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¢/3 Laughlin Quasiparticle Primary-Filling » = 1/3 Interferometer
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We report experimental realization of a quasiparticle interferometer where the entire system is in 1/3
primary fractional quantum Hall state. The interferometer consists of chiral edge channels coupled by
quantum-coherent tunneling in two constrictions, thus enclosing an Aharonov-Bohm area. We observe
magnetic flux and charge periods /e and e/3, equivalent to the creation of one quasielectron in the
island. Quantum theory predicts a 3h/e flux period for charge e/3, integer statistics particles. Thus, the
observed periods demonstrate the anyonic braiding statistics of Laughlin quasiparticles.
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A clean system of 2D electrons subjected to a high
magnetic field at low temperatures condenses into frac-
tional quantum Hall (FQH) fluids [1-4]. An exact filling f
FQH condensate is gapped and incompressible. The cele-
brated examples of FQH condensates are the Laughlin
many-electron wave functions for the primary fillings f =
1/(2j + 1), with j an integer. The elementary charged
excitations of a FQH condensate are the Laughlin quasi-
particles. Deviation of the filling factor from the exact
value is achieved by excitation of either quasielectrons or
quasiholes out of the condensate, at such fillings the ground
state of an FQH fluid consists of the quasiparticle-
containing condensate. The FQH quasiparticles have frac-
tional electric charge [2—6] and obey fractional statistics,
that is, they are anyons [7-10].

Fractionally charged quasiparticles were first observed
in quantum antidot experiments, where quasiperiodic reso-
nant conductance peaks are observed when the occupation
of the antidot is incremented by one quasiparticle
[6,11,12]. A quantum antidot is a small potential hill
defined lithographically in the 2D electron system.
Complementary geometry, where a 2D electron island is
defined by two nearly open constrictions, comprises an
electron interferometer [13-16]. Recently, we reported
the realization of a quasiparticle interferometer where
e/3 quasiparticles of f = 1/3 fluid execute a closed path
around an island of f = 2/5 fluid [9,10,17]. The interfer-
ence fringes are observed as conductance oscillations as a
function of the magnetic flux through the island, that is, the
Aharonov-Bohm effect. The observed flux and charge
periods, Ag = 5h/e and A, = 2e, correspond to excita-
tion of ten g = e/5 quasiparticles of the 2/5 fluid. Such
superperiodic Ag > h/e had never been reported before in
any system. The superperiod is interpreted as being im-
posed by the topological order of the underlying FQH
condensates [18], manifested by the anyonic statistical
interaction of the quasiparticles [19,20].

Our present experiment uses a similar quasiparticle
interferometer, but with much less depleted constrictions,
Fig. 1. This results in the entire island being at the primary
filling f = 1/3 under coherent tunneling conditions, so
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that e/3 quasiparticles execute a closed path around an
island of the 1/3 FQH fluid containing other e¢/3 quasi-
particles. For the first time, we report interferometric os-
cillations in such devices. This simpler regime should help
theoretical consideration of the quasiparticle interferome-
ter physics. The observed flux and charge periods Ag =
h/e and Ay = e/3, respectively, correspond to the addi-
tion of one quasiparticle to the area enclosed by the inter-
ference path. These periods are the same as in quantum
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FIG. 1 (color online). The e¢/3 quasiparticle interferometer
device. (a),(b) Atomic force and scanning electron micrographs.
(c) Ilustration of the 2D electron density profile. Four front gates
are deposited in shallow etch trenches. Depletion potential of the
trenches defines the electron island. The chiral edge channels
follow equipotentials at the periphery of the undepleted 2D
electrons. Tunneling occurs at the saddle points in the two
constrictions. The edge channel path is closed by the tunneling
links, thus forming the interferometer. The back gate (not shown)
extends over the entire sample.
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antidots, but the quasiparticle path encloses no electron
vacuum in the interferometer. The results are consistent
with the Berry phase quantization that includes both
Aharonov-Bohm and anyonic statistical contributions.

