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Many-body physics with synthe:c ma;er
Goal: Understand ensembles of interac1ng quantum par1cles

superfluidity superconductivity magnetism neutron star



Open questions: Phase diagram, dynamics (hard for N>40…)
Topology, disorder, entanglement,…
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Use experimental control to

Implement many-body Hamiltonians
(including “mathematical” ones…)
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Open ques:ons: Phase diagram, dynamics (hard for N>40…)
Topology, disorder, entanglement,…

Many-body physics with synthe:c ma;er
Goal: Understand ensembles of interac1ng quantum par1cles

superfluidity superconductivity magnetism neutron star

R.P. Feynman
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Open ques:ons: Phase diagram, dynamics (hard for N>40…)
Topology, disorder, entanglement,…

Many-body physics with synthetic matter
Goal: Understand ensembles of interacting quantum particles

superfluidity superconductivity magnetism neutron star

R.P. Feynman = QUANTUM SIMULATION



Our platform: Arrays of interacting Rydberg atoms
Arrays of atoms

5 μm

Single-shot

1 Rb atom
(fluorescence)

1 µm

1 mK

Grangier (2001)
Sortais (2007)
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Single-shot
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Our plaCorm: Arrays of interac:ng Rydberg atoms

Addressable:
local manipula1ons 
and measurement
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Arrays of atoms

5 μm

Single-shot

Life1me > 100 μs
Transi1on dipole:
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Our platform: Arrays of interacting Rydberg atoms



R = 10 µm ) Vint/h ⇠ 1� 10 MHz

Þ timescales < μsec

Þ Large dipole-dipole interactions 

~ 100 nm
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Interactions between Rydberg atoms and spin models
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Quantum Ising
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XY modelQuantum Ising
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Ĥ =
X

i 6=j

Jij n̂in̂j

~ 1000 THz

<latexit sha1_base64="XIjMCvzj/ZRmck4fhGDJPqpTbao="></latexit>

|nsi = |"i
<latexit sha1_base64="/mW0Ebi8A2/CpuSXdo0KCbScO/g="></latexit>

|gi = |#i
~ 10 GHz

<latexit sha1_base64="VowIxl3h8CneWXeYAjjVuJdVhUM="></latexit>

|nsi = |#i

<latexit sha1_base64="jre7np81+boPSidwrvzLOmUy2xI="></latexit>

|npi = |"i

Spin 1/2



+ +

A B

|ggi

2-
at

om
 e

ne
rg

y

van der Waals

�E ⇠ C6

R6

�E
|ns, nsi

<latexit sha1_base64="SY/FX2/8sJhpBDkaa3IGo8+jJQ0="></latexit><latexit sha1_base64="SY/FX2/8sJhpBDkaa3IGo8+jJQ0="></latexit><latexit sha1_base64="SY/FX2/8sJhpBDkaa3IGo8+jJQ0="></latexit><latexit sha1_base64="SY/FX2/8sJhpBDkaa3IGo8+jJQ0="></latexit>

R
<latexit sha1_base64="O/jBCx4552tN7ec8bncGvbo9p8A="></latexit><latexit sha1_base64="O/jBCx4552tN7ec8bncGvbo9p8A="></latexit><latexit sha1_base64="O/jBCx4552tN7ec8bncGvbo9p8A="></latexit><latexit sha1_base64="O/jBCx4552tN7ec8bncGvbo9p8A="></latexit>

|ggi

2-
at

om
 e

ne
rg

y

Resonant dipole
V

V ⇠ C3

R3

Browaeys & Lahaye, Nat.Phys. (2020)

XY modelQuantum Ising

|ns, n0pi

<latexit sha1_base64="FjuoX9LfIWI/s0YC2mjdheRZZEo="></latexit>

|n0p, nsi

<latexit sha1_base64="ZNBqWsodRe6Dnt76+5Hp/vbOUIQ="></latexit>

Interactions between Rydberg atoms and spin models
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Outline

1. Magne1sm: Ising model with van der Waals interac1ons

2. The interac1ng SSH model with resonant interac1on

3. Heisenberg model with resonant interac1on and 
Floquet engineering



Outline A. Läuchli
M. Schuler

T. Lang
A. Eberharter
(Innsbruck)

1. Magnetism: Ising model with van der Waals interactions

2. The interacting SSH model with resonant interaction

3. Heisenberg model with resonant interaction and 
Floquet engineering
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Ĥint =
C6

R6
n̂1n̂2 ⇠ J �̂

z
1 �̂

z
2



+ +

A B

|ggi

2-
at

om
 e

ne
rg

y

van der Waals

�E ⇠ C6

R6

�E
|ns, nsi

<latexit sha1_base64="SY/FX2/8sJhpBDkaa3IGo8+jJQ0="></latexit><latexit sha1_base64="SY/FX2/8sJhpBDkaa3IGo8+jJQ0="></latexit><latexit sha1_base64="SY/FX2/8sJhpBDkaa3IGo8+jJQ0="></latexit><latexit sha1_base64="SY/FX2/8sJhpBDkaa3IGo8+jJQ0="></latexit>

E

421 nm

1013 nm

|ns1/2, F,Mi
<latexit sha1_base64="oxFfeCVjVTTM7xbpCRAdeBseSBY="></latexit><latexit sha1_base64="oxFfeCVjVTTM7xbpCRAdeBseSBY="></latexit><latexit sha1_base64="oxFfeCVjVTTM7xbpCRAdeBseSBY="></latexit><latexit sha1_base64="oxFfeCVjVTTM7xbpCRAdeBseSBY="></latexit>

|5s1/2, F = 2,M = 2i
<latexit sha1_base64="yj0EPNREALHr8VL1o+IkAUcUog0="></latexit><latexit sha1_base64="yj0EPNREALHr8VL1o+IkAUcUog0="></latexit><latexit sha1_base64="yj0EPNREALHr8VL1o+IkAUcUog0="></latexit><latexit sha1_base64="yj0EPNREALHr8VL1o+IkAUcUog0="></latexit>

R
<latexit sha1_base64="O/jBCx4552tN7ec8bncGvbo9p8A="></latexit><latexit sha1_base64="O/jBCx4552tN7ec8bncGvbo9p8A="></latexit><latexit sha1_base64="O/jBCx4552tN7ec8bncGvbo9p8A="></latexit><latexit sha1_base64="O/jBCx4552tN7ec8bncGvbo9p8A="></latexit>

From van der Waals interactions to Ising model…

6p3/2

<latexit sha1_base64="GRFDyu7l1ccLVEjXnFroy35qubU="></latexit>



+ +

A B

|ggi

2-
at

om
 e

ne
rg

y

van der Waals

�E ⇠ C6

R6

�E
|ns, nsi

<latexit sha1_base64="SY/FX2/8sJhpBDkaa3IGo8+jJQ0="></latexit><latexit sha1_base64="SY/FX2/8sJhpBDkaa3IGo8+jJQ0="></latexit><latexit sha1_base64="SY/FX2/8sJhpBDkaa3IGo8+jJQ0="></latexit><latexit sha1_base64="SY/FX2/8sJhpBDkaa3IGo8+jJQ0="></latexit>

E
|"i

<latexit sha1_base64="2QTsF/icHDLl8OHuMoKisfXh7ZQ="></latexit><latexit sha1_base64="2QTsF/icHDLl8OHuMoKisfXh7ZQ="></latexit><latexit sha1_base64="2QTsF/icHDLl8OHuMoKisfXh7ZQ="></latexit><latexit sha1_base64="2QTsF/icHDLl8OHuMoKisfXh7ZQ="></latexit>

|#i
<latexit sha1_base64="Tl91BEmKiQSffk86GWkZhVyEOU0="></latexit><latexit sha1_base64="Tl91BEmKiQSffk86GWkZhVyEOU0="></latexit><latexit sha1_base64="Tl91BEmKiQSffk86GWkZhVyEOU0="></latexit><latexit sha1_base64="Tl91BEmKiQSffk86GWkZhVyEOU0="></latexit>

R
<latexit sha1_base64="O/jBCx4552tN7ec8bncGvbo9p8A="></latexit><latexit sha1_base64="O/jBCx4552tN7ec8bncGvbo9p8A="></latexit><latexit sha1_base64="O/jBCx4552tN7ec8bncGvbo9p8A="></latexit><latexit sha1_base64="O/jBCx4552tN7ec8bncGvbo9p8A="></latexit>

From van der Waals interactions to Ising model…

<latexit sha1_base64="MUTmrAYaQM7ifeUYwtK+yDzJgqo="></latexit>

⌦ ⇠
p
PL



+ +

A B

|ggi

2-
at

om
 e

ne
rg

y

van der Waals

�E ⇠ C6

R6

�E
|ns, nsi

<latexit sha1_base64="SY/FX2/8sJhpBDkaa3IGo8+jJQ0="></latexit><latexit sha1_base64="SY/FX2/8sJhpBDkaa3IGo8+jJQ0="></latexit><latexit sha1_base64="SY/FX2/8sJhpBDkaa3IGo8+jJQ0="></latexit><latexit sha1_base64="SY/FX2/8sJhpBDkaa3IGo8+jJQ0="></latexit>

