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Quantum Hall devices have been investigated in the regime of the breakdown of dissipationless
current flow by means of a photoresistance imaging technique. It is possible to distinguish three stages
in development of the breakdown: (i) the initial rise of the longitudinal resistance due to a change with
the Hall electric field of the percolation threshold leading to electron backscattering between the edges;
(ii) at higher bias currents a strong response from the edges is observed in two-dimensional images, in
agreement with the edge-state model; (iii) on increasing the bias current further, electron heating effects

are seen to prevail.

1. INTRODUCTION

The integer quantum Hall effect (QHE) in a two-
dimensional (2D) electron gas in high magnetic fields has
been the subject of considerable interest for more than a
decade. The transport properties of a conventional long
Hall bar are characterized by the disappearance of longi-
tudinal resistance and corresponding quantization of the
transverse (Hall) resistance at filling factors close to in-
teger values.! The high precision of Hall voltage quanti-
zation means that such devices can form the basis of in-
ternational resistance standards. Improved precision of
the measurement can be achieved by passing higher
currents through the device. However, as the current is
increased a point is reached where the longitudinal resis-
tance breaks away from zero and the Hall resistance is no
longer accurately defined in terms of the fundamental
constants. This effect is known as the breakdown of the
quantum Hall state.

QHE breakdown in macroscopic samples has been in-
tensively studied (e.g., [Refs. 2—12) but up to now its
mechanism has not been identified unambiguously. A
number of mechanisms for the breakdown have been pro-
posed over the years. These include the following: (a)
Thermal instability, whereby the rate of gain of energy by
the electrons exceeds their ability to relax by transferring
energy to lattice modes.>> Heating of the electrons even-
tually lead to inter-Landau-level transitions; (b) Spon-
taneous emission of phonons when the electron drift ve-
locity exceeds the velocity of sound in the substrate ma-
terial;*> (c) Injection of nonequilibrium electrons from
the current contact;® (d) Quasielastic inter-Landau-level
scattering accompanied by acoustic-phonon emission at
large values of Hall field;'~® (e) Change of the mobility
threshold in the Hall electric field;'® (f) Interedge state
tunneling and backscattering;!! (g) Successive breakdown
of small localized inhomogeneous regions within the de-
vice!? due to any of the above processes. All of these pro-
cesses have their own particular spatial dependence:
Mechanism (a) would be expected to start near the
current entry and exit points and spread through the bulk
while (b), (d), and (e) are bulk effects. Mechanism (f)
would take place at the sample edges and show depen-
dence on magnetic field and current polarity and (g)
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could start anywhere within the sample depending on the
particular sample chosen. Theoretically estimated values
of the critical current for the breakdown are appreciably
higher than those observed in experiment. This fact is
usually attributed to sample inhomogeneity.

It is clear that a spatially sensitive probe would be able
to discriminate between these mechanisms. The position-
ing of the potential probes at various places around the
edge and within the device is one way to achieve spatial
resolution of the transport properties. However, one
must be very careful doing this because any process that
relies on a nonequilibrium population of edge channels,
for instance, will be affected by the probes which act as
reservoirs to equilibrate the distribution. In addition, dis-
turbance of the original potential fluctuations occurs.

The technique we describe in this paper uses a movable
optical probe to stimulate breakdown to a localized re-
gion of a conventional Hall device. The technique is non-
destructive and no special processing of the device is
needed, which means that it can be used to characterize a
sample prior to its use as a conventional Hall standard,
for example.

The aim of the present work is to investigate the break-
down mechanism of QHE and to find out the role of edge
currents in the breakdown regime.

II. EXPERIMENTAL TECHNIQUE

The experimental arrangement is shown in Fig. 1. The
sample is located in an optical access cryomagnetic sys-
tem at a temperature of 1.5 K and a magnetic field of up
to 7 T. The beam from a 0.5-mW He-Ne laser (A=633
nm) is chopped at a frequency of about 1 kHz using an
acousto-optic modulator and is focused to a spot about
20 um across on the top surface of the sample. A pair of
computer-controlled galvanometer mirrors allows posi-
tioning of the laser spot anywhere on the device. With a
constant bias current I applied to the device source-drain
contacts, a component of the longitudinal voltage in
phase with the beam modulation is picked up by the po-
tential probes. This signal is fed to the input of a lock-in
amplifier and then recorded by the computer as a func-
tion of the mirror positions, thereby creating a 2D image
of the strength of the photoresistance effect.’
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FIG. 1. The laser beam is chopped by an acousto-optic
modulator and positioned on the top of the sample using a pair
of galvanometer driven x-y mirrors under computer control. A
bias current is passed through the sample and the component of
the longitudinal voltage in phase with the beam modulation is
measured.

