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Anyons in 2-Dimension

Indistinguishable particles

T

— —

\_/

3-Dimension (and higher)

bosons Y r) = T Ve,

fermions Y, 1) = — Vi)

2-Dimension is special!
For non-degenerate ground state

lp(”’"ﬂ"z) — ei@ ) l/)(rzﬂl)

0 =+m/m

Anyon quasipartic\es m=12,3..

If the ground state is degenerated,
lp('rl,rz) — Ulzl/) (7"2,7"1)
U5 : unitary operator

F. Wilczek, Phys. Rev. Lett. 49, 957 (1982).



Non-Abelian Anions For Topologically Protected Qubit

Non-abelian anyons :

DT b RGP
l/)(ﬁﬂ‘z) - Ulzl'b (12,71)
Ut Ups £ Uzy Uy,

By braiding the anyons one can
create non-local entangled qubits Das Sarma, Freedman, Nayak Physics Today (2006)

TIME

qubit qubit

1. Quantum memory

Topologically protected quantum computing (anyon qubits)
with non-abelian anyons

2. Computation
(anyon braiding)

3. Measurement
(anyon fusion)

Field and Simula, (2018)



Anyons in Fractional Quantum Hall

Fractional Quantum Hall Effect in electrons in GaAs quantum well

- P N Quasiparticle excitation in FQH states are anyons!
s |
: = 4 3 2 S S F S § A l .
a’ sl l | | A A4 l4 u' ‘“ﬁ ) -t ‘ ‘ e Abelian anyons:
: ' 1 . . .
— ﬂ \ N K e Most of odd denominator fractions
o) | i
| | 4 I
| 1 . ) .
I | T AIB/E b cra) |2ro 2= | { Eg. e*=e/3
T b ok ‘ R / o | T |‘ v=1/3
\/ | L osmafy | 1
. 3 VY ':'! || \ 3’.’4||1| |l 5/9 , ! ﬂt‘ |
i : !!li Ii ‘ | ‘I || | ’ | o/ 6/13 “ | 0= /3
5 i = !I | 'i Looﬂ I |] 7713 . | | | |
For T e | W1 |
: HTAN RS VA A ‘ R a "
. :'_il'.l I 1 I. b . \u'l" :1 : ! | . -
wooeab BN ] oL | o veais [ €T
™ T PR / 5f?| | l) U | |
SIS Cosall ! ass \ '
) i _I-";'.-"Wq 19,7 | 18/7 |k|h L ' || J U b \ U 0=2x/5
- & Il o | T I B O T R T 1
MAGNETIC FIELD [T] ¥ 15 20 25 30
(X X )
F1G. 2. Diagoenal resistivit ynd Hall resistance py, GRS [T]
recd section {a) of Fig. 1] 100 to 25 mK. Filling! resistance py, of sample described in text. The use of a hybr
rs v arc indicated in py. while quantum numbers p/glour different traces (breaks at =12 T). Temperatures were
own in Py igh-field p.; Lrace is reduced in amplitude by a factor 2.5 for °

Non-Abelian anyons:
Some of even denominator fractions
sar v=7 and § which shilt considerably with tem

ure. By the lowest temperatures a plateau, off the Eg
cal line, has formed at % corroborating the ca
ork of Clark er @ * and a much weaker one is app

; Willett et. al., PRL (1988)
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Aharonov-Bohm (AB) effect

THE
PHYSICAL REVIEW

ed journal of experimental and theoretical physics established by E. L. Nichols in 1893

Seconp Series, Vor. 115, No. 3 AUGUST 1, 1959

Significance of Electromagnetic Potentials in the Quantum Theory

Y. AuaroNov AND D. Boum
H. H, Wills Physics Laboralory, University of Brislol, Bristol, England
(Received May 28, 1959; revised manuscript received June 16, 1959)

F Interference
region

F1c. 2. Schematic experiment to demonstrate interference
with time-independent vector potential.

suggests that the associated phase shift of the electron
wave function ought to be

e
AS/h=—— fﬁ-dx,
ch

where $A-dx= fH-ds=¢ (the total magnetic flux
inside the circuit).

wave packets, the period of the cycle being ®y= hfe.
This interference should be reflected in the transport
properties of the ring as described by Landauer’s for-
mula.Z* In this Letter, we describe the first experi-
mental observation of the oscillations periodic with
respect to @y in the magnetoresistance of a normal-
metal ring.