E

Quantum Ising-like model (s=½):

|"i
<latexit sha1_base64="2QTsF/icHDLl8OHuMoKisfXh7ZQ="></latexit><latexit sha1_base64="2QTsF/icHDLl8OHuMoKisfXh7ZQ="></latexit><latexit sha1_base64="2QTsF/icHDLl8OHuMoKisfXh7ZQ="></latexit><latexit sha1_base64="2QTsF/icHDLl8OHuMoKisfXh7ZQ="></latexit>

|#i
<latexit sha1_base64="Tl91BEmKiQSffk86GWkZhVyEOU0="></latexit><latexit sha1_base64="Tl91BEmKiQSffk86GWkZhVyEOU0="></latexit><latexit sha1_base64="Tl91BEmKiQSffk86GWkZhVyEOU0="></latexit><latexit sha1_base64="Tl91BEmKiQSffk86GWkZhVyEOU0="></latexit>

�
<latexit sha1_base64="9vSmHBn6wqMeAtjOf+1MQmJoG/w="></latexit><latexit sha1_base64="9vSmHBn6wqMeAtjOf+1MQmJoG/w="></latexit><latexit sha1_base64="9vSmHBn6wqMeAtjOf+1MQmJoG/w="></latexit><latexit sha1_base64="9vSmHBn6wqMeAtjOf+1MQmJoG/w="></latexit>

R
<latexit sha1_base64="O/jBCx4552tN7ec8bncGvbo9p8A="></latexit><latexit sha1_base64="O/jBCx4552tN7ec8bncGvbo9p8A="></latexit><latexit sha1_base64="O/jBCx4552tN7ec8bncGvbo9p8A="></latexit><latexit sha1_base64="O/jBCx4552tN7ec8bncGvbo9p8A="></latexit>

C6

R6
<latexit sha1_base64="zyNgjEEE+3h0Bn0WKCICpDgJvow="></latexit><latexit sha1_base64="zyNgjEEE+3h0Bn0WKCICpDgJvow="></latexit><latexit sha1_base64="zyNgjEEE+3h0Bn0WKCICpDgJvow="></latexit><latexit sha1_base64="zyNgjEEE+3h0Bn0WKCICpDgJvow="></latexit>

From van der Waals interac:ons to Ising model…

H =
~⌦
2

X

i

�
i
x + ~�

X

i

n̂i +
X

i<j

C6

R
6
ij

n̂in̂j

<latexit sha1_base64="/fJZIN5b0LlENjNRqKInjQd7bHU="></latexit>

<latexit sha1_base64="MUTmrAYaQM7ifeUYwtK+yDzJgqo="></latexit>

⌦ ⇠
p
PL

Spin-spin interac1onLaser:
<latexit sha1_base64="sUs0AWvLxsDpmLLaEe8EJZmi41U="></latexit>

B?
<latexit sha1_base64="9PoDffrdTEv8cG1jmsl5GXPHUQk="></latexit>

Bk



+ +

A B

E

Quantum Ising-like model (s=½):

|"i
<latexit sha1_base64="2QTsF/icHDLl8OHuMoKisfXh7ZQ="></latexit><latexit sha1_base64="2QTsF/icHDLl8OHuMoKisfXh7ZQ="></latexit><latexit sha1_base64="2QTsF/icHDLl8OHuMoKisfXh7ZQ="></latexit><latexit sha1_base64="2QTsF/icHDLl8OHuMoKisfXh7ZQ="></latexit>

|#i
<latexit sha1_base64="Tl91BEmKiQSffk86GWkZhVyEOU0="></latexit><latexit sha1_base64="Tl91BEmKiQSffk86GWkZhVyEOU0="></latexit><latexit sha1_base64="Tl91BEmKiQSffk86GWkZhVyEOU0="></latexit><latexit sha1_base64="Tl91BEmKiQSffk86GWkZhVyEOU0="></latexit>

�
<latexit sha1_base64="9vSmHBn6wqMeAtjOf+1MQmJoG/w="></latexit><latexit sha1_base64="9vSmHBn6wqMeAtjOf+1MQmJoG/w="></latexit><latexit sha1_base64="9vSmHBn6wqMeAtjOf+1MQmJoG/w="></latexit><latexit sha1_base64="9vSmHBn6wqMeAtjOf+1MQmJoG/w="></latexit>

R
<latexit sha1_base64="O/jBCx4552tN7ec8bncGvbo9p8A="></latexit><latexit sha1_base64="O/jBCx4552tN7ec8bncGvbo9p8A="></latexit><latexit sha1_base64="O/jBCx4552tN7ec8bncGvbo9p8A="></latexit><latexit sha1_base64="O/jBCx4552tN7ec8bncGvbo9p8A="></latexit>

C6

R6
<latexit sha1_base64="zyNgjEEE+3h0Bn0WKCICpDgJvow="></latexit><latexit sha1_base64="zyNgjEEE+3h0Bn0WKCICpDgJvow="></latexit><latexit sha1_base64="zyNgjEEE+3h0Bn0WKCICpDgJvow="></latexit><latexit sha1_base64="zyNgjEEE+3h0Bn0WKCICpDgJvow="></latexit>

From van der Waals interac:ons to Ising model…

H =
~⌦
2

X

i

�
i
x + ~�

X

i

n̂i +
X

i<j

C6

R
6
ij

n̂in̂j

<latexit sha1_base64="/fJZIN5b0LlENjNRqKInjQd7bHU="></latexit>

<latexit sha1_base64="thMqW3Q7TXcA3loMFpu+JcwDVoY="></latexit>

B?

<latexit sha1_base64="L/+b1QTHOuSw8Qv87qUv+N6kCvU="></latexit>

Bk

<latexit sha1_base64="PHxoOk5zqQG+pMxTdPPT2CKXWvk="></latexit>

⇠ µB?�̂x + µBk�̂z

<latexit sha1_base64="MUTmrAYaQM7ifeUYwtK+yDzJgqo="></latexit>

⌦ ⇠
p
PL

Spin-spin interac1onLaser:
<latexit sha1_base64="sUs0AWvLxsDpmLLaEe8EJZmi41U="></latexit>

B?
<latexit sha1_base64="9PoDffrdTEv8cG1jmsl5GXPHUQk="></latexit>

Bk

<latexit sha1_base64="HlwIvM2q835IFZ8IZVOrybSLgrQ="></latexit>

Jninj



+ +

A B

E

Quantum Ising-like model (s=½):

Spin-spin interac1on

From van der Waals interactions to Ising model…

C6/a6

⌦
= [0� 20]

<latexit sha1_base64="xLtjMn3RP3BLaoDszwC6cAQIvwc="></latexit><latexit sha1_base64="xLtjMn3RP3BLaoDszwC6cAQIvwc="></latexit><latexit sha1_base64="xLtjMn3RP3BLaoDszwC6cAQIvwc="></latexit><latexit sha1_base64="xLtjMn3RP3BLaoDszwC6cAQIvwc="></latexit>

Experimtt.

|"i
<latexit sha1_base64="2QTsF/icHDLl8OHuMoKisfXh7ZQ="></latexit><latexit sha1_base64="2QTsF/icHDLl8OHuMoKisfXh7ZQ="></latexit><latexit sha1_base64="2QTsF/icHDLl8OHuMoKisfXh7ZQ="></latexit><latexit sha1_base64="2QTsF/icHDLl8OHuMoKisfXh7ZQ="></latexit>

|#i
<latexit sha1_base64="Tl91BEmKiQSffk86GWkZhVyEOU0="></latexit><latexit sha1_base64="Tl91BEmKiQSffk86GWkZhVyEOU0="></latexit><latexit sha1_base64="Tl91BEmKiQSffk86GWkZhVyEOU0="></latexit><latexit sha1_base64="Tl91BEmKiQSffk86GWkZhVyEOU0="></latexit>

�
<latexit sha1_base64="9vSmHBn6wqMeAtjOf+1MQmJoG/w="></latexit><latexit sha1_base64="9vSmHBn6wqMeAtjOf+1MQmJoG/w="></latexit><latexit sha1_base64="9vSmHBn6wqMeAtjOf+1MQmJoG/w="></latexit><latexit sha1_base64="9vSmHBn6wqMeAtjOf+1MQmJoG/w="></latexit>

R
<latexit sha1_base64="O/jBCx4552tN7ec8bncGvbo9p8A="></latexit><latexit sha1_base64="O/jBCx4552tN7ec8bncGvbo9p8A="></latexit><latexit sha1_base64="O/jBCx4552tN7ec8bncGvbo9p8A="></latexit><latexit sha1_base64="O/jBCx4552tN7ec8bncGvbo9p8A="></latexit>

C6

R6
<latexit sha1_base64="zyNgjEEE+3h0Bn0WKCICpDgJvow="></latexit><latexit sha1_base64="zyNgjEEE+3h0Bn0WKCICpDgJvow="></latexit><latexit sha1_base64="zyNgjEEE+3h0Bn0WKCICpDgJvow="></latexit><latexit sha1_base64="zyNgjEEE+3h0Bn0WKCICpDgJvow="></latexit>

H =
~⌦
2

X

i

�
i
x + ~�

X

i

n̂i +
X

i<j

C6

R
6
ij

n̂in̂j

<latexit sha1_base64="/fJZIN5b0LlENjNRqKInjQd7bHU="></latexit>

<latexit sha1_base64="thMqW3Q7TXcA3loMFpu+JcwDVoY="></latexit>

B?

