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Controllable point junctions between different quantum Hall phases are a necessary building block for
the development of mesoscopic circuits based on fractionally charged quasiparticles. We demonstrate how
particle-hole duality can be exploited to realize such point-contact junctions. We show an implementation
for the case of two quantum Hall liquids at filling factors » = 1 and »* = 1 in which both the fractional
filling »* and the coupling strength can be finely and independently tuned. A peculiar crossover from
insulating to conducting behavior as »* goes from 1/3 to 1 is observed. These results highlight the key
role played on interedge tunneling by local charge depletion at the point contact.
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Fractional quantum Hall (QH) states arise in high-
quality two-dimensional systems under the influence of
quantizing magnetic fields B as a striking consequence of
electron-electron interactions [1]. Depending on the frac-
tional value of the filling factor, i.e., the ratio v = n/ ng
between the density of charges n and the density of
magnetic-flux quanta ng = eB/h, the electron system
can condense into a variety of strongly correlated quantum
liquids characterized by an excitation gap in the bulk and
exotic fractionally charged quasiparticles [2]. Thanks to
their unique properties, the latter are interesting candidates
for novel mesoscopic circuits and QH-based topological
qubits [3—6]. Additionally, several theoretical articles ad-
dressed Andreev-like conversion phenomena involving
electrons and fractional quasiparticles at the interface be-
tween integer and fractional QH phases [7,8]: even device
schemes based on these effects were proposed [9]. One
crucial building block of these proposals is the point junc-
tion between two distinct QH phases. Its experimental
realization, however, poses several challenging problems
and for this reason the phenomena described above have
been largely unexplored so far in experiments.

In this Letter we exploit the concept of particle-hole
duality [10,11] to realize an integer-to-fractional QH point
junctions in which the fractional filling-factor value and
the interaction strength can be independently tuned.
Tunneling conductance measurements are reported that
show an insulating behavior when we couple v* = 1/3
QH edges with integer v = 1 ones; on the other hand,
junctions gradually develop a conducting behavior as »*
approaches 1. While the insulating behavior is in qualita-
tive agreement with the expected correlation-induced sup-
pression of forward tunneling for fractional edge channels,
the observed evolution vs v* highlights the peculiar role
played by the local filling-factor value determined by
depletion in the junction region between the » and v»*
regions.

The design of our device is based on particle-hole dual-
ity [10,11], which is an exact symmetry of the QH system
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as long as only the first spin-polarized Landau level is
occupied and interlevel mixing can be neglected [12].
Duality establishes the occurrence of QH phases for sym-
metric values of the electron or hole filling factors », and
v, following the mapping v, — v, =1— v, [13,14].
Figure 1(c) shows a sketch of the device structure, with a
more detailed view of the active region shown in the
scanning electron micrograph of Fig. 1(d). Samples were
fabricated starting from a high-mobility AlGaAs/GaAs
heterojunction containing a 100 nm-deep two-dimensional
electron system (2DES) with mobility u = 1.73 X
10° cm?/V's and carrier density n = 2.55 X 10! cm™?
at 4.2 K. Ohmic contacts were obtained by evaporation
and thermal annealing of a standard Ni/AuGe/Ni/Au
multilayer (5/200/5/100 nm). All gates were fabricated
using an Al/Au bilayer (10/30 nm). The main structure
consists of a gated region 60 X 930 wm? connected to the
Ohmic contacts by a set of 20 um-wide etched trenches.
When the filling factor in the electron system surrounding
the gate is set to v = 1, this multiply connected circuit
realizes a dual version of a standard Hall bar system with a
variable filling factor. It is in fact easy to verify that the
complementary  filling-factor configuration  »(x) —
vy(x) =1 — v(x), ie., the filling-factor geometry seen
from a “hole perspective”, is exactly the one of a Hall
bar at v, = 1 whose central section can be independently
tuned in the range 0 = »; = 1 by adjusting the gate volt-
age V,. As expected by particle-hole duality, the magneto-
transport behavior of this circuit matches the one of a
standard electron Hall bar (see supplementary materials
[15]). Point junctions were obtained by a further e-beam
fabrication step starting from the device structure de-
scribed above. One of the Ohmic contacts was connected
to the gated region using a tip-shaped etched structure in
place of a macroscopic trench: the tip had an aperture of
about 35 degrees and was fabricated at a nominal distance
of 400 nm (426 nm measured) off the gate edge. As
suggested by the overlay in Fig. 1(d), such a structure is
meant to induce a point contact between the integer edge

© 2009 The American Physical Society


http://dx.doi.org/10.1103/PhysRevLett.103.016802
http://link.aps.org/viewpoint-for/10.1103/PhysRevLett.103.016802

PRL 103, 016802 (2009)

