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Classical vs quantum criticality
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Classical vs quantum criticality
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Universal field theory:



Fermionic quantum criticality

Honeycomb-lattice Hubbard model:

H = —t Z C,-T’(,Cj,a + Uzn;an
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Fermionic quantum criticality

Honeycomb-lattice Hubbard model:

H = —t Z C,-T’(,Cj,a -+ UZ Ni+Nj|
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Quantum phase diagram:

? &
O
ﬁ U/t [Assaad & Herbut, PRX '13

Dir mimetal AFM insulator .
dc € eta ~ 3.8 to [Lang et al., PRL '13]
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[Lang & Lauchli, arXiv:2503.15000]




Fermionic quantum criticality

Honeycomb-lattice Hubbard model:

H=—t Z CIJCJU_I_UZn’Tnli

(i j).o

Quantum phase diagram:

g o

Dirac semimetal ~ 38 AFM insulator U

/t [Assaad & Herbut, PRX "13]

[Lang et al., PRL '13]
[Otsuka, Yunoki, Sorella, PRX "16]
[Lang & Lauchli, arXiv:2503.15000]

Gross-Neveu-Heisenberg field theory: L Talk by T. L
alk by T. Lang

[ = z/;ry“auz/} + g(zljﬁ'(/;) P+ ... [Herbut, Jurigi¢, Vafek, PRB "0

[LJ & Herbut, PRB '14]
[Zerf et al., PRD '17]
[Ladovrechis, Ray, Meng, LJ, PRB '23]
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Experimental realization?
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Fermi velocity renormalization

- . 1 —
Free-standing graphene remains a Dirac semlmet

[Elias et al., Nat. Phys. '11]
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Twisted bilayer graphene

[Lu et al., Nature '19]




Twisted bilayer graphene
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Twisted bilayer graphene
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Twisted double bilayer WSe;
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Twisted double bilayer WSe;

A

B

Transport:

| 2K mmm 30K

1.5 2.0 2.5 3.0

14

Hole filling

‘Symmetry of ordered state?|
Nature of transition? {

_— —— —

Semimetal

——
2.5 3.0 3.5
Twist angle (°)

— Talk by F. lhssen

[Ma et al., arXiv:2412.07150]



Outline

(2) Twisted bilayer graphene
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Twisted bilayer graphene: Model

Interacting Bistritzer-MacDonald model:

kemBZ

H = Z Cih(k)Ck 2AZV PqP—q:

[Bistritzer, MacDonald, PNAS '11]
[Bultinck et al., PRX "20]
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Twisted bilayer graphene: Model

Interacting Bistritzer-MacDonald model:

kemBZ

H = Z Cih(k)ck 2AZV PqP—q:

[Bistritzer, MacDonald, PNAS '11]
[Bultinck et al., PRX "20]
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Interacting Bistritzer-MacDonald model:

kemBZ

H = Z Cih(k)ck 2AZV PqP—q:
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Twisted bilayer graphene: Model

Interacting Bistritzer-MacDonald model:

kemBZ

H = Z Cih(k)ck 2AZV PqP—q:

[Bistritzer, MacDonald, PNAS '11]
[Bultinck et al., PRX "20]

13

Noninteracting spectrum:

6 = 1.05°
40 F :
> Vi ‘
g Of E
W —20;— -
—40 | | -
KJH Yy HK



Twisted bilayer graphene: Model

Interacting Bistritzer-MacDonald model: Noninteracting spectrum:

6 =1.05°

[Bistritzer, MacDonald, PNAS '11]
[Bultinck et al., PRX "20]
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Internal screening

Screened Coulomb interaction:

... RPA in atomistic tight-binding model
[Goodwin et al., PRB '19]

14



Internal screening

Screened Coulomb interaction:

... RPA in atomistic tight-binding model
[Goodwin et al., PRB '19]
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Twisted bilayer graphene: Interacting spectrum

Selfconsistent Hartree-Fock:

6 = 1.40°

Correlated insulator Dirac semimetal 0
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Twisted bilayer graphene: Interacting spectrum

Selfconsistent Hartree-Fock:
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Twisted bilayer graphene: Interacting spectrum

Selfconsistent Hartree-Fock:
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Twisted bilayer graphene: Kramers intervalley-coherent insulator

Density matrix:

valley

sublattice
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Twisted bilayer graphene: Kramers intervalley-coherent insulator

Density matrix:

valley

sublattice

N

18

arg(c'c)
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KIVC insulator @ strong coupling

... breaks time reversal T & U(1)yalley
... preserves combination (—i)7,7T



Twisted bilayer graphene: Kramers intervalley-coherent insulator

Density matrix:
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Twisted bilayer graphene: Kramers intervalley-coherent insulator