<latexit sha1_base64="L/+b1QTHOuSw8Qv87qUv+N6kCvU="></latexit>

Bk

<latexit sha1_base64="PHxoOk5zqQG+pMxTdPPT2CKXWvk="></latexit>

⇠ µB?�̂x + µBk�̂z

<latexit sha1_base64="MUTmrAYaQM7ifeUYwtK+yDzJgqo="></latexit>

⌦ ⇠
p
PL

<latexit sha1_base64="HlwIvM2q835IFZ8IZVOrybSLgrQ="></latexit>

Jninj

Laser:
<latexit sha1_base64="sUs0AWvLxsDpmLLaEe8EJZmi41U="></latexit>

B?
<latexit sha1_base64="9PoDffrdTEv8cG1jmsl5GXPHUQk="></latexit>

Bk



= |gi

<latexit sha1_base64="dcebTG096jAd2tIYlYddhfOb59s="></latexit>

Nearest neighb. interaction

2D Ising anti-ferromagnet on a square



= |ri

<latexit sha1_base64="hEsB3VqZH/nbtj6KHQ6/qRsPv7U="></latexit>

= |gi

<latexit sha1_base64="dcebTG096jAd2tIYlYddhfOb59s="></latexit>

Nearest neighb. interac1on
C6

a6
⇠ ⌦

<latexit sha1_base64="3HcM8C8ejLa6W7R5DwKjKlRzuSY="></latexit>

2D Ising an:-ferromagnet on a square



= |ri

<latexit sha1_base64="hEsB3VqZH/nbtj6KHQ6/qRsPv7U="></latexit>

= |gi

<latexit sha1_base64="dcebTG096jAd2tIYlYddhfOb59s="></latexit>

An1-ferromagne1c ground stateNearest neighb. interaction
C6

a6
⇠ ⌦

<latexit sha1_base64="3HcM8C8ejLa6W7R5DwKjKlRzuSY="></latexit>

2D Ising anti-ferromagnet on a square



= |ri

<latexit sha1_base64="hEsB3VqZH/nbtj6KHQ6/qRsPv7U="></latexit>

= |gi

<latexit sha1_base64="dcebTG096jAd2tIYlYddhfOb59s="></latexit>

Anti-ferromagnetic ground stateNearest neighb. interaction
C6

a6
⇠ ⌦

<latexit sha1_base64="3HcM8C8ejLa6W7R5DwKjKlRzuSY="></latexit>

2D Ising anti-ferromagnet on a square
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2D Ising anti-ferromagnet on a square

2D phase diagram
(1970 - 2021)

Quantum Phase Transition

Fey, Schmidt PRL 2019
Sachdev & Lukin PRL 2020
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2D Ising anti-ferromagnet on a square

Known by Quantum Monte-Carlo
Never measured in 2D…!!!

2D phase diagram
(1970 - 2021)

Quantum Phase Transi1on

Fey, Schmidt PRL 2019
Sachdev & Lukin PRL 2020
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Prepara:on of a 2D Ising an:-ferromagnet on a square
Scholl et al. Nature (2021)

1D: Pohl PRL 2010; Bloch Science 2015; Lukin Nature 2017, 2019; 
2D: Lienhard PRX 2018, Bakr PRX 2018; Lukin Nature 2021
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Prepara:on of a 2D Ising an:-ferromagnet on a square
Scholl et al. Nature (2021)

1D: Pohl PRL 2010; Bloch Science 2015; Lukin Nature 2017, 2019; 
2D: Lienhard PRX 2018, Bakr PRX 2018; Lukin Nature 2021
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1D: Pohl PRL 2010; Bloch Science 2015; Lukin Nature 2017, 2019; 
2D: Lienhard PRX 2018, Bakr PRX 2018; Lukin Nature 2021
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10×10 square array

Perfect AF (Néel) ordering!
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Prepara:on of a 2D Ising an:-ferromagnet on a square
Scholl et al. Nature (2021)

1D: Pohl PRL 2010; Bloch Science 2015; Lukin Nature 2017, 2019; 
2D: Lienhard PRX 2018, Bakr PRX 2018; Lukin Nature 2021
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Scholl et al. Nature (2021)
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Preparation of a 2D Ising anti-ferromagnet on a square
Scholl et al. Nature (2021)

14x14 square array

sweep

182-atom anHferromagneHc cluster!



Prepara:on of a 2D Ising an:-ferromagnet on a square
Scholl et al. Nature (2021)

14x14 square array

sweep

182-atom antiferromagnetic cluster!

2022: Data beyond N > 100 to test of tensor network methods…!! 

M. Heyl, M. Dalmonte, S. Montangero



2D Ising an:-ferromagnet on a triangle
Scholl et al. Nature (2021)



2D Ising anti-ferromagnet on a triangle
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Geometrical
frustration
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2D Ising anti-ferromagnet on a triangle
Scholl et al. Nature (2021)



2D Ising an:-ferromagnet on a triangle

147 atoms

Scholl et al. Nature (2021)



2D Ising anti-ferromagnet on a triangle

147 atoms

Scholl et al. Nature (2021)



2D Ising anti-ferromagnet on a triangle

Perfect 1/3 AF!147 atoms

Scholl et al. Nature (2021)



Outline

H.-P. Büchler
S. Weber, N. Lang

1. Magnetism: Ising model with van der Waals interactions

2. The interacting SSH model with resonant interaction

3. Heisenberg model with resonant interaction and 
Floquet engineering
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Ĥ =
X

i 6=j

Jij �̂
z
i �̂

z
j



+ +

A B
R

<latexit sha1_base64="O/jBCx4552tN7ec8bncGvbo9p8A="></latexit><latexit sha1_base64="O/jBCx4552tN7ec8bncGvbo9p8A="></latexit><latexit sha1_base64="O/jBCx4552tN7ec8bncGvbo9p8A="></latexit><latexit sha1_base64="O/jBCx4552tN7ec8bncGvbo9p8A="></latexit>

|ggi

2-
at

om
 e

ne
rg

y

Resonant dipole
V

V ⇠ C3

R3

Browaeys & Lahaye, Nat.Phys. (2020)

|ns, n0pi

<latexit sha1_base64="FjuoX9LfIWI/s0YC2mjdheRZZEo="></latexit>

|n0p, nsi

<latexit sha1_base64="ZNBqWsodRe6Dnt76+5Hp/vbOUIQ="></latexit>

Interactions between Rydberg atoms and spin models
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Solitons in Polyaeetylene
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(Received 15 March 1979)

%e present a theoretical study of soliton formation in long-chain polyenes, including the
energy of formation, length, mass, and activation energy for motion. The results provide
an explanation of the mobile neutral defect observed in undoped (CH)„. Since the soliton
formation energy is less than that needed to create band excitation, solitons play a funda-
mental role in the charge-transfer doping mechanism.
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F1G. l. {a) Trans configuration of (CH)„. a=1.2 L.
(b) x-band structure of perfectly dimerized (CH}„.

