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The unique properties of quantum hall devices arise from the ideal one-dimensional edge states that form in
a two-dimensional electron system at high magnetic field. Tunnelling between edge states across a quantum
point contact (QPC) has already revealed rich physics, like fractionally charged excitations, or chiral
Luttinger liquid. Thanks to scanning gate microscopy, we show that a single QPC can turn into an
interferometer for specific potential landscapes. Spectroscopy, magnetic field and temperature dependences
of electron transport reveal a quantitatively consistent interferometric behavior of the studied QPC. To
explain this unexpected behavior, we put forward a new model which relies on the presence of a quantum
Hall island at the centre of the constriction as well as on different tunnelling paths surrounding the island,
thereby creating a new type of interferometer. This work sets the ground for new device concepts based on
coherent tunnelling.

lectron phase coherence is the cornerstone of quantum devices and computation'* In that perspective,

Quantum Hall (QH) devices are particularly attractive in view of their large coherence times’. Quantum

Hall edge states (ES) formed by Landau levels (LL) crossing the Fermi energy near sample borders are ideal
one-dimensional (1D) systems in which scattering vanishes exponentially at low temperature T"*. Edge state
loops surrounding potential hills or wells, referred to as localized states or quantum Hall islands (QHIs), then
form unique zero-dimensional (0D) systems®. The last few years witnessed great progresses in the transport
spectroscopy of model QH localized states created by patterning quantum dots® or antidots” in a two-dimen-
sional electron system (2DES).

In parallel, new tools were developed to probe the microscopic structure of confined electron systems in the QH
regime. In particular, scanning gate microscopy'®™'¢ (SGM) makes use of a movable metallic tip, which is voltage-
biased, to finely tune the electrons’ confining potential in its vicinity. This way, the geometry of propagating edge
states and localized states can be modified at will"”. Very recently, SGM allowed us to locate active QHIs in a QH
interferometer'®. Importantly, it appeared that QHIs do not only form around antidots, but potential inhomo-
geneities also induce QHIs in the arms or near the constrictions connecting a quantum ring to source and drain
reservoirs'®. Therefore, lateral confinement, e.g. in quantum point contacts (QPC), offers the possibility to
connect a QHI to ES through tunnel junctions, and thus form a new class of 1D-0D-1D QH devices (Fig. 1).
In this case, the 0D island is characterized by a weak coupling (¢ < e*/h) and a large charging energy (E. = ¢*/C>>
kgT) (Cis the island capacitance), which induce Coulomb blockade (CB)'. In such devices, Aharonov-Bohm (AB)
like oscillations of the resistance can be explained by Coulomb coupling between fully occupied LLs and confined
states in the QHI™'®. It was also suggested that AB oscillations reported on a QPC* could be attributed to
tunnelling paths around the saddle point™. In contrast, transport through QH devices, but in the strong coupling
limit (¢ > €°/h), revealed coherent effects analog to those observed in optical Mach-Zehnder****¢ or Fabry-
Pérot*>*’~** interferometers.

Here, we examine an unexplored regime of transport across a QPC where QH edge states are weakly coupled,
but phase coherence is preserved. The SGM tip is used as a nanogate to tune the potential landscape and hence
edge states’ pattern and coupling. At first sight, one expects that transport should be driven by tunnelling, and
possibly by Coulomb blockade if a quantum Hall island were mediating transport between edge states (Fig. 1)"*.
Indeed, SGM and magnetoresistance data corroborate with Coulomb blockade across a QHI located near the
saddle point of the QPC. However, temperature dependence and scanning gate spectroscopy show clear
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Figure 1| Schematic representation of our model and experimental
setup. Tunnelling paths (dotted lines) connect opposite ES through
aquantum Hall island (circle). Current-carrying contacts (1-2) and voltage
probes (3—4) allow resistance measurements. (only one edge state is
represented for the sake of clarity).

signatures of quantum interferences. Since, up to now, such interfer-
ences were exclusively observed in open QH devices, this observation
sets the stage for a new electron transport scenario. We propose a new
model that provides a quantitative interpretation of the data.

Results

Our sample is a QPC etched in an InGaAs/InAlAs heterostructure
holding a 2DES 25 nm below the surface. The QPC lithographic
width is 300 nm. All the experiments were performed at T
between 4.2 K and 100 mK, in a dilution refrigerator. Here, the
perpendicular magnetic field B ~ 9.5 T, which corresponds to a
LL filling factor v ~ 6 in the 2DES. The SGM experiment is
schematically depicted in Fig. 1. It consists in scanning a metallic
atomic force microscope tip, polarized at voltage Vi, along a
plane parallel to the 2DES at a tip-2DES distance of 50 nm while
recording a map of the device resistance R"*'*. The QPC resistance
is defined as R = dV/dI, where V and I are the voltage and the
current through the device, respectively.

