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Triangular lattice antiferromagnet

H = J
∑

〈ij〉

!Si · !Sj

Nearest-neighbor model has non-collinear Neel order 
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Discussion of 
Schwinger bosons on 

the square lattice 
and U(1) gauge 

theory
http://qpt.physics.harvard.edu/leshouches/schwinger_bosons.pdf
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collinear Néel state

Quantum “disordering” magnetic order

Spin liquid with a
gapless “photon”

Perturbative analysis of fluctuations about the Schwinger boson
mean-field theory leads to the following CP 1 field theory with
spacetime action

S =
∫

d2xdτ
[
|(∂µ − iAτ )zα|2 + c2|( #∇x − i #A)zα|2 + s|zα|2 +

u

2
(
|zα|2

)2
]

where zα is the S = 1/2 bosonic spinon, and Aµ is an emergent
photon.



Non-perturbative effects in the U(1) spin liquid 
phase of the CP1 field theory

• Discretize spacetime into a cubic lattice of sites labeled a.

• The U(1) gauge field Aaµ (µ = τ, x, y) lives on the link con-
necting site a to a + µ̂.

• Proposed effective action which is invariant under Aaµ →
Aaµ + 2π:

Z =
∏

aµ

∫
dAaµ exp

(
1
e2

∑

!
cos(εµνλ∆νAaλ)

)

where ∆µ is the discrete lattice derivative: ∆µfa ≡ fa+µ̂−fa.
This is compact U(1) electrodynamics.

• This theory is missing the spin Berry phases.
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!ϕ1

Define !ϕi ≡ z∗iα!σαβziβ

and Aij = arg [z∗iαzjα].
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Missing ingredient: 
Spin Berry Phases

Non-perturbative effects in the U(1) spin liquid 
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Area of triangle = 2(A12 + A23 + A31)



Non-perturbative effects in the U(1) spin liquid 
phase of the CP1 field theory

• Proposed effective action which is invariant under Aaµ →
Aaµ + 2π, and includes spin Berry phases:

Z =
∏

aµ

∫
dAaµ exp

(
1
e2

∑

!
cos(εµνλ∆νAaλ) + i2S

∑

a

ηaAaτ

)

where ηa = ±1 on the two square sublattices. The is compact
quantum electrodynamics with fixed background charges =
2Sηa on each lattice site.

• This theory can be solved by duality mappings: the spin
liquid is unstable to valence bond solid order, and the photon
acquires an energy gap.



Spin liquid with a “photon”, which
is unstable to the appearance of
valence bond solid (VBS) order
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collinear Néel state

Quantum “disordering” magnetic order
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• Near the Néel-VBS transition, the (nearly)
gapless photon can be identified with the
Goldstone mode associated with an emer-
gent circular symmetry

Ψvbs → Ψvbse
iθ.
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Quantum Monte Carlo simulations display 
convincing evidence for a transition from a 

Neel state at small Q
to a 

VBS state at large Q

A.W. Sandvik, Phys. Rev. Lett. 98, 2272020 (2007).
R.G. Melko and R.K. Kaul,  Phys. Rev. Lett. 100, 017203 (2008).
F.-J. Jiang, M. Nyfeler, S. Chandrasekharan, and U.-J. Wiese, arXiv:0710.3926



Distribution of VBS 
order Ψvbs at large Q

A.W. Sandvik, Phys. Rev. Lett. 98, 2272020 (2007).
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Distribution of VBS 
order Ψvbs at large Q

Emergent circular 
symmetry is 

evidence for U(1) 
photon and 

topological order

A.W. Sandvik, Phys. Rev. Lett. 98, 2272020 (2007).

Re[Ψvbs]

Im[Ψvbs]



Half-filled band  Mott insulator with spin S = 1/2

Triangular lattice of [Pd(dmit)2]2 
  frustrated quantum spin system

X[Pd(dmit)2]2 Pd SC

X Pd(dmit)2

t’
t

t

Y. Shimizu, H. Akimoto, H. Tsujii, A. Tajima, and R. Kato, J. Phys.: Condens. Matter 19, 145240 (2007) 
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What is the ground state as a function of J ′/J ?

H =
∑

〈ij〉

Jij
!Si · !Sj + . . .

H = J
∑

〈ij〉

!Si · !Sj ; !Si ⇒ spin operator with S = 1/2



Anisotropic triangular lattice antiferromagnet

Neel ground state for small J’/J

Broken spin rotation symmetry



Anisotropic triangular lattice antiferromagnet

Possible ground states as a function of J ′/J

• Néel antiferromagnetic LRO
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X[Pd(dmit)2]2
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√
J ′/J



=
(|↑↓〉 − |↓↑〉)√

2

Anisotropic triangular lattice antiferromagnet

Possible ground state for intermediate J’/J
N. Read and S. Sachdev, Phys. Rev. Lett. 62, 1694 (1989)



=
(|↑↓〉 − |↓↑〉)√

2

Anisotropic triangular lattice antiferromagnet

Possible ground state for intermediate J’/J
Valence bond solid (VBS)

Broken lattice space group symmetry
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Anisotropic triangular lattice antiferromagnet

Possible ground states as a function of J ′/J

• Néel antiferromagnetic LRO

• Valence bond solid
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Observation of a valence bond solid (VBS) 
in ETMe3P[Pd(dmit)2]2

Spin gap ~ 40 K
  J ~ 250 K

X-ray scattering
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Many other models display VBS order:  
e.g. the planar pyrochlore lattice
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