Polyacetylene, (CH)„is the simplest linear
conjugated polymer. The thermodynamically
stable trans configuration is sketched in Fig. 1(a)
illustrating the a bonding (sp' hybrids) and the v
bonding (p, ) in the x-y plane. This dimerized
pattern (A) of alternating "single" and "double"
bonds forms one of two degenerate structures;
the other structure (B) is given by interchanging
the "single" and "double" bonds. As a conse-
quence of these degenerate ground states one ex-
pects excitations to exist in the form of a topo-
logical soliton, or moving domain wall, separat-
ing A and 8 domains.
Early calculations' 3 indicate that a (charge)

neutral soliton in a long-chain polyene would have
a single unpaired spin localized in the wall. In
that work, ' the wall width was assumed to be of
order one bond length, leading to a large activa-
tion energy for motion and localization of the
wall. Electron spin resonance studies" of (CH)„
have revealed a narrow line (g= 2.002 63) result-
ing from a dilute concentration of neutral defects
(of order a few hundred ppm in the trans isomer).
The narrow width (~= 1.650e at room tempera-
ture) and Lorentzian line shape are indicative of
motional narrowing and imply that the resonance
results from a highly mobile unpaired electron
species, even down to 10'K. Goldberg et al. '
suggested that this spin resonance line might
arise from bond-alternation domain walls quenched
into the undoped polymer during the egs-trans
isomerization.
Recent interest in this semiconducting polymer

has been stimulated by the successful demonstra-
tion of doping with associated control of electri-
cal properties over a wide range. ' " Analysis
of the anomalously small Curie-law contribution
to the magnetic susceptibility, "the details of the
infrared absorption, "and the magnitude and
temperature dependence of the thermopower" in
lightly doped samples led to the suggestion that
doping may proceed through formation of charged
domain walls.
To gain a detailed understanding of solitons in

(CH)„we have studied a model in which the v
electrons are treated in a tight-binding approxi-
mation" and the v electrons are assumed to
move adiabatically with the nuclei. We present
in this paper initial results on the energy of
formation, length, mass, and activation energy
of the neutral and ionized domain walls. The re-
sults are discussed briefly in the context of ex-
perimental observations.
Let u„be a configuration coordinate for dis-

placement of the nth CH group along the molecu-
lar symmetry axis (z), ,where u„= 0 for the un-

1698 Oc 1979 The American Physical Society

The Su-Schrieffer-Heeger model

Electronic transport in 
polyacetylene
PRL 42, 1698 (1979)

Now, considered as simplest example of topological model
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The Su-Schrieffer-Heeger model



Model: tight-binding
dimerization: J > J 0

<latexit sha1_base64="jVzourZC1iLHZxaK8IiZIg39VMo="></latexit><latexit sha1_base64="jVzourZC1iLHZxaK8IiZIg39VMo="></latexit><latexit sha1_base64="jVzourZC1iLHZxaK8IiZIg39VMo="></latexit><latexit sha1_base64="jVzourZC1iLHZxaK8IiZIg39VMo="></latexit>

J 00 = 0
<latexit sha1_base64="fufWpBq7o8fSmkAQf4aHbOnb0vs="></latexit><latexit sha1_base64="fufWpBq7o8fSmkAQf4aHbOnb0vs="></latexit><latexit sha1_base64="fufWpBq7o8fSmkAQf4aHbOnb0vs="></latexit><latexit sha1_base64="fufWpBq7o8fSmkAQf4aHbOnb0vs="></latexit>

J
<latexit sha1_base64="5RIivomUfFvkXmN+2yvNGK8OPpo="></latexit><latexit sha1_base64="5RIivomUfFvkXmN+2yvNGK8OPpo="></latexit><latexit sha1_base64="5RIivomUfFvkXmN+2yvNGK8OPpo="></latexit><latexit sha1_base64="5RIivomUfFvkXmN+2yvNGK8OPpo="></latexit>

J 0
<latexit sha1_base64="L7IhaXwwR5+wtzs82bysw9vt+IQ="></latexit><latexit sha1_base64="L7IhaXwwR5+wtzs82bysw9vt+IQ="></latexit><latexit sha1_base64="L7IhaXwwR5+wtzs82bysw9vt+IQ="></latexit><latexit sha1_base64="L7IhaXwwR5+wtzs82bysw9vt+IQ="></latexit>

A
<latexit sha1_base64="rKPr67dqfEQpOETK/zCeoTxXZ78="></latexit><latexit sha1_base64="rKPr67dqfEQpOETK/zCeoTxXZ78="></latexit><latexit sha1_base64="rKPr67dqfEQpOETK/zCeoTxXZ78="></latexit><latexit sha1_base64="rKPr67dqfEQpOETK/zCeoTxXZ78="></latexit>

B
<latexit sha1_base64="n7+1FKuOB8q/9tT8XjRmYWEjmm0=">AAACxHicjVHLSsNAFD2Nr/quunQTLIKrkohgl0VBXLZgH1CLJOm0Dp0mYTIRStEfcKvfJv6B/oV3ximoRXRCkjPn3nNm7r1hKnimPO+14CwsLi2vFFfX1jc2t7ZLO7utLMllxJpRIhLZCYOMCR6zpuJKsE4qWTAOBWuHo3Mdb98xmfEkvlKTlPXGwTDmAx4FiqjG2U2p7FU8s9x54FtQhl31pPSCa/SRIEKOMRhiKMICATJ6uv DhISWuhylxkhA3cYZ7rJE2pyxGGQGxI/oOade1bEx77ZkZdUSnCHolKV0ckiahPElYn+aaeG6cNfub99R46rtN6B9arzGxCrfE/qWbZf5Xp2tRGKBqauBUU2oYXV1kXXLTFX1z90tVihxS4jTuU1wSjoxy1mfXaDJTu+5tYOJvJlOzeh/Z3Bzv+pY0YP/nOOdB67jiexW/cVKuVe2oi9jHAY5onqeo4RJ1NI33I57w7Fw4wsmc/DPVKVjNHr4t5+ED58uPPQ==</latexit><latexit sha1_base64="n7+1FKuOB8q/9tT8XjRmYWEjmm0=">AAACxHicjVHLSsNAFD2Nr/quunQTLIKrkohgl0VBXLZgH1CLJOm0Dp0mYTIRStEfcKvfJv6B/oV3ximoRXRCkjPn3nNm7r1hKnimPO+14CwsLi2vFFfX1jc2t7ZLO7utLMllxJpRIhLZCYOMCR6zpuJKsE4qWTAOBWuHo3Mdb98xmfEkvlKTlPXGwTDmAx4FiqjG2U2p7FU8s9x54FtQhl31pPSCa/SRIEKOMRhiKMICATJ6uv DhISWuhylxkhA3cYZ7rJE2pyxGGQGxI/oOade1bEx77ZkZdUSnCHolKV0ckiahPElYn+aaeG6cNfub99R46rtN6B9arzGxCrfE/qWbZf5Xp2tRGKBqauBUU2oYXV1kXXLTFX1z90tVihxS4jTuU1wSjoxy1mfXaDJTu+5tYOJvJlOzeh/Z3Bzv+pY0YP/nOOdB67jiexW/cVKuVe2oi9jHAY5onqeo4RJ1NI33I57w7Fw4wsmc/DPVKVjNHr4t5+ED58uPPQ==</latexit><latexit sha1_base64="n7+1FKuOB8q/9tT8XjRmYWEjmm0=">AAACxHicjVHLSsNAFD2Nr/quunQTLIKrkohgl0VBXLZgH1CLJOm0Dp0mYTIRStEfcKvfJv6B/oV3ximoRXRCkjPn3nNm7r1hKnimPO+14CwsLi2vFFfX1jc2t7ZLO7utLMllxJpRIhLZCYOMCR6zpuJKsE4qWTAOBWuHo3Mdb98xmfEkvlKTlPXGwTDmAx4FiqjG2U2p7FU8s9x54FtQhl31pPSCa/SRIEKOMRhiKMICATJ6uv DhISWuhylxkhA3cYZ7rJE2pyxGGQGxI/oOade1bEx77ZkZdUSnCHolKV0ckiahPElYn+aaeG6cNfub99R46rtN6B9arzGxCrfE/qWbZf5Xp2tRGKBqauBUU2oYXV1kXXLTFX1z90tVihxS4jTuU1wSjoxy1mfXaDJTu+5tYOJvJlOzeh/Z3Bzv+pY0YP/nOOdB67jiexW/cVKuVe2oi9jHAY5onqeo4RJ1NI33I57w7Fw4wsmc/DPVKVjNHr4t5+ED58uPPQ==</latexit><latexit sha1_base64="n7+1FKuOB8q/9tT8XjRmYWEjmm0=">AAACxHicjVHLSsNAFD2Nr/quunQTLIKrkohgl0VBXLZgH1CLJOm0Dp0mYTIRStEfcKvfJv6B/oV3ximoRXRCkjPn3nNm7r1hKnimPO+14CwsLi2vFFfX1jc2t7ZLO7utLMllxJpRIhLZCYOMCR6zpuJKsE4qWTAOBWuHo3Mdb98xmfEkvlKTlPXGwTDmAx4FiqjG2U2p7FU8s9x54FtQhl31pPSCa/SRIEKOMRhiKMICATJ6uv DhISWuhylxkhA3cYZ7rJE2pyxGGQGxI/oOade1bEx77ZkZdUSnCHolKV0ckiahPElYn+aaeG6cNfub99R46rtN6B9arzGxCrfE/qWbZf5Xp2tRGKBqauBUU2oYXV1kXXLTFX1z90tVihxS4jTuU1wSjoxy1mfXaDJTu+5tYOJvJlOzeh/Z3Bzv+pY0YP/nOOdB67jiexW/cVKuVe2oi9jHAY5onqeo4RJ1NI33I57w7Fw4wsmc/DPVKVjNHr4t5+ED58uPPQ==</latexit>

