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Many-body physics with synthetic matter

Goal: Understand ensembles of interacting quantum particles
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R.P. Feynman
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Implement many-body Hamiltonians
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Our platform: Arrays of interacting Rydberg atoms

Arrays of atoms

Single-shot RRE) QIR L
) - [ Kl ’
: S e s 1 Rb atom
LILI01 11 l&F T (fluorescence)
w8 - L] - * 4 - . . - - . 5 lmK
oo ol A B
,_.' > GpY L ] . - and . Ll H’LH%
5 m 1 pum
Grangier (2001)

Sortais (2007)



Our platform: Arrays of interacting Rydberg atoms
Arrays of atoms 1D 2D

Single-shot b
A E S I e eh
. ’ . * RN ST . . ekl

3 | = ’ ? ’ g 3 R e SUNE o R e S
” ” o . ’ , ' i U 0 e a8 S RN
- - . pikgr oy 000 DRI .t bR

& & ® 9 3 N W W s o oa wn r2 RTINS 0200 e temrrs

- L J . - P
- S e ek N - & o

..... - »

BT - NP Sy sl e R -

Lo SOy IR SRR R R ST TN AN S
’ 4 ~ ® A OB
Pl 4 AR N 5 K ,
—_—



Our platform: Arrays of interacting Rydberg atoms

Arrays of atoms 1D 2D
Single-shot
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Our platform: Arrays of interacting Rydberg atoms
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Our platform: Arrays of interacting Rydberg atoms

Arrays of atoms 1D 2D
Single-shot
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Addressable:
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Our platform: Arrays of interacting Rydberg atoms
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Our platform: Arrays of interacting Rydberg atoms

Arrays of atoms

Single-shot

--------------

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

--------------

Rydberg atoms

continuum

Rydberg
}states n, 1)

n > 1
~ 100 nm

%e

Energy

Lifetime > 100 ps

Transition dipole: d,, p4+1 ~ n?eag

—> Large dipole-dipole interactions

R =10 pm = Vi /h ~ 1 —10 MHz
= timescales < psec

Lukin, Zoller 2000

Saffman, RMP 2010
Browaeys, Nat Phys 2020



Interactions between Rydberg atoms and spin models

A ; A B ; %
ﬁ
Browaeys & Lahaye, Nat.Phys. (2020)




Interactions between Rydberg atoms and spin models

A
% R
<€

van der Waals

2-atom energy
>
&
%

199)

Quantum Ising

H =Y Jijhih;
]

Spin 1/2

(X

040
(X

2-atom energy

B
>
Browaeys & Lahaye, Nat.Phys. (2020)

Resonant dipole

plns,n'p) V |np,ns)




Interactions between Rydberg atoms and spin models

A
% R
<€

van der Waals

2-atom energy

199)

Quantum Ising

H =Y Jijhih;
]

Spin 1/2

(X

040
(X

B
>
Browaeys & Lahaye, Nat.Phys. (2020)

Resonant dipole

plns,n'p) n'p, ns)
&
c C
Q VN—S
S R?
o
N
199)

XY model

=Y sy (6105 +5757)
i7]



Interactions between Rydberg atoms and spin models

A ; A B ; %
€ >
Browaeys & Lahaye, Nat.Phys. (2020)

van der Waals Resonant dipole
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Interactions between Rydberg atoms and spin models

A B
R

Browaeys & Lahaye, Nat.Phys. (2020)

van der Waals Resonant dipole
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Outline

Magnetism: Ising model with van der Waals interactions

The interacting SSH model with resonant interaction

Heisenberg model with resonant interaction and
Floguet engineering
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1. Magnetism: Ising model with van der Waals interactions



From van der Waals interactions to Ising model...
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From van der Waals interactions to Ising model...

van der Waals
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From van der Waals interactions to Ising model...
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van der Waals

2-atom energy
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From van der Waals interactions to Ising model...
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From van der Waals interactions to Ising model...

