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Tunnelling between edge channels in the quantum hall regime
manipulated with a scanning force microscope
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Abstract

The tunnelling conductance between edge channels in the quantum Hall regime was measured. The tunnelling
coupling is locally enhanced by a local repulsive potential induced by the conducting tip of a scanning force
microscope. This allows mapping the enhanced tunnelling coupling along the sample edge and, in this sense,
visualizes the presence of edge channels. 2002 Elsevier Science B.V. All rights reserved.
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1. Introduction

Soon after the discovery of the quantum Hall effect [1] it was realized that the sample edge plays an
important role for its understanding. Halperin suggested a model for the quantum Hall effect based on
non-interacting electrons [2]. Later, self-consistent descriptions of the sample edge were suggested
which accounted for the unusual screening properties of the perturbed Landau levels near the edge and
led to the prediction of compressible and incompressible stripes (see Fig. 1) [3]. Many experimental-
ists were stimulated by these predictions and there has been a series of measurements which set out to
verify the local edge channel structure in high magnetic fields. Electron–phonon interaction was used
in first experiments [4]. Optical techniques with a spatial resolution of about 1mm in the best case
also supported the notion of edge channels [5]. Later experiments tried to detect the edge currents
inductively, but evidence for bulk currents was found [6]. Capacitance experiments were used to
detect the width of edge channels in the integer and fractional quantum Hall regime [7]. Recently,
edge strips were imaged using a metallic single electron transistor fabricated near the edge of a
2-dimensional electron gas (2DEG) [8].
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Fig. 1. Present notion of the potential and density profile at the sample edge in the quantum Hall regime. The step-like
increase of the potential leads to the formation of compressible and incompressible stripes which accommodate equilibrium
currents [3] in opposite directions. The electron density decays step-like as well.

Scanning probe techniques appear to be well suited for the investigation of edge channels due to
their excellent spatial resolution. In the past few years a number of experiments have been reported
utilizing a scanning single-electron transistor [9], scanned potential microscopy [10], Kelvin probe
techniques [11] and local capacitance measurements [12].

In this paper we report the measurement of the tunnelling current between edge channels that are in
equilibrium with separate Ohmic contacts. The tunnelling coupling between the edge channels can be
locally modified with the help of a metallic tip of a scanning force microscope operating at a
temperature of 1.9 K in a magnetic field of up to 8 T.

The tip essentially acts as a local gate electrode coupling capacitively to the electron gas thereby
changing the local potential landscape. The measured tunnelling current senses the presence of the
tip-induced potential and the edge channels become visible with spatial resolution.

2. Samples and structures

The samples used for this study are based on a GaAs/AlGaAs heterostructure with the
heterointerface being 34 nm below the sample surface. Along this interface a 2DEG forms with a

11 22 6 2density of 53 10 cm and a mobility of 10 cm /V s at 1.7 K. Such a shallow electron gas was
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Fig. 2. (a) Photography of the structure used in the experiments. See text for details. (b) Schematic representation of the
sample interior at a magnetic field and gate voltage suitable for the experiment. Filling factorn 5 4 is set in the ungated
regions, while under the gate, filling factorn 5 2 is set.

chosen in order to keep the spatial resolution with optimum tips of the order of the Fermi-wavelength
of the electrons.

The gated mesa structure depicted in Fig. 2a was fabricated with photolithographic techniques. A
circular mesa with a diameter of 500mm was prepared with a central 20mm hole. Two internal
Ohmic contacts C1 and C2 connect to the 2DEG. A star shaped gate electrode splits the 2DEG into
gated and ungated sectors.

3. Setup and principle of the experiment

For the experiment we mount the sample in a home built scanning force microscope operated at a
temperature of 1.9 K and in magnetic fields up to 8 T in the variable temperature insert of a standard
4He cryostat. The microscope utilizes piezoelectric quartz tuning fork sensors [13] with PtIr tips
attached to one prong. Details about the microscope can be found in Ref. [14].

Fig. 2b illustrates the basic concept of our measurement. The experiment was performed with a
voltage of 10mV applied between contacts C1 and C2 (see Fig. 2a) while measuring the current with a
current–voltage converter. A magnetic field was applied with the ungated region of the 2DEG at
filling factor of n 54. The gate voltage was then chosen such that the gated region of the 2DEG has
filling factor n 5 2. Therefore the gated regions support only one spin degenerate edge state (outer
channel), while in the ungated regions two spin degenerate edge states exist (outer channel and inner
channel). The outer channel is allowed to circulate around the central hole of the sample while the
inner channel is forced to travel from the Ohmic contacts along the edges of the gates. Non-
equilibrium electrons in any channel can tunnel into the other channel along the circular arcs close to
the edge of the internal hole where the two run parallel, i.e., the current through the structure is
dominated by tunnelling between edge channels. The basic idea of the measurement is to modify the
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tunnelling coupling between the edge channels locally by using the tip induced potential perturbation
of the scanning force microscope.

