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Topological matter
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Quantum Spin Hall effect Topological superconductor Nodal line semimetals
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All these states are described by effective single-particle Hamiltonians



Many-body quantum matter

Quantum spin liquids Fractional Chern insulators Parafermions

Reports on Progress in Physics 80.1 (2016): 016502. Rev. Mod. Phys. 71, S298 (1999) Annual Review of Condensed Matter Physics 7, 119-139 (2016)

Many-body quantum matter represents an exciting critically open challenge



The problem of dimensionality

In a many-body problem, the size of our vectors grows as

2L where L is the number of sites
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For a single-particle tight binding problem, we can reach up to 108 sites in a laptop

For a many-problem, we cannot even store states for systems bigger than [, = 3() sites
230 -~ 109

How can be compute dynamical properties if we cannot even store the states?



Many-body dynamical correlators

One dimensional Heisenberg Hamiltonian
— —
H=> JS; 8§

(35)
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We want to compute the dynamical correlator

S(N,w) = (GS|S%(w — H + Ey)S%|GS)



State compression with tensor-

networks

Given a many-body wavefunction, we can parametrice the components as
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Matrix product state

The previous representation allows drastically reducing the memory required to store a state

Annals of Physics 326, 96 (2011)



Many-body state compression

Matrix-product states Projected entangled pair-states Neural-network quantum states
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Compressed many-body states allow using kernel-polynomial methods for many-body systems



The kernel-polynomial tensor-network

algorithm

Take a many-body Hamiltonian ~~ #H = Z JS; - S
(5)

Obtain a tensor-network representation of the many-body ground state

’GS>: AW, W, W, W, W,

And apply the kernel polynomial algorithm in the compressed representation

X (w) = (GS|S5,8(w — H)S5|GS) wr = (GS|S% T;(H)S%|GS) lwo) = S¥IGS),
N =
! : i = (GS|S§ |wy) w1) = Hlwo).
X(w) = po+2 ) wlh(ow) i}
w1 — w? |: ; ] lwiy1) = 2H |w;) — |wi-1),
Rev. Mod. Phys. 78, 275 (2006) Phys. Rev. Research 1, 033009 (2019)

Open-source implementation in  https://github.com/joselado/dmrgpy



Dynamical structure factor

of a Heisenberg model
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spin-liquid/superconductor

Behind the scenes

Bound states at Quasiperiodic
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Driven by losses



Many-body excitations in
spin-liquid/superconductor junctions



Magnetic impurities In

superconductors

Magnetic impurity

‘ \ Superconductor
H=J/(
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An in-gap Yu-Shiba-Rusinov state appears due to local time-reversal symmetry breaking



Classical and quantum magnets

Stagger antiferromagnet (mean-field solution): breaks time-reversal
H:Hkin"‘HAF ‘GS Tl>

Quantum antiferromagnet (many-body solution): does not break time-reversal

H = Hwin + Hu GS) Tl>_lT>

Hubbard interaction Hy = Z U CL TCWJ,TCL 1Cn,l
mn
What happens at interfaces between a quantum
many-body 1D antiferromagnet and a superconductor?




Superconductor-quantum antiferromagnet

junction

Superconductor Quantum antiferromagnet
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H = Hkin = HSC + Hint

The ground state does not break time-reversal symmetry

If it was a (time-reversal) symmetry broken antiferromagnet, there would be Yu-Shiba-Rusinov states



Many-body spectral function

DOS in the superconductor DOS in the quantum antiferromagnet AL%ZQ{
2
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Both systems show an electronic gap when decoupled



In-gap modes at the SC-quantum AF Interface

Superconductor-quantum antiferromagnet junction

Superconductor Quantum antiferromagnet

Solitonic in-gap modes appear between the
superconductor and the quantum antiferromagnet



Single-patrticle interfacial zero modes

H = Hkin + HSC —+ HAF Single particle limit (stagger magnetization and no interactions)
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How are these modes connected to the many-body in-gap mode from before?



From many-body to the single-particle

symmetry broken state
H = Hkin + HSC + HAF + %int Sketch of the charge excitations

Z
I
<Sn> 02 0 0.2 Bulk AF states

Bulk SC states

al OUte—1i

~0.05 0 0.05 my<0 () My > 0
mAF [t] mAF

Switching on a magnetization pushes the interacting model to the symmetry broken state



From many-body to symmetry broken

Interface Antiferromagnet
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0 max
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The solitonic single-particle mode transforms into the many-body in-gap mode



Experimental realization with

atomically engineered lattices

Scanning

Magnetic atoms

Current

Superconductor atomically
engineered lattice

Science 335.6065 (2012): 196-199
Nature Physics 12, 656-660 (2016)
Rev. Mod. Phys. 91, 041001 (2019)




Coulomb modulated topology



Quasiperiodic topology

Quantum Hall in a Spectrum of the associated
two-dimensional lattice guasiperiodic Hamiltonian
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Left Bulk  Right

1.5 2

0O 05 1
H=% Z[l + A cos(aN + qb)]c]TVcNH + H.c. ¢5/7T
N

1D quasiperiodic models can be mapped to 2D quantum Hall states
This mapping is only valid in the non-interacting limit Phys. Rev. Lett. 109, 116404 (2012)



Many-body guasiperiodic interactions

Substrate engineering allow creating spatially dependent interactions
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Many-body guasiperiodic interactions
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Single particle Coulomb-engineered topology

Engineered interacting model ~H = Z t CL7SCn—I—1,S + Z UnCL,TCn,TCL,fn,i + h.c.

