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Abstract: <span>A fascinating aspect of the two dimensional

world is the possible existence of anyons, particles which obey fractiona’
statistics different from fermionic and bosonic statistics. In this colloquium,
following an introduction to fractional particlesin the context of quantum

Hall systems, some of the tantalizing experiments for detecting the fractional
charge of these particles will be described.& nbsp;

Probes of fractional statisticsin these systems will be discussed,

drawing from anal ogies with the bosonic behavior of light studied by Hanbury
Brown and Twiss in the 1950's as well asin the more recent beam-splitter
settings in quantum optics. Finally, the exciting prospect of detecting
fractional statisticsin the context of superconductorswill be explored.</span>
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Quantum Statistics - Bosons and Fermions

3 spatial dimensions: Only identical
particles that are symmetric (bosons)
or anti-symmetric (fermions) under
exchange allowed.
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Two-dimensions: Anyons
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Quantum Hall System:
Playgroundfor anyons?
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In this talk....

Fractional particles in
Quantum Hall systems

Signatures of quantum statistics
HBT correlators, Beam splitter

. Anyons in superconducting rings
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Fractional quantum Hall system

Integer and Fractional Quantum Hall Effects

T

(1) Uy

Fore.g.,
D. C. Tsui et al, 1982
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Fractional quantum Hall system

2-dimensional electron gas in

strong magnetic field;

Interactions + disorder Incompressible
dissipationless

Laughlin state: Filling v=1/(2n+1)
Quantized Conductance — ve?/h

(2nti) h/e
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Fractional quasiholes/particles

=

Fractional Charge

=

N\

Fractional Statistics

ZIxV

e
under exchange

B. I. Halperin, 1984, D. Arovas et al, 1984
E D M Haldane 1991 (G S lean ot al 2003
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Non-Abelian quasiparticles

Quantum Hall (v=5/2)

e/4 fractional
quasiparticles

Majorana mode

Upon
exchange
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Non-Abelian quasiparticles

Quantum Hall (v=5/2)

e/4 fractional
quasiparticles

Majorana mode

Upon
exchange
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Majorana particleglimpsedin lab
April 2012

u ! 1

Quantum Hall (v=5/2)

e/4 fractional A
quasiparticles Science (2010)

and more. . ...

Majorana mode

Upon
exchange
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Quantum Hall edge states

Energy

Gapless Edge Excitation

3
)e e

32 hwe

Chiral Luttinger liquid 12 ho

1
L=- Cxp(Crp — Cx)

4rv

op~ 0.9
Edge-state Quasiparticles

A Charge ve, fractional statistics
—ig(x)

v (x)= ke

Foreaqg X G Wen PREB 41 12838 (1990Q) ' Adv Phvs 44 405 (1995)
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Measuring fractional charge:
Shot noise

Noise:
Current-current correlation

S, (®—0) =Q<IB)

Q - Particle quantum (m,e, etc)
(Weak backscattering, T=0)

C. Kane and M. P A. Fisher,
PRL 72, 724, 1994
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Shot Noise: Experiment
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Signatures of Quantum Statistics
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Hanbury-Brown Twiss ideas

Radio Interferometry :

Boffin - Hanbury Brown
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|

Hanbury-Brown Twiss ideas

|
 , IR, |
' .

Radio Interferometry :

Boffin - Hanbury Brown
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The Hanbury Brown-Twiss set-up -
Quantum Optics

Prob. of 1 particle at detector 1:

P(1,i)

(HBT, Nature 177, 27 (1956), E. Purcell, Nature 178, 1449; G. Baym, Act.Phys. Pol B 29,1, etc)
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The Hanbury Brown-Twiss set-up -
Quantum Optics

Prob. of 1 particle at detector 1:

P(1,7)

Prob. of 1 particle in detector 1, and one in detector 2

P(,2;i, j)= P i)P2, j)+P(2,i)P(l,j) exchange

Two-particle correlation function (propagator)
(! (W] (X", (", (x))

(HBT, Nature 177, 27 (1956), E. Purcell, Nature 178, 1449; G. Baym, Act.Phys. Pol B 29,1, etc)
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2-particle correlation function

ys
g(r.n)= N(N—l)qu...dr:v [T )

Statistics

Bosons

E.g. Photons from different sources

Fermions

E.g. Spinless non-interacting electrons
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2-particle correlation function

2
g(r,1,) = N(N—l)jdrg...dz:v | B )

Statistics HBT Correlation Regime

= Ax << (Ak)™
Characteristics of System

= |
Oscillations At << @
Position/Momentum
Energy/Time kT << AE

Decay

E.g. Spinless non-interacting electrons

g ~ [1—(51%?1)2] (for one-dimension)
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Manifestations

Correlation g2Y(A2)

T . T
1 2

Separation Az (mm)

Groupe d'Optique Atomique, France

Cryostat

Spectrograph

Excitation Laser
(CW or Pulsed)

Coincidence
Counter

Filter

Dichroic
Mirror

i

=
82
T
4 3
APD

Hanbury Brown-Twiss
Correlator

Nuclear physics group, UIUC
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Scattering cross-sections

a.

g

b. @
_.

