Many-body physics with Rydberg arrays — Lecture 2

Lecture 2: Rydberg Interactions and spin models
Engineering many-body Hamiltonians



Combining arrays of atoms and Rydberg interactions

Rydberg interactions
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A fruitful idea: the Rydberg Blockade
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A fruitful idea: the Rydberg Blockade

D. Jaksch, PRL 85, 2208 (2000)
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A fruitful idea: the Rydberg Blockade

D. Jaksch, PRL 85, 2208 (2000)
M. D. Lukin, PRL 87, 037901 (2001)

O « = >0 F
A B
rr)
EA
) L (lgm) + Irg))
\/§ g g
0 9
9) | > 99)
R

Blockade = entanglement and gates!!



Atomic ensembles
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The first blockade experiments
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Outline — Lecture 2

1. A bit of plumbing...: Rydberg excitation and detection



Coherent optical Rydberg excitation (n = 50 — 100)
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87Rb

Effective Rabi frequency: 2 =

Light-shift: et = 0 — (

Coherent optical Rydberg excitation (n = 50 — 100)

A
)

1o

|n81/2,MJ = 1/2>

|581/2,F:2,M:2>
OQrflp
2A
Q57 QR
4A 4A

o

Global excitation .

A




87Rb

Effective Rabi frequency: 2 =

Light-shift: deg = 0 — (

Coherent optical Rydberg excitation (n = 50 — 100)
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Coherent microwave manipulations (n = 50 — 100)

57Rb EA Mﬂ Detection of Rydberg state| 1) =
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Addressable manipulation in the array with local light-shifts

Microwave manipulations are global (A ~ cm)
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2. Interactions between Rydberg atoms and spin models

I”

 “Natural”: Ising and XY Hamiltonians



Interactions between Rydberg atoms and spin models
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Spin models: one of the “simplest” many-body systems

Interacting spin % particles on a lattice: (D) Spatial Dimension me—p>
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Spin models: one of the “simplest” many-body systems
Interacting spin % particles on a lattice:
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Spin models = generic systems to study many-body questions:
Quantum phase transition, out-of equilibrium, topology, entanglement...



Spin models: one of the “simplest” many-body systems
Interacting spin % particles on a lattice:
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Spin models = generic systems to study many-body questions:
Quantum phase transition, out-of equilibrium, topology, entanglement...



From van der Waals interaction to spin models...

e— - &

van der Waals

A Cs o< n'' = switchable interaction
—r Ins, ns)
= B Ground state: n=5 <1011
5 AF Cs Rydberg: n=>50
S RS
& Ising - like!!
|99) - Ce . . g .
Hint = ﬁnlng ~ J0'10'2
“Equivalent” to interaction between spins \

f ‘ f Q Rydberg n;,=1

Uint =J Uint = —J



2-atom energy

From van der Waals interaction to spin models...

1013 nm

6p3 /2

421 nm

‘581/2,F = 2,M = 2>




From van der Waals interaction to spin models...

2-atom energy

G

H= ?Z&;—I—héz&i%—zg—gﬁiﬁj
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From van der Waals interaction to spin models...

~ uB0o, + /LBH&Z

e v Controlled parameters:

y p 5 .. .

H — - Z &'+ hé Z G+ Z —8 fin,; From negligible to dominant
(] (]

Transverse Field Ising model:

i v interactions

Laser: B BII spin-spin interactions



From van der Waals interaction to spin models...

Quantum simulation:

Emulate a system by another one

Similar equations lead to same solutions!!

Transverse Field Ising model: Controlled parameters:

Y S 4 ' Cs F ligible to dominant
H = — 6" + ho &l + 0 o A rom negligible to dominan
2 EZ: ZL: ;R?j o interactions

Laser: B BII spin-spin interactions



Resonant interaction between Rydbergs and XY spin model

Browaeys & Lahaye, Nat.Phys. (2020)
Barredo PRL (2015), de Léséleuc, PRL (2017)
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Resonant interaction between Rydbergs and XY spin model

Browaeys & Lahaye, Nat.Phys. (2020)
Barredo PRL (2015), de Léséleuc, PRL (2017)
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Resonant interaction between Rydbergs and XY spin model

Browaeys & Lahaye, Nat.Phys. (2020) dgp
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2. Interactions between Rydberg atoms and spin models

 Application to hardcore bosons, t —J model



XY spin model and transport of excitations
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The Su-Schrieffer-Heeger model

e

()
H H H H H . .
| | I I I . Electronic transport in
& \T"‘f \1:/ \?’f E\T/ \?”/// polyacetylene
H H Hoo1 M H PRL 42, 1698 (1979)

