Dipole-dipole interactions between atoms
for many-body physics and quantum information

Lecture 3: Many-body physics with Rydberg atoms.
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Quantum simulation and spin models

Simulation of Ising model using van der Waals
Interactions

Topological systems using resonant dipole interactions



Many-body physics and quantum simulation

Goal: Understand ensembles of interacting quantum particles

superfluidity  superconductivity magnetism neutron star

Questions: phase diagram, excitation spectrum, dynamics, transport...
simplify >

Experiments Model Hamiltonian

on real system < ® Hinodel = — »_ Jijala; + Y g(a])?(a;)?
i i

Calculation too hard...

Exponential scaling of Hilbert space

Ex: N-spin % = dimH = 2%  Record ab-initio: N ~ 42



Many-body physics and quantum simulation

Goal: Understand ensembles of interacting quantum particles

superfluidity  superconductivity magnetism neutron star

Questions: phase diagram, excitation spectrum, dynamics, transport...
simplify >

Experiments Model Hamiltonian

on real system < @ Hinodel = — »_ Jijala; + Y g(a])?(a;)?
i i

Calculation too hard...

Careful: approximate methods (102< N < 10°) exist!!!!
DMRG, Monte Carlo, density functionnal, mean field...



Many-body physics and quantum simulation

Goal: Understand ensembles of interacting quantum particles

superfluidity  superconductivity magnetism neutron star

Questions: phase diagram, excitation spectrum, dynamics, transport...
simplify >

Experiments Model Hamiltonian

on real system “Preparable” Hiodel = — 3 Jijala; + > g(ah)?(a;)?

: 1, 1
Mesure outcome |1(t)) = e~ 7 medelt|y)(0)) ‘ Lab...

a

of simulator: Quantum simulator =
ground state = engineer ensemble of

supercond.? . “atoms” ruled by H,o4e1




The original idea...

Simulating Physics with Computers, Int. ). Theo. Phys. 21 (1982)

International Journal of Theoretical Physics, Vol. 21, Nos. 6/7, 1982

‘\ Simulating Physics with Computers

R.P. Feynman Richard P. Feynman

4. QUANTUM COMPUTERS—UNIVERSAL QUANTUM
SIMULATORS

o mwstTrw e ssamusas weS AL MMMV AAL AN JRYAUN W R/ W/AAAT  TYALLWAL AL AAWLLIUWAIY GDJVWILLWAL

with it, with quantum-mechanical rules). For example, the spin waves in a
spin lattice imitating Bose-particles in the field theory. I therefore believe
it’s true that with a suitable class of quantum machines you could imitate

any quantum system, including the physical world. But I don’t know
whether the general theory of this intersimulation of quantum systems has
ever been worked out, and so I present that as another interesting problem:
to work out the classes of different kinds of quantum mechanical systems
which are really intersimulatable—which are equivalent—as has been done
in the case of classical computers. It has been found that there is a kind of




Many-body physics with synthetic matter

Simulating Physics with Computers, Int. ). Theo. Phys. 21 (1982)

MAKING ARTIFICIAL
QUANTUM MATTER

R.P. Feynman

Héloise Chochois, Labex PALM

i.e. well-controlled quantum systems implementing
many-body Hamiltonians (including “mathematical” ones...)

I”

systems (geometry, parameters...)

+
New types of probe & methods (e.g. out-of-equilibrium)

Larger tunability than “rea

Georgescu, Rev. Mod. Phys. (2014)



Spin models: one of the “simplest” many-body problem

Interacting spin % particles on a lattice:

‘ Q ‘ Ising H = Zjija.gz')a_gj)

. oy
b 89 1,=J,8 s, 7
) @ ) XY model H =Y J; (6765 +6;67)
i#]
Magnetism Transport of excitations

reaction Phton
photons ;

AF

\y, " Perovskite | |
Y, Ti,0, - Light scattering

(dissipative)

Open questions: Dynamics (hard for N>30, long range...)
Entanglement, disorder, topology...
Geometry (frustration: spin liquids?) ...



Spin models: one of the “simplest” many-body problem

Interacting spin % particles on a lattice:

‘ Q ‘ Ising H = Zjija.gz')a_gj)

. oy
b 89 1,=J,8 s, 7
) @ ) XY model H =Y J; (6765 +6;67)
i#]
Magnetism Transport of excitations

reaction Phoion

Open questions: Dynamics (hard for N>30, long range...)
Entanglement, disorder, topology...
Geometry (frustration: spin liquids?) ...



