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Universal Þeld theory:
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Quantum phase diagram:

U/ tDirac semimetal AFM insulator<latexit sha1_base64="3CAGKchdgVnJftXHusYlEuNnWJ4="></latexit>
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Gross-Neveu-Heisenberg Þeld theory:
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We present evidence, from lattice Monte Carlo simulations of the phase diagram of graphene as a

function of the Coulomb coupling between quasiparticles, that graphene in vacuum is likely to be an

insulator. We Þnd a semimetal-insulator transition at! crit
g

! 1:11" 0:06, where! g Õ2:16 in vacuum,

and! g Õ0:79 on aSiO2 substrate. Our analysis uses the logarithmic derivative of the order parameter,

supplemented by an equation of state. The insulating phase disappears above a critical number of four-

component fermion ßavors4 < N crit
f

< 6. Our data are consistent with a second-order transition.

DOI: 10.1103/PhysRevLett.102.026802

PACS numbers: 73.63.Bd, 05.10.Ln, 71.30.+h

Graphene, a carbon allotrope with a two-dimensional

honeycomb structure, has become an important player at

the forefront of condensed matter physics, drawing the

attention of theorists and experimentalists alike due to its

challenging nature as a many-body problem, its unusual

electronic properties, and possible technological applica-

tions (see Refs. [1,2] and references therein). Graphene

also belongs to a large class of planar condensed matter

systems, which includes other graphite-related materials as

well as high-Tc superconductors.

A distinctive feature of graphene is that its band struc-

two degenerate ÔÔDirac points,ÕÕ in the vicinity

linear, as in relativistic theories

thus Dirac

properties resemble QED in a very strongly coupled re-

gime. This provides an exciting opportunity for the study

of strongly coupled theories, within a condensed matter

analogue that can be experimentally realized with modest

equipment.

Notably, Eq. (1) satisÞes a chiralU' 2Nf ( symmetry

which can break spontaneously at large enough Coulomb

coupling, generating a gap in the quasiparticle spectrum.

Whether such an effect occurs in real graphene is an open

issue from the experimental point of view (see, however,

Ref. [4], where a substrate-induced gap is reported). On the

theoretical side, dynamical gap generation is described by

a quantum phase transition due to the formation of particle-

hole bound states. However, in such a strongly coupled

gime, even a qualitative analysis should be nonperturba-

especially true for graphene in vacuum, where

while it is partially screened

semimetallic

102,026802 (2009)
P H Y S I C A L R E V I E W L E T T E R S
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The question of whether electron-electron interactions can drive a metal to insulator transition in

graphene under realistic experimental conditions is addressed. Using three representative methods to

calculate the effective long-range Coulomb interaction between! electrons in graphene and solving for the

ground state using quantum Monte Carlo methods, we argue that, without strain, graphene remains metallic

and changing the substrate from SiO2 to suspended samples hardly makes any difference. In contrast,

applying a rather largeÑ but experimentally realisticÑ uniform and isotropic strain of about 15% seems to

be a promising route to making graphene an antiferromagnetic Mott insulator.

DOI: 10.1103/PhysRevLett.115.186602
PACS numbers: 72.80.Vp, 71.10.Fd, 71.27.+a, 73.22.Pr

Over the past decade, graphene has established itself as a

remarkable new material with superlative properties[1,2].

However, the early hopes to utilize it as a next-generation

transistor have been dashed, mostly because graphene

remains metallicÑ these prototypical Dirac fermions are

immune to many of the conventional routes for driving two-

dimensionalelectrongases into an insulatingstate, including,

for example, Anderson localization and percolation transi-

tions (see, e.g., Ref.[3]).Other mechanisms for opening band

gaps including hydrogenation[4], application of uniaxial

strain [5], and forming nanoribbons[6] severel

grapheneÕs mobility. Very recentl
using graphene

that it is the nonuniversal, material-specific, and short-

range part of the electron-electron interactions that plays

the dominant role in determining grapheneÕs ground state.