Interference effects involving the flux #/e¢ have
been previously observed in a two-slit interference ex-
periment involving coherent beams of electrons.®
Magnetoresistance oscillations in singile-crystal whisk-
ers of bismuth periodic in h/e have been reported at
low fields for the case where the extremum of the Fer-
mi surface is cut off by the sample diameter.® Resis-
tance oscillations of period h/2e {flux quantization)
have been seen in superconducting cylinders.” Four
years a4go, ma ne(oreststance oscﬂlatlons of period
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reason, it is believed that samples much longer than
L4 physically incarporate the ensemble averaging.»"?
Each section {longer than Ly) of a macroscopic sam-
ple is guantum-mechanically independent because the
electron states are randomized between the sections.
The single mesoscopic ring {(diameter < L,) does not
average In this way because the entire sample is
quantum-mechanically coherent.* 13

There exists a further complication in normal met-
als; the magnetic flux penetrates the wires composing
the device. Stone'® has shown that the flux in the wire
leads to an aperiodic fluctuation in the magnetoresis-
tance. This fluctuation was the main complication in
interpreting the earlier experiments'® where the diam-
cter of the ring was not much larger than the widths of
the wires. On the basis of the analysis, a prediction
was marde that. in a ring having an area much larger

h
¢0:E

Flux quanta

0 100 200
3faH [ 14T

300

FIG. 1. (a) Magnetoresistance of the ring measured at
T=0.01 K. (b) Fourier powcr specttum in arbitrary unils
contlaining peaks at /e and #/2e The inset is a photograph
of the larger ring. The inside diameter of the rings (average diameters 825 and 245 nm) and a lone

nm, and the width of the wires is 41 nm.

wire (length 300 nm). The samples were cooled in the
mixing chamber of a dilution refrigerator, and the
resistance was measured with a four-probe bridge
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Quantum Hall Interferometer

NATURE | VOL 422 |27 MARCH 2003 |

An electronic Mach—-Zehnder
interferometer

Yang Ji, Yunchul Chung, D. Sprinzak, M. Heiblum, D. Mahalu
& Hadas Shtrikman

Braun Center for Submicron Research, Department of Condensed Matter Physics,
Weizmann Institute of Science, Rehovot 76100, Israel
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PRL 108, 256804 (2012)

PHYSICAL REVIEW LETTERS

week ending
22 JUNE 2012

Fabry-Perot Interferometry with Fractional Charges

D.T. McClure,' W. Chang,1 C.M. Marcus,' L. N. Pfeiffer,” and K. W. West?

lDepartment of Physics, Harvard University, Cambridge, Massachusetts 02138, USA
2Department of Electrical Engineering, Princeton University, Princeton, New Jersey 08544, USA
(Received 2 December 2011; published 19 June 2012)
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Braiding Abelian Anyons (2020)

Anyon Fabry-Perot interferometer Anyon Hong-Ou-Mandel Experiment

RESEARCH Bartolomei ¢ al., Soence 368, 173177 (2020) 10 April 2020
nature

ARTICLES

p SICS https://doi.org/10.1038/541567-020-1019-1

Direct observation of anyonic braiding statistics

Fractiond statistics in anyon adlisions

H. Bartolomei ™, M. Kumar™t, R Bisognin®, A. Marguerite't, J-M. Berroir!, E Bocquillon”, B. Plagais”,

J. Nakamura'?, S. Liang'?, G. C. Gardner ®?3 and M. J. Manfra®'2345X A Cavanna?, Q Dong?, U Gennser2, Y. Jin%, G. Feve's
a 7 6)- 6. B A;Wnsourcjc .
i VA 4 A A i - O/im W LIRS
5 -1 e Y * A T
¢* AB .
=0 batg S 0=2r———+N qpe anyon I - N T oo

Beam-spliller | |

edj()

I

'source

29
e =032 ., 7 %10
® =027 ,,,,,,,,,“{:,\& ————————————————————— 0
® 1'=105 4",
= = linear fit » & r
= = |inzar fit M 4 AR
b= = linsar fit &:.,’ \~~' 1-0.5
e
M \?\ % o
O Uy =15 =005 - 14 &
.a'/..z W o =~
’/ 0 N \l“ LA Py
‘. -0.1 \\ * data . n \ .\ " 15 :D
‘./ ,.’. 0o \\___f\trr:ii[l | .‘. F . ‘M
; P ¢ (X3 \‘w “) E.::
e 04 . N Fe-Z |
/ » e ‘e @ =
l’ 0.5 S i . —
0.1 0.2 6.3 0.4 0.5 ®_
A T {725
8.

