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Evidence of Nonlocal Breakdown of the Integer Quantum Hall Effect
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Current induced breakdown of the integer quantum Hall effect (QHE) is studied in GaAsyAlGaAs
single heterostructure Hall bars atT  1.6–4.2 K and B  2–6 T (n  2, 4, and 6). The QHE
breakdown is absent over a macroscopic region in the two-dimensional electron gas channel on the side
of the electron-injecting corner of the Hall bars. The observed nonlocal nature suggests that bootstrap-
type electron heating is relevant to the QHE breakdown. [S0031-9007(96)00600-X]

PACS numbers: 73.40.Hm, 72.20.Ht, 72.20.My
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Integer quantum Hall effects (QHE) are remarkable p
nomena of two-dimensional electron gas (2DEG) syste
in which the longitudinal resistanceRx vanishes while the
Hall resistanceRH is quantized to integer multiples ofhye2

[1,2]. The longitudinal resistanceRx abruptly increases
to destroy the dissipationless QHE states when the cur
passing through a device exceeds a critical value [3,4].
though a variety of characteristics of the QHE breakdo
have been revealed by a number of experiments [5–
the mechanism of the breakdown has not yet been f
understood.

At present, two different categories of the QHE brea
down are experimentally distinguished for 2DEG syste
in GaAsyAlGaAs heterostructures. In one category, t
critical current Ic scales linearly with the device widt
W , readily exceeding10 mA whenW . 20 mm [13]. In
the other categoryIc scales sublinearly withW , not ex-
ceeding10 mA even for wider devices ofW . 100 mm
[11]. The distinction does not appear to rigidly relate
the 2DEG mobility [16], but may possibly reflect wafe
specific electron-density fluctuations [15]. In this Lette
we focus our attention mainly on the first category of t
QHE breakdown, and report novel characteristics us
Hall-bar devices with voltage probes placed asymme
cally with respect to the current contacts. We find th
even when a current exceedingIc is passed through a Hall
bar device, the longitudinal voltageVx along the 2DEG
channel is small, or remains practically vanishing, in a
gion close to an electron-injecting corner of the device,
grows to exhibit well-defined breakdown characteristics
the distance from the electron-injecting corner increas
The relevant characteristic length reaches as large valu
100 mm in high-mobility samples. The experimental da
indicate that this macroscopic nonlocality is an intrins
nature of the QHE breakdown at least of the first catego
and strongly restricts possible relevant mechanisms of
QHE breakdown. We will suggest that the nonlocal n
ture reported here supports an earlier proposed mode
the bootstrap-type electron heating (BSEH) [5,6].
0031-9007y96y77(3)y558(4)$10.00
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Samples were fabricated from two wafers of mod
lation doped Al0.3Ga0.7AsyGaAs single heterostructures
which have proved in the previous work to give rise to t
first category of breakdown [16,17], in whichIc linearly
scales withW. The 4.2k mobility of 2DEG, mH , and the
2DEG sheet densityns are mH  80 m2yV s and ns 
2.6 3 1015ym2 in one wafer (here-after designated a
wafer 1) andmH  10 m2yV s andns  5.2 3 1015ym2

in the other wafer (designated as wafer 2). Samples w
defined photolithographically and patterned into Hall ba
through wet etching as shown in Figs. 1(a) and 1(
The 2DEG channel is widened to form 2DEG pad r
gions at the opposite ends, to which Ohmic current co
tacts are attached. Several pairs of voltage probes
placed nonequidistantly along the 2DEG channel. T
lithographical width of each voltage-probe arm is2 mm

FIG. 1. Hall bars used. The dimensions are given by numb
in units of mm.
© 1996 The American Physical Society
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FIG. 2. Longitudinal voltagesV65 andV12 vs I. The polarities
of magnetic fields6Bd are indicated in Fig. 1.

in all the devices. Ohmic contacts are prepared by al
ing with AuyGe at 430±C.

