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Breakdown of the quantized Hall effect in the vicinity of current contacts

Y. Kawano and S. Komiyama
Department of Basic Science, University of Tokyo, Komaba 3-8-1, Meguro-ku, Tokyo 153-8902, Japan

~Received 20 May 1999!

Spatial distribution of the cyclotron radiation emitted from nonequilibrium electrons is studied on 1.5
mm-wide Hall bars in the quantized Hall effect~QHE! regime. At low-current levels where the two terminal
resistance is quantized, the cyclotron emission~CE! is observed at the electron entry and exit corners formed
between the metallic current contacts and the two-dimensional electron gas~2DEG! layer. As the current
increases, additional CE occurs in the vicinity of the corner of the source contact that is opposite to the electron
entry corner. The additional CE is accompanied by a finite voltage drop. The region over which the finite
voltage drop takes place is localized to the limited region adjacent to the source contact where the CE is
observed, and shows that the QHE breaks down locally in the vicinity of the source contact before the
breakdown develops in the entire 2DEG channel. Studies of device-width dependence reveal that this local
breakdown of the QHE in the vicinity of the source contact takes place only in sufficiently wide Hall bars~with
a width well larger than 200mm). All the experimentally observed features are reasonably interpreted by
assuming that electron-hole pairs are generated in cascading process due to strong polarization fields formed
along the interface between the metallic source contact and the 2DEG.
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I. INTRODUCTION

The dissipationless state of two-dimensional electron
~2DEG! systems in the regime of quantized Hall effec
~QHE! breaks down as the current passing through a de
exceeds a critical value.1,2 Experimentally the breakdown
phenomenon has been extensively studied on Hall b
which have current contacts at which electrons enter
leave the 2DEG. Most of the experiments studied the fo
terminal resistance, yielding experimental results similar
those obtained on Corbino discs without current contacts1,3,4

This indicates that the presence of current contacts in a
bar does not play an essential role for the breakdown
region sufficiently far away from the current contacts~at a
distance of more than a few hundred micrometers!. It is also
indicated that the breakdown occurs when the Hall elec
field averaged in the 2DEG channel exceeds a critical va

Apart from the QHE breakdown in the 2DEG chann
mentioned in the above, a particular feature is expecte
the close vicinity of metallic current contacts. When a fin
voltage is applied to a QHE Hall bar, strong polarizati
fields are expected to develop at the interface between
metallic current contacts and the 2DEG layer.5 The maxi-
mum amplitude of the field,Econtact, may be roughly esti-
mated asVSD /l, whereVSD is the source-drain voltage an
l is the screening length of the 2DEG. The polarizati
fields along the contact boundaries are typically much lar
than the average Hall electric field in the channel,Echannel
5VSD /W, whereW is the width of the device. As the curren
increases, therefore, the breakdown of the QHE may init
in the boundary regions of current contacts.

Very little is yet clarified experimentally about what in
deed happens in the close vicinity of current contacts w
increasing the current. Resistance measurements are ma
wide GaAs Hall bars6 as well as on relatively wide silicon
metal-oxide-semiconductor~Si-MOS! Hall bars.7 In both ex-
periments finite voltage drop is reported to take place
lower currents in a region close to the current contacts. In
PRB 610163-1829/2000/61~4!/2931~8!/$15.00
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experiment of van Son and coworkers,7 finite voltage drop
occurs only in the vicinity of the~electron-injecting! source
contact but not in the vicinity of the drain contact. The a
thors suggested that nonequilibrium electrons are gener
in the close vicinity of the source contact due to tunneli
injection into the 2DEG and it causes a finite voltage dr
there. However, our recent experiments studying cyclot
radiation in wide GaAs Hall bars have revealed that althou
nonequilibrium electrons are indeed injected from the sou
contact they do not lead to finite voltage drop in the Hall b
and that nonequilibrium electrons are generated also in
vicinity of the drain contact.8 Thus, the mechanism of finite
voltage drop reported in the earlier experiments are left to
clarified, and its relationship to the local breakdown expec
in the vicinity of current contacts, as suggested in the l
paragraph, is unclear.

In general, breakdown phenomenon is accompanied
generation of nonequilibrium electrons. Conventional m
surements of IV characteristics alone provide only a limit
information about the spatial distribution of the nonequili
rium electrons. In contrast, cyclotron radiation associa
with the inter-Landau-level electron transition provides
with an experimental tool for directly probing the nonequ
librium electrons. In this paper, we carry out spatially r
solved measurements of cyclotron emission~CE! from wide
GaAs Hall bars along with the standard IV characteris
measurements.

