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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)
I‘if ~ Z Jijag)agj) I‘i’ ~ Z JZJO'E;)O'(_J)

1,7 ,J
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1. Experimental setup

2. Ising model

3. Dipolar XY model



1. Experimental setup



Arrays of single atoms
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Nogrette et al.,, PRX 4, 021034 1021 (2014)
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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) s 0s sdaansy kb Eavaien
> o TGt
100 pm
20 Bh Sk ta i
3d (averaged)
For N = 100 atoms: = ¥ % %
=2 24 .2 f‘ 2 '5'
Filling fraction > 99 % = 77 Y 4
Probability of defect free shots ~ 40 % ! 7 -f,"'!:— Wt
r/\;‘\



A cryogenic setup

Lens
holder

300-K UHV
enclosure

Zeeman
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Trapping lifetime > 6000 s !

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




Defect-free arrays with 324 atoms!

Probability
o
[§]

01F

: _‘rl 0 0 v e

0.0 0

2 4 6 8 10 12
Number of defects

New procedure to optimize trap
loading

Main limitation: field of view of
objectives

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



Rydberg atoms

Large principal quantum number: n>1 »

n ~ 950 — 100

mTm=-a L
~
‘@ -
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Exaggerated properties: 5
Electric dipole <7'LS| d ’TLP> ~ T

Lifetime 7 ~ n3 (100s of ps)



Rydberg atoms

Large principal guantum number: 1, > 1 ,"" !

n ~ 950 — 100
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Exaggerated properties: 5
Electric dipole <7'LS| d ”an> ~ T

Lifetime 7 ~ n3 (100s of ps)
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Rydberg atoms

Large principal guantum number: 1, > 1 I,,"' !
A
n ~ 50 — 100 [/ nag

|\\./,/
Exaggerated properties: 5
Electric dipole <77/S| d ”an> ~ T

Lifetime 7 ~ ?’L3 (100s of ps)

NS — nP Rabi oscillations

10 GHz TLP
1013 nm

6P A ﬁﬁﬁ;saﬁﬁf LA
ﬁﬁsvi#q”#%qgii?§‘

4 8w 127 16 20m 247w 28w 32w
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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 ~ 75 V' R

— 1) Ising-like interaction

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




2. Quantum simulation of the Ising model



2. Quantum simulation of the Ising model

Theory support: Andreas Lauchli (Innsbruck, now PSI) ( ‘



van der Waalls interaction: 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



van der Waalls interaction: Ising model

© O O O
© O O O
o O O O

H = E ned hon' E:& oy
1 i<j Y
Transverse B Longitudinal B Ising couplings



Ising model: adiabatic preparation

Ising AF phase diagram
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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 of 2D Ising AF

10x10 square array

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



Adiabatic preparation of 2D Ising AF

10x10 square array Perfect AF (Néel) ordering!

Missing atoms = Rydberg

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



Adiabatic preparation of 2D Ising AF

10x10 square array 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



Correlation functions
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015

0.00 , =

—0.15



3. Quantum simulation of XY models



3. Quantum simulation of XY models

Theory support: Norm Yao (Berkeley)




Resonant dipole-dipole interaction
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Resonant dipole-dipole interaction

e

=

C3
J ~ =2
| [n'p)— [1) R
couplingve\ ' ) T> ',1 : F\' T>
XY model:
NG i gy i
H = Z 73 (0p00 + 0,07)

iz



microwave

Resonant dipole-dipole interaction

coupling \>|Q

XY model:

e

n/p) = |1)

ns) — 1)

C
1) —— ——— T)
) —— —— ||
L0 o P ¢ Hn

Probabilities
()
Ot

1.0 1.5 2.0 2.5
Interaction time ti,; (us)
Barredo et al., PRL, 124, 023201 (2020)




Resonant dipole-dipole interaction

e _

A 4
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Cs
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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=Y ;6767

(,5)

Antiferro J;; <0

T :Square (1/2) Trangle (1/3)

eceo0eo0 xS 7x .-
ceoceoe
00000
ceceoe 7z .-
00000
ceceoe . N

x a:' xoau

Ground state (1/2, 1/3...) =
classical Néel configurations



Ising vs. XY model

Ising model XY model
H=7 Ji6{6} H="> Jy;(6767+66%)
(4,7) (4,7)

Antiferro J;; <0

T :Square (1/2) Trangle (1/3)
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Ground state (1/2, 1/3...) =
classical Néel configurations



Ising vs. XY model

Ising model XY model

H=Y ;6767 A=Y J,(6¢6% +6Y6Y)

(i.5) (i.5) /

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

T :Square (1/2) Trangle (1/3)

[ el Mol Jel 3:5& T %x cee
coeoceo0e
[ Jol ol el : ) (
cOeoeo0e xr X X *°-°
[ Jol ol el
coeo0oeo0e

%x%x%x coe

Ground state (1/2, 1/3...) =
classical Néel configurations



Ising vs.