: chiral symmetry Þ symmetric single particle spectrum

The Su-Schrieffer-Heeger model



Model: tight-binding
dimerization: J > J 0

<latexit sha1_base64="jVzourZC1iLHZxaK8IiZIg39VMo="></latexit><latexit sha1_base64="jVzourZC1iLHZxaK8IiZIg39VMo="></latexit><latexit sha1_base64="jVzourZC1iLHZxaK8IiZIg39VMo="></latexit><latexit sha1_base64="jVzourZC1iLHZxaK8IiZIg39VMo="></latexit>

J 00 = 0
<latexit sha1_base64="fufWpBq7o8fSmkAQf4aHbOnb0vs="></latexit><latexit sha1_base64="fufWpBq7o8fSmkAQf4aHbOnb0vs="></latexit><latexit sha1_base64="fufWpBq7o8fSmkAQf4aHbOnb0vs="></latexit><latexit sha1_base64="fufWpBq7o8fSmkAQf4aHbOnb0vs="></latexit>

J
<latexit sha1_base64="5RIivomUfFvkXmN+2yvNGK8OPpo="></latexit><latexit sha1_base64="5RIivomUfFvkXmN+2yvNGK8OPpo="></latexit><latexit sha1_base64="5RIivomUfFvkXmN+2yvNGK8OPpo="></latexit><latexit sha1_base64="5RIivomUfFvkXmN+2yvNGK8OPpo="></latexit>

J 0
<latexit sha1_base64="L7IhaXwwR5+wtzs82bysw9vt+IQ="></latexit><latexit sha1_base64="L7IhaXwwR5+wtzs82bysw9vt+IQ="></latexit><latexit sha1_base64="L7IhaXwwR5+wtzs82bysw9vt+IQ="></latexit><latexit sha1_base64="L7IhaXwwR5+wtzs82bysw9vt+IQ="></latexit>

A
<latexit sha1_base64="rKPr67dqfEQpOETK/zCeoTxXZ78="></latexit><latexit sha1_base64="rKPr67dqfEQpOETK/zCeoTxXZ78="></latexit><latexit sha1_base64="rKPr67dqfEQpOETK/zCeoTxXZ78="></latexit><latexit sha1_base64="rKPr67dqfEQpOETK/zCeoTxXZ78="></latexit>

B
<latexit sha1_base64="n7+1FKuOB8q/9tT8XjRmYWEjmm0=">AAACxHicjVHLSsNAFD2Nr/quunQTLIKrkohgl0VBXLZgH1CLJOm0Dp0mYTIRStEfcKvfJv6B/oV3ximoRXRCkjPn3nNm7r1hKnimPO+14CwsLi2vFFfX1jc2t7ZLO7utLMllxJpRIhLZCYOMCR6zpuJKsE4qWTAOBWuHo3Mdb98xmfEkvlKTlPXGwTDmAx4FiqjG2U2p7FU8s9x54FtQhl31pPSCa/SRIEKOMRhiKMICATJ6uv DhISWuhylxkhA3cYZ7rJE2pyxGGQGxI/oOade1bEx77ZkZdUSnCHolKV0ckiahPElYn+aaeG6cNfub99R46rtN6B9arzGxCrfE/qWbZf5Xp2tRGKBqauBUU2oYXV1kXXLTFX1z90tVihxS4jTuU1wSjoxy1mfXaDJTu+5tYOJvJlOzeh/Z3Bzv+pY0YP/nOOdB67jiexW/cVKuVe2oi9jHAY5onqeo4RJ1NI33I57w7Fw4wsmc/DPVKVjNHr4t5+ED58uPPQ==</latexit><latexit sha1_base64="n7+1FKuOB8q/9tT8XjRmYWEjmm0=">AAACxHicjVHLSsNAFD2Nr/quunQTLIKrkohgl0VBXLZgH1CLJOm0Dp0mYTIRStEfcKvfJv6B/oV3ximoRXRCkjPn3nNm7r1hKnimPO+14CwsLi2vFFfX1jc2t7ZLO7utLMllxJpRIhLZCYOMCR6zpuJKsE4qWTAOBWuHo3Mdb98xmfEkvlKTlPXGwTDmAx4FiqjG2U2p7FU8s9x54FtQhl31pPSCa/SRIEKOMRhiKMICATJ6uv DhISWuhylxkhA3cYZ7rJE2pyxGGQGxI/oOade1bEx77ZkZdUSnCHolKV0ckiahPElYn+aaeG6cNfub99R46rtN6B9arzGxCrfE/qWbZf5Xp2tRGKBqauBUU2oYXV1kXXLTFX1z90tVihxS4jTuU1wSjoxy1mfXaDJTu+5tYOJvJlOzeh/Z3Bzv+pY0YP/nOOdB67jiexW/cVKuVe2oi9jHAY5onqeo4RJ1NI33I57w7Fw4wsmc/DPVKVjNHr4t5+ED58uPPQ==</latexit><latexit sha1_base64="n7+1FKuOB8q/9tT8XjRmYWEjmm0=">AAACxHicjVHLSsNAFD2Nr/quunQTLIKrkohgl0VBXLZgH1CLJOm0Dp0mYTIRStEfcKvfJv6B/oV3ximoRXRCkjPn3nNm7r1hKnimPO+14CwsLi2vFFfX1jc2t7ZLO7utLMllxJpRIhLZCYOMCR6zpuJKsE4qWTAOBWuHo3Mdb98xmfEkvlKTlPXGwTDmAx4FiqjG2U2p7FU8s9x54FtQhl31pPSCa/SRIEKOMRhiKMICATJ6uv DhISWuhylxkhA3cYZ7rJE2pyxGGQGxI/oOade1bEx77ZkZdUSnCHolKV0ckiahPElYn+aaeG6cNfub99R46rtN6B9arzGxCrfE/qWbZf5Xp2tRGKBqauBUU2oYXV1kXXLTFX1z90tVihxS4jTuU1wSjoxy1mfXaDJTu+5tYOJvJlOzeh/Z3Bzv+pY0YP/nOOdB67jiexW/cVKuVe2oi9jHAY5onqeo4RJ1NI33I57w7Fw4wsmc/DPVKVjNHr4t5+ED58uPPQ==</latexit><latexit sha1_base64="n7+1FKuOB8q/9tT8XjRmYWEjmm0=">AAACxHicjVHLSsNAFD2Nr/quunQTLIKrkohgl0VBXLZgH1CLJOm0Dp0mYTIRStEfcKvfJv6B/oV3ximoRXRCkjPn3nNm7r1hKnimPO+14CwsLi2vFFfX1jc2t7ZLO7utLMllxJpRIhLZCYOMCR6zpuJKsE4qWTAOBWuHo3Mdb98xmfEkvlKTlPXGwTDmAx4FiqjG2U2p7FU8s9x54FtQhl31pPSCa/SRIEKOMRhiKMICATJ6uv DhISWuhylxkhA3cYZ7rJE2pyxGGQGxI/oOade1bEx77ZkZdUSnCHolKV0ckiahPElYn+aaeG6cNfub99R46rtN6B9arzGxCrfE/qWbZf5Xp2tRGKBqauBUU2oYXV1kXXLTFX1z90tVihxS4jTuU1wSjoxy1mfXaDJTu+5tYOJvJlOzeh/Z3Bzv+pY0YP/nOOdB67jiexW/cVKuVe2oi9jHAY5onqeo4RJ1NI33I57w7Fw4wsmc/DPVKVjNHr4t5+ED58uPPQ==</latexit>

: chiral symmetry Þ symmetric single par:cle spectrum

B
<latexit sha1_base64="mYtMDgK7tTSBC4xGMroPtXBFRoA="></latexit><latexit sha1_base64="mYtMDgK7tTSBC4xGMroPtXBFRoA="></latexit><latexit sha1_base64="mYtMDgK7tTSBC4xGMroPtXBFRoA="></latexit><latexit sha1_base64="mYtMDgK7tTSBC4xGMroPtXBFRoA="></latexit>

8µm
<latexit sha1_base64="6EJ40LRCM7xRPzCyP8qHedKPLB4="></latexit><latexit sha1_base64="6EJ40LRCM7xRPzCyP8qHedKPLB4="></latexit><latexit sha1_base64="6EJ40LRCM7xRPzCyP8qHedKPLB4="></latexit><latexit sha1_base64="6EJ40LRCM7xRPzCyP8qHedKPLB4="></latexit>

12µm
<latexit sha1_base64="WejHFXmAafuNCBP0TZmZVdXyamU="></latexit><latexit sha1_base64="WejHFXmAafuNCBP0TZmZVdXyamU="></latexit><latexit sha1_base64="WejHFXmAafuNCBP0TZmZVdXyamU="></latexit><latexit sha1_base64="WejHFXmAafuNCBP0TZmZVdXyamU="></latexit>

