substantially independent of inhomogeneities
the Hall-bar sample and is of intrinsic nature. Our expe
ments thus demonstrate that the local nonequilibrium dis
bution is produced on the 2DEG side at both of the corne
Noting that the CE intensity is comparable between the t
corners, PS22DEG;PD22DEG is also suggested atI
573mA. The cyclotron effective masses were confirmed
be substantially equal to each other between the two corn

y-

FIG. 6. ~a! The two-terminal resistanceR2t5R14,14 and three-
terminal resistanceR3t5R14,13 as a function of magnetic field atI
573mA in sample E3. ~b! Spatial distribution of the cyclotron
emission atI 573mA in sampleE3 for the four configurations of
the polarity ofB and I . Illustrations at the top show classical equ
potential lines in a QHE device.



ly

w
c
o

try
o

e
r

rg

th
a

th
up
o
he
s

l
t
G

.
a

c-

H
re
te
he
ol
y

d

-

ex

ra
in
is
th

at
t

r-
an-

vant
ics

ted

h
cur-
er;

n-
to

of a
of

at
el.
n-

n-

tita-

ol-
.

in
-
lls
etal-
are
cts
are

be-

als,
e
po-
d

he

side
ield

ct

12 542 PRB 59Y. KAWANO, Y. HISANAGA, AND S. KOMIYAMA
IV. DISCUSSION

We summarize our experimental results as follows.~i! CE
occurs in the condition whereRxx1RC1RD'0: This was
directly confirmed for 10mA<I ,80mA, and is strongly
suggested to apply also to the lower-I range.~ii ! The CE is
visible until I is reduced to about 0.4mA (DmSD5\vc/2),
below which the CE is no longer discernible. This strong
suggests that dissipation in the 2DEG,PS22DEG
1PD22DEG, is absent forDmSD,\vc/2 but sets in at
DmSD5\vc/2. ~iii ! At I 573mA, CE occurs in both of the
current entry and exit corners.~We defer discussion of the
cyclotron effective mass to Sec. IV C.! Although these con-
clusions are derived from samples of different geometry,
do not see a reason to suppose them to be geometry spe
and assume that they are intrinsic properties of Hall-bar c
ductors in the QHE state.

The occurrence of CE in the vicinities of the current en
and exit corners indicates that a significant population
electrons~holes! is created there in the upper~lower! Landau
level. This local nonequilibrium electron distribution may b
most simply characterized by an effective electron tempe
tureTe that is higher than the lattice temperatureTL . Noting
the observed CE intensity together with the cyclotron ene
\vc510 meV, we roughly estimateDTe[Te2TL to be
about 10 K atI 550– 73mA.

Let us consider how electrons can be locally heated at
corners of a Hall bar. Existing experiments indicate th
nearly all power,PH5PHI 2, is dissipated at the corners.5,7

Therefore, no matter how and in which mechanism
power is dissipated it must eventually work to locally heat
the lattice and electron systems in the vicinity of these c
ners ~hot spots!, both on the contact and 2DEG sides. T
overall temperature rise at the hot spots, however, is e
mated in Klaßet al.’s experiments to be as small asDT
510mK at I 530mA (n52),5 which may be far too smal
to account for the observed CE. Accordingly we need
consider a specific mechanism for heating up of the 2DE
There are two possible mechanisms as discussed below

The first mechanism is related to strong electric fields
the corners.6 Several authors5,10 suggest that the strong ele
tric fields cause the QHE to break down,16,17 yielding hot
electrons at the corners. However, experiments on the Q
breakdown indicate that, in order for electrons to be app
ciably heated, strong electric fields have to be distribu
over macroscopic length scales because the process of
ing occurs as an avalanche multiplication of electron-h
pairs.18,19 The critical electric fieldEC and the necessar
length scaleLB are shown to be aboutEC520 kV/m and
LB;100mm at B56 T (n52) for the 2DEG in the same
crystal as the one used in this work.18,19 It follows that the
lowest VSD value at which the QHE-breakdown-induce
heating is expected to take place isEcLB/251 V
;100\vc /e (I;80mA), which is far larger than the ob
served critical valueVSD5\vc/2e (I 50.4mA) for the CE.
Furthermore, if the QHE breakdown were relevant, we
pect that the CE in the source-side~electron entry! corner
should dominate because the heated electrons at the d
side ~electron exit! corner are rapidly absorbed by the dra
contact and will not effectively contribute to the CE. This
not consistent with our observation and suggests that
e
ific,
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breakdown-induced heating is not a dominant mechanism
I 573mA @Fig. 6~b!#. ~We do not rule out the possibility tha
this mechanism is important forI .80mA, which is beyond
the scope of this work.! The strong electric fields at the co
ners of Hall bars may also induce Zener-type tunneling tr
sition of electrons to higher Landau levels.20,21 This effect is
related to the second mechanism described below.

