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Voltage-probe-controlled breakdown of the quantum Hall effect
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We have observed that the breakdown of the quantum Hall effect in a narrow channel at
high current densities can be controlled by adjusting the transmission probabilities of voltage
probes at the high electrochemical-potential edge of the channel, even though contacts outside
the channel are used for the measurement. We find that breakdown occurs predominantly by
backscattering within the uppermost occupied Landau level.

Our understanding of the quantum Hall effect has
gained considerably äs a result of the use of quan-
tum point contacts1 in the study of this phenomenon.
The point contacts can selectively populate and de-
tect the quasi-one-dimensional edge channels involved
in the electron transport2 in a two-dimensional elec-
tron gas (2DEG) at high magnetic fields. The first ex-
periments of this type involved what is now called the
anomalous integer quantum Hall effect, in which the ab-
sence of scattering between the edge channels on the
same edge was demonstrated on both microscopic3 and
macroscopic4'5 length scales. In addition, similar exper-
iments on the longitudinal resistance6 have provided ev-
idence that backscattering, manifested by Shubnikov-de
Haas oscillations, occurs predominantly within the high-
est occupied Landau level. These, and other,1 phenom-
ena observed in the linear-response regime of vanishingly
small current can be well understood on the basis of
Büttiker's model of the quantum Hall effect,2 which ex-
presses the longitudinal and Hall conductance in terms of
transmission probabilities for edge channels at the Fermi
level.

The breakdown of the quanlum Hall effect at high cur-
rent densities (the regime of nonlinear response) is con-
siderably less well understood. Experimentally,7'8 the
breakdown is usually studied in a narrow (~ l μηι) chan-
nel or constriction. In such structures large Hall fields
can be generated at moderate current levels (~ 0.1-1
μ Α). Several mechanisms have been proposed (cf. Ref.
9 and references therein), but the Interpretation of the
experiments is not unambiguous. We report results of
an experimental study of the breakdown of the quantum
Hall effect in a novel geometry, i.e., a narrow channel
fitted with adjustable point contact voltage probes. We
use the voltage probes to adjust the equilibraiion of the
highest occupied Landau level with the lower levels.10

Our data provide evidence that breakdown occurs pre-
dominantly through selective backscattering of electrons
in the highest Landau level.

Figure l gives a layout of the structure used in this
work. The sample is fabricated from a high mobility
(Al,Ga)As heterojunction wafer containing a 2DEG with
a sheet electron concentration ns = 3.47 χ ΙΟ11 cm~2 and
a mobility μ = 1.4 χ ΙΟ6 cm 2 /Vs. In the figure, crosses
indicate Ohmic contacts to the 2DEG; the hatched areas
are split gates that are used to electrostatically define a
channel of width Wch = 4 μιη and length Lch = 18 μιη.
Two opposite pairs of quantum point contacts are de-
fined on the top ( ί ι and t%) and bottom (6j and 62) edge
of the channel, with a Separation of 3 μττι between ad-
jacent point contacts. The gate voltages are adjusted
such that adjacent point contacts have equal resistance
(Rtl = Ä<2 = Rt and Ri>1 = RI,,, = Rb). We present
results obtained for a sample temperature of 1.65 K, and
a fixed magnetic field B = 3.45 T, corresponding to a
filling factor v — nsh/1eB = 2.0 in the narrow chan-
nel. (Because of electrostatic depletion, ns in the chan-
nel is somewhat smaller than in the bulk 2DEG, where
v = 2.08 at 3.45 T.) A current / is passed through the
channel from Ohmic contact l to 6. With the magnetic
field direction äs indicated in the figure, and for positive
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FIG. 1. Layout of the Hall bar (not to scale), containing a
narrow channel (of width 4 μιη and length 18 μιη) with point
contact voltage probes (3 μιη apart). Positive current flows
from Ohmic contact l to 6.
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currents, the top edge of the channel has the highest elec-
trochemical potential for electrons (i e , it is chaiged neg-
atively) The differential resistance between Ohmic con
tacts ι and ], R^j = dVtJ/dI, with Vz] Ξ Vt — Vj, is mea-
sured usmg a low-frequency lock-m technique Diffeien-
tial resistance data have been obtamed for four different
sets of values of the pomt contact resistances Rt and Rb
These sets coirespond to different numbers (Nt,Nf,) of
spm-degenerate edge channels that are fully transmitted
through the pomt contacts on either side of the channel
(note that RH = /i/2e2_/V< t) The configurations used
are (Nt,Nb)= (2,2), (1,2), (2,1), and (1,1)

