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When do interesting things happen”

Some of the most intriguing phenomena in condensed matter physics arise
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But they are also notoriously difficult to handle, due to

e multiple energy scales

e complex energy landscapes / slow equilibration
e strong coupling

® macroscopic entanglement
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Example — frustrated magnetism
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Example — quantum Hall liquids
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Example — twisted bilayer graphene
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many-body system degeneracy select ground state

electronic band structure with a flat band in twisted bilayer graphene
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Efetov group, Nature 574, 653 (2019)

Jarillo-Herrero group, Nature 556, 43 (April 2018)
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meet the team

arxiv:2202.05029 Phys. Rev. Research 2, 013370 (2020).
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spin-valley models
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Y. Cao, V. Fatemi, A. Demir et al., Nature 556, 80 (2018).

quarter or half filling

Hubbard model with ~ and spin-valley
d.o.f. on Moiré super lattice model

J
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~ Phys. Rev. B 99, 205150 (2019)
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spin-valley models

arxiv:2202.05029

SU(2) symmetric Heisenberg model H=1J Z SS; S = (5, 5,59 1S}, Sjb ] = iS¢ 311(2) Lie algebra
(i)

SU(4) symmetric Heisenberg model H=J) TT, T =(T,,...TH) [T, T7] = if *"T° 31u(4) Lie algebra
(i)

SU(4) spin-valley model |
spin valley Represent 311(4) by

.= (07,07, 0%) l= (75,77 “coupled 811(2) degrees of freedom”

Generall - =0 s Eie = i with symmetry-breaking terms (e.g. Hund’s coupling, ...)
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spin-valley models

arxiv:2202.05029

General with symmetry-breaking terms (e.g. Hund’s coupling, ...)
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spin-valley models

 additional degrees of freedom — enhanced quantum fluctuations

e geometric and/or exchange frustration

e suppression of magnetic order A o

quantum spin-valley liquid (QSVL)

quantum spin-valley liquids
e no magnetic order even at T'= 0

* long-range entanglement

» fractional excitations (e.g. Majorana fermions in the Kitaev model)

Goal: Determine ground state spin-valley order (FM/AFM/...) or its absence.
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Reuther & Wolfle (2010)
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pseudo-fermion FRG

arxiv:2202.05029

general concept

infinite hierarchy of differential equations

partition function for one-particle irreducible vertex functions

introduce infrared cutoff A

I P —S d :
Z= |9,y -_——m—m™m™—_—_mmm—m> d—Ayné:?A(yl,yz,...,ymH) flow equations

exact rewriting

riky, ky) ralkys kys ki, k) 3-particle Katanin or

self-energy two-particle vertex vertex multiloop

building blocks of the full correlation functions (tree expansion)

self-energy

two-particle
vertex
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pseudo-fermion FRG

arxiv:2202.05029

general concept /

1
= Z (o!' J* ot) (zf J5h T
ij

partition function

S,1] V,ij

1
=3 2 @@ U8 (o @)
i

Z= |20 pe™

pseudo-fermions
Gl.”ff = 01.” Rz =1 T oK Ot

\ islss I

1
H=—Y J*g" g*  J<*0 0%

] s,ij s8] $282 "V LT LD

strongly coupled fermions
— conventional FRG

+ halt-filling constraint

£ f

151017

self-energy

two-particle i = — + + e
vertex dA

© Simon Trebst



http://www.thp.uni-koeln.de/trebst/

pseudo-fermion FRG

arxiv:2202.05029

general concept

infinite hierarchy of differential equations

partition function for one-particle irreducible vertex functions

introduce infrared cutoff A

I P —S d :
Z= |9y, we ——————————> = F Ve o V1) L e

exact rewriting dA

riky, ky) ralkys kys ki, k) 3-particle Katanin or

self-energy two-particle vertex vertex multiloop

building blocks of the full correlation functions (tree expansion)

25

self-energy concurrent
1/S and 1/N
expansion
two-particle exact in the limits of
vertex

S—=>o0coand N —- o
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pseudo-fermion FRG

arxiv:2202.05029

numerical solution d ()
— —> m — — —
dNn - -
—» »—
—> —> > - > —> — <«
@ — - U+ ¥
dA
—» »— —» > — —» » —
(100 - 4 - 2 - 2)* ~ 10'° vertex components ~ 107 independent vertex components

100 lattice sites, 40 frequencies, 2 spin/valley values using pseudo-fermion Hamiltonian symmetries

JUWELS HPC cluster
(Forschungszentrum Julich)

» PFERG PFFRGSolver.jl .

L _ adaptive Runge-Kutta algorithm (ODE solver)
official Julia package

0.0
': :' Dominik Kiese,
Tobias Muller

arXiv:2011.01269 * asymptotic frequency parametrization

* adaptive frequency grids and integration

* multilinear frequency interpolation
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pseudo-fermion FRG

spin-spin and valley-valley correlations and structure tactors

spin-valley spin-valley correlations spin-spin correlations valley-valley correlations
A A A Avich — o AOOK A\
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Fourier-transform — structure factors
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spin-valley moadel

Phys. Rev. Research 2, 013370 (2020).

&® SU(2)

spin-valley coupling in presence of Hund’s coupling gives SU(2) model

spin valley

Heisenberg coupling Hund’s coupling

H=Y " J(0 @) (61 0)+ 15058+

J

SU(4) symmetric SU2). . & SU2) symmetric

spin

valley

twisted double-bilayer graphene (TDBG) o Fllllng
trilayer graphene / hexagonal boron nitride (TLG/h-BN)

n/(ns/4)
twisted bilayer graphene (TBG) O
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spin-valley model / Hund’s coupling

triangular lattice
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Phys. Rev. Research 2, 013370 (2020).
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spin-valley model / longer-range couplings

J1 -J2 scans
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modified phase diagrams
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spin-valley model for TLG/h-BN

X. Zhang et al., PRL 127, 166802 (2021)

displacement field D
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Senthil et al.
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spin valley model for TG/h-BN

spin-spin correlations

valley-valley correlations
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spin valley models for TG/h-BN

L. Gresista et al., in preparation

in-plane AFM in-plane FM out-of-plane stripy

displacement field D
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Where to go

from here?
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Take-away messages
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for SU(N) physics
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