U, = U[1 4+ A cos(Qn + ¢)]

Solved at the Hartree-Fock level Z(gs oCh ) =0
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Single particle Coulomb-engineered topology

Engineered interacting model ~H = Z tel enyis + Z UnCIL,TCn,TCL,¢Cn,¢ + h.c.

U, = U[1 4+ A cos(Qn + ¢)]

Modulated interactions
Solved at the Hartree-Fock level (7, . cp o) =0

Topological modes

it

w [t]

Bulk states
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Modulated local interactions create topological modes




Many-body topology

Let us focus in an interacting Hamiltonian with a trivial mean-field Hamiltonian

1 1
H = Ztc;fwcnﬂ,s + Z U, (CL,TCN,T — 5) (Ciwcn,i — 5) + h.c.
n,s n

In the many-body setting, we will look at the dynamical spin excitation spectra

S(w,n) = (GS|S?5(w — H + Egs)S?|GS)



S(w,n =0) !
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Many-body topological modes

Bulk spectral function

Edge spectral function
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Topological modes protected by a many-body quasiperiodic Chern invariant
arXiv:2010.06171

Phys. Rev. Research 1, 033009 (2020) arXiv:2009.03752



Many-body topological gaps

Bulk spectral function

Bulk spectral function .
S(w,n = L/2) B

S(w,n =L/2) .

0
Topological
bulk gap

w [t]
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Topological gaps appear for generic modulation frequencies and strengths



Quasiperiodic spinon topology



Quasiperiodic spinon topology

Many-body spin Hamiltonians can be intrinsically quasiperiodic

For example, an atomic chain on top of a moire system

We will consider the generalized quasiperiodic Heisenberg model

H =17 [1+4Acos(aN + ¢)ISy - Sy with S =1/2,1,3/2,2
N



Topological quasiperiodic
spinon for S=1/2

Bulk excitations

excitation . excitation

[relidans], Bulk excitations
0 10 20 30 40 &
N

Quasiperiodic many-body interactions create topological spinon modes



Topological quasiperiodic

spinons for S=1/2

Left edge Bulk Right edge
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Spinon Hofstadter spectra S=1/2

a/m afm

H=1J Z[l +Acos(aN + ¢)ISy - Sn+1 Topological gaps appear for arbitrary quasiperiodicity
N



Topological quasiperiodic

spinons for S=1

Left edge Bulk Right edge
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Topological quasiperiodic

spinons for S=1

No modulation With modulation
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Quasiperiodicity creates additional topological modes away from E=0




Non-Hermitian topological many-
body excitations



Non-Hermiticity in qguantum dots

. . . . Quantum dots

Metallic leads gp = Im(zn)

_ Imaginary Z
Hopping onsite energy Lead
ea

H=clcpi1+ c:g 11Cn T+ ignCl Cn selfenergy

Coupling to metallic leads generates non-Hermitian terms in an effective Hamiltonian




Topological excitations driven by

modulated losses

Bloch Hamiltonian
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Losses coming from a self-energy




Edge mode driven by losses

Non-interacting spectra

Im(E)G_
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Does this topological mode survive the presence of many-body interactions?



Looking for a non-Hermitian edge mode

e As the Hamiltonian is non-Hermitian, DMRG cannot
be used

* The ground state and excited is obtained using a

non-Hermitian Krylov-Arnoldi iterative solver with
matrix-product states

 The edge modes are imaged by the correlator

E(n) =) [(¥ilea ).

