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Interferometry is a vital tool for studying fundamental features in the quantum Hall effect. For instance,
Aharonov-Bohm interference in a quantum Hall interferometer can probe the wave-particle duality of
electrons and quasiparticles. Here, we report an unusual Aharonov-Bohm interference of the outermost
edge mode in a quantum Hall Fabry-Pérot interferometer, whose Coulomb interactions were suppressed
with a grounded drain in the interior bulk of the interferometer. In a descending bulk filling factor from
vy, = 3 to vy, = (5/3), the magnetic field periodicity, which corresponded to a single “flux quantum,”
agreed accurately with the enclosed area of the interferometer. However, in the filling range, v, ~ (5/3) to
vy, = 1, the field periodicity increased markedly, a priori suggesting a drastic shrinkage of the Aharonov-
Bohm area. Moreover, the modulation gate voltage periodicity decreased abruptly at this range. We
attribute these unexpected observations to edge reconstruction, leading to area changing with the field and a
modified modulation gate-edge capacitance. These reproducible results support future interference

experiments with a quantum Hall Fabry-Pérot interferometer.
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A two-dimensional electron gas (2DEG), subjected to a
strong perpendicular magnetic field, exhibits quantized
plateaus of the electrical Hall conductance,
v(e*/h), where e is the electron charge, & is the Planck
constant, and v is the filling factor (integer or fraction). In a
quantum Hall (QH) system, gapless, chiral, 1D-like edge
modes carry the current while the bulk is insulating [1-5].
Carriers can be electrons or fractionally charged quasipar-
ticles [6-8], with the latter obeying anyonic exchange
statistics, with the quasiparticle exchange phase z/m at a
filling v = 1/m [9-17]. Studying the edge modes allows for
discerning the properties of the bulk (due to “bulk-edge
correspondence”). Examples are the studies of shot noise
[18], thermal transport [19], and interference [20].

Interferometry with QH edge modes provides an excellent
tool for investigating the wave nature of electrons and
quasiparticles, their coherence, and statistics. The customarily
employed interferometers in the QH regime are the multipath
Fabry-Pérot interferometer (FPI) [13,21-30] and the two-path
Mach-Zehnder interferometer (MZI) [14,31-35]. While the
MZI has a built-in metallic drain, thus operating in the
Aharonov-Bohm (AB) regime, an unscreened FPI is affected
by Coulomb interactions [36,37], which tend to mask the AB
interference. Screening these interactions with parallel con-
ducting layers [13,27], a metallic top gate [21,22], or via
draining charges by an internal grounded drain [23,25] reveal
AB interference. Anyonic statistics had been recently
observed in a screened FPI [13].

Here, we studied interference in FPIs with an internal
grounded drain in the bulk filling factor ranging from
v, =3 to v, =1. As detailed below, an anomalous
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interference of the outermost integer edge mode appears
concomitantly with the emergence of edge reconstruction at
v ~5/3 [38-40].

A ubiquitous FPI consists of two partitioning quan-
tum point contacts (QPCs) serving as beam splitters, a
gated (or etched) confined bulk, and a “modulation gate”
(Supplemental Material, Fig. S1 [41]). The latter depletes
the bulk locally, thus changing the area enclosed by the
interfering edge mode, A = adVyg, with a a function of
the gate-edge capacitance and the carrier density. The AB
flux periodicity of the interfering integer edge mode is
the flux quantum, ®, = h/e, with a winding phase
@ap = 2xBA/®, where A is the enclosed area and B
the magnetic field [42]. For weakly backscattering QPCs,
the transmission probability is given by Tgp = |7]> =
£12(1 4 riricosag), where 17(12) and r7(r?) are the trans-
mission and reflection probabilities of the left (right) QPC,
respectively. In the fractional regime, the AB phase is
modified, g, = (e*/e)2xBA/ Dy, leading to periodicities:
AB = (e/e*)®y/A and AA = (e/e*)®,/B.