75 880 885 890 895  9.00 ‘0.5 0 N
M 0V36%) = vShr, I (nA)



High Quality Graphene Channel in hBN vdW Structures

-

Even denominator FQHE in bilayer graphene \

123432 694[3]5129
2]375

R

357753 E\?\

AV

7

712171813 8 1017 11
357753 312]3

N7z

4

figure from Li et al Scence (2017), see also Zibrov et al Nature (2017) /
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Graphene Based Quantum Hall Interferometer

Multiple vdW stacks for device fabrication

S

Substrate

hBN dielectric
Graphene channel

hBN dielectric

Graphite top gate

Graphite back gate

o

V(%)

V(%)

AVpg =20 (mV P (2,1)
vg =3 10%
AVog = 26 (MV) @.2)
27%
AVpg =20 (MV) o (3.1)
-100 -80 -60 -40 =20 0
Vog (MV)

8.0 um
24x10°ms™’

6.5 um
19x10°ms™’

7.0 um
20x10°ms™

10 um
28x10°ms™’

6.2 um
20x10°ms™’

Electron Fabry-Perot
Interference in IQH regime

Ronen*, Werkmeister* et al., Nature Nano (2021), Similar results by C. Déprez et al., Nature Nano (2021) ; bilayer graphene result by Jun Zhu’s group Fu et al., Nano Letters (2023)



AB Effect in QH Fabry-Perot Interferometer

Transmlssmn Probablllty

B .
Plunger gate Vpg
Interferometer area A to control area
AB Phase
¢ _ AB N
. . 27 oly =
Transmission Probability 5
AARIAE
T(¢p) = |t]* =
¢ 1+ |r112]r,12 = 2|1y7,12 cos(¢) ¢0=g

Flux quanta



Graphene Quantum Hall Point Contact as Charge Sensor

Local gate defined quantum dots and point

1st Gen

contacts under magnetic fields

Yapc

Ronen*, Werkmeister* et al., Nature Nano (2021)

QPC1

25

Vgg=0.02V,V

SG1

=-0.3V

5

QPC2

Airbridge overhang gates for individual QPC

"~ [l

3

controls

-

2nd Generation

Airbridge suspended gates

.
==

Vg =0.02V,V

SG2

=-045V

25

Excellent charge stability
and independent control
has been demonstrated!

Werkmeister et al., arXiv:2312.03150



Interger Quantum Edge Interference

Partition inner edge
8 n =2 QH state

n =2 QH state

Interference of

6T@ 20 mK Outer QH edge
f 5.7 outer eldge .

6T@ 20 mK

Interference of
inner QH edge

o =
i

=
=

G




Phase Jumps in Fabry Perot Interference

Interference of outer edge with inner edge island
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Plunger gate and top gate sweep at Constant Magnetic Field

Feldman & Halperin, PRB (2022)

Phase of QH FP Interference

Total charge change
in interferometer

60 = 26N ~
= 2m(6N,yyt + ON)
Capacitive coupling
ZS\‘? .Ik:i_:z
27_[ out K]_

'\ o \(;%rgi g energy

4 7.
8m

Aseivm e:af QEFPARN2020)

inner QH edge!



Inner Edge versus Outer Edge AB Oscillations

Partition and interference of outer edge

Partition and interference of Inner edge

inneredge V,.=12V G (e%/h)

98 B (T) 6.00

Phase slip lines of the outer edge interference is directly connected to the inner edge AB oscillation!



Fractional Quantum Hall Effect Fabry-Perot Interferometer

graphite

49nm hBN

Monolayer
graphene

27nm hBN

graphite

ropc1= opcz = 0 Diagonal Conductance G,y (€?/h)

12

0 0.2 0.4 0.6 0.8 1 1.2 1.4 1.6
ViusV)

%1073
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Fabry-Pérot FQH interferometer: abelian anyons

Fractionalized Charge

e’ : electrons,

e v=integer
b3

€ _ 1 : Laughlin state,
e 3 v=1/3

0: exchange phase

@ = :electrons,
v=integer

T
@ =— :Laughlin state,
3 v=1/3

Interference
Phase

fractional charge fractional statistics

*

e AB

€ Py

8V, (mV)

1/3 FQH Interference in GaAs heterostructures

M _gp9 A0 g5 B%- 038 29- g3

on 2n 2n 2n
5G
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\ \

A 4

- 1

; | 0
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B(T)

Nakamura et al., Nature Phys. (2020)




