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Abstract: "Rydberg atomsin arrays of optical tweezers offer anew perspective for the quantum simulation
of many body systems. In thistalk, | will give abrief overview about this platform and describe

our efforts to control Rydberg interactions to explore different types of Hamiltonians. Through

recent experimental results, | will illustrate the implementation of the Ising [1] and XXZ [2]

Hamiltonians to study quantum magnetism. Finaly, | will show our first steps to scale up the

atom numbersin our platform by using a cryogenic environment [3].
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Many-body quantum systems: challenges

Goal: Understand ensembles of interacting quantum particles

Quantum magnetism Superconductivity Biology
Nature 492, 406 (2012) \
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Description by many-body Hamiltonians
(Ising, XY, Heisenberg, Bose—Hubbard, ...)
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Many-body quantum systems: challenges

Goal: Understand ensembles of interacting quantum particles

Quantum magnetism Superconductivity Biology
Nature 492, 406 (2012) \
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PRL 112, 047403 (2014)

Description by many-body Hamiltonians
(Ising, XY, Heisenberg, Bose—Hubbard, ...)

Open questions: Phase diagrams, dynamics (hard for N>50), topology, role of
disorder, entanglement...
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Many-body synthetic quantum systems: platforms

Trapped ions Rydberg atoms Supercond. circuits

\V Ay

\ >

Innsbruck =
Jal B

10GS Palaiseau MPQ Garching Sycamofe processor, Gdogle Inc.

Ultracold atoms Polar molecules Polaritons

Harvard

...And many others!

See e.g. Hazzard et al., PRA 90, 063622 (2014)
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1. Assembled arrays of atoms

2. Ising model on square and triangular

lattices

3. XY ferro- & anti-ferromagnets
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Individual atoms in optical tweezers

A single Rb atom (10 pK)

Aspheric lenses
NA=0.5

Trap light
@ 850 nm

Schlosser et al., Nature 411, 1024 (2001)
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Individual atoms in optical tweezers

A single Rb atom (10 pK)

Light-assisted
collisions

Aspheric lenses
NA=0.5

Trap light
@ 850 nm

' MOT light @ 780 nm
' 50 pK atomic cloud

Schlosser et al., Nature 411, 1024 (2001)
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Individual atoms in optical tweezers

A single Rb atom (10 pK)

Aspheric lenses
NA=0.5

Trap light
@ 850 nm

} MOT light @ 780 nm |
| 50 pK atomic cloud

Schlosser et al., Nature 411, 1024 (2001)
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Individual atoms in optical tweezers

A single Rb atom (10 pK)

Aspheric lenses
NA=0.5

Trap light
@ 850 nm

' MOT light @ 780 nm |
' 50 pK atomic cloud

Schlosser et al., Nature 411, 1024 (2001)
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Individual atoms in optical tweezers

Spatial Light Modulator
Reconfigurable

I(z,y) = [Freiet=s)|

Nogrette et al., PRX 4, 021034 (2014)
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Individual atoms in optical tweezers

Avg. Fluorescence

Spatial Light Modulator
Reconfigurable

MOT light @ 780 nm
50 pK atomic cloud

Nogrette et al., PRX 4, 021034 (2014)
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Assembled arrays of individual atoms

Barredo et al., Science, 354, 1021 (2016)

SLM = static pattern
AODs = moveable tweezers

Timescale : 300 ps / move

Pirsa: 22070013 Page 15/75



Assembled arrays of individual atoms

Barredo et al., Science, 354, 1021 (2016)

ot
‘:6\:(\(\9

SLM = static pattern
AODs = moveable tweezers

Timescale : 300 ps / move
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Assembled arrays of individual atoms

Initial configuration Assembled configuration

Assembling
process

—)

Related: Endres et al., Science 354,1024 (2016)
Kim et al., Nat. Comm. 7, 13317 (2016) Barredo et al., Science, 354, 1021 (2016)
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Assembled arrays of individual atoms

New assembler algorithms:

Schymik et al., PRA, 102, 063107 (2020)
L. da Vinci

For N = 100 atoms:

Filling fraction > 99 %
Probability of defect free shots ~ 40 %
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Assembled arrays in the world

Lukin (Harvard), 2016 Birkl (Germany) Ahn (Korea)
2D

Endres (Caltech) NESSEEER Thompson (Princeton)
Kauffman (JILA) B# 2018
2018 i
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Towards more atoms: arrays in a cryostat