The sample is based on a GaAs/AlAs heterojunction
and is rather special in that the doping and the width of
the doped layer are small. As a result, the sample is free
from a parallel conducting channel, even under daylight
illumination. This is essential in an experiment where we
intend to observe the effect of illumination on the 2D-
layer resistance. Figure 2(a) shows the layer details and
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FIG. 2. (a) Cross section of the heterojunction and the band
diagram. 2D electrons are supplied by the Si § layer. The AlAs
band gap shown in the I'-valley conduction-band confining po-
tential. (b) Geometry of samples used in measurements. Experi-
mental results displayed in the following figures were obtained
using the potential probes indicated. Axes indicate the scanning
directions.
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the corresponding band diagram. Standard rectangular
Hall devices were defined by etching. They had active
areas 1.2 mm X100 ym and 2.4 mm X280 um, see Fig.
2(b). The values of 2D electron density were about
4.2X 10" m~2 under illumination and the mobility ~ 100
m?V~'s™! Figure 3 shows the longitudinal resistance as
a function of magnetic field with the sample in daylight.
The absence of any parallel conduction is clearly evident
and the illumination gives rise to only a slight increase in
2D electron-gas areal density. This increase in density is
saturated within a short period of illumination and is per-
sistent after switching off the illumination. In the
remainder of the paper, we consider the dynamic effect of
laser illumination on the electrical resistance of the sam-
ple.

Radiation from the He-Ne laser (photon energy
hv=1.96 eV), incident on the top of the device,
penetrates the AlAs (hv is less than the X and I valley
bandgaps) and is absorbed by the GaAs (band gap =1.6
eV) creating electron-hole pairs to a depth of about 1 um.
A proportion of the electrons find their way into the 2D
layer increasing the local areal density slightly. Knowing
the laser power incident on the sample, P, ~2 uW, and
the electron-hole recombination time 7 it is possible to es-
timate the local increase in electron density AN,. Time-
resolved photoluminescence measurements'* give the
electron-hole recombination time in the bulk of GaAs
7~1 ns, which yields AN, ~2X 10"'m~2 and represents
an increase of the order of 1%.

A secondary effect of absorption of the laser light is a
slight warming of the region being probed. Equating the

Photoresistance
oscillations

B (M

FIG. 3. Magnetic-field dependence of the resistances R,, and
R,, on the wide sample at bias current of 1 uA. The sample
was in daylight. An example of photoresistance oscillations
SR, (B) at bias current of 100 uA when the light spot is near
the sample edge is also shown.
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rate of energy input to the region probed with the rate of
energy loss by thermal conduction of the surrounding
areas, we estimate the increase in temperature to be ~ 10
mK at T=1.5 K, which is negligible. Hence, in the ab-
sence of parallel conduction and any significant heating
effects, the effect of the optical excitation is to cause a
small (~19%) increase in the areal density of the 2D elec-
tron gas and a corresponding increase in the local Fermi
level.

Macroscopic inhomogeneity of the samples is always a
big problem in transport measurements. This can be
roughly estimated by using different pairs of potential
probes. To check the homogeneity of the samples, we
employed our space-resolved technique which is far more
sensitive in determining the quality of the sample.

III. RESULTS

In the experiment described here we worked at an in-
teger filling factor v=4 where the resistance R,, mea-
sured in the linear regime displays a rather wide
minimum (Fig. 3). The variation of the resistance R,,
with source-drain current I is shown in Fig. 4 for two
samples having different widths. The dependence of the
resistance on current / is qualitatively similar for all sam-
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FIG. 4. Breakdown curves for the narrow and wide samples.
The values of R, (I) are averaged at two current directions.
These were slightly dependent on magnetic-field and current po-
larity, however the reversal of magnetic-field or current direc-
tion did not influence the characteristic shape of the breakdown
curve. Arrows A and B roughly indicate boundary currents at
which the behavior of the breakdown curve changes.

ples used. One can distinguish three characteristic ranges
of current on the experimental curves: (i) a quite sudden
onset of breakdown indicated by the longitudinal resis-
tance departing from zero; (ii) the rate of increase of R,,
with current slows; (iii) at much higher currents the in-
crease speeds up again. The arrows in Fig. 4 roughly
mark the boundaries between these ranges. We will see
below that the experimental images are also qualitatively
different in the three regions in question.