Telegraph Noise in FQH Interference

v=4/3 QPCs partitioninner FQH edge

n=14,. n=25,.. n=0,3,..
12T @ 20 mK N\ \VA\VA \VANVA
.//\“'n,_,,/ \ /\_/\ /\_@/\
0 o 5000
Interference Signal at Constant Gate Voltages and Magnetic Field ' ' ' '
4 0.04
T T T T T T VPG =I_1 .56 V )
0.02 | mww 1 E
= %
& ~ 2
L 0 } . 0 ‘@,
o E;
-0.02 [ T
. o P ]
1 1 1 1 1 1 1 - . . . - N '004
0 1 2 3 4 5 6 7 40 80 , , , ,
time (minutes) counts -1.6 -1.58 -1.56 -1.54 -1.52 15

Vpg (V)
* Random telegraph noise with switching time ~ 10s sec

* Three different switching states: caused by fluctuations in localized anyon number n

e conductance can only take 3 discrete values depending onn mod 3 8G(n) ~ Bcos (an + (n mod 3) 2_7T>
3




Telegraph Noise in FQH Interference

PHYSICAL REVIEW B 85, 201302(R) (2012)

VOLUME 90, NUMBER 22 PHYSICAL REVIEW LETTERS 6Wf131;\161;%1(§1(§3 . .
Telegraph noise and the Fabry-Perot quantum Hall interferometer
Telegraph Noise and Fractional Statistics in the Quantum Hall Effect B. Rosenow! and Steven H. Simon?
nstitut fiir Theoretische Physik, Universitiit Leipzig, D-04103 Leipzig, Germany
C. L. Kane 2Rudolf Peierls Centre for Theoretical Physics, University of Oxford, Oxfordshire OX1 3NP, United Kingdom
Department of Physics, University of Pennsylvania, Philadelphia, Pennsylvania 19104, USA (Received 22 December 2011; published 14 May 2012)

(Received 28 October 2002; published 2 June 2003)

We study theoretically nonequilibrium noise in the fractional quantum Hall regime for an Aharonov-
Bohm ring with a third contact in the middle of the ring. Because of their fractional statistics the
tunneling of Laughlin quasiparticles between the inner and outer edges of the ring changes the effective
Aharonov-Bohm flux experienced by quasiparticles going around the ring, leading to a change in the
conductance across the ring. A small current in the middle contact, therefore, gives rise to fluctuations I
in the current flowing across the ring which resemble random telegraph noise. We analyze this noise 0.5
using the chiral Luttinger liquid model. At low frequencies the telegraph noise varies inversely with the
tunneling current and can be much larger than the shot noise. We propose that combining the Aharonov-
Bohm effect with a noise measurement provides a direct method for observing fractional statistics. 05

eek ending
PRL 96, 226803 (2006) PHYSICAL REVIEW LETTERS 9 TUNE 2006

Switching Noise as a Probe of Statistics in the Fractional Quantum Hall Effect

Conductance

Eytan Grosfeld,' Steven H. Simon,” and Ady Stern'

1Deparl‘ment of Condensed Matter, Weizmann Institute of Science, Rehovot 76100, Israel
2Bell Laboratories, Lucent Technologies, 600 Mountain Avenue, Murray Hill, New Jersey 07974, USA
(Received 27 February 2006; published 8 June 2006)

time t

e’ A]B
0 = 271';?0 + quganyon



AB Oscillation of FQHE and Phase Shift
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Switching Rate: Density Dependence

v=1/3

12T
@ 20 mK

2/5

0.01

c ®
N
o 13 %
~ ®
X \I\)
O 0.006 =
217
0.002

1
-0.14 -0.11 -0.08 -0.05 -0.02

Ve (V)

Random Telegraph Noise

S~1/f?2 single time scale

S~ 1/f : multiple time scale

M. B. Weissman Rev. Mod. Phys. 60, 537 (1988)
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Switching Rate: Temperature Dependence

v=1/3

12T
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Two-time joint probability: Correlation
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arXiv:2402.12432

Aharonov-Bohm interference and the evolution of phase jumps in fractional gquantum

Hall Fabry-Perot interferometers based on bi-layer graphene

Jelvyun Kim', Himanshu Dev!, Ravi Kumar', Alexey Ilin', André Haug', Vishal Bhardwaj', Changki Hong',
Kenji Watanabe?, Takashi Taniguchi’, Ady Stern!, and Yuval Ronen'#
! Depariment of Condensed Maiter Physics, Welzmann frstiiute of Sclence, Rehovot, Irrael
! Research Center for Functional Materials, National Institute for Materials Seience, Trububa, Japan

¥ fnternattonal Center for Marerials Nave architectonics, Nartonal Institute for Marertals Science, Toufabe,