PHYSICAL REVIEW LETTERS

week ending
3 JULY 2009

V,=-0.135V Neg 7 654321 0
@ - ()
L 4 —o o 44—
0.50 Ve =20uV < ¢ — 200V 1 1
T =250mK | — 400pV
m el3 — 600V
v,f= 13 2
- . 0. :
V”p =-2.0V -0 o o i =+
(1] SO ———— R
o M\/”—_"
6 O Ny independent impurities
= == G oscillation range for a
1-1/3 QH line junction
Viip = +0.62V|
0.00 L . N N N L w
-1.0 0.0 1.0 -20 -15 -10 -05 00 05

W 2DES
[ etching
gate
ohmic

G =dl/dv

FIG. 1 (color online). (a) Finite bias transport spectroscopy
through a point junction between a quantum Hall state at v, =
1/3 and one at v, = 1. (b) Comparison between conduction
curves at bias Vpc = 0, 200, 400, and 600 w«V and theoretical
predictions for two selected limit cases: a discrete system of Ng
(top axis) uncorrelated tunneling points in the strong coupling
regime (hollow blue circles); range of G oscillation for a QH line
junction as a function of the interaction length L (green bars on
the right side, G = 0 to ¢*/2h or G = 0 to ¢?/3h depending on
boundary conditions). (c) Sketch of the device structure and
(d) scanning electron microscope picture of the junction region.

propagating around the etched tip and the tunable frac-
tional edge propagating along the gated region. In order to
control the exact spatial position of the top edge channel
we also fabricated a self-aligned gate metallization inside
the etched tip: this electrode allows us to control the spatial
extension of the depletion region around the etched tip by
adjusting the voltage bias V,, and thus to tune the inter-
action strength between top and bottom edge channels in
Fig. 1(d). Thanks to the duality mapping v(x) — v,(x) =
1 — v(x), this device structure can also be fruitfully
thought of as an enhancement-mode point contact between
a QH liquid at » = 1 and a tunable one at v*(Vg) and thus
implements the experimental configuration analyzed in
several theoretical works [7,8]. Keeping in mind this pic-
ture in the following we shall drop the % substript and
imply that all filling factors refer to the fraction of un-
occupied states in the first Landau level. While our devices
can still be analyzed in terms of electron filling factors and
edge systems, the adoption of a hole picture offers a

simpler—though equivalent—description of the physical
processes at the junction.

Magnetotransport measurements were carried out using
a two-wire phase-locked technique at finite bias using a
20 wV excitation at 17 Hz. Experiments were carried out
in a 3He closed-cycle cryostat with 250 mK base tempera-
ture. The working point for the magnetic field was set in
order to configure the electron gas surrounding the device
in Fig. 1(c) to v = 1 at B = 10.0 T. At this field value the
impact of the Ohmic-contact resistance was small (=1%)
and thus the partition effect on our two-wire junction
biasing scheme was negligible and will not be taken into
account in the following discussion.

A first relevant transport regime is shown in Fig. 1(a),
which reports a sequence of differential conductance
curves G(Vpc) at v* = 1/3 (V, = —0.135 V) for Vy, =
—2.00, —0.64, —0.20, +0.10, +0.28, +0.40, +0.64 V.
The point junction in this case connects a fractional QH
state at filling-factor 1/3 and an integer one at v = 1.
Charge transport is characterized by an insulating behavior
as shown by the marked conductance suppression at low
bias: this transport fingerprint is consistent with the pre-
dicted suppression of forward tunneling stemming from
correlations in the fractional edge channel [16,17].

Figure 1(b) compares the G(Vj;,) curves at Vpc = 0,
200, 400, and 600 'V with the predicted conductance G
based on two different models of the junction: hollow
circles describe G for a set of Ng uncorrelated strongly
coupled point junctions [7] while green bars on the right
side indicate the predicted range of oscillation of G for a
QH line junction as a function of its length and for two
different boundary conditions [18,19]. The tunable cou-
pling of our device (controlled by V;,) allows us to explore
all values between the two extremes G =0 and G =
e?/3h. These transport regimes are obtained for Vip =
+0.75 V and Vy, = —2.25 V, respectively. Note that no
overshoot G > ¢%/3h is ever observed, contrary to theo-
retical models for the case of few independent, strongly
coupled tunneling centers [7]: these latter studies indicate
for instance that in the case of a single tunneling center
conductance can exceed the macroscopic junction value
G = ¢?/3h and be as high as G = ¢?/2h. In addition,
given the small dimension (of the order of 100 nm) of
the interface between the two QH regions, coherence be-
tween tunneling centers and Coulomb interactions are
likely to play a significant role in our devices.
Theoretical results in this coherent regime suggest G
should oscillate strongly as a function of the junction
length L (whose value in our devices cannot be determined
exactly, but depends on Vj;,) in the range 0 = G = e?/2h
[18] or 0 = G = €?/3h [19], depending on the adopted
boundary conditions; no significant damping of the oscil-
lations should be observed as long as the line junction
remains coherent, which again is in contrast to what we
obtained experimentally. The different observed behavior
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might be linked to the presence of a finite (albeit probably
small, given the reduced spatial extension of the junction
region of = 400 nm and the high-mobility of the 2DES)
number of scattering centers with coupling strength in-
creasing from zero up to full-coupling within the explored
Viip range. Most importantly, as argued in the following,
our work shows that a central role is played by the local
filling-factor reduction in the constriction region, an ex-
perimental feature which is normally not included in point-
impurity models.