J
<latexit sha1_base64="QGdiDLhiUCh0ECRClFJfMlqvX8E="></latexit><latexit sha1_base64="QGdiDLhiUCh0ECRClFJfMlqvX8E="></latexit><latexit sha1_base64="QGdiDLhiUCh0ECRClFJfMlqvX8E="></latexit><latexit sha1_base64="QGdiDLhiUCh0ECRClFJfMlqvX8E="></latexit>

J 0
<latexit sha1_base64="J0v/RTfIbiklo4K75PeIgQMEvzY="></latexit><latexit sha1_base64="J0v/RTfIbiklo4K75PeIgQMEvzY="></latexit><latexit sha1_base64="J0v/RTfIbiklo4K75PeIgQMEvzY="></latexit><latexit sha1_base64="J0v/RTfIbiklo4K75PeIgQMEvzY="></latexit>

Implementa:on of SSH spin chain with Rydberg atoms
Science 365, 775 (2019)

Quantization axis

J 00 = 0
<latexit sha1_base64="fufWpBq7o8fSmkAQf4aHbOnb0vs="></latexit><latexit sha1_base64="fufWpBq7o8fSmkAQf4aHbOnb0vs="></latexit><latexit sha1_base64="fufWpBq7o8fSmkAQf4aHbOnb0vs="></latexit><latexit sha1_base64="fufWpBq7o8fSmkAQf4aHbOnb0vs="></latexit>



Spin excitation = “particle”
|"i

|#i

|P i

<latexit sha1_base64="com9AtURitjpsU6Uh94GkytajPY="></latexit>

|Si

<latexit sha1_base64="s3eyY+YDPx5DYw+keCs+U3vZoCM="></latexit>

Spin excitations interact!!



Atom cannot carry 2 excitations Þ excitations = hard-core bosons

U ! 1
<latexit sha1_base64="n8nsgTPofwtN9Esgj6MZUmfwupY="></latexit><latexit sha1_base64="n8nsgTPofwtN9Esgj6MZUmfwupY="></latexit><latexit sha1_base64="n8nsgTPofwtN9Esgj6MZUmfwupY="></latexit><latexit sha1_base64="n8nsgTPofwtN9Esgj6MZUmfwupY="></latexit>

On-site interaction 

Spin excita1on = “par1cle”
|"i

|#i

|P i

<latexit sha1_base64="com9AtURitjpsU6Uh94GkytajPY="></latexit>

|Si

<latexit sha1_base64="s3eyY+YDPx5DYw+keCs+U3vZoCM="></latexit>

Spin excita:ons interact!!



Atom cannot carry 2 excita1ons Þ excita1ons = hard-core bosons

U ! 1
<latexit sha1_base64="n8nsgTPofwtN9Esgj6MZUmfwupY="></latexit><latexit sha1_base64="n8nsgTPofwtN9Esgj6MZUmfwupY="></latexit><latexit sha1_base64="n8nsgTPofwtN9Esgj6MZUmfwupY="></latexit><latexit sha1_base64="n8nsgTPofwtN9Esgj6MZUmfwupY="></latexit>

On-site interaction 

Spin excitation = “particle”
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<latexit sha1_base64="com9AtURitjpsU6Uh94GkytajPY="></latexit>

|Si

<latexit sha1_base64="s3eyY+YDPx5DYw+keCs+U3vZoCM="></latexit>

Spin excitations interact!!



Atom cannot carry 2 excitations Þ excitations = hard-core bosons

U ! 1
<latexit sha1_base64="n8nsgTPofwtN9Esgj6MZUmfwupY="></latexit><latexit sha1_base64="n8nsgTPofwtN9Esgj6MZUmfwupY="></latexit><latexit sha1_base64="n8nsgTPofwtN9Esgj6MZUmfwupY="></latexit><latexit sha1_base64="n8nsgTPofwtN9Esgj6MZUmfwupY="></latexit>

On-site interaction 

Spin excita1on = “par1cle”
|"i

|#i

|P i

<latexit sha1_base64="com9AtURitjpsU6Uh94GkytajPY="></latexit>

|Si

<latexit sha1_base64="s3eyY+YDPx5DYw+keCs+U3vZoCM="></latexit>

ÞThe first symmetry protected topological phase…
Predicted in 2012

Science 365, 775 (2019)

Spin excitations interact!!



Outline

1. Magnetism: Ising model with van der Waals interactions

2. The interacting SSH model with resonant interaction

3. Heisenberg model with resonant interaction and 
Floquet engineering
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<latexit sha1_base64="O/jBCx4552tN7ec8bncGvbo9p8A="></latexit><latexit sha1_base64="O/jBCx4552tN7ec8bncGvbo9p8A="></latexit><latexit sha1_base64="O/jBCx4552tN7ec8bncGvbo9p8A="></latexit><latexit sha1_base64="O/jBCx4552tN7ec8bncGvbo9p8A="></latexit>
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Resonant dipole
V

V ⇠ C3

R3

Browaeys & Lahaye, Nat.Phys. (2020)

|ns, n0pi

<latexit sha1_base64="FjuoX9LfIWI/s0YC2mjdheRZZEo="></latexit>

|n0p, nsi

<latexit sha1_base64="ZNBqWsodRe6Dnt76+5Hp/vbOUIQ="></latexit>

Interactions between Rydberg atoms and spin models

<latexit sha1_base64="RKMhW2+xWPKixoP2x0Ni4p80cIE="></latexit>ns1/2

<latexit sha1_base64="t1miuqI5acd5iItV7FDeSzwng6k="></latexit>np3/2

d2

R3
<latexit sha1_base64="f69ijpZRq0frbaFL0aM0OkdptsU="></latexit><latexit sha1_base64="f69ijpZRq0frbaFL0aM0OkdptsU="></latexit><latexit sha1_base64="f69ijpZRq0frbaFL0aM0OkdptsU="></latexit><latexit sha1_base64="f69ijpZRq0frbaFL0aM0OkdptsU="></latexit>

<latexit sha1_base64="QxVtUS339+bQZQd6djzs0Nn6O2E="></latexit>

|n0pi
<latexit sha1_base64="CmObXtSMTvwl+i1VCrt8DtMwWAo="></latexit>

|nsi

<latexit sha1_base64="QxVtUS339+bQZQd6djzs0Nn6O2E="></latexit>

|n0pi
<latexit sha1_base64="CmObXtSMTvwl+i1VCrt8DtMwWAo="></latexit>

|nsi XY model
<latexit sha1_base64="IuuvcMAlv4yIToQe9iZ5yFLEVkE="></latexit>
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Extend to more general XYZ spin models

A. Abragham, 
Principle of Nuclear Magne2sm (1983)

<latexit sha1_base64="DsJhFLeH0zIh0XXJ5iA4kTPfzo8="></latexit>
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Engineering the XYZ model with microwaves

<latexit sha1_base64="B8xYFJk1+2lsmlKBykoQPez/1W8="></latexit>

C3

R3

<latexit sha1_base64="QxVtUS339+bQZQd6djzs0Nn6O2E="></latexit>

|n0pi
<latexit sha1_base64="CmObXtSMTvwl+i1VCrt8DtMwWAo="></latexit>

|nsi

<latexit sha1_base64="aq4HuZJnf9GhilvKgLi0Ti+AFVU="></latexit>

|"i

<latexit sha1_base64="tjTuhplhjrWR63Mcp3dyVCnuPk8="></latexit>

|#i

<latexit sha1_base64="QxVtUS339+bQZQd6djzs0Nn6O2E="></latexit>

|n0pi
<latexit sha1_base64="CmObXtSMTvwl+i1VCrt8DtMwWAo="></latexit>

|nsi

Naturally occuring XY interaction

Combine:



Engineering the XYZ model with microwaves

<latexit sha1_base64="B8xYFJk1+2lsmlKBykoQPez/1W8="></latexit>

C3

R3

<latexit sha1_base64="QxVtUS339+bQZQd6djzs0Nn6O2E="></latexit>

|n0pi
<latexit sha1_base64="CmObXtSMTvwl+i1VCrt8DtMwWAo="></latexit>

|nsi

<latexit sha1_base64="aq4HuZJnf9GhilvKgLi0Ti+AFVU="></latexit>

|"i

<latexit sha1_base64="tjTuhplhjrWR63Mcp3dyVCnuPk8="></latexit>

|#i

<latexit sha1_base64="QxVtUS339+bQZQd6djzs0Nn6O2E="></latexit>

|n0pi
<latexit sha1_base64="CmObXtSMTvwl+i1VCrt8DtMwWAo="></latexit>

|nsi

Naturally occuring XY interaction

<latexit sha1_base64="QxVtUS339+bQZQd6djzs0Nn6O2E="></latexit>

|n0pi
<latexit sha1_base64="CmObXtSMTvwl+i1VCrt8DtMwWAo="></latexit>

|nsi

<latexit sha1_base64="aq4HuZJnf9GhilvKgLi0Ti+AFVU="></latexit>

|"i

<latexit sha1_base64="tjTuhplhjrWR63Mcp3dyVCnuPk8="></latexit>

|#i

<latexit sha1_base64="HMSjRh8KA6L7YLEURoHQsund/rM="></latexit>

P"

