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Arrays of single Rydberg atoms

= Arrays of single atoms with arbitrary geometries

Up to 300 atoms S i BTN
Spacing: a few microns S g ke A AR A s

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

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

..........

...........
-----------

= Strong interactions via Rydberg excitation

Interaction strength 1 to 10 MHz for R ~ 5 um
Lifetime 100s of us

= Implement spin models
Ising (vdW interactions) XY (resonant dipole-dipole interaction)

H ~ Z Jijgg)ggj) H ~ Z Jijag)a(_j)

i,J ,J



Arrays of single Rydberg atoms

= Arrays of single atoms with arbitrary geometries

Up to 300 atoms Seo e Bog T
Spacing: a few microns S g ke A AR A s
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= Strong interactions via Rydberg excitation

Interaction strength 1 to 10 MHz for R ~ 5 um
Lifetime 100s of us

= Implement spin models

Ising (vdW interactions)
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XY (resonant dipole-dipole interaction)
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Outline

Experimental setup

The Ising model

The dipolar XY model
= Preparing the ground state

= Spin squeezing



Experimental setup






Optical tweezers

Focused, far detuned laser beam

Aspheric lens
(NA=0.5)

<>
1/e? radius ~ 1 um




Single atoms in optical tweezers

= 1 um waist optical tweezers
loaded from MOT

MOT
780 nm

= At most one atom due to
light-assisted collisions

]
': Aspheric lens Vaguum
= 50% loading probability:
:' (NA = 0.5) chamber gp y
:' \\\ Non-deterministic
: R single-atom source!

100
1 atom

Fluorescence

0 atom

8.5 9.0 9.5 100 105 110 115
Time (s)

Schlosser et al., Nature 2001



Arrays of single atoms

Average

Trap
850 nm

MOT
780 nm

780 nm

fluorescence High NA Vacuum

aspheric ~ chamber Single shot: 50% filling

lens

25 pm

Nogrette et al., PRX 4, 021034 1021 (2014)



Arrays of single atoms

Average
¥ Traps o
2
0
Trap
850 nm MOT
780 nm
DM
780 nm
fluorescence High NA Vacuum
aspheric chamber
lens

Nogrette et al., PRX 4, 021034 1021 (2014)



Atom-by-atom assembly

Load 2N traps SR Compute Move atoms :
with ~ N atoms HEVITEES R moves "  withzdaop ™  Checkimage
<1lms ~1ms
per move

Total assembly time ~ 50 ms /

» Fully loaded arrays up to 50 atoms
= 98% filling fraction
= Rep.rateupto~4Hz

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

See also:
Endres et al., Science 354, 1024 (2016)
Kim et al., Nature Comm. 7, 13317 (2016)



Flexible geometries

1d .
New assembler algorithms: S '
Schymik et al., PRA 102, 063107 (2020) ~  |PRI R
> e TRy
100 pm
240 [ R T SIS )
Advanced algorithms (A. Cooper-Roy): R VY AR i s e
Cimring et al., arXiv:2212.03885 it LSRR i R L st
El Sabeh et al., arXiv:2212.05586 3d (averaged)
= ‘ e i
=2 24 2 ’ . '5'
o ;'f'-, g .: -" P
For N =100 atoms: o)) Y of 7. 4
7 ¥y, AL
Filling fraction > 99 % v L
- Q((\
Probability of defect-free shots ~ 40 % 110 um Q



A cryogenic setup

Lens
holder

300-K UHV
enclosure

Zeeman
slower

beam
PTR 30-K

T, sensor stage

4-K shield
PTR 4-K

Mirrors stage

30-K shield

Cu braids (vibration decoupling)

T, sensor

0 10 20

L ]
30 cm

Survival probability

—
o

©
—_—

o 10 20 30 40

Holding time (min)

Trapping lifetime > 6000 s !