The second mechanism, which we suppose to be rele
to our experimental results, is directly related to the kinet
of electron entry~exit! to ~from! the 2DEG. van Son and
co-workers argued that nonequilibrium electrons are injec
from the source contact whenDmSD exceeds\vc/2; viz.,
PS22DEG.0. Although this prediction is in accordance wit
a part of our results, these authors do not expect the oc
rence of nonequilibrium distribution at the drain-side corn
viz., PD22DEG50. They suggested also thatRxx1RSC be-
comes finite coincidentally with the occurrence ofPS22DEG.
These two do not agree with our findings. To derive a co
sistent picture, we devote the following two subsections
rather comprehensive theoretical discussions of a model
QHE Hall-bar conductor at finite currents. The occurrence
nonequilibrium electron distribution on the 2DEG side
both of the corners will be naturally derived from the mod
We will show that all of our experimental findings are co
sistently interpreted in terms of our model.

A. Model of current contacts

Injection of nonequilibrium electrons from a source co
tact was suggested qualitatively by Yoshihiroet al.22 A
model of current contact was discussed in a more quan
tive way by van Son and co-workers,11,12who extended Bu¨tt-
iker’s model of contacts.3,4 In the following we will elaborate
the model of QHE Hall-bar conductors at finite currents f
lowing the original arguments of van Son and co-workers

Let us begin withI 50. Figure 7~a! schematically shows a
profile of the electrostatic potential energyU0(r ) for a
2DEG sample including two current contacts when it is
the equilibrium state withI 50. The 2DEG channel is char
acterized by a flat interior region bounded by potential wa
at both sides. The current contacts are supposed to be m
lic, in which the Fermi energy and the density of states
far larger than those in the 2DEG. The regions of conta
are characterized by deep potential wells. The contacts
ideal Ohmic ones, and there is no Schottky-type barrier
tween the 2DEG and the contacts.~Random potentials in the
contacts are ignored for simplicity.! All the electron states
are completely filled with electrons up to the Fermi level«F .
The electrons in the 2DEG layer move along equipotenti
U0(r )5const, with a drift velocity proportional to the slop
of a Landau level, and edge states are formed along the
tential walls. In the quantum Hall regime with the indicate
polarity of magnetic field, electrons move from the left to t
right along the upper edge states. As depicted in Fig. 8~a!,
electrons with the energies of«F2\vc/2,«,«F move
along the upper edge states and enter the right-hand-
contact. The electrons that have entered the contact y
~dissipationless! magnetization current within the conta
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and transferred to the lower corner of the contact, fr
which electrons leave the contact through the lower e
states. The kinetics of electrons is equivalent in the le
hand-side current contact, and the global magnetization
rent circulates around the entire region of the sample.

When IÞ0, mS and mD differ from «F , respectively, as
ms5«F1DmSD/2 andmD5«F2DmSD/2. The contacts feed
all the outgoing states with electrons up to their respec
electrochemical potentials, and absorb all the incid
electrons.3 The upper edge states and the lower edge st
are, respectively, characterized by the electrochemical po
tials of mS andmD . The electrostatic potentialU0(r ) will be
accordingly modified due to the development of Hall pol
ization fields. Let U(r ) be the modified potential. The
change in the electrostatic potential,DU(r )5U(r )
2U0(r ), can be assumed to be equal to the change in
electrochemical potential,Dm (r ) , inside the contacts an
along the edge states, because the density of states th
sufficiently large.23 We therefore takeDU(r )51DmSD/2

FIG. 7. ~a! Schematic perspective view of the electrostatic p
tential energyU0(r ) for a 2DEG sample with current contacts whe
the net current is zero.~b! Schematic perspective view of th
change in the electrostatic potentialDU(r ) induced when the ne
current I 5n(e/h)DmSD is passed through the sample.~c! Sche-
matic perspective view of the highest occupied Landau level in
presence of the net current. The boundaries between the con
and the 2DEG are indicated by the bold lines.
e
t-
r-

e
t

es
n-

-

e

e is

for the source contact~with mS) and the upper edge state
and takeDU(r )52DmSD/2 for the drain contact~with mD)
and the lower edge states. The zero screening length is
sumed in the contact and a finite one is assumed in
2DEG. The perspective view of the resultingY(r ) is sche-
matically shown in Fig. 7~b!, where the slope of the Hal
potential is assumed to be a constant for simplicity. T
profile is similar to that suggested by Kawaji.24 The exact
shape ofDU(r ) inside the 2DEG is not important for th
discussion.

