Soluble fermionic quantum critical point in 2D

Lukas Janssen
(TU Dresden)

— N

Shouryya Ray Matthias Vojta

1142306/4-1

Complexity and Topology
in Quantum Matter

Noether-
Programm

EE—— - Wurzburg-Dresden Cluster of Excellence




Outline

1) Introduction

2) Review: BKT transition

3) “Luttinger’ fermions on kagome lattice

4) Critical behavior: “Luttinger-Yukawa™ theory

5) Conclusions




Introduction: Luttinger fermions
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... hon-Fermi liquids (large-N) ... dynamical generation of Dirac cones ... solvable and nontrivial
... quantum critical points ... emergent Lorentz invariance
... fixed-point collisions ... Gross-Neveu criticality
— talk by |. Herbut — talk by S. Ray

3



Isotropic QBT in 2D

LSM QCP

Disordered phase: Qtjantum criticality:
o Stable semimetal .. despite finite DOS o Essential singularities close to QCP
e Emergent scale invariance § oc e¥m/o6 (0g =g — & >0)
($(0.1)4(0,0)) o« . Power laws right at QCP
B () x K5 (6g = 0)

... with 6 = 1 exactly



Isotropic QBT in 2D

LSM QCP

Disordered phase: Quantum criticality:
o Stable semimetal .. despite finite DOS o Essential singularities close to QCP
e Emergent scale invariance § oc e¥m/o6 (0g =g — & >0)
($(0.1)4(0,0)) o« . Power laws right at QCP
B () x W% (6g = 0)

... with 6 = 1 exactly
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'Phenomenology: Quantum version of BKT transition|




Review: BKT transition Herbut, CUP "07]

Classical 2D XY model:

B . B _ [cosfO(r;)\
%XY — — ;S, . SJ Wlth S,‘ — S(r,') — (sin 9([’,)) : R2 —> 51
ij

... In continuum limit



Review: BKT transition Herbut, CUP "07]

Classical 2D XY model:

(cos@(r;)) 2 e

HXY —_ — ;S, : SJ with S,‘ — S(r,-) sin Q(I’i)
1)

... In continuum limit

Closed contour C € R?: Example: )

w = i %dr - VQ(I‘) c / ... winding number T f / ‘ 4 ,' T

2

S, /l Ny ,

vortices ... gi. vortex charges

in C



Review: BKT transition Herbut, CUP "07]

Classical 2D XY model:

Hyxy = — Z S; - SJ' with S; = S(r,-) (COS@(f,‘)) - R? — St
(iJ)

sin 6(r;)

... In continuum limit

Closed contour C € R?; Example:, C N\

1
W = — %dr ' ve(r) - 2, ... winding number

2

— E qdi i/ ©
vortices ... qi: vortex charges : — | /



Review: BKT transition Herbut, CUP "07]

Classical 2D XY model:

B . B _ [cosfO(r;)\
HXY — — ;S, . SJ Wlth S,‘ — S(ri) — (sin 9([’,)) : R2 —> 51
ij

... In continuum limit

Closed contour C € R?:

1
W = E dr ' ve(r) C Z ... winding number
vortices ... gi. vortex charges
in C




Vortex excitations

|Isolated vortex:

0(r) = qa where r=r (

COS O
sin o

)

N
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Vortex excitations

|Isolated vortex:

sin o

N %
o(r) = g where r:r( ) 71;<>

Energy: = system size
1
2 2 R— o0
Ev == [ d°r(VO(r))" = mg°In — > 00
2 ... vortices suppressed at low T
“vortex size’ ... short-distance cutoff rn 2 a



Vortex excitations

|Isolated vortex:

sin o

N %
o(r) = g where r:r( ) 71;<>

Energy: = system size
1 R— o0
... vortices suppressed at low T
“vortex size’ ... short-distance cutoff rn 2 a
Entropy:
R 2
R— o0
SV = InQ~In|[ — > OO ... (same) logarithmic divergence
iy ... vortices proliferate at high T



Vortex proliferation

Free energy (isolated vortex): Phase diagram:

AF = Ey — TSy

210 X o & j;; o ©
= mqg° In n —
ro o AR ©®0°®
{>o for T < 7g? 2 ¢ ¢
T q° e ——
<0 forT > Zq -
TBkT
vortices suppressed vortex plasma
Transition temperature: algebraically ordered disordered

