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Conductivity in graphene
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Residual conductivity
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Electron-hole coherent effects? Weak localization?
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Bipartite lattice gives
pseudospin




Graphene band structure

Wallace 1947
Semenoff 1984
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Multilayer graphene

Single-layer graphene
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N-layer graphene, low energy bands
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Boltzmann equation

Oifi +v - Opfr +e(E+v X B)-Opfr = Jf]

Collision integral

TU) = = [ 8~ Wi fe — fir) ~

Relaxation-time
Drude conductivity approximation
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oo = e“nT/m




Drude conductivity

VrKkE

o0 X TUpkr ~
: . Nimp|U|* D (€r)

Point-like

impurities U = const 0o = const
2

Screened U = c //{2 !

charged k—K'|+ < D(er)  kF

impurities Thomas-rerm
(RPA)

Saturday, September 4,2010



Boltzmann regime

Boltzmann regime
ékF — TUFkF > 1

Drude c02r1ducitivity
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Quantum corrections
g = 0o+ C()(ng)O -+ Cl(Zk‘F)_l + ...
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One-band Boltzmann equation
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Kubo formula

je” fe, — f]%n, (n|vz[n")(n'|vg|n)

o = :

L2 " n, En - En/ En _ En/ _l_ Z??
Applicable also to the Dirac regime.

However, less intuition than with Boltzmann

calculations.
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Boltzmann vs Kubo in
clean bilayer graphene
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Principal value terms vanish for point-like impurities in bilayers.

Quantum corrections then easier to sum up to all orders.

hene = no charged impurities. Remaining impurities point-like?

Trushin, Kailasvuori,
Schliemann & MacDonald
arxiv:1002.448 1|
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Residual conductivity

® Weak anti-localization (incoherent bands)!?

® Electron-hole coherence originated quantum correction?
Only for monolayer graphene! Due to principal value
terms! Approach sensitive!

For point-like impurities 50/%
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Deriving a band-coherent
Kinetic equation

Iterating the quantum Liouville equation (interaction picture)

it = —i[V(t), (o)) — / A V(1) [V (), P ()]

to

Kinetic equation 9:p(t) — i[Ho, p(t)] = T |p)

For Boltzmann eq., gradient expand i|Hy, p(t)]

Collision integral j[p] = _/ (21(’7: [V [GORVGOA H

Delta function terms and principal value terms
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Green’s function derivation

Generalized Kadanoff-Baym eq. G< = GRx <G4

two alternative kinetic equations
10, — Hy, G<] = SRG< — G<2® + <G* - GRx< (‘GI")

[i0; — Hy — Re X", G<] = [E%,Re G"] = i{ImZ", G} —i{Z,Im G} (*G2)

The problem of Ansatz (from double-time to single-time)

G<($1,t17$27t2) - G<\t2:t1 = p(r1,T2,1)

G<(z,p,t,w) = p(x,p,t)A(z,p,t,w) Kadanoff & Baym (1962)
(GKBA) G<(t1,t2) = iGR(t1,t2)p(t2) —ip(t1)G™ (t1,t2) Lipavsky et al (1986)
(AA)  G<(t1,t2) = ip(t1)GR(t1,t2) — iG> (t1,t2)p(t2) Kailasvuori et al. (2009)

(SKBA) G=<(t1,t2) = 3FA(t1,t2)p(t2) + 5p(t1)A(t1,t2)
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Collision integrals with
different structure

Tl =~ [ 520
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QL & Gl1 AA V, [GORV GO p]
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G2 GKBA | 1[V.GOR[V. plGOA] 4+ 1V [GPAVGOR o]
G2 AA | L[V,GoM[V, G TV, [GORV GO, o]
G2 SKBA L (G2GKBA + G2AA)

Saturday, September 4,2010



Results

® Semiclassical kinetic approach with coherent
bands.

® Role of principal value terms. One mechanism for
a residual conductivity.

® Sensitivity to choice of approach. Related density

matrix and Green’s function approaches.

Kailasvuori & Luffe, JSTAT P06024 (2010)
Kailasvuori, |[STAT P08004 (2009)

Related worlk:  Auslender & Katsnelson, PRB76, 235425 (2007)
Trushin & Schliemann, PRL99,216602 (2007) +...
Culcer & Winkler, PRB78,235417 (2007) +...

® |nput to the conductivity minimum problem.
Trushin, Kailasvuori, Schliemann & MacDonald, arxiv:1002.448 |
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