K.N. Schymik et al, Phys. Rev. Applied 16 034013 (2021)




Defect-free arrays with 324 atoms

* New procedure to optimize trap
loading

 Main limitation: field of view of
objectives

Probability
o
[§]

01F

: rl 0 0 v e

0 2 4 6 8 10 12
Number of defects

0.0

K.-N. Schymik et al., Phys. Rev. A 106, 022611 (2022).



Rydberg atoms

Large principal guantum number: 1, > 1 " !
n ~ 50 — 100
‘..
. —13.6eV 1
Energies E, = ~ —

(n—dn1;)*> n

Exaggerated properties: 5
Electric dipole <n5| d ’nP> ~ N

Lifetime 7T ~~ n3 (hundreds of ps)

Polarizabilty v ~ 1’

11

Interactions  Vgq ~ n* Viaw ~ n



Rydberg excitation

nS —— 5S — nS Rabi oscillations
1.0
1013 nm 0.8}
A 0.6}
6 P—4— O
0.4}
0.2},
421nm :
o.oO




Rydberg atoms: microwave transitions

10 GHz npP
=

o013 nS — nP Rabi oscillations
N %
6P M %‘*f"“ﬁ*"wm AAARA
(g ity H& TR TI0AY
%ﬁé# VLAY
47 B l‘Z?r lﬁ"r ED'T EJT' ?Eir 327
4o1nm Pulse area {2y, (rad)




Experimental sequence

Load traps, 1st image, Rydberg excitation & Readout (50 ms)
assemble array, 2" image (~ 500 ms) -._ quantum dynamics Rydberg atoms
s _(afew ps)  notrecaptured

Moving tweezers

T ——

Rydberg excitation lasers



Experimental sequence

- Load traps, 1st image, Rydberg excitation & Readout (50 ms) N
assemble array, 2" image (~ 500 ms) -._ quantum dynamics Rydberg atoms
s _(afew ps)  notrecaptured

Moving tweezers

T ——

Rydberg excitation lasers ~

100 - 300
repetitions
for each point




Experimental sequence

- Load traps, 1st image, Rydberg excitation & Readout (50 ms) N
assemble array, 2" image (~ 500 ms) -._ quantum dynamics Rydberg atoms
s _(afew ps)  notrecaptured

Moving tweezers

T ——

Rydberg excitation lasers ~

100 - 300
repetitions
for each point

One or two hours
per curve!
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Interactions between Rydberg states

1 dy-dy—3(d; -n)(dy- 1)

ot
dd dmeg R3

oy
Ve

van der Waals

N\ |T’]">

2-atom energy

7y — |T) | Ising-like interaction
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Interactions between Rydberg states

1 dy-dy—3(d;-n)(dy-n)

Vaai =
| dd 47T€() R3
R @
van der Waals Resonant DDI
N\
r7) S P) PS)
> AFE > =)
o o
C C
(D] (D]
- -
S S
© 5
~ | gg) N
199)
C Cs
AE ~ 7 V' s

— 1) Ising-like interaction

|P) — |1) | XY interaction (flip-flop)




Quantum simulation of the Ising model

Andreas Lauchli
(PSI & EPFL) P. Scholl et al., Nature 595, 233 (2021)



Many experiments using vdW interactions

. & "
’:t -
k4 6 % 5
s “n :‘p u " 4 ‘8 5 1
- a 0
2 3 313
lo G 29
. 3, s 4 § ‘§ ?
R z 3
¥ ?‘,.,:?’f W - 2 €13
. 25% . : 2 ‘8 9
ot ¢ ' g
& H -ﬁ: " ® Pz 5
Q
o @ 1
-4 0 , 4 8 o5 1
Detuning (MHz) Rydberg probability

Bernien et al., Nature 551, 579 (2017)

910 | Exp | Exp 0.15
5 4
~ 0 . 0.00 (57
‘ + o
10 4 1
MPS -0.15
—;0 —I5 0 5 1ID —‘IIO —I5 fIJ I5 1ID
G. Semeghini et al., Science 374, 1242 (2021) P. Scholl et al., Nature 595, 233 (2021).