T
Iekt = 5

... above which g = 1 vortices proliferate



Duality transtormation: Sine-Gordon model

XY model:
> 2T
do. do; 1 cos(0;—0;.4)
Z _ i e HXY/T _ / / eT i I I+ L
XY ﬂ/o 27‘(‘ U 0 27(- ~Nju .. current”

original lattice

......................................

dual lattice”



Duality transtormation: Sine-Gordon model

XY model:
2T 2T
ZXY _ '|—|' del e—ny/T — ]_[ d@, e% I“COS(G, 9,_|_u,)
0 2T Mo 2w M . .
/ ~Hj,u .. current i o _
original lattice
Dual model:
‘ role of T inversed!
_ T (m; A_m.)2
. A I+ I
Zdual — E S ? i ... using Villain approximation 0 ~ 277 + 06
{m } ... and Hubbard-Stratonovich n; ,, ~ 0; — ;4

~ / DQDe_f drLsc(e)

......................................

with Lo = © (V(r))” — 2y cos (2mp(r))

....'sine-Gordon model”

e Njx = Migpx4+y — Mijpx

... assuming low “fugacity” y « 1
dual lattice”
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XY —Sine-Gordon duality

XY model Sine-Gordon model
I 2
Lec = §(V<p) — 2y cos(2Tp)
.. with =0+ 27 d ... without any constraint on ¢
spin angles vortex density vortex fugacity B
O
N
o
AR A
spin piCtU re ... vortices gapped vortex piCtu re ... “Coulomb plasma”

Phase diagram:

s

0 ordered T'ekT 0 disordered I
Y disordered Y ordered ... “disorder variables”
“dielectric phase” “metallic phase”



Renormalization group

[Herbut, CUP '07]

Flow equations:

dy s |
L 3 ... irrelevant for T < T
d |n b o (2 T) y _|_ O(y ) ... relevant for T > %

2
dT L | O 4 ... marginal for y =0
d In b — 27— | (y ) ... relevant for y >0
Flow diagram:
Y XY model
dielectric metallic

-z T

... Justifies a posteriori simple energy-entropy argument

N | S

noninteracting!
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Critical behavior and algebraic order

0
For T< TC: )7/-:7-00<g

. : 1
<e’9(r)e_’9(o)> X [ Tou/ 2 “algebraic order”

W ... on line of fixed points

FOF T — TC: y — 0
I — 3
i0(r) .—i6(0) 1
€ € X |r|]_/4 .. ile,n=1/4
For T> T

<ei9(r)e_i9(0)> x e I"/& with correlation length
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dielectric

¢ o eCA/Te/(T—T.)

metallic

T
Tkt = >

... essential singularity
... since T marginal at y=20



“Luttinger” fermions on kagome lattice

Hopping Hamiltonian (spinless fermions):

——th CJ—tZC ¢; + H.c.

(iJ) \Up

1/3 filling ==

Spectrum:

c4(a) = 5 [(e+3¢) + (¢~ 3¢)] 0 + O(a")

... choose t' = -t/3 for simplicity

Interactions:

,nt—\/lg cc,c CJ—I—V E cc,c Cj

(ij) {ij) ... V12 > 0 repulsive
... V12 < 0 repulsive
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Low-energy field theory

Effective Lagrangian:

... & > 0 repulsive
... & < 0 attractive s

Ly =P [0 + (07 — 0))o1 +20.0,03] Y — Z(PpToa9h)* + . ..

Y = (zl) two-component

.. 1rrelevant

Fierz completeness:
(Yo29)? = =297 139 = —(P'9)? o (YOYP)°

Comparison with microscopic model:

~ 2+ W)
- t

g
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.. higher-order terms, such as g’(¥10,4)8;0;(YTos9)

... single interaction channel

... & ~Vi+ Vo, marginal
... 8 ~ Vi — Vs irrelevant



Phase diagram

RG flow: —
2 ‘
dg — g | SSB
dinb 4r e
dg’
— 20" + un et al., PRL ’
d In b & * [[th e: a;., Eit 22}

DMRG (checkerboard):

4 — 1 T T T 1 r T T T T 1

6

[Sur et al., PRB 18]

L g~VI4+
.. g~V =V
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Spin-1/2 fermions (N = 2)

Interactions:

Line = g0(¥'9)* + &1 [(¥1019)* + (Yo39)°] + g2(¥029)3

=ewe fOUr-component

Phase diagram: foran=0

... Oor nematic

[Murray & Vafek, PRB '14]