A sequence of images taken on the narrow and wide
samples are shown in Figs. 5 and 6, respectively. A light
area in the image indicates an increase of the longitudinal
resistance as a result of illumination. In the low-current
region one can see the strong response from an area
within the bulk of the device; the extent of this area in-
creases as the current is raised. At currents correspond-
ing to a region on the breakdown curve R,,(I) around
the maximum slope, the active area occupies the whole
sample. Reversal of current or magnetic-field direction
was found to have a weak effect on the responsive area.
This weak effect is less noticeable in the case of the wider,
less homogeneous sample (Fig. 6).

As the current is increased beyond the knee in the
breakdown curve, the curve of the images changes. We
see that the two edges respond: illumination at one edge
gives rise to an increase in resistance while that at the
other edge triggers a decrease in resistance. Interestingly,
the polarity of the responses reverses with changing ei-
ther the magnetic-field or current directions, as shown for
the wider sample in Fig. 7, but illumination at the edge
with higher electron potential always results in increasing
resistance R,,. The resistance decreases when the edge
with lower electron potential is illuminated. The distance
across a sample between lines corresponding to maximum
(positive and negative) changes in the longitudinal resis-
tance is less than the sample width due to a finite-length
scale of the confining potential at the edges, as was con-
sidered in Ref. 13. These effects are more pronounced in
the case of the narrow, more homogeneous, sample.

In this region of the breakdown curve, and also in the
low-current region, the sample responds when the light
spot is between the potential probes used. The form of
the images is independent of which pair of potential
probes was chosen to measure R .

Further increase of the bias current leads to the disap-
pearance of the edge effect in the narrow sample. An
area corresponding to the decrease in the longitudinal
resistance spreads out across the sample and becomes
dominant (Fig. 5). The influence of magnetic-field and
current directions on the images diminishes as well. The
light regions of the image near the source and drain con-
tacts are presumably a contact effect. It was not possible
to achieve a sufficiently high current to observe the disap-
pearance of the edge effect in the wide sample.

It is clear that the behavior of the images is consider-
ably different in the different regions of the breakdown
curve. In the low-current and high-current regions we
see a response from the bulk of the sample that is not
drastically influenced by the change of current or
magnetic-field polarity. In the intermediate region of bias
currents the dominant response comes from the edges.
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The polarity of variation in the longitudinal resistance is
opposite when illuminating the opposite edges and
changes upon reversal of either magnetic-field or current
direction.

When the magnetic field is swept with the light spot at
a fixed point on the sample surface we observe photoresis-
tance oscillations similar to Shubnikov-de-Haas oscilla-
tions. An example of the photoresistance oscillations is
shown in Fig. 3. Since such oscillations probe a local
electron density in the sample, these enable us to estimate
a change in the electron density caused by the bias
current.’® For example, for the wide sample the change
of N, at the edge was about 8% at a current I =400 uA
and a filling factor v=4.

We note that the two boundary currents between the
three ranges (see arrows in Fig. 4) roughly correspond to
those at which at first Shubnikov—-de-Haas (arrow A) and
then photoresistance (arrow B) oscillations vanish with
raising the bias current through a sample.

30pA

1IV. DISCUSSION

We will start by considering the range of currents in
which the edge effect is observed. As was shown in Ref.
13 the scale of potential-well bending at the edge is about
20 pm in our samples. Therefore, one can assume'® that
Landau levels behave at the edge as shown in Fig. 8. The
measured longitudinal resistance should be sensitive to
inter-Landau-level transitions that occur more easily at
the edges due to the bending of Landau levels. Hence,
one can expect the edge effects to be seen in the images.