Interferometer devices were fabricated from low disor-
der AlGaAs/GaAs heterojunctions. After a shallow
140 nm wet etching, Au/Ti front-gate metal was deposited
in the etch trenches, followed by liftoff, Figs. 1(a) and 1(b).
Samples were mounted on sapphire substrates with In
metal, which serves as the back gate, and were cooled in
a dilution refrigerator to 10.2 mK bath temperature, cali-
brated by nuclear orientation thermometry. Extensive cold
filtering cuts the electromagnetic environment incident on
the sample, allowing achievement of an electron tempera-
ture = 15 mK in an interferometer device [21]. Four-
terminal resistance Ryy=Vy/Iy was measured with
50 pA (f = 1/3) or 200 pA (f = 1), 5.4 Hz ac current
injected at contacts 1 and 4. The resulting voltage, includ-
ing the interference signal, was detected at contacts 2 and
3.

The etch trenches define two 1.23 um wide constric-
tions, which separate an approximately circular electron
island from the 2D bulk. The shape of the electron density
profile is largely determined by the etch trench depletion,
illustrated in Fig. 1(c). Moderate front-gate voltages Vgg
are used to fine tune the constrictions for symmetry of the
tunnel coupling and to increase the oscillatory interference
signal. For the 2D bulk density nz; = 1.25 X 10'! cm™2
there are ~3500 electrons in the island. The depletion
potential has saddle points in the constrictions, and so
has the resulting density profile.

In a quantizing field B, counterpropagating edge chan-
nels pass near the saddle points, where tunneling may
occur. Thus, in the range of B where interference oscilla-
tions are observed, the filling of the edge channels is
determined by the saddle point filling [17]. This allows
one to determine the constriction density from the Ryx(B)
and Ryy(B) magnetotransport, Fig. 2(a). The Landau level
filling v = hn/eB is proportional to the electron density n,
in a given B, the constriction » is lower than the bulk vj.
The island center n is estimated to be 3% less than np at
Veg = 0, the constriction-island center density difference
is ~7%. Thus, the whole island is on the same plateau for
strong quantum Hall states with wide plateaus, such as f =

1 and 1/3. While v is a variable, the quantum Hall exact
filling f is a quantum number defined by the quantized Hall
resistance as f = h/e’Ryy.

In the integer quantum Hall regime, the Aharonov-
Bohm ring is formed by the two counterpropagating chiral
edge channels passing through the constrictions.
Backscattering occurs by quantum tunneling at the saddle
points in the constrictions, Fig. 1, which complete the
interference path. Relevant particles are electrons of charge
—e and Fermi statistics; thus, we can obtain an absolute
calibration of the Aharonov-Bohm path area and the back-
gate action. Figure 2(b) shows conductance oscillations for
f = 1, similar oscillations also occur for f = 2. The
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FIG. 2 (color online). (a) The Hall resistance of the interfer-
ometer device at zero front-gate voltage. The quantized plateaus
allow one to determine the filling factor in the constrictions.
Inset: the chiral edge channel electron interferometer concept;
dots show tunneling. (b) Representative interference conduc-
tance oscillations for electrons, f = 1, and for e/3 quasipar-
ticles, f = 1/3. The magnetic flux period is Ag = //e in both
regimes. Negative front-gate voltage, applied to increase the
oscillation amplitude, shifts the oscillations to lower B.

oscillatory conductance 8G = SRyy/R%y is calculated
from Ryy data after subtracting a smooth background.
The smooth background has two contributions: the bulk
conduction at v outside the bulk plateau regions, and the
nonoscillatory interedge tunneling conductance in the in-
terferometer. Extrapolated to Vgg = 0 [14,17], the f = 1
magnetic field oscillation period is Az = 1.86 mT. This
gives the interferometer path area S = h/eAz =
2.22 um?, the radius r = 840 nm.