The FPIs were fabricated in a high-mobility 2DEG
embedded in GaAs-AlGaAs heterostructure at a depth of
~100 nm below the surface, with two different electron
densities (1.7 & 1.1) x 10" cm™ and an enclosed area
between 5 pm? and 17 pm? (Fig. 1(a) and Supplemental
Material, Fig. S2 [41]). The internal grounded drain dimen-
sions varied between 450 x 450 nm? and 800 x 800 nm?,
respectively. Differential conductance was measured by
applying a small ac voltage of 1 uVgys at 900 KHz at
10 mK. The signal was amplified by a cooled preamplifier
(at 1.5 K) cascaded by a room-temperature amplifier.
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FIG. 1. Device structure and Aharonov-Bohm oscillations at vy, = 3, 2. (a) Scanning electron micrograph image of a Fabry-Pérot
interferometer with a grounded drain at the center bulk. Standard ohmic contacts of alloyed Ni-Au-Ge served as source (S) and drain
(D), and thin metallic PdAu-Au served as gates. The split gates as QPCs were 450 nm apart, and the modulation gate was 300 nm wider.
The lithographic internal area of the device is 10.25 um?. Red and blue lines represent the outermost and the inner edge modes,
respectively. The dashed lines show reflected and transmitted edge modes. The inner edge mode is fully reflected. (b),(c) Typical
Aharonov-Bohm pajama in B — Vg plane at filling factor 1, = 3(B = 2.33 T) and v, = 2(B = 3.6 T), when the integer outer edge
v. = 1 is weakly partitioned with the transmission probability 7> ~ 0.93. Respective fast Fourier transformation with the unique
frequencies in B and Vg are shown on the right. The values of AB and AV, follow the usual AB interference equation resulting in the

flux periodicity of @, at v, = 2, and ®,/2 at v, = 3.

We start with interfering the outermost integer edge mode,
v, = 1 atfillings v, = 3 and 14, = 2 in an FPI with an area of
~10.25 pm? fabricated in higher density (1.7 x 10'! cm~2)
2DEG. The conductance plot in the B — Vg plane [42] has
the familiar AB-type pajama pattern [Figs. 1(b) and 1(c)],
clearly proving a typical AB interference. The AB periodic-
ities at v, =2 are AB=6.4 G and AVyg = 6.58 mV,
corresponding to electron interference with a flux periodicity
of ®,. However, at v, =3 we find AB=32G and
AVyc = 5.55 mV corresponding to a flux periodicity of
@, /2 being the known (but not fully understood) pairing
phenomenon of the interfering electrons with e* = 2e
[23,43,44]. Throughout the filling range v, = [3,5/3], the
corresponding AB areais A = (e/e*)(®y/AB) = 6.4 pm?,
suggesting gate-induced lateral depletion of some ~#350 nm.

At the filling factor v, = 5/3, a dramatic change in the
interference pattern takes place. Monitoring the interfer-
ence of v, = 1 in a progressively declining filling factor
between v, ~5/3 and v, =1, the field periodicity
increases from AB = 6.4 G to AB = 18.6 G, respectively;
see Figs. 2(a) and 2(b) and the Supplemental Material,
Fig. S4 [41], for the AB pajama at v, = 1. Also, the
modulation gate voltage periodicity decreases unexpect-
edly with lower filling in the same filling range. Note that
during interference of the outer edge mode, the inner edge
mode is fully reflected by the first QPC, i.e., the filling at
the QPC is always below 1.

The dramatic change in the field periodicity in the range
vy, = [5/3,1] suggests a priori a monotonic shrinkage
of the area (®,/AB)—by a factor of around 3 at 14, = 1
(Fig. 3(a) and Supplemental Material, Fig. S5 [41]). How-
ever, since FPIs with different lithographic areas exhibit
similar behavior, i.e., an approximately similar factor of
increase in AB, see Fig. 3(a), such apparent “area change”
cannot occur. What is so unique in v, ~#5/3 and lower
filling that leads to such abnormal behavior?

We recently found an emergent edge reconstruction of the
outermost edge mode starting at vy, ~ 5/3 and persisting until
at least 1, = 1, while for 1, > 5/3, edge reconstruction was
not observed [38]. Below v, =~ 5/3, the outer integer filling
v, = 1 was reconstructed to two fractional states: an outer-
most v, = 1/3 and an inner v, = 2/3 [38,45,46], with a
e?/3h conductance plateau observed in the transmission
of a QPC [Fig. 2(c)]. Beyond an equilibration distance,
an upstream bosonic neutral mode is born [Fig. 2(d)].
Approaching v, = 1, edge reconstruction and the excitation
of the neutral mode strengthen. Based on these observations,
we propose a mechanism explaining the anomalous behavior
of the FPL