Now, considered as simplest example of topological model

Asboth, arXiv:1509.02295
Cooper, arXiv:1803.00249



The Su-Schrieffer-Heeger model

Pant
T\ .J \ Model: tight-binding

3 dimerization: J > J’
w_v

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

Asboth, arXiv:1509.02295
Cooper, arXiv:1803.00249



Implementation of SSH spin chain with Rydberg atoms

- Déléseleuc, Science 365, 775 (2019)
o A

AR TR 7 N Model: tight-binding
B ; dimerization: J > J’
w._v
J" =0 : chiral symmetry = symmetric single particle spectrum

Quantization axis

Asboth, arXiv:1509.02295
Cooper, arXiv:1803.00249



Spin excitations interact: hard core bosons

gt = b, bi0) = [1)

o . . _ H ' ‘T> * |P> A~
Spin excitation = “particle \ 6~ — b, bj1)=10)

/
A alild [87:,8;]:(51'3'

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

_._(><\_._ On-site interaction U — oo

— — Hg =) Jy(blb; +b:bl), b =0
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$ 8 -8 0000

—=The first symmetry protected topological phase...
Predicted in 2012 Déléseleuc, Science 365, 775 (2019)



XY model beyond two levels: Doped magnet and t —J -V model

Hubbard model
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t —J—V model using 3 Rydberg states

I First-order exchange

Idea: Homeier et al., PRL 2024 .
/\) ...... . ...... JZ A
. _____ O"V_‘O n
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7“3 dd 11 dd
n
JS'S: [ —EJ

B T

2"d-order exchange

3 SJ} |5‘;¢ >

1P, 5)

|h) = |§0P3f2,”1-f =-1/2) %HZ é S, P) dd
1Ly = 160812, my =1/2) -.— -
Tunability: vary 8 and r

I:ItJV :ﬁt+ﬁj+ﬁv
Z Z ( a; o jha’zhaja—l' h.c. ) Resonant dip.-dip. S, P

i<j o=],1 ”
X 1 T
HJ:Z [JzSzSz_l_J_(S-I-S +h.c. )] vdWS,S._dlag. (]Z)
i<j Tw and off-diag. (/)
Z 5 n? vdW PP: interaction between holes
M. Qiao et al., arXiv:2501.08233
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 Engineered: XYZ (Floquet), Rydberg dressing



Interactions between Rydberg atoms and spin models
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Browaeys & Lahaye, Nat.Phys. (2020)
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Interactions between Rydberg atoms and spin models

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

t dipole
Extend to more general XYZ spin models V |n'p,ns)
g _ (T z _z 2z
Hx~y = ZJ;S Jfgf + Ji; 0705 +J;070; C,
i#J A. Abragham, ﬁ
XXZ e % Principle of Nuclear Magnetism (1983 )
: \ ‘1/ %] ‘;‘ .
n'p) g g Heisenberg )
e, s > JiiSi- S,
‘7’L8> .y g .o CSZCOCI4 ’L7éj

Whitlock, J. Phys. B 2017




Engineering the XYZ model with microwaves

Combine:
Naturally occuring XY interaction Microwave driving
n/p) e——| 1) % — In'p) n'p) )
. - ) Iw)ew( >
ns) | || — [15) ns) )

1.0 @

Pyos g 3

0.0

0.0 0.5 1.0 15 2.0 2.5

Hariy = Z (6767 +6]67) + Zcoscp o7 + sin(t) 67



XYZ model with microwaves: Floquet engineering

Microwave pulse sequence Q( )

Tm

€ te = 2(T1+T2-|-T3; >
(infinitely short pulses)

e

Cs
R3 te <1 =>averaged hamiltonian: H,, = H

TI+ T T + T To + T
:>Hav—22 ( 1t 20;”0;{”4— 1t 303?’0?—1— 2t 20505)
i7] ¢ ¢

=> Programmable XYZ Hamiltonians!
Vandersypen, RMP 2006
Choi et al,, PRX 10, 031002 (2020)



Heisenberg XXX engineering in 2D

Scholl, PRX Quantum 2022

32 atoms
e © o © 2
o © © o Hijeis. = Z JijSi - S;
@ o e o ij

e © o o V2x20
e ©¢ o o um
e © © o

e © © o y-magnetization nearly conserved
e ¢ o o

[4) = [755); 1) = |75P)

—
=

Initial state: (| —),)®"Y

_16 1 1 1 1

Expt: cloud of atoms t (us)
Geier, Science 2021



Heisenberg XXX engineering in 2D

Scholl, PRX Quantum 2022

32 atoms
e © o © 2
o © © o Hijeis. = Z JijSi - S;
@ o e o ij

e © o o V2x20
e ©¢ o o um
e © © o

e © © o y-magnetization nearly conserved
o © © o g
SU(2) symmetry: [Hreis., Z S;| =0