In Fig 2 we show the current dependence of the longi-
tudmal differential resistance of the channel (#25), mea-
sured with voltage probes adjacent to the channel Con-
tacts 2 and 5 are ideal voltage probes m that they equally
populate all available edge channels 2 The data m this
figure reveal a pronounced mfluence of the adjustment
of the pomt contacts at the channel boundaries on the
observed Hall breakdown chaiactenstics For the set
(Nt,Nt)= (2,2) (solid curve) the bieakdown occuis at
a relatively small cunent, whereas for (Nt,Ni,)= (1,1)
(dash-dotted curve) considerably larger currents are re-
quired to obtain breakdown In both cases, R%5 is sym-
metric m 7, at least at relatively small cuirent levels
In contrast, the breakdown curves for the rnixed sets
(Nt,Nt)= (1,2) (dashed curve) and (2,1) (dotted cuive)
are asymmetnc Moreover, these latter cuives coincide
with paits of those obtamed for equal pomt contacts
[(2,2) and (1,1)] in a specific manner This comcidence
occurs whenever the pomt contacts at the high-poteniial
edge have been adjusted similarly (a condition which de-
pends on the current direction) Only ihe adjustment of

the voltage probes on the high-potential edge mfluences
the breakdown characterisiics Since the onset of break-
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FIG 2 Longitudmal differential resistance Ä25 vs current
/ for four different configurations of the pomt contact voltage
probes (Nt,Nb)- (2,2) (solid curve), (1,2) (dashed curve),
(2,1) (dotted curve), and (1,1) (dash-dotted curve)

down occurs at smaller currents when the probes trans-
mit both edge channels, we can conclude that the break-
down is enhanced by probe-mduced equihbration between
the higher and the lower edge channels, but only when
this eqmlibration occurs at the high-potential edge

More detailed Information on the mfluence of the pomt
contact resistance on the breakdown charactenstics can
be obtamed from Fig 3, where we show the dependence
of Ä25 on the gate voltage V^ate,t used to define pomt
contacts t\ and <2, for vanous values of the current, and
for 7V;, = l For companson, the upper panel shows the
gate-voltage dependence of the two-termmal resistance
Rt of pomt contacts t\ and ti For negative currents
(thin hnes m the breakdown curves), the bottom edge
is at the highest electrochemical potential The data m
Fig 3 show clearly that in this case the breakdown Signal
does not depend on the top gate voltage V^ate t (except
for Vgate t between 0 and —0 5 V, where the channel is
not well defined) For positive currents, the top edge is
at the highest potential, and R^ does depend strongly
on Vgate.t The breakdown is enhanced when Nt= 2 (coi-
responding to Rt ~ 6 kß) For more negative gate volt-
ages (Nt < 2) the bieakdown resistance Ä25 decreases,
eventually reachmg the value found for negative currents
These data confirm our conclusions that only the adjust-
ment of the pomt contacts on the high-potential edge is of
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FIG 3 (a) Resistance Rt of pomt contacts i\ and f2 äs a
function of gate voltage (b) Dependence of the longitudinal
differential resistance Ä2s on the top gate voltage Kgaie t used
to define pomt contacts <j and t2 Data are shown for three
current levels, and for both cuirent directions, thick curves
refer to positive, thmner curves to negative currents In all
cases Nb= l
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importance, and that enhanced breakdown occurs when
both edge channels are transmitted through these point
contacts.

