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Periodic resistance oscillations in Fabry—Perot quantum Hall interferometers are observed at integer filling factors
of the constrictions, f. =1, 2, 3, 4, 5 and 6. Rather than the Aharonov—Bohm interference, these oscillations are
attributed to the Coulomb interactions between interfering edge states and localized states in the central island
of an interferometer, as confirmed by the observation of a positive slope for the lines of constant oscillation phase
in the image plot of resistance in the B—Vs plane. Similar resistance oscillations are also observed when the area
A of the center regime and the backscattering probability of interfering edge states are varied, by changing the
side-gate voltages and the configuration of the quantum point contacts, respectively. The oscillation amplitudes
decay exponentially with temperature in the range of 40mK< T < 130 mK, with a characteristic temperature
To ~ 25 mK, consistent with recent theoretical and experimental works.

PACS: 73.43.Jn, 73.23.—b, 73.43.—f

Under a strong perpendicular magnetic field, a
two-dimensional electronic system (2DES) exhibits
the quantum Hall effects (QHEs),['"”] where the bulk
of the 2DES is insulating and the electronic trans-
port is dominated by extended edge states located
at the sample edge. As a powerful tool to study
basic properties of the elementary quasiparticles of
a quantum Hall system, the interferometry of edge
states has been a subject of considerable interest in
the last two decades. In particular, the exotic frac-
tional charge and anyonic statistics of fractional quan-
tum Hall states (FQHS) can be probed by utilizing an
electronic Fabry—Perot interferometer,® " which con-
sists of two quantum point contacts (QPCs) fabricated
from a 2DES. Recent interest focused on the Fabry—
Perot quantum Hall interferometer (FPQHI) has been
largely stimulated by its potential to probe the pre-
dicted non-Abelian statistics of a 5/2 FQHSI® I and
the possibility to use such a device as building blocks
for topological quantum computation.['*]

In an FPQHI, the innermost quantum Hall edge
mode of the two QPC constrictions is partially trans-
mitted due to the inter-edge scattering, giving rise to
an interference between edge states backscattered at
the two constrictions. The interfering edge channel
separates two quantum Hall states (QHSs) with fill-
ing factors f; > f,, where f; (f,) is the inner (outer)
QHS. The relative phase of the interference is a com-
bination of the Aharonov—Bohm (AB) phase and the
statistical phase accumulated by one quasiparticle of
the fi QHS propagating along the interfering edge,

0 = 2me{ BA1/¢o + Nibp, (1)
where el is the elementary charge of the f; QHS (in
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units of the electron charge e), B is the magnetic
field, Ay is the area enclosed by the interfering loop,
¢o = h/e is the flux quanta, Ny, is the number of local-
ized quasiparticles inside the loop, and 6, is the sta-
tistical phase by one quasiparticle encircling another.
In Eq. (1), ¢ = 1 and 6, = 0 for integer quantum
Hall state (IQHS). For FQHS, e} is fractional and 6,
is the corresponding anyonic phase. In general, the
area A1 = A+ §A is as functions of B and the gate
voltage Vg, with § A rapidly oscillating with small am-
plitude around the relatively large and slowly varying
base A. The oscillatory A contributes rapid oscil-
lation to the interference phase, as given in Eq. (1),
for the backscattering probability of the interfering
edge state. This leads to oscillatory magnetoresis-
tances measured across the two constrictions of the
FPQHI, with magnetic field period AB ~ ¢g/A or
gate voltage period AV, on a scale corresponding to
AN = 1.