Why larger arrays?
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Towards more atoms: arrays in a cryostat

Why larger arrays?
Avoid edge effects...
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Towards more atoms: arrays in a cryostat

Why larger arrays? Optimization problems N > 1000

Avoid edge effects... Graph problems (MIS)

Lukin & Pichler, (AONERSD >
Ahn, Pasqal, Ayral... o« o \{( %
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Towards more atoms: arrays in a cryostat

Why larger arrays? Optimization problems N > 1000

Avoid edge effects... Graph problems (MIS)

Lukin & Pichler, (AONERSD ]
Ahn, Pasqal, Ayral... o \{( %

Quantum error correction
N=64H ~ 100 phys. gbits for 1 logical gbit

Lifetime: 7, = 7§ = 71 /N => atom losses + detection errors
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Towards more atoms: arrays in a cryostat

Why larger arrays? Optimization problems N > 1000

Avoid edge effects... Graph problems (MIS)

Lukin & Pichler, (AONERS) ]
Ahn, Pasqal, Ayral... & o \{( %

Quantum error correction
N=64H ~ 100 phys. gbits for 1 logical gbit

Lifetime: 7, — 7y = 71 /N => atom losses + detection errors

i Development of a 4K
TN | . ’
Q‘k/| MYCRYOFIRM

SRR SOLTNG [ N UHV compatible closed-cycle
s cryostat = “vacuum ~ 0”

K.N. Schymik, Phys. Rev. Applied (2021)
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Towards more atoms: arrays in a cryostat

Survival probability

TR R
Holding time (min)

Trapping lifetime > 6000 s !
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Towards more atoms: arrays in a cryostat

Survival probability

10 2 30
Holding time (min)

Trapping lifetime > 6000 s !

Now:

>300 atoms assembled
> 30% probability

Probability

K.N. Schymik et al., arXiv:2207.06500 (ERET TP EEL I @y 5 10
Number of defects
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Arrays of interacting Rydberg atoms

Arrays of atoms

Addressable

Lukin, Zoller 2000
Saffman, RMP 2010
Browaeys, Nat Phys 2020
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Arrays of interacting Rydberg atoms

Arrays of atoms Rydberg atoms

continuum

Rydberg
}states In, 1)

n~ 50— 100

Ve_

Lifetime > 100 ps 7 ~ n°
Addressable \_ Transition dipole:  d ~ n?

Energy

Large dipole-dipole interactions

R~ 10 pm - Vint/h = 1 — 10 MHz

Tint = ps < Tiitetime Lukin, Zoller 2000
Saffman, RMP 2010
Browaeys, Nat Phys 2020
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Coherent excitation to the Rydberg states

Bernien 2017, Levine 2019

1013nm

\

— 6P3)2

420nm
laser
coupling bt

—|g)
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Interactions between Rydberg atoms and spin models

=4 o
e ;p - e
—
@
" - -
- + » !

Resonant dipole

A Alns,n'p) V - In'p, ns)

e

> >
[o14] Qo
e e
[<}] Q
c
(«}) @
= £
(@) (@]
] =
= i
(o] o~

Quantum Ising

H= Z Ji;6060)
Iy

Browaeys, Nat.Phys. (2020)
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From van der Waals to Ising

? 2ER  jmisscacams
e | & :
laser o ;
coupling =™ | () <Z Er = \> s )
-] # =
d § : )

Interatomic Distance

Quantum Ising model:

Ir)y =)
hQ) : Ce
— lkain 1 & Il e e T
H = 5 E o, i E " un E 76 ity 5
. 7 djEY] Q
Transverse B Longitudinal B Spin-spin interaction 1
gy =)

Rydberg occupation number nt = |T‘2> (T,,| = (1 .y ai)/?
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Rydberg blockade and anti-ferromagnetic order
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Rydberg blockade and anti-ferromagnetic order

Antiferromagnetic ground state

©Ce® O eo0 e
® O @® O e O

© @
® O
©C @
® O
© @
® O
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Phase diagram on a square lattice

Ising AF phase diagram

20 60
0000
0000 0.!
0000

l | I 1 1 | I |
-4 -3 -2 -1
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Probing anti-ferromagnetic order on a square lattice

Ising AF phase diagram

il hQ2
[ U

1<J 7

»
»

time (us)

1.1U }|-- _
time (us)

05 15 6.0

Vary Rabi frequency and detuning
to explore the phase diagram
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Preparation of a 2D Ising anti-ferromagnet on a square

10x10 square array

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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Preparation of a 2D Ising anti-ferromagnet on a square
10x10 square array Perfect AF (Néel) ordering!

