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Gate-voltage control of interedge tunneling at a split-gate constriction in the fractional quantum Hall
regime is reported. Quantitative agreement with the behavior predicted for out-of-equilibrium quasi-
particle transport between chiral Luttinger liquids is shown at low temperatures at specific values of the
backscattering strength. When the latter is lowered by changing the gate voltage, the zero-bias peak of
the tunneling conductance evolves into a minimum, and a nonlinear quasiholelike characteristic
emerges. Our analysis emphasizes the role of the local filling factor in the split-gate constriction region.
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Scattering amplitudes between highly correlated elec-
tronic states are providing some of the most fascinating
manifestations of electron-electron interaction effects in
condensed matter [1]. Two-dimensional electron systems
(2DES) under the application of magnetic fields (B) and at
low temperatures are the ideal experimental arena where
these phenomena can be induced and experimentally
studied. This extreme quantum limit is characterized by
integer and fractional quantum Hall (QH) states [2]. For
integer or peculiar fractional ratios of the filling factor
� � nh=eB (n is the charge density), the 2DES becomes
insulating and charges can propagate only in chiral one-
dimensional (1D) states at the edges of the QH liquid.Wen
demonstrated that at fractional �’s these 1D channels lead
to a remarkable realization of nonfermionic states [3–5]
identified as chiral Luttinger liquid (CLL). Several theo-
retical investigations predicted nonlinear tunneling
between two such CLLs or between a metal and a CLL
[3–12]. These results motivate an intense on-going ex-
perimental effort [1,13,14].

Experimentally, interedge tunneling between two
CLLs can be induced at a quantum point contact (QPC)
constriction defined by gating [15–22]. The split-gate
QPC has two main effects. By locally depleting the
2DES it controls the edge separation and, consequently,
the interedge interaction strength. It also modifies the
local filling factor (��). At gate-voltage (Vg) values cor-
responding to the formation of the constriction �� is still
equal to �. By further reducing Vg the local filling ��

decreases and becomes zero at pinch-off.
Two separate interedge scattering regimes can be iden-

tified [6]. In the strong backscattering limit, the constric-
tion is approaching pinch-off (�� � 0) and scattering is
associated to tunneling of electrons between two discon-
nected QH regions. For simple fractions such as � � 1=q
where q is an odd integer, theory predicts that when the
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tunneling voltage VT (voltage difference between the two
fractional edge states) goes to zero the tunneling current
IT vanishes as V2q�1

T . In the opposite limit of weak back-
scattering, the QH fluid is weakly perturbed by the con-
striction (�� � �) and tunneling is associated to
scattering of Laughlin quasiparticles with fractional
charge e=q. In the T � 0 limit, the tunneling current
diverges as VT tends to zero. At small but finite tempera-
tures and below a critical tunneling voltage IT reverts to a
linear Ohmic behavior. This leads to a zero-bias peak in
the differential tunneling conductance dIT=dVT whose
width is proportional to qkT=e. We recently observed an
unexpected suppression of the tunneling conductance in
the low-temperature weak-backscattering limit and the
appearance of the interedge tunneling zero-bias peak
only above a critical value of temperature [18,19]. This
low-temperature suppression has been recently ascribed
to interedge interactions across the split gate [23].

The crossover between the strong and the weak regime
and the role of temperature are nonequilibrium quantum
transport phenomena largely unexplored experimentally.
Fendley et al. [7,8] provided a unified theoretical frame-
work of nonequilibrium transport between CLLs appli-
cable to these different regimes. They demonstrated the
existence of an exact duality between weak and strong
backscattering, i.e., between electron and Laughlin
quasiparticle tunneling [7–9]. Recent microscopic calcu-
lations emphasized the impact of electron-electron inter-
actions [12,24].

In this Letter, we show the experimental evolution of
the out-of-equilibrium interedge tunneling conductance
dIT=dVT for different values of Vg and T at � � 1=3. We
find that at �� � 1=5 the dIT=dVT versus VT characteristic
displays a sharp zero-bias peak at low temperatures and
two well-resolved minima at positive and negative VT
values. Both width and amplitude of the zero-bias peak
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FIG. 1 (color). (a) Scanning electron microscope image of the
quantum point contact (QPC) and setup of differential con-
ductance. The geometrical sizes of the QPC constriction are
600 nm wide and 500 nm long. Bias current I is injected at the
contact 1 and partially reflected at the constriction. The back-
scattering current IT leaves the device through the contact 2,
the transmitted one (I � IT) through the contact 3. The
measurement is performed in a four-wire scheme. The resis-
tance drop dV=dI is measured between contacts 5 and 6.
(b) Experimental dV=dI tunneling curves as a function of
temperatures. Iac � 20 pA. (c) Calculated dV=dI curves as a
function of temperature according to Refs. [7,8].

P H Y S I C A L R E V I E W L E T T E R S week ending
23 JULY 2004VOLUME 93, NUMBER 4
are found to saturate for temperatures below T �
100 mK. The shape of the tunneling conductance and
its temperature dependence are successfully compared
with the predictions by Fendley et al. [7,8]. Our experi-
ments and analysis thus provide further evidence for the
non-Fermi-liquid nature of fractional QH edge states.