More interestingly, we conclude that the application of

isotropic strain is considerably more efficient in approach-

ing the SM-AFM phase transition than substrate manipu-

lation, providing a new route for driving the system into

elusive Mott insulating phase that
experimentally.

PRL 115, 186602 (2015)
P H Y S I C A L R E V I E W L E T T E R S
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The role of electron-electroninteractions in two-dimensionalDirac fermions
Ho-Kin Tang 1,2, J. N. Leaw 1,2, J. N. B. Rodrigues 1,2, I. F. Herbut 3, P. Sengupta 1,4,

F. F. Assaad 5, S. Adam 1,2,6*
The role of electron-electron interactions in two-dimensional Dirac fermion systems

remains enigmatic. Using a combination of nonperturbative numerical and analytical

techniques that incorporate both the contact and long-range parts of the Coulomb

interaction, we identify the two previously discussed regimes: a Gross-Neveu transition to

a strongly correlated Mott insulator and a semimetallic state with a logarithmically

diverging Fermi velocity accurately describedpredict that experimen

(6, 12) that this pure on-site Hubbard modelhas limited applicability to experiments donein real materials.
Experimentally, 2D Dirac fermions can berealized in a variety of condensed matter sys-tems, including on the surfaces of 3D topolog-ical insulators (13, 14) and in artificial graphenemade from quantum corrals of carbon monoxidearranged in a honeycomb lattice on a coppersubstrate (15), as well as in other systems (16).For concreteness, we focus our attention ongraphene, the most studied and versatile real-ization of 2D Dirac fermions. Experiments havebeen unable to realize the precise configurationnecessary to probe this strange interacting me-tallic state that features electron quasiparticlesmoving at the speed of light, despite their quasi-particle character smearing away; however, sev-eral probes of ultraclean grapheneÑincludingmagnetotransport (17), infrared spectroscopy (18capacitance

RESEARCH
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Free-standing graphene remains a Dirac semimetal
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SimpliÞcations: 

¥ Spinless fermions 

¥ Nearest-neighbor intralayer interactions only 

¥ Neglect corrugation e" ects  

¥ Increased interlayer hopping Vpp!
<latexit sha1_base64="DtRWLqevl0TJ2B9EqV4BcqhgeJY="></latexit>

... such thatã(1)
magic ! 3:5¡

�8�ã�ã��
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! (1)
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Twist-tuned transition
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Kramers intervalley 
coherent insulator

Dirac semimetal
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Twist-tuned quantum criticality
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[Biedermann, LJ, in preparation]

<latexit sha1_base64="wpzWktq9kMZImTdvrr5QFgyXD/w="></latexit>

... for ÞxedV1 = V0
1 = 1 :45 eV



Twist-tuned quantum criticality

13

�� �:�8�5�á �8�6�; 
L �:�s�ä�v�w�‡���á�r�;

�� 
L �r��

�8�5�á �8�6�; 
L �:�s�ä�v�w�‡���á�r�;

KIVC order parameter #  vs "# : Quantum universality class:

<latexit sha1_base64="tl367/vrcXph+uqZeln2eJv70Go="></latexit>

L = ø â Ñ@Ñ + g
ö
( ø â 3 )2 + ( ø â 5 )2÷
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É Gross-Neveu-XY

É with N = 2 four-component spinors (spinless fermions) 
or N = 4 four-component spinors (spin-1/2 fermions)

Critical exponents: [Gracey, PRD Õ21]
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Candidate ground states
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State of Matter C2 T C2T UV (1)
Semimetallic (SM) ! ! ! !
Valley-Hall (VH) " ! " !

Quantum Anomalous Hall (QAH) ! " " !
Valley-Polarized (VP) " " ! !

Kramers Intervalley-Coherent (KIVC) " " ! "



Valley polarization

17

<latexit sha1_base64="GQd7kzOIQb5j6mkMRgDs97bKgxI="></latexit>

VÔ=
i

3
!

3

X

!! i j ""# Ô

Ói j ! i j
z c 

i cj

É with $ij = ± 1 for clockwise (counterclockwise) hopping

Valley polarization operator:
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