
  

Chiral Symmetry Breaking & 
Quantum Hall effect in monolayer 

graphene  
Bitan RoyBitan Roy

Condensed Matter Theory center
University of Maryland

Collaborators:
Malcolm Kennett (SFU)
Sankar Das Sarma (UMD)
 

Preprint @ arxiv:1406.5184

St. Petersburg, Russia, 11th September, 2014



  

Graphene (half-filled or intrinsic): Dirac liquidGraphene (half-filled or intrinsic): Dirac liquid

Two triangular sublattices:  A  and B; one electron    
                                                 per site (half filling)

Tight-binding  model ( t  = 2.5 eV ): 

(Wallace, PR , 1947)

The sum is complex →  two equations for two variables for zero energy 

                               →  Dirac points (no Fermi surface) 

Remote hoppings are too weak: spectrum is almost particle-hole symmetric

                    Dirac points can be accessed: using    GATE

Energy spectrum:

 Crucial: lack of inversion symmetry in lattice (unlike square lattice)



  

Low energy theory: emergent Dirac fermionsLow energy theory: emergent Dirac fermions
Brillouin zone: 

Two inequivalent 
(Dirac) points at

        +K       and    

   -K 

“Low-energy” Hamiltonian: 

-matrix algebra: 

8- component Dirac fermion 

Fermi velocity v  =  c/300  = 1, in our units (unless mentioned )

Emergent chiral symmetry: 



  

Experimental detection of Dirac fermionsExperimental detection of Dirac fermions
Quantum Hall effect: Dirac fermions + magnetic field
                                   
                                   → Landau levels @

Each LL: 2 (spin) x  2 (valley)  x  eB/hc degenerate   
→ quantization in steps of four ! 

(Gusynin and Sharapov, PRL, 2005)

(Y. Zhang, et. al. PRL, 2006)



  

Strong interaction: symmetry breakingStrong interaction: symmetry breaking 
Mass generation for Dirac fermions (quasi-particle spectrum: gapped)

Condensed Matter analog of Higg's mechanismHigg's mechanism

chiral(sublattice)-symmetry breaking: charge-density-wave               , anti-
ferromagnet                       etc.

Time reversal symmetry breaking: quantum anomalous               or spin              
                       Hall insulator (but chiral scalar) 

All the phases @ extremely strong coupling (unphysical)

due to vanishing density of states 

In either case the spectrum becomes gapped 



  

Microscopic Origin: short-range interactionsMicroscopic Origin: short-range interactions

● Onsite Hubbard repulsion (U): anti-ferromagnet (AFM)

● Nearest-Neighbor repulsion        : charge-density-wave (CDW)

● Next-nearest-neighbor       : quantum anomalous/spin Hall 
insulators

 

 Raghu et al, PRL, 2008 & I. Herbut, PRL, 2006  

I. Herbut, PRL, 2006; F. F. Assaad, I. H., PRX, 2013 

I.H., PRL, 2006; Weeks & Franz, PRB 2010; Grushin et. al., PRL 2011

Raghu et al, PRL, 2008; B.R., I.H., PRB, 2013



  

Magnetic catalysisMagnetic catalysis

V. P. Gusynin et. al. PRL, 73, 3449 (1994)

I. Herbut, PRB, 2007; Jung et al. PRB, 2009



  

Experimental statusExperimental status

Substrate (exp. method): vacuum or suspended graphene (compressibility),
 
                                           boron nitride (capacitance), boron nitride(ressitivity)

Nat. Phys. 8, 550 (2012)



  

Other theoretical models & limitationsOther theoretical models & limitations

Barlas et. al. Nano. Tech. 2012



  

Zeeman coupling & canted AFMZeeman coupling & canted AFM

I. Herbut, PRB, 2007



  

Gap equations & regularizationGap equations & regularization

I. F Herbut, BR, PRB, 2008



  

ResultsResults



  

Test of the theoryTest of the theory



  

Easy-plane AFM in tilted magnetic fieldsEasy-plane AFM in tilted magnetic fields

= 2, 4, 8, 16, 32 Tesla = 0.225 = 0.05



  

Easy-plane AFM in tilted field- IIEasy-plane AFM in tilted field- II

Nat. Phys. 8, 550 (2012)

Abanin et. al. PRL, 2007



  

Nu=1 Hall stateNu=1 Hall state

A B

Placing chemical potential
Close to the first excited
state



  

Nu=1 Hall state in tilted magnetic fieldNu=1 Hall state in tilted magnetic field

Nat. Phys. 8, 550 (2012)



  

Self consistent theory for CDW @ nu=1Self consistent theory for CDW @ nu=1



  

Correction due to long-range Coulomb tailCorrection due to long-range Coulomb tail



  

Summary & Future directionsSummary & Future directions
● In the absence of magnetic fields monolayer graphene is susceptible to 

chiral-symmetry-breaking mass generations, such as charge-density-
wave, antiferromagnet etc. @ strong couplings.

● Magnetic fields: conducive to formation of CSB vacuum even for weak 
repulsive interactions. 

● Subcritical onsite repulsion → AFM, but Zeeman coupling → easy-
plane AFM + easy-axis FM: ground state for nu=0 Hall state.

● As interaction gets stronger: smooth crossover from linear → sublinear 
→      : excellent agreement with multiple experiments.

● Weak nearest-neighbor repulsion → CDW, onsite-U → easy-axis AFM 
for nu=1 Hall state: agreement with experiments in perpendicular and 
tilted magnetic fields (respectively).

● Search for an explanation of experimental data naturally leads to CSB 
orders as a minimal explanation.

● Generalization for fractional Hall states (composite Dirac fermions). 

● Similar mechanism applicable for graphene-based layered systems; 
bilayer & trilayer graphene                         Weyl semimetals (BR, PRB, 2014) (1406.4501)
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