The 2DES being on a quantized Hall plateau, whenever some
current tunnels between opposite edge channels, R deviates from
the zero value expected in QH systems at very low T*'***. In our
case, the SGM resistance map recorded at B = 9.5 T, Vi, = —4 V
and T = 4.2 K and presented in Fig. 2(a) reveals concentric fringes
superimposed on a slowly varying background. The origin of the
background, related to reflection of ES at the QPC, is discussed in
the supplementary information. The fringe pattern can easily be
understood in the presence of a QHI surrounding a potential hill,
close to the saddle point of the QPC and tunnel-coupled to the
propagating ES (Fig. 1). Indeed, approaching the polarized tip gradu-
ally changes the potential of the QHI, and hence its area A, defined as
the surface enclosed by the “looping” ES. The enclosed magnetic flux
¢ varies accordingly and the tip generates iso-¢ lines when circling
around the QHI. Since adding one flux quantum ¢, corresponds to
trapping one electron per populated LL in the island, CB oscillations
are generated whenever B or A are varied”, thereby producing AB-
like oscillations”'*****. Isoresistance lines visible on Fig. 2(a) are,
therefore, iso-¢ lines that are crossed as the tip-island distance is
varied'®. Consequently, the center of concentric fringes in Fig. 2(a)
indicates the position of the active QHI, which connects opposite
propagating edge channels through tunnel junctions (Fig. 1).

In the framework of this model, the area of the QHI can be deter-
mined thanks to the B-dependence of AB-like oscillations*":

AB=(¢y/A)/N (1)
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Figure 2 | Imaging tunnelling across a QPC. (a) SGM map at B=9.5 T,
T=4.2 K, and Vi, = —4 V. Continuous lines correspond to the edges of
the QPC. The black bar represents 1 um. (b) B-dependence of R-profiles
over the region marked with a dashed line in (a), with Vi;, = —6 V. Using
Eq. (1) for the two consecutive fringes highlighted with the white dashed
lines in (b), we calculate in (c) the diameter of the QHI as the tip-QHI
distance Oy is varied.

where N is the number of completely filled LL in the bulk (here N =
6). The combined effect of moving the tip along the dashed line in
Fig. 2(a) and changing B is illustrated in Fig. 2(b) for V4, = —6 V.
Along the B-axis, AB-like oscillations are highlighted with the white
dashed lines. The negatively polarized tip approaching the QHI
raises its potential, which increases its area A, and hence reduces
the magnetic field that separates two resistance peaks AB. This is
illustrated in Fig. 2(c), where we assume that the QHI has a surface
equivalent to that of a disk with diameter d obtained from Eq. (1): d is
found to increase from ~65 nm to ~95 nm as the tip-island distance
0y decreases from 1300 nm to 300 nm, respectively. Noteworthy, as
expected for Coulomb dominated transport in a QH interferometer,
increasing B is equivalent to applying a more negative Vl,, yielding a
positive dV,;,/dB for isoresistance stripes’*"**. Since approaching
the negatively charged tip has the same effect as decreasing Vi,
Fig. 2(b) seems consistent with the Coulomb dominated transport.
But, surprisingly, the temperature dependence of fringes amplitude
(R, measured on SGM maps), shown on Fig. 3, reveals a peculiar
behaviour: it clearly does not follow the T~ dependence expected in
the quantum regime of CB'®*** (data from ref. 18 are presented for
comparison in Fig. 3). Instead, dR deceases very slowly from 100 mK
to 4.2 K. Indeed, for coherent transport through a Fabry-Pérot geo-
metry, thermal smearing of interference gives rise to a temperature
dependence OR(T) ~ exp(—T/Ty) in the low temperature regime. In
contrast, for transport processes involving a weakly coupled Coulomb
island, this form for dR(T) is expected only for temperatures larger
than the charging energy™. In the Fabry-Pérot situation, T is linked
to the excited states level spacing AEg, according to the relation T, =
AEg,/ky = 2hvgs/(dks) where vgg is the local edge state velocity,
related to the gradient of the confining potential. From experimental
data measured in a GaAs QH Fabry-Pérot interferometer, one can
infer that, in our sample, 5 X 10* m/s < vgg < 10° m/s. Given this
range for vgs, and d ~ 80 nm (from Fig. 2(c), taking into account that
the T-dependence data were measured at J, ~ 630 nm), we obtain
the range of T-dependence represented as a gray region in Fig. 3,
which reproduces quite well the behaviour observed experimentally.
The corresponding range of 9.5 K < Ty < 19.1 K is consistent with
the low temperature limit and hence with a Fabry-Pérot behaviour.
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Figure 3 | Temperature dependence : Coulomb blockade vs coherent
transport. JR vs T obtained from SGM maps with Vi, = —1 V (circles)
and from data in ref. 18 (squares). The dashed line correspondstoa T~
dependence. The gray region corresponds to an exponential dependence
exp(— T/ Tp) with 9.5 K < T, < 19.1 K, consistent with magnetoresistance
data and edge state velocity estimate along Ref. 29. The solid line
corresponds to Tp = 16.2 K, consistent with the spectroscopy data (see
text).

