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Plan
e Graphene

» Whatis it? Why is it interesting?
» What do experiments say?

» What can we say about it with lattice methods?
e Summary & future work

e From QCD to condensed matter... and back!
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What is graphene?

e An allotrope of C
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» Tight-binding hamiltonian » Two triangular sublattices A, B
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-t Z (a,:ry,z.a,aﬁj 4 bl-,ibo,j 4 H.C.)
((4,9)),0=T,l

t~928 ¢V t' ~0.2¢t



What is graphene?

e An allotrope of C
e 2D hexagonal structure - B ,

e It has 2 Dirac points i
i.e. quasiparticles are ol
relativistic-like... ™
Ei(k) = +v|k ‘

Castro Neto et al, RMP, 81, 109 (2009)
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What is graphene?

e An allotrope of C Conduction band

e 2D hexagonal structure

Tunable
Fermi level !
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e Two 4-component
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What is graphene?

e An allotrope of C Conduction band

e 2D hexagonal structure

Tunable
Fermi level !

e |t has 2 Dirac points

l.e. quasiparticles are
relativistic-like... Valence band
E i(k) — ::v\k\ K. I. Bolotin et al., PRL 101, 096802 (2008)
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What is graphene?

e An allotrope of C
e 2D hexagonal structure

e |t has 2 Dirac points

l.e. quasiparticles are
relativistic-like...

F. (k) = +vlK|

e Two 4-component
Dirac spinors, U(4) symmetry

e Strong Coulomb coupling!
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Maximal for suspended graphene!



What is graphene?

e An allotrope of C
e 2D hexagonal structure

e |t has 2 Dirac points

l.e. quasiparticles are
relativistic-like...

F. (k) = +vlK|

e TWO 4-component (weak coupling) (strong coupling)

Dirac spinors, U(4) symmetry (¥¥) =0 (i) # 0

e Strong Coulomb coupling!
...but they move very p <

slowly! - e’
| {v = S%Q ~ C/BOOJ

Ogr = ~ 300 ~ 1
I 4meqv
- y

Maximal for suspended graphene!



Is suspended graphene gapped?
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o Very few experiments on
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K. I. Bolotin et al., Solid State Comm. 146, 351, (2008)
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What do experiments say?

K. |. Bolotin et al., PRL 101, 096802 (2008)

o Very few experiments on

1(a 8K
suspended graphene 24(a)
 Annealing techniques are =
necessary L= ol
L. After annealing
e Surprising results! (b) 2K (5K) = 170000 cm/Vs
2
“ Atter annealing
3 e}
= l Before annealing T = ql
£
4 Q.
0 nl<n* |nj>n*
.. 2 4 0 1 2
100 200 n (10" cm?)

Can we say anything about this?



Is there an excitonic gap?

_ Inverse
» If there is a gapped Coulomb

phase... Coupling

Semimetal

(<l.‘l,‘> :())

Bc

« ... It should disappear
at large enough
(weak coupling limit)

Insulator
Graphene on SiO2: g ~0.10 -

is in the semimetallic phase! ((L’U) 7# 0 )
. . 0 * N
« ... and it should disappear Ne Number
at large enough N (number of flavors) equ | OfDbirac
@ = — flavors

€

Is there a gapped phase at small enough N or 3 ?
If so, what are the values of Nc and Bc?



Is there an excitonic gap?

e What is the value of N¢ ? e What is the value of B¢ ?
D.V Khveschenko, H. Leal, E.V. Gorbar et al.,
Nucl. Phys. 687, 323 (2004); Phys. Rev. B 66 045108 (2002).
E.V. Gorbar et al., Bc ~ 0.03
Phys. Rev. B 66, 045108 (2002).
Nc ~ 2.6 D.V. Khveschenko,
S. Hands. C. Strouthos. Phys. Rev. Lett. 87, 246802 (2001).
Phys. Rev. B 78, 165423 (2008). Bc ~0.06
Nc — 4.8(2)

o« How to answer these questions?

=) Lattice Monte Carlo simulations
of the low-energy theory of graphene!