Missing atoms = Rydberg

Probability (%)

1.0 & 2:0
States % 101°

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

10x10 square array

Cri ~ (ngng) — (ng)(ny)
.ﬁ=..=..=‘.l. Iu.auu

0.325

0.000 ¥

-0.325

O

[ [ [
O HEEETa = ~0.650

Scholl et al., Nature 595, 233 (2021) Also: Ebadi et al., Nature 595, 227 (2021)
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Preparation of a 2D Ising anti-ferromagnet on a square

10x10 square array

Cri ~ (n{kng) — (ng){(ng)

I'J - Correlation length: (8.9 + 0.2)a
0.81 |
0.325 06 ‘“‘*Du_'o(j
E ‘.‘%‘Q |
G e |
. ﬁ 04 Q’O%(Do
000 3 ° i W
502 :
-0.325
0.1f i i
=) 0 5 10
= .=.=-=.E. T Euclidian distance/a
Scholl et al., Nature 595, 233 (2021) Also: Ebadi et al., Nature 595, 227 (2021)
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Preparation of a 2D Ising anti-ferromagnet on a square

14x14 square array

182-atom antiferromagnetic cluster!

Scholl et al., Nature 595, 233 (2021) Also: Ebadi et al., Nature 595, 227 (2021)
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Benchmarking the dynamics on a square

\ e 0.5H£ L

Q5 BSEEETe 0| T
e e

Staggered magnetisation: mgiag = (|na — nB|)

-

o Exp
MPS ideal
— MPS °

o

o
Q

® 6
PO
® >0
2O 6
mstag

ad

2 4
tof (us)
Including experimental imperfections: U,;,(;,d;, real ramp...
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Benchmarking the dynamics on a square

i
PM 1.5 U

HSl. sl 2t

\ e (us) 0.5 (Y : AF :

A = .1 . e
-4 -3 -2 -1 0 I

SE .rl :
3 4

o =

Staggered magnetisation: mgtag = (N4 — nB|)

A®AG® . fﬁsmcm Accurate
6AB®A & || — mps e%e | MPS limited
20060 ¢ -3 to 10 x 10
6A®A > > (14 days!!)

2 4
tott (us)
Including experimental imperfections: U,;,(;,d;, real ramp...
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2D Ising anti-ferromagnet on triangular lattices

Ising AF phase diagram on triangle

1/3 phase: 2/3 phase:

Classical phases

Pirsa: 22070013 Page 43/75



2D Ising anti-ferromagnet on triangular lattices

Ising AF phase diagram on triangle

1/3 phase: ‘Order-by-disorder’ phase: 2/3 phase:

E e e

Geometrical
frustration
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Probing the 1/3 phase

PM phase

Scholl et al., Nature 595, 233 (2021)
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2D Ising anti-ferromagnet on a triangle

108-atom array

Probabilities (%)

Staggered magnetisation:
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2D Ising anti-ferromagnet on a triangle

108-atom array

0.5 1.0
Probabilities (%) Probabilities (%)

= us
3

Staggered magnetisation: Mstag =MA +Npe's +nce
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2D Ising anti-ferromagnet on a triangle

OBD phase?

I
0.0 0.2 0.4 0.0 05 1.0
Probabilities (%) Probabilities (%) Probabilities (%)

e ;2 ; dn
Staggered magnetisation: Metag =NAa+Npe'3 +nce's
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Norman Yao

3. XY ferro- & anti-ferromagnets
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Coherent excitation between two Rydberg states

[n'p) = |1)
microwave 1.0
coupling =™ | ()

as 0.5¢

Ins) — H,) 0.0L%
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Resonant dipole-dipole interaction

n'p)— [1)
microwave | T) +

coupling =™ | ()

Ins) — [{) |¢> R RG]

XY model:

—(otol + aj07)
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Resonant dipole-dipole interaction

microwave
coupling =™ | ()

Interaction time i, (ps)
Barredo et al., PRL, 124, 023201 (2020)
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Resonant dipole-dipole interaction

ETL Ll 1)

microwave | T) +

coupling =™ | ()

