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Dirac Fermions
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Spinless fermions

on a honeycomb lattice
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Quantum Critical Point

Where 1s the QCP ?

hat 1s the universality class ?

hat are the critical exponents ?

Sorella, et al, EPL, 1992
Paiva, et al, PRB, 2005

Meng, et al, Nature, 2010
Sorella, et al, Sci.Rep., 2012
Assaad, et al, PRX, 2013



Quantum Critical Points
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Fermionic QCP

Gross-Neveu-Yukawa theory
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® No sign problem: attractive Hubbard

Sign problem 1n auxihary held QMC

Blankenbecler et al, PRD, 1981
/4 — E w(C)
C

Assaad et al, Lect. Notes Phys. 2008

model with balanced filling

w(C) — det MT X det M¢

= |det M4|* >0

® How about spinless fermions ?

w(C) = det M
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Sign problem 1n auxihary held QMC

Blankenbecler et al, PRD, 1981
Assaad et al, Lect. Notes Phys. 2008
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€ No sign problem: attractive Hubbard
model with balanced filling

w(C) — det MT X det M¢

—— ‘ det MT |2 Z O Scalapino et al, PRB, 1984

Gubernatis et al, PRB, 1985

NS o 7
€ How about spinless fermions ? \i\\‘\ /i'///
BN\ sl 4
w(C) =det M RN

up to 8x8 square lattice, T=0.3t



Determinant = Pfaffian?

FOr SkeW-SymmetriC matrices Huffman and Chandrasekharan, PRB, 2014

(=

det M = (pf M)2 > () Muis 1882

Named after J. F. Ptatt (/765-1825), a teacher of Gauss
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Johann Friedrich Pfaff



Is M skew-symmetric ?

No

[w(C’) =<detilt By — BQBl)J

in continuous-time OMC ...



Rubtsov et al, PRB,2005
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Parity Matrix
[GT == —DGDJ
e =

\ = ) 2k x 2k

Huffman and Chandrasekharan, PRB, 2014

[(GD)T = —GDJ

1 dettC)
(=V)* det(D) det(GD)
e otic e

*half-filling ensures diagonal element vanishes



Observables & Scaling Ansatz

+1 for A(B) sublattice

2L2 up to 450 sites



Observables & Scaling Ansatz

+1 for A(B) sublattice

= 2L2 up to 450 sites
Scalings ansatz close to the QCP
M, =L"*8F[L'8V —§§),L*/8]

My =L"*>*"%8G[L'/8V - @), L*/B]



Observables & Scaling Ansatz

+1 for A(B) sublattice

2L2 up to 450 sites

relativistic invariance

Scalings ansatz close to the QCP =

M, = L>8r[L\/B BB L7/8)

My =L"*>*"%8G[L'/8V - @), L*/B]



Observables & Scaling Ansatz

_+1 for A(B) sublattice

2L2 up to 450 sites

relativistic invariance

Scalings ansatz close to the QCP =

Mo — L—Z—HF[Ll/V(V = Vc)," ;

My =L > AG[LVE(V — W), Bk
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Data Collapse
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Gross-Neveu-Yukawa Theory

¢ e-expansion

a0y

Rosenstein et al, PLLB, 1993

7= U2

€ functional renormalization ZrOUP Rosaetal PRL,2001 Hofling et al, PRB, 2002

v =0.738 ~ 0.927 n =0.525 ~ 0.635

(_( Honeycom %

v = 0.80(3)
n=0.302(%

/

V agrees
N does not

* Field theory calculations are based on 2-flavors
of 2-component Dirac fermions with same chirality



Check-I: m-flux square lattice

== (—( 7r-flux lattice
D{ | | V-t S
= v = 0.80(6)
_\\
. . n = 0.318(8)
also features two Dirac points = -
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Check-11: iPEPS
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Summary-I
LW, Corboz and Troyer,1407.0029

—{ ctomc }—

V. /t = 1.356(1)
€ Where is the QCP?
— (ERO(S)
€ What is the universality ? n=0. 302(7)
¢ What are the critical exponents ? B - 0-52(3)
E 5

To resolve the discrepancies we need to

0 Make sure to compare with the right theory
O Bigger systems and more careful data analysis



Where do we go from here ?

[ Half-filled, nearest-neighbor repulsion j

Next-nearest-neighbor repulsion Doped attractive system
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Raghu et al, PRL,2008
Weeks and Franz, PRB,2010

Garcia-Martinez et al, PRB,2013
Daghofer and Hohenadler, PRB,2014




Where do we go from here ?

[ Half-filled, nearest-neighbor repulsion j

Next-nearest-neighbor repulsion

},,%
_7———A——

/ \

’ \
N

\
\/
A

Raghu et al, PRL,2008
Weeks and Franz, PRB,2010

Garcia-Martinez et al, PRB,2013
Daghofer and Hohenadler, PRB,2014

Doped attractive system




Where do we go from here ?

[ Half-filled, nearest-neighbor repulsion ]
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Next-nearest-neighbor repulsion
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Raghu et al, PRL,2008
Weeks and Franz, PRB,2010
Garcia-Martinez et al, PRB,2013 =

Daghofer and Hohenadler, PRB,2014




Doped attractive system
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Pairing Symmetries

p

€ 1-dim Bj representation

Dg | E-= €5 -2C5 -2C¢~"73C; 3%
Ay 1 1 1 1 1 1
Ao 1 1 1 1 —1 —1
B1 1 —1 1 —1 1 —1
B> 1 —1 1 —1 —1 1
E; 2 —2 —1 1 0 0
E> 2 2 —1 —. 0 0
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Pairing Symmetries

1-dim Bj representation

D6 E Cso 2C5 2Cs SEs i
Aq 1 1 1 1 1 1
Ao 1 1 1 1 =; 1
B 1 —1 1 —1 1 —1
B> 1 =) 1 el ! 1
Fi 7 —2 —1 1 0 0
E> 2 2 —1 —1 0 0
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BdG Calculation
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BdG Calculation




BdG Calculation

R 57

—V (A1 + Age 22 4 Aget(a1—22))



BdG Calculation

R 57

—V (A1 + Age 22 4 Aget(a1—22))

G Start with random guesses, iterate until convergence



BdG phase diagram
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BdG phase diagram =
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*color indicates size of superconducting gap



BdG phase diagram
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Scan density
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Topological Phase Transition and
Dirac Fermions

Chern number of a Dirac fermion

f =)
Oshikawa, PRB, 1994
C — Sgn (m) Ludwig et al, PRB,1994
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AC = # of Dirac points



Phase diagram, again
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A general “theorem”, Cheng, Sun,
Galitski and Das Sarma, PRB, 2010

Grassmann Tensor RG, Gu, PRB, 2013
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Summary-11

Fermiontc
Quantum Critical Point Topological Superconductors
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temperature

control parameter

R — T ———

1407.0029 to appear

€ Rich physics in a very simple model

€ Hopefully realizable in experiment
given its simple form



Thank youl!