We find that CE occurs in a region adjacent to the sou
contact when the current reaches a threshold value m
smaller than the critical value for the QHE breakdown in t
entire 2DEG channel. Coincidentally to this CE, finite vo
age drop emerges in the relevant region, indicating that
local breakdown of the QHE takes place as expected in
above. The local breakdown, however, does not take plac
the vicinity of the drain contact. We also find that the loc
breakdown near the source contact occurs only in sufficie
wide Hall bars (W.200 mm). We will interpret these ex-
2931 ©2000 The American Physical Society



yp

a
a
-

6
ve
n

e
fo
be
an
E

ee
s

a

c
u
e
u
ue
m

th

en
w

iv
a
K

n

e

0.3
the

h
in

he
by
g a
seen

is-
ter-
u-
g
and

ft
ctor
s,
is-
t
e

t

t

2932 PRB 61Y. KAWANO AND S. KOMIYAMA
perimentally observed features in terms of the bootstrap-t
electron heating9–13 ~BSEH! induced by strong polarization
fields distributed along the boundary of current contacts.

II. EXPERIMENTAL METHODS

The sample is a 3mm-long and 1.5 mm-wide Hall-bar
depicted in the inset of Fig. 1, which is fabricated on
GaAs/AlxGa12xAs heterostructure crystal with a 4.2 K mo
bility of 80 m2/Vs and a 4.2 K-electron density of 2.
31015/m2. The CE is studied by using a high-sensiti
photoconductive detector based on the cyclotron resona
of a high-mobility 2DEG in GaAs/AlxGa12xAs
heterostructures.14,15 The detector is fabricated on the sam
GaAs/AlxGa12xAs heterostructure crystal as that used
the sample. The spectral response of the detector has
studied by using a Fourier transform spectrometer,
shown to be due to sharp cyclotron resonance of the 2D
with a full width at half maximum of about 1.5 cm21 in the
range of magnetic fields studied. The relationship betw
the detected wavelength and the applied magnetic field
determined through the Fourier transform spectroscopy.

The experimental setup and the measurement method
similar to those applied in our previous work.8 The sample
and the detector are separated at a distance of about 29
and placed, respectively, at the centers of two supercond
ing solenoids installed in a liquid Helium cryostat. Th
sample is excited with low-frequency square waves of c
rent ~20 Hz!, alternating between zero and a defined val
and the modulation signals are detected with a lock-in a
plifier. For spatially resolved measurements of CE,
sample is moved by using a mechanicalX2Y translation
stage. The far infrared radiation is collected by a convex l
and guided to the detector through a light pipe. Below
denote byRi j ,kl the resistanceVkl /I i j obtained when the
voltageVkl is measured between contactsk and l where the
currentI i j is transmitted from contacti to contactj. Through-
out this paper, the polarity of current is defined as posit
when the electrons enter the 2DEG from contact 4 and le
for contact 1. All the measurements are carried out at 4.2

III. EXPERIMENTAL RESULTS

A. Cyclotron emission

Figure 1 illustrates the two-terminal resistanceR14,14 and
the three-terminal resistanceR14,24 as a function of magnetic

FIG. 1. The two-terminal resistanceR2t5R14,14 and the three-
terminal resistanceR3t5R14,24 as a function of magnetic field a
I 14573 mA. The inset illustrates the sample.
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field B at I 145173 mA, and demonstrates the quantizatio
of R14,145h/2e2 and the vanishing ofR14,24 in the QHE
states ofn52(B;6 T! andn54(B;3 T!.

CE is studied in the QHE state ofn52(B56.05 T!. The
magnetic field for the detector is fixed atBD55.99 T. Figure
2~a! displays the spatial distribution of CE intensity for th
two different currents,I 145173 mA and 1210 mA. The
spatial resolution of the measurement system is about
mm. The data are taken by moving the sample along
width-wise direction (Y), while the position in the length-
wise direction~X! is shifted at a step of 0.6 mm for eac
emission line. The spectrum of emission will be described
Sec. IIID. The left panel of Fig. 2~a! is for I 145173 mA and
shows that the region of CE is restricted to the vicinity of t
current entry and exit corners of the Hall bar as marked
black shadings. These emissions occur without causin
longitudinal resistance or an excess contact resistance as
from the vanishing ofR14,24 and the quantization ofR14,14 in
Fig. 1. In our previous work, we have found that these em
sions are observable even at much lower currents, and in
preted them as arising from the local nonequilibrium pop
lation of electrons intrinsically induced by the stron
polarization fields concentrated at these electron entry
exit corners.8

As the current increases above 100mA, an additional re-
gion of CE develops only on the side of the~electron-
injecting! source contact as shown forI 1451210mA in the
right panel of Fig. 2~a!. ~Compared to the data in the le
panel, the curves are drawn with a reduced scale by a fa
1/5.! Differently from the CE occurring at smaller current
this additional CE gives rise to a finite longitudinal res
tance. The voltagesV34,V23, andV14 are displayed agains
I 14 in Fig. 2~b!, whereV14 is represented by the differenc
from the quantized value,V142(h/2e2)I 14.