Combine:

Microwave driving

<latexit sha1_base64="EXnCbLZ7iwhxAe6axYX2olv0oPY="></latexit>

⌦(t)ei'(t)



XY model + external (on-resonance) microwave field:

Engineering the XYZ model with microwaves

<latexit sha1_base64="B8xYFJk1+2lsmlKBykoQPez/1W8="></latexit>

C3

R3

<latexit sha1_base64="QxVtUS339+bQZQd6djzs0Nn6O2E="></latexit>

|n0pi
<latexit sha1_base64="CmObXtSMTvwl+i1VCrt8DtMwWAo="></latexit>

|nsi

<latexit sha1_base64="aq4HuZJnf9GhilvKgLi0Ti+AFVU="></latexit>

|"i

<latexit sha1_base64="tjTuhplhjrWR63Mcp3dyVCnuPk8="></latexit>

|#i

<latexit sha1_base64="QxVtUS339+bQZQd6djzs0Nn6O2E="></latexit>

|n0pi
<latexit sha1_base64="CmObXtSMTvwl+i1VCrt8DtMwWAo="></latexit>

|nsi

Naturally occuring XY interaction

<latexit sha1_base64="QxVtUS339+bQZQd6djzs0Nn6O2E="></latexit>

|n0pi
<latexit sha1_base64="CmObXtSMTvwl+i1VCrt8DtMwWAo="></latexit>

|nsi

<latexit sha1_base64="aq4HuZJnf9GhilvKgLi0Ti+AFVU="></latexit>

|"i

<latexit sha1_base64="tjTuhplhjrWR63Mcp3dyVCnuPk8="></latexit>

|#i

<latexit sha1_base64="HMSjRh8KA6L7YLEURoHQsund/rM="></latexit>

P"

Combine:

Microwave driving

<latexit sha1_base64="EXnCbLZ7iwhxAe6axYX2olv0oPY="></latexit>

⌦(t)ei'(t)

<latexit sha1_base64="PGIZj8hjzG6eO8zULgq2HGd+GDI="></latexit>

Ĥdriv =
X

i 6=j

C3

Rij
(�̂x

i �̂
x
j + �̂

y
i �̂

y
j ) +

~⌦(t)
2

X

i

cos'(t) �̂x
i + sin'(t) �̂y

i



Choi et al., PRX 10, 031002 (2020)
Vandersypen, RMP 2006

Engineering the XYZ model with microwaves

Microwave pulse sequence         :
<latexit sha1_base64="b/O1sxsBaXA4/1l4MmoA1bUwVko="></latexit>

⌦(t)

Time

(infinitely short pulses)



Choi et al., PRX 10, 031002 (2020)
Vandersypen, RMP 2006

Engineering the XYZ model with microwaves

Þ averaged  hamiltonian:
<latexit sha1_base64="N/DyF0GuP7iKh96WmTpAHC8hPWk="></latexit>

Hav =
1

tc

Z tc

0
H(t) dt

<latexit sha1_base64="8iT2Ag0RxmIInNySPIrkyLFmWkI="></latexit>

C3

R3
ij

tc ⌧ 1

Microwave pulse sequence         :
<latexit sha1_base64="b/O1sxsBaXA4/1l4MmoA1bUwVko="></latexit>

⌦(t)

Time

(infinitely short pulses)



Choi et al., PRX 10, 031002 (2020)
Vandersypen, RMP 2006

Engineering the XYZ model with microwaves

Þ averaged  hamiltonian:
<latexit sha1_base64="N/DyF0GuP7iKh96WmTpAHC8hPWk="></latexit>

Hav =
1

tc

Z tc

0
H(t) dt

<latexit sha1_base64="8iT2Ag0RxmIInNySPIrkyLFmWkI="></latexit>

C3

R3
ij

tc ⌧ 1

Microwave pulse sequence         :
<latexit sha1_base64="b/O1sxsBaXA4/1l4MmoA1bUwVko="></latexit>

⌦(t)

Time

(infinitely short pulses)

<latexit sha1_base64="skPrLx0DtuclUDFFWUpGcP1ciL0=">AAADo3icjVFLb9QwEJ40PEp5dIEjF4tVpaJFq2S3gl6QKpVDJS5l1W0r1VvLSb1bp3lhO4VtlN+JuHCGf8HYTVeU8nKU5PM3833j8URlKrUJgi/ekn/r9p27y/dW7j94+Gi18/jJvi4qFYtxXKSFOoy4FqnMxdhIk4rDUgmeRak4iM62bfzgXCgti3zPzEsxyfgsl1MZc4MU63ylIzk7NVyp4iPZYTVVGeHnDXlDBlRXGaslzc UHkjT1NhvSAq0IGSGbNMfDhqZiatZJTQ2vWNhzv8FlkmFxQ18SQrWcZfz4E5MLlPSuCYa/FcwXgjlLSK+tMfhbjYuF5IIlVNm2XrBON+gHbpGbIGxBF9q1W3Q+A4UTKCCGCjIQkINBnAIHjc8RhBBAidwEauQUIuniAhpYQW2FWQIzOLJn+J3h7qhlc9xbT+3UMVZJ8VWoJLCGmgLzFGJbjbh45Zwt+yfv2nnas83xH7VeGbIGTpH9l+4q8391thcDU9h0PUjsqXSM7S5uXSp3K/bk5KeuDDqUyFl8gnGFOHbKq3smTqNd7/ZuuYt/c5mWtfu4za3guz0lDjj8dZw3wf6gH77qb7zf6G5ttqNehmfwHNZxnq9hC3ZgF8YQe2+9xNOe8df8d/7I37tMXfJazVO4tvzJD57p3/k=</latexit>

) Hav = 2
X

i 6=j

C3

R
3
ij

✓
⌧1 + ⌧2

tc
�
x
i �

x
j +

⌧1 + ⌧3

tc
�
y
i �

y
j +

⌧2 + ⌧2

tc
�
z
i �

z
j

◆



Choi et al., PRX 10, 031002 (2020)
Vandersypen, RMP 2006

Engineering the XYZ model with microwaves

Þ averaged  hamiltonian:
<latexit sha1_base64="N/DyF0GuP7iKh96WmTpAHC8hPWk="></latexit>

Hav =
1

tc

Z tc

0
H(t) dt

<latexit sha1_base64="8iT2Ag0RxmIInNySPIrkyLFmWkI="></latexit>

C3

R3
ij

tc ⌧ 1

Þ Programmable XYZ Hamiltonians!

Microwave pulse sequence         :
<latexit sha1_base64="b/O1sxsBaXA4/1l4MmoA1bUwVko="></latexit>

⌦(t)

Time

(infinitely short pulses)

<latexit sha1_base64="skPrLx0DtuclUDFFWUpGcP1ciL0=">AAADo3icjVFLb9QwEJ40PEp5dIEjF4tVpaJFq2S3gl6QKpVDJS5l1W0r1VvLSb1bp3lhO4VtlN+JuHCGf8HYTVeU8nKU5PM3833j8URlKrUJgi/ekn/r9p27y/dW7j94+Gi18/jJvi4qFYtxXKSFOoy4FqnMxdhIk4rDUgmeRak4iM62bfzgXCgti3zPzEsxyfgsl1MZc4MU63ylIzk7NVyp4iPZYTVVGeHnDXlDBlRXGaslzc UHkjT1NhvSAq0IGSGbNMfDhqZiatZJTQ2vWNhzv8FlkmFxQ18SQrWcZfz4E5MLlPSuCYa/FcwXgjlLSK+tMfhbjYuF5IIlVNm2XrBON+gHbpGbIGxBF9q1W3Q+A4UTKCCGCjIQkINBnAIHjc8RhBBAidwEauQUIuniAhpYQW2FWQIzOLJn+J3h7qhlc9xbT+3UMVZJ8VWoJLCGmgLzFGJbjbh45Zwt+yfv2nnas83xH7VeGbIGTpH9l+4q8391thcDU9h0PUjsqXSM7S5uXSp3K/bk5KeuDDqUyFl8gnGFOHbKq3smTqNd7/ZuuYt/c5mWtfu4za3guz0lDjj8dZw3wf6gH77qb7zf6G5ttqNehmfwHNZxnq9hC3ZgF8YQe2+9xNOe8df8d/7I37tMXfJazVO4tvzJD57p3/k=</latexit>