As the backscattering strength is lowered by changing
Vg, we find first a suppression of the nonlinearity of the
tunneling conductance at �� � 1=4, and then the emer-
gence of a Fendley-like minimum at Vg corresponding to
approximately �� � 2=7. When �� � � � 1=3, we re-
cover a zero-bias minimum in agreement with previous
results [18,22]. A similar evolution is also found at a bulk
filling factor � � 1, in this case centered on �� � 1=2.
This latter result unambiguously establishes the role of
the local filling factor �� in the interedge tunneling, even
in a configuration where the bulk is a Fermi-liquid state.
We believe that the observed values of �� associated to the
peak-to-minimum crossover point at an interpretation in
terms of particle-hole conjugation around the metallic
state of composite fermions. Andreev-like processes of
fractional quasiparticles at the interface between the
bulk and the constriction region [25] and intra- and inter-
edge interaction effects [12,23,24] could also play a sig-
nificant role.

The measured devices were processed from a 150 nm
deep GaAs=Al0:15Ga0:85As heterojunction with carrier
density n � 7–9� 1010 cm�2 (depending on the cool-
down procedure) and mobility exceeding 106 cm2=Vs.
QPC gates were fabricated by e-beam lithography, met-
allization, and lift-off. Figure 1(a) shows a scanning
electron microscopy image of the QPC superimposed to
the multiterminal configuration used. Measurements were
carried out by injecting a current I with both ac and dc
components into contact 1. This current is partially re-
flected at the constriction: The backscattered fraction (IT)
is collected by Ohmic contact 2 while the transmitted one
(I � IT) is collected by contact 3. With this configuration,
the potential difference between the two edges propagat-
ing towards the constriction is given by VT � �xyI (�xy �
h=�e2). Finite-bias phase-locked four-wire measure-
ments were performed with the ac component of the
current down to 20 pA. When the 2DES outside the
QPC is in a QH state, the longitudinal-resistance drop
across the constriction (dV=dI, the quantity measured in
the experiment) is related to dIT=dVT through the relation

dV
dI

� �xy
dIT
dI

� �2
xy

dIT
dVT

: (1)

Given the direct proportionality between these two quan-
tities, in what follows the differential tunneling conduc-
tance characteristics will be presented as dV=dI
resistance curves. The mismatch between bulk and
constriction filling factors yields an additional VT-
independent longitudinal resistance drop due to the extra
backscattered Landauer-Büttiker current. In the setup
adopted in our experiments, this mismatch leads to
046801-2
dV
dI jBG � h=�e2�1� ��=��. This relation was used to es-
timate �� from the measured resistance at large VT .

Figure 1(b) shows representative finite-bias dV=dI
measurements at a background value dV

dI jBG � 32 k�,
corresponding to �� � 1=5. At low temperatures, the
tunneling conductance displays a sharp (full width at
half maximum � 100 �V) zero-bias peak and two min-
ima at positive and negative voltage bias (the peak resis-
tance value is set by the quantized transverse resistance
3h=e2 � 77:4 k� [26]). The tunneling conductance
presents a marked temperature dependence, and the non-
linearity altogether disappears for T exceeding 700–
800 mK. These data can be analyzed within the frame-
work proposed by Fendley et al. [8]. Figure 1(c), in
particular, reports a set of calculated differential inter-
edge tunneling characteristics at filling factor 1=5 [8]. To
allow the comparison with the experimental data, a con-
stant background of 32 k� was added to the calculated
curves. The only free parameter in the calculation is the
so-called impurity or point-contact interaction strength
TB, and the best agreement was found for TB � 500 mK.
046801-2
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This strengthens the interpretation of the nonlinear tun-
neling curve in terms of quasiparticle tunneling between
fractional quantum Hall edge states at filling factor 1=5. It
is worth noting that the two lateral minima present at the
lowest temperature are purely nonequilibrium transport
effects in the interedge tunneling conductance.

Further support to this interpretation stems from
the temperature dependence of width and intensity of
the zero-bias tunneling peak. Experimental data (open
circles) are plotted in Fig. 2 together with the results of
the theoretical prediction in the weak-backscattering
limit [4,5] (dotted lines) and with the exact results of
Fendley et al. [8] (solid lines). We should like to empha-
size the low- and high-T behavior in Fig. 2. At low T, the
weak-backscattering theory predicts a width proportional
to kT=��e, vanishingly small when T ! 0. On the con-
trary, the exact nonequilibrium results yield a saturation
below T � 100 mK in agreement with our experimental
results [27]. A similar saturation was found for the in-
tensity of the zero-bias tunneling peak. This behavior
signals the evolution of the tunneling characteristics
from the weak- to the strong-backscattering regime as T
is lowered. In the high-T weak-backscattering regime, on
the other hand, the T dependence of the peak intensity is
compatible with T�8=5 [see the inset of Fig. 2(b) where the
experimental data are plotted in a log-log scale together
with a straight line with slope �8=5] consistently with
the CLL prediction of T
2���2� at �� � 1=5.