And many, many more examples!



Rydberg blockade

One atom




Rydberg blockade

E Two atoms
1 _Cs/R°
One atom /}/
------ )
— ——|rg), lgr)
Y i
——g) i 99) .
Ry,

Blockade radius: h ) = 06/Rg



One atom

 w— ’T>
()
—— g

Rydberg blockade

b

Two atoms

Ce/R°

(—m)

oy Ira) £ 1o

X |

. V2

: 199)

Re T K

» Generate entanglement
= Basis of two-qubit gates
= Extends to N atoms in a blockade volume

D. Jaksch et al. PRL 2000



Rydberg blockade

Several blockade volumes in the array:

Strongly correlated quantum many-body systems!



Blockade: quantum Ising model

© O O O
© O O O
o O O O

hQ i i CG
1 <j Y
Rabi frequency Laser detuning van der Waals interactions



Blockade: quantum Ising model

© O O O
© O O O
o O O O

H = LU hon® G
1 <y Y
Transverse B Longitudinal B Ising couplings



Ising model: adiabatic preparation

Ry, = 1.2a

Nearest-neighbor blockade

a
OO0 00O0O0
O O O O™ 0
OO0 @
O 0 0.0
Rbf‘"\o 10 00
O..-0 0 0 O



Ising model: adiabatic preparation

Ry, = 1.2a
Nearest-neighbor blockade Antiferromagnetic ground state
a
ONCONONONG C ®@ O @O @
O O O OO ® O ® O @ O
O OO0 @ () O JON NON
R, QO oNeWe ' el Nl We
( , O O O O JON NOMN
O.-0 0 0 0 Yol Yol We



Ising model: adiabatic preparation

Ry, = 1.2a
Nearest-neighbor blockade Antiferromagnetic ground state
a
ONCONONONG ® O ® O e O
O O O OO O JON NON
O OO0 @ () ® O ® O @ O
R, QO oNeWe OC®@0Oe0 e
( , O O O ® O ® O @ O
O.-0 0 0 0 OCe0e0e



Ising model: adiabatic preparation

Ising AF phase diagram

©00o0O0O0
0000
00O
00O

0

ceoe
® O0eO0
ceoe
®@ O0eO0

AF

>

PM

00O0O0
O0O00O0
000O0
00O0O0




Ising model: adiabatic preparation

Ising AF phase diagram

0 0000
0000
A 0000
PM ©00O0
©O0O0O0 YeX Xeo) eo0 o060
0000 AF cOeo0 e eo0 0o
0000 YeX Xeo) XX X
OOOO‘ VvV 0Oeo0e seee .

Vary slowly Rabi frequency and detuning
to explore the phase diagram



‘Adiabatic’ preparation

on a sqguare array

ceoceo0e
00000
ceoceo0e
[ el ol Jel
ceoceo0e
00000

N

/

00000
ceoceoe
00000
ceoceoe
00000
ceoceoe

© < N O

(9%) Ajigeqoud

6%6
square array

236 ~ 7.1010 states!

7.

-b36>

State |b1bs . .

J\Q...



‘Adiabatic’ preparation
on a square array

8
/-O\ ceoceo0e 00000
6x6 S 67 [so000e coeoceo
square array 2 Seoeoe ™ 4133133
'S 4 eceoceo0 ceceoe
©
Q0
o 2
o
S State |b1bs . . . bsg) 3 23% % 7.10'0 states!
10x10
Perfect AF ordering!
sweep

(1 shot in 500)




Correlation functions

1

Ch; = ) — (ng; X
k.l Ne o — (nin;) — (n:)(n;)
10x10 array 14x14 array
Exp 0.15
. 0.00 5
] -0,15
| | | | | | | | |
-5 0 5 10 -0 -5 0 5 10

P. Scholl et al., Nature 595, 233 (2021)



Quantum simulation of the XY model



Quantum simulation of the XY model

Theory support:

