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Abstract. The conductance of geometrically asymmetric quantum point contacts
formed in 2DEGS in GaAs/{AlGa)As heterojunctions has been studied as a
function of the applied bias and magnetic field. The nonlinear conductance is
found to be independent of bias direction in zero magnetic field in agreement
with other workers but at higher magnetic fields the /{V/) curves are highly
asymmetric in terms of both the onset and the type of nonlinearity observed. The
curves are described using simple theory. The same experimental arrangement is
also used to study nonlinearity in the quantum Hall régime when the device acts
as an adjustable, narrow channel. The nonlinearity is qualitatively different to the
first case and there are discontinuous changes in the dissipation which we

identify with scattering between magneto-electric subbands.

When the electrons in a high mobility two-dimensional
electron gas (2DEG) are confined to a short, narrow
channel, the conductance of the resulting ballistic re-
sistor, or quantum point contact (QPc), exhibits quantum
behaviour depending on the number of 1D subbands
occupied in the channel [1,2]. However, the situation is
modified in the nonlinear régime when the voltage
applied across the Qpc is comparable to the spacing of
the 1D subbands [3]. In this case, the conductance
depends on the detailed distribution of the voltage drop
within the device although the differential conductance
may still be quantized in some circumstances [4]. In this
paper we study the behaviour of a geometrically asym-
metric Qpc in the nonlinear régime in zero magnetic
field and in magnetic fields (B) strong enough for Landau
quantization. We find that the magnetic field has a strong
effect on the reversibility of the device with respect to
current direction, and hence on the way the voltage is
dropped across the Qpc. Also we investigate the break-
down of the quantum Hall effect (QHE) in the high
magnetic ficld régime where the QpC is used as a narrow,
adjustable conductor. We find that in this case the
breakdown is accompanied by a series of current
plateaux when a gate voltage is applied.

Figure 1(a) shows a schematic diagram of the device.
The hatched regions represent metallic gates on the
surface of the high-mobility 2DEG (n=1.8 x 10*°m ™%
p=352m?V- s ! at 100mK) formed in a GaAs/
(AlGa)As heterostructure. The gates are fabricated from
Ti/Au using electron-beam lithography and lift-off tech-
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nigues and are 200 nm wide. A negative voltage, V,, can
be applied separately to either or both gates and the Qpc
is formed between adjacent nearest corners. The letters A,
B, C, D refer to four ohmic contacts. To avoid problems
with contact resistances, which might be dependent on
magnetic field, measurements were performed using a
four-wire technique with A and D as the current contacts
and B and C used to measure the voltage. When the
device is operated in the Qpc regime the voltage difference
between B and C can be converted to the equivalent two-
terminal voltage between A and D simply by the addition
of the Hall voltage [S]. Note that this correction is the
same for both current directions and does not affect the
reversibility of the device.

In zero magnetic field the mechanism for the onset of
nonlinearity is well understood [3, 4]. Figure 1(b) shows
the energy of electrons in 1D subbands of the gpc as a
function of the 1D k vector. The broken line represents
the equilibrium Fermi energy, &-. When a small voltage is
applied across the @rc the +k and —k states are
occupied unequally. The states with & k are occupied to
u*, the electron-source chemical potential, and the —k
states are occupied to 4~ which is the chemical potential
of the electron drain. In a magnetic field the relevant
chemical potentials are those of the reservoirs which feed
the edge states (for a detailed discussion of edge states see
[6]) entering the qpc. For the magnetic field direction
consistent with the current direction along cdge states
shown in figure 1(a) these would be i, and pp. There are
two possibilities for the onset of nonlinearity. First, y*
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Figure 1. (2) Schematic diagram of the asymmetric QPC.
The letters A, B, C, D refer to ohmic contacts and the lines
are edge states with the arrows representing the current
direction. (b) Energy against wavevector of electrons in 1D
subbands of a arc. The broken line is the equilibrium
Fermi energy and u* and px~ are the chemical potentials
of the electron source and drain reservoirs respectively.

might rise sufficiently to populate the next iD subband.
In this case the current is given by [3]

2
L= ler—ev)+eVN +01 ()

where &y, , is the energy barrier at the QPc to the
(N + Dth subband, p* —u~ =eV and u* = & + feV
The second possibility is that u~ becomes too low to
populate the Nth subband in which casc the current is

i
L=l - bV N+ S~ 1] Q)

where gy is the barrier for the Nth subband. In general,
reversing V will only give the same current if f = § and
the voltage is dropped symmetrically across the device.