The true trajectory of electrons is given by the equipote
tial lines of U(r )5U0(r )1DU(r ), which are not equal to
the classical Hall current trajectories formed along the c
tour lines ofDU(r ).25 We should note that due to the diffe
ence,DmSD5mS2mD.0, a ‘‘potential barrier’’ develops in
the junction region to the source contact and a ‘‘poten
fall’’ is formed in the junction region to the drain contac
Landau levels are formed approximately as«n(r )5(n
11/2)\vc1U(r ) in the 2DEG. We give in Fig. 7~c! a sche-
matic perspective view of the highest occupied Landau le
The boundaries between the contacts and the 2DEG are
dicated by the heavy solid lines in Fig. 7~c!. Deep inside the
conductor away from both of the contacts, say, on the cr
section ofA-A8 in Fig. 7~c!, the Landau level will be filled
with electrons up tomS andmD , respectively, at the opposit
edges as schematically shown in the left column of Figs. 8~b!
and 8~c!. Let us consider how trajectories along the equip

-

e
cts

FIG. 8. Electron trajectories in the highest occupied Land
level, under three conditions,~a! DmSD50, ~b! 0,DmSD,\vc/2,
and~c! \vc/2,DmSD. Schematic representations of Landau lev
on the cross sectionA-A8 in Fig. 7~c! are displayed in the left
column.
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tentials are fed by the contacts by noting the profile of
Landau level shown in Fig. 7~c!. Since all the trajectories
below«5mD are completely occupied, it suffices to consid
only the trajectories with«.mD for considering the non-
equilibrium distribution. We thus pay attention to th
‘‘Fermi-surface current’’25 below.

WhenDmSD is smaller than\vc/2, the relevant trajecto
ries (mD,«,mS) form edge states as shown in Fig. 8~b!.26

The upper edge states along the cross sectionC-C8 in Fig.
7~c! are completely fed by the source contact while the low
edge states along cross sectionB-B8 in Fig. 7~c! are empty.
The electrons that move along the upper edge states ar
sorbed by the drain contact and release their excess ene
within the drain contact. Holes are created inside the sou
contact at the lower corner and release their excess ene
within the source contact. Dissipation accordingly tak
place equally at these diagonally opposite corners within
contacts.4 Thus, no local nonequilibrium distribution of elec
trons is produced in the 2DEG anddissipation occurs totally
within the contacts; viz, PS5PD and PS22DEG1PD22DEG
50 whenDmSD,\vc/2.

WhenDmSD exceeds\vc/2, the relevant electron trajec
tories (mD,«,mS) are divided into two groups. The firs
group is of energies«.mS2\vc/2 and consist of only edge
states. The kinetics of electrons in these edge states are
lar to those in the case ofDmSD,\vc/2 as shown in the
upper panel of Fig. 8~c!, yielding dissipation only within the
contacts. The second group of trajectories is of energ
mD,«,mS2\vc /2 and consists of the lower edge state
the states in the interior region, and the states along the
tential barrier and fall, as schematically shown in the low
panel of Fig. 8~c!. The lower edge states are empty beca
«.mD . It is of decisive importance that the potential barr
prevents the source contact from directly feeding these
jectories as originally pointed out by van Son a
co-workers.11,12It follows thatelectrons can be injected from
the source contact only through tunneling. The electrons in-
jected through tunneling in the vicinity of this corner mo
along the potential barrier, and travel toward the right f
lowing the trajectories in the interior region. The electro
that have reached the potential fallmove along the potentia
fall until they are finally absorbed by the drain contact at
upper corner.

The electrons with energiesmD,«,mS2\vc/2 thus en-
ter the 2DEG layer at the lower left corner and leave
2DEG layer at the upper right corner. From the kinetics
electrons discussed in the above formSD.\vc/2 we can
expect nonequilibrium electron distribution to occur on t
2DEG side of both corners as discussed in the next sub
tion.

B. Generation of nonequilibrium electron distribution

Under the conditionDmSD,\vc/2, no dissipation takes
place in the 2DEG as discussed in the above. This acco
for the absence of CE forDmSD,\vc/2 in the present ex-
periments.

