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Abstract: Learning how to create, study, and manipulate highly entangled states of matter is key to understanding exotic phenomena in co
matter and high energy physics, as well as to the development of useful quantum computers. In this talk, | will discuss recent experiments w
demonstrated the realization of a quantum spin liquid phase using Rydberg atoms on frustrated lattices and a new architecture based on the
transport of entangled atoms through a 2D array. Combining these results with novel technical tools on atom array platforms could open
range of possibilities for the exploration of entangled matter, with powerful applications in quantum simulation and information.
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New frontiers in qguantum simulation and
computation with neutral atom arrays
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New frontiers in quantum science

Gitlia Serneghini . i~

Several experimental platforms: ions, atoms, superconductors, photons, defects...

Impressive results over the past
couple of decades:

quantum simulations of Fermi-
Hubbard model, high-fidelity

”“S‘a“??e\ entangling gates, demonstrations of
quantum advantage...

Images from: Blatt, Bloch, Google, Jian-Wei Pan groups

Programmable neutral atom arrays: new, rapidly developing approach, potentially favorable for scalability
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Quantum simulation of many-body
phases and dynamics
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2D array of optical tweezers

780 nm
%

809 nm
dichroic

vacuum chamber

Ebadi et al Nature 2021

Related work: Browaeys' group;

Ahn, Regal, Endres, Kaufman, Saffman,
Thompson, Ni, Bakr, Bloch, Bernien, ...
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2D array of optical tweezers Atoms:
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2D array of optical tweezers Atoms:

55-60% filling . |
fraction
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Deterministically
fill 300 sites?

Acousto-Optical
Deflectors

movable vacuum chamber

tweezers

phase
profile

Ebadi et al Nature 2021

Related work: Browaeys' group;

Ahn, Regal, Endres, Kaufman, Saffman,
Thompson, Ni, Bakr, Bloch, Bernien, ...
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2D array of optical tweezers Atoms:

R 55-60% filling
e e aeser. . fraction
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Deterministically
fill 300 sites?

movable vacuum chamber

tweezers

phase
profile

Ebadi et al Nature 2021

Related work: Browaeys’ group;

Ahn, Regal, Endres, Kaufman, Saffman,
5h2r@@|eNi. Bakr, Bloch, Bernien, ...
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2D array of optical tweezers Atoms: After sorting:
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Programmable 2D arrays
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Programmable 2D arrays
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Programmable 2D arrays

Square Tilted Square Honeycomb

1) Programmable 2D arrays of neutral atoms |

Triangular Link-kagome
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Rydberg states and long-range interactions

Gitilia Serméghini /

excitation to Rydberg state:

size ~ 0.2 nm

van der Waals interactions « 1/R®

Qim0
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Rydberg states and long-range interactions

L]
Gitilia Sermeghini [/

excitation to Rydberg state:
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Rydberg states and long-range interactions

excitation to Rydberg state:
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Rydberg states and long-range interactions

3
Gitilia Sermeghini _-"

excitation to Rydberg state:
Rydberg blockade
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Rydberg states and long-range interactions

excitation to Rydberg state:
Rydberg blockade

R
i A A

|r)

p

1) Programmable 2D arrays of neutral atoms
2) with strong long-range interactions
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Rdeerg blockade and Many-Body ground state
guantum many-body phases A0

Maximize number of
disconnected Rydberg atoms
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drive term detuning interaction
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RYd berg blockade and Many-Body ground state
guantum many-body phases A0

Maximize number of
disconnected Rydberg atoms
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Rydberg blOCkade and Many-Body ground state v whsid
guantum many-body phases o =y 5

Maximize number of
disconnected Rydberg atoms
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S. Ebadi et al., Quantum Phases of Matter on a 256-Atom Programmable Quantum Simulator, Nature 595, 227-232 (2021)
r
Cim0O P. Scholl et al.,, Quantum simulation of 2D antiferromagnets with hundreds of Rydberg atoms, Nature 595, 233-238 (2021)
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Outline

Experimental evidence of a
quantum spin liquid phase
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Quantum spin liquids

Gitllia Serneghini | T

P.W. Anderson, Science 235 (1987)

The Resonating Valence Bond State in La,CuO,
and Superconductivity spin 1/2 particles with AF interactions

P. W. ANDERSON on a frustrated lattice

The oxide superconductors, particularly those recently discovered that are based on
La;CuQ,, have a set of peculiaritics that suggest a common, unique mechanism: they

tend in every case to occur near a metal-insulator transition into an odd-electron

insulator with peculiar magnetic properties. 'I'Immmlaungphzscupmpowdmbcdlc E>

long-sought “resonating-valence-bond” state or “quantum spin liquid” hypothesized ; }: # 2|
in 1973. This insulating magnetic phase is favored by low spin, low dimensionality,

and magnetic frustration. The preexisting magnetic singlet pairs of the insulating state
become charged superconducting pairs when the insulator is doped sufficiently
strongly. The mechanism for superconductivity is hence predominantly electronic and
magnetic, although weak phonon interactions may favor the state. Many unusual
propertics are predicted, especially of the insulating state.