Indistinguishable Particles:

Paths a and b are both present.

Cannot be distinguished
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Quantum Statistics - Anyon there?

.
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Proposals for measuring fractional statistics

N4

Partitioning Noise
Safi et al., 2001; SV, 2003
E.Kimet al., 2005;

Anomalous Aharonov-Bohm period
Chamon et al., 1997

Telegraph Noise|,
C. L. Kane, 2003

Mach-Zehnder Interferometry

) Ji etal.,2003
Some related experiments

N s bk ol AnnS. O L eesime od ol [aTaTal~
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Proposal for detecting non-Abelian statistics

Quantum Hall v=5/2

Interferometry

ot o Reltitae® (3o|UT ' Ualtho)]

Fore.q., E. Fradkin et al., 1998; S. Das Sarma et al, 2005;

2040 0 1 2005
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Proposals for measuring fractional statistics

N4

Partitioning Noise
Safi et al., 2001; SV, 2003
E.Kimet al., 2005;

Anomalous Aharonov-Bohm period

Chamon et al., 1997
7
R L
—7

Telegraph Noise 4_@\“ i Mach-Zehnder Interferometry

C. L. Kane, 2003

- | i
74 A =

Ji etal., 2003

Some related experiments

N e ense ok ol AnAS. O L esesime ok ol LaTaTal~
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Quantum statistics: two-particle properties

Hanbury-Brown Twiss Beam-splitters Scattering processes

a b 2

x—K 1i @
2

. T
Signatures of statistics in bunching behavior,
interference and angular dependence

KR
N
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Quantum statistics: two-particle properties

Hanbury-Brown Twiss Beam-splitters Scattering processes

Signatures of statistics in bunching behavior,
interference and angular dependence

L4
N
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FQH
quasiparticles

<+ | Anyon model

B. I. Halperin, 1984; R. B. Laughlin, 1987
J. Myerheim in Les Houches series (1999);
J. Jain, Composite Fermions (2007)
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Two-anyon model

H = L (Pl_'_gy)Q = =

rm

+ 1 (p+Ly)? + 1

n

Center of mass: (13, P) Magnetic field B perpendicular to plane

Relative co-ordinates: (7', P

Anyonic feature

W(—7) = ekirey(?
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Two-anyon model|

Wavefunctions

—179 2p+4+v -
e (e o
\/1‘(2P+u+l)i 2ym = 8ml= 1’

IvVmnrn! vm X] 2m

(Symmetric gauge; lowest Landau level; a =v = 1/m)
Center of mass: (%, P) Relative co-ordinates: (7, )

Analogy: Quantum Optics

Coherent States in
Phase Space

Courtesy Denker
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Two-anyon LLL Hilbert space

Center of mass:
Guiding center coordinates
X=UA+AN/2, Y =il(A-A")/2
, (A, AT] =1
Angular momentum eigenstates

Z.H

h.ATAI?).->(¢ = nh|n), Un(R) o 7

Localized (coherent) states

1Z), = e~1217/2 3 ( = Z=(2,+2,)/2
Vn! o

n=0
Z
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Objects of attention

Single particle

Ky(Rpi B) = 5, ¥n(Ry) vn(Ry) e Bnr/®

Two particles

Kz(ﬁﬁﬁﬁﬁn@ﬂ

SV et al., 2007
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Two-particle propagator in LLL
fermions and bosons

Destructive Interference

Magnitudes of | and Il equal:

Relative phase 0/r:

Two-particle Aharonov-Bohm
+ quantum statistics

21iy 22¢) = Ki1(215; 210) K1(225, 22i) F Ki1(225; 215) K1(21, 22i) |

LLL - Lowest Landau level
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Two-particle propagator in LLL
fermions and bosons

Destructive Interference

Magnitudes of | and Il equal:

Relative phase 0/r:

Two-particle Aharonov-Bohm
+ quantum statistics

210, 22i) = K1(21f; 210) K1 (225, 22i) F K1(228; 210) K1(215, 22i)

LLL - Lowest Landau level
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Two-particle propagator - anyons
(A v angle on fractional statistics)

3

Destructive Interference

Similar geometric picture:

wiﬁ;;» DI

e g
Two-particle Aharonov-Bohm
+ Fractional statistics
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Two-particle propagator — anyons
(A v angle on fractional statistics)

Exclusion behavior
Haldane, 1991

K, ~|9|?", 9—0

For1i=2i=0,1f=2f=r, K, ~ |r|2", r—0
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Bunching properties

Bosons Fermions

@ @ -@ @@=

Bunching parameter

1

772 (2P 12)a = (2[7%]2)d]

(-:“'2} = (;572 4 ;)2}

x(|z], &) =
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Bunching parameter

[ [ [ [T T I — | AL TR P

— o=0
o=1/3
o=3/5

- =1

(z|°/4)[coth(|z|*/4) — 1] ~Fermions
(|2 2/4)[&1‘1111( 2|2 /4) — 1] Bosons
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Probing Correlations

Localized quantum Hall bulk quasiparticles
‘* "

Correlations in ultracold gases

Tunneling into multiple edge states
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Coincidence
measurements

for photons

C. K. Hong at al., 1987

Current correlation ri oo JR oo L
measurements =1 }_Bq— el —L
for electrons lis Le

Current | [uA)

M. Henny et al: W. D. Oliver at al, 1999
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QH beam splitter —
Saddle potential

y=).2

Separable,

H,— ¥ by

Preserves anyon b.c.
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QH beam splitter —
Saddle potential

=5 [ 5

y=l.2

Separable,
Preserves anyon b.c.