=] |\ — |1

Studies conducted using the resonant dipole-dipole interaction:
Preparation of a many-body topological phase Léséleuc et al., Science, 365, 775 (2019)
Implementation of a density-dependent Peierls phase Lienhard et al., PRX, 10, 021031 (2020)

Floquet engineering of XXZ Hamiltonians Scholl et al., PRX Quantum, 3, 02303 (2022)
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Ising vs XY model

Ising model
H=Y J;676%
(4,5)
Antiferro J;; <0

T Square (1/2)  Triangle (1/3)

%3:’:(_:6—}:[' LR

FI%IF;I L)

ceoe0e
[ NoN Mol Nel
ceceoce
[ el Mol Nel
ceoce0e
[ el Mol Nel

T
Ground state (1/2,1/3...) =
classical Néel configurations
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Ising vs XY model

Ising model XY model
H=Y J;676%
(4,3)

Antiferro J;; <0 Competing order along x / along y

T Square (1/2)  Triangle (1/3)

%3:’:(_:6—}:[' DR

FI%IF;I L)

ceoe0e
[ NoN Mol Nel
ceceoce
[ el Mol Nel
ceoce0e
[ Nel Nl Nel

i
Ground state (1/2,1/3...) =
classical Néel configurations
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Ising vs XY model

Ising model XY model
H=) J;6767
(4,9)
Antiferro J;; <0

z Square (1/2)  Triangle (1/3)

%3:’:(_:6—}:[' DR

FI%IF;I L)

ceoe0e
[ NoN NoN Nel
cecece
[ el Mol Nel
ceoce0e
[ el Nl Nel

T
Ground state (1/2,1/3...) =
classical Néel configurations
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Ising vs XY model

Ising model XY model

H=) J;6767
(,3)
Antiferro J;; <0

+) oc [41) + 1)

z Square (1/2)  Triangle (1/3) 2y o (4 = |10)

Sy
R e + —|)

ceoe0e
[ Nel NoN Nel
cecece
[ el Mol Nel
ceoce0e
[ el Nl el

—Fp—r—2 ...
Ground state (1/2,1/3...) = Ground state (1/2) =
classical Néel configurations non-classical entangled state
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XY model on a square lattice (1/2 filling)

Ansatze wavefunctions
continuous U(l) symmetry

M? = E of conserved
i

XY ferromagnet -

o o N e

. o -
e e

. e i o
Pl
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XY model on a square lattice (1/2 filling)

i Ansatze wavefunctions
T~ ! continuous U(l) symmetry

M? = E of conserved
i

Expect: (X) =0
(XX N >0
(XX)nynn >0
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XY model on a square lattice (1/2 filling)

Ansatze wavefunctions

i :]“\\ I continuous U(l) symmetry
i V2 e M? = z o7  conserved
Ormmmmmeme- ® :

XY ferromagnet e XY antiferromagnet

Expect: (X) =0
exe e = 0
(Xx)gNN >0
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Experimental preparation of XY ferro- & anti-ferromagnets

3
a’ - A
Start from: Hxy = —J E o dig hala’) Bh E 0i07;
LT :
i<j Y @ \staggered
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Experimental preparation of XY ferro- & anti-ferromagnets

3
a’ o~
Start from: Hxy = —J E — (070 +olof)+h E 0;0;
s :
1<y @ \staggered

1. Prepare a classical Néel state along z: checkerboard pattern

apply local light-shift
(2nd SLM)
+
microwaves

Sgrensen et al., PRA 81, 061603(R) (2010)
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Experimental preparation of XY ferro- & anti-ferromagnets

3
a’ ~
Start from: Hxy = —J E s dig halar) Fh E 0;07;
s :
i<j Y @ \staggered

2. Adiabatically decrease 6 to “melt” into XY AF

Q. Phase transition

Serensen et al., PRA 81, 061603(R) (2010)
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Experimental preparation of XY ferro- & anti-ferromagnets

3
a’ o~
Start from: Hxy = —J E — (0705 +olai)+h E 0;0;
=7 ;
i<j Y @ \staggered

2. Adiabatically decrease 4§ to “melt” into XY AF

Q. Phase transition

Serensen et al., PRA 81, 061603(R) (2010)
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Experimental preparation of XY ferro- & anti-ferromagnets