In the FQH regime, we observe the interferometric
oscillations on the low-B side of the f = 1/3 plateau,
Fig. 2(b). This is the first experimental observation of
e/3 quasiparticle interference oscillations when the island
filling is 1/3 throughout. Extrapolated to Vg = 0, the
magnetic field oscillation period is Ap = 1.93 mT.
Assuming the flux period is Ag = h/e, this gives the
interferometer path area S = h/eAg = 2.14 um?, the ra-
dius r = 825 nm. The island edge ring area is determined
by the condition that edge channels pass near saddle points
in the constrictions. Classically, increasing B by a factor of
~3 does not affect the electron density distribution in the
island at all. Quantum corrections are expected to be small
for a large island containing ~3500 electrons. Indeed, the
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f = 1/3 interferometer path area is within =3% of the
integer value. Integer regime oscillations have an h/e
fundamental flux period; we conclude that the flux period
of 1/3 FQH oscillations is also Ag = h/e.

We use the back-gate technique [6,11] to directly mea-
sure the charge period in the fractional regime. We cali-
brate the back-gate action 6Q/8Vpg, where Q is the
electronic charge within the Aharonov-Bohm path. The
calibration is done by evaluation of the coefficient « in

AQ = a(AVBG/AB), (D

using the experimental oscillation periods, setting A, = e
in the integer regime. Equation (1) normalizes the back-
gate voltage periods by the experimental B periods, ap-
proximately canceling the variation in device area, for
example, due to a front-gate bias. The coefficient « is
known a priori to a good accuracy in quantum antidots
because the antidot is completely surrounded by quantum
Hall fluid [6,11]. In an interferometer, the island is sepa-
rated from the 2D electron plane by front-gate etch
trenches, so that its electron density is not expected to
increase by precisely the same amount as np, requiring
the calibration.

Figure 3 shows the oscillations as a function of Vg for
f = 1and 1/3 and the analogous oscillations as a function
of B. At each filling, the front-gate voltage is the same for
the (vs Vpg, vs B) matched set. The f = 1 period Ay,
corresponds to increment Ay = 1 in the number of elec-
trons within the interference path. We obtain Ay, = =
315mV, Ap=234mT, and the ratio Ay, /Ap =
134.3 V/T (front-gate Vgg = —210 mV for these data).
This period ratio is 0.92 of that obtained in quantum
antidots [11], as expected. For the 1/3 FQH oscillations,
weobtain Ay, . = 117.3 mV, Az = 2.66 mT, and the ratio
Ay, ./Ap =441 V/T (front gate Vpg = —315 mV for
these data). Using the integer calibration in the same
device, the e¢/3 quasiparticle experimental charge period
is Ag = 0.328¢, some 1.7% less than e¢/3. To the first
order, using the Ay, /Ap ratio technique cancels depen-
dence of the Vzg and B periods on the interferometer area
and front-gate bias. The scatter of the quasiparticle charge
values obtained from several matched data sets is =3% in
this experimental run.

These experimental results can be understood as follows
[16,22—-24]: The experimental periods are the same as in
quantum antidots, comprising the addition of one quasi-
particle. When filling » < 1/3, as in quantum antidots, the
addition of flux h/e to an area occupied by the 1/3
condensate creates a quantized vortex, an e/3 quasihole.
However, interferometric oscillations are observed to oc-
cur at filling » > 1/3, when quasielectrons are added to the
condensate. This is consistent with the principal difference
between the interferometer and the quantum antidots being
that in antidots the FQH fluid surrounds electron vacuum,
while the island contains the 1/3 fluid everywhere within
the interference path in the present interferometer. The
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FIG. 3 (color online). Matched sets of oscillatory conductance
data giving the ¢/3 charge period. (a) The interferometer device
is calibrated using the conductance oscillations for electrons,
f =1. (b) This calibration gives the charge period for the
Laughlin quasielectrons ¢ = (0.328 = 0.010)e. The magnetic
flux period Ag = h/e, the same in both regimes, implies any-
onic statistics of the fractionally charged quasiparticles.

addition of flux reduces the number of —e/3 quasielec-
trons, the electron system is not the same as prior to flux
addition, the added flux cannot be annulled by a singular
gauge transformation [25]. Another subtle difference is
that a single quasihole can always be created in the 1/3
condensate, while the creation of a single quasielectron is
not energetically favorable in a large, weakly confined,
isolated FQH droplet [24,26]. Periods of Ag = 3h/e and
A, = e have been predicted in certain 1/3 FQH nonequi-
librium models [16,22,23,27]. We therefore discuss experi-
mental results via quasielectron configurations in the FQH
ground state, as a more restrictive case.