FIG. 2. ~a! The spatial distribution of CE atI 145173 mA ~left
panel! and atI 1451210 mA ~right panel! for 1B. Black shadings
mark the electron entry and exit corners.~b! VoltagesV23,V34, and
V142h/2e2 versus currentI 14. Two arrows mark the two curren
values, at which the CE’s in~a! are studied.
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PRB 61 2933BREAKDOWN OF THE QUANTIZED HALL EFFECT IN . . .
Let us first pay attention to the behavior of these volta
for the positive polarity of currents. The two arrows in Fi
2~b! mark the two current values, at which the CE’s for F
2~a! are studied. We note that bothV34 andV23 become finite
andV14 deviates from the quantized value whenI 14 exceeds
about 1100 mA. The voltage drop takes place primari
along the sample boundary between contacts 4 and 3,
also occurs along the boundary between contacts 3 an
We find that the equalityV231V345V142(h/2e2)I 14 holds
accurately in the range of larger currentsI 14.1100 mA.16

Therefore, voltage drop~except the quantized Hall voltage!
does not take place between contacts 2 and 1. Thus,
suggested that the region of the finite voltage drop agr
with that of the additional CE. The features of the CE alo
with the IV-characteristics described in the above chan
systematically upon reversal of the polarity of magnetic fi
(2B) as shown in Figs. 3~a! and 3~b!, indicating that these
features are intrinsic to the Hall bar.

Striking correlation between the additional CE and t
voltage distribution in the vicinity of source contact is cla
fied in a more straightforward manner in Figs. 4~a! and 4~b!.
The development of the CE with increasingI 14 for the posi-
tive polarity of magnetic field is elucidated in Fig. 4~a!. Here
the left panel displays the profile of the CE intensity alo
the boundary between contact 4 and the 2DEG layer,X50
mm, and shows that the CE rapidly develops to form
additional prominent peak at the corner, (X,Y)5(0,0), op-
posite to the electron-entry corner, (X,Y)5(0,1.5 mm!. We
note that, as a whole, the CE peak that was present at~0, 1.5
mm! already with lower currents does not exhibit pecul
dependence onI 14 except that the intensity smoothly in
creases withI 14. However, we can also note that the profi
of the CE at 73mA has a weak longer tail towards th

FIG. 3. ~a! The spatial distribution of CE atI 1452210mA ~left
panel! and atI 1451210 mA ~right panel! for 2B. Black shadings
mark the electron entry and exit corners.~b! VoltageV12,V23, and
V142h/2e2 versus currentI 14. Two arrows mark the two curren
values,I 1452210mA andI 1451210mA, at which the CE’s in~a!
are studied.
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opposite corner, (0,0).@Compare the corresponding profile
the drain contact shown in the left panel of Fig. 2~a!. The
systematical difference is noted between the source and
drain contacts in the opposite polarities of currents and m
netic fields8#. This suggests that the region of nonequilibriu
electron distribution expands along the boundary of
source contact towards the corner,~0,0!, already at the cur-
rent of 73mA, and that the prominent peak of CE rapid
develops at the corner,~0,0!, when the region reaches ther
These features will be reasonably interpreted in Sec. IV.

The right panel of Fig. 4~a! displays the profile along the
line crossing the 2DEG layer atX5600mm, and shows that
the region of the additional CE extends along the bound
of the 2DEG,Y50 mm.

The lower panel of Fig. 4~b! shows the CE intensity as
function of1I 14 at corner~0,0! and at position~0.25 mm,0!,
at which the probe arm of contact 3 is attached. The CE’
these positions correlate, respectively, with the curves ofV34

andV23 shown in the upper panel of Fig. 4~b!, where the data
of Fig. 2~b! are replotted. Namely, the CE at the corner
~0,0! occurs at aboutI 1451100 mA and it coincides with
the occurrence of finite voltage drop inV34, and the CE at
the position of contact 3, (0.25 mm,0), occurs at aboutI 14

51120mA and it coincides with the occurrence of voltag
V23. The coincidence definitely indicates that the region
the additional CE along the boundary of the 2DEG layer
identical to the region of the finite voltage drop and that t
region expands along the boundary asI 14 increases. We note
that the relevant boundary is the higher-energy edge~for
electrons! of the Hall bar.