3
a’ o~
Start from: Hxy = —J E — (070 +olof)+h E 0;0;
o s :
1<y @ \staggered

2. Adiabatically decrease § to “melt” into XY F

Q. Phase transition

HXY/J
A

Serensen et al., PRA 81, 061603(R) (2010)
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Experimental preparation of XY ferro- & anti-ferromagnets

3
a’ o~
Start from: Hxy = —J E — (0705 +oloi)+h E 0;0;
v :
i<j Y @ \staggered

2. Adiabatically decrease 6 to “melt” into XY F

Q. Phase transition

Serensen et al., PRA 81, 061603(R) (2010)
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Experimental preparation of XY ferro- & anti-ferromagnets

A

Light-shift §
read-out

Ferromagnet
1.0

atoms EA

V.
0.5 | O/’%@
%

0.0

0
c
S
-
@
N
=
@
]
o
@
S
N

_0‘5 -

atoms €B

0 1 2
time (ps)

=1:0

Antiferromagnet
1.0

0.5

z magnetizations

time (ps)
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Experimental preparation of XY ferro- & anti-ferromagnets

A

Light-shift § tscan
read-out
el

VIVV T/ £ DI

Ferromagnet

1.0 : T T

atoms EA B, Adiabatic

"? :4/
atoms €B

0.5 | C%(j
_10 L 1 ! 1

Q"‘,}o
0 1 2 2
time (ps) time (ps)

0.0
Neares
neighbours

z magnetizations
xx correlations

_0‘5 -

Antiferromagnet

z magnetizations
xx correlations

1 3 0 2
time (ps) time (ps)
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Experimental preparation of XY ferro- & anti-ferromagnets

Light-shift §
|5C | read-out

Ferromagnet

1.0 : i T

atoms EA £, Adiabatic

'? -
H// If only NN interactions:

0.5 | C%(j
Neares

&)
o-{-‘;? neighbours |5?FM| —_— |5(1:‘M|

%
0.0

xx correlations

0
=
<)
-
@
B
=
@
]
o
@
S
N

_0‘5 -

atoms €B

-1.0 L ; 1
0 1 2

time (ps) time (ps)

Antiferromagnet

z magnetizations
xx correlations

1 1
1 2
time (ps) time (ps)
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Experimental preparation of XY ferro- & anti-ferromagnets

Light-shift §
|5C | read-out

Ferromagnet
1.0

atoms EA : TAcﬁiabatic;

05 - “"%é
Yo If only NN interactions:
0.0 Neares

neighbours |5:§\FM| = |5FM|

xx correlations

0
c
<)
-
@
N
=
@
]
o
@
S
N

-05 e

i atoms €B . :
"0 1 ' 2 . : :
time (us) time (us) Long-range dipolar interactions:

Antiferromagnet S
AFM FM
(e L

AFM weakly frustrated
interactions

z magnetizations
xx correlations

1 1
1 2
time (ps) time (ps)
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Experimental preparation of XY ferro- & anti-ferromagnets

A

Light-shift §
read-out

x-basis

Ferromagnet
1.0

atoms EA : TAdiEbBtiC
Y.

05 - %

6’,}.

0.0
Neares
neighbours

xx correlations

0
=
<)
-
@
N
=
@
=
o
@
S
N

_0‘5 -

atoms €B
_10 L 1 1
0 1 2 0 2

time (ps) time (ps)

Antiferromagnet
1.0

0.5

z magnetizations
xx correlations

i 3 0 2
time (ps) time (ps)
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Characterization of XY ferro- & anti-ferromagnets

A
Light-shift & 100 atoms
read-out =
xT

| WORK IN PROGRESS

Ferromagnet:
Long-range order

0.0 =

0
&,

S5 -0.3 Antiferromagnet:
o LF:]G i % Correlations decay to 0
Ll

Ferromagnet ‘5'] éE ¢E‘ e;%%‘_ ﬁeﬂ'éj: %ﬁ

° 1/72 interactions

° Antlferromagnet ++

® % O
: © ° o podohnodsatind ¢¢.L AM’

2 4 6 8
d (site)

Important role of
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Summary and outlook

A platform to build synthetic matter

* Single-particle resolution & addressing

* More than 200 atoms, arbitrary geometries in 1D, 2D and 3D
* Tunable interactions = implementation of many-body H
Future directions:

* Topological matter in 2D

* Observation of frustrated phases (order by disorder)

* Scalability to 1000 spins realistic in near term
(cryogenic setup)
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