M. Bintz
V. Liu
S. Chatterjee

N. Yao T. Roscilde F. Mezzacapo
(Harvard) (Lyon)



Resonant dipole-dipole interaction

e

=

| n'p)— [1) R
'Q T> 'l
—

coupling =™
ns) — 1) | |])




Resonant dipole-dipole interaction

e

C3

J ~ =2

| [n'p)— |1) R
coupling \>|Q T> ',” F\' T>
ns) = [ |1} —— —— |
L0 o Py ¢ By

Probabilities
()
Ot

0-00.0 0.5 7.0 75 2.0 2.5
Interaction time ti,; (us)
Barredo et al., PRL 114, 113002 (2015)



Resonant dipole-dipole interaction

e

C
J~ =
, R3
n/p) = |1)
microwave + ——
coupling \>|Q T> " F\, T>
\ /
ns) =) | |])  =—— —— |])
N atoms: XY model %1.0 3 P e Py
C3 4 5 i\ = ] P
H:Zﬁ(aiai—l—agaé) §05
i#Ej Y 2
¥ e Lo .
1.0 1.5 2.0 2.5

Interaction time ti,; (us)
Barredo et al., PRL 114, 113002 (2015)



Resonant dipole-dipole interaction

e _

A 4

R
Cs
J~ =
/ R3
n'p)— [1)
microwave + —
coupling ™| ()} T> ,I F\' T>
\ ’
Studies conducted using the resonant dipole-dipole interaction:
Preparation of a many-body topological phase de Léséleuc et al., Science 365, 775 (2019)

Implementation of a density-dependent Peierls phase Lienhard et al., PRX 10, 021031 (2020)

Floguet engineering of XXZ Hamiltonians Scholl et al., PRX Quantum 3, 02303 (2022)



Ising vs. XY model

Ising model

H = ZJU“B ?

(1,5)

AFM Jij < 0

@0 eo0eo ;x< €T >x ces
ceoeoe
@0 eo0eo : ) :
ceoeoe X X X °°°
[ Jel NN JeJ
ceoeo0e

%x%x%x e

Ground state =
classical Néel configurations



Ising vs. XY model

Ising model XY model
H = ZJ@JA:B i H="> Jy;(6767+6/6%)
(4,3) (4,5)

AFM Jij < 0

@0 eo0eo ;x< €T >x ces
ceoeoe
@0 eo0eo : ) :
ceoeoe X X X °°°
[ Jel NN JeJ
ceoeo0e

%x%x%x e

Ground state =
classical Néel configurations



Ising vs. XY model

Ising model XY model
H=Y ;6767 A=Y J,(6¢6% +6Y6Y)
(i,9) (i,) /
AFM Jij <0 Competing order along x / along y

@0 eo0eo ;x< €T >x ces
ceoeoe
@0 eo0eo : ) :
ceoeoe X X X °°°
[ Jel NN JeJ
ceoeo0e

%x%x%x e

Ground state =
classical Néel configurations



Ising vs.

Ising model

H = ZJU“B ?

(1,5)

AFM Jij < 0

@0 eo0eo ;x< €T >x ces
ceoeoe
@0 eo0eo : ) :
ceoeoe X X X °°°
[ Jel NN JeJ
ceoeo0e

%x%x%x e

Ground state =
classical Néel configurations

XY model

XY model



Ising vs. XY model

Ising model

H=Y ;6767

(,5)

AFM

Jq;j<0

@0 eo0eo ;x< €T >x ces
ceoeoe
@0 eo0eo : ) :
ceoeoe X X X °°°
[ Jel NN JeJ
ceoeo0e

%x%x%x e

Ground state =
classical Néel configurations

XY model

(1,5)
N
= _ 73( j j +O-z'0j—)

(2,5)

— )
1)
[T

— )



Ising vs. XY model

Ising model

H=Y ;6767

(,5)

AFM Jij < 0

@0 eo0eo ;x< €T >x ces
ceoeoe
@0 eo0eo : ) :
ceoeoe X X X °°°
[ Jel NN JeJ
ceoeo0e

%x%x%x e

Ground state =
classical Néel configurations

XY model

(2,9)
Jij oo
= 73( j j T0; Uj)
(2,3)
E
200y ——|11)
PEC TR
-+ = 2J
[t T
=) o< [ 41) — 1))
0+ ——I[)



Ising vs.