We can interpret the origin of the edge effect at integer
filling factors as follows: As long as the QHE breakdown
has already started, there is the backscattering of elec-
trons between the opposite edge channels. At sufficiently
low bias currents the corresponding transverse current
between edges (henceforth called the backscattering
current) flows at the Fermi level, as will be discussed
below. In accordance with the current continuity condi-

FIG. 5. A set of experimental
images taken on the narrow
(100-um wide) sample at the in-
dicated bias-current direction
and size. The magnetic field of
4.6 T is directed into the plane
of the diagram. White and black
regions correspond, respectively,
to an increase and decrease in
R,,; the zero level can be judged
by looking at the shade at a posi-
tion well outside the etched re-
gion. The images were taken at
a resolution of 20 um (five points
across the width of the etched
area). Sample contours with po-
tential probes are also shown. It
is noticeable that the presence of
potential probes, even unused
ones, can distort the image in
the immediate vicinity.
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tion this backscattering current has to be compensated
for by the motion of electrons in the lower Landau levels
similar to the case of the filling factor close to half-
integer.!” The electron flow in lower Landau levels causes
a potential drop along the sample which is associated
with the longitudinal resistance R .

Let us now consider the effect of illumination. As was
mentioned above, the photoexcited electrons enter the
empty states of Landau levels and then recombine with
holes. However, a photoexcited hole can also recombine
with an electron in a lower fully occupied Landau level.
As a result, this recombination effectively corresponds to
the excitation of an electron from the lower to upper
Landau level which can be described as the creation of a
quasi-electron-hole pair in the two Landau levels (Fig. 8).
Cyclotron-frequency radiation produces exactly the same
effect. Hence, we can use the analogy with a p-n diode il-
lumination by interband light and conclude that a photo-
current should appear as a result of the illumination of a

10pA 30pA

“depletion” region between any two adjacent Landau lev-
els, e.g., the upper ones as shown in Fig. 8. Its direction
corresponds to electron flow from the edge to bulk of the
2D electron gas irrespective of the edge under illumina-
tion.

If the laser spot is at the edge with higher electron po-
tential, the direction of the photocurrent coincides with
that of the backscattering current considered above. This
additional current will be compensated for by the elec-
tron flow in lower Landau levels, which results in increas-
ing the longitudinal resistance. Obviously, the effect
changes its sign at the other edge. The polarity of the
bias current and of the magnetic field determines at
which edge the electron potential is higher or lower.
Hence, the edge effect in the images is in complete agree-
ment with the edge-state model.!®!” [A weak effect at the
edge observed on the narrow sample at rather low bias
currents (Fig. 5) implies the coexistence of responses from
the edge and bulk.]

FIG. 6. Set of experimental
images corresponding to the in-
dicated current direction and
size taken on the wide (250 pm)
sample. The magnetic field of
4.3 T is directed into the plane
of the diagram. The other con-
ditions are the same as for Fig.
5.
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FIG. 7. Set of images corresponding to the four permutations
of magnetic-field and current direction taken using the wide
sample (] =200 uA, B=4.3 T, and resolution 50 um). An in-
crease in the longitudinal resistance (white) occurs when the
light falls on the high potential edge of the sample.

As the bias current is increased, a larger part of elec-
tron backscattering current flows above the Fermi level
through the upper Landau level. In other words, elec-
trons are backscattered by diffusing through the upper
Landau level and tunneling between quantum levels at
the edges in a similar way to the case of filling factor
close to half-integer.'?

E(y)

y

FIG. 8. Sketch of Landau levels at the sample edges in the
case of a smooth confining potential. The Fermi level is in the
energy gap. As a result of illumination quasi-electron-hole pairs
are created on the Landau levels. When illuminating the region
near the edge where there is a gradient of electron energy the
photoexcited electrons enter the bulk of the 2D layer, as shown.

By further increasing the bias current the tunnel resis-
tance drops, becoming small compared with resistance to
the electron flow through the upper Landau level in the
bulk. At these high currents, Landau levels are no longer
decoupled and the edge effect disappears. Simultaneous-
ly, the heating of electrons increases and becomes a dom-
inant process in the high-current region of the breakdown
curve. As long as at these currents Shubnikov-de-Haas
and photoresistance oscillations are not observable, the
effect of illumination should be an increase of conductivi-
ty and consequently a decrease of the measured resistance
(see Fig. 5). The onset of this latter behavior appears to
scale approximately with the sample width which might
be expected in the regime of uniform current distribution.

Finally let us consider the low-current region of the
breakdown curve. It seems evident that the origin for
QHE breakdown is the backscattering between opposite
edge channels and, vice versa, the absence of backscatter-
ing in a finite region of filling factors leads to the QHE.
(We do not consider the trivial case of an ideal 2D system
without scattering.) So, the question is: how does back-
scattering occur?