[4) = [755); 1) = |75P)

—
b

S
QN ~~

Initial state: (| —),)

Expt: cloud of atoms t (us)
Geier, Science 2021



Heisenberg XXX engineering in 2D

Scholl, PRX Quantum 2022

32 atoms
e © o o ~
e © © o Hijeis. = Z JijSi - S;
e © © o vy

e @ o o V2x20
e © o o um
® ©¢ © o

e © o o y-magnetization nearly conserved
e o o o . .
Hieis — Hxx ~ MACE simulation Hy,iy
| \ / Hazzard, PRL 2014

[4) = |755);[1) = |75P) No adjustable

—

2 R , = parameter,
iti : QN =~ © |38 um :
Initial state: (| —),) SR | K includes MW
| N | . | imperfections
-1 1 2 3 4 5
Expt: cloud of atoms t (us)

Geier, Science 2021 | jmjtations: finite MW pulse duration + imperfections



2-atom energy

Tailoring the ground-state interaction by Rydberg dressing

Atom in ground state = no inter-site interaction

Solution: admix ground-state with Rydberg state

. Q) Idea: Bouchoule &Moelmer PRA 2002
9) =~ |g) + g|7“> Pupillo et al. PRL 2010
\ interactions
h
19{5 R>>Rb:Egg:2><§<5—\/52—|—Q2)
5= o) + 1) h
wgﬂ R< Ry By = 5 (5 /e 292)
——g9)
Q4
Go _ Q E,, EY =~ her



Tailoring the ground-state interaction by Rydberg dressing

Atom in ground state = no inter-site interaction

Solution: admix ground-state with Rydberg state

. Q) Idea: Bouchoule &Moelmer PRA 2002
\g> ~ ]g) + g|7a> Pupillo et al. PRL 2010
\ interactions
%>D Q\/§ 0 0.0f
GCJ ]_ O E O 02f
—=gr) +r . 5
g 51_ : ?ug b)) (s F s o
© Qv/2 0 2L 25+U %"
~ Ve LTS oy ey § e
— ‘gg> 1.0 R/R ]
1.2 b 1
% _ Q E . EO % hQ4 0.5 1.0 1.5‘ 2.0
RY 99 99 ™ gs3 Softcore potential

Johnson & Rolston PRA 2010



Rydberg dressing: first experiment and recent developments

Two atoms in tweezers

1.0

o] |
0.5 Pis
|0, 0}
2 0.0
22, 2 10
S
& 05
[ o Piot Poy
@ 3 e
(o,f+ n.on/A2 2z
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& = 10
i
Q Q \Eﬂmw 03 Pyo
LA R 0.0 taee
N -0.5 0.0 0.5
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C
0 1
| =5
200 o
- 7- @’ /
- i3
1
N -400 !
] 3
= 2
= _eno )
600 ¥ W,/ 2p =44 MHz,D,/2p=4MHz
,,%% = Exp.- - - - Calc.
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e Exp. - - - - Calc.
-1000

T T T T T T T T
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R(mm)

Jau et al., Nat. Phys. 12, 71 (2015)

For a long time: unwanted losses...

Zeiher (Nat. Phys. 2016) lattices
Porto (PRL 2016) ensemble + lattices

Rydberg —dressed 1D Bose-Hubbard arxiv:2405.20128

30P, U
=y 10 4+ — g ni(n; — 1)
----- g 0.8 | 2 -
S o6} v
>
Q © 04Ff
g +V E N;Mi11
£ 02
5 :
0.0 L N (A
lg) 0.5 1.0 15 2.0 2.5 3.0

Interatomic distance (aa)

Dressing!
Also: Spin squeezing with Rydberg
dressed interactions

A. Kaufman arXiv:2303.10668, Nature (2023)
M. Schleier-Smith PRL 131, 063401 (2023)



Conclusion: many variants of spin Hamiltonians

( ] N\
Quantum Ising

Hardcore
boson

s=1/2
\_ J
r N oxvz )
XY,15 - %/2 Heisenberg
—,— s=1/2
R3’R
JAG Floquet y

Bosons/ Fermions
Softcore
potential

[ t- ) model ]

-

=)
Lo

\Lien hard, PRX 2021

Spin-orbit coupling

~

/

In various addressable geometries: 1D (OBC, PBC), 2D : square, triangle, Kagome...

Warning: mapping is only approximate (on top of uncontrolled parameters)...:

XY has small Ising; neglect quadrupolar interactions; not exactly 2 levels...

Hard to assess the impact...!!



The program

Lecture 3: Examples of quantum simulations in
and out-of-equilibrium: quantum magnetism
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