Arrays of interacting Rydberg atoms

Arrays of atoms (~70 at.) Rydberg atoms
A
continuum Rydberg
}states n, )
>
o n>1
C
L
~ 100 nm
&
Lifetime > 100 ps
Addressable!! Transition dipole: d ~ n?eay

—> Large dipole-dipole interactions

Lukin, Zoller 2000
Saffman, RMP 2010
Browaeys, JPhysB 2016

R =10 pm = Vit /h ~ 1 — 10 MHz
= timescales < pusec




Outline

2. Simulation of Ising model using van der Waals
interactions



From van der Waals interactions to Ising model...

A
% R
<€

van der Waals

2-atom energy

_I._ _ —f— Ins, ns)
27 Cs x ntt
Cs
Hint —
199)

R —

— switchable interaction

06/\ A

R6 nin2

Rydberg occupation
number



From van der Waals interactions to Ising model...

A
% R
<€

van der Waals

2-atom energy

De Léséleuc PRA 2018

F=2M=2)



From van der Waals interactions to Ising model...

A
% R
<€

van der Waals

2-atom energy

EA

1)

&

De Léséleuc PRA 2018



From van der Waals interactions to Ising model...

van der Waals EA

A
_i._ Ins, ns)
o AE ~
5 Cbs
3 Ce 0
~ — 6
g AFE 16 R
& De Léséleuc PRA 2018
99)
Quantum Ising-like model (s=2):
Experimtt.
hf) : . Ce . . 6
HZTZ%—MZ”WZﬁ”mJ‘ 06546‘ = [0 — 20]
i i i<y Y

Transverse B Longitudinal B Spin-spin interaction



From blockade to many-body physics with “many” atoms

1

QC ?
N=1
1
N=3
QC
0
1
N=9
N )
0
1
$ N=12
dimH=2 oy
?
Two (collective) states f N=15
¢
1 OM
g...) < —— g...Tig... o 2 4 6 8
999.--) \/N;‘ ig.) ‘

Labuhn et al., Nature 534, 667 (2016)
Also: Saffman, Kuzmich, Bloch, Pfau, Ott...



From blockade to many-body physics with “many” atoms

dimH=2

Two (collective) states

1
ggg...) <= \/—NZ\g...mg...> N

Labuhn et al., Nature 534, 667 (2016)
Also: Saffman, Kuzmich, Bloch, Pfau, Ott...



From blockade to many-body physics with “many” atoms

dimH=2

Two (collective) states Strongly correlated
many-body system!

l9g99...) = \/LN Z g...159...)

Out-of-equilibrium: sudden variation (“quench”) of parameters
Equilibrium: preparation of ground states



Collective excitation of two interacting Rydberg atoms

O < >0
A R B
E 4

If h{) ~ U,qw : dynamics governed by € and U, qw



R (um)

15

O

From independent atoms to blockade (62d5,)

Prr

0 27 41 on
Pulse area Ot

8

IDrr

hQ > Ug,qw
Theory (Schrodinger eq.)

10—

08}

V=Q=1MHz

0.6¢
04}

02t

0000 05 oI5 20 25 30

time (us)
hQ) < Uyqw

Fit = extract U 4y



“Quench” in Ising Hamiltonian: 1D with periodic boundary

Labuhn et al., Nature 534, 667 (2016)
Partially loaded 1D ring (30 traps, 20 atoms)

: N,
Rydberg fraction: f, = <—N> ~ magnetization
1.0——m .
0.85— 19D3 /o ]
0.6}
X [
0.4}
'.' 02' ...........‘.‘.....Q.."
| @ ]
® Rydberg atom |71) /0O
Switch on Q {0t

ground state atom | )



“Quench” in Ising Hamiltonian: 1D with periodic boundary

Labuhn et al., Nature 534, 667 (2016)
Partially loaded 1D ring (30 traps, 20 atoms)

: N,
Rydberg fraction: f, = <—N> ~ magnetization

1.0 e .
0.85- D3/ '
0.6}

: &

; 0.4}

0

Spin %2 model (Schrodinger), no adjustable parameters...!
Includes detection efficiency (T. Macri)



“Quench” in Ising Hamiltonian: 1D with periodic boundary

Labuhn et al., Nature 534, 667 (2016)

Partially loaded 1D ring (30 traps, 20 atoms)

(Ve)

Rydberg fraction: f. = —- ~ magnetization

WX

1,0 e .
0.85- '
0.65-
o.4f—
0.25-

0.0k

N

“Damping” = dephasing of 220 eigenenergies



“Quench” in Ising Hamiltonian: 1D with periodic boundary

Labuhn et al., Nature 534, 667 (2016)

Partially loaded 1D ring (30 traps, 20 atoms)

Spin-spin correlation function
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A 1D Ismg chain (perlodlc cond.) = 1D liquid!