FIG. 4. ~a! Intensity profile of the cyclotron emission along th
boundaries atX50 mm ~left panel! and X50.6 mm ~right panel!
for 1B. The dotted lines, marking the positions ofY50 mm and
1.5 mm, indicate the width of the Hall bar.~b! The upper panel
displaysV23 andV34 againstI 14. The lower panel shows the inten
sity of CE againstI 14 at two positions (X,Y)5(0,0) and (0.25,0).
The polarity ofB is positive.
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2934 PRB 61Y. KAWANO AND S. KOMIYAMA
Let us consider the lower-energy edge of the Hall bar
completeness of discussion. For this sake, we pay atten
to the negative polarity of current in Fig. 2~b!, where contact
1 serves as the source of electrons. The boundary of the
bar on which voltage probes 3 and 4 are attached co
sponds now to the lower-energy edge. Differently from t
case of positive currents, the voltagesV23 and V34 remain
vanishing in the entire range, yielding highly asymmet
IV-characteristics aboutI 1450. In contrast,V14 shows, of
course, the anti-symmetric IV-characteristics aboutI 1450.
This indicates that the excess longitudinal voltage that cau
V14 to deviate fromh/2e2 is restricted to the region betwee
contacts 2 and 1 for the negative polarity of current. We a
mention that this voltage drop must occur coincidenta
with the voltage drop along the higher-energy edge~between
contacts 4 and 3!. Note also that the feature changes syste
atically upon reversal of the polarity of magnetic field@Fig.
3~b!#.

Figures 5~a! and 5~b! summarize the findings obtained
the above. At low currents below 73mA, the CE is visible
only in the vicinity of the electron entry and exit corner
marked, respectively, bySL andDH in the Hall bar schemati-
cally shown in Fig. 5~a!. Except the Hall voltage, no appre
ciable voltage drop occurs along the boundaries of
2DEG. Namely, the electrochemical potentials along
higher-energy boundarySH2(DH) and the lower-energy
boundary DL2(SL) are constants and are, respective
equal to the those of the source and drain contacts,mS and
mD . As the current increases to exceed about 100mA, the
additional CE appears at the cornerSH opposite to the elec
tron entry corner,SL , and expands along the higher-ener
boundarySH2DH with further increasing the current, whil
the CE’s at cornersSL and DH survive without showing
significant change in their profile. The occurrence of the
ditional CE at cornerSH and along the boundarySH2DH is

FIG. 5. ~a! Schematic representation of the sample along w
the regions of CE observed atI .100 mA. The arrows indicate the
direction of electron propagation.~b! Schematic representation o
the electrochemical potential along the boundariesSH2(DH) and
(SL)2DL in the condition illustrated in~a!.
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accompanied by a longitudinal voltage drop along the r
evant boundary. The region of the finite voltage drop is ide
tical to the region where the additional CE occurs as sc
matically described in Fig. 5~b!. Along the lower-energy
boundary,DL2SL , the region of the finite voltage drop i
localized in the close vicinity of cornerSL as indicated also
in Fig. 5~b!. On the side of the drain contact, neither ad
tional CE nor anomalous voltage drop appears.

The critical currentI 145100 mA, at which the finite vol-
atge drop emerges in the region adjacent to the source
tact, is much smaller than the critical current expected for
QHE breakdown in the entire 2DEG channel of this wi
Hall bar, I 5480 mA.10 This local breakdown phenomeno
should be distinguished from another type of the QHE bre
down reported by Balaban and coworkers.17 In the latter, the
critical current increases sublinearly with the device wid
but the breakdown phenomenon occurs in the 2DEG reg
well away from the current contacts.

B. Device-width dependence

The occurrence of the additional CE and the relevant v
age drop are tightly linked to each other. Therefore, we m
investigate the voltage drop instead of probing the C
Asymmetric IV characteristics similar to those described
the above have been reported on GaAs Hall bars6 as well as
on Si-MOS Hall bars.7 The characteristics are therefore su
posed to be general for QHE Hall bars. However, it is i
portant to note that all the Hall bars used in these wo
~including the present work! are relatively large, with a de
vice width larger than about 200mm. To our knowledge, the
asymmetric IV characteristics as described in the above h
never been reported on the devices of a width smaller t
100 mm. To specifically examine the device-width depe
dence, we have fabricated differently wide Hall bars on
same GaAs/AlxGa12xAs heterostructure crystal as that us
in the present experiments, and studied the three term
resistance. Figure 6 compares the curves ofV24 versusI 14
studied in the Hall bars ofW51500, 180, and 2mm at
n52.