~ /“LBJ_O-x + ,UJBHO-Z

Quantum Ising-like model (s=)%):

H= hQZJ +hézn,+z Cs ﬁm]
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Laser: B B, Spin-spin interaction



From van der Waals interactions to Ising model...
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Quantum Ising-like model (s=)%):
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2D Ising anti-ferromagnet on a square
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2D Ising anti-ferromagnet on a square
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Preparation of a 2D Ising anti-ferromagnet on a square
Scholl et al. Nature (2021)
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2D: Lienhard PRX 2018, Bakr PRX 2018; Lukin Nature 2021
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Preparation of a 2D Ising anti-ferromagnet on a square
Scholl et al. Nature (2021)

10 X 10 square array

n=75s

Perfect AF (Néel) ordering!
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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



Preparation of a 2D Ising anti-ferromagnet on a square
Scholl et al. Nature (2021)

10 X 10 square array
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Preparation of a 2D Ising anti-ferromagnet on a square

Scholl et al. Nature (2021)

10 X 10 square array

n=75s

Staggered magnetization: mgtae = (N4 — np|)

ocoo0o0
Q ocoo0o0
A ooo0o0
oco0o0o0 a0
[e) (o]
8
PM g °
gggg [ N Nel o000 Qo
ceoe XXX
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0 2 4 6
Lot (148)

Including experimental imperfections: U, 2;,0; , real ramp...



Preparation of a 2D Ising anti-ferromagnet on a square
Scholl et al. Nature (2021)

10 X 10 square array

n=75s

Mstag = (N4 —npl)

KAZ 0000 T Accurate
o =55 | MPS limited
PM g ¥ to 10 x 10
6000 [ el Nel eoo0o o ¥
2098 2 | 2590 VRS o (14 days!!)
0000 ceoe "")5 1 T T
0 2 4 6

Lot (148)
Including experimental imperfections: U, 2;,0; , real ramp...



Preparation of a 2D Ising anti-ferromagnet on a square
Scholl et al. Nature (2021)

14x14 square array

sweep

182-atom antiferromagnetic cluster!



Preparation of a 2D Ising anti-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 anti-ferromagnet on a triangle

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

LY Scholl et al. Nature (2021)
U hQc~08

Geometrical
frustration



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




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

147 atoms

Initial Assembled




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

147 atoms

Initial Assembled Recapture




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

A

hd

147 atoms Perfect 1/3 AF!

Initial Assembled Recapture
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Magnetism: Ising model with van der Waals interactions

The interacting SSH model with resonant interaction

Heisenberg model with resonant interaction and
Floguet engineering

H.-P. Blichler
S. Weber, N. Lang




Interactions between Rydberg atoms and spin models
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Quantum Ising
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Interactions between Rydberg atoms and spin models

A ; A B ; A
€ >
Browaeys & Lahaye, Nat.Phys. (2020)

Resonant dipole
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Interactions between Rydberg atoms and spin models

A ; A B ; A
€ >
Browaeys & Lahaye, Nat.Phys. (2020)

Resonant dipole
plns,n'p) V |n'p,ns)

nps/2
] n81/2

2-atom energy
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Interactions between Rydberg atoms and spin models

A ; A B ; A
€ >
Browaeys & Lahaye, Nat.Phys. (2020)

Resonant dipole
plns,n'p) V |n'p,ns)
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Interactions between Rydberg atoms and spin models

A ; A B ; A
€ >
Browaeys & Lahaye, Nat.Phys. (2020)

Resonant dipole
plns,n'p) V |n'p,ns)

nps/2
ns u>.°
| 1/2 E
5 C
sl Ve~
9 R
&
, , 99)
|np> 'ﬂ_ R |np>
i ]
R3 N d2
H = ﬁ(ajaj_ +0;A;r)



Resonant dipole-dipole interaction between Rydberg atoms

Prepare | P.S) using microwaves + addressing beam
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N
rf i Barredo PRL (2015)
R=30um - de Léséleuc, PRL (2017)
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Resonant dipole-dipole interaction between Rydberg atoms

Prepare | P.S) using microwaves + addressing beam
1

A
rf i Barredo PRL (2015)
R=30um - de Léséleuc, PRL (2017)
0 'l L L
203 1
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0 L
R°> 2 _
0 o 1 1 1
0 1 2 3 4 0°
Interaction time (jLs)
Quantization
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Resonant dipole-dipole interaction between Rydberg atoms

Prepare | P.S) using microwaves + addressing beam
1

E I Barredo PRL (2015)
R=30um - de Léséleuc, PRL (2017)
0 . , .
1
Frequency: _26;3 N
R>
0 = 1 1 1
0 1 2 3 4 0°
Interaction time (ps)
Quantization < 54.7°
axis (B) 5
C3(0) 1 —3cos“d
A
\9,C|) 90° 270°