By the Coulomb interactions, the interfering edge
mode is coupled to localized quasiparticles in the bulk
of the central island, and the periodicity of the magne-
toresistance is closely related to the coupling strength.
Modeling the energy of the FPQHI in terms of a ca-
pacitor network,[”] Halperin et al. found the period of
the magnetic field at fixed V,

_$_ 1
A fifef — foles’

in the limit of negligible bulk-edge coupling, where e
is the elementary charge of the f, QHS. This is re-
ferred to as the AB limit, since AB = ¢/ A is charac-
teristic to the standard AB effect for IQHS (f; = fo+1,
ef = ef = 1). On the other hand, in the Coulomb-
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dominated (CD) limit where the bulk-edge coupling is
sufficiently strong,

%o €
A fo

Equations (2) and (3) show quantitative difference
for AB at fixed V,, while the distinction between the
AB and CD limits is most prominent in the image
plot of resistance in the B-V, plane, where a series
of stripes with negative and positive slope, respec-
tively, are shown as constant phase lines.”'”! In the
mixed regime between the AB and CD limits, the im-
age plot often shows a checkerboard pattern rather
than straight stripes.!”]

Experimentally, magnetoresistance oscillations in
FPQHI devices have been reported by several groups,
in the IQHS regimel'” ! and FQHS regime.l*! 2]
Most of the observations, on FPQHIs with small
areas (A < 5um?), are consistent with the CD
interference, 8202728 while behaviors of AB inter-
ference have been clearly observed on FPQHIs with
larger areas (A > 15 um?).[19:27]

In this study, we report on our observations of peri-
odic oscillations in electronic FPQHIs. The observed
oscillations are of the CD interference in the IQHS
regime, with the characteristics: (1) Magnetic field
periods follow Eq. (3) as

AB = (3)

¢o 1
AB=—— 4

AT W
where A is the effective area of the interferometer’s
central island, and f. is the integer filling factor of
the QPC constrictions. (2) Periods of side-gate volt-
age AVg are independent of f.. (3) A positive slope
for the constant phase lines in the 2D image plot of
resistance R in the B—Vg plane. Detailed studies on
these oscillations were performed by tuning the area
of central island and the backscattering probability of
edge modes at the constrictions, via the voltages of
sidegates and QPCs, respectively. Oscillations at odd
integer Hall plateaus f. = 3 and 5, which are usually
hard to detect due to smaller energy gaps,”! were also
clearly observed in our experiments. Temperature-
dependent data of the oscillation amplitude show the
usual relation 6R oc exp(—T/Tp),***] with a charac-
teristic temperature around Ty ~ 25 mK. These works
performed in the integer quantum Hall regime on sam-
ples with relative low mobilities, paved the way for our
further study in the fractional quantum Hall regime of
higher mobility samples.

Interferometer samples were fabricated on 2DES
cleaved from GaAs/AlGaAs heterostructure wafers
that were grown by our high vacuum molecular beam
epitaxy (MBE) machine. A schematic layout of
the sample is shown in Fig.1(a), with the definition
of characteristic dimensions. Ohmic contacts were
prepared sequentially by the UV photo-lithography,
metal deposition (Pd/Ge/Au: 22/55/150 nm), lift-off,
and thermal annealing at 450°C in an atmosphere of
forming gas. Then the core of the device, consist-
ing of three pairs of front gates, as shown in Fig. 1(b)

by a typical AFM image, were fabricated by e-beam
lithography with subsequent metal deposition (Ti/Au:
10/60nm) and lift-off processes.
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Fig. 1. (a) A schematic layout of the interferometer sam-
ple, with the definition of characteristic dimensions. (b)
A typical AFM image showing the core of the interfer-
ometer, which consists of three pairs of front gates. (c)
Quantized conductance plateaus observed on sample S1
at zero magnetic field with sweeping gate voltages V1, and
VR, respectively. (d) Depopulation of edge state modes
of the right QPC by its gate voltage VR, observed on S1
at fixed magnetic fields B = 2.20T, 3.03T, and 4.37T,
in which the blue solid dots, on the trace of B = 2.20T,
mark the points where the edge modes with index i = 3,
2, and 1 are just becoming the innermost, respectively.

Table 1. Parameters of the interferometer samples.