Note thatV24 with the given polarity of magnetic field
probes the voltage drop at the source contact for the pos
polarity of current, and that at the drain contact for the ne
tive polarity of current. In all the devices, the two-termin
voltage V14 is confirmed to show a regular antisymmetr
behavior aboutI 1450. It is clearly noted that the asymmetr
feature of theV24 versusI 14 curve is remarkable in the de
vice of W51500 mm but is much weaker in the device o
W5180 mm. In the narrowest device ofW52 mm, the
asymmetry vanishes completely. Although we do not sh
here, we have separately measuredV23 andV34 in the oppo-
site polarity of magnetic field, and confirmed that the asy
metry of the IV characteristics is caused by the voltage d
in the vicinity of the source contact as described already,
that the anomalous voltage drop relevant to the source c
tact vanishes as the device width decreases. We note a
that this W dependence is different from the sublinearW
dependence of the critical current for the QHE breakdown17

C. Efficiency of energy conversion to the CE

When currentI is passed through a Hall bar, the electr
power ofV2tI 5(VH1Vx)I is fed to the sample, whereV2t is

h
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PRB 61 2935BREAKDOWN OF THE QUANTIZED HALL EFFECT IN . . .
the two-terminal voltage,VH5(h/2e2)I is the quantized Hall
voltage andVx is the excess voltage drop in the Hall bar. T
CE at cornersSL and DH originates from the Hall voltage
term, VHI , while the additional CE at cornerSH and along
the adjacent boundarySH2DH arises from the longitudina
voltage termVxI . Therefore, we can define the efficiency
energy conversion into the respective CE’s by dividing
integrated CE intensities byVHI andVxI , respectively. The
conversion efficiency for the CE’s at corners,SL and DH ,
has been estimated to be on the order of 1026 at I 5100mA.8

We note in the right panel of Fig. 2~a! that the integrated
intensity of the CE at cornerSH and along the adjacen
boundarySH2DL is roughly two times larger than that o
the CE’s at cornersSL and DH . We also note in Fig. 2~b!
that Vx5V2t2(h/2e2)I is smaller thanVH5(h/2e2)I by a
factor about 4.5 atI 5210 mA. Hence, we estimate the effi
ciency of energy conversion for the additional CE to
about ten times larger than that for the CE’s at cornersSL
andDH at I 5210 mA. This marked difference suggests di
ference in the mechanism between these CE’s.

D. Cyclotron effective mass

The spectrum of CE has been studied separately for
regions ofSL ,DH , andSH . The three panels of Fig. 7 dis
play, respectively, the spectra at cornersSL ,DH andSH from
the top for the currents of 200 and 550mA. In each panel,
the CE intensity measured with the detector in a fixed m
netic field ofBD55.99 T is shown as a function of magnet
field B. The amplitude of each CE line is normalized f
clarity. At currents lower than 80mA, values of the cyclo-
tron effective massmc* corresponding to the CE is substa
tially the same between cornersSL andDH and is given by
mc* 5(0.06960.0007)m0 with the free electron massm0, as
we have reported in our previous work on the same samp8

FIG. 6. Three-terminal voltageV24 as a function of currentI 14 in
three differently-wide Hall bars.
e

e

-

.

This feature is kept unchanged when the current increase
200 mA. The spectrum of additional CE, which appears
cornerSH as the current exceeds about 100mA, corresponds
also to the same cyclotron mass value and does not
appreciably with further increasing the current as seen in
bottom panel of Fig. 6. With increasing the current to 5
mA, only the spectrum at cornerDH shifts to a higher B
position~or a larger value ofmc* ) by about 1% as seen in th
middle panel of Fig. 6.

