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Outline

Relativistic physics in graphene, guantum critical
systems and conformal field theories

Strong coupling features in collision-dominated
transport

Comparison with strongly coupled fluids
(via AdS-CFT)

Graphene: an almost perfect quantum liquid
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Dirac fermions in graphene

(Semenoff '84, Haldane ‘88)
Honeycomb lattice of C atoms Tight binding dispersion

2 massless Dirac cones in o =
the Brillouin zone: Close to the two H=v, (p -K )Wsublamce
(Sublattice degree of ~ Fermipoints<, K=, E =y |5 -K]|

freedom«— pseudospin)

C
30C e’
Coulomb interactions: Fine structure constant ENV,

Fermi velocity (speed of light”) |v; =1.100° m/s=




Relativistic fluid at the Dirac point

D. Sheehy, J. Schmalian, Phys. Rev. 96tt226803 (2007).
 Relativistic plasmghysics of interacting particles and holes!
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Relativistic fluid at the Dirac point

D. Sheehy, J. Schmalian, Phys. Rev. B8it226803 (2007).

 Relativistic plasmghysics of interacting particles and holes!
» Strongly couplednearlyquantum criticafluid atp =0

Hole Fermi liguig

=
Strong coupling!
Relativistic lguid

Disorder dominaied
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Crossover:
T=u
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Very similar as at quantum criticality (with z=1geSIT) and the associated CFT|
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Graphene — Fermi liquid?

1. Tight binding kinetic energy

d*k
— massless Dirac quasiparticles #° = >, Zf sAvrk ], ()7, (k)
o

2. Coulomb interactions:
Unexpectedly strong! V(q) = 2me’
— nearly quantum critical ela|
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Strong coupling in undoped graphene

MM, L. Fritz, and S. Sachdev, PRB ‘08.

Inelastic scattering rate U > T: standard 2d
(Electron-electron interactions) Fermi liquid

Relaxation rate ~ T,
like in quantum critical systems!

Fastest possible rate!

U< T: strongly
coupled relativistic
liquid

“Heisenberg uncertainty principle for well-definedeagiparticles”
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Consequences for transport

1. Collisionlimited conductivityo in clean undoped graphene
2. Graphene - a perfect guantum liguedry small viscosityy!

3. Emergent relativistic invarianeg low frequencies!
Despite the breaking of relativistic invariance by

o finite T,

e finite Y,

* instantaneous 1/r Coulomb interactions

Collision-dominated transpo#t relativistic hydrodynamics:

a) Response fully determined bgvariance, thermodynamics, anidn
b) Collective cyclotron resonanae small magnetic field (low frequency)
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Collision-limited conductivity

Damle, Sachdev, (1996).
Fritz et al. (2008), Kashuba (2008)

Finite conductivity in a pure system at particleensymmetry g = 0)!

» Key: Charge current without momentum

(particle) ® - Pair creation/annihilation
(hole) @ > leads to current decay

J#£0, P=0
« Finite collision-limited conductivity! a(,u = O) <oo ! a(ﬂ % O) =00
» Only marginal irrelevance of Coulomb:

Maximal possible relaxation rate,
set only by temperature

—> Nearly universal conductivity at strong coupling _
Expect saturation

asa —1, and

transition to

insulator
Marginal irrelevance of Coulomb: -




Boltzmann approach

L. Fritz, J. Schmalian, MM, and S. Sachdev, PRB3200

Boltzmann equation in Born approximation

oreeid )= 12 kl{n ko)

DO | — N

I o _ )= 076 &
—> Collision-limited conductivity: |G{E#=0) I




Beyond weak coupling
approximation:

Graphene

<>

Very strongly coupled, critical
relativistic liquids?

AdS — CFT!



Au+Au collisions at RHIC

Quark-gluon plasmis described
by QCD (nearly conformal,
critical theory)

Low viscosity fluid!