L w w LxW

Sample WO (um) ) (o) (um?)
S1 QW 1.3 1.5 440 1.95
S2 QW 1.3 1.5 440 1.95
S3 QW 1.3 2 440 2.6
S4 HS 1.5 2.2 440 3.3

The interferometer is defined and controlled by ap-
plying dc voltages onto the front gates. In our exper-
iments, the same voltage was applied to both gates
of each pair, and the voltages on the left QPC, side-
gate, and right QPC are denoted by Vi, Vg, and Vg,
respectively. Transport measurements were performed
in a top-loading dilution refrigerator with a base tem-
perature of 15mK and a 18-Tesla superconducting
magnet. The resistances, Rp = (V4 — V) /I35 and
Ry, = (V3 — V4)/I1_2, were measured employing a
standard low-frequency (30.9Hz) lock-in technique,
with an excitation current of 1nA (except 0.5nA for
the variable temperature measurements). Data from
four samples, labeled S1, S2, S3, and S4, are presented
in this work. The characteristic parameters of these
samples are listed in Table 1.

For a QPC, quantized conductance plateaus ap-
pear due to depopulation of 1D subbands by sweep-
ing the gate voltage. At zero magnetic field, the con-
ductance plateaus occur whenever M = 2w/\p is an
integer, where w is the effective width of the narrow
constriction of the QPC, and Ap is the Fermi wave-
length of the nearby electrons. The conductance of
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the plateau is given by!*’]
G=1_/(V3—Vy) =M -2e*/h. (5)

As shown in Fig.1(c), the quantized conductance
plateaus of a single QPC are clearly observed for sam-
ple S1 at zero magnetic field B = 0. The conductance
curves against gate voltage do not overlap between the
left QPC and the right QPC, indicating that their ac-
tual widths are different after fabrication despite their
designs being symmetrical. According to Eq. (5), the
tunability of the gate voltage on the width of the QPC,
a = dw/0Vy ~ 240nm/V, can be roughly estimated
from the slope of G against gate voltage.

On the other hand, at high magnetic fields, the
conductance plateaus occur whenever the Landau
level filling factor of the constriction, f., is an inte-
ger, giving a quantized conductance

GDE1/RD:I3—)2/(V1_V4):f(3.62/h‘ (6)

Deviation from the conductance plateau is due to par-
tial reflection of the innermost edge mode via inter-
edge scattering that is tunable by the gate voltage.

With sweeping the gate voltage toward the negative
direction, the new conductance plateau starts at the
point where the present innermost edge mode be-
comes totally reflected and the next inner mode just
becomes the innermost. Therefore, the distance in
real space between neighboring edge states can be es-
timated from the voltage spacing between adjacent
starting points of the conductance plateaus. For ex-
ample, Fig.1(d) shows that at B = 2.2T the right
QPC of S1 has four edge modes around zero gate volt-
age, which can be indexed by 7 = 1, 2, 3 and 4 from the
edge to the inner. The three blue dots that mark the
starting point of the new conductance plateaus corre-
spond to the respective points where the ¢ = 3, 2 and 1
edge modes are just becoming the innermost, respec-
tively. From the voltage spacing of neighboring blue
dots, AVg ~ 0.6V, we can estimate a change of the
QPC width 0w = aAVR ~ 140nm, and the distances
between the neighboring edge modes, d4 3 and ds 2,
are roughly dw/2 ~ 70nm ~ 4lp, where lg = \/h/eB
is the magnetic length.
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Fig. 2. Transport data measured on sample S2 at T' = 15 mK. (a) Diagonal resistance Rp and longitudinal resistance
Ry, as a function of perpendicular magnetic field B, measured at V;, = —0.8V, Vg = —0.6 V, and Vg = —0.6 V; Ryg
is the Rp trace measured with all gates grounded, representing the Hall resistance of the electrons in the bulk region
of the device. (b)—(e) Expanded views of the data in Fig. 2(a), showing periodic oscillations at f. = 1, 2, 3 and 4,
respectively. (f) Fast Fourier transform analyses on the sets of oscillations in (b)—(e). Inset: plot of the oscillation
periods, AB, against 1/fc, which exhibits a linear relationship that is characteristic of the CD oscillations of the

interferometer, with an area A ~ 1.55 um?.

