
• ‘bulk – edge’ correspondence

• interference 

• thermal conductance

Moty Heiblum 

Edge Modes in QHE Regime …. their nature & use



why 2D electrons….heart of present transistors

high mobility electrons, gate controlled

exchange statistics of 2D electrons is rich

exotic states



exchange statistics in 3d

fermionsbosons
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consequences…



anyonic statistics in 2d → abelian   (Laughlin qp’s)

anyons
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anyonic statistics in 2d → non-abelian

degenerate ground state
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anyons in QHE



2DEG + magnetic field … classical bulk

B

most convenient picture…
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B2d layer

2DEG + magnetic field … classical edge



quantizing the Hall effect



ν = number of filled LL = number of electrons per flux quantum
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B >>0

ν = 2  ;  number of filled LLs

 no dissipation.………Rxx = 0

 fixed free carriers.…RH =const.

Fermi level in gap

with disorder



choice of gauges for  

H



A



convenient gauge (for interference)

Landau levels…resembling classical orbits

2DEG + magnetic field … quantum edge



edge modes      immune to back scattering   

1d edge channel carries  V
h
eI
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B=0

2DEG + magnetic field … quantum edge



ν = number of electrons per flux quantum



eV

edge current  & bulk current

bulk current   = non dissipative

edge current  =  e 2V/h



ballistic, but with energy dissipation hot spots

He4 bubble

He4 bubble

eV

V=0

will return to hot spots later…



in the beginning … Si MOSFET

ns

Rxx= 0

RH = (ν e 2/h )-1

B = const.



RH =(e 2/ 3h)-1

continued with… GaAs MODFET



ν = number of electrons per flux quantum



adiabatic ν =1/3…
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with time…



hi quality 2DEG 

growing GaAs – AlGaAs heterostructures



Cooloquium 8.03.0828
MBE growth

Molecular Beam Epitaxy (MBE)

pressure      ~1÷10 ×10-12 torr
growth rate  ~1 micron/Hour → 1ML/sec
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Cooloquium 8.03.0830
typical structure

donors



Cooloquium 8.03.0831
mobility: scattering mechanisms

AlGaAs

GaAs

1. remote Ionized Impurities

2. interface Roughness 

3. alloy scattering

4. background Impurities

5. phonon Scattering

∑=
i iµµ

11
Si : N+ doping in AlGaAs

deep DX centers – electrons freeze at 100K



Cooloquium 8.03.0832
mobility…..dependence on spacer
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~15×106 cm2/V-sec   at 300 mK



Cooloquium 8.03.0834
Double – Side Doping

EF
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dopingdoping

narrow QW

superlattice type doping

Si : N+  doping in narrow GaAs QW

electrons spill over to AlAs X-valley 

electrons mobile - but very low mobility

effective screening of donors



Cooloquium 8.03.0835

0 20 40 60 80 100 120 140
0

5M

10M

15M

20M

25M

30M

35M

40M

Double side Doping

Single side Doping

T=0.3 K in the dark

2D
EG

 M
ob

ili
ty

 (c
m

2 /V
se

c)

Spacer (nm)

experimental data

36.0 ×106 cm2/V-sec     n=2.95 e11 cm-2



Cooloquium 8.03.0836
donor correlations
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standard Hall-bar



Cooloquium 8.03.0838
typical 1st excited LL

ne= 3.2×1011 cm-2 µ =30.5×106 cm2/V-sec
in dark



types of edge modes



edge modes

edge of IQHE ………integer v =1, 2, 3,…

edge of FQHE ……..fractional 

abelian states ……… particle-like v =1/3, 2/5,.., 

hole-conjugate v= 2/3, 3/5, 4/7,…

non-abelian state ..……. v =5/2,…  



 downstream charge……………………………particle-like states

chirality of B field

 downstream + upstream (neutral ) ……hole-conjugate & non-abelian states

edge modes



current fluctuations

shot noise



hot
filament

cathode anode+-

emitted electrons

noisy current in vacuum tubes

classical shot noise

Schottky, 1918

it started with - noise in vacuum tubes



classical shot noise

 large number of impinging electrons 

 very small escape probability

time

IDC

τ0

current

time
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τ

Si (0)=2 e I spectral density (A2/Hz)



Vapplied

~h/eVapplied

zero- temperature ordered electrons are noiseless !

shot noise =0 …. full Fermi sea (un-partitioned electrons)

Khlus 1987
Lesovik 1989



during measurement time τ …… total charge transferred Q
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shot noise - single channel

t <<1
poissonian
S =2eI
Schottky formula

incoming transmitted

binomial
S =2eI (1-t )

t



h/eV

e ee
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g =e 2/ 3h
noise → e* = e

t

e / 3 e / 3 e / 3

3h/eV

g =e 2/ 3h

similar conductance - different shot noise 

noise → e* =e/3



V = 0 ……….. Si (0) = 4kBTg  ……….thermal

shot noise, T > 0

T = 0 ……….. Si (0) = 2qI (1-t )……..shot

V , T  > 0 …………………………………….total
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quantum point contact (QPC)