The value ofmc* associated with the transition betwee
the lowest two bulk Landau levels (n52→n51) is ex-
pected to be mc* 5(0.06960.0003)m0 for this 2DEG
system.18 The conduction band nonparabolicity of GaAs pr
dicts mc* to increase byDmc* /mc* 53.6% and 7.2%, respec
tively, for the higher-level transitionsn53→2 and 4→3.19

If such higher-level transitions are involved in the prese
experiments, they would be resolved as additional should
in the line shape. This makes us to conclude that only
lowest transition,n52→1, is relevant in all the CE’s ob-
served. This suggests that the ‘‘effective electron tempe
tureTe9 of the relevant nonequilibrium electron distribution
much less than the Landau level energy spacing,\vc . We
have expectedTe'10–15 K for the CE’s at cornersSL and
DH .8 This also applies to the additional CE at cornerSH as
will be discussed later.

The value ofmc* may be also affected if the electrostat
potential in the region of the CE is distorted to yield a seco
derivative, U9(x); viz., Dmc* /mc* 5$11(U9/vc

2mc* )%21/2

21. The observed increase ofmc* for the CE at cornerDH

with increasing the current to 550mA might suggest that the
second derivative of potential,U9(x), is negative and its
amplitude increases with increasing the current at this cor
This is in qualitative agreement with the expected feature
the electrostatic potential at this corner.

IV. DISCUSSION AND INTERPRETATION

Before discussing the mechanism of the local breakdo
of the QHE we need to briefly review the mechanism of t
CE’s occuring with smaller currents at cornersSL andDH .8

On application of a finite source drain voltageVSD , a strong
polarization field develops at the electron entry and exit c
ners,SL andDH . The amplitude of the field, being roughl
estimated byEcontact5VSD /l, reaches as large as 10
kV/m;1000 kV/m at I 510 mA if we assumel50.1;1
mm. At relatively low currents, therefore, the plarizatio
fields at cornersSL and DH are already strong enough t
cause tunneling of electrons between the electron reserv
~in the contacts! and Landau levels~in the 2DEG! and be-
tween Landau levels. As discussed earlier,8 these tunnelling
processes lead to generation of nonequilibrium electrons
the CE’s at these corners. Importantly, however, these
ners,SL andDH , are spatially separated, respectively, fro
the corners,SH andDL , through which electrons are respe
tively supplied into the edge states. Accordingly, the no
equilibrium electron distributions at these corners do
affect the population of edge states, and finite longitudi
voltage drop does not take place anywhere in the Hall
~except the Hall voltage! despite these nonequilibrium
electrons.
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2936 PRB 61Y. KAWANO AND S. KOMIYAMA
We now discuss the CE in the vicinity of cornerSH and
consider the mechanism of the local breakdown of the QH
In order to achieve satisfactory understanding, we nee
clarify not only the mechanism but also the reason why i
absent on the side of drain contact and why it is totally
sent in less-wide Hall bars. For this purpose, let us first n
that, if the longitudinal resistivity is vanishing in the 2DEG
strong polarization field should develop not only at the c
ners but also along the boundarySL2SH ~or DL2DH),
where the field is expected to decrease from cornerSL(DH)
towardsSH(DL). Consider first the kinetics of electrons o
the side of source contact. Most of the electrons, except th
entering the edge states from cornerSH , enter the 2DEG at
cornerSL , and move along the boundary,SL2SH , towards
the opposite cornerSH .20,21 One might readily expect tha
the strong polarization fields distributed along the bounda
SL2SH , cause the QHE to break down and generate n
equilibrium electrons along the boundary. This idea is
sufficient by itself for the following reasons. First, the C
does not develop remarkably at cornerSL with increasing the
current although the polarization field is strongest there: T
additional strongest CE is visible in the vicinity ofSH, where
the polarization field is lowest along the boundary,SL
2SH . Second, it is expected that equally strong polarizat
fields are distributed along the boundaryDL2DH but the
corresponding CE is not observed experimentally. Third,
device-width dependence of the local breakdown is not
plained.

The characteristics of the QHE breakdown found for lo
Hall bars10–13,22give important hints for understanding th
local breakdown phenomenon. The most important featur
that the QHE breaks down at a critical electric fieldEc(5
230 kV/m! that is much lower than the field value necess
for causing significant excitation of electrons to higher La
dau levels through Zener-type tunneling23. The breakdown
phenomenon occurs as an avalanche multiplication of
cited electron-hole pairs during the drift of electrons alo
the Hall current, referred to as the BSEH.10–13 The cascade
excitation of electron-hole pairs is a relatively slow proce
Therefore, in order for the longitudinal resistivity to appr
ciably increase in a given region, electrons reaching the
gion have to travel a sufficiently long distance. Therefo
electric fields higher thanEc have to be distributed over
macroscopic length along the trajectories followed by
electrons. The characteristic distanceLB needed for suffi-
cient cascading is expected to be infinitely long atEc and
decrease with increasing the field beyondEc . According to
the experiments made atB56 T (n52) for the 2DEG in the
same crystal as the one used in this work,LB reaches more
than a few hundred micrometers at an electric field by ab
10% larger than the critical fieldEc'20 kV/m.10,12 LB is
found to be not much smaller than 100mm even for electric
fields much larger thanEc . It is expected, and observed b
experiments, that the minimalLB ~in the limit of strong
fields! remarkably increases with increasing the magne
field and with increasing the electron mobility.10,12,13