Japan

arXiv:2403.19628

Anyonic statistics and slow quasiparticle dynamics in a graphene fractional quantum Hall
interferometer

Moah L. Samuelson.'* Liam A Cohen ' ® Will Wang,' Simon Blanch,' Takachi
Taniguchi.® Kenji Watanabe,” Michael F. ZaletelL,** and Andrea F. Young' !
Depammmr af Pkyrrf:: University af Cailfornia af Samta Barbara, Samta Barbara CA 93006, 0'5A
nternational Center for Materials Nanogrehitectonics,
National Inetiture for Mmterialr Science, [-0 Namiki, Trbwha 205-00404, fapan
3 Rewearch Cemter for Functional Materialy, Nafional Tnntiante for Mmterialy Science, 1-1 Namiki, Trboha 30500449, Japaen
*Department of Piysics, University of California, Berkeley, Californie 80720, [75A
*Maferial Science Division, Lawrence Berkeley National Loboratory, Serkeley, California 84720, USA
[Drated- March 2%, 2024)
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Why Does Quasiparticles Hopping Occur?

Config. 1: bare
sample- exposed to
~700mK radiation

- -0.98 .96 092 09
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Exchange versus Braiding

arXiv:2308.12986

A perspective on anyonic braiding statistics

Nicholas Read V2 and Sankar Das Sarma 3

This point, that the anyon statistics or statistical phase is not fully determined by a measurement of

0,, has been somewhat ignored in numerous discussions and commentaries on the experimental
result, including in the News and Views piece accompanying the publication [10]. We want to
emphasize that, not only is a repeated elementary exchange a braid, but an elementary exchange is
also a braid, according to the definition of braids (Artin’s work dates originally from the 1920s
[5]), and that the fundamental theoretical quantity of interest is 6 (modulo 2m), the statistical phase
for an elementary exchange, or equivalently el® [3,4,6]; this determines the braiding statistics,

while e2! determines e‘? only up to a factor +1.

In conclusion, there is no suggestion that the experiment [1] did not correctly measure e%a =
e?9 demonstrating that the quasiparticles are anyons, but we do want to point out that it would be

of great interest to design and perform an experiment to determine e uniquely, not only e?%.

[5] E. Artin, “Theory of Braids”, Ann. Math. 48, 101 (1947).

Exchange

RN €

\/

(double) Braiding 0
elVany

Hany = 20,4



Proposal for Probing Exchange Phase

arXiv:2403.12139

A modified interferometer to measure anyonic braiding statistics

Steven A. Kivelson and Chaitanya Murthy!
L Department of Physics, Stanford University, Stanford, CA 94305, USA

QPC ! B QAD [ &
B 0o @)
e* AB / « . 9 .
b = Zn;;o + 26,,N; + 16, Cooperative” tunneling, edge QP

Direct” tunneling exchanges with existing one already on dot

- In standard FP interferometer, only can measure 0p,4iq = 20,4
- Additional dot provides a mechanism for a single exchange within the device, enabling direct observation of 6.,



Very Preliminary Experimental Data
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Phase Flipping Across the QAD Resonance

'| bt b ! ¢
4% b & A
- R 3 A '
N gt N N
096 095 -0.94

Ves (V)

Experimentally, for RTN interferometer should see 60 deg phase shift in triple helix across quantum dot resonance
(shift from direct to cooperative tunneling)



Summary and Outlook

* Fabry-Perot Interference for Integer and Fractional Quantum Hall States.

* Phase slips related to the quasi-particle occupancy in the interferongters.z

25,...

* Abelian anyon braiding phase has been identified.

J. Kim etal., arXiv:2412.19886
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Nonabelian Anyon for Topologically Protected Qubit

PRL 94, 166802 (2005) PHYSICAL REVIEW LETTERS So SR ndine PHYSICAL REVIEW X 13, 011028 (2023)

Topologically Protected Qubits from a Possible Non-Abelian Fractional Quantum Hall State

Interference Measurements of Non-Abelian e¢/4 & Abelian ¢/2 Quasiparticle Braidin
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1 Initialize the gate by putting two amyons [blue] on ene island and then applying voltages to
transfer one anyonto the other island. This pair of anyons represents the qubet inits initial
state, which can be determined by measuring the current flow along the neighboring boundany.
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2 To fip the qubit [the NOT operation), apply voltages to induce ene anyon from the boundary 3 0.8 l [}
(green) to tunnel across the device. g
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3 The passage of this anyon changes the phase relation of the two anyons so that the qubit's
value is flipped to the opposite state [red]. a
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Graham P. Collins, SCIENTIFIC AMERICAN April 2006
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