Ising model

H=Y ;6767

(,5)

AFM

Jq;j<0

@0 eo0eo ;x< €T >SU ces
ceoeoe
@0 eo0eo : ) :
ceoeoe X X X °°°
[ Jel NN JeJ
ceoeo0e

%x%x%x e

Ground state =
classical Néel configurations

XY model

XY model

N
= 73( j j T0; Uj)
(1,7)
E
200 F —— |11
PEC TR
-+ = 2J
N
=) o< [41) — [ 1)
0+ —I[)

Ground state =
non-classical entangled state



XY on square lattice (1/2 filling)

Ansatze wavefunctions
continuous U (1) symmetry

M?* = E o;  conserved
i




XY on square lattice (1/2 filling)

Ansatze wavefunctions
continuous U (1) symmetry

M?* = E o;  conserved
i




XY on square lattice (1/2 filling)

Ansatze wavefunctions
continuous U (1) symmetry

M? = g o;  conserved

XY antiferromagnet



XY on square lattice (1/2 filling)

Ansatze wavefunctions
continuous U (1) symmetry

M?* = E o;  conserved

XY antiferromagnet



Preparing FM and AFM XY magnets

C. Chen et al., Nature 616, 691 (2023)



Preparing XY ferro- and antiferromagnets

3
a
Start from: Hxy = —J g — (070 +0j0i)+h E 0,07
— 7 .
i<j U i N\ staggered



Preparing XY ferro- and antiferromagnets

3
a
Start from: Hxy = —J E — (070 +0j0i)+h E 0,07
— 7 .
i<j Y i N\ staggered

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

apply local light-shift

L *" : *4'}* *1‘ (2nd SLM)

+
' *e B microwaves

Freq,c A € B
1) = 160Py )| — *

1) = 1608; ») 4 6 Sgrensen et al., PRA 81, 061603(R) (2010)
- 1/2) | =-@= -l



Preparing XY ferro- and antiferromagnets

3
a
Start from: Hxy = —J E — (070 +0j0i)+h E 0,07
— 7 .
i<j Y i N\ staggered

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

4 )

Freq,c A € B
1) = 60, 5) | — *

1) = 1608; ») * 6 Sgrensen et al., PRA 81, 061603(R) (2010)
- 1/2) | =-@= -l



Preparing XY ferro- and antiferromagnets

A
Light-shift & scan

Ferromagnet

1.0 T T

atoms €A

'qo/ 0
Gé@
%

0.5

z magnetizations
o
o
T

-0.5

atoms €B
-1.0 L L

0 1 2
time (us)

Antiferromagnet
1.0 T T

05

z magnetizations
o
o
T

read-out

time

42 atoms



z magnetizations

z magnetizations

Preparing XY ferro- and antiferromagnets

A
Light-shift & scan

:-
Ferromagnet
10 Gioms €A '
o,
0.5 %, 1 e
T
0.0 3
8
>
-0.5 | 1 =
atoms €B
-1.0 . :
0 1 2 3
time (us)
Antiferromagnet
1.0 T 1
05 1 o
=]
o
©
0.0 o
o
o
-0.5 |- { =
-1.0 L !
0 1 2

read-out
time
0.30 T I . .
Adiabatic
0.15 .
0.00 r C Nearest }
neighbours
_015 B 'S =
-0.30 . L
0 1 2 3
time (us)
0.30 T T
015 .
0.00 .
-0.15 \_@_W—b—d
-0.30 . L
0 1 2 3
time (ps)