The data in Fig. 2 are taken from a sample patter
from wafer 1 into the shape and the dimensions gi
in Fig. 1(a) with a lithographic channel width ofW 
3.0 mm. The voltage probes are numbered in the le
side inset of the upper panel. The upper panel sh
the longitudinal voltageV65 between the voltage probe
6 and 5 at T  4.2 K by the values normalized b
the interprobe distanceLV  7 mm as a function of
current I passing through the 2DEG channel for t
opposite current polarities. The magnetic fieldB  5.5 T
corresponds to the center of the Landau level fill
factor of n  2. The voltage V65 sharply increases
at a critical current of aboutIc  3 mA to exhibit
well-defined breakdown characteristics when the cur
polarity is such that electrons are injected from the con
at the right end as indicated by the right-side inset
Fig. 2(a). However, the increase inV65 is dramatically
suppressed, and any discernible sign of the breakd
disappears for the opposite polarity of current in wh
electrons are injected from the closer contact at the
end. Throughout this paper, we define the currentI as
positive when electrons are injected from the cont
at the right end and as negative when injected fr
the contact at the left end. This marked asymme
is substantially independent of the polarity of magne
field as shown by the solid and the dotted lines [1
[The polarities meant by6B are indicated in Fig. 1(a).
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The lower panel of Fig. 2 indicates that this marke
asymmetry is kept unchanged when the voltage probes
interchanged with probes 1 and 2, placed on the oppos
side of the 2DEG channel.

The fact that the marked asymmetry is substantia
independent of the magnetic field polarity and the side
the 2DEG channel on which the voltage is studied indica
that (i) edge states are irrelevant and (ii) inhomogeneit
of the 2DEG in the device are also irrelevant to th
observed current-polarity dependence.

The remarkable current-polarity dependence is noted
well in the Hall resistance. The top panels of Figs. 3(
and 3(b) compare the Hall resistancesRH  V61yI stud-
ied at 4.2 K in the opposite polarities ofI in the sweep of
magnetic field. The magnetic fields are positives1Bd.
The bottom panels compare the longitudinal voltag
jV65j. The quantized Hall-resistance plateaus and the
gions of zero-longitudinal voltages in the Shubnikov–d
Hass (SdH) oscillations completely vanish whenI ex-
ceeds3 mA in the positive polarity as shown in Figs. 3(a)
However, Figs. 3(b) demonstrate that the quantized Ha
resistance plateaus as well as the distinct minima in t
SdH oscillations are retained even whenjIj exceeds3 mA
in the negative polarity. Additional experiments con
firmed that these features are, again, unaffected by
reversal of magnetic fields.

We have simultaneously studied longitudinal voltage
in a longer 2DEG channel region further away from th
junction corner by using probe pairs of (5,4) and (2,3
The top and bottom panels of Fig. 4 show, respective
the voltagesV54 and V23 with the values normalized by
the interprobe distanceLV  193 mm against6I. The
voltages V54 and V23 start increasing with increasing
I beyond about3 mA for both polarities of current.
However, the increase is distinctly smoother for th
negative polarity ofI. This current polarity dependence

FIG. 3. Hall resistanceRH  V61yI (upper panels) and lon-
gitudinal voltagesV65 (lower panels), against magnetic field
for (a) the positive and (b) the negative polarities of cu
rent. T  4.2 K, and the magnetic fields are positives1Bd.
I  1s2d, 3s2 ? ?2d, 3.5s2 2 2d, 5s? ? ?d, 7s2 ? 2d, and
9 mAs2 3 2d.
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FIG. 4. Longitudinal voltagesV54 (upper panel) andV23
(lower panel) vs6I.

is, again, substantially independent of the reversal
magnetic field or the interchange of the voltage prob
Furthermore, even for the positive polarity ofI, the feature
of the transition from the QHE regime to the breakdow
regime represented by the curves ofV54 or V23 versusI
is smoother, when compared to the step-wise transi
exhibited by V65 or V12 in Fig. 2. These observation
strongly suggest that a surprisingly large distanceLB, in
excess of130 mm, is necessary, when measured from
electron injecting corner, for the QHE breakdown to fu
develop in the 2DEG channel.

The data described above are taken from a relatively
row Hall bar. To examine whether the observed char
teristics are device-width specific, we have fabricated fr
wafer 1 wider samples withW  20 mm, which have the
shape and the dimensions shown in Fig. 1(b). Figur
displays longitudinal voltagesV43 and V21 with the val-
ues normalized by the interprobe distanceLV  12 mm
as a function of6I for the magnetic fieldB corresponding
to n  2. The voltage probes, 1–4, used for the me
surements are marked in the insets of the figure. For
positive polarity ofI, the voltageV43 exhibits well-defined
breakdown characteristics while they are not clearly d
cerned in the other voltageV21 [19]. These features are re
versed for the negative polarity ofI. We have confirmed in
additional experiments that these characteristics are a
independent of the polarity ofB and the side of the 2DEG
channel on which the voltage probes are attached.