The dependencies of Rp and Ry, on magnetic field
B are shown in Fig. 2(a) for sample S2. The gate volt-
ages of the QPCs, Ry, and Vg, were respectively set
at —0.8V and —0.6 V, such that the two constrictions

had the same electron density, n. ~ 0.75n;,, where n.
and nyp, are the electron densities of the constrictions
and bulk, respectively. Within the Landauer—Buttiker
formalism, the electron transport of the interferometer
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is given by!*!
1 1 h
me(pp) e ®
1 h
Rp = 7fc =E (8)

where f}, is the Landau level filling factor in the bulk
region.

As an example, the blue arrows in Fig.2(a) mark
the regime where both the constrictions and the bulk
are quantized, at f. = 2 and f, = 3, respectively,
as evidenced by the plateaus of Rp and Ry traces.
In this regime, according to Eq.(7), Ry, should also
be quantized giving rise to a plateau at Ry, = 6h/e?,
which has been confirmed by the measured Ry, trace.

In Fig. 2(a), the most significant observation on the
Rp and Ry, traces is the occurrence of periodic oscil-
lations on the low field side of the plateaus of f. =1,
2, 3 and 4. For f. =1 and 2, more than 150 oscilla-
tion peaks can be resolved, with amplitudes of the or-
der 0.05¢2/h. Expanded views of the data in Fig. 2(a)
are shown in Figs. 2(b)-2(e), for the oscillations occur-
ring at f. = 1, 2, 3 and 4, respectively. Fast Fourier
transform (FFT) analyses, as shown in Fig. 2(f), re-
veal a sharp peak of a single frequency for each set
of oscillations, indicating their good periodicity. The
oscillation periods, AB, obtained from the FFT anal-
yses and plotted in the inset of Fig.2(f), exhibit a
linear dependence on 1/ f. that is characteristic of the
CD oscillations of the interferometer. According to
Eq. (4), the effective area A of the central island of
the interferometer can be determined from the slope
of AB against 1/ f.. As shown in the inset of Fig. 2(f),
A = 1.55 pm? is obtained for S2 at Vs = —0.6 V, which
is smaller but reasonably close to the value (1.95um?)
of its e-beam lithography design.

The magneto-resistance oscillations were also stud-
ied on different samples with different central areas.
In general, a linear relationship between AB and 1/ f.
is found, as shown in Fig.3(a). Moreover, Fig.3(b)
shows the color map of Rp in the plane of B and
Vs, measured on S1 at f. = 1 and 2, respectively,
with the gate voltages Vi, = —1.2V, Vg = —1.0V and
Vs = —0.7V. Obviously, for f. = 1 and 2, the oscil-
lation stripes have a positive slope and similar gate
voltage periods AVg &~ 4.4mV, confirming their CD
origin. Note that the data for the color maps were
taken with a constant voltage on one of the side-gates
while the other was slowly varied.

The oscillations were observed on the sample S2
at various side-gate voltage Vs. Figure 3(c) shows
the corresponding area A (determined from measured
period AB) and AVg measured at f. = 1, plotted
against Vg. For integer f., due to charge balancing in
the central island of the interferometer, the period of
side-gate voltage AVg is given byl”*%

IS
dA/dVs (nwdo — Bfe)

For S2, dA/dVs and n,¢g can be estimated from the
slope of A versus Vs in Fig.3(c) and from the Ry