Let us move on to the evolution of interedge tunneling
conductance as a function of Vg. Figure 3 reports repre-
sentative results obtained with a relatively high excitation
current Iac � 200 pA. Two qualitatively different behav-
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FIG. 2. (a) Standard deviation parameter � of the Gaussian fit
to the zero-bias tunneling conductance peak versus tempera-
ture. Experimental data (open circles), theoretical calculation at
filling factor 1=5 following Wen (Ref. [3], dotted line), and
Fendley et al. (Ref. [8], solid line) with TB � 500 mK.
(b) Same as in (a) but for the peak intensity (normalized in
terms of the reflection coefficient for the local filling �� [29]).
The inset reports the experimental points in a log-log scale
together with a straight line with slope �8=5.
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iors emerge: For high backscattering strength (high jVgj
values) conductance curves display a maximum at zero
bias [see also Fig. 1(b)]; for lower jVgj values the maxi-
mum evolves into a minimum. This behavior was con-
sistently observed at different charge densities (and
magnetic fields). In all measurements we found that the
minimum-to-maximum transition occurs at a resistance
value of about 20 k� where a flat linear characteristic is
found. It is intriguing to note that this resistance value
corresponds to �� � 1=4. Here a Fermi-liquid state of
composite fermions with four flux quanta h=e attached
is realized within the constriction region. A similar evo-
lution is observed at � � 1 (see inset of Fig. 3): The
crossover in this case occurs at �� � 1=2. This latter
result highlights the impact of the local filling factor ��

on the tunneling characteristics.
A careful analysis of the tunneling conductance char-

acteristics under low excitation current (20 pA) reveals an
unexpected behavior. First, the line shapes of maxima
change significantly as the gate voltage is varied close to
�� � 1=5 as shown in Fig. 4(a). In addition, at the specific
background resistance value of about 11 k� (�� � 2=7),
we observed a sharp zero-bias dip with a line shape
similar to the one observed at �� � 1=5. Figure 4 [panels
(b)–(e)] compares the evolution of the tunneling conduc-
tance peak (at �� � 1=5) and dip (at �� � 2=7) as a
function of T. The behavior in the high temperature limit
is associated to the breakdown of the QH state outside the
QPC: In both cases the contribution of this additional
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FIG. 3. Evolution of tunneling conductance versus gate volt-
age at T � 50 mK and � � 1=3. The background resistance
values associated to relevant filling factors inside the constric-
tion region �� are indicated by the arrows. The inset shows the
behavior at the bulk filling factor � � 1. Here the crossover
occurs at �12 k� which corresponds to �� � 1=2, and the
saturation is at the transverse resistance h=e2 � 25:8 k�. The
excitation current is Iac � 200 pA.
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FIG. 4. (a) Evolution of the differential tunneling conduc-
tance versus Vg. At the background resistance value of �32 k�
(�� � 1=5), finite-bias minima (indicated by arrows) are ob-
served in agreement with [7,8]. The excitation current is Iac �
20 pA. (b),(d) Evolution of the differential tunneling conduc-
tance characteristics corresponding to �� � 1=5 at three differ-
ent values of the temperature. (c),(e) Same as (b) and (d) but
for the background resistance of 11 k� (corresponding to
�� � 2=7).
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backscattering simply increases the overall resistance
drop. As expected, the weaker QH 2=7 state reflects
into a more pronounced temperature dependence. A large
sensitivity to the electrostatic configuration of the split
gate was found close to the weak 2=7 QH state, thus
preventing a detailed study of line shape evolution at
the required low values of the excitation current.

The observation of symmetric peak and dip line shapes
compatible with the theory of Refs. [7,8] is intriguing.
Given the values of ��’s, it is tempting to link these data
to particle-hole conjugation around the metallic state of
composite fermions at 1=4. In this framework, the tun-
neling peak could be related to quasiparticle tunneling
between �� � 1=5 edge states, and the dip would be due
to quasihole tunneling at �� � 2=7, the latter leading to
an increase of the total transmission coefficient at the
QPC constriction (i.e., reduction of the measured resis-
tance drop dV=dI). In the Fermi-liquid state correspond-
ing to �� � 1=4, the VT-dependent nonlinear tunneling
current vanishes as observed experimentally. The com-
plex structure of edge states in the rather smooth potential
profile of the split-gate QPC should be taken into account
[28]. Moreover, quasiparticle Andreev-like processes due
to the mismatched filling factors at the QPC [25] and
interaction effects intraedge and across the split gate
[23,24] may also play a role. Further experimental and
theoretical analysis is therefore needed.

In conclusion, we reported the evolution of interedge
scattering at a split-gate QPC constriction when the bulk
is at � � 1=3. Gate bias allows one to control the inter-
edge coupling by changing both the interedge distance
and the filling factor �� within the QPC region. At a local
filling factor �� � 1=5 and T � 50 mK, we observed a
zero-bias differential tunneling-conductance peak consis-
046801-4
tent with the prediction of out-of-equilibrium quasipar-
ticle transport between CLLs. The gate-voltage-induced
evolution of tunneling around �� � 1=4 suggests an un-
expectedly complex phenomenology in quasiparticle
transport through a QPC in the QH regime.
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