Low-energy action (in detail)
Sp = — / dt &’z (Va1 00%a + Va7 0itba + 1A0a ¥0)

@ Fermion sector (Low-energy electrons)

» 2 Dirac flavors (i.e. two 4-component spinors)

Fermi velocity

[U ~ c/300J




Low-energy action (in detail)

T T 30 : 7 , 1 ‘
SE SECL /dt d2~L (wa,},Oana T VYWY diwa o ZAOQr")aA/OWCL) | 292 /dt dg"v(()zAO)Q

@ Fermion sector (Low-energy electrons)

» 2 Dirac flavors (i.e. two 4-component spinors)

e Gauge sector (Coulomb interaction)

» Only one component: Ag living in 3+1 d

( N
2
: e
» Fine structure constant Qgr = 7 ~ 300c ~ 1
TTEQV
\. J
Fermi velocity Inverse Coulomb coupling Strongly Coupled!

[u = c/300] g =

e2




Lattice theory

» Discrete action S, =S, + 59

Chiral symmetry breaking

SEIx, x, U] = ZX Ds[U,n, m|x(m) parameter (mass)
DU, o, m)| = 1(5 Un)—2é UT(m)) + 2Z:T/"'(n)(cS i 0 sk ) +§m J
2 n-+eqp.m n—eq,m 2 n-+e;,m n—e;.m OY%n,m
S9[6 5 > > h —f(n + eq,)] Exactly 8 dof, no rooting needed!
n =1
U(n) = exp {if(n)} . ) Y E .
rlo(n) — 1 < o)



First results: Condensate

e Ni=2 =
(1) 03
Possible transition
below B ~0.10 Vs
e Ni=4 0.2
Possible transition
below B ~0.05 0.15
e Nf= 0 0.1
No transition ?!
0.05

o

Agrees with Hands & Strouthos !
Nc — 4.8(2)

4 <Nc<6

J. E. Drut and T. A. Lahde,
Phys. Rev. Lett 102, 026802 (2009)
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Logarithmic derivative R

Pl e,
D e

Gapless: (YY) ~mg = R—1
g o 1/6
Critical:  (¥) ~ mj » R— 1/

Gapped: (@@L} —const. = R—0

= l 0.071 < B. < 0.091 '

J. E. Drut and T. A. Lahde,
Phys. Rev. Lett 102, 026802 (2009)
Phys. Rev. B 79, 165425 (2009)
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EOS extrapolation
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J.E. Drutand T, A. Lahde A(B) = By( — Be)o’ + 0
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Phys. Rev. Lett 102, 026802 (2009)

Phys. Rev. B 79, 165425 (2009)  A((3) = Ao + A1(8 — 3.) o = (Y1)



Summary

o Critical coupling for chiral ; N=2
symmetry breaking in graphene
B. = 0.073 £0.002  Bsioz ~ 0.1 f , Gt
e (Critical number of flavors . ((--L,»L.;> = ())
4 <Nc<©6
Insulator
e Critical exponents ((L,--L,») - 0)
5=226(06) Pm=0.785 y=1.0005 0 4 <N.<6 N

e |s suspended graphene in the gapped phase?

» Velocity renormalization?

: J. E. Drut and T. A. Lahde,
» Magnitude of the gap? Phys. Rev. Lett 102, 026802 (2009)

Phys. Rev. B 79, 165425 (2009)

J. E. Drut, T. A. Lahde, L. J. Suoranta
arXiv:1002.1273



Recent and in-progress work

What is the nature of the transition?

o Infinite order (Miransky scaling)? X
e Second order?
Phys. Rev. B 79, 165425 (2009)

What happens as a function of Ni? ¢/ Phys. Rev. B 79 , 241405(R) (2009)

Velocity renormalization
(with T. A. Lahde and L. J. Suoranta)

Magnitude of the gap
(with T. A. Lahde and E. T06I0) .
Gate £

Improved actions Sraphone shosts
(with T. A. Lahde and L. J. Suoranta) @>\, (@ (@> (3[ W

. _ ++—+—+ |
Exciton condensation /
in bilayers Se L

(with T. A. Lahde and A. H. MacDonald) from Kharitonov & Efetov,

Phys. Rev. B 78, 241401R (2008)



To be continued...

Thanks!!!