In an unbounded FQH fluid, changing v away from the
exact filling f is accomplished by the creation of quasi-
particles; the ground state consists of ¥ = f condensate
and the matching density of quasiparticles [3-5,24].
Starting at » = f, changing magnetic field adiabatically
maintains the system in thermal equilibrium, exciting qua-
siholes (v < f) or quasielectrons (v > f) out of the exact
filling condensate. The equilibrium electron density, deter-

076805-3



PRL 98, 076805 (2007)

PHYSICAL REVIEW LETTERS

week ending
16 FEBRUARY 2007

mined by the positively charged donors, is not affected.
Confining potential breaks the quasiparticle-quasihole
symmetry of the 2D system. Thus, in the interferometer,
when the current-carrying edge channel has v = f, the
island center has v > f because electron density is greater
in the same B, consistent with experimental observation of
oscillations on the low-B side of the 1/3 plateau. Changing
B also changes the flux @ = BS through the area S en-
closed by the interference path. In the experimental v >
1/3 regime, decreasing @ by h/e increases the number of
quasielectrons in S by one, Ay = 1, and decreases by
+e/3 the negative FQH condensate charge within S. The
quasielectron is created out of the 1/3 condensate, the
condensate density changes by +e/3S, the charge within
the interference path does not alter and still neutralizes the
positive donor charge.

This process can be described in terms of the Berry
phase 7y of the encircling —e/3 quasielectron, which in-
cludes the Aharonov-Bohm and statistical contributions
[8,24]. When there is only one quasiparticle of charge g =
*+e/3 present, its orbitals are quantized by the Aharonov-
Bohm condition vy,, = (|g|/h)®,, = 27rm to enclose flux
®,, =mh/|q| with m =0, 1, 2,.... These quantized
quasiparticle orbitals enclose —em of the underlying 1/3
condensate charge. When other quasiparticles are present,
Berry phase quantization includes a term describing braid-
ing statistics of the quasiparticles, in addition to the
Aharonov-Bohm phase. The total phase is quantized in
increments of 27

A,), = ((,I/h)Aq) + 27T®1/3AN = 277, (2)

where ¢ = —e/3 is the charge of the interfering quasielec-
tron, and © /5 is the statistics of the —e/3 quasielectrons.
The first term in Eq. (2) contributes (—e/3h)(—h/e) =
2r/3, the second term must contribute 477/3, giving an
anyonic statistics @3 = 2/3.

The same Berry phase equation describes the physically
different process of the island charging by the back gate.
Here, in a fixed B, increasing positive Vpg increases the 2D
electron density. The period consists of creating one —e/3
quasielectron out of the 1/3 condensate within the inter-
ference path, which causes the path to shrink by the area
containing flux //e. FQH fluid charge within the interfer-
ence path does not neutralize the donors by —e/3. This is
possible because the condensate is not isolated from the 2D
bulk electron system, there is no Coulomb blockade, and
the condensate charge within the interference path can
increment by +e¢/3, any fractional charge imbalance ulti-
mately supplied from the contacts. Thus, an —e/3 quasie-
lectron is excited out of the condensate, Ay = 1, the fixed
condensate density is restored from the contacts, the inter-
ference path shrinks by area i/eB so that flux A = —h/e
in Eq. (2).

In conclusion, we realized a novel primary-filling e/3
quasiparticle interferometer where an e/3 quasiparticle
executes a closed path around an island containing the

1/3 FQH fluid only. The central results obtained, the flux
and charge periods of A = h/e and A, = e/3 are robust.
Both the Aharonov-Bohm and the charging periods accu-
rately correspond to the excitation of one —e/3 quasi-
electron within the interference path and are consistent
with fractional statistics theories of interacting FQH
quasiparticles.
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