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Abstract. The conductance of geometrically asymmetric quantum point contacts 
formed in ZDEGS in GaAs/(AIGa)As heterojunctions has been studied a s  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 

I I  1 

Nonlinear conductance of 
quantum point contacts in a 
magnetic field 

I I 

A J M Nevest, P C Maint, C J G M Langerakt, P H Betont, 
L Eavest. M Heninit, 0 H Hughest, S P Beaumont$ and 
C D W WilkinsonS 
tDeoartment of Physics. Universitv of Nottinaham. Nottinaham NG7 2RD. U K  
$Department of Electronics and Electrical Engineering. Unyversity of Glasgow, 
Glasgow G128QCl. U K  

When the electrons in a high mobility two-dimensional 
electron gas (ZDEG) 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 I D  subbands 
occupied in the channel [1,2]. However, the situation is 
modified in the nonlinear ri-gime when the voltage 
applied across the QPC is comparable to the spacing of 
the ID  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 regime 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 field regime 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 l(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'sm-z; 
p = 5 2 m 2 V - ' s - '  at 1°K) formed in a GaAs/ 
(A1Ga)As heterostructure. The gates are fabricated from 
Ti/Au using electron-beam lithography and lift-off tech- 
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niques and are 200nm 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 isoperated 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 [SI. 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 l(b) shows 
the energy of electrons in I D  subbands of the QPC as a 
function of the ID k vector. The broken line represents 
the equilibrium Fermi energy, eF. When a small voltage is 
applied across the QPC the + k  and - k  states are 
occupied unequally. The states with k k are occupied to 
p'+, the electron-source chemical potential, and the - k  
states are occupied to p- 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 edge states 
shown in figure l(a) these would be pA and po. There are 
two possibilities for the onset of nonlinearity. First, p+ 
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Figure 2. Current against voltage for a OPC for positive 
and negative bias in zero magnetic field at T = l  OOmK. 
The dotted line is the linear resistance (-6.4 kR) and the 
-/curve is offset by 5 0 n A  for clarity. 

Figure 1. ( a )  Schematic diagram of the asymmetric OPC. 
The letters A, 6. 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 10 
subbands of a OPC. The broken line is the equilibrium 
Fermi energy and p+ and p- are the chemical potentials 
of the electron source and drain reservoirs respectively. 

might rise sufficiently to populate the next i~ wbbaiid. 
In this case the current is given by [3] 

where e N + ,  is the energy barrier at the QPC to the 
( N  + I)th subband, p +  - p- = eV and p +  = eF + feV 
The second possibility is that p -  becomes too low to 
populate the Nth  subband in which case the current is 
c31 

(2) 
2e 
h 1, = - [ ( E ,  - E,,.) + eV(N + f - I)] 

where eN is the barrier for the Nth subband. In general, 
reversing V will only give the same current iff  = 4 and 
the voltage is dropped symmetrically across the device. 

There are two kxperimental parameters that deter- 
mine the onset of nonlinearity, the magnitude of the 
voltage V and the fraction, which describes how it is 
dropped across the QPC. For the first case, (leading to 11) 
nonlinearity will occur when feV > AI,  where A I  is the 
energy difference between cF and the bottom of the 
( N  + 1)th subband. Similarly, the second case will occur 
if and when (1 - f ) e V  > A2 where A2 is the energy 
difference between eF and the bottom of the Nth 
subband. 
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A typical nonlinear I ( V )  characteristic is shown for 
both current directions in B = 0 at lOOmK in figure 2. At 
this gate voltage, V, = 1.893V, the linear resistance is 
6.5 kQ, consistent with the initial slope of the character- 
istic. The two curves are virtually identical, indicating 
that f = f and the voltage drop is the same on each side 
cf the device despite the geometrical asymmetrg (com- 
pare with [3]). 

The nonlinearity begins at  VI - 3mV and is of the 
first type, where the conductance increases due to popu- 
lation of the third subband. At a slightly higher voltage 
(V, - 5mV) the differential conductance falls due to p -  
becoming lower than the bottom of the second subband. 
It is very easy to show that if f = 4 then eV1/2 + 
eV2/2 = 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 symmclry is no longer appa- 
rent. Figure 3(a) shows the I(V) curves for two-current 
directions at  B = 2.19T and V, = 1.849 V, corresponding 
to two Landau levels occupied in bulk and N = 1 for the 
linear QPC. 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 - I3 kfl consistent with N = 1. 
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 l(a) and the 
lower curve from D to A. Defining the breakdown 
voltage, Vu, as when the differential conductance departs 
more than 1 % from its linear value, we find V,, = 2.2 mV 
for the upper curve and Vu, = 3.3 mV 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 QPC for positive and negative bias for E =2.19T. Vg=l.894V 
and the dotted line is the linear resistance (-13kR). ( 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 p -  has 
fallen below the bottom of the N = 1 subband. Neither 
curve in figure 3(b), however, shows fully developed 1 constant conductance in the nonlinear regime below 

' - 15 mV. 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- 
ference in the currents in the two bias directions, AI. This 
gives 

2e2 V 
h 

AI = -(2f - 1). (3) 

Note, of course, that for f =+,AI  = 0. A plot of A I  
against V i s  shown in figure 4 for the data in figure 3. For 
V > 20mV the data lie on a straight line passing through 
the origin as predicted by equation (3). We can then 
determine f=O.6 for this configuration, implying that 
60% of the voltage drop occurs between the QPC and D. 
Similar curves at  different values of gate voltage from 
1.58V to 1.85V gives the same value of f within 
experimental error. We can also estimate f from figure 
3(b) by noting that the conductance of the upper curve 
begins to fall again at a voltage V,, - 6mV. If this is 
identified with p- falling below the bottom of the 
subband then we have 

ef Vai = AI (44  
ef VB2 = A2 (4b) 

(44 e(l - f)Va3 = A2. 

Using the experimental values for V,,, Va2 and Va3 gives 
f = 0.65 and A = A, + A2 = 3.7meV. The value o f f  is 
in reasonable agreement with that found from figure 3, 
given the approximate determination of Va3. The value of 
A corresponds to the energy spacing between the spin- 
split suhbands within N = 1. 

Figure 4. Current difference. AI, 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 rkgime, 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 corresponds 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), V,, in units of hw,, the Landau level 
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Figure 5. Current against voltage in the quantum Hall 
regime. V,=OV (upper), 0.15V (middle) and 0 . 2 V  
(lower). 
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Figure 6. Differential resistance of the data shown in 
figure 5 plotted against eVH/fiwc. Vg=0.2V (upper), 
0.15V.  (middle) and OV (lower). Note that the curves are 
in reverse order relative to figure 5 and that the  upper two 
curves are displaced for clarity by 400R and 200R 
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 eV, at 
integer values of hw,, but the three peaks do occur at 
values of eV, approximately in the ratio I :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 Z(V) curves become linear again at high 

currents (I > 4pA, (eVdhw,) > 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 Hall effect has been predicted theoretic- 
ally by Jain and Kivelson [SI. 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 ZDEG. 
When the channel acts as a QPC 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 rkgime 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. 
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