) Hav = 2
X

i 6=j

C3

R
3
ij

✓
⌧1 + ⌧2

tc
�
x
i �

x
j +

⌧1 + ⌧3

tc
�
y
i �

y
j +

⌧2 + ⌧2

tc
�
z
i �

z
j

◆



Heisenberg XXX engineering in 2D

2×20 µm

32 atoms <latexit sha1_base64="zaVEH74zZvfO3UZiZZDqksrozDw="></latexit>

|#i = |75Si; |"i = |75P i

Scholl, arXiv:2107.14459
<latexit sha1_base64="HCmn99tfskftM/lPzZWgWY9ZH1c="></latexit>

ĤHeis. =
X

i 6=j

JijSi · Sj



Heisenberg XXX engineering in 2D

2×20 µm

32 atoms

Initial state: 
<latexit sha1_base64="CexsX4UeosxDBuApJtB6lWEBg+s="></latexit>

(|!iy)⌦N

<latexit sha1_base64="zaVEH74zZvfO3UZiZZDqksrozDw="></latexit>

|#i = |75Si; |"i = |75P i

Scholl, arXiv:2107.14459
<latexit sha1_base64="HCmn99tfskftM/lPzZWgWY9ZH1c="></latexit>

ĤHeis. =
X

i 6=j

JijSi · Sj



Heisenberg XXX engineering in 2D

2×20 µm

32 atoms

Ini1al state: 
<latexit sha1_base64="CexsX4UeosxDBuApJtB6lWEBg+s="></latexit>

(|!iy)⌦N

<latexit sha1_base64="zaVEH74zZvfO3UZiZZDqksrozDw="></latexit>

|#i = |75Si; |"i = |75P i

Scholl, arXiv:2107.14459
<latexit sha1_base64="HCmn99tfskftM/lPzZWgWY9ZH1c="></latexit>

ĤHeis. =
X

i 6=j

JijSi · Sj

MW on MW off



Heisenberg XXX engineering in 2D

2×20 µm

32 atoms

Ini1al state: 
<latexit sha1_base64="CexsX4UeosxDBuApJtB6lWEBg+s="></latexit>

(|!iy)⌦N

<latexit sha1_base64="zaVEH74zZvfO3UZiZZDqksrozDw="></latexit>

|#i = |75Si; |"i = |75P i

Scholl, arXiv:2107.14459

y-magnetization nearly conserved

MW on MW off

<latexit sha1_base64="HCmn99tfskftM/lPzZWgWY9ZH1c="></latexit>

ĤHeis. =
X

i 6=j

JijSi · Sj



Heisenberg XXX engineering in 2D

2×20 µm

32 atoms

Ini1al state: 
<latexit sha1_base64="CexsX4UeosxDBuApJtB6lWEBg+s="></latexit>

(|!iy)⌦N

<latexit sha1_base64="zaVEH74zZvfO3UZiZZDqksrozDw="></latexit>

|#i = |75Si; |"i = |75P i

Scholl, arXiv:2107.14459

y-magnetization nearly conserved

SU(2) symmetry: 
<latexit sha1_base64="cG4CGn99bc/ENP2KdkkP4DRlfVg="></latexit>

[ĤHeis.,

X

i

Si] = 0

MW on MW off

<latexit sha1_base64="HCmn99tfskftM/lPzZWgWY9ZH1c="></latexit>

ĤHeis. =
X

i 6=j

JijSi · Sj



Heisenberg XXX engineering in 2D

2×20 µm

32 atoms

Ini1al state: 
<latexit sha1_base64="CexsX4UeosxDBuApJtB6lWEBg+s="></latexit>

(|!iy)⌦N

<latexit sha1_base64="zaVEH74zZvfO3UZiZZDqksrozDw="></latexit>

|#i = |75Si; |"i = |75P i

Scholl, arXiv:2107.14459

y-magnetization nearly conserved
<latexit sha1_base64="vPc3loyuKrtB8K3qshLePOKvQTM="></latexit>

HHeis. ! HXX

MW on MW off

<latexit sha1_base64="HCmn99tfskftM/lPzZWgWY9ZH1c="></latexit>

ĤHeis. =
X

i 6=j

JijSi · Sj



Heisenberg XXX engineering in 2D

2×20 µm

32 atoms

Ini1al state: 
<latexit sha1_base64="CexsX4UeosxDBuApJtB6lWEBg+s="></latexit>

(|!iy)⌦N

MACE simulation
Hazzard, PRL 2014

<latexit sha1_base64="zaVEH74zZvfO3UZiZZDqksrozDw="></latexit>

|#i = |75Si; |"i = |75P i

Scholl, arXiv:2107.14459

No adjustable
parameter,

includes MW 
imperfections

y-magnetization nearly conserved
<latexit sha1_base64="vPc3loyuKrtB8K3qshLePOKvQTM="></latexit>

HHeis. ! HXX

<latexit sha1_base64="qfACj/Dbs54YYsMSRISBNDGOHUw="></latexit>

Hdriv

MW on MW off

<latexit sha1_base64="HCmn99tfskftM/lPzZWgWY9ZH1c="></latexit>

ĤHeis. =
X

i 6=j

JijSi · Sj



Heisenberg XXX engineering in 2D

2×20 µm

32 atoms

Initial state: 
<latexit sha1_base64="CexsX4UeosxDBuApJtB6lWEBg+s="></latexit>

(|!iy)⌦N

MACE simulation
Hazzard, PRL 2014

<latexit sha1_base64="zaVEH74zZvfO3UZiZZDqksrozDw="></latexit>

|#i = |75Si; |"i = |75P i

Scholl, arXiv:2107.14459

No adjustable
parameter,

includes MW 
imperfec1ons

y-magne1za1on nearly conserved
<latexit sha1_base64="vPc3loyuKrtB8K3qshLePOKvQTM="></latexit>

HHeis. ! HXX

<latexit sha1_base64="qfACj/Dbs54YYsMSRISBNDGOHUw="></latexit>

Hdriv

Limitations: finite MW pulse duration + imperfections

<latexit sha1_base64="HCmn99tfskftM/lPzZWgWY9ZH1c="></latexit>

ĤHeis. =
X

i 6=j

JijSi · Sj



Heisenberg XXX engineering in 2D

2×20 µm

32 atoms

Initial state: 
<latexit sha1_base64="CexsX4UeosxDBuApJtB6lWEBg+s="></latexit>

(|!iy)⌦N

MACE simula1on
Hazzard, PRL 2014

<latexit sha1_base64="zaVEH74zZvfO3UZiZZDqksrozDw="></latexit>

|#i = |75Si; |"i = |75P i

Scholl, arXiv:2107.14459

No adjustable
parameter,

includes MW 
imperfections

y-magnetization nearly conserved
<latexit sha1_base64="vPc3loyuKrtB8K3qshLePOKvQTM="></latexit>

HHeis. ! HXX

<latexit sha1_base64="qfACj/Dbs54YYsMSRISBNDGOHUw="></latexit>

Hdriv

Domain wall physics in 1D with XXZ model

<latexit sha1_base64="9IEvdwwazMl3pvCGlpcDL3nTkZg="></latexit>

" <latexit sha1_base64="9IEvdwwazMl3pvCGlpcDL3nTkZg="></latexit>

"
<latexit sha1_base64="9IEvdwwazMl3pvCGlpcDL3nTkZg="></latexit>

"
<latexit sha1_base64="9IEvdwwazMl3pvCGlpcDL3nTkZg="></latexit>

"
<latexit sha1_base64="9IEvdwwazMl3pvCGlpcDL3nTkZg="></latexit>

"

<latexit sha1_base64="8ekyBRxZjWFDs5BT4vOZKdSyJ4Y="></latexit>

#
<latexit sha1_base64="8ekyBRxZjWFDs5BT4vOZKdSyJ4Y="></latexit>

#
<latexit sha1_base64="8ekyBRxZjWFDs5BT4vOZKdSyJ4Y="></latexit>

#
<latexit sha1_base64="8ekyBRxZjWFDs5BT4vOZKdSyJ4Y="></latexit>

#
<latexit sha1_base64="8ekyBRxZjWFDs5BT4vOZKdSyJ4Y="></latexit>

#

Limitations: finite MW pulse duration + imperfections
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Rydberg arrays: A plaqorm to explore spin models… and beyond…
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Conclusion
Rydberg arrays: A platform to explore spin models… and beyond…

Continuous symmetry
breaking in XY model

Spin-orbit coupling

Lienhard, PRX 2021Cheng, arXiv:2207.12930



Conclusion

Useful quantum simulators already exist, and challenge theory!!

Rydberg arrays: A platform to explore spin models… and beyond…

+
A

+
B

Rb+ e- Google

Continuous symmetry
breaking in XY model

Spin-orbit coupling

Lienhard, PRX 2021Cheng, arXiv:2207.12930




