
Theory Overview
Leon Balents, KITP

KITP conference on “Exotic Phases of Frustrated Magnets”
October 8, 2012

Tuesday, October 9, 2012



Theory topics?
http://www.tagxedo.com/

Tuesday, October 9, 2012

http://www.tagxedo.com/
http://www.tagxedo.com/


Quantum 
spin liquids

Tuesday, October 9, 2012



Quantum 
spin liquids

topological + 
SPT phases

quantum 
criticality

entanglement

Tuesday, October 9, 2012



Quantum 
spin liquids

topological + 
SPT phases

quantum 
criticality

entanglement

kagome

materials

Tuesday, October 9, 2012



Quantum 
spin liquids

topological + 
SPT phases

quantum 
criticality

entanglement

kagome

materials

holography

Tuesday, October 9, 2012



Quantum 
spin liquids

topological + 
SPT phases

quantum 
criticality

entanglement

kagome

materials

holographyexperiments

Tuesday, October 9, 2012



Quantum 
spin liquids

topological + 
SPT phases

quantum 
criticality

entanglement

kagome

materials

holographyexperiments

Tuesday, October 9, 2012



This talk

• Review the background: what we should 
agree on (do we?)

• Survey the talks: what are the issues?
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• 1973: Anderson proposes the “Resonating 
Valence Bond” state (for triangular lattice)

• prototype of the modern QSL
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Quantum 
spin liquids
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A modern view

• Instead of just being a disordered state, the key 
element of a QSL is long range entanglement 

• i.e. it cannot be regarded or even approximated 
as a product state over any finite blocks
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Symmetry
Long Range 

Entanglement

• Phases characterized by 
measurable order 
parameters
• Phases can “collapse” if 
symmetry is explicitly 
broken 

• Phases are distinct even in 
absence of any symmetry
• LRE can be measured 
directly non-locally, e.g. by 
entanglement entropy
• Supports excitations with 
exotic quantum numbers and 
statistics
• Describable by emergent 
gauge structure
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Theoretical 
Descriptions

• Slave particles/Gutzwiller projected 
fermionic wavefunctions

• Gauge theories

• TQFTs

• Tensor network/string net states

• Numerics
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Classes of QSLs

• Topological QSLs

• full gap

• U(1) QSL

• gapless emergent “photon”

• Algebraic QSLs

• Relativistic CFT (power-laws)

• Spinon Fermi surface QSL
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Classification
Michael Hermele (Univ. of Colorado) Symmetry Classification of 
Gapped Z2 Spin Liquids

Ying Ran (Boston College) Spin Liquids, Symmetry Fractionalization 
and Beyond

Xiao-Gang Wen (MIT) From Topological Order to Long-Range Entanglements

• What can be classified?
• Topology, symmetry, 
quasiparticles?
• Really complete?
• Only gapped phases?
• Minimal scheme?
• Practical use?

Cenke Xu (UCSB) Symmetry Protected Topological Phase and 
Symmetry Protected Criticality in Two and Three Dimensions
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and Beyond
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• Many schemes:
• TQFTs
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• PSG
• Tensor category
• ...
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Library of Matter

How are different schemes related?
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Library of Matter

cohomology K-matrix

How are different schemes related?
Z2

fibonacci
IQHE

ASL
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Numerics: technique development 
and study of realistic models 

DMRG/Tensor
Steven White (Irvine) Exact Topological Degeneracies on Finite Kagome Clusters

Hong Chen Jiang (UCSB) Topological Quantum Spin Liquid in Physical Realistic Models: Unbiased Large-Scale Numerical Evidence

Guifre Vidal (Perimeter Inst.) Towards a Complete Characterization of Emergent Topological Order From a Microscopic Hamiltonian on the Lattice

Zhengcheng Gu (UCSB, KITP) Tensor Product State Approach to Strongly Correlated Systems: From Spin Liquid to Doped-Mott-Insulator

QMC
Fakher Assaad (Univ. Würzburg) Phase Diagram of the Hubbard Honeycomb Lattice

Nic Shannon (OIST) Quantum Ice

Gutzwiller++
Federico Becca (SISSA) Improved Wariational Wave Functions for the Heisenberg Model on the Kagome Lattice

ab initio/other

Claire Lhuillier (Univ. Paris) Spin 1/2 on the Kagome Lattice: From Theory to Experiments and Back

Roser Valentí (Univ. Frankfurt) Correlation Effects in Organic Charge-Transfer Salts: A Combined Ab Initio and Many-Body Investigation
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Issues

• Which techniques can be fruitfully applied and 
where?

