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Schwinger boson representation & mean-field approximation
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 Heisenberg interaction

 Spin operators

Singlet bond operator

 Mean-field approximation [Arovas & Auerbach 1988, Read & Sachdev 1989]
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 Self-consistency equations:
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Typical mean-field phase diagram

Long -range magnetic order

(boson condensation)

gapped spinons, short-range correlations

No broken symmetry

Κ=2S
ΚcGapped Z2 spin liquid Magnetic LRO

 So far, most studies have focused on the (mean-field) ground-state properties,

assuming the solution is uniform -- or with a small unit cell.

 Example of phase diagram on non-partite lattices, such as triangular or kagome

[Sachdev 92, Wang & Vishwanath 2006]

What is missing: gauge degrees of freedom (confinement, …),

instabilities to VBC, …
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Mean field & large-N
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Introduce N “flavors” of bosons [Sp(N) Read & Sachdev 1991]

 Large N: ZN dominated by saddle-point of S

 Finding (time-independent) saddle-points

is equivalent to solving self-consistently

the mean-field Hamiltonian.

 Goal: explore numerically

this “energy landscape” and (hopefully)

get some insight about the large

but finite-N physics
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 Partition function

Low-energy local minima

and saddle-points
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Mean-field ground-state

1/N fluctuations
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An algorithm to search for saddle-points

 Two stages:

1. iterations of the self-consistency equations:

2. Minimize the energy derivatives using the Levenberg-Marquardt method.

(= adaptative steepest-descend + Gauss-Newton)

NB: No so fast, because each step requires to compute the λi as a function of the aij

 Repeat with thousands of random initial conditions

until no new low-energy solution is found.

→ list of low-energy local extrema and saddle-points
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See also:

Hermele,Gurarie & Rey PRL 2009

(with femrions)
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Mean-field energy landscape

Lowest Hessian eigenvalue

& eigenvector Gap ?
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(first) excited saddle point(s) 
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Square lattice S<Sc: Hessian

 Lowest Hessian eigenvalue(s): 

gapless in the thermodynamic limit

 corresponding Hessian eigenvector: gauge mode

|aij| = constant but

Long-wavelength (k~2π/L) modulation of the flux

on each plaquette 

→ U(1) gauge degrees of freedom

(Invariant Gauge Group IGG=U(1)  [X.-G. Wen])
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Mean-field ground-state: uniform, 

gapped spinons, unstable toward VBC 

at finite N [Read & Sachdev 89]
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Square lattice S<Sc: excited saddle-points

 High density of saddle points: energy spacing << spin gap Δ
(observe the tiny spatial modulations → high numerical accuracy needed)

 Relation to valence-bond

crystal formation at finite N ?
[Read & Sachdev 89, 91]
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Triangular lattice S<Sc: Z2 liquid phase

 Gapped Hessian (discrete IGG=Z2)

Topologically degenerate ground-states

π

 Excited saddle points (N=36, 2S=0.1)

Z2 AF LRO

?
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Triangular lattice: Z2 vortices in the gapped phase

 Energy as a function distance

 Bond amplitude (and λ) modulations in a vison-pair saddle-point

 The spinon gap Δ in presence of a vison-pair

is larger than the gap Δ0 in absence of visons

→ spinon-vison repulsion

See also: Huh, Punk & Sachdev 2011
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Kagome lattice - preliminary results

The mean-field ground-state is not the √3x√3 state !

(at least on 36, 48 and 108 sites clusters and S>0.2)

 High density of low-energy saddle-points 

- Some saddle-points are associated to classical

planar configuration,

but some other are not (complex fluxes / chiral)…

- connection between VBC patterns  & classical

planar states



12G. Misguich

Summary & future directions

So far:  

 On small systems (<50 sites), we can find numerically the first low-energy saddle-

points (+Hessian), without any symmetry assumtpion.

 The energy landscape gives some information concerning finite-N gauge degrees of 

freedom (photons, visons).

Next steps:

 More numerics on the kagome lattice

 Instanton calculation for tunneling processes between local minima ?

(vison dynamics, …)
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