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® "Graphene" : monolayer of C atoms  Novoselov etal, Nature (05)

... Zhang, etal, Nature ('05)
"relativistic" condensed-matter system

Electrons and holes ~ massless Dirac fermions

e ~vp k| vr ~ 10°m/s ~ ¢/300

Exotic phemonena O min st

half-integer QHE ~ ou = (¢*/h)4(n+ 1)
zero-energy Landau levels

fermion # fractionalization , chiral anomaly

o Test QEDo 4

e How Dirac fermions appear 1n a cond-mat. system




Honeycomb Lattice

The Bravais lattice is triangular and
the unit cell contains two sites

Basis vectors are

The sublattices are connected by
1

b, = (2—\1/§7 2)a

Tight-binding Hamiltonian

H=a) » {U(A)V(A+b)+VI(A+by)U(A)}
A hopping B «+— A

A =nia; + noas




H:zk:(ULVJ)<a¢*(k) o ) (

QS(k) — eik-bl _|_€ik-b2 _I_e’ik-bg

energy : F(k) = ta|p(k)

The separation of the conduction and valence bands
minimized at zeros of

¢(k) — 6?: k°b1 _I_ e’ik-bg _I_ 6ik-bg

These occur at




In the continuum (low energy) limit (a — 0),
only electron state near q; and qo participate in the dynamics.

(1) Near k = —qq,

ie= /3 (ky —ik,) ) ( U(k_%))

Tyt .
H Usz:(U 7V ) ( —ZGZﬂ/S(k;U‘FZky) V(k_ql)
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E : T, —im/6 /1 ,i7/6 Z(kx Zky) € . U(k ql)
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vp= V3a/2

Dirac Hamiltonian

Z(kaﬁ_Zky) _ _ 0/ 1 2
(—i(kx—l—iky) )— kroo + kyor = v (—k1y" — k2v”?)

with v# = (03,i01,i02), and k' = (k,, k).

— Hy = ="k for ¢y ~ €'s 72 (U(k—qy), V(k—qy))".




Similarly, (2) Near k = q;,

(IR VAl
UFZ(U ,V )( —ie= /3 (ky —ik,)

k

One has

i(ky+iky) ) = —ky0o9 — kyo1 = 03(—kyoo + kyo1)o9

( —i(ky—ik,)

= 0'20'3(—161’)/1 — k2’72)0-2

Let 1o = o9e "6 73 (U(k+qy), V(k+q;))*..

— Hy = —°




H:/ d?x _wT (UF orll, + mos — EBA())w

+x (vr oIl — mos — GAO)X:

II, = —i0; + eA; band gap m — 0

Vo = (¢17¢2)t X (Uk—q, Vk—q)t field near K
Xa = (Xl,XQ)t X (_Vk—l—q7 Uk+q)t field near K’

vr ~ 10°m/s ~ ¢/300

Spinor structure < sublattices




Bilayer graphene
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1 ~
Heg = Hin + Hiogo—z-Ha =

2m*

chiral Schroedinger eq.
positive- and negative-energy states w. quadratic dispersion

gapless




