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Mott insulator: Triangular lattice antiferromagnet

/5 spin liquid
with neutral S = 1/2 spinons
and vison excitations

non-collinear Néel state

N. Read and S. Sachdev, Phys. Rev. Lett. 66, 1773 (1991)
X.-G. Wen, Phys. Rev. B 44,2664 (1991)
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Excitations of the Z; Spin liquid

e A spinon adiabatically transported around a vison picks up a
phase factor of —1: spinons and visons are mutual semions.

e A bound state of a spinon and a vison picks up a phase factor
of —1 when exchanged with another bound state of a spinon
and a vison:

— The € spinon (fermion) is a bound state of the e spinon
(boson) and a vison (e = e x m).

— The The e spinon (boson) is a bound state of the e spinon
(fermion) and a vison (e = € X m).
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X.-G. Wen, Phys. Rev. B 44, 2664 (1991). A. Kitaev, arXiv:quant-ph/9707021 described the toric code.
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Z> spin liquid for interacting bosons at filling n

e The spinons carry spin S, = 1/2 boson number BTB = 1/2.

e 75 spin liquids of bosons (more generally, in systems with a global U(1) sym-
metry) must obey contraints associated with a “tHooft anomaly’ which is
determined by the boson filling n.

— On a square lattice, the single vison state exhibit ‘translational symmetry

fractionalization’ with |
T, T, =T,T,e™",

with n integer or halt-integer.

— For antiferromagnets of spin S, the translational symmetry fractionaliza-
tion 1s |
T,T, = T,T,e*™".

R. A. Jalabert and S. Sachdev, PRB 44, 686 (1991); S. Sachdev and M Vojta, J. Phys. Soc. Jpn. Suppl. B
69, (2000); T. Senthil and M.P.A. Fisher, PRB 62, 7850 (2000).
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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 kagome lattice: theory
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Rydberg atoms on the ruby lattice: theory
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Parton construction of spin liquids

Fermionic partons

Constraint > fIf, =1

SU(2) gauge invariance

fT) U(fT)
(fi B

Mean-field Hamiltonian for free spinons
Hy =" (tijfufja + Qiseas fiafjp + He.)
2,)

H £ can be invariant under

SU(Q), U(l), or ZQ for fixed tij; Q@J

Bosonic partons
— —)O{/B
Constraint Y bl b, =1

U(1) gauge invariance

b, — €%b,,

Mean-field Hamiltonian for free spinons
Hb — Z (tz'jbjabja -+ Qijea[gbmbﬂg -+ HC)
2,)

Hy can be invariant under
U(l) or ZQ for fixed tija sz



Low energy theory of bosonic partons on the square lattice

S = /dQZL‘dT 10— i4r)zal? + (Ve — iA)zal? + slzal* + 5 (12a]?)”

The CP! field theory of relativistic bosonic spinons z,
coupled to a U(1) gauge field A4,,.

The antiferromagnetic (Néel) order parameter is (—1)%S; ~ 2 0aBZB.

Confining phase
with no broken symmetry?

Néel state
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The CP! field theory of relativistic bosonic spinons z,
coupled to a U(1) gauge field A4,,.

The antiferromagnetic (Néel) order parameter is (—1)%S; ~ 2 0aBZB.

Monopoles acquire Berry phases
from background spins

Condensation of monopoles leads
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Low energy theory of bosonic partons on the square lattice

S = /dQZL‘dT 10— i4r)zal? + (Ve — iA)zal? + slzal* + 5 (12a]?)”

The CP! field theory of relativistic bosonic spinons z,
coupled to a U(1) gauge field A4,,.

The antiferromagnetic (Néel) order parameter is (—1)%S; ~ 2 0aBZB.

Monopoles acquire Berry phases
from background spins
Condensation efsmmeriopoles leads

Possible critical
spin liquid

¢ valence bond solid (VBS) order

or

Néel state

T. Senthil,
A. Vishwanath,
L. Balents,
S. Sachdev and
M.P.A. Fisher,

S c S Science 303, 1490

(2004).



Low energy theory of fermionic partons on the square lattice

5:/d2xd7@%b(0u—mu)w+...

SU(2) gauge theory with N; = 2 massless (2-component) Dirac fermions i.e. QCDs.
T'his can realize a critical spin liquid, or undergo
confinement transitions with “chiral” symmetry breaking.

Ying Ran and
Xiao-Gang Wen
cond-mat/
0609620
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SU(2) gauge theory with N; = 2 massless (2-component) Dirac fermions i.e. QCDs.
T'his can realize a critical spin liquid, or undergo
confinement transitions with “chiral” symmetry breaking.

The most plausible broken symmetries are 1/I'*, a = 1...5, the Néel and VBS orders!

Ying Ran and
Xiao-Gang Wen
cond-mat/
0609620

Néel state
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SU(2) gauge theory with N; = 2 massless (2-component) Dirac fermions i.e. QCDs.
T'his can realize a critical spin liquid, or undergo
confinement transitions with “chiral” symmetry breaking.

The most plausible broken symmetries are 1/I'*, a = 1...5, the Néel and VBS orders!

Possible critical
spin liquid

Néel state




Critical spin liquids the square |attice

A natural conjecture is that the bosonic parton critical theory (at s = s.)