Critical behavior: Partial bosonization

Technical trick:

d=2 — d=2+c¢

RG flow:

N
O

dg g2 QBT SSB

dinb 7 4x

Fixed pOint: Bx — e L for0<ex1
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Critical behavior: Partial bosonization

Technical trick:

d=2 — d=2+c¢

RG flow:

N
O

d 2 QBT SSB
e — —€g ] -
dinb 417 0 g, X € g

Fixed pOint: Bx — e L for0<ex1
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Critical behavior: Partial bosonization

Technical trick:

d=2 — d=2+c¢

RG flow: -
2 QBT SSB
d
dln b Arr 0 groxe 8
Fixed pOint: Bx — de L for0<ex1

Hubbard-Stratonovich transformation:
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“Luttinger-Yukawa' theory

tuning parameter e = parametrizes z =1 (¢) vs. z =2 (¢)

Lagrangian:

Ly =" [0 + (8% — )1 +20.0,03] ¥ + S¢(r — 07 — &% — O})b — ooy

“econ” Yukawa" coupling

... ¢* coupling irrelevant for € > 0

Equivalence to Ly Order parameter:

g = (¢) = 7<¢Taz¢>

r ... assume g > 0
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RG flow
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RG flow

SSB

QCP




Quantum critical fixed point (¢ > 0)

Couplings:

Neg = 2 — 2€
Ny = 0
z = 2

— equivalent to g, = —* = 4me

e—0
\

e—0
\
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(Careful) 2D limit ¢ — 0

Effective potential in d = 2: ... from fully integrating out ¢
1 1 2 1 g )\
Verr () = = ¢° “(1—1 : “(In =
7(#) 2gq5 167r('l5 ( "4 ) (167)? 2¢ (n 4

Order parameter:

— 3T
(p) x e 8™/ o
... essential singularity
.. cf (@) o< (8g)%/d=2) for d > 2
Critical “isotherm’:

5 .

h 0.6 <¢> Wlth 5 = ... in agreement with hyperscaling

6 = Grosrr = 1forng =2, z=2

20



Correlation length and hyperscaling

Correlator near criticality:

Correlation length:

€ 0.6 e47r/g (“l/ — OO” ..forg>0

... as expected from marginal g

Hyperscaling:

Ve ((9)) ox £70972)  with z=2 and d = 2

... fulfilled despite marginally irrelevant ¢* coupling
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Semimetallic fixed point: Luttinger semimetal

d=2+¢€
h? 1.5y
= W/
Couplings: o é??????%%éé&%ﬁUﬂlw
B 0
r =0 /////////////@%/“#
C, — L : — equivalent to g, =0 Wﬁ)wﬂ o
R ==
B = am(2 - ¢) %%ZL
OO00 05 . 1.0
Critical exponents: 1+ 7
Mg =2—€ 502
Ny =0
z =2

— scale-invariant phase: "LSM" 123D QBT @ large N
[LJ & Herbut, PRB '17]
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Algebraic “order”

Correlator in semimetallic phase:

(#(0,r)¢(0,0)) 1 for all g <0

|r‘4 ..o Le, Mg =2
Phase diagram:
LSM QCP SSB

¢ = oo 1 ¢ < o0 5
emergent scale invariance dynamical band gap

essential singu|arity [Ray, Vojta, LJ, arXiv:1910.XXXX]
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Phenomenological analogy: 2D QBT vs. BKT

2D QBT

Semimetallic phase (g < 0):

($(0. r)$(0,0)) ox ——

‘r‘z_l‘nCl’
.. with z=2and ny =2

Ordered phase (g > 0):
(#(0,r)$(0,0)) o e~/

Critical behavior:
¢ e'™E (g >0)
ho ($)° withd =1 (g=0)

1/

- & —>
/l\
BKT

- - _ T-T. _
Dielectric phase (t = = < 0):

1
m

<ei9(r)e—i9(0)> ~ W
r

... with n = %j <

N

Metallic phase (t > 0):

Critical behavior:
¢ o /vt (> 0)
hoc (e with § =15 (t =

24

... emergent scale invariance

... gapped

... essential singularity

... power law



z = 2 QCP in bilayer honeycomb model

... accessible to QMC

[Ray, Vojta, LJ, PRB '18]

reachable by tljning
both g and &,/ — talk by S. Ray
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Summary

LSM QCP SSB

scale-invariant phase gapped

with nontrivial exponents

essential singularities
& power laws
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