Under the conditionDmSD.\vc/2 the electron trajecto
ries with mD,«,mS include states in the interior region
The entry~exit! of electrons into~out of! these bulk states
can be affected by the potential barrier~fall! in such a way
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that it leads to generation of nonequilibrium electron dis
bution on the 2DEG side without yielding finiteRxx , RSC, or
RDC, as we will discuss below. Figure 9~a! schematically
shows Landau levels together with the electrostatic poten
U(r ) in the vicinity of the lower cornerB of the mS contact
along the cross sectionB-B8 in Fig. 7~c!. Here, electrons are
injected into the 2DEG only via tunneling. Because the tu
neling probability cannot be unity the highest occupied La
dau level (n51 level in the figure! is not completely filled
with electrons, being left with certain unoccupied sta
~holes!. At the same time, electrons will be injected throu
tunneling to still higher Landau levels as illustrated in F
9~a!. Thus local nonequilibrium electrons~holes! are intro-
duced in the vicinity of this corner, and will release the
excess energies via emissions of phonons and partly via
viz, PS22DEG.0. Thus the experimental finding that CE a
pears whenVSD5DmSD/e.\vc/2e is explained.27

Figure 9~b! schematically shows Landau levels along t
cross sectionC-C8 in Fig. 7~b! near the upper cornerC8 of
the drain contact. The physical situation at this electron e
corner is different from that of the electron entry corner b
cause the exit of electrons to the drain contact is not d
turbed by any potential barrier. It is important, however, th
the higher empty Landau levels come close to the comple
occupied Landau level (n51) due to the gradient of the
potential fall. It follows that electrons will tunnel from th
occupied Landau level (n51) to the higher empty Landau
levels leaving holes in the lower level (n51) and creating
excited electrons in the higher levels (n.1). Thus local
nonequilibrium distribution is expected to occur also in t
vicinity of this electron exit corner; viz,PD22DEG.0.28 The
experimentally observed CE at the drain-side corner is t
explained.

Based on this model, and following the scheme descri
in Ref. 4, we can derive PS22DEG5(n/2h)$DmSD

2

2(\vc/2)2% and PD22DEG5(n/2h)(DmSD2\vc/2)2, re-
spectively, for the amplitude of dissipation at the electr
entry and exit corners forDmS@\vc/2. Note that for
DmSD@\vc/2 the sumPS22DEG1PD22DEG nearly amounts
to the total power, (n/h)DmSD

2 5VSDI 5RHI 2, andPS22DEG

andPD22DEG are nearly equal to each other. The former is

FIG. 9. Schematic representations of Landau levels toge
with the electrostatic potentialU(r ); ~a! in the vicinity of the lower
cornerB of themS contact along the cross sectionB-B8 in Fig. 7~c!
and ~b! in the vicinity of the lower cornerC8 of the mS contact
along the cross sectionC-C8 in Fig. 7~c!.
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accordance with the experimental fact that the energy c
version efficiency of the CE for theRHI 2 term is on the same
order as that for theRxxI

2 term atI 550mA. The latter may
account for the experimental finding that the intensities
the CE from the electron entry and exit corners are com
rable to each other forI 573mA @Fig. 6~b!#.

Finally, let us consider why the two-terminal resistan
can remain quantized despite the substantial dissipatio
the 2DEG. First, on the side of the source contact, if
region of nonequilibrium distribution of electrons would e
tend to reach the upper corner of the contact@Fig. 8~c!#, the
electrons in the upper edge states would be involved in
equilibration. The electrochemical potential of the upp
edge states would then be lowered belowmS , yielding a
finite Rxx or RSC. Our experiments~Fig. 6!, however, show
that the region of CE does not reach the other corner of
mS contact. Therefore, it is highly probable that the electro
have been almost completely equilibrated at the upper co
of the mS contact@Fig. 8~c!#. Under this condition, no scat
tering takes place for the electrons in the upper edge st
and the electrochemical potentialmS of the upper edge state
is kept unchanged. Therefore, the energy dissipation on
2DEG side of the electron entry corner yields neither a fin
Rxx nor RSC. Second, on the side of the drain contact, t
region of inter-Landau-level tunneling will spread to a ce
tain extent along the potential fall. However, this region
not expected to reach the lower corner of the drain contac
any occasion because the spatial separation caused b
fully occupied bulk states lying belowmD will prevent the
nonequilibrium electrons from being scattered to the low
edge states@Fig. 8~c!#: This is consistent with the observe
profile of CE @Fig. 6~b!#. This implies that all the nonequi
librium electrons enter themD contact without being back
scattered and the electrochemical potential along the lo
edge states is kept unchanged atmD . Hence the energy dis
sipation on the 2DEG of the electron exit corner also yie
neither finiteRxx nor RDC. The two-terminal resistance,Rst
5RH1Rxx1RSC1RDC, in the QHE state is thus quantize
to RH despite the dissipation in the 2DEG at the current en
and exit corners.

