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Disorder and transport in draphene-based        
field-effect transistor, GraFET
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Momentum relaxation rate,
inverse of the ‘transport time’

,2 De Fγσ = 2
2

trvD τ=

Einstein’s formula for conductivity

IrurV ˆ)()(ˆ =
pr

θ'pr

classical Boltzmann’s kinetics, uncorrelated sequence of scattering events

inu
ve

2

22

~σ

eF nppp π=== '
determined by how disorder is    
seen by electrons at the Fermi 

level

constv =



How may a suppression of back-scattering of chiral electrons appear in 
transport characteristics? (interference corrections to conductivity) 
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How do different types of disorder affect quantum transport in graphene, in 
particular, weak localisation magneto-resistance?
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What types of disorder are there in graphene and what is the effective 
disorder experienced by electrons at the Fermi level (RG)?
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Interference correction: weak localisation effect…
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WL  =  enhanced backscattering in 
time-reversal-symmetric systems
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Interference correction: weak localisation effect…
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Broken time-reversal symmetry, 
e.g., due to a magnetic field B

suppresses / kills the weak 
localisation effect

WL magnetoresistance
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... but …
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WL  =  enhanced backscattering
for non-chiral electrons in 

time-reversal-symmetric systems

WAL  =  suppressed backscattering 
for Berry phase π electrons
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WAL  =  suppressed backscattering 
for Berry phase π electrons
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WL  =  enhanced backscattering
for non-chiral electrons in 

time-reversal-symmetric systems
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WAL  =  suppressed backscattering 
for Berry phase π electrons

Suzuura, Ando - PRL 89, 266603 (2002)B

clσ

+

⊃

⊂

A
A



weak trigonal warping leads to a random 
phase difference, δ for long paths.
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... however …

Some types of disorder lead to a 
similar effect.( )τττ
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McCann, Kechedzhi, VF, Suzuura, Ando, Altshuler - PRL 97, 146805 (2006)
for bilayers: Kechedzhi, McCann, VF, Altshuler – PRL  98, 176806 (2007)B
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Inter-valley scattering restores the WL 
behaviour typical for electrons  time-

inversion symmetric systems 
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McCann, Kechedzhi, VF, Suzuura, Ando, Altshuler - PRL 97, 146805 (2006)
for bilayers: Kechedzhi, McCann, VF, Altshuler – PRL  98, 176806 (2007)
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How may a suppression of back-scattering of chiral electrons appear in 
transport characteristics? (interference corrections to conductivity) 
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How do different types of disorder affect quantum transport in graphene, in 
particular, weak localisation magneto-resistance?
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What types of disorder are there in graphene (disorder and symmetry) and 
what is the effective disorder experienced by electrons at the Fermi level? 
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valley index

Free-electron Hamiltonian in monolayer graphene (Lecture 1)

sublattice index,
‘isospin’
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Coulomb potential 
of remote charges 

in the substrate

atomic-range distortion of the 
lattice breaking A-B symmetry

xpyp xpyp

+K−K

Intervalley-scattering disorder
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iso/pseudo-spin vectors realise a                           
4-dimensional representation of the 

symmetry group of the honeycomb lattice
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Symmetry operations and transformations of matrices

Generators of the group G{T,C6v} :
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The 16D space of matrices        can be separated into irreducible 
representations of the symmetry group G

Χ̂

4-components wave-functions arrange a 4D irreducible 
representations of the lattice symmetry group.
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four 1D-representations
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Time-reversal
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monolayer Hamiltonian in the ΣxΛ representation
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the most general form of           
time-reversal-symmetric disorder

McCann, Kechedzhi, VF, Suzuura, Ando, Altshuler - PRL 97, 146805 (2006)



Microscopic origin of various disorder terms

0~ˆ)( γuuIruV =

Comes from potential of charged 
impurities in the substrate, deposits 
on its surface (water-ice) and doping 
molecules screened by electrons in 
graphene.

It is believed to dominate in the momentum relaxation 
in the existing GraFETs.



Lattice deformation – bond disorder
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Suppresses the interference of electrons in one valley, 
similarly to the warping effect in the band structure.
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Foster, Ludwig - PRB 73, 155104 (2006)
Morpurgo, Guinea - PRL 97, 196804 (2006)
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Lattice deformation – bond disorder
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The phase coherence of two electrons propagating in different 
valleys is not affected (real time-reversal symmetry is preserved).

Foster, Ludwig - PRB 73, 155104 (2006)
Morpurgo, Guinea - PRL 97, 196804 (2006)
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Deformation of graphene flakes is 
due to uneven surface of a substrate 
and a brute-force method of peeling 
it off graphite. 

Also, in those places 
where graphene touches 
the substrate, locally A-B 

symmetry is broken. 



different energy 
on A and B sites
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intra-valley AB disorder

Intra-valley disorder  Λ zΣsus suppresses the interference 
of electrons in one valley, but has the opposite sing in the 
two valleys, K and K’, at the rate
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Inter-valley scattering

valley-off-diagonal matrix:
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Induced by deposits on the graphene 
sheet, points of mechanical contact with 

the substrate, atomic defects, and 
sample edges. 
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Characterized by 
the intervalley
scattering rate
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leading terms do not contain valley operators Λ , thus, they remain 
invariant with respect to valley transformations SU2

Λ.
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All types of symmetry breaking disorder

inter-valleysame valley

Trigonal warping
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The only surviving mode
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inter-valley 
+ intra-valley 

disorder
11 −− + ziv ττ

Morpurgo and Guinea, PRL 97, 196804 (2006)

McCann, Kechedzhi, VF, Suzuura, Ando, Altshuler, 
PRL 97, 146805 (2006)
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Magnetoresistance of graphene for

‘fast’ inter-valley scattering: 
usual WL magnetoresistance

cut at

‘slow’ inter-valley scattering:
neither WL nor WAL
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Hubert B. Heersche et al,
Nature 446, 56-59 (2007)

S.V. Morozov et al, PRL 97, 016801 (2006)

Experiment

WL magnetoresistance is sample-dependent, due to a 
sample-dependent inter-valley scattering strength.

McCann, Kechedzhi, VF, Suzuura, Ando, Altshuler, PRL 97, 146805 (2006)  
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Narrow ribbon of graphene has strong inter-valley scattering due 
to edges and is expected to show robust WL magnetoresistance

Kechedzhi, McCann, VF, Altshuler, PRL 98, 176806 (2007) 



How may a suppression of back-scattering of chiral electrons appear in 
transport characteristics? (interference corrections to conductivity) 
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How do different types of disorder affect quantum transport in graphene, in 
particular, weak localisation magneto-resistance?
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What types of disorder are there in graphene (disorder and symmetry) and 
what is the effective disorder experienced by electrons at the Fermi level? 
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Aleiner, Efetov - PRL 97, 236801 (2006)

Renormalisation of effective disorder
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Renormalisation group for effective disorder

Aleiner, Efetov - PRL 97, 236801 (2006)
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Summary (L1-L3)

Band structure of monolayer and bilayer making them gapless 
semiconductors and chirality of electrons in those materials 

(manifested in the QHE).

Rich variety of quantum transport regimes due to quasi-particle 
chirality (and Berry’s phase) and symmetry-breaking disorder.

There is much more to do:  doping control, description of 
minimal conductivity, graphene edges, interaction effects, 
possible Pierls instabilities, possible excitonic dielectric, 

correlated phases of QHE in monolayers and bilayers, and
hopefully – new functionality and device APPLICATIONS!