We believe the heating effects can be excluded because,
first, at low currents energy losses are very small and,
second, heating effects are not seen in the intermediate-
current region, as otherwise they would destroy the edge
effect. In this range of currents the Hall potential drops
and a change of chemical potential are too small to cause
electron transitions from edge channels to the upper Lan-
dau level.

To explain the behavior of the breakdown curve and
the experimental images, we have to conclude that the
backscattering current flows at the Fermi level in a per-
colation picture due to random potential and follow the
approach!®2° developed in Ref. 10.

According to Ref. 10, the energy of the percolation
threshold depends on the Hall electric field: the number
of delocalized states in the Landau level grows with elec-
tric field. One can expect that the percolation threshold
approaches the Fermi level when increasing bias current,
which results in the appearance of the backscattering
current and the QHE breakdown. In this case, a depen-
dence of the backscattering current on the Hall potential
difference should be strongly nonlinear. In a macroscop-
ic sample, direct tunneling between edges of the sample is
impossible; however, microscopic tunneling processes
play an important role in formulating a quantum-
percolation picture. In the presence of tunneling it is
possible to observe hysteresis phenomena and sharp
structures on the breakdown curve.?"?? Indeed, we note
that we observed some peculiarities on the breakdown
curves for our samples. In particular, exact values of the
longitudinal resistance changed slightly at the reversal of
magnetic-field or bias-current direction. However, this
did not affect the characteristic behavior of the break-
down curve that we discuss.

From the above considerations it follows that illumina-
tion will promote electron tunneling. Since the laser spot
is large compared to the range of random-potential fluc-
tuations, the effect of illumination will be an increase of
local conduction, which results in an increase of the
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backscattering current and the measured resistance.

As the bias current is increased further, the growth of
backscattering current weakens. The bulk of a sample
becomes less sensitive to illumination, which is accom-
panied by the growing edge effect (Figs. 5 and 6). Prob-
ably this behavior points out the importance of the
screening effects of random potential.'®

We note that the transient regions between quantum-
Hall plateaus can also be treated as a result of the break-
down of the QHE. In this case, the backscattering
current flows through the partially filled Landau level, as
has been considered above. Whenever the electron tran-
sitions between Landau levels at the sample edges are
suppressed, the backscattering current will decrease.
This means that there is no fundamental difference be-
tween the “bulk” QHE and the so-called ‘“anomalous”
QHE discussed, e.g., in Ref. 16.

V. CONCLUSION

We have carried out spatially resolved measurements
in the regime of QHE breakdown. The 2D images enable
us to distinguish three characteristic stages of the break-
down that are consistent with the behavior of the break-

down curve R, (I). First, the initial rise on the break-
down curve corresponds to a dominant response from the
bulk of 2D layer: an increase of the resistance is observed
in the images. Second, the growth of R,, with increasing
bias current slows and the edge effect appears in the im-
ages. The sign of the change in the resistance is opposite
when illuminating opposite edges and is determined by
the directions of current and magnetic field. Third, at
high currents electron heating effects prevail. The rise of
R, with increasing current speeds up again and the im-
ages indicate a decrease in the resistance under illumina-
tion. The experimental results enable us to identify the
change of the percolation threshold in the Hall electric
field leading to electron backscattering between the edges
as the breakdown mechanism of QHE and to check the
validity of the edge-state model.
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FIG. 5. A set of experimental
images taken on the narrow
(100-um wide) sample at the in-
dicated bias-current direction
and size. The magnetic field of
4.6 T is directed into the plane
of the diagram. White and black
regions correspond, respectively,
to an increase and decrease in
R,,; the zero level can be judged
by looking at the shade at a posi-
tion well outside the etched re-
gion. The images were taken at
a resolution of 20 um (five points
across the width of the etched
area). Sample contours with po-
tential probes are also shown. It
is noticeable that the presence of
potential probes, even unused
ones, can distort the image in
the immediate vicinity.
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FIG. 6. Set of experimental
images corresponding to the in-
dicated current direction and
size taken on the wide (250 pm)
sample. The magnetic field of
4.3 T is directed into the plane
of the diagram. The other con-
ditions are the same as for Fig.
5



FIG. 7. Set of images corresponding to the four permutations
of magnetic-field and current direction taken using the wide
sample (] =200 uA, B=4.3 T, and resolution 50 pm). An in-
crease in the longitudinal resistance (white) occurs when the
light falls on the high potential edge of the sample.