S = /dQZEdT 10 — i4r)zal? + (Ve — iA)zal? + slzal* + 5 (12a]?)”

is the boson-fermion dual of the fermionic parton critical theory

S:/dzasz@vu(é‘M—mu)w—l—...

This is supported by many careful arguments involving monopoles, anomalies,
and connections to SPT phases.

Chong Wang, Adam Nahum, Max A. Metlitski, Cenke Xu, and T. Senthil, Phys. Rev. X 7, 031051 (2017)



Critical spin liquids the square |attice

A natural conjecture is that the bosonic parton critical theory (at s = s.)

S = /dQCCdT 10 — i4r)zal? + (Ve — iA)zal? + slzal* + 5 (12a]?)”

is the boson-fermion dual of the fermionic parton critical theory

S:/dedT@vu(é‘M—mu)w%—...

This is supported by many careful arguments involving monopoles, anomalies,
and connections to SPT phases.

Chong Wang, Adam Nahum, Max A. Metlitski, Cenke Xu, and T. Senthil, Phys. Rev. X 7, 031051 (2017)
The current numerical evidence supports the existence of such a state

up to a large length scale (~ 100 lattice spacings in some models),
but a truly critical spin liquid of this type does not exist.



J1-J2 antiferromagnet the square lattice TaékeggaFe}g?rgCO
Néel AFM SL VBS  Columnar AFM 5 Nov, 2020

| 5

0 04 05 J2/J1

B% i1 a

[1] L. Wang and A.W. Sandvik, Phys. Rev. Lett. 121, 107202 (2018)

[2] F. Ferrari, F. Becca, Phys. Rev. B 102, 014417 (2020)
[3] Y. Nomura and M. Imada, arXiv:2005.14142

[4] W.-Y. Liu, S.-S. Gong, Y.-B. Li, D. Poilblanc, W.-Q. Chen, Z.-C. Gu, arXiv:2009.01821



J1-J2 antiferromagnet the square lattice

Néel AFM SL VBS Columnar AFM
[1] I

3] ——

_Ja/ 4

0 04 05 0.6

—4

il

/

>

[1] L. Wang and A.W. Sandvik, Phys. Rev. Lett. 121, 107202 (2018)
[2] F. Ferrari, F. Becca, Phys. Rev. B 102, 014417 (2020)
[3] Y. Nomura and M. Imada, arXiv:2005.14142

[4] W.-Y. Liu, S.-S. Gong, Y.-B. Li, D. Poilblanc, W.-Q. Chen, Z.-C. Gu, arXiv:2009.01821

Talk by Federico
Becca, KITP,
5 Nov, 2020

Gapless
Z2 spin liquid
phase !

Wen-Jun Hu,

Federico Becca,
Alberto Parola,

Sandro Sorella,
PRB 88, 060402(R) (2013).




/2 spin liquids the square lattice

Bosonic partons:
Condense a charge 2 Higgs scalar, ®, and ensure that no symmetry is broken.

S :/dQCIZdT 10, — i4,)20]? + E|(V — iA)2al? + 5|2a|? - ; (J2a]?)

, i
+ P enp2a0r25 + Hic. +w|P|” 4 .. .| s Sachdev, PRB 45, 12377 (1992)
- Xu Yang and Fa Wang, PRB 94, 035160 (2016)
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Bosonic partons:
Condense a charge 2 Higgs scalar, ®, and ensure that no symmetry is broken.
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Fermionic partons:
Condense two adjoint Higgs scalars, ®{, 5, and ensure no symmetry is broken

S:/dedT_i@%L (8 — 14,0 )@b%—

+ A (DY Py o P+ 5 Ty o) + S (DOF + BIDY) + ...

Ying Ran and Xiao-Gang Wen, cond-mat/0609620
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Bosonic partons:
Condense a charge 2 Higgs scalar, ®, and ensure that no symmetry is broken.

S :/dQCIZdT 10, — i4,)20]? + E|(V — iA)2al? + 5|2a|? - ;L (J2a]?)

; ]
+ P enp2a0r25 + Hic. +w|P|” 4 .. .| s Sachdev, PRB 45, 12377 (1992)
- Xu Yang and Fa Wang, PRB 94, 035160 (2016)

Fermionic partons:
Condense two adjoint Higgs scalars, ®{, 5, and ensure no symmetry is broken

S:/dedT_i@%L (8 — 14,0 )@b%—

+ A (DY Py o P+ 5 Ty o) + S (DOF + BIDY) + ...

These 2 spin liquids are not the same

Ying Ran and Xiao-Gang Wen, cond-mat/0609620



/2 spin liquids the square lattice

Fermionic partons:
Condense two adjoint Higgs scalars, ®{, 5, and ensure no symmetry is broken

S:/dza:dT mpvu(f)’ — 14,0 )w—l—

+ A (R] Y iy o + @5 Py o) - (<1>“<1>“ + ®5P5) + .

Henry
Shackleton

Alex

Gapless Zz VBS Thormeon |

Neel spin liquid
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The Zz spin quuid Z_z spin quuic!s
finally found In

realistic

2. Rydberg atoms models!
(by numerics)

3. Gapless spin liquids on the square lattice
Gauge theories of partons



