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Fractional statistics in anyon collisions

H. Bartolomei'*, M. Kumar'*t, R. Bisognin', A. Marguerite't, J.-M. Berroir’, E. Bocquillon’, B. Plagais’,
A. Cavanna?, Q. Dong?, U. Gennser?, Y. Jin?, G. Feve'§

Two-dimensional systems can host exotic particles called anyons whose quantum statistics are
neither bosonic nor fermionic. For example, the elementary excitations of the fractional quantum Hall
effect at filling factor v = 1/m (where m is an odd integer) have been predicted to obey Abelian fractional
statistics, with a phase ¢ associated with the exchange of two particles equal to =/m. However,
despite numerous experimental attempts, clear signatures of fractional statistics have remained elusive.
We experimentally demonstrate Abelian fractional statistics at filling factor v = % by measuring the
current correlations resulting from the collision between anyons at a beamsplitter. By analyzing their
dependence on the anyon current impinging on the splitter and comparing with recent theoretical
models, we extract ¢ = n/3, in agreement with predictions.

n three-dimensional space, elementary exci-

tations fall into two categories depending

on the phase ¢ accumulated by the many-

body wave function while exchanging two

particles. This phase governs the statistics
of an ensemble of particles: Bosonic particles,
for which ¢ = 0, tend to bunch together,
whereas fermions (¢ = ) antibunch and follow
Pauli’s exclusion principle. In two-dimensional
systems, other values of ¢ can be realized (7, 2),
defining types of elementary excitations called
anyons (3) that obey fractional or anyonic
statistics with intermediate levels of bunching
or exclusion. The fractional quantum Hall effect
(4, 5), obtained by applying a strong magnetic
field perpendicular to a two-dimensional elec-
tron gas, is one of the physical systems predicted
to host anyons. For a filling factor v of the first
Landau level belonging to the Laughlin series
(5)—that is, v = 1/m, where m is an odd integer—
the exchange phase is predicted to be given
by ¢ = n/m (6, 7) interpolating between the
bosonic and fermionic limits.

Direct experimental evidence of fractional
statistics has remained elusive. To date, most
efforts have focused on the implementation of
single-particle interferometers (8, 9), where
the output current is expected to be directly
sensitive to the exchange phase ¢. However,
despite many experimental attempts (10-15),
clear signatures are still lacking because the
observed modulations of the current result not
only from the variation of the exchange phase
but also from Coulomb blockade and Aharonov-
Bohm interference (16). In the case of non-
Abelian anyons (I17), where the exchange of
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quasiparticles is described by topological uni-
tary transformations, recent heat conduction
measurements showed evidence of a non-Abelian
state (18, 19), although these results give only
indirect evidence of the underlying quantum
statistics.

Here, we measured the fluctuations or noise
of the electrical current generated by the col-
lision of anyons on a beamsplitter (20), thereby
demonstrating that the elementary excitations
of the fractional quantum Hall effect at filling
factor v = % obey fractional statistics with ¢ =
n/3. The measurement of the current noise
generated by a single scatterer of fractional
quasiparticles (21, 22) has already shown that
they carry a fractional charge e* = ¢/3. Shortly
after these seminal works, it was theoretically
predicted (20, 23-26) that in conductors com-
prising several scatterers, noise measurements
would exhibit two-particle interference effects
where exchange statistics play a central role,
and would thus be sensitive to the exchange
phase ¢. In this context, current-current cor-
relation measurements in collider geometries
are of particular interest, as they have been
extensively used to probe the quantum statis-
tics of particles colliding on a beamsplitter. In
a seminal two-particle collision experiment,
Hong et al. (27) demonstrated that photons
tend to bunch together in the same splitter
output, as expected from their bosonic statis-
tics. In contrast, collision experiments im-
plemented in quantum conductors (28-30) have
shown a suppression of the cross-correlations
between the output current fluctuations caused
by the antibunching of electrons, as expected
from their fermionic statistics. This behavior
can also be understood as a consequence of the
Pauli exclusion principle that forbids two fer-
mions from occupying the same quantum state
at the splitter output. This exclusion principle
can be generalized to fractional statistics
(31, 32) by introducing an exclusion quasi-
probability p (20) interpolating between the
fermionic and bosonic limits. In a classical
description of a two-particle collision (Fig. 1A)
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(33), p accounts for the effects of quantum
statistics on the probability K of finding two
quasiparticles in the same output arm of the
beamsplitter: K = T(1 - T)(1 - p), where T is
the single-particle backscattering probability
(Fig. 1A). The fermionic case is p = 1, leading
to perfect antibunching, K = 0. Contrary to
fermions, the bunching of bosons enhances K,
meaning that1-p >1and p < 0.

