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“Looking for a needle in a haystack” 

• What needle am I looking for? 

• How to find it? 

• Which haystack need I search for? 



Mesoscopic physics 
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Today’s keywords  

Why quantum Hall? 

 

Why low dimension (2DEG)? 

 

Why interferometry? 

 



Physics in 2-D 

Manipulating electrons’ path is easier in 2D 

Aå = e
i(kxx+kyy+kzz) Aå = e

i(kxx+kyy)



Anyon 

Adiabatic exchange 

Y(1,2) = eiq Y(2,1)

Y(1,2) = ei2q Y(1,2)



Anyon 

BUT, Never proved yet experimentally !! 

q = 0
q = p

for Boson 
for Fermion 

3-D 

0 £q £ p for Anyon 

2-D 

Excitations in FQHE are strong candidates to be anyon  



AlGaAs (Wide Band-gap) 

Energy 

GaAs (Narrow Band-gap) 

Si 

2-dimensional electron gas (2DEG) 



Why is 2D world exciting ? 

High mobility,  long mean free path, long coherence length  

Ballistic transport, electron interference  

Easy electrostatic control by gate 

Building complicated structure 

Unique phenomena 

FQHE, anyon 
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Classical Hall effect 
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Quantum Hall effect 
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Quantum Hall effect 
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 filling factor  = number of filled LL  

D(E) 

Landau 
Level 

= number of electron / flux quantum 



Fermion vs. Boson 
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Quantum Hall effect 
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Edge states in QHE 

Recipe: 
 

2 Spatial Dimensions 
 
 
 

Magnetic Field 
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Edge states in QHE 

 
 
 
 
         

Edge states: 
 

Suppressed backscattering 
+ 

Quantized conductance 
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Edge states in QHE 

ordinary 2D metal 
quantum Hall edge states 

chiral 1D metal 

• Easy to engineer electron path 
• No back scattering 
• The quantum hall effect helps us mimic lasers 



Quantum Hall effect 

integer quantum Hall effect 
(IQHE) 



Quantum Hall effect 

Séminaire Poincaré 2 (2004) 1 – 16 Séminaire Poincaré

25 Years of Quantum Hall Effect (QHE)
A Personal V iew on the Discovery,
Physics and Applications of this Quantum Effect

K laus von K l it zing
Max-Planck-Institut für Festkörperforschung
Heisenbergstr. 1
D-70569 Stuttgart
Germany

1 Histor ical Aspects

The birthday of the quantum Hall effect (QHE) can be fixed very accurately. It was the night of
the 4th to the 5th of February 1980 at around 2 a.m. during an experiment at the High Magnetic
Field Laboratory in Grenoble. The research topic included the characterization of the electronic
transport of silicon field effect transistors. How can one improve the mobility of these devices?
Which scattering processes (surface roughness, interface charges, impurities etc.) dominate the
motion of the electrons in the very thin layer of only a few nanometers at the interface between
silicon and silicon dioxide? For this research, Dr. Dorda (Siemens AG) and Dr. Pepper (Plessey
Company) provided specially designed devices (Hall devices) as shown in Fig.1, which allow direct
measurements of the resistivity tensor.

Figure 1: Typical silicon MOSFET device used for measurementsof the xx-and xy-componentsof
the resistivity tensor. For a fixed source-drain current between the contactsS and D, the potential
drops between the probes P −P and H −H are directly proportional to the resistivities ρx x and
ρx y . A positive gate voltage increases the carrier density below the gate.

For the experiments, low temperatures (typically 4.2 K ) were used in order to suppress dis-
turbing scattering processes originating from electron-phonon interactions. The application of a

Nobel Prize in physics 1985 
 “ for the discovery of quantized Hall effect” 



cleaner 2D electrons + Low T + Strong B 
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Fractional QHE 

RH=(e 2/3h)-1 



Fractional QHE 
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Nobel Prize in physics 1998 
 “ for the discovery of a new form of quantum  fluid with fractionally charged excitations” 



Why Quantum Hall ? 

 The quantum hall effect helps us mimic lasers in quantum optics 
 
o Electrons directed along definite paths flexible design, definite acquired 

phase 
 
o No back-scattering insensitive to impurities  

  
 The quasiparticles in the fractional QHE regime is expected to be 

anyon 
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Why interferometry? 

z 

  Interferometers are phase probes 

  Good platform to explore fundamental quantum physics 

  Electron interferometer opened electron quantum optics 
 

 

 

 

 

 

Vs. 

complementarity vs. uncertainty principle 

E.  Weisz , H. K. Choi et al., Science (2014)  Dong-in Chang et al., Nat. Phys. (2008)  

Hanbury Brown and Twiss experiment  

I. Neder et al., Nature (2007)  

Probing anyonic (Abelian & non-Abelian) statistics 



Electronic interferometers 

How do we construct electronic  
interferometers? 