In all the devices, similar characteristics were a
observed at lower magnetic fields corresponding to
filling factors of n  4 and 6, where the characterist
lengthsLB of the QHE breakdown were found to redu
to the order ofLB , 20 mm for n  4 and less than
560
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FIG. 5. Longitudinal voltagesV43 andV21 in the 20 mm wide
Hall bar, as a function of6I.

10 mm for n  6. We have also studied temperature
dependence and found that the current-polarity depend
characteristics of the QHE breakdown, including the siz
of the characteristic lengthsLB, do not strongly depend on
theT in the range between 4.2 and 1.6 K.

To study sample dependence, we have fabricat
2.4 mm wide Hall bars with the shape and the dimension
shown in Fig. 1(b) from wafer 2. These lower-mobility
devices also showed similar and systematic curren
polarity dependence as described above. The size ofLB,
however, was found to be distinctly smaller, such tha
LB , 10 mm atB  5.4 T sn  4d.

The present observations are completely consistent w
our previous reports on the device-length dependence
the QHE breakdown [16,17] and may explain the earlie
report by Blieket al. that the QHE breakdown does no
occur in a short constricted 2DEG channel at an expect
current level [8]. Moreover, the present experimen
further reveal that the QHE breakdown is not occurin
in a 2DEG channel region near the electron injectin
corner of the device but develops as the injected electro
travel over a macroscopic distance. It is highly probab
that this remarkable current-polarity dependent nonloc
nature is intrinsic to the QHE breakdown, at least of th
first category.

The total Hall voltageVH , or the averaged Hall elec-
tric field jEH j ; jVH jyW  shyne2djI jyW , in the 2DEG
channel is independent of the current polarity. The prese
experiments, therefore, directly indicate that, in the QH
breakdown, longitudinal conductivitysxxsrd abruptly in-
creases not by being locally affected by the Hall elec
tric filed EH srd. Thus is may not be easy to explain the
breakdown by assuming microscopic mechanisms, e.g.,
Zener-type tunneling of electrons to higher Landau leve
[20–22], through whichEHsrd directly affectssxxsrd.

On this basis, we suggest that the BSEH [5,6,23]
a probable mechanism. The model assumes thatEH srd
in the experimental condition is so small as to caus
no appreciable influence onsxxsrd even in a range of
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FIG. 6. (a) Cold electron injection into a 2DEG channe
(arrows with dotted lines), and avalanche-type multiplicatio
of excited electrons and holes (arrows with solid lines). (b) A
exponential increase ofTe, followed by a saturation.

Ic. Instead, the model takes into account the fact th
sxxsrd should sensitively depend on the fashion of ho
the electrons are distributed among Landau levels. T
electron distribution may be most simply characterized
an effective electron temperatureTesrd.

Suppose that cold electronssTe , 0d are injected from
the wide 2DEG pad region into the narrow 2DEG chann
as shown in Fig. 6(a). SinceTe , 0, both the rate of
energy gainsxxsTedE2

H and the rate of energy lossLsTed
are vanishingly small, and the energy-balance equat
sxxsTedE2

H  LsTed can be satisfied in the 2DEG channe
However, this (nearly) dissipationless state can be unsta
if the stability conditionµ

≠sxx

≠Te

∂
E2

H ,

µ
≠L
≠Te

∂
(1)

is violated atTe , 0 by the finite size ofEH .
If so, no matter how small the energy gain rate i

infinitesimal fluctuations in the electron distribution wil
start developing to elevateTe during the travel of electrons
along the 2DEG channel. The process lasts until a n
stable steady state with a higherTe is reaches, at which
stability condition (1) is recovered. This transition i
not assisted directly byEHsrd but occurs in the form of
an avalanche-type inter-Landau-level excitation of carrie
through Auger-type processes as schematically shown
the arrows with solid lines in Fig. 6(a) [16]. So th
transition may be slow in time domain, and electrons m
have to travel a macroscopic distance in space bef
the new stable state is reached to exhibit well-defin
breakdown characteristics, as shown in Fig. 6(b)].

In summary, we discovered a remarkable, curre
polarity dependent, nonlocal nature of the QHE brea
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down. We suggested bootstrap-type electron heating
the relevant mechanism of te QHE breakdown.
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