To implement collision experiments in
quantum conductors, it is necessary to com-
bine a beamsplitter for quasiparticles, a way
to guide them ballistically, and two sources
to emit them. The two first ingredients can be
easily implemented in two-dimensional elec-
tron gases in the quantum Hall regime. Quan-
tum point contacts (QPCs) can be used as tunable
beamsplitters and, at high magnetic field, charge
transport is guided along the chiral edge chan-
nels. By combining these elements, single-
particle (34) and two-particle (35) electronic
interferometers have been realized, and fer-
mionic antibunching resulting from the colli-
sion between two indistinguishable electrons
has been observed (30). Investigating the any-
onic case requires replacing the conventional
electron sources (such as biased ohmic con-
tacts) by sources of fractional anyonic quasi-
particles. As suggested in (20) and as sketched
in Fig. 1B, this implies using three QPCs. Two
input QPCs labeled QPC1 and QPC2 are biased
by de voltages 17 and V5, and tuned in the weak
backscattering regime to generate diluted beams
of fractional quasiparticles. Indeed, it is known
that in the fractional quantum Hall regime, the
partitioning of a dc electrical current I° with a
small backscattering probability 7"« 1 occurs
through the random transfer of quasiparticles
of fractional charge q = e* (24). As experimen-
tally observed, the proportionality of the current
noise (21, 22) with the input current 1°, the
transmission 7, and the fractional charge e*
shows that this random transfer follows a
Poissonian law. QPC1 and QPC2 can thus be
used as Poissonian sources of anyons, which
then collide on a third quantum point contact
labeled cQPC; cQPC is used as a beamsplitter
in the collision experiment. The fractional
statistics of the colliding quasiparticles can be
revealed by measuring the cross-correlations
between the electrical currents at the output of
the beamsplitter.

The sample (Fig. 1C) is a two-dimensional
electron gas (GaAs/AlGaAs). The magnetic field
is set to B = 13 T, corresponding to a filling
factor v = % for a charge density ng = 1.09 x
10" m™2. At this field and at very low electronic
temperature 7, = 30 mK, ballistic charge
transport occurs along the edges of the sample
without backscattering (33). As discussed above,
the two quasiparticle sources comprise two
quantum point contacts with transmissions 7}
and T, (T3, T, < 1). We apply the voltages 1;
and V5, to ohmic contacts 1 and 2 in order to
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Fig. 1. Sample and principle of the
experiment. (A) Exclusion quasiprobability
p: The probability K to have two anyons
exiting in the same output edge channel is
modified by the factor (1 - p). (B) Principle
of the experiment: The voltage V generates
the currents ° toward QPC1 and

QPC2. These two QPCs, tuned in the
weak-backscattering regime Ty, T, « 1,

act as random Poissonian sources of
anyons that collide on cQPC. (C) False-colored
scanning electron microscope (SEM)

image of the sample. The electron gas

is shown in blue and the gates in gold. Edge
currents are shown as red lines (red

dashed lines after partitioning).

Fig. 2. Fano factor in anyon collision. S,
for Ty = T, = 0.05 is shown as a

function of I, and for various transmissions
T of the central QPC. The dashed lines
are linear fits of Sy, /2e*. Inset:

Slope a extracted from the linear

fits as a function of the central

QPC transmission T. The horizontal

error bars correspond to the standard
deviation of T. The vertical error bars

are given by the uncertainties of

the linear fits.The dashed line
isafittoo=PT(1-T)with
P=-21+0.1.
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generate the input currents toward QPC1 and
QPC2,

L= V1/2 (1)
where A is the Planck constant. QPCI and QPC2
randomly generate the quasiparticle currents I
and I, propagating toward the third quantum
contact cQPC, which is used as a beamsplitter
with transmission 7. I; and I, are extracted
from the measurement of the voltages at
output contacts 5 and 6 with

3h
Vsjs = (11/2 L) (2)
The transmission T is extracted from the
measurement of the small ac current 7, flowing
in contact 3 when a small ac voltage V. is
applied on contact 8:

8h 1 I
T 21Ty Ve

(3)

We measure the low-frequency correlations
between the current fluctuations at the splitter
outputs 65 and 381, defined as

Si, = 2]de(BI(0)3L4(t + 1)) (4)
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with 875(2) = I3(t) - (I5(t)). They are measured
as voltage fluctuations across the quantized
Hall resistance Ry = 3h/e?, which converts the
currents I/, into the voltages Vs, = (3h/€2)13/4.
V3 and V,, are then amplified by a combination
of homemade cryogenic and room-temperature
low-noise amplifiers. The output voltage cross-
correlations, (8V38V,), are then measured by
integrating Sy,y, in a bandwidth &f centered
on the frequency f, = 1.11 MHz, set by the LC
tank circuits connected to contacts 3 and 4. The
bandwidth &f = 20 kHz is set by the quality
factor, Q = 55, of the LC resonators in parallel
with Rg. The output voltage cross-correlations
are directly proportional to the input current
correlations (8V38V,) = S,z [see (33) for
calibration of the conversion factor y].