I I T

S il Labuhn et al., Nature 534, 667 (2016)
Liquid argon (3D)

Spin-spin correlation function

._ o
OWT,J ! ! | s [ s | N | .q5.
PRA 7, 2130 (1973) < 1 O
g@ Bl ¢
Analogous to 1D liquid: Z '
0.5f ,
hard sphere R, ;
OO . 5 . . 1 . . . . L s a3
0 5 10 15
Also in Munich (2D), Nature 491, 87 (2012) K (sites)

Ates & Lesanovsky, PRA 86, 013408 (2012)
Petrosyan, PRA 87 053414 (2013)



Quench in Ising-like Hamiltonian

bA444 =0 =77 ef =77

g =o= == =0~ =-0= =0~
Calculable (N<40) = test

1.0
20 at. -0,
. . ) L 0.8}
. : Magnetization o8} Ab-initio theory
® <fV£> 0.4l
. ’ j} N 0.2}
Laser 0.0

10pm * &

1.0

Non-calculable (N>40)

49 at. name hém Comparison exp / theo

Y IR RN | L.E
et F i ‘
««+ -0+« \alidate hypothesis theo

® T A T B . 0-%0
10 pm & experiments |




(. . . . . .
é Adiabatic preparation of an Ising antiferromagnet
ﬁ%' V. Lienhard, PRX 8, 021070 (2018)

H= Z(m()a;—h(s >+Z <5 iy

AN

Vary slowly Rabi freq. and detuning

1D: Pohl PRL 2010; Bloch Science 2015; Lukin Nature 2017, 2019



Adiabatic preparation of spatially-ordered 1D Rydberg chains

RER T.. N .. .. ..

®, 0 00 0 ~—
VR

Energies E,,

Ormin Detuning

Petrosyan et al., J. Phys. B 49, 084003 (2016)



V. Lienhard, PRX 8, 021070 (2018)

(?Q Adiabatic preparation of an Ising antiferromagnet

&

' ROt C P
H Z( \0‘ —ﬁ5 —I-Z i by Q/YNN
i<J 1, PM
AT T
1t AR
0

L4

>
5/VNN

Vary slowly Rabi freq. and detuning
4

Nearest nearest neighbor

N:36,RbNCL

1D: Pohl PRL 2010; Bloch Science 2015; Lukin Nature 2017, 2019



(o . . . . .
%‘ Adiabatic preparation of an Ising antiferromagnet
ff’" V. Lienhard, PRX 8, 021070 (2018)

H - Z(hﬂ()“ ~ ol %ZUG” 0/ Van

\ \ ' ZJ PM A
Z Z Z Z
A\ A\ A\ A\

Vary slowly Rabi freq. and detuning

T § Ggtie Nw

0 5/VNN

Beyond nearest nelghbor Q/AVNN

N:36,RbNCL

Oeo0eO0eO0e

Zs
,0eo0oce0Oe

\—~~

Zy
| _+000e000e

> 5/VNN

1D: Pohl PRL 2010; Bloch Science 2015; Lukin Nature 2017, 2019



(o . . . . .
9 Adiabatic preparation of an Ising antiferromagnet
V. Lienhard, PRX 8, 021070 (2018)

, ROt Ce . .
H Z( O' — ho(t )—I—Z —g Tillj Q/YNN

\ \ ' Z] PM
Z Z Z Z
A\ A\ A\ A\

Vary slowly Rabi freq. and detuning PNy +1
Mt AR N
C(j >0 —4 5ﬁnal 0 5/VNN
E

5 = |4)

____________ > ho/U

!

1D: Pohl PRL 2010; Bloch Science 2015; Lukin Nature 2017, 2019



(o . . . . .
é‘ Adiabatic preparation of an Ising antiferromagnet
V. Lienhard, PRX 8, 021070 (2018)

" hQ(¢ CM
H Z( a—h5 >+Z 6 o 5 Q/YNN

\ \ ' Z] PM
Z Z Z Z
A\ A\ A\ A\

Vary slowly Rabi freq. and detuning P -1
AR CARR N L

>
5ﬁnal y 5/VNN

N =36,Rp, ~a 64D3/2 lm,
0.10

.. Onset of AF correlations

- 0.00

. Study growth with x, t

4 —0.10
£~ 1.5a
T T T T —0.15
)

P Also: Bakr, PRX 8, 021069 (2018)

1D: Pohl PRL 2010; Bloch Science 2015; Lukin Nature 2017, 2019



A 51-atom “guantum simulator” (Harvard-MIT)