Earlier experiments already evidenced such an exponential decay
with temperature, but only in Mach-Zehnder and ballistic devices,
which are known to be coherent®***¥.

However, our main observation confirming the preserved electron
phase coherence emerges from the analysis of non-linear transport
through the QPC. Scanning gate spectroscopy is realized by position-
ing the tip right above the QHI, and sweeping both Vi, and the dc
current I through the QPC. The voltage across our tunnel device, i.e.
between propagating edge states, is the Hall voltage: Vi;,s = h/(€
N*)IP*, where N* is the (integer) number of transmitted ES at the
QPC (Fig. S1 - supplementary material). The measurement config-
uration is indeed identical to that used to perform conventional
electrical spectroscopy on isolated quantum dots. If the QHI were
weakly tunnel-coupled to the propagating edge states, one would
expect to observe a “Coulomb diamond” pattern®. Fig. 4(a) shows
dR/dVy,, as a function of the dc component of Vi, and V.. Instead
of Coulomb diamonds, the spectroscopy displays a checkerboard
pattern of maxima and minima, indicating that both Vi, and Vi
tune the interference of transiting electrons. Each bias independently
adds a phase shift between interfering paths, so that the transresis-
tance is modulated by a product of cosines and an exponential term
accounting for a voltage-dependent dephasing induced by electrons
injected at an energy e| Vi,s| %

dR Vbias Vtip
—— =D 2 2
d‘/tip cos ( T Avaias o8 § A‘/tip + ?

exp| —2my —Vbias '
AVbias ’

where D is the zero-bias visibility of the oscillations, AVy;, is the
oscillation period induced by Vi, ¢ is a constant phase factor,
AVyias = 4h vgs/(ed) is the oscillation period along the Vi, axis,
and y is directly related to the Vi;s-dependent dephasing rate:
t, ' =7(e| Viias|) /2°. n varies from 1 to 2 according to Ref. 29, 30,
36, 39 and was set to 1 as we could not discriminate from fitting the
data. As shown in Figs. 4(b-d), we obtain an excellent fit of the data in
Fig. 4(a) using Eq. (2) with a transist time 7, = d/vgs = 1.7 X 107" s,
and a parameter y = 0.2 in the range found in Ref. 29. Note that in
such a small QHI, 7, turns out to be smaller by at least one order of
magnitude than the intrinsic 7, in the same 2DES*. This renders
coherent resonant tunnelling through the whole QHI device possible.
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Figure 4 | Evidence for coherent transport in spectroscopy. (a) dR/ AV,
as a function of the dc component of Vi, and Vyips at B= 9.5 T and

T = 100 mK. Voltage modulation of Vi;, was set to 50 mV. (b) 2D fit of
dR/dVy;, using Eq. (2). (c—d) Transresistance vs Vi, taken along the red
(c) and blue (d) dashed lines in (a—b). The circles correspond to the
experimental data and the continuous lines to the fit.

Discussion

To interpret AVy;, obtained from the fit, one first notes that R evolves
very similarly when changing either Vi;, or B in the vicinity of B =
9 T (Fig. S2 - supplementary material). Therefore, one can convert
AV, into an equivalent AB, through a lever arm AB/AVy, =
0.108 T/V. Hence, AV, = 0.46 V corresponds to AB = 50 mT
for the AB-like oscillations. In that range of Vi, N* = 5
(Fig. S1(d)). This means that d=2+/¢,/(nTN*AB) =145 nm, con-
sistent with data in Fig. 2(c) since d is at a maximum when the tip is
above the QHI (d;, = 0). Moreover, given the value of 7, = 1.7 X
107"* s found in fitting the spectroscopy data, one obtains vgs = 8.5
X 10* m/s, within the range of values that was expected from data in
ref. 29, and in agreement with the exponential temperature depend-
ence in Fig. 3. We therefore have a fully consistent picture that
explains all magnetoresistance, temperature dependence and spec-
troscopy data, and shows that tunnelling across the QHI is indeed
coherent.

One fundamental question remains: why do we observe two dis-
tinct behaviours of transport through apparently similar QH devices,
Coulomb blockaded transport in our previous work'®, and coherent
transport in this one? The qualitative difference cannot be explained
by the fact that d is smaller than previously examined QHIs. T, and
AVyias would be reduced proportionally, but not enough to explain
the observed T-dependence and spectroscopy. On the other hand,
signs of coherent transport through CB quantum dots were only
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Figure 5 | Potential landscape and tunnelling paths across the QPC.