The enclosed flux evolution is A® = AB x A — B x AA,
with A as the enclosed area. Assume that with increasing
B the enclosed area does not remain constant, leading
to (1/A)(A®/AB) =1— (B/AB)(AA/A). For filling
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FIG. 2. Aharonov-Bohm interference and the reconstructed
edge at v3) = 1 measured with the interferometer with an area
10.25 pm? and the higher electron density. (a) The characteristic
pajama with the Aharonov-Bohm (AB) slope at the filling factor
v, = 1(B=64T). The QPCs’ transmissions are #,> ~ 0.46.
(b) The fast Fourier transformation shows a single peak with
periodicity, AVyg = 2.7 mV and AB = 18.6 G, drastically dif-
ferent from what is expected from 1, = 2. Comparing the
periodicities at v, =2 and v, = 1, the latter suggests an AB
flux periodicity of 2.9® (in B-dependence) but 0.73® (in V-
dependence)—hence unacceptable. (c) The conductance as the
QPC transmission measured at B = 6.4 T shows a plateau of 1/3
due to edge reconstruction. Interference is measured at different
transmission values with the QPCs weakly and strongly pinched
(see Supplemental Material, Fig. S4 [41]). (d) Schematic repre-
sentation of the density profile below and above the bulk filling
v, = 5/3, and the reconstruction of the outer edge mode v, = 1.
The edge modes are shown below by the purple arrow. Below
v, = 5/3, the creation of 1/3 density near the edge leads to two
counterpropagating 1/3 modes. The modes’ equilibration leads
to two downstream 2/3 and 1/3 modes, and an upstream neutral
mode (red dashed arrow) such that the net thermal Hall
conductance k,, remains conserved.

v>5/3, where AB is constant, namely, A x AB = @,
and (1/A)(A®/AB) =1, with AA =0—as expected.
However, for v < 5/3, since the periodicity of AB increases
monotonically with B, a finite reduction in the area, AA,
must occur in each period of one flux quantum. The
estimated magnitude of AA and A, with the measured values
of B and AB, is shown in Fig. 3(c). The detailed method of
calculating AA and for the addition of a flux quantum is
described in the Supplemental Material, Sec. I [41]. Since
(B/AB) ~10%, the relative change in the area is
tiny,(AA/A) ~ 107*, resulting from an inward shift & of
the circulating edge mode, § = (AA/4v/A), which is of the
order of ~0.1 nm [Fig. 3(c)]. An alternative estimate of &
results in a nearly similar value to the above (Supplemental
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FIG. 3. Anomalous periodicity of interference at vy, < 5/3.

(a), (b) Variation of field- and modulation gate-periodicities with
filling factors ranging from vy, = 3 to 1 for three different devices
of lithographic internal area 17.2 pm? (black), 10.25 pm? (blue),
and 4.87 pm? (red). The estimated apparent area (®,/AB) as a
function of the magnetic field (B) shows a monotonic decrease
below the filling v}, ~ 5/3. Similarly, the frequency (1/AVyg)
with B also diverts from the usual linear slope of electrons’
interference below vy, = 5/3. In the Supplemental Material,
Fig. S5 [41], a few pajamas with the fast Fourier transformation
around the filling of 5/3 for a device are shown. (c) The
calculated change in area AA, the (effective) area A, and the
amount of inward shift § of the edge mode using the measured
AB and the flux evolution equation. For v, > 5/3, AA = 0 and
6 = 0 (shown by purple stars). In the range 14, = 5/3to 1, AA and
o increase with B (shown by solid circles). The blue dashed line
(top figure) with the right y axis shows the actual Aharonov-
Bohm area (for a device represented in blue) in the range v}, =
5/3 to 1 after incorporating the effect of AA. Note that the area
shrinks by ~1 pm?, i.e., approximately 1.1 times contrary to the
a priori area shrinking by 3 times. (d) The mutual capacitance a,
obtained from AVy,g values, for a device represented in blue dots
showing its unusual variation below v, ~ 5/3.

Material, Sec. IT [41]). It is remarkable how a minute change
in 0 strongly affects the AB interference periodicity.

Being a crucial point, we stress it again. When the edge
mode location becomes sensitive to the magnetic field, a
significant contribution to the flux comes from the term
B x AA, being on the order of A x AB. This appears
erroneously as a large reduction in the area that is
calculated solely via the term A % AB (see Fig. 3(c) and
the Supplemental Material, Fig. S9 [41]).