Rb ~ a H. Bernien, Nature (2017)

............. -) 0 0.5 1
b 13 -
9 ]
5 ]
f- 1 ]
)
= [ wwviaaviisss 0O 05 1
c 9 B
= S
3 Ak E A e e [0 05 1
a 13 ]
5 =
5 = —=
1 : E
4 0 ’ 8
Detuning (MHz) :

Rydberg probability
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3. Topological systems using resonant dipole interactions



Resonant dipole-dipole interaction between Rydberg atoms

E A 8"Rp
4 60P1/2
I 16.7 GHz
6051 /2
474 nm
T 5P1/2
795 nm
T 551 /2

|581/2,F = 2,M = 2>



Resonant dipole-dipole interaction between Rydberg atoms

60P2 =T Mapping on

£ spin % system

60512 = |{)

J\ A‘\f W ! VWA A\f A

Dul ation of microwave pulse (us)

Barredo, PRL 114, 113002 (2015)



Resonant dipole-dipole interaction between Rydberg atoms

. 60P; /2 = |1) MaoDi
= (S|D,|P) apping on
- 0 spin % system
1/2 =
A B
T == — |
s G /

) e s —— ||
3 d’ + A — — A+
H = 47T€0R3 (UAUB + o\ UB)

“exchange” of excitation



Observation of resonant dip.-dip. interaction with 2 atoms

Prepare |1|) using microwaves + addressing beam
1

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




Observation of resonant dip.-dip. interaction with 2 atoms

Prepare |1|) using microwaves + addressing beam
1

E I Barredo PRL (2015)
R=30um N . | | de Léséleuc, PRL (2017)
1
Frequency: QR_C;? o W
ol
o)
0 0, . )
0 1 2 3 4
Interaction time (jLs)
A B
[ 1) = C3/R° e [ 1) J
' — , =) A @0 B
1) e —— ||)
Spin excitation exchange Particle hopping

J 6465 J|AY(B]



Observation of spin exchange in a 3-atom chain

C3/R’ 20 pm D. Barredo et al., PRL 114, 113002 (2015)
&>
* * * Prepare |TJ)])att=0,
-~ and let the system evolve
Cs/(8R?)
1.0 - - ' - - ' _
PT\L\L “ ”‘."o Q@ .6. - o.“. \ %o @PP e ~¢S Q O:
O O \" : ¥ W "(@u. \d‘ko.u,‘ 0 P o0 q"{",'o' © "'.'_’:’(:‘ ,;’é(:";'.'i) XY mOdEI

(Schrodinger)
+ imperfections

No adjustable
parameter

Interaction time 1 (us)

Optical lattices Nat. Phys. 9, 235 (2013) ; trapped ions Nature, 511, 198 & 202 (2014)



Three-atom “spin-chain”: what to expect (theory) ?

C3/R” 50 um
) Prepare | 1] )att=0,
* * * and let the system evolve
~—
C3/(8R’)

1/R3 interaction

\j\ﬁ/d\/\/\f/\/\/\/\f 2 off-diagonal couplings:V &V /8
=> eigenvalues (incommensurate):

A

0 1 2 3 1 5 6

—

Py,

P4y

‘/6(1+3\/7) 6(1—3\/_>

P4

Interaction time 7" (us)



Three-atom “spin-chain”: what to expect (theory) ?

3
G5/ 50 um

k& N <——
R
~—
Cs/(8R?)

1/R3 interaction

TR

AAANAMARARANNANA

A

0 1 2 3 4 5 6

—

Py,

o

P4y

P4

Interaction time 7" (us)

Prepare |T]J)att=0,
and let the system evolve

Nearest-neighbor only

(AAARAAA
AAANANARARANNANA

NAARAAAAA

Interaction time T (us)

Py

p—

Py

Pip

0



The Su-Schrieffer-Heeger model

Introduced to explain conductivity in polymers

VOLUME 42, NUMBER 25 PHYSICAL REVIEW LETTERS 18 JUNE 1979

Solitons in Polyacetylene

W. P. Su, J. R, Schrieffer, and A. J. Heeger
Department of Physics, University of Pennsylvania, Philadelphia, Pennsylvania 19104

v
Y N N A\
| | o I
H H H | H H

Now, considered as simplest example of topological model

Asboth, arXiv:1509.02295, Cooper, arXiv:1803.00249

Goal: build an artificial SSH system to explore role
* Symmetries
* |nteractions

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

Science 365, 775 (2019)