CLim00
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Quantum spin liquids

P.W. Anderson, Science 235 (1987)

The Resonating Valence Bond State in La,CuO,
and Superconductivity

P. W. ANDERSON

The oxide superconductors, particularly those recently discovered that are based on
La;CuO,, have a set of peculiarities that suggest a common, unique mechanism: they
tend in every case to occur near a metal-insulator transition into an odd-electron
long-sought “resonating-valence-bond” state or “quantum spin liquid” hypothesized
in 1973. This insulating magnetic phase is favored by low spin, low dimensionality,
and magnetic frustration. The preexisting magnetic singlet pairs of the insulating state

spin 1/2 particles with AF interactions
on a frustrated lattice

1 . entangled pair
2 (@ - M) (dimer)

Pirsa: 22030101

resonating valence bond (RVB) state
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Quantum spin liquids

P.W. Anderson, Science 235 (1987)

The Resonating Valence Bond State in La,CuO,
and Superconductivity 9000+ citations spin 1/2 particles with AF interactions

P. W. ANDERSON on a frustrated lattice

The oxide superconductors, particularly those recently discovered that are based on
La;CuOy,, have a sct of peculiarities that suggest a common, unique mechanism: they
tend in every case to occur near a metal-insulator transition into an odd-electron
long-sought “resonating-valence-bond” state or “quantum spin liquid” hypothesized
in 1973. This insulating magnetic phase is favored by low spin, low dimensionality,
become charged superconducting pairs when the insulator is doped sufficiently
strongly. The mechanism for superconductivity is hence predominantly electronic and
magnetic, although weak phonon interactions may favor the state. Many unusual

o No spatial order

o top'blogical order

o long-range quantum entanglement

o anyonic non-local excitations with fractional quantum numbers
o emergent gauge fields

o robust ground state degeneracy

o link with high-T, superconductivity
o application to fault-tolerant quantum computing — toric code resonating valence bond (RVB) state
CLim@d
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Quantum spin liquids

Gitlia Semeghini

P.W. Anderson, Science 235 (1987)

The Resonating Valence Bond State in La,CuO,
and Superconductivity 9000+ citations

P. W. ANDERSON

Fault-tolerant quantum computation by anyons

A.Yu. Kitaev*

L.D. Landau Institute for Theoretical Physics, 117940, Kosygina St. 2, Germany

The oxide superconductors, particularly those recently discovered that are based on
La;CuOy,, have a sct of peculiarities that suggest a common, unique mechanism: they
tend in every case to occur near a metal-insulator transition into an odd-electron
insulator with peculiar magnetic properties. 'I'I\ummlanngphzscuplupowdmbcdu
long-sought “resonating-valence-bond” state or “quantum spin liquid” hypothesized
in 1973. Thnmmhungmagncucphncuﬁvomdbylowspm,lowdlmmmlny
and magnetic frustration. The preexisting magnetic singlet pairs of the insulating state
bemmechargedmpermndncnngpumwhen:h:mmkmrudopedmﬂiumﬂy
strongly. The mechanism for superconductivity is hence predominantly electronic and
magnetic, although weak phonon interactions may favor the state. Many unusual

Received 20 May 2002

o no spatial order

o topological order -
- long-range quantumenty NoO conclusive experimental evidence Iin

o anyonic non-local excita any System to date
o emergent gauge fields y.

o robust ground state degeneracy
o link with high-T, superconductivity
o application to fault-tolerant quantum computing — toric code resonating valence bond (RVB) state
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Quantum spin liquids in Rydberg atom arrays = ==

dimer model

219 atoms

R. Verresen, M. Lukin and A. Vishwanath, Phys Rev. X 11, 031005 (2021)
G. Semeghini et al., Science 374, 1242 (2021)
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R.Samajdar  S.Sachdev __
[

Quantum spin liquids in Rydberg atom arrays

\\
AN AN
A
V
dimer model
219 atoms
quantum spin liquid state: superposition of all dimer coverings
AN d Q
Q S\ SE J
| 1/)QSL> = - Z T e Q S )t | Q e )T S 0 + ... — Z, topological order
VA Q o 0 /AN
Y J Q
R. Verresen, M. Lukin and A. Vishwanath, Phys Rev. X 11, 031005 (2021)
& . Semgoeni et al,, Science 374, 1242 (2021) P. Anderson, Materials Research Bulletin 8 (1973)
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R. Samajdar  S.Sachdev _

Quantum spin liquids in Rydberg atom arrays

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

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

----------

.......

219 atoms

quantum spin liquid state: superposition of all dimer coverings

& Y \
Q \VAR\ Sy Y
| 1/)QSL> = - Z T e Q S )+ | Q e )T S 0 + ... — Z, topological order
AN Q o 0 /AN
Y Y \
R. Verresen, M. Lukin and A. Vishwanath, Phys Rev. X 11, 031005 (2021)
& . Semgoeni et al,, Science 374, 1242 (2021) P. Anderson, Materials Research Bulletin 8 (1973)
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Quasi-adiabatic preparation of a dimer phase

diagonal string operator Z: (Z) = (-1)"
| -1
; 1.5 2 2.5 AN _Q_E\_é;
: : / /] ,
time (ps) Z) = -1 N/ \/
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Quasi-adiabatic preparation of a dimer phase

1.5 2 2.5
time (us)

"1 144 filling

0.25 frmmmmmmmmmm e T

0.20 1

{n)

0.15'
0.10 A
005 1 K-

(Z)
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parity of dimers along a string
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Quasi-adiabatic preparation of a dimer phase " semesnin 8
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diagonal string operator Z: (Z) = (—1) encle
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Probing coherence: off-diagonal string operator

KRN EE

Gitlia Serme‘éhiii /I

- DVE

off-diagonal string operator X:

N

+

R. Verresen, M. Lukin and A. Vishwanath, Phys Rev. X 11, 031005 (2021)
G. Semeghini et al., Science 374, 1242 (2021)
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Probing coherence: off-diagonal string operator

XN EE

off-diagonal string operator X:
{ /\e (-1)é
A O\ — AN

basis rotation to measure X:

+

X Us®  Z Uy

o-etAes

D—) Ry/a =155

Rb/a=2.4 I/I

q qla;m time
time

\D

R. Verresen, M. Lukin and A. Vishwanath, Phys Rev. X 11, 031005 (2021)
@. Sc@@hi@ et al., Science 374, 1242 (2021)
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