We interpret below the local breakdown of QHE in th
light of the knowledge above. We first consider a wide H
bar. As the current increases from zero, the polariza
fields distributed along the boundarySL2SH will increase
from zero. Consider the averaged field over the minim
.
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lengthLB , say 100mm, along the boundary in the vicinity o
cornerSL . It is important that the average field reaches t
threshold valueEc for the BSEH already before Echann
reachesEc. The inter-Landau-level~direct! excitation in this
region remains unimportant. As the current increases,
region of the boundary along which the average field exce
Ec will expand towards cornerSH . Hence, generation o
electron-hole pairs will take place in this region, whic
yields CE along the boundary that expands its region towa
cornerSH . However, the polarization fields can be highonly
if the longitudinal resistivity is strictly vanishingalong the
boundary: It is expected that the fields~except at cornerSL!
are significantly reduced as the longitudinal resistivity
creases. Thus, if the longitudinal resistivity is vanishing, t
cascading multiplication of electron-hole pairs may devel
but if the cascade develops the polarization fields will
thereby strongly suppressed. Hence, we may assume tha
polarization fields in the relevant region adjust themselve
be nearly equal toEc . It follows that the generation o
electron-hole pairs may be suppressed to a minimal le
leading to only a weak CE along boundarySL2SH . This
explains the presence of a weak tail of the CE observed a
mA shown in the left panels of Figs. 2~a! and 4~a!. Further-
more, the generated electon-hole pairs do not yield fin
voltage drop unless the relevant region reaches cornerSH for
the reason already mentioned in the above.

With increasing the current further, the region whereE
;Ec will eventually reach cornerSH . At this point, the cas-
cading generation of electron-hole pairs becomes poss
over the entire boundary,SL2SH . The polarization fields
distributed along the boundary adjust themselves similarly
in the above, but the self-consistent field~averaged over the
boundary! can now increase aboveEc as the current in-
creases beyond this critical value. It follows that the sign
cant population of electron-hole pairs can build up at
terminal of the cascade, that is, at cornerSH . Above this
critical current, therefore, strong CE starts to develop at c
ner SH . Coincidentally, finite voltage drop emerges in th
relevant region, because the nonequilibrium distribution
electrons at cornerSH affects the population of the edge sta
(SH2DH), and causes the electrochemical potential alo
the edge state to decrease as the distance from corneSH
increases. This accounts for the observed features of the
breakdown of the QHE in the vicinity of the source conta
After reaching cornerSH , electrons will move away from
the corner along the edgeSH2DH , where the Hall electric
field is lower than Ec . The population of the excited
electron-hole pairs, therefore, decays as electrons move a
from cornerSH along the edgeSH2DH , where the decay
rate will be slower as the current increases and the Hall e
tric field distributed along the edge approachesEc . This ex-
pains the spatial profile of the CE in the vicinity of cornerSH
shown in the right panel of Figs. 2~a!, 3~a!, and 4~a!. The
‘‘effective electron temperatureTe’’ characterizing the non-
equilibrium electron distribution has been estimated to
kTe5\vc/7,13 which is consistent with the observed valu
of the cyclotron mass of the CE.

Let us discuss the phenomenon on the side of drain c
tact. Similar arguments to the above applies to bound
DL2DH as well: If the current is large enough, cascade g
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eration of electron-hole pairs may take place as electr
drift along the boundary fromDL towardsDH . However,
since the terminal of the cascade stream is cornerDH , sig-
nificant population of electron-hole pairs is expected to bu
up not at cornerDL but at cornerDH . Therefore, CE is not
expected at cornerDL . We suppose further that th
cascading-process-induced nonequilibrium electron distr
tion at cornerDH does not lead to strong CE for the follow
ing two reasons. First, the polarization field is very high
this corner. This will make the cyclotron radiation a le
probable mechanism, compared to nonradiative proce
like phonon emissions, as the channel of energy dissipa
This view is supported by the large difference in the e
ciency of energy conversion between the CE’s at cornersSH
and DH(SL), as discussed in Sec. IIIC. Secondly, t
electron-hole pairs at cornerDH are absorbed by the drai
contact immediately after they have built up. This preve
the electron-hole pairs from effectively contributing to t
CE.