Ising model

H=Y ;6767

(,5)

Antiferro J;; <0
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XY model

XY model



Ising vs.

Ising model

H=Y ;6767

(,5)

Antiferro J;; <0
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Ising vs. XY model

Ising model

H=Y ;6767

(,5)

Antiferro J;; <0

T :Square (1/2) Trangle (1/3)
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00000
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Ground state (1/2, 1/3...) =
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XY model

(irg)
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E
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Ising vs. XY model

Ising model

H=Y ;6767

(,5)

Antiferro J;; <0

Trangle (1/3)

T :Square (1/2)

cOeoceoe
[ el NoN JNe]
ceoceoe
[ el NoN Qe
cOeoceoe
[ el Mo JNe]

— b e
Ground state (1/2, 1/3...) =
classical Néel configurations

XY model

Jii o
= 73( ; j TO; Uj)
(ir5)
E
2o ——|11)
wo +) o [41) + [ 1)
34 2J
) T
=) o< |41 — 1)
04+ —— 1)

Ground state (1/2) =
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 XY ferro- and antiferromagnets

3
a
Start from: Hxy = —J g —- (070 +0j0i)+h E 0,07
— 7 .
i<j Y 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) = 160S) ») 4 6 Sgrensen et al., PRA 81, 061603(R) (2010)
= 1/2) | =-@= -l



Preparing XY ferro- and antiferromagnets

3
Start from: Hxy = —JZ a—3(0f0f +0j0d) + ﬁz 0,07
r .

i<j Y AN staggered

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

Q. Phase transition

~

ny/J
A

Freq,c A € B

|¢> - |60P1/2>

1) = 160512)

— _*_

; T 5 Serensen et al., PRA 81, 061603(R) (2010)



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 6 to “melt” into XY AF

4 )

Q. Phase transition

Freq,c A € B
1) = 160Py )| — *

1) = 160S) ») * 6 Sgrensen et al., PRA 81, 061603(R) (2010)
= 1/2) | =-@= -l



Preparing XY ferro- and antiferromagnets

3
Start from: Hxy = —JZ a—3(0f0f +0j0d) + ﬁz 0,07
r .

i<j Y AN staggered

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

Q. Phase transition

~

ny/J
A

Freq,c A € B

|¢> - |60P1/2>

1) = 160512)

— _*_

; T 5 Serensen et al., PRA 81, 061603(R) (2010)



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 6 to “melt” into XY F

4 )

Q. Phase transition

ny/J
A

Vo

\ / e he/J
*" ’* :

1) = 160S) ») * 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 U i N\ staggered

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

4 )

Q. Phase transition

Freq,c A € B
1) = 60 o) | — *

1) = 160S) ») * 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 }
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_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 < [0 |

AFM weakly frustrated
interactions



Preparing XY ferro- and antiferromagnets

A
Light-shift &

Ferromagnet

1.0 T T

atoms €A
Y.

O/’@ %
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0.5
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z magnetizations
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LRO for the FM case

A
Light-shift & 100 atoms
read-out .
X J— T
i N Co(d) = (C2 )7
time
0.35
o . g 03
0.30 |
()
< 0 e 1H00g, Ferromagnet:
0-25 1 - Long-range order
-9 . :
— | ] ] Ll 1 ] -0. .
= 0.20 CJ mm o o PP . 3 Antlferrc'>magnet.
= Correlations decay to O
S =l qulmdx dyx ,%
= 015 Ferromagnet %E.%E%E%%g 5%_ +_+_ +
¢ f .
0.10 |- Crucial role of
3 . .
o 1/7° interactions
0.05 o o Antiferromagnet # b + /
0.00 ! °° 00 ©0¢¢¢.mo&¢e)¢wa¢¢A JH’%’%)
0 2 4 6 8 10
d (site)

C. Chen et al., arXiv:2207.12930



Finite-T phase diagram?
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&g

Partial quench during the ramp,
of amplitude &, and equilibration time

“Proxy” for the temperature
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Finite-T phase diagram?

)
&g
Partial quench during the ramp,
of amplitude &, and equilibration time
“Proxy” for the temperature
\‘.._ ::éq. -
TR
Ops 4 ps
FM AFM

e 15 : : 0.24 f 8 , , . . 0.09
12 b 4 I I
+ 4 0.18 6 |- ]
—— 1 4 0.06
ol 1]
+ 1012 3 4 b . §L
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m - ) o
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0.00 0.00

1 1 1 1
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Future directions with RDDI

XY models:

« Scalable spin squeezing in dipolar XY arrays
Comparin et al., arXiv:2202.08607

 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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Thanks for your attention!
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