We focus first on the case I; = I, by setting
the two input QPCs to equal transmission 75 =
Ty = T, and by applying the same voltage 1 =
V, at the input ohmic contacts 1 and 2. Defin-
ing the total input current 7, = I; + I, and the
current difference I. = I; - I,, this setting
corresponds to a vanishing current difference
between the splitter input arms, I_ = 0. In this
regime, the differences between fermionic and
anyonic statistics are emphasized. Indeed, a
fermionic behavior (p = 1) results in a full
suppression of the output cross-correlations
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Sr,1, = 0. In contrast, for anyons obeying frac-
tional statistics (p = 1), negative cross-correlation
Sr,1, < 0 is expected. In the classical descrip-
tion (20, 33) and in the case I_ = 0, Sy,7, a iS
directly proportional to the probability K and
hence contains the information on the exclu-
sion quasiprobability p:

S[thC] = —26*(1 — p)TsT(l — T)I+ (5)

Equation 5 shows that Sy, is directly pro-
portional to the total input current 7., allowing
us to define a generalized Fano factor

_ Sp1,
T 2e*T(1-T)I. ©6)

The classical prediction is P = -(1 - p)Ts, which
shows that P is the relevant parameter car-
rying the information on statistics. The classi-
cal calculation thus provides valuable insight
into the connection between the measure-
ment of current cross-correlations in a collision
experiment and quantum statistics. However,
the accurate prediction of Sy, 7, requires a com-
plete quantum mechanical description of anyon
collisions, where the nonequilibrium dynamics
of the chiral edge channels are described by
bosonic fields (36). Within this framework, the
current cross-correlations, resulting from the
collisions between anyons randomly emitted
by Poissonian sources, are predicted to directly
reflect the braiding statistics of anyons. In
the case I_ = 0 and for anyons with an ex-
change phase ¢ = n/m (with m = 3), the cross-
correlations Sy, 4 are predicted to vary linearly
with the total input current 7, with a generalized
Fano factor explicitly related to ¢ (20):

S]dj/bq = 26*m —2 TI+ (T < 1) (7)
Equation 7 shows that the generalized Fano
factor P is directly related to the exchange phase
o =1/m, P =-2/(m-2)and is independent of T
(in the limit 77 = T5 = T < 1). In particular, for
the filling factor v = % (¢ = nt/3), the prediction is
P = -2, which strongly differs from the
fermionic behavior (P = 0). In light of the
classical model (Eq. 5), the prediction P = -
suggests p < 0. This corresponds to a bunching
behavior, which is expected at v = ¥ because the
exchange phase, ¢ = 1t/3 (6, 7), is closer to the
bosonic value (¢ = 0) than to the fermionic one
(¢ = ). Our main result is the measurement of
P = -2 at v = %, providing an experimental
demonstration of anyonic statistics with an
exchange phase ¢ = n/3 in agreement with
predictions.

To enforce the Poissonian emission of frac-
tional quasiparticles from QPC1 and QPC2, we
set Ts = 0.05, in the weak backscattering regime.
We then measured the cross-correlations Sy, ,
resulting from the quasiparticle collisions as
a function of the total current 7, for different
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Fig. 4. Experimental test A

of the quantum x10%9
mechanical description of 0 ’J";‘, _________ oI /I, =0 || o

an anyon collision. (A) S, ;E\ Ts = 0.05 .:'.24 “E'\.O f?;? = 32

as a function of I, for various = i 0;:" \\;f. . I:/I+ _ 0;

values of the ratio I_/I,. The .02 1 =03 &g, NS el /=1 [0% R
dashed lines are linear fits of /Q ] OG%‘ ;:t. - :?neargt f:N
Sty (B) Generalized Fano I P/ ';3 o | el 08 —
factor P extracted from the — -0.4} .%%):u‘ f:.f@o - = = linearfit :‘Z
slope of the linear fits in (A), K~ E
plotted as a function of the *o e
ratio I_/I,. The colors corre- & =
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plotted in (A). The horizontal CEM

error bars correspond to

the standard deviation of the
ratio I_/1, of the data. The
vertical error bars are given

by the uncertainties of the 15
linear fits. The dashed line is
the prediction extracted from

(20) for the quantum 2 %_ - f%

description of anyon colli-
sions with ¢ = n/3.