It is very instructive to tune »* at a given coupling
strength. The behavior of the conductance curves reported
in Figs. 2(a) and 2(b) obtained at the different filling-factor
values »* =2/3 (V,=—030V) and v" =1 (V, =
—0.60 V) is revealing. When »* is increased to 2/3 an
additional regime of approximately linear conductance
(constant G) becomes available in the ¢*/3h <G <
2¢?/3h range. As the gate electrode is further biased to
reach v* = 1 for V, = —0.60 V, a new transport regime
characterized by marked positive zero bias anomalies is
obtained for G > 2¢?/3h, in agreement with previous re-
sults for constrictions on a QH state at » = 1 [20]. The fact
that different transport fingerprints become incrementally
available while »* is scaled up from 1/3 to 2/3 and finally
to 1 clearly indicates the dominant role played by the local
junction filling factor v} that characterizes the depleted
region at the interface between the two QH states. Indeed,
while at »* = 1/3 the possible values for v} fall in the
[0, 1/3] interval, the limit value of v} increases with v if
the junction behavior is determined by V;‘f, than it is clear
that an increase in »* will make new transport regimes
accessible.

In order to shed additional light on the observed non-
linear transport characteristics, we compared the tempera-
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FIG. 2. Junction transport spectroscopy for two different con-
figurations of »* = 2/3 (a) and v* = 1 (b). Different character-
istic zero bias anomalies become available when the gate filling
factor v* is scaled up to 1.

ture dependence of the tunneling conductance with that of
the QH states in the 2DES region below the macroscopic
gate. Figure 3(a) reports a set of two-wire measurements
through the gated region for a junction in the full-coupling
regime (Vy;, = —2.5 V): in this configuration G(V,, T)
curves directly sample the conducting properties of the
electron liquid below the gate while the junction plays
the role of a standard contact. Conductance steps are
visible at the base temperature of 250 mK for several
different QH states under the gate. Quantization values
slightly deviate from v*e?/h [similarly to the values of
the saturation conductance observed at v* = 1/3, v* =
2/3 and v* =1 in Figs. 1(a) and 2] owing to residual
backscattering phenomena at this relatively high tempera-
ture. The temperature evolution in Fig. 3(a) indicates that
bulk fractional QH states melt below 1.0 K while the v = 1
QH state survives at higher temperatures. This evolution
can be compared in Fig. 3(b) with the temperature depen-
dence of the nonlinear I-Vs obtained for »* = 1 and Vy;, =
—0.37 V. The conductance minimum disappears in the
same temperature range of the fractional QH state suggest-
ing that the energy scale of this tunneling conductance is
linked not to the »* = 1 gap but rather to the fractional QH
gap associated to v}.

The role of 1/;? in controlling junction behavior raises

intriguing questions on the structure of QH edge states at
the smooth edges defined by our nanofabricated point-
contact junction. Indeed we can argue from the evolution
observed in Figs. 1 and 2 that the junction acts as a sort of
“mode selector” for edge states. Within this interpretative
framework, the edge » = 1 can or can not “branch” at the
junction depending on V’;, with a mechanism that mimics

what happens for similar integer QH systems (v = 2 and
v* = 1, for example). While this kind of mechanism is
well established for devices working in the integer QH
regime, its extension to the fractional regime appears con-
troversial and no well-established theoretical models are
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FIG. 3 (color online). Magnetotransport results for the junction
transmission for different values of the filling factor v*(Vg). The
conductance can be tuned from the saturation value G = e?>v*/h
down to zero by changing the bias V.
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available. We believe that the present experimental results
need be taken into account to develop accurate models of
the microscopic mechanisms responsible for the nonlinear
behavior of point-contact junctions in the QH regime [20—
23], as also suggested by recent theoretical analysis
[24,25]. An improved understanding of transport through
these QH junctions will also be crucial in relation to the
high-contrast interference phenomena in Mach-Zehnder
interferometers [26] and to the recent observation of non-
linear transport curves—similar to the ones presented
here—observed in constrictions on QH states at v = 5/2
[5.,6].

In conclusion, we demonstrate a fully tunable point
junction between two different QH states at » = 1 and
v* = 1/3, exploiting a fabrication scheme based on
particle-hole duality. Our transport results show the sig-
nificant role of local charge depletion in determining the
nonlinear junction behavior associated to interedge scat-
tering and highlight the need of including this contribution
in existing theoretical models.
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