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hybridisation forms strong directed bonds 2sp
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Graphene: gapless semiconductor
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Bloch function amplitudes (e.g., in the valley 
K) on the AB sites (‘isospin’) mimic spinK) on the AB sites ( isospin ) mimic spin 

components of a massless relativistic particle.
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Electronic states in graphene observed using ARPES
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Slightly stretched monolayer graphene
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shift of the Dirac point in the momentum space, 
opposite in K/K’ valleys Ando - J. Phys. Soc. Jpn. 75, 124701 (2006)
shift of the Dirac point in the momentum space, 
opposite in K/K’ valleys,  like a vector potential

Foster, Ludwig - PRB 73, 155104 (2006)
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Monolayer graphene: two-dimensional gapless semiconductor 
with Berry phase π electrons
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PN junctions in the usual gap-full semiconductors are non-
transparent for incident electrons  therefore  they are highly resistivetransparent for incident electrons, therefore, they are highly resistive.

PN junctions in in graphene are different.



Transmission of chiral electrons through the PN junction in graphene
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‘Klein paradox’:  Katsnelson, Novoselov, Geim, Nature Physics 2, 620 (2006)



Transmission of chiral electrons through the PN junction in graphene
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Transmission of chiral electrons through the PN junction in graphene
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incidence angle,   θ<1/pFd ,  a PN junction in graphene 
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PN junctions should be 
taken into consideration in 

t t i l d i  two-terminal devices, 
since metallic contacts 

dope graphene, due to the p g p
work function difference. 

Heersche et al - Nature Physics (2007)
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PNP junction with a suspended gate: an almost ballistic regime:  w~l.

A Young and P Kim - Nature Physics 5, 222 (2009)



Wishful thinking about graphene microstructures
Focusing and Veselago lens for electrons in ballistic graphene

Cheianov, VF, Altshuler - Science 315, 1252 (2007) 
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Graphene bipolar transistor: Veselago lens for electrons
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