LLL projected Hamiltonian

HP = %'Uﬂ (A2 — (A1)?] 4 2U1%¢
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Saddle dynamics

C.0.m motion

|Z). = exp(ZA! — Z* A)|0).
—iHPt/R
|Z(t)). = ¢ 1 M2,

Analogy from gtm optics

Squeeze along re'? = Utl* /h
Follow
(/Y(’_{:”.l/h }/(}( 'H:/h)
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Saddle dynamics

C.0.m motion

1Z). = exp(ZAt — Z* A)|0).
—sHPt/h
‘Z(f)), s Hyt/} ‘Z>r

Analogy from gtm optics

Squeeze along re'? = Utl* /h
Follow

(/Y(,—I'H'/h. }/(}( H'/h)

08

Relative motion (initial amplitude peaked at +z and -2)

| 2 - 2 /1 4 A 102 /ha2(0
:.’I,'Q(t) =R 2U tl /r1132(0),:y2(t) = e2Utl /ny(O)
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Beam splitter properties

Did the particles go in
the same direction or
different ones?

Behavior of <y,y,>
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Beam splitter properties

S_lll

Did the particles go in
o = @ . the same direction or
different ones?

Depends on statistics
and bunching parameter

Behavior of <y,y,>

1 1
(§192) = P20/ [Im[Z]2 — 7Iml2]” — ox + 5]
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QH bulk non-Abelian quasiparticles?

Ben-Shach et al., 2013
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Non-Abelian statistics in
superconductor rings
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Non-Abelian quasiparticles

Quantum Hall (v=5/2) | Chiral p-wave
| superconductors

e/4 fractional | Zero energy state

quasiparticles in vortex core

h/(2e) or h/(4e) (One or two component sc)

Majorana mode

Upon
exchange
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Non-Abelian quasiparticles: detection

Quantum Hall (v=5/2) Chiral p-wave
superconductors
(CpSC)

DUALITY!!?

Interferometry
ot o Re[titae'® (Yo|Ur ' Ualtbo)]

For e.qg., E. Fradkin et al., 1998; S. Das Sarma et al, 2005,
Stern & Halperin, 2006; P. Bonderson et al., 2006
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Measurements from the lab of
Raffi Budakian

Strontium Ruthenate (SRO):
Candidate CpSc material

. SRO sample —
Mesoscopic ring
Order 1500nm

Magnetic response: Splitting
as a function of H, indicates
Half Quantum Vortices (HQV)

Courtesy R. Budakian
J. Jang et al, 2011
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Non-Abelian quasiparticles: detection

Quantum Hall (v=5/2) Chiral p-wave
superconductors

Interferometry

gy < Reltitae'®(yolUr ' Ualo)] |  Ju™ o [telltrl [e*(yelvr)]
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Aharonov-Casher effect

Magnetic moment moving in static
electric field — geometric phase:

: . 1 : S —+ .
 pAC = ) i x E-dl

2d vortex encircling chargeQ:  ¢ac = Py Q/h = 27Q/e”

Aharonov and Casher, ‘84; Reznik and Aharonov, ‘89
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Encircling Majorana vortices

Majorana structure:

i e o Lalviitali it
* \VL|YR)
o e e '

Two-component CpSc:

Holds for HQV around HQV as well as
around FQV (FQV: can consider one
Majorana in each spin component)
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Proposed Experiment

* In zero field, drive j,

* Vary charge Q, see dl/dV
oscillation of period 2e or 4e

* Turn on field to nucleate HQV

* Repeat AC procedure

Jint o |tr||tr| [€" (wr v illati '
; telltel e (Welvr)] Oscillations should disappear

Many thanks to R. Budakian and D. VanHarlingen
E. Grosfeldetal, 2011

Alternative: Josephson vortices

Also: E. Grosfeld and Stern, 2011

RBoanallar 2011 Alicas 2019
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Thanks to....

Diptiman Sen Michael Stone Nigel Cooper

1Sc viuc Univ. of Cambridge

\»

Eytan Grosfeld Babak Seradjeh
Ben Gurion Univ. Indiana Univ.
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In summary,

- Quantum Hall systems are expected
to display the fascinating phenomenon
of fractional statistics

-Two-particle correlations exhibit
signatures of quantum statistics —
interference, bunching, spatial profiles

- Non-Abelian statistics in quantum Hall
systems and topological superconductors




Anyon there!!?