Figure 4 summarizes our experiments on the three-
terminal differential resistance 7?i3 = dVis/dl, measured
using a quantum point contact at the top edge of the
channel (3) äs one voltage probe, and one of the cur-
rent contacts (1) äs the other. The data shown m this
figure exhibit (a)symmetries similar to those m Fig. 2
However, in contrast to Fig. 2, in this case we do ob-
serve a strong effect on the breakdown data of the ad-
justment of the point contact at the top edge (i.e , of Nt)
when it is at the lowest electrochemical potential (nega-
tive 7): when the highest occupied edge channel is not
transmitted (Nt — 1), Ä13 is, at small negative 7, much
larger than for Nt = 2 This effect arises because con-
tact 3 is not an ideal voltage probe, its potential being
determined by the transmission of pomt contact ίχ (cf.
the experiments on the anomalous integer quantum Hall
effect3"5). Our data imply that, under breakdown con-
ditions, the edge channels with quantum number n > 2
at the low-potential edge are not in equilibrium with the
lowest (n = 1) edge channel.11 This is direct evidence
of selectzve backscattering in the highest occupied Lan-
dau levels, reminiscent of the selectivity causing6'12 the
Shubnikov-de Haas oscillations in the linear regime. On
further increasing the negative current in the channel,
the anomalously large value of R\z suddenly drops to
the value measured for Ntl ~ 2. Since the Hall volt-
age is too small to substantially affect the resistance of
point contact f i , our observation implies that for these
current levels the edge channels at the low-potential edge
equilibrate on distances short compared to the channel
length. A breakdown of adiabatic transport at large cur-
rent densities was also reported by Komiyama ei al.,4 and
was attributed to the large difference in electrochemical
potential between two adjacent edge channels.13
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FIG. 4. Three-terminal differential resistance AIS vs cur-
rent 7 for the same point contact configurations äs in Fig 2
(with the same coding of the curves).

Hall-voltage induced selective backscattering can be
qualitatively understood, äs follows. Figure 5(a) de-
picts the Variation of the energy of the highest Landau
level along a cross section of the narrow channel at fi-
nite positive current.9 The thick lines symbolize the oc-
cupied edge states: the solid line indicates electrons mov-

(c)
FIG. 5. (a) Schematic energy diagram of the highest occu-

pied Landau level along a cross section of the narrow channel
(b) and (c) Edge channels in the highest occupied Landau
level. When Nt = l, äs in (b), backscattering occurs predom-
inantly at the entrance of the channel, while for Nt = 2, äs
in (c), equilibration between the Landau levels in the region
behind the point contact on the high-potential edge causes a
second opportumty for backscattering. The transmission of
the edge channel by the point contact on the potential edge
(dashed) is irielevant.
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ing along the high-potential edge, and the dashed line
refers to electrons moving along the low-potential edge
in the opposite direction. The arrows indicate backscat-
tering from the high-potential (<) to the low-potential
(6) edge. For states at the high-potential edge with an
energy E such that μι, < E < E0 + eVna», where E0

is the bottom of the Landau level, we have a Situation
where the overlap of the wave function of these occupied
states and empty edge states on the low-potential edge
can be continuously increased by increasing the current
in the channel, and consequently the Hall voltage l/Hall-
This results in enhanced backscattering. Irrespective of
the details of the backscattering mechanism (direct ver-
sus impurity assisted, inter- or intra-Landau level), one
can state that for lower Landau levels the current, in the
same Hall voltage regime, has a much smaller influence on
the overlap between occupied high-potential and empty
low-potential edge states. Consequently, Hall-voltage in-
duced backscattering occurs predominantly in the high-
est occupied Landau level (and, possibly, into still higher
unoccupied Landau levels11).

The observed effects of the adjustment of the point
contacts on the breakdown can be explained by means
of Figs. 5(b) and 5(c), which show the location of the
edge channel wave function in the higher Landau level
for N-t = l and 2, respectively (the lower Landau level
has been omitted for clarity). In both situations, elec-
trons entering the narrow channel region along the top
edge in the highest Landau level are backscattered due to
the proximity of the edge channel at the opposite edge.
The reverse process is also possible, so that eventually
a steady-state Situation is reached, with a partially de-
pleted population of the higher edge channel at the high-

potential edge (corresponding to a certain nonzero lon-
gitudinal resistance). This steady state is reached close
to the channel entrance. If, however, the highest Lan-
dau level is transmitted by the point contact [Fig. 5(c),
Nt — 2], the edge channels are equilibrated. This causes
a repopulation of the partially depleted higher channel,
and consequently a second opportunity for backscatter-
ing, which did not exist for 7V4 = 1.

The observed asymmetry in the breakdown curves be-
tween (Nt,Nb)= (2,1) and (1)2) is intrinsically a nonlin-
ear response effect, because it implies a dependence of
the resistance on the direction of the current. We have
attempted to model our observations by incorporating an
energy-dependent backscattering probability in the Stan-
dard Landauer-Büttiker formalism.2 While we do find
asymmetries in the breakdown curves depending on the
direction of the current, our over-simplified model does
not yield a satisfactory quantitative agreement with the
experimental curves.

In conclusion, our experimental results demonstrate
that breakdown of the quantum Hall effect in a narrow
channel proceeds predominantly via selective backscat-
tering within the highest Landau levels.
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