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Quadratic vs. linear Fermi nodes in 2D
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Examples: Bilayer vs. single-layer graphene

Electrical conductivity vs. doping:
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Spontaneous gap Stable Dirac semimetal
below 10...30 K down to ~5 K

[Bao et al., PNAS '12] [Morozov et al., PRL '08]
[Elias et al., Nat. Phys. '11]
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Interaction effects: General picture

Quadratic band touching (isotropic): Dirac semimetal:
QBT SSB SSB
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Interaction effects: General picture

Quadratic band touching (isotropic): Dirac semimetal:
QBT SSB SSB
i > >
0 g 0 QCP g
Today:
Quadratic band tOUChing Wlth C3 Symmetry: ... as in bilayer graphene
SSB
>
g

... with emergent Lorentz symmetry



| attice model

Hamiltonian:

2
Hy = —tl L a:-rmbjm — T Xa;rlbiQ + H.c.
(i) m=1 :

Spectrum:
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Low-energy theory .

Spectrum near K:
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L ow-energy theory " =

Spectrum near K:

3t*
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Lagrangian:

... Irrelevant, but not unimportant!



Interactions

Density-density-type interaction:

... most dominant interaction in t-V model
[Vafek, PRB "10]

Lint = —% [\IJT(03 ® 03)\I!]2

... closed under RG



Interactions

Density-density-type interaction:

... most dominant interaction in -V model
[Vafek, PRB '10]

Lint = —% [\UT(O'3 X 0'3)\|f]2

... closed under RG

Ordered state (VT(03 ® 03)W) #£ 0:

Gap opening Charge layer polarized



Renormalization group

Self-energy:
ox W [-8,(c' ®0°) + 9, (0° ® 0®)| W
relevant!
Spectrum:
Q= +2

low T

QBT

[Pujari et al., PRL '16]

... technical obstacles: two-loop, nonrelativistic, anisotropic propagator
... trick: real-space evaluation
[Groote et al., NPB '99]
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... spinless fermions on

Flow diagram: N = 2 e fy

honeycomb bilayer

= irrelevant

[Ray, Vojta, LJ, PRB '18]



Cross-check: Mean-field limit (N — co)

Self-energy:

Flow diagram:
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Low-temperature phase diagram
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L ow-temperature phase diagram
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Quantum critical behavior: Spinless fermions

Order parameter: <¢> X <\UT(O'3 (029 0'3)\U> Ising ... layer-inversion symmetry breaking

Universality class: Gross-Neveu-Ising ... with 8 two-component fermions

Correlation length:

§ox |og|™” with vl

Correlator at criticality:

1
(T2 + xz)(1+2+nw)/2

(W(T,x)¥T(0,0)) with 7y ~0.026 and z=1

emergent Lorentz

symmetry!
.. agrees with O(1/N?) estimates:
v =0.98(9), ny = 0.020(1)
[Gracey, IJMP '94]
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Spin-1/2 fermions
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e
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>
U/t
Gross-Neveu-Heisenberg universality: ... with 16 two-component fermions

v ~ 1.06(4), ne ~ 1.01(1), ny =~ 0.026(1), z=1

[LJ, Herbut, PRB '14]
[Zerf et al., PRD '17]
[Gracey, PRD '18]
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Spin-1/2 fermions

<
AFM

QBT

>
U/t

Gross-Neveu-Heisenberg universality:

v~1.06(4), ng~1. 01(1)

... with 16 two-component fermions

L nw ~ 0.026(1), z=1

[LJ, Herbut, PRB '14]
[Zerf et al., PRD '17]
[Gracey, PRD '18]

QMC:

(a) U = 2 SAFM(k) |

[Pujari et al., PRL '16]
.. with v =1.0(2) and z = 0.9(2)
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Finite temperature

T A
nonuniversal classical
""""""""""""""""" critical X\
47t :'
BT
Q quantum @
critical .+, O
\ SSB
DSM \--%. /
0 ———c >
0 gc g
QCP
= ~ 5K
Bilayer graphene: g~2m/In(T,/T.) ~ 06 2 g ~ 04

s ~ t2/t. ~20eV/kg
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Conclusions

Isotropic quadratic band touching in 2D:

N
-

SSB
>
g
(C3-symmetric quadratic band touching in 2D: ... as in bilayer graphene
SSB
>
O Gross-Neveu &

QCP [Ray, Vojta, LJ, PRB 98, 245128 (2018)]
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