There are two ‘experimental parameters that deter-
mine the onset of nonlinearity, the magnitude of the
voltage V and the fraction, f, which describes how it is
dropped across the gpc. For the first case, (leading to I)
nonlinearity will occur when fel’ = A,, where A, is the
energy difference between g and the bottom of the
(N + 1)th subband. Similarly, the second case will occur
if and when (1 — fleV > A, where A, is the cnergy
difference between er and the bottom of the Nth
subband.
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Figure 2. Current against voltage for a apc for positive
and negative bias in zero magnetic field at 7=100mK.
The dotted line is the linear resistance (~6.4 kQ) and the
—/ curve is offset by 50 nA for clarity.

A typical nonlinear I{V) characteristic is shown for
both current directions in B = 0 at 100 mK in figure 2. At
this gate voltage, V, = 1.893V, the linear resistance is
6.5k, consistent with the initial slope of the character-
istic. The two curves are virtually identical, indicating
that f =4 and the voltage drop is the same on each side
of the device despite the geometrical asymmetry (com-
pare with [3]).

The nonlinearity begins at ¥, ~ 3mV and is of the
first type, where the conductance increases due to popu-
lation of the third subband. At a slightly higher voltage
(¥, ~ 5mV) the differential conductance falls due to u~
becoming lower than the bottom of the second subband.
It is very easy to show that if f =% then eV,/2 +
eV,/2 = A the subband spacing, which in this case would
be 4meV. The symmetry of the B = 0 characteristic is
unchanged if the Qpc is formed using difference biases on
each gate.

In a magnetic field the symmelry is no longer appa-
rent. Figure 3(a) shows the I(V) curves for two-current
directions at B = 2.19 T and V, = 1.849 V, corresponding
to two Landau levels occupied in bulk and N = 1 for the
lincar gpc. There is clear asymmetry in two ways. First,
the voltages for the breakdown of linearity are different
for the two current directions and, secondly, the currents
are different in the nonlinear region. The dotted line is the
linear resistance which is ~ 13kQ consistent with N = L.
The asymmetry is seen even more clearly in figure 3(b)
which is the smoothed differential conductance for the
data shown in figure 3(a). The upper curve corresponds
to the current flow from A to D in figure 1(a) and the
lower curve from D to A. Defining the breakdown
voltage, ¥, as when the differential conductance departs
more than 1% from its linear value, we find V3, = 22mV
for the upper curve and ¥, = 3.3mV for the lower curve.
Furthermore the nature of the nonlinarity is different in
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Figure 3. (a) Current against voltage for a arc for positive and negative bias for 8=2.19T, V_=1.894V
and the dotted line is the linear resistance ( ~13kQ). (b) Differential conductance for the data of {a).

the two cases, which is again an indication of the
asymmetry of the voltage drop. The upper curve in figure
3(b) has an enhanced conductance, corresponding to
population of the N = 2 subband, whereas in the lower
curve the conductance decreases indicating that u~ has
fallen below the bottom of the N = 1 subband. Neither
curve in figure 3(b), however, shows fully developed
constant conductance in the nonlinear regime below
~15mV, At higher voltages the differential conductance
is almost constant but may include a contribution from
the bulk. This can be compensated by taking the dif-
farence in the currents in the two bias directions, Al. This
gIves

2V af ) )

Al = ;

Note, of course, that for f =3,AI =0. A plot of Al
against V is shown in figure 4 for the data in figure 3. For
V = 20mV the data lic on a straight line passing through
the origin as predicted by equation (3). We can then
determine f=0.6 for this configuration, implying that
60%, of the voltage drop occurs between the gpc and D.
Similar curves at different values of gate voltage from
1.58V to 1.B5V gives the same value of f within
experimental error. We can also estimate f from figure
3(h) by noting that the conductance of the upper curve
begins to fall again at a voltage Vi ~ 6mV. If this is
identified with u~ falling below the bottom of the
subband then we have

ef Vo = Ay (4a)
ef Vi = 4, (4b)
el — Vs = A, (4c)

Using the experimental values for V3, V5, and Fp; gives
f=065and A=A, + A, =37meV. The value of f is
in reasonable agreement with that found from figure 3,
given the approximate determination of V3. The value of
A corresponds to the energy spacing between the spin-
split subbands within N = 1.
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Figure 4. Current difference, A/, against bias for the two
curves shown in figure 3(a). The dotted line shows the
behaviour described by equation (3).