42 atoms



z magnetizations

z magnetizations

Preparing XY ferro- and antiferromagnets

Light-shift & 42 atoms
|5 ‘ - read-out
c
time
Ferromagnet
0 Gioms €A "] ' 030 ' " Adiabatic
0.5 - "%% E 1 2 015f :
%! E If only NN interactions:
00 ! % 0.00 J=O—C Nearest i
i ~ O—%—O neighbours |5AFM‘ — |6FM|
-05 e { X-015} tathad - c C
atoms €B i
-1.0 — : ~-0.30 ' :
0 1 2 3 0 1 2 3
time (us) time (us)
Antiferromagnet
1.0 [ — 0.30 | .
05 - i 1 o 015F -
: S
' ©
0.0 , © 0.00 -
;
05 | : 1 X g5k i
0.5 i tc 0.15
-1.0 l L ~0.30 J '
0 1 2 3 0 1 2 3



Preparing XY ferro- and antiferromagnets

Light-shift &

|5c"

Ferromagnet

1.0

0.5

0.0

z magnetizations

-0.5

-1.0

Antiferromagnet

1.0

0.5

z magnetizations
o
o

atoms €A

'VO/.

%

D,
&C‘

atoms €B |

te

0

1

time (us)

2

T

xx correlations

xx correlations

read-out
time
0.30 T I . .
Adiabatic
0.15 .
0.00 r C Nearest }
neighbours
_015 B 'S =
-0.30 . L
0 1 2 3
time (us)
0.30 T T
015 .
0.00 .
-0.15 \_@_W—b—d
-0.30 . L
0 1 2 3
time (ps)

42 atoms

If only NN interactions:
52 = |0 ™|

Long-range dipolar interactions:
AFM FM
0 <o |

AFM weakly frustrated
interactions



Preparing XY ferro- and antiferromagnets

A
Light-shift &

Ferromagnet

1.0 T T

atoms €A
Y.

O/’@ %
9&0

0.5

0.0

z magnetizations

_0.5 -

atoms €B

-1.0 . :
0 1 2

time (us)

Antiferromagnet

1.0 T T

05

z magnetizations
o
o
T

xx correlations

xx correlations

read-out
- >
time
0.30 | | — -
Adiabatic
0.15 .
0.00 ) " Nearest }
neighbours
-0.15 | > c .
-0.30 . L
0 1 2 3
time (us)
0.30 T T
015 .
0.00 .
-0.15 \M&——d
-0.30 L !
0 1 2 3
time (ps)

42 atoms
T T T 0.30
5 L -
0.15
S Q
< 0F 11700 2
-0.15
_5 L -
L 1 ' -0.30
-5 0 5
dy
T T T 0.30
5 - -
0.15
S Q
- 0F : - 0.00 @L
-0.15
_5 - |
L 1 1 -0.30
-5 0 5
d,



LRO for the FM case

A
“Light-shift & 100 atoms
read-out .
X R T
i N Co(d) = (CZ ., )i
time
0.35
o : g 03
0.30 | A
< 0 e 1H00g, Ferromagnet:

0-25 1 - Long-range order
= 020 CR - _'9 (') é _'9 (') é_ -0.3 Antiferromagnet:
g . e o dy d, * Correlations decay to O
Sont rromid 4ty sty S b

m .
0.10 |- Crucial role of
3 . .
i o 1/7° interactions
0.05 o o Antiferromagnet b + /
0.00 ! °° 0 @060 e 680 a0ba ¢'¢A JH’%’%)
0 2 4 6 8 10
d (site)

C. Chen et al., Nature 616, 691 (2023)



Scalable spin squeezing
In the dipolar XY model

G. Bornet et al., arXiv:2303.08053



Scalable spin squeezing
In the dipolar XY model

G. Bornet et al., arXiv:2303.08053

Similar results

* Trapped ions: arXiv:2303.10688 (C. Roos)
* Dressed Rydberg atoms: arXiv:2303.08078 (A. Kaufman), arXiv:2303.08805 (M. Schleier-Smith)



Experimental observations of spin squeezing

Hot / cold atomic vapors

f differ. photocurrent

Polzik (1999), Giacobino, Mitchell, Nascimbene...