Degenerate energy manifold / \

Ground state



Non-Hermitian edge modes

® MPS |

T

In short chains two overlapping edge modes appear in the correlator



Non-Hermitian edge modes

1 7 11 14 18 24
n

In long chains solved with MPS, the non-Hermitian mode becomes well localized at the edge



Non-Hermitian edge modes

1 15 26
n
In long chains solved with MPS, the non-Hermitian mode becomes well localized at the edge



Dynamical correlators in

non-Hermitlan models

In the Hermitian case In the non-Hermitian case
Im(E) Im(E)

Re(E)

In the non-Hermitian case, dynamical correlators are defined in the complex energy plane



Dynamical correlator of a many-body

non-Hermitian model

In a non-Hermitian model, the dynamical correlator cannot be compute with a usual
Kernel polynomial expansion

S(w, l) = <GSL 0152 (w + Eag — H) C}L 6;52 (w + Fag — H) C

GSR> n <GSL

GSR>
FPw—H)=3,0Rw— E,)o(S(w—En)|¥ran) (YLn

And perform a KPM expansion of
f(w) = (Yo|6°(w — H)[¢r)

H:<w$_H¢w_H> f(w):%(‘}w*G(E:O)

G(E) = (L(E-H)7'R)

We define a Hermitrized Hamiltonian



Dynamical correlator of a topological non-

Hermitian model

We take the following non-Hermitian model

L-1
- J+7 4 J=77%
H = ;_1 ( 5 € Cl41 T+ T(:EH(:E

Drives skin effect

L
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Full dynamical correlator

GSR> + <GSL

Drives topology

S(w, l) = <GSL Cl52 (w + Fgog — H) C}L 6;52 (w + Fgg — H) C

GSR>

Integrated in the imaginary axis ‘
AE R D = | [ S(E+iy iy

(equivalent to the Hermitian one)



Non-Hermitian topological modes
without skin effect
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The non-Hermitian dynamical correlator allows visualizing the topological modes



Non-Hermitian topological modes with
skin effect

Bulk modes

%
Edge modes
I 5 1) | 5 20 24
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The non-Hermitian dynamical correlator allows visualizing the topological modes



Open-source software for
Interacting and topological matter



Open-source software for tensor-network

kernel polymonial algorithms

dmrgpy spinflare
https://github.com/joselado/dmrgpy https://github.com/joselado/spinflare

from dmrgpy import spinchain
spins = ["S=1" for i in range(40)]
s¢c = spinchain.Spin_Chain(spins) #

# =1 chai
# 5=1 Lha}n _ (S,6(w — H + Eo)S)
create spin chain object

h =@ # initialize Hamiltonian

for i in range(len(spins)-1):
h = h + sc.Sx[i]*sc.Sx[i+1]
h = h + sc.Sy[i]*sc.Sy[i+1]
h = h + sc.5z[1]*sc.Sz[i+1]

sc.set_hamiltonian(h)
sc.get_dynamical_correlator(name=(sc.5z[@],sc.5z[@]))

Generic Python library for tensor-network User friendly interface to compute excitations
kernel polynomial algorithms for spins, in quantum Heisenberg models
fermions, parafermions
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Quantum Lattice: A user interface to

compute electronic properties

Quantum Lattice: system selection

Select the system you want to compute

0D systems 1D systems 2D systems 3D systems
Islands Ribbons Sheets 3D crystals
Huge islands Hybrid ribbons Films
Hofstadter butterflies Hybrid films

single impurities
Multilayer graphene
Transition metal dichalcogenides

Twisted multilayer graphene

Update Quantum Lattice
Version 0.0.1

Terms in the Hamiltonian

Hoppings 10
Fermi energy 10
Exchange field 00,00,05
Rashba SOC 05
Kane-Mele SOC 0.0
Haldane 0.0
Anti-Haldane 0.0
Anti Kane-Mele 0.0
Sublattice imbalance (0.0
Antiferromagnetism 0.0

s-wave superconductivity 0.0

p-wave superconductivity (0.0, 0.0, 0.0

2D systems x

sBands | DOS | LDOS | FS | QPI | SCF | Topology2D |4|»

# kpoints (800

Operator,

Geometry | Modify geometry

Type of lattice | Kagome

supercell

1D Berry curvature
2D Berry curvature
22 invariant
None
Chern number

1

Band structure

Energy [t]

Colormap RGB

Energy window

K M K’
-0.3 0.0 0.3 0.6
Sx

offset

size

Berry curvature +

K-path [2mr]

Momentum resolved DOS

Surface

Berry curvature

K-path [2m]

Max

DOS

|

Quantum Lattice: open source interactive interface for tight binding modeling

https://github.com/joselado/quantum-lattice



Topological and correlated matter in 2D
materials school

ma 31st Jyvaskyla Summer School
Emergent quantum matter in
artificial two-dimensional materials

August 8"-12" 2022

- Session 1: Introduction to 2D materials
- Session 2: Superconductivity in 2D
materials

- Session 3: Magnetic 2D materials

- Session 4: Moire electronic states and
twisted van der Waals heterostructures
- Session 5: Topological states in 2D
materials

Schedule:
- Session 1: Introduction to 2D materials

- Session 2: Superconductivity in 2D materials

- Session 3: Magnetic 2D materials

M - Session 4: Moire electronic states and twisted van der Waals heterostructures
- Session 5: Topological states in 2D materials
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Take home

Tensor-network kernel polynomial algorithms allow computing
dynamical excitations in quasiperiodic and non-Hermitian
guantum many-body systems

Thank youl!
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