-3.5¢

84 Ts5 =0.05
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0 0.2

transmissions 7" of the beamsplitter: 7= 0.2,
T=0.27,and T = 0.5 (37) (Fig. 2). In the three
cases, for I, = 50 pA, negative cross-correlations
varying linearly with the current 7, were ob-
served. We extracted the slope a of the varia-
tion of Sy,z, /2e* by a linear fit (dashed lines)
of the experimental data. The three extracted
values of o are plotted in the inset of Fig. 2 as
a function of the beamsplitter transmission
T. The observed T dependence agrees with
the binomial law 7(1 - 7) (dashed line) extend-
ing Eq. 7 for transmissions beyond the weak-
backscattering regime (32). The generalized
Fano factor can be extracted from the fit of o
with the dependence o = PT(1 - T), giving P =
-2.1 = 0.1 and demonstrating the fractional
statistics at v = % with the predicted exchange
phase ¢ = ©t/3. In striking contrast, we observed
P =0 at filling factor v = 2 (fig. S5), correspond-
ing to the expected fermionic behavior for an
integer filling factor.

The fermionic behavior can be restored at
v = ¥ by increasing the transmissions of the
input QPCs 7; and 75, thereby deviating from
the weak-backscattering regime suitable for the
emission of anyons. For 75 = 1 (black points
in Fig. 3A), we observed fermionic behavior:
Sr,1, = 0for all values of I,. For intermediate
values of Tg, the current-voltage character-
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014 O.‘6 0.8 1
I_/I+ (HA)

istics of the input QPCs were strongly non-
linear (Fig. 3B). T decreased when I, increased,
eventually restoring the weak-backscattering
limit at large bias. The measurements of Sz,
for T5 = 0.14 and 75 = 0.2 (for I, = 0) plotted in
Fig. 3A reflect this evolution. At low current
I, fermionic behavior was observed: S;,;, = 0.
At higher current, where the weak-backscattering
limit is restored, the linear evolution of the
cross-correlations with 7, was recovered, with
a generalized Fano factor almost constant. P
slightly increased from P = -2.00 + 0.15 for
Ts=0.04to P =-1.94+ 0.12 for T5 = 0.14, and
to P = -1.73 £ 0.10 for T5 = 0.2. As expected,
the domain where the fermionic behavior was
observed (Sy,;, = 0) increased when the trans-
mission 7Ty increased; it varied from |I,| <
200 pA at 75 = 0.14 to |I,| < 400 pA at Tg =
0.2. These data confirm that P = -2 is ob-
served only in the regime of anyon emission
and that regular fermionic behavior P =~ 0
takes place away from the weak-backscattering
limit.

Finally, we checked in more detail the
agreement between our measurements and
the quantum description of anyon collisions
(20) by investigating the dependence of the
Fano factor P on the ratio I_/I,. Contrary to
the previous experiments where I. = 0 was
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imposed by V; = V, and T = T,, we instead
modified the ratio 7_/I, by varying the values
of the input voltages 1 = V. Figure 4A presents
the evolution of Sz,;, as a function of the total
current I, for four different values of the ratio
I /I, and Ts = 0.05. We observed in the four
cases a linear evolution with 7, with a slope
P that decreases when I_/I, increases. The
different values of P extracted from a linear fit
of the data (dashed lines in Fig. 4A) are plotted
in Fig. 4B. For I_/I, < 0.2, P is constant with
P = -2. Pthen decreases linearly toward P = -3
for I_/I, = 1. These experimental results can
be compared with the calculation of (20)
(dashed line). The excellent agreement between
our experimental results and the calculations
further supports the quantum description of
anyons with ¢ = 7/3.

Our measurement of the Fano factor P = -2
demonstrates the anyonic statistics of the
charge carriers with an exchange phase ¢ = /3
in accordance with the predictions for the
Laughlin state v = ’%. Interestingly, the pre-
diction P = -2 for ¢ = n/3 is valid when edge
reconstruction effects can be neglected. Although
neutral modes have been observed even at v =
% (38), the agreement with the prediction for a
simple edge structure suggests that their effect
can be neglected in our experiment (33). Col-
lision experiments similar to ours could be used
to characterize the elementary excitations of
other fractional quantum Hall phases with
different fractional statistics or even more
exotic cases where non-Abelian statistics (17)
are predicted. Additionally, combining collision
experiments with the triggered emission of
fractional quasiparticles (39, 40) would allow
one to perform on-demand braiding of single
anyons in a quantum conductor.
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Looking for intermediate statistics

Elementary particles in three dimensions are either bosons or fermions, depending on their spin. In two
dimensions, it is in principle possible to have particles that lie somewhere in between, but detecting the statistics of these
so-called anyons directly is tricky. Bartolomei et al. built a collider of anyons in a two-dimensional electron gas of
GaAs/AlGaAs (see the Perspective by Feldman). Two beams of anyons collided at a beam splitter and then exited the
device at two outputs. The researchers studied the correlations of current fluctuations at the outputs, which revealed
signatures of anyonic statistics.
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