The nonequilibrium electron distribution at cornerDH
does not affect the population of edge state for the rea
mentioned in the above already, and therefore it does
lead to finite voltage drop. Thus, the local breakdown is
expected to take place on the side of drain contact.

All the experimentally observed features of the loc
breakdown of the QHE are thus explained by considerin
cascadelike generation of electron-hole pairs due to BSE

Finally, let us consider the influence of the width, W,
the Hall bar on the local breakdown. It is generally expec
that the polarization field at cornerSH is larger than the
average Hall electric field in the 2DEG channel in stand
Hall bars. Therefore, regardless ofW, the polarization field is
expected to reachEc before the breakdown develops in th

FIG. 7. Spectra of the cyclotron emission obtained at three
ferent positions:SL ~the top panel!, DH ~the middle panel! andSH

~bottom panel!. The current isI 145200 mA ~solid lines! and 550
mA ~dotted lines!. The dashed line mark the magnetic field,BD

55.99 T, applied to the detector.
s

d

u-

t

es
n.
-

s

n
ot
t

l
a
.

d

d

entire 2DEG channel. However this is not sufficient for t
occurrence of the local breakdown. That is,W has to be
larger than the minimal distance,LB , needed for the cascad
ing generation of electron-hole pairs to significantly develo
which is on the order of 100mm in high- mobility GaAs
systems. We expect that this is the reason why the lo
breakdown is absent in less-wide Hall bars.

If W is smaller than the minimal length,LB , substantial
population of nonequilibrium electrons will not build up a
cornerSH even at very high currents, and the breakdown
the QHE in the 2DEG channel will not be preceded by t
local breakdown in the vicinity of the contact. In such a H
bar, cascadelike electron-hole pair excitation can take p
only as the electrons traverse the Hall bar along the len
wise direction of the 2DEG channel. The evolution of t
breakdown is such that it initiates on the source-contact s
of the 2DEG channel and develops towards the drain-con
side. Such a spatial evolution has been indeed observe
experiments for narrow Hall bars.10–12,22

If W is larger than a minimal lengthLB as in the presen
experiments, the breakdown of the QHE in the entire 2D
channel is necessarily preceded by the local breakdo
around the source contact. As the current increases, the
breakdown will evolve continuously to the complete brea
down in the entire 2DEG channel.

V. CONCLUSION

We have visualized spacial distribition of nonequilibriu
electrons excited in a 1.5 mm-wide Hall bar at different cu
rent levels by using the CE as a probe. As the current
creases, finite voltage drop occurs locally in a region ad
cent to the~electron injecting! source contact before th
QHE breaks down in the entire 2DEG channel. Strong
takes place coincidentally to the occurrence of finite volta
drop. Such a feature of the local breakdown of the QHE
not observed in the region adjacent to the drain contact.
ditional studies of device-width dependence show that
local breakdown of the QHE in the vicinity of the sourc
contact takes place only if the width of the Hall bar is suf
ciently large~typically larger than 200mm). All the experi-
mentally observed features have been reasonably interpr
by assuming that electron-hole pairs are generated in a
cading process due to strong polarization fields formed al
the interface between the metallic source contact and
2DEG.

A consistent scenario has been thereby derived for
local breakdown of the QHE. In any Hall bars, generation
electron-hole pairs can initiate at the electron entry cor
and it can develop along the boundary between the so
contact and the 2DEG. If the width of a given Hall bar,W, is
larger than the minimal distanceLB necessary for the cascad
ing process of electron-hole pair generation to sufficien
develop, appreciable population of electron-hole pairs
build up as the electrons drift along the boundary. As
current increases in such Hall bars, finite voltage dr
abruptly occurs when electron-hole pairs are excited al
the entire boundary. As the current increases further, the
gion of the local breakdown expands and continuou

f-
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evolves to the entire 2DEG channel. Thus the local bre
down in the vicinity of the source contact precedes the bre
down on the entire 2DEG channel. IfW is smaller than the
minimal length,LB , the situation is markedly different. Th
local breakdown should be absent at any current levels,
the cascadelike electron-hole pair excitation takes place
as the electrons traverse the Hall bar along the 2DEG ch
nel. The evolution of the breakdown is such that it initiat
on the source-contact side of the 2DEG channel and de
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ops along the length-wise direction towards the drain-con
side, as observed by experiments.10–12,22
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