Optical interferometers 

Fabry-Perot Interferometer (FPI) 

Laser Detector 

Mach-Zehnder Interferometer (MZI) 



Quantum Point Contact  

•  Conductance quantization 
•  QPC acts like as beam splitter  

Source 

QPC with QHE edge state 
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Left Left Drain 

On the one hand: 
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On the other hand: 

y = r ×yL + t ×yR



Realization of electronic MZI 
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2DEG 

ohmic contact 

Photonic beam                   quantum Hall edge state 
Beam splitter                      quantum point contact (QPC)  

Yang Ji et al., Nature 422,415 (2003)  



Aharonov-Bohm effect 

Path 1 

Path 2 

Y =y1 +y2

Y = e
ijpath1y1 +e

ijpath2y2 = e
ijpath1 (y1 +eijABy2 )

B 



D2 
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MG 

air bridge 

Realization of electronic MZI 

Yang Ji et al., Nature 422,415 (2003)  



Electronic Fabry-Perot interferometer 

Oscillations with respect to AB phase 
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Laser Detector 
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AB oscillation in FPI 

VMG 
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tFPI = t0 + t1e
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dA =f0 / B



Zoom out 

Physics in 2D 
 

• Anyons 
• Control e’s path 

QHE 
 

• FQHE: anyons & NA 
• Definite path 

Interferometry 
 

• Fundamental QM 
• Probe statistics 
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What can we do with interferometers ? 

Controlled dephasing 



Double slit experiment 



“It is impossible to design an apparatus to determine which hole 
the electron passes through, that will not at the same time 
disturb the electron enough to destroy the interference pattern”   

      

     Richard Feynman 

 



Double slit experiment 



Pure state (separable) 
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Entangling systems via  Coulomb interaction 



Entangling detector - interferometer  
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What is dephasing ? 

Dephasing 

DL DR =1 DL DR = 0

‘which path’  information interference  
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entangled state interferometer - detector 

entanglement 
with detector 



How to build a good detector ? 

DL DR = 0



LL1 

Quantum dot detector 

LL2 



Quantum dot 

Vg 

Number of electrons 

N 

N+1 

N+2 

Conductance 

N-1 



Quantum dot detector 

Experiment: E. Weisz, H. K. Choi  et al., PRL 109, 250401 (2012) 
 Theory: SC. Youn et al, PRB (2009); B. Rosenow & Y. Gefen PRL (2012) 



Quantum dot detector 

N N-1 N+1 

LL2 

LL1 

At resonance, E(N)=E(N+1) 

Ytotal = yU Ä N + yL Ä N +1

N N +1 = 0 Full detectability 



LL1 

LL2 

Quantum dot detector 

 E. Weisz, H. K. Choi  et al., PRL 109, 250401 (2012) 

Full dephasing  
without current  

in Detector 
 



Can lost interference be recovered ? 

dephasing 

? 

Yes, by erasing which-path information  

Asking to  “ Which path did electron pass through ?”  

Quantum eraser 



Quantum eraser with photon  

Y.H. Kim et al., PRL 84,1 (2000)  

R03 

R02 R01 

interferometer photon 
detector photon 

WP – Yes, from B 

WP – No 

WP : Yes  No interference 

WP : No   interference 



Electronic Double MZI for QE 

­S Ä D­ + S̄ Ä D¯Ytotal =



Double MZI 
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Detector current :  here, γ=π 
Measured which-path information K: 
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Realization of coupled MZIs 

Experiment: E. Weisz, H. K. Choi et al., Science (2014) 
Theory: K. Kang PRB (2007) 

 
 



Electronic Quantum eraser 

Anti-correlation 

15 
 

 
Figure 4: Phase recovery by quantum erasure. (a) The cross-correlation of the System and 

Detector output currents. (b) Changing the System’s flux via SMG produces AB oscillations of the 

cross-correlation at the same frequency as that of the AB oscillation of the conductance. The 

amplitude of the reconstructed oscillation is modulated by the magnetic flux in the detector: 

when which-path information has been ‘erased’ the oscillation amplitude is maximal (solid line) 

and when which-path knowledge is maximal the oscillation is minimal (dashed line). The near 

anti-correlation between (c) the oscillation visibility and (d) the knowledge is a manifestation of 

the complementarity principle: having access to a particle-like property of the System, via 

which-path information, prevents observing its wave-like nature, such as interference, and vice 

versa. The dashed lines serve as guides to the eye, showing the anti-correlation between (c) and 

(d). The slight shift from perfect anti-correlation allows us to estimate 12/pg »  (for IS3=0.5 

nA). 

“manifestation of complementarity in electronic system”  

E. Weisz, H. K. Choi et al., Science 344, 1363 (2014)  



Summary 

OK 
Fundamental 
Q-mechanics 

Anyonic  
statistics 

In order to solve the mystery, we must understand the systems 
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Experimental physics 



Experimental physics 



Electronic interferometers 

Electronic interferometers show unexpected behavior 

Double-slit 
interferometer 

“Unexpected 
 double 
 periodicity…” 

A. Yacoby et al  
PRL (1994) 

(Time-reversal 
 symmetry) 

Mach-Zehnder 
interferometer 

“Unexpected 
 non-linear  
 behavior…” 

 

I. Neder et al  
PRL (2006) 

(Lobe-structure) 

“Role of  
 interactions…” 

N. Ofek et al 
PNAS (2010) 

Fabry-Perot 
interferometer 

(CD regime) 

Fabry-Perot 
interferometer 

HK Choi et al  
Nat. Com. (2015) 

“Unexpected 
 pairing…” 

(To be given a 
 name) 



Waiting for your ideas… 



How to find needles 



Anyon Graphene 

Topological  
Insulators 

? ? 
? 

Thank you 