Density matrix:
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, O
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... preserves combination (—i)7, T
Intervalley-coherence order parameter: Real-space representation:
N ——
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-, [Hofmann et al., PRX '22]
0251 [Rai et al., PRX "24]
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Twisted bilayer graphene: Phase diagram
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Twisted bilayer graphene: Quantum criticality

Crossing-point analysis: @) ;
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Twisted bilayer graphene: Quantum criticality

Crossing-point analysis: @) ;
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Gross-Neveu-XY universality class:

T i*/j’Y31/J P1
... with emergent relativistic symmetry
[Biedermann & LJ, PRB '25]
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Twisted bilayer graphene: Quantum criticality

Crossing-point analysis:

Gross-Neveu-XY universality class:
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... with emergent relativistic symmetry

[Biedermann & LJ, PRB '25]
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Critical exponents:

z =1
N, ~ 0.93
B~ 1.05

... from 4 — € and 2 + € expansions

[Hawashin, Scherer, LJ, PRB '25]
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(3) Twisted double bilayer TMDs
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Double bilayer transition metal dichalcogenides (TMDs)

Untwisted noninteracting spectrum:

AB stacking

AA stacking
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Double bilayer transition metal dichalcogenides (TMDs)

. . . AA stacking AB stacking
Untwisted noninteracting spectrum: — —
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Interacting Bistritzer-MacDonald model:

[Angeli & MacDonald, PNAS ’'21]
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Double bilayer transition metal dichalcogenides (TMDs)

. . . AA stacking AB stacking
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Double bilayer transition metal dichalcogenides (TMDs)

Untwisted noninteracting spectrum:

[Angeli & MacDonald, PNAS ’'21]

AA stacking

AB stacking
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Twisted noninteracting spectrum:

6 =2°




Double bilayer transition metal dichalcogenides (TMDs)

. . . AA stacking AB stacking
Untwisted noninteracting spectrum: — —
0.0~ e
% vy
= —0.5 'V\ : i
\A i ... for double bilayer WSe;
—1.0 L\ A— ‘ “‘/‘\\ 20— [Pan et al., PRRes '23]
I’ M K ' M K I
Interacting Bistritzer-MacDonald model: Twisted noninteracting spectrum:
0=1°
L | | | |
. |
O _
O
= |
N—" I
CO _1() -_ ',"”~~~~“~~
- pl 2 p
| | | | | . /
/ . < K
K v HK

[Angeli & MacDonald, PNAS ’'21]

24



Twisted double bilayer TMDs: Dirac semimetal

Interacting spectrum:

f = 4°
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Twisted double bilayer TMDs: Dirac semimetal

Interacting spectrum: Charge density:

f = 4°
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Twisted double bilayer TMDs: Antiferromagnetic insulator

Interacting spectrum:

6 =2°

Dirac semimetal 0
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Twisted double bilayer TMDs: Antiferromagnetic insulator

Interacting spectrum:

6 =2°

AFM insulator
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Twisted double bilayer TMDs: Antiferromagnetic insulator

Interacting spectrum: \
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Twisted double bilayer TMDs: Antiferromagnetic insulator

Interacting spectrum: \ Spin density:

f=1° >
‘
1 | | I | Ee:  \Gwmmmaay 2 oasEl 0.50

y: Lo
/4 _—
- 4
/ o % AR
7 e o— (I XXX s
- A \ y/ N asasasesenesy : L
4 o L LOOCLY ¥
J/ X - XA X -,
/) ' ses, e
/ ==
y/ "
/
/ = '
/
e
. 3
7 ) i
i i
—

-

- y g

y
O — —
\
\
- -
N
N

== K~
! ' u:&iu
K’

|

] 7 0.25

PR L
RE=" BT T -
i Ciahd -
i iAg i
ik 4
FriiaE A —
LN Josets o —
MRS Bt
i S
s e - [ ]
P R - 1 e -
X o -

g (meV)

. 4 —0.25

1 —0.50

FM insulator AFM insulator : Dirac semimetal 0
;



Twisted double bilayer TMDs: Phase diagram
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[Biedermann & LJ, arXiv:2509.04561]
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Twisted double bilayer TMDs: Quantum criticality

Staggered magnetization:

Marv X (9C — 9)'8
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Twisted double bilayer TMDs: Quantum criticality

Staggered magnetization:
0.

¢ TMAFM -

)e mrM

MaAfFM XK (Qc — 9)'8

Gross-Neveu-Heisenberg universality class:

L =Yy 0y +g(Yoy) 6+ ...

... with emergent relativistic symmetry
[Biedermann & LJ, arXiv:2509.04561]
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Twisted double bilayer TMDs: Quantum criticality

Staggered magnetization:
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Outline

(4) Conclusions
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Twisted double bilayer TMDs: Pressure-tuned transition
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Twisted double bilayer TMDs: Heterostrain

150

ft

S 100

50

0.00 0.25 0.50 0.759 1.00

n/na

34



Twisted double bilayer TMDs: Heterostrain
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