Compare graphene to
Strongly coupled relativistic liquids

S. Hartnoll, P. Kovtun, MM, S. Sachdev (2007)

Obtain exact results via string theoretical AdS—CBirespondence
—> Response functions for particular strongly coupldatirastic fluids
(for maximally supersymmetric SU(N) Yang Mills theamith N — oo colors)
By mapping to weakly coupled gravity problem:
AdS - CFT [SU(N>>1)]

weak coupling - strong coupling



SU(N) transport from AdS/CFT

Gravitational dual to SUSY SU(N)-CE]: Einstein-Maxwell theory
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(embedded in M theory a8dS; x S7: 1/g% ~ N3/2)
It has a black hole solution (with electric and matac charge):
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AdS Electric chargej and magnetic chargh,
‘ < L andB for the CFT

Black hole




SU(N) transport from AdS/CFT

Gravitational dual to SUSY SU(N)-CE]: Einstein-Maxwell theory

1 s, —| 1 1 w3
| = ?/d X/~ [—Eﬁw T Fun P - 5} .

(embedded in M theory a8dS; x S7: 1/g% ~ N3/2)

It has a black hole solution (with electric and matac charge):

2 2
2 _ Y 1 2 2 27, 1 dz
ds® = 2 [ f(z)dt® 4 dx* + dy ] + 2F(2)

F = hruzdx A\ G’y -+ qrndz A dt .

;: O f(z) =1+ (" +q°)z" — (1 + h +q°)Z>.
AdS,,, Background« Equilibrium
‘ Transport«< Perturbations irfuy: Ay

Black hole Response via Kubo formula froddl /d(g, A
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Strongly coupled relativistic liquids

S. Hartnoll, P. Kovtun, MM, S. Sachdev (2007)

Obtain exact results via string theoretical AdS—CBirespondence

» Confirm the structure of the hydrodynamic responsetiansc(w) etc. \J

 Allow to calculate the transport coefficients tostrongly coupled theor

. _ _ 2 3/292 .”shear :O :iz
SUSY - SUN): a{u=0)= [EN** T e (1=0) k.
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Graphene — a nearly perfect liquid!

MM, J. Schmalian, and L. Fritz, (PRL 2009)

<>

Anomalously low viscosity (like quark-gluon plasma)

“Heisenberg” |== = Egp,7 21

S

Conjecture from
AdS-CFT:

shear visosity _ 77

entropydensﬂy S

——> Measure of strong coupling:

s

Doped Graphene & :
Fermi liquids: [ EINIEIVEEE=
(Khalatnikov etc)

Undoped Grapheneglp Onbinv? @ - n, kTG

Exact (Boltzmann-Born Approx):

3
nlE, hEF2 sk, | |2 E(E_]
kBT) E- s k,\ T
h h
- T = = >Ny, s anth
n_h 0.4495 R\ 013
s kp 9(3)*(T) \ kg |a*(T)



N viscoslty

2.0 -

s  entropy density

1.5 +i/+ Ultracold °Li gas
p at Feshbach resonance

- ) n A 0440 kR 013
=107 % . s kg 9¢(3)eXT) kg oX(T)
E+ He near A-transition Quark gluon plasma
0.5 %E a=1
Supersymmetric
HE I E E E FEE N E N E N E N EEEEEEDm ?
001 | | | . | black hole theory
05 10 15 20 25 30
E/E,

T. Schéfer, Phys. Rev.78, 063618 (2007).
A. Turlapov, J. Kinast, B. Clancy, Le Luo, J. Jdsep E. Thomas, J. Low Temp. PH&0, 567 (2008)
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Electronic consequences of low viscosity?

MM, J. Schmalian, L. Fritz, (PRL 2009)

Electronic turbulence in clean, strongly coupledpipene?
(or at quantum criticality!)
Reynolds number:

Complex fluid dynamics!
(pre-turbulent flow)

New phenomenon in a
electronic system!




Summary, A

Relativistic liguid

Strong |}
pling

Hole Fermi ligu id Electron Fermi liguid

nated ’odynamic )
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Undoped graphene is strongly
coupled in a large temperature window!

Nearly universal strong coupling features in tpors
many similarities with strongly coupled criticaliftls
(described by AASCFT)

Emergent relativistic hydrodynamics at low freqgeyen

Graphene: Nearly perfect quantum liquid!
— Possibility of complex (turbulent?) current flow agln bias