AVg 9)

trace of Fig. 2(a), respectively, resulting in dA/dVg ~
0.53 um?/V and np¢o ~ 8.0 T. With these estimates,
AVg can be calculated from Eq. (9), using the actual
B, value corresponding to each data point of the ex-
perimental AVg versus Vg plot; the results are shown
in Fig. 3(c) as green circles, in reasonable agreement
with the experimental points, denoted by red solid cir-
cles.
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Fig. 3. (a) The value of AB versus 1/ f. for different sam-
ples and areas, (b) Rp as a color map in the plane of B
and Vg, for fc =1 and 2, respectively, and (c) Vg depen-
dence of the central island area A (left axis) and period
AVg (right axis). Here the green circles are AVg calcu-
lated from Eq. (9).
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Fig. 4. Stronger oscillations than that of Fig. 2, measured
at T'= 15mK on the same sample S2 with different gate
voltages (Vi = —1.3V, Vg = —=1.0V, and Vg = —0.7V).
(a)—(f) Periodic magnetoresistance oscillations observed at
fe=1,2,3,4,5 and 6, respectively.

We have tuned the backscattering probability of
the constrictions by varying the QPC gate voltages.
Figure 4 shows oscillations measured on S2 with V1, =
—1.3V, Vg = =1V, and Vg = —0.7V, which sat-
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isfy n. = 0.6n,. Now the oscillations are stronger
than those shown in Fig.2 for the same sample with
Vi, = —0.8V and Vg = —0.6V,; the oscillations are
observed at f. = 6, and even at f. = 5, where obser-
vation on similar oscillations has hardly been reported.

Figure 5 displays the temperature evolution of
magnetoresistance oscillations § Rp measured on sam-
ple S3 (6Rp with its smooth background subtracted)
in the 1I0mK< T < 130 mK temperature range. The
oscillation amplitude dR, averaged over ~ 10 peri-
ods in the zone enclosed by the blue frame in Fig.5,
is plotted in the inset of Fig.5. The relation 0R o
exp(—T/Ty) is found, in the regime of T > 40mK, in
agreement with recent theoretical predictions!” and
experimental results.l”>?*] The characteristic temper-
ature Ty = 23.8 mK is extracted by fitting this curve.
At T < 40 mK, the oscillation amplitude tends to sat-
urate, possibly due to unintentional electron heating
by the environment of the measurement setup.

8 T T T T T
ITOOO: H
6E i B e i A AR T Vo W N
g 4
z L ANANNANANNANNNANANNN
~ 5 NMNAANNNNANNN NS
6 < 2 x
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0.1
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R e
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IQ: T (mK)
=

AN
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4.48 4.50 452
B (T)

(=}

======

Fig. 5. Temperature dependence of the oscillations mea-
sured on S3 at fo =1 (V, = Vg = Vg = —0.8V). The
curves are shifted vertically for clarity. Inset: the oscil-
lation amplitude, d R, averaged over ~ 10 periods in the
zone enclosed by the blue frame, versus temperature T}
curve fitting to dR o exp(—T/Tp) yields a characteristic
temperature Ty = 23.8 mK.

In summary, we have observed the Coulomb-
dominated magnetoresistance oscillations at various
integer quantum Hall states (f. = 1, 2, 3,4, 5 and 6) in
the Fabry—Perot quantum Hall interferometers. These
oscillations have been studied by tuning the area of the
central island and the backscattering probability of
edge modes at the constrictions, by varying the volt-
ages of sidegates and QPCs, respectively. Although
usually hard to detect due to smaller energy gaps, os-
cillations at odd integer Hall plateaus f. = 3 and 5
are also clearly observed in our experiments. Tem-
perature dependence data of the oscillation amplitude
show the usual relationship 0R o exp(—T/Tp), with
the characteristic temperature around Ty ~ 25mK.
These works, performed in the integer quantum Hall

regime on samples with relatively low mobilities, have
paved the way for our future study on the observation
of CD and AB oscillations in the fractional quantum
Hall regime of samples with higher mobility.

We acknowledge helpful discussions with Wan X,
Hu Z X and Du R R.
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