Vgate

Vsource

r
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QPC0 < t < 1
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excess shot noise in QPC
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shot noise in QPC
- experimental results -
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QHE

preferential backscattering of edge channels

reflected higher LLs

transmitted lower LLs

partitioned LL

Vgate



will shot noise measure e or e* ?

weak
coupling

e*=e/ 3n=1/3 n=1/3

n=1/3 n=1/3
e

strong
coupling

no
partition ν=1/3

vQPC ~0

vQPC ~1/3



t

negative voltage on split-gate

1

t < 1

noise

partitioning edge modes

Iimp

QPC

Iimpt

noiseless current noisy current

noisy current

S

four-terminal measurement

constant amplifier input resistance

FQHE

quasiparticles in edge modes are plasma-like waves - charge is not defined

shot noise measures the backscattered charge through the bulk (in the QPC)
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experimental considerations

2DEG :  ns=1.1x1011 cm-2 ;     µ=4 x106 cm2/Vs

04=)0( TGkS Bi

shot noise signal Si(0)=2e*I=10 -29 A2/Hz ...…………… T*~ 40 mK

Johnson noise……………………………………………. T ~  (10-30) mK

noise in ‘warm electronics’……….....……………………T*~ 3.5 K

“home made” (MODFET) cryogenic preamplifier (T= 4.2 K)

T*~100-200 mK  at  f0 = 1 - 4 MHz (above 1/f noise knee)



difficulties in measurements

 QPC resistance R ~ 100 kΩ 

 coax capacitance C ~ 60 pF

fmax = 1/(2π RC) ~ 30 kHz

∴ 1/f noise is large

coaxial cable

60cm     60pF

QPC
(δ i)2

δV=R δi

cooled
preamp

(hot, 4.2 K)(cold, 50 mK)

spectrum
analyzer

R



experimental setup
* frequency above  1/f noise corner of preamplifier;
* capacitance compensated by resonant circuit;

QPC

cooled
preamp

L RC

calibration signal

spectrum
analyzer

f0 ,∆f0

C<<

50 Ω ; 300 K

1 GΩ

warm
preamp

voltage gain = 1000

coax

averaging time,τ

noise <i2>
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VDC

cryostat

‘home made’
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bunching of quasiparticles
charge  =  filling factor

v=2/5    bunching
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temperature dependence  ν =2/5 



1st excited Landau level



4.5 5 5.5 6 6.5
0

2

4

6

8

10

12

14

B (T)

R
(K

Ω
)

 

 

Rxx*100

Rxy

ν=5/2 ν=7/3

ν=3 ν=8/3

ν=2

- Rxx x 100
- Rxy

R
( 

kΩ
  )

B ( T )

ν=8/3 ν=5/2 ν=7/3
ν=3

ν=2

v =5/2     Moore - Read proposed non-abelian state

µ ~ 30⋅106 cm2/V-s



expected charge of excitations
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particle-like  (Laughlin)   vs hole-conjugate 

quasiparticles



edge: single charge mode with G=G0/3

bulk: single component and gapped (incompressible liquid)

ν

x

expected ν = 1/3   particle-like



ν = 2/3  = 1 – 1/3

full LL of electrons – 1/3 holes

ν = 2/3   hole-conjugate

upstream e/3 was not found…..Ashoori  1992



naive model 2-probe conductance = 4/3 e2/h

measured 2-probe conductance = 2/3 e2/h

MacDonald’s clean edge



upstream neutral mode  @ ν =2/3

downstream charge mode 2/3 e2/h  + upstream neutral mode
Kane et al. 1994



hole-conjugate states
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edge modes mirror the bulk

‘bulk – edge’ correspondence

net number of modes (down minus up) – must be preserved in equilibration



neutral modes

• not observed in charge transport measurements

• carrying energy without net charge dipole like

• possible source of dephasing  of interference

• topological …….. or due to    edge-reconstruction



neutral mode  → ‘flow of dipoles’

shot noise (electron-hole) without net current

early measurements…Bid 2010



excitation of neutral mode  hot spot

qp

excitation

looking for shot noise

with zero net current

40µm

downstream current upstream current



upstream noise   v=2/3

10-29A2/Hz → 7mK

t (1-t )



qp

excitation of neutral mode at QPC …



noise due to neutral mode

T (1-T )

upstream noise   v=2/3



neutral mode at  v = 5/2
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v = 5/2 ….. two leading orders

state statistics charge upstream 
neutral mode

Moore-Read 
(Pfaffian)
Moore & Read, 
Nuclear Phys. B (1991)

non-abelian e/4 no

anti-Pfaffian 
Lee, PRL (2007); 
Levin et. al. PRL (2007)

non-abelian e/4 yes

there are other orders too…..will see later



to be continued
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