At filling v, ~5/3, due to edge reconstruction an
incompressible strip is formed around the outermost edge,
with fillings v = 1/3 and v = 2/3 [23]. With increasing the
field (with further lower filling), this strip continues to
widen, and thus in field scanning, the progressive change in
area (AA) plays a significant role. Approaching 14, = 1, the
increasing reconstruction strength and wider strip lead to
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FIG. 4. Interferometer with variable edge potential and the
magnetic field periodicity. (a) Scanning electron micrograph
image of a fully gated Aharonov-Bohm (FPI) with the internal
lithographic area of 14.2 pm?, fabricated in the lower density
(1.1 x 10'" ¢cm™2) 2DEG. The split gates (QPCs) are separated
from the rest of the confining gates. Hafnium oxide separates the
ohmic contacts (shown in yellow) from the gates and between the
successive gate layers. The gate voltage Vg tunes the depletion
and thus the edge potential. The QPC gate voltages V.
independently induce backscattering to the edge mode. (b) Ob-
tained apparent area (®,/AB) from the magnetic field periodic-
ities at different depletion strengths of the FPI at various filling
factors. More details of interference traces and 3D pajamas are
shown in the Supplemental Material, Figs. S6 and S7 [41]. The
confining gates’ voltage, Vg = 0.27 V, is the value at which the
filling under the gates is zero, v = 0 (shown by the dashed
yellow line). With a more negative Vg, the active interior area
shrinks significantly (e.g., ~36% reduces for Vg = —0.8 V at
1, = 2). Along any vertical cut (constant Vg line), crossing the
filling 1y, % 5/3, the anomaly in the value of ®,/AB becomes
apparent.

the proportional increase in 6 with B. The higher (lower) o
for a smaller (larger) size device is consistent with the larger
(smaller) AB, i.e., one needs to scan a longer (shorter)
range of B for one flux quantum resulting in the wider
(narrower) reconstructed strip.

Similarly, the dependence of 1/AVyg on B, with AVyg
the voltage required to change the AB flux by one flux
quantum changes abruptly at 1, ~5/3 (with AD =
B x AA) [Fig. 3(b)]. The incremental depleted charge,
AQ = neAA = CygAVyg, or equivalently (1/AVyg) =
(Cmg/ne) = (B/®y), where n is the charge density, Cyg is
the gate-edge capacitance, and a = (Cyg/ne). Using the
measured AVyg, @ is plotted as a function of B in Fig. 3(d).
While « is nearly constant (as expected) for vy, > 5/3, it
increases at fillings 4, < 5/3. The larger « is a result of the
lower charge density in the reconstructed lower filling (e.g.,
v = 1/3) region. The latter getting stronger leads to the
continuous increase in a with B.

Since edge reconstruction can depend on the sharpness
of the edge potential, we repeated these measurements in an
FPI, which allows tunable pinching [Fig. 4(a)]. We tested
the frequency ®,/AB with a more substantial confining
potential (via V) in the range 1, = 3 to 1, = 1 [Fig. 4(b)].
We find the following: (i) the AB area decreases drastically
with increasing gate depletion, and (ii) the anomaly in the
periodicity for fillings v, < 5/3 persists and suggests that

edge reconstruction and neutral modes cannot be fully
quenched. In the Supplemental Material, Fig. S8 [41], we
describe similar experiments performed in an MZI, where
there is nearly no change in the AB area. Indeed, the two
interfering trajectories in an MZI shift in the same direction
with B, while in the FPI the trajectories move in the
opposite direction [47].

The FPI is the simplest and thus frequently employed in
the quantum Hall regime. When a ubiquitous edge
reconstruction occurs, topological or trivial, the AB elec-
tron interference becomes anomalous. In contrast to the
expected periodicities in the magnetic field and gate
voltage, a gradual increase in the periodicity is observed
with an increasing magnetic field, accompanied by an
abnormal decrease in the gate voltage periodicity. Our
results, revealing a new effect on AB interference, suggest
that the details of edge structure—often not considered—
may be critical in interpreting the AB-FPI interference
oscillations. For instance, in the earlier FPI experiments
with fractional states, the weaker magnetic field dependent
oscillations may indicate the AB flux periodicity of @, with
a modified area due to edge mode position at that filling
factor. The area must be ensured correctly in future FPI
studies.
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