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The PXP model: (V; = o00,V,>5 = 0, P projects out nearest-neighbor boson

states)
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These models were motivated by ‘ti

ted lattices’ of bosonic atoms, and predicted a

Zo quantum transition which was o

pserved in J. Simon, W. S. Bakr, Ruichao Ma,

M. Eric Tai, P. M. Preiss, M. Greiner, Nature 472, 307 (2011).
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Quantum field theory for the chiral clock transition in one spatial dimension
PHYSICAL REVIEW B 98, 205118 (2018) S.Whitsitt, R. Samajdar, and S. Sachdev
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Quantum field theory for the chiral clock transition in one spatial dimension

PHYSICAL REVIEW B 98, 205118 (2018)

Kramers-Wannier duality: we map
the Z case to the condensation
of a boson V¥ in the presence of a
N boson condensate
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RG analysis leads to a strongly-
coupled quantum critical point with
dynamic critical exponent z # 1.
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Rydberg atoms on the square lattice: theory
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Rydberg atoms on the square lattice: experiment
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Rydberg atoms on the square lattice: experiment
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Triangular lattice antiferromagnet
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Nearest-neighbor model has non-collinear Neel order







Resonating valence bonds

Is there a ground state with an energy gap to all excitations
which does not break any symmetries with mean boson number

(B]Bi) = 1/2 (i.e. (Si.) = 0) ?
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Resonating valence bonds

Is there a ground state with an energy gap to all excitations
which does not break any symmetries with mean boson number

(B]Bi) = 1/2 (i.e. (Si.) = 0) ?

P.W. Anderson (1973):
Yes — the resonating valence bond (RVB) state.

Kivelson, Rokhsar, Sethna; Baskaran, Anderson (1987):
Such a state must have excitations with fractional quantum
numbers: with total boson number ) . B,jBi = +1/2,

or total spin ) . S,; = +£1/2.
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e The boson creation
operator BT creates
a pair of spinons.

e A single spinon carries
boson number BTB = 1/2:
fractionalization!
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RVB

A theory is needed to specify the c¢p in the ground state wavefunction,
and to show that the fractional excitations are not confined in pairs.

Kalmeyer and Laughlin (1987):

The bosons form a fractional quantum Hall state with filling frac-
tion v = 1/2. This has excitations with boson number +1/2 which
have fractional statistics. The excitation i1s an anyon: a semion,
haltway between a boson and a fermion.

This state, now known as the chiral spin liquid, or a fractional
Chern insulator, breaks time-reversal symmetry.



RVB: Z; spin liquid

A theory is needed to specify the c¢p in the ground state wavefunction,
and to show that the fractional excitations are not confined in pairs.

Read and Sachdev (1990); Wen (1991)

There is a state which has deconfined excitations with boson number 1/2
which need not break any symmetry, including time-reversal. This state
has 3 distinct anyon excitations (superselection sectors):

Anyon e (spinon) | € (spinon) | m (vison)
Boson number 1/2 1/2 0
Self-statistics boson fermion boson

Any pair of e, ¢, m are mutual semions.

The existence of this Zs spin liquid state was established by a
connection to the deconfined phase of Zs gauge theory.
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RVB: Z; spin liquid

The € spinon is a fermion.



RVB: Z; spin liquid

A theory is needed to specify the c¢p in the ground state wavefunction,
and to show that the fractional excitations are not confined in pairs.

Read and S.S. (1990); Wen (1991)

There is a state which has excitations with boson number 1/2 which
need not break any symmetry, including time-reversal. This state
has 3 distinct anyon excitations (superselection sectors):

Anyon e (spinon) | € (spinon) | m (vison)
Boson number 1/2 1/2 0
Self-statistics boson fermion boson

Any pair of e, ¢, m are mutual semions.

The existence of this Zs spin liquid state was established by a
connection to the deconfined phase of Zs gauge theory.
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Ground state degeneracy on the torus

Place
insulator
on a torus:

Obtain a

degenerate
orthogonal state
by modifying the
wavefunction on
a “branch-cut”

encircling the
torus.




RVB: Z; spin liquid

D.J.Thouless, PRB 36, 7187 (1987)
S.A. Kivelson, D.S. Rokhsar and J.P. Sethna, Europhys. Lett. 6, 353 (1988)
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Number of
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modulo 2:

there are nearly
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states with odd
and even
dimer-cuts




RVB: Z; spin liquid

@ = (1) — [41)) /V2
@€ @ Place

insulator
DY o

on a torus:

. Number of
v A ' dimers crossing
. V V “branch-cut” is

conserved

v modulo 2:
there are nearly

degenerate
states with odd
and even
dimer-cuts

D.J.Thouless, PRB 36, 7187 (1987)
S.A. Kivelson, D.S. Rokhsar and J.P. Sethna, Europhys. Lett. 6, 353 (1988)



RVB: Z; spin liquid

@ © = (1) -UN)/V2

< g Place

\ insulator

h 4 ‘ u on a torus:
! /A e dinit:qgfgszifng

<'\. \

2\ 7 ¢
O\

N

“branch-cut” is
conserved
modulo 2:

there are nearly
degenerate

states with odd
and even
dimer-cuts

D.J.Thouless, PRB 36, 7187 (1987)
S.A. Kivelson, D.S. Rokhsar and J.P. Sethna, Europhys. Lett. 6, 353 (1988)



