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• Transition from WL to AWL in graphene.

• Weak Localisation in Mono-layer 
and Bi-layer graphene.

• UCF in graphene.
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Carriers in graphene and bi-layer

Trigonal warping of energy spectrum
(stronger in bi-layer).

A
B

A’
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Two valleys with

Chiral carriers:

Massless Massive
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Quantum Interference in graphene

Sensitivity to elastic scattering:

• Intra-valley scattering by topological defects 

breaking chirality, τt ,
• Intra-valley scattering in the presence of 

trigonal warping, τw .

Morpurgo, Guinea, PRL (2006)

McCann et al., PRL (2006)    

Such scattering,           , destroys quantum interference in one valley.
1

*
−τ

Inter-valley scattering restores interference destroyed in one valley 

and  results in WL.                                             

• Inter-valley scattering by sharp defects, .
1−

iτ
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Theory of WL in graphene layers

Single layer McCann et al., PRL 97, 146805 (2006)
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Bilayer Kechedzhi et al., PRL 98, 176806 (2007)
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Single-layer samples

5100 cm2V-1s-1

7500 cm2V-1s-1

10000 cm2V-1s-1

8700 cm2V-1s-1

SEM

Tikhonenko, Horsell, Gorbachev, Savchenko,  PRL  100, 056802 (2008)
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Electron

Intra-valley scattering is 
weaker in Dirac region

B (narrow)

Electron

Magnetoconductance of graphene at different T

Tikhonenko, Horsell, Gorbachev, Savchenko,  PRL  100, 056802 (2008)
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stronger in narrow sample

Higher-quality sample

F2 has larger  LΦ and Li



as a function of  TφL
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Saturation of LΦ, 
smaller in Dirac region  

(formation of e-h

puddles?)

In larger sample F2

saturation LΦ is larger

Dephasing rate has usual 
T-dependence

B. L. Altshuler, A. G. Aronov and D. E. Khmelnitsky, J. Phys. C 15, 7367 (1982)



∗LLiand

Li and L* in different  n regions

● τi decreases with n

(DOS increases with E).

● τ* decreases with n

(warping increases with n ?)
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Strong intra-valley suppression of WL (small τ* )

Tikhonenko et al., PRL  100, 056802 (2008) - Supplementary. Material

Trigonal warping:

( ) .,2 22
0

2221
hh avFFpw γµµεττ =≈− where

Dislocations:

.nsdislocatio between distance the iswhere ξξτ ,21
FFd kv≈−

McCann et al., PRL (2006)    

Marpurgo, Guinea, PRL (2006)

Morozov, et al. (2006).Ripples:
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Potential gradients: Marpurgo, Guinea, PRL (2006)
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Sharp defects breaking chirality,           but Li  >> L* !

Origin of strong WL suppression in one valley ?



Bilayer sample

2-terminal: L=1.46 µm, 

W=1.84 µm;

R
c
≈175 Ohm;

Mobility: 8000 cm2V-1s-1

Gorbachev, Tikhonenko, Mayorov, Horsell, Savchenko, PRL 98, 176805 (2007)



Magnetoconductance of bilayer at different T

Gorbachev, Tikhonenko, Mayorov, Horsell, Savchenko, PRL 98, 176805 (2007)



Decoherence rate as a function of T

Dephasing rate at T >1K 
is due to e-e interaction in 

the diffusive regime:

where β≈1.2. 

B. L. Altshuler, A. G. Aronov and D. E. Khmelnitsky, J. Phys. C., 15, 7367 (1982).

T (K) T (K) 

,
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Saturation  LΦ at different carrier densities

ii DτL =Smaller   LΦ in the electro-neutrality 
region is due to e-h puddles,              
which are not totally transparent



Intra-valley suppression of WL in bilayer

Experiment:

Theory: 

Kechedzhi et al. (2007)

ps0.5≤
*

τ

pττ ≈w

111
*

−−− += wt τττwith

In bilayer graphene warping (       ) dominates 

in intra-valley suppression of WL.

1−
wτ



A
B

AWL in graphene

Due to the Berry phase  π,  destructive interference occurs:          

AWL without strong s-o coupling.  

-ππππ/2

ππππ/2

k

-k



Anti Weak Localisation in graphene

Its origin in conventional 2D systems: spin-orbit coupling 

and spin flip at scattering on impurities.

Mg
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AWL:   dR/dT > 0                   
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AWL : Positive MC at small B
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How to get to 

this region?
* Increase T;

* Decrease n.



Experimental scattering times at different  n
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UCF,                 , 
are sample
‘fingerprints’

heG
2≈δ

Reproducible conductance fluctuations, UCF

φL

φL

heG
2≈δ

Self-averaging of UCF is 

determined by two lengths:

- dephasing length; 

- ‘thermal’ length’. ( )
Tk

D
TLT

B

h
=

( ) φφ τDTL =

In 2D  for :                                               .      φLLT < ( ) ( )( )2222
LLLWheG T≈δ



UCF in graphene 

Theory:
Kechedzhi, Kashuba, Falko (2008)

Kharitonov, Efetov (2008)

Note: contrary to WL,  fluctuations decrease with 

increasing inter-valley scattering (decreasing ).

AWL

WL



The normalised correlation function, however, depends only 

on electron temperature, Te .

Kechedzhi, Horsell, Tikhonenko, Savchenko, 

Gorbachev, Lerner, Fal’ko, PRL (2009)

,7.2 eBc Tk≈∆

provided

( ) ( ) ( )〉∆+〈=∆ FF GGF εδεδ



Experimental testing
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Temperature dependence of variance

Parameters LΦ , Li and  L* are found from experiments on WL.

Theory of conductance fluctuations amplitude gives α~1:     

Kechedzhi, Horsell, Tikhonenko, Savchenko, Gorbachev, Lerner, Fal’ko, SSC (2009)

exp
theory

exp
theory

<
 δ

>



● Weak localisation in graphene is sensitive to 

different elastic scattering mechanisms.

● By changing n and T one can achieve a 

transition from WL to AWL due to the Berry phase.

● Weak localisation in graphene exists at high T, 

with dephasing due to e-e interactions. 

● UCF are also sensitive to elastic scattering, but 

the correlation function is only controlled  by Te.

SUMMARY