Cavity QED + cold atoms (OAT)

Kasevich, Nature 2016

Vuletic, Kasevich, Thompson (JILA), Je,

atoms

(a)

\ Atoms

8_

| Dy

0

Lattice

116
)

ential

Probo intensity

'l——k‘-

Schleier-Smith...

2/16

8T0¢ WwWo) 1eN

Pezzé et al., RMP 2018

Bose-Einstein condensate (OAT)

|b)

- i A A Ll

|b) e =

:

* @) o

o

'—\

- o
o Oberthaler, Treutlein,

|a)

Klempt, Reichel, You...

lon crystal (~OAT)

I
o

=
o
T
—-—
—

Squeezing Parameter ¢}
(=]
L=

=] o

N b

T —
Fa L

f

' ——
0 =
-
o ——

—0—

o -
=]

0 50 100 150 200
lon number N

Bollinger, Science 2016



Spin squeezing in OAT and dipolar XY

Az

>N

AR

\ > X
.

coherent
spin state




Spin squeezing in OAT and dipolar XY
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Spin squeezing in OAT and dipolar XY
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Spin squeezing in OAT and dipolar XY

One-axis twisting model
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Spin squeezing in OAT and dipolar XY
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Is 1/r3 long-range enough to generate squeezing?



Spin squeezing in OAT and dipolar XY
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Is 1/r3 long-range enough to generate squeezing?
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Dipolar spin squeezing with Rydberg atoms
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squeezing with Rydberg atoms
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Dipolar spin

6 X 6 atoms
t =300 ns
6 _—' ! 4) T
I )
ST o o
3 ¢
2r © o]
; S i N O 18

Squeezing !

squeezing with Rydberg atoms

T t
o » 0| read-out
2
MW-pulse MW-pulse
around x around y
0.0 | %) 142
-0.2 ? ----------------------------- i —#i—o— 1.0
(o)
14,0 Joas
:2"; 04r ‘# o % g ’ =2
b —_
N . 106 £
-06 é é o o)
o _0° e : 0.4
0.8 se8,0%0
e 0.2
[o]
o o
-10 4 1 1 1 1 ] 0.0
0.0 0.2 0.4 0.6 0.8 1.0
t(us)




Dipolar spin squeezing with Rydberg atoms
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Scaling of the squeezing with the atom number
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Scaling of the squeezing with the atom number
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metrological gain (dB)
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Scaling of the squeezing with the atom number

Pezzé et al., RMP 2018
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Scaling of the squeezing with the atom number

Pezzé et al., RMP 2018
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£Z (dB)

Increasing the squeezing lifetime

Spin-squeezed state only transient... How to prolong its lifetime?

Two-step squeezing

¢ Original sequence
¢  Multistep squeezing

Parabolic fits
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£Z (dB)

Increasing the squeezing lifetime

Spin-squeezed state only transient... How to prolong its lifetime?
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Future directions



wq (2m x MHz)

Future directions with RDDI

XY models:

“Quench spectroscopy”: elementary excitations of FM and AFM

X \/q .-
oy |
FM 0/5% iﬁ% %
) ey

=

/”
-

0 1 2 3 V p
qla

Theory (tVMC)



Future directions with RDDI

XY models:
» “Quench spectroscopy”: elementary excitations of FM and AFM
 On Kagome arrays: Spin liquids (Dirac, Chiral)

« Spin transport

Beyond XY:

« Topological matter with RDDI
Weber et al., PRX Quantum 3, 030302 (2022)

* Floquet engineering of exotic spin models (DM interaction...)



Conclusion

v' Rydberg arrays: ideal platform for guantum simulation of spin models

v' Quantum computing: fidelities steadily improving
(Harvard, Caltech, Wisconsin, etc.)
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