RVB: Z; spin liquid

@ © = (1) -UN)/V2

D.J.Thouless, PRB 36, 7187 (1987)
S.A. Kivelson, D.S. Rokhsar and J.P. Sethna, Europhys. Lett. 6, 353 (1988)

Place
insulator

on a torus:

Number of
dimers crossing
“branch-cut” is

conserved
modulo 2:
there are nearly
degenerate
states with odd
and even
dimer-cuts




RVB: Z; spin liquid

@ © = (1) -UN)/V2

D.J.Thouless, PRB 36, 7187 (1987)
S.A. Kivelson, D.S. Rokhsar and J.P. Sethna, Europhys. Lett. 6, 353 (1988)

Place
insulator

on a torus:

Number of
dimers crossing
“branch-cut” is

conserved
modulo 2:
there are nearly
degenerate
states with odd
and even
dimer-cuts




RVB: Z; spin liquid

D.J.Thouless, PRB 36, 7187 (1987)
S.A. Kivelson, D.S. Rokhsar and J.P. Sethna, Europhys. Lett. 6, 353 (1988)

Place
insulator

on a torus:

Number of
dimers crossing
“branch-cut” is

conserved

modulo 2:
there are nearly

degenerate
states with odd

and even
dimer-cuts




RVB: Z; spin liquid

@ © = (1) -UN)/V2

D.J.Thouless, PRB 36, 7187 (1987)
S.A. Kivelson, D.S. Rokhsar and J.P. Sethna, Europhys. Lett. 6, 353 (1988)

Place
insulator

on a torus:

Number of
dimers crossing
“branch-cut” is

conserved
modulo 2:
there are nearly
degenerate
states with odd
and even
dimer-cuts




RVB: Z; spin liquid

@ © = (1) -UN)/V2

D.J.Thouless, PRB 36, 7187 (1987)
S.A. Kivelson, D.S. Rokhsar and J.P. Sethna, Europhys. Lett. 6, 353 (1988)

Place
insulator

on a torus:

Number of
dimers crossing
“branch-cut” is

conserved
modulo 2:
there are nearly
degenerate
states with odd
and even
dimer-cuts




RVB: Z; spin liquid

Topological Z operator of the Z; Spin liquid

@_ 1)
- h (14)41))

Z = (—1)"P
— parity of sites
enclosed by red line
np — number of dimers

crossing red line



RVB: Z; spin liquid

Topological Z operator of the Z; Spin liquid

@_ 1)
- h (14)41))

Z = (—1)"P
— parity of sites
enclosed by red line
np — number of dimers

crossing red line



RVB: Z; spin liquid

Topological Z operator of the Z; Spin liquid

@_ 1)
- h (14)41))

Z = (—1)"P
— parity of sites
enclosed by red line
np — number of dimers

crossing red line



RVB: Z; spin liquid

Topological Z operator of the Z; Spin liquid

@_ 1)
- h (14)41))

Z = (—1)"P
— parity of sites
enclosed by red line
np — number of dimers

crossing red line



RVB: Z; spin liquid

Topological Z operator of the Z; Spin liquid

@_ 1)
- h (14)41))

Z = (—1)"P
— parity of sites
enclosed by red line
np — number of dimers

crossing red line



RVB: Z; spin liquid

Topological Z operator of the Z; Spin liquid

@_ 1)
- h (14)41))

Z = (—1)"P
— parity of sites
enclosed by red line
np — number of dimers

crossing red line



|. Rydberg chains
Ihe Z3 chiral clock transition
2. Square lattice
Quantum Ising criticality in 2+ 1 dimensions
3. Resonating valence bonds and Z; spin liquids

4. Kagome symmetry lattices
Probing topological spin liquids



-

- ground sfare

s o

: ’
1 . e . 1—6
- eXcCirtea stare - Vii—j| ~ i = J
(large principle

gquantfum number)

Fig: hitps://www.caltech.edu/about/

OpTICOl Tweezer (Tr(]ps OTO[‘ﬂ) news/quantum-innovations-achieved-

using-alkaline-earth-atoms

()
H = Z — (b] + b;f) — Anj + Zvi_jmmj , Ny = b;rb] — O, 1.

~ | 2 —
j - 1< ]




Rydberg atoms on site-kagome lattice: theory
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Rydberg atoms on link-kagome lattice: theory
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The sites 7 are on the links of the kagome lattice.
Examine the PXP model, Vg pearest neighbors = 00, other Vi = 0.
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The sites 7 are on the links of the kagome lattice.
Examine the PXP model, Vg pearest neighbors = 00, other Vi = 0.
For A > 0, 2 = 0 the ground states are the dimer coverings of the kagome lattice.

‘ ‘ ‘ The ‘dimers’ represent the sites with n; = 1.
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The b; operators annihilate dimers on the kagome lattice.
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Can also define a topological X operator which
resonates between different dimer configurations

of the kagome dimer model. _~
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