C. Cyclotron effective mass

The cyclotron effective massmc* derived from the ob-
served cyclotron emission is (0.06960.0007)m0 both in the
corners of the source and drain contacts. Additional exp
ments show that themc* does not change appreciably withI
in the range from 1mA to 80 mA. The mc* value brings
information about an average energy of relevant nonequ
rium electrons becausemc* is affected by the conduction
band nonparabolicity.29 In the present experiments wit
\vc510 meV, the expectedmc* values are such tha
0.0690m0 (n52→1), 0.0715m0 (n53→2), and 0.0740m0
(n54→3) for the respective Landau level transitions. T
observed emission spectra are sharp enough@Fig. 2~c!# to
resolve these transitions if they coexist, but we observe o
one emission line corresponding to the transitionn52→1.
This is consistent with our estimate of the effective elect
temperature,Te;10 K. Nonequilibrium electrons must b
excited in higher Landau levels of the indexes reachingn
560– 100 atI 550– 80mA. However, we suppose that thes
n-
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energetic electrons are rapidly cooled down~to Te;10 K),
before contributing to the CE, via the emission of optic
phonons (\vopt537 meV) and the cyclotron phono
emission.10

V. CONCLUSION

Experimental evidence has shown that CE occurs in Q
Hall bars (B;6 T, n52) under the conditionRxx1RSC
1RDC'0 at I 510– 80mA. The effective electron tempera
ture Te relevant to the CE forI 550– 73mA is roughly esti-
mated to be 10 K. The CE is observed only in the ran
VSD.\vc/2e55 mV (I .0.4mA) but is not observed in the
lower rangeVSD,\vc/2e (I ,0.4mA). This strongly sug-
gests that forVSD,\vc/2e local nonequilibrium electron
distribution is absent in the 2DEG and dissipations oc
totally within the contacts; viz,PS22DEG1PD22DEG50 and
that forVSD.\vc/2e nonequilibrium electron distribution is
produced to cause dissipation in the 2DEG; viz.,PS22DEG
1PD22DEG.0. Spatially resolved measurements atI
573mA have revealed that the CE with comparable inte
sities occurs at both the current entry and exit corners, s
gesting thatPS22DEG;PD22DEG at I 573mA. The cyclotron
effective mass,mc* 5(0.06960.0007)m0 , determined from
the CE spectra for 1mA,I ,80mA, indicates that only the
lowest excited Landau level is relevant to the CE (n52
→1). This is consistent with the estimation ofTe;10 K.

It is suggested that the QHE-breakdown-induced elect
heating at the corners of a Hall conductor is not an appro
ate explanation of the CE observed in the present exp
ments. We have proposed a theoretical model of current c
tacts and discussed in detail electron kinetics at the cur
entry and exit corners. This model suggests that a finiteVSD
intrinsically leads to formation of a potential barrier and
potential fall, respectively, at the electron entry and exit c
ners. ForVSD,\vc/2e, only edge states are relevant to th
conduction.26 The entry~exit! of electrons into~out of! the
edge states is not disturbed by the potential barrier or f
Accordingly local nonequilibrium distribution is absent
the 2DEG and all dissipations occur within the contacts; v
PS22DEG1PD22DEG50. For VSD.\vc/2e, not only edge
states but also bulk states in the interior region contribute
the conduction. The entry~exit! of electrons into~out of! the
bulk states is affected by the potential barrier and fall, le
ing to generation of nonequilibrium electron distribution o
the 2DEG side of the respective corners. Thus dissipa
occurs in the 2DEG: viz.,PS22DEG1PD22DEG.0 for VSD
.\vc/2e. It is suggested also that the fraction of dissipati
on the 2DEG side increases to cover nearly the total po
dissipation,PS22DEG1PD22DEG;RHI 2, and the dissipation
is nearly symmetric between the two corners,PS22DEG
;PD22DEG, for VSD@\vC/2. All these predictions are in
good agreement with the experimental findings summari
in the above.

The vanishing ofRxx1RSC1RDC, or the quantization of
R2t , is suggested in the model to be equivalent to the
quirement that the regions of the nonequilibrium distributio
primarily created at the electron entry and exit corners,
not extend over the full width of the boundary between t
2DEG and the contacts. The profile of the CE studied aI
573mA indicates that this condition is satisfied, being co
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sistent with the experimentally confirmed absence ofRxx ,
RSC, andRDC.

All the experimental results have thus been reasona
interpreted in terms of a consistent picture of the elect
kinetics at the current entry and exit corners of a QHE H
bar.
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