The Su-Schrieffer-Heeger model: single-particle

H H H H H
A N R
NN NN N
SR A G N S
H H H 1 H H

Asboth, arXiv:1509.02295
Cooper, arXiv:1803.00249



The Su-Schrieffer-Heeger model: single-particle

"] N 8 Model: tight-binding
‘ dimerization: J > J’

Asboth, arXiv:1509.02295
Cooper, arXiv:1803.00249



Implementation of SSH spin chain with Rydberg atoms
C3(0:;)
RS

j
A — B J
By == O T—> A @uu= B

Couplings J;; : resonant dipole-dipole interaction



Implementation of SSH spin chain with Rydberg atoms

Couplings J;; : resonant dipole-dipole interaction Cg}ggij)
]
A — B J
L = ) =) Ae——0 B

Chain at magic angle = chiral symmetry (no A-A or B-B hopping)



Implementation of SSH spin chain with Rydberg atoms

Couplings J;; : resonant dipole-dipole interaction C:}ggij)
]
AN — B J
A — e A0 B

“Normal”



Implementation of SSH spin chain with Rydberg atoms

Couplings J;; : resonant dipole-dipole interaction C:}ggij)
]
AN — B J
A — e A0 B

“Topological”



Conclusion

Rydberg interactions are strong & controllable
1. Resonant interaction

2.Van der Waals

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

Rydberg blockade useful for quantum information &
guantum optics

Control over interaction useful for many-body physics &
guantum simulation



New / other directions: tailored interactions

Bouchoule Moelmer (PRL 2002)
Pupillo, Zoller (PRL 2010)

(b) 4 c
0+ \ |g>|g> 0 gt e
| N |g>[r>+[r>[g> f %W@
1 [r>|r> ~200 - & )/
o - 10 R Jo
| 0 /
1 R 400 /
5 g /@
A S ¥
6007 %,’ Q21 = 4.4 MHz, A,/2n = 4 MHz
S B ___+)+f = Exp. - - - - Calc.
01234567 ~800 - Q/2n =43 MHz, A /21 =13 MHz
B I I e
0 RJR,1 2 3 1Ry 00—+

1 2 3 4 5 6 7 8 9 10
R (um)

Experiments: Biedermann (Nat. Phys. 2015) 2 atoms

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

Challenging...: unwanted collective decay channels



New / other directions: 2-e atoms (Sr, Yb, Ba...)

Sr

=32 MHz 3p,
3P1
3PO
Clock, 698 nm
1S, PR :
© 104 , .' I
o ! '
8o ° e q .
cC o [ ] 1 ¢ 1
U°E 0.5 e . IM—.
n 3 ) . 9 um 1
(O [ Y 1
5o ° [
E S 0.0 | W
0.0 0.5 1.0
Radius (um)
Sr L] ' | - . - ]

Endres PRX 2018

Imaging, 461 nm Kaufmann PRX 2018

“Recent advances in Rydberg physics using
alkaline-earth atoms ”, Dunning, Killian,

Yoshida, Burgdorfer, J. Phys. B 49, 112003
(2016)

Two electrons = two “handles”:
* One e- to Rydberg states
* One e- for laser trapping, or imaging

Yb

Thompson, PRL 2019



New / other directions: Rydberg molecules

Pfau, Nature (2009)

A “new” binding mechanism beyond
Molecular (vdW) bound
Covalent bound
lonic bound

Scattering of Rydberg e~ on atomic core [Fermi 1934...]



New / other directions: Rydberg ions

/ f x lon lon motion Rydberg ion lon distance
\ ///m \-’ \L’L z '%' qé.
4 » St
b G o -

G(’D =200pm =30nm = 100-500nm = 5pum
®©@ O00O0OO0OO0 ©

'Y
[ >
L4
Size

885r+ = (s +lp) Ve2rx19MHz=190,,

Faster gates (ns instead ms)
Scalable

2 3
UV pulse length [ ps

F=78%

Hennrich, arXiv 1908.11284

F. Schmidt-Kaller et al., NJP (2011)



New / other directions: Rydberg states excitons in Cu,0

T. Kazimierczuk et al., Nature 2014

Optical density

1.0 —
05
00 n N M
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1.0 —o——
n=5 fn 6
”° jl M @
'. - le..le.U
2.168 2169 ——— 2171
0.6 n= 12 _1:;
04 L
2ane— 21718 '.
N S = ' =25 "  a
- \n =22 n=23 _ > 6
n=24 \
0.38/ '\\/f\ oy ?%g‘@ TaE
0.37 1 1 1 1 1 1 1
2.17190 217192 217194

Photon energy (eV)

Evidence of blockade!
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