We have also studied the nonlinearity in the quantum
Hall régime, defined as when R,,, the four-wire longi-
tudinal resistance, is zero when measured in our standard
four-wire geometry. Typical data are shown in figure 5
for a number of gate voltages for B=4.3T, which
corresponds approximately to the centre of the bulk R,
minimum for one spin-degenerate Landau level
occupied. Two features are immediately apparent. Even a
very small gate bias has a profound effect on the
breakdown voltage. Also the breakdown behaviour is
qualitatively different to that for the quantum point
contact, with clear plateaux in the I(V) curve. Since the
measurement coerresponds to constant current, the phys-
ical significance of the plateaux is a discontinuous in-
crease in the dissipation at certain values of the current,
or, more physically, the Hall voltage since that deter-
mines the chemical potential difference across the narrow
channel. Similar features have been seen by other authors
in fixed-width narrow channels [7, 8].

In figure 6 we have plotted the differential resistance
against the Hall voltage in the narrow region (calculated
from the current), ¥, in units of hw_, the Landay level
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Figure 5. Current against voltage in the quantum Hall

régime. V, =0V (upper), 0.16V (middle) and 0.2V
{lower).
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Figure 6. Differential resistance of the data shown in
figure 5 plotted against eV, /hw.. V=02V (upper},
0.15V, {middle) and OV {Jower). Note that the curves are
in reverse order relative to figure 5 and that the upper two
curves are displaced for clarity by 400 Q and 200 Q)
respectively.

spacing in the bulk material. Following [7] we identify
the peaks of dissipation as being due to scattering
between successive energy levels in the narrow channel.
The dissipation peaks in figure 6 do not occur for el at
integer values of hw,, but the three peaks do occur at
values of ¢V, approximately in the ratio 1:2:3, indicating
that in the region of the gates the energy levels are
magneto-electric with electrostatic as well as magnetic
confinement. This would imply that the level spacing is
increased over the bulk value. However, note that the
positions of the peaks are not strongly dependent on gate
voltage, which is evidence against this hypothesis. Note
also that the I(V) curves become linear again at high
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currents (I > 4 uA, (eVy/hw,) > 7) and the differential
resistance is approximately independent of gate voltage
(the curves are offset for clarity). A feature not shown in
figures 5 and 6 is that the structure only occurs for one
current direction. In the other direction breakdown
occurs at much lower current values and the curves are
smooth for all gate voltages. Structure in the breakdown
of the quantum Hali effect has been predicted theoretic-
ally by Jain and Kivelson [9]. The details of their pre-
dictions, however, are not consistent with our results.
The detailed explanation for the asymmetry of this
breakdown is not understood but it may be due to edge
effects in the narrow channel. Further investigations are
underway in which the gates are biased asymmetrically.

In summary, we have measured the nonlinear re-
sistance of an asymmetric narrow channel in a 2DEG.
When the channel acts as a gpc we find that a magnetic
field leads to an asymmetric voltage drop across the
channel, which in turn leads to a different voltage for the
onset of nonlinearity in each current direction. In the
quantum Hall régime the breakdown is qualitatively
different and structure is observed in the I(V) curves.
Although this structure may be tentatively ascribed to
scattering between magneto-electric subbands there are
still unexplained features in the data.

Acknowledgments

This work is supported by SERC. AJMN wishes to thank
CNPy (Brazil) and PHB the Royal Society for financial
support.

References

{1] van Wees B J, van Houten H, Beenakker C W J,
Williamson J G, Kouwenhoven L P, van der Marel
D> and Foxon C T 1988 Phys. Rev. Letr. 60 848

[2] Wharam D A, Thornton T J, Newbury R, Pepper M,
Ahmed H, Frost J E F, Hasko D G, Peacock D C,
Ritchic D A and Jones G A C 1988 J. Phys. C: Solid
State Phys. 21 L2059

[3] Kouwenhoven L P, van Wees B J, Harmans CJ P M,
Williamson J G, van Houten H, Beenakker CW J,
Foxon CT and Harris JJ 1989 Phys. Rev. B39 8040

[4] Patel N K, Martin-Moreno L, Pepper M, Newbury R,
Frost ] E F, Richie D A, Jones G A C, Janssen
I T M B, Singleton J and Perenboom J A A J 1990 J.
Phys.: Condens. Matter 2 7247

[5] Snell BR, Beton P H, Main P C, Neves A J M, Owers-
Bradley J R, Eaves L, Henini M, Hughes O H,
Beaumont S P and Wilkinson C D W 1989 J. Phys..
Condens. Marter 1 7499

[6] Biittiker M 1988 Phys. Rev. B38 9375

[7] Kirtley J R, Schlesinger Z, Theis T N, Milliken F P,
Wright S L and Palmateer L F 1986 Phys. Rev. B34
544

[8] Blick L, Braun E, Hein G, Kose V, Niemeyer J, Weiman
G and Schlapp W 1986 Semicond. Sci. Technol. 1 110

[9] Jain J K and Kivelson S A 1988 Phys. Rev. B37 4276