Resonant dipole-dipole interaction between Rydberg atoms

Prepare | P.S) using microwaves + addressing beam
1

A1
rf i Barredo PRL (2015)
R=30um - de Léséleuc, PRL (2017)
0 I L L
9 1
Frequency: ﬁ; N
R>
0 o 1 1 1
0 1 2 3 4
Interaction time (jLs)
A + 03/R3 B J

N
/ A B
— ; —> @@=
P excitation exchange Particle hopping

JIA) (B



The Su-Schrieffer-Heeger model

[
H H H H H . .
! \Cl | | ] 3 Electronic transport in
7 \?/ N \T/E\?/ \?/ polyacetylene
H ) H 1 H H o PRL 42, 1698 (1979)

Now, considered as simplest example of topological model



The Su-Schrieffer-Heeger model



The Su-Schrieffer-Heeger model

Model: tight-binding
dimerization: J > J’



The Su-Schrieffer-Heeger model

T 7! N Model: tight-binding
A dimerization: J > J’

J"" = 0 : chiral symmetry = symmetric single particle spectrum



Implementation of SSH spin chain with Rydberg atoms
Science 365, 775 (2019)

A TN 7 7! N Model: tight-binding
B dimerization: J > J’




Spin excitations interact!!

1) == |P)

) g |S)

Spin excitation = “particle”



Spin excitations interact!!

1) (= |P)
Spin excitation = “particle” )
}) ——|S)

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

On-site interaction U — o0



Spin excitations interact!!
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Spin excitations interact!!

1) (= |P)
Spin excitation = “particle” )
}) ——|S)

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

On-site interaction U — o0

¢ & &% 0 0 00

= The first symmetry protected topological phase...

Predicted in 2012
Science 365, 775 (2019)



Outline

3. Heisenberg model with resonant interaction and
Floguet engineering



Interactions between Rydberg atoms and spin models

A ; A B ; A
€ >
Browaeys & Lahaye, Nat.Phys. (2020)

/ pole
/

Extend to more general XYZ spin models p, 1)

ﬁxyz—ZJxO' x—FJ%O’ —|—JZO'

o5 b
17 3
A. Abragham,
| / > Principle of Nuclear Magnetism (1983)
nop /
?‘% ,l
" : d” + +
H = ﬁ(azaj +6;6;)



Engineering the XYZ model with microwaves

Combine:

Naturally occuring XY interaction

C
n'p) == 1) T3 = [n'p)
' (— /
ns) b ] |) —&— |ns)



Engineering the XYZ model with microwaves

Combine:
Naturally occuring XY interaction Microwave driving
') ——[1) 5 = |n'p) n'p) 1)
{ — ) | Q(t)ew(t)
ns) | —— ) —— [ns) ns) 1)

101 o

PT 0.5

0.0

0.0 0.5 1.0 15 2.0 2.5
Time (us)



Engineering the XYZ model with microwaves

Combine:
Naturally occuring XY interaction Microwave driving
') ——[1) 5 = |n'p) n'p) 1)
{ — ) | Q(t)ezgp(t)
ns) | —— ) —— [ns) ns) 1)

101 o

PT 0.5

0.0

0.0 0.5 1.0 15 2.0 2.5
Time (us)

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

A C Rt
Hariv = Z 3_ (6767 +6/67) + # Zcos (t)of + sinp(t) 6!



Engineering the XYZ model with microwaves

Microwave pulse sequence €(t):

T
X -Y Y —X
2 2 2 2
L ‘l’ ‘l’ ‘l’ ‘ll o )

Time

€ te = 2(m1 + 72 + 73) >
(infinitely short pulses)

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



Engineering the XYZ model with microwaves

Microwave pulse sequence Q( ):
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Engineering the XYZ model with microwaves

Microwave pulse sequence Q( ):

e = 2(7’1—|—7'2—|—7'3/ >
(infinitely short pulses)

T|me

[\

R3 tc <1 = averaged hamiltonian: H,, / H(t

7'1—|—7'2 7'1—|—7'3 ’7'2—|—T2
—~ H,, = 22 ( ofo] + = —olo] + = of0;
17#] c

= Programmable XYZ Hamiltonians!

Vandersypen, RMP 2006
Choi et al., PRX 10, 031002 (2020)
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Useful quantum simulators already exist, and challenge theory!!
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