4. Measurement results

For the measurement the tip is kept at a constant tip-sample voltageV 50 V and scanned across thet

sample surface near the edge of the central hole. The work function difference between PtIr and the
heterostructure of several hundred mV leads to the depletion of the electron gas below the tip even if
no gate voltage is applied. In Fig. 3a we show a 5mm35 mm topographical image of the edge of the
central hole. The tunnelling current which was simultaneously measured is depicted in Fig. 3b.

The presence of the tip in a stripe of about 700 nm width along the curved edge of the hole
enhances the tunnelling current by slightly more than a pA. Closer inspection of the image even
shows that there exists some internal structure in bright stripe of enhanced conductance. We argue,
that although the conductance of a sample in the quantum Hall regime is non-local [15,16], the
self-consistent formation of edge channels will only allow the local manipulation of the tunnelling
coupling. The tip potential will change the run of the equipotential lines near the sample surface as
depicted in Fig. 4 which obviously leads to a local rearrangement of the edge channels and thereby to
a change in their coupling.

5. Conclusions and outlook

In this paper we have demonstrated how a scanning force microscope with a conducting tip can be
used for the investigation of edge channels in the quantum Hall regime. The local nature of the
presented conductance contrast makes this imaging method a promising tool for the local investigation
of edge channel coupling and edge channel scattering.

Fig. 3. (a) Topographical image of the edge of the central hole of the structure. (b) Simultaneously measured (DC)
tunnelling conductance as a function of tip position. The tip induced local potential enhances the tunnelling coupling
between the outer and inner edge channels and thereby increases the conductance.
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Fig. 4. (a) Tip far away from the edge. Two edge states encircle the tip-induced potential hill. States at the sample edge are
not affected. (b) Tip close to the edge of the sample. The tip induced potential locally changes the run of the edge currents
and thereby modifies the tunnelling coupling between them.

References

[1] K. von Klitzing, G. Dorda, M. Pepper, Phys. Rev. Lett. 45 (1980) 494.
[2] B.I. Halperin, Phys. Rev. B 25 (1982) 2185.
[3] D.B. Chklovskii, B.I. Shklovskii, L.I. Glazman, Phys. Rev. B 46 (1992) 4026;

D.J. Thouless, Phys. Rev. Lett. 71 (1993) 1879;
M.R. Geller, G. Vignale, Physica B 212 (1995) 283.

[4] A.J. Kent, D.J. McKitterick, P. Hawker, M. Henini, Helv. Physica Acta 65 (1992) 331.
[5] R. Knott, W. Dietsche, K. von Klitzing, K. Eberl, K. Ploog, Semicond. Sci. Technol. 10 (1995) 117;

A.A. Shashkin, A.J. Kent, P.A. Harrison, L. Eaves, M. Henini, Phys. Rev. B 49 (1994) 5379;
R.J.F. van Haren, F.A.P. Blom, J.H. Wolter, Phys. Rev. Lett. 74 (1995) 1198.

[6] E. Yahel, D. Orgad, A. Palevski, H. Shtrikman, Phys. Rev. Lett. 76 (1996) 2149;
E. Yahel, A. Tsukernik, A. Palevski, H. Shtrikman, Phys. Rev. Lett. 81 (1998) 5201.

[7] S. Takaoka, K. Oto, S. Uno, K. Murase, F. Nihey, K. Nakamura, Phys. Rev. Lett. 81 (1998) 4700.
[8] Y.Y. Wei, J. Weis, K.v. Klitzing, K. Eberl, Phys. Rev. Lett. 81 (1998) 1674.
[9] A. Yacoby, H.F. Hess, T.A. Fulton, L.N. Pfeiffer, K.W. West, Solid State Commun. 111 (1999) 1.

[10] K.L. McCormick, M.T. Woodside, M. Huang, M. Wu, P.L. McEuen, C. Duruoz, J.S. Harris Jr., Phys. Rev. B 59 (1999)
4654.

[11] P. Weitz, E. Ahlswede, J. Weis, K.v. Klitzing, K. Eberl, Physica E 6 (2000) 247.
[12] G. Finkelstein, P.I. Glicofridis, S.H. Tessmer, R.C. Ashoori, M.R. Melloch, Phys. Rev. B 61 (2000) R16323;

G. Finkelstein, P.I. Glicofridis, R.C. Ashoori, M. Shayegan, Science 289 (2000) 90.
¨[13] J. Rychen, T. Ihn, P. Studerus, A. Herrmann, K. Ensslin, H.J. Hug, P.J.A. van Schendel, H.J. Guntherodt, Rev. Sci.

Instrum. 71 (2000) 1695;
¨J. Rychen, T. Ihn, P. Studerus, A. Herrmann, K. Ensslin, H.J. Hug, P.J.A. van Schendel, H.J. Guntherodt, Appl. Surf.

Sci. 157 (2000) 290.
[14] J. Rychen, T. Ihn, P. Studerus, A. Herrmann, K. Ensslin, Rev. Sci. Instrum. 70 (1999) 2765.
[15] P.L. McEuen, A. Szafer, C.A. Richter, B.W. Alphenaar, J.K. Jain, A.D. Stone, R.G. Wheeler, R.N. Sacks, Phys. Rev.

Lett. 64 (1990) 2062.
¨[16] M. Buttiker, Phys. Rev. B 38 (1988) 9375.