(a) Schematic representation of the electrostatic potential in the vicinity of
the QPC (in brown), with the ES in yellow and the tunnelling paths
connecting opposite ES (red and green). Only one edge state is represented,
for the sake of clarity. (b) top view of the three-dimensional figure in

(a), with the various tunnelling probabilities T; between edge states.

obtained for symmetric tunnel junctions* that allow resonant
tunnelling instead of sequential tunnelling. In that framework, one
might thus ascribe the loss of electron coherence in other QHIs to an
asymmetry of tunnel junctions. However, a difference in the trans-
mission coefficients T of the tunnel barriers may point towards an
alternative explanation. In the coherent regime, we find a rather
strong coupling between the QHI and propagating ES (0.27 < T,
< 0.43), which contrasts with the Coulomb blockade regime where
T, < 1*!. A similar trend is observed in transport experiments at B =
0 T on carbon nanotubes®: phase coherence is maintained when
electrons tunnel through barriers with a large transmission coef-
ficient, so that interference effects can be observed.

Up to this point, our analysis is based on the presence of a QHI
near the QPC, connected to propagating ES on both sides through
tunnelling paths (Fig. 1). However, one could imagine the presence of
additional tunnelling paths between propagating ES, in the vicinity of
the QPC saddle point. The resulting model is presented in Fig. 5(a—
b). While the “green” paths occur naturally when propagating ES and
the QHI are close enough, the “red” paths may originate from poten-
tial anharmonicities (i.e. non parabolicity) on both sides of the saddle
point, similar to the fast potential variations suggested in Ref. 24. In
this model, transport depends in principle on the various tunnelling
probabilities, denoted T , and T3 4 in Fig. 5. However, the presence of
the QHI should always induce oscillations in the magnetoresistance
and spectroscopy of the QPC, either because it is enclosed in an
interferometer, created by the “red” paths and propagating ES, when
T, , < T34, or because tunnelling occurs directly through it (T, , >
T;4) as discussed above (Fig. 1). Therefore, whichever T, or Ts4
dominates, transport is still controlled by the flux trapped in the QHI
and hence its Coulomb charging, so that the analysis developed
above to extract parameters from the magnetoresistance and spec-
troscopy are still valid. In that case, i. e. T5 4 > T 5, the amplitude of
the fringes leads us to 0.043 < T34, < 0.078 (for details see
Supplementary Information).

In summary, we report first evidence for preserved electron phase
coherence in tunnelling across a quantum point contact in the
quantum Hall regime. We propose a framework that explains all
magnetoresistance, temperature dependence and spectroscopy data.
This scenario relies on the presence of a potential hill that generates a
quantum Hall island near the saddle point of the QPC. Our data
therefore provide new signatures of coherent tunnelling in an
ultra-small QH device.

Methods

Device fabrication and 2DES parameters. Our device is fabricated from a InGaAs/
InAlAs heterostructure grown by molecular beam epitaxy where a 2DES is confined
25 nm below the surface (the layer sequence of this heterostructure is detailed in'>'*).
The QPC was patterned using e-beam lithography followed by wet etching. The QPC
resistance R is measured in a four-probe configuration: a low-frequency (typically 10

to 20 Hz) oscillating current I is driven between contacts 1 and 2 on Fig. 1, and V'is
measured between contacts 3 and 4 using a lock-in technique, with V across the QPC
always less than kpT/e. Next to the QPC, we patterned a Hall bar where we measured a
low-T electron density and mobility of 1.4 X 10' m™> and 4 m*/Vs, respectively.

SGM and SGS techniques. All the experiments are carried out inside a *He/*He
dilution refrigerator where a home-made cryogenic atomic force microscope (AFM)
was integrated'®. The AFM is based on a quartz tuning fork to which a commercial
metallized Si cantilever (model CSC17 from MikroMasch) is glued by means of a
conductive silver epoxy. We image the sample topography by imposing a feedback
loop on the shift in the tuning fork resonant frequency and using standard dynamic
AFM mode of operation. After locating the QPC we perform SGM. It consists of
scanning the tip along a plane parallel to the 2DES at constant distance of 25 nm from
the surface, i.e. 50 nm from the 2DES, with a bias voltage Vi, applied to the tip and
recording simultaneously the device resistance R. At the end of a set of SGM
experiments, we image the topography of the QPC to ensure that, during that period,
the position of the QPC did not change. The SGS is performed by positioning the
AFM tip at a fixed position in the vicinity of the QHI and by adding a dc current I to
the lock-in ac signal between contacts 1 and 2 (Fig. 1). The voltage between edge states
Vbias is Obtained by multiplying the dc current I by h/(e* N*). The transresistance dR/
dVyp, is measured with a second lock-in using an ac modulation of Vi,
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