• To accurately predict QSL phases?

• To calculate their measurable properties?

• To verify universal aspects?

• What would it take to convincingly 
demonstrate reliability of Gutzwiller(++) 
wavefunctions in predicting phases?
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Topological 
Entanglement Entropy

A B

ρA = TrB |ψ��ψ|

L

• For gapped QSLs, can define a quantitative 
measure of long-range entanglement

S = −TrA[ρA ln ρA]

S(L) ∼ αL− γ

2006
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Topological 
Entanglement Entropy

S(L) ∼ αL− γ

H.C. Jiang, Z. Wang, LB
arXiv:1205.4289

• For gapped QSLs, can define a quantitative 
measure of long-range entanglement

γDMRG=0.698(8)

γth=ln(2)=0.693

Tuesday morning 
session
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Roger Melko (Univ. Waterloo) Entanglement Entropy in 
Spin Liquids, Gapless Phases and Quantum Critical 
Points

Tarun Grover (KITP) Quantum Entanglement and 
Strongly Correlated Topological Phases

Xiao-Gang Wen (MIT) From Topological Order to 
Long-Range Entanglements

Entanglement

• What more information can be extracted 
from entanglement measures?

• Entanglement spectrum?

• Useful for non-topological spin liquids?
Tuesday, October 9, 2012



Finding QSLs
T. Senthil (MIT) Quantum Spin Liquids and Continuous Metal-Insulator Transitions

Roser Valentí (Univ. Frankfurt) Correlation Effects in Organic Charge-Transfer Salts: A 
Combined Ab Initio and Many-Body Investigation

Nic Shannon (OIST) Quantum Ice

George Jackeli (MPI FKF) Spin-Orbit Coupling in Mott Insulators: Unusual Interactions and 
Possible Exotic Phases

• Can theory guide the search for new QSLs?

• Appropriate regimes

• Ab initio calculations

• Microscopic mechanisms
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Weak Mott insulators?
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Spin Orbit?

“simple” 
materials TIs, SO-semimetals

strong SO Mott 
insulators
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spin-orbit coupling

“traditional” 
Mott insulators

U/t
QSLs here?

Na4Ir3O8

Ba2YMoO6

Yb2Ti2O7

Pr2Zr2O7

Na2IrO3
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What to look for?
Nic Shannon (OIST) Quantum Ice

Gang Chen (Univ. Colorado) Wilson Ratio Enhancement in a 
Quantum Spin Liquid Candidate: Na4Ir3O8 (Hyperkagome)

Oleg Starykh (Univ. Utah) Electron Spin Resonance of Spinon Gas
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FIG. 2: (Color online). An illustration of the simplest tunnelling
process between different spin-ice configurations. The ice rules dic-
tate that each tetrahedron within the lattice has two spins which point
“in”, and two which point “out”. Where these spins form a closed
loop on a hexagonal plaquette — here shaded red — the sense of
each spin within the loop can be reversed to give a new configuration
which also obeys the ice rules.

where

δHµ = µ
∑

!

[

|!〉〈! |+ |"〉〈" |
]

. (5)

This makes it possible to fine-tune the model to an exactly sol-
uble Rokhsar-Kivelson (RK) point g = µ, where the ground
state wave is an equally-weighted sum of all possible ice
(dimer) configurations46. The authors then argued, by con-
tinuity, that a quantum liquid phase would occur for a finite
range of parameters µ # 1 bordering on the RK point43,44.
The most striking feature of this quantum liquid is “light”.

The ice rules constraint Eq. (1) is most conveniently resolved
as

B(r) = ∇×A(r) , (6)

and the new feature which enters where there is tunnelling be-
tween ice configurations is the fluctuation in time of the gauge
field A(r). In conventional electromagnetism, this gives rise
to an electric field

E(r) = −
∂A(r)

∂t
. (7)

The bold conjecture of Moessner and Sondhi43, put on a mi-
croscopic footing by Hermele et al.44, and Castro-Neto et
al.45, was that tunnelling between dimer (ice) configurations
could give rise to a state governed by the Maxwell action

SMaxwell =
1

8π

∫

dtd3r

[

E(r)2 − c2B(r)2
]

(8)

Such a state would automatically support linearly-dispersing
transverse excitations of the gauge fieldA— “photons”, with
a speed of “light” c. On the lattice, such a magnetic photon
would have a dispersion ω(k) of the form illustrated in Fig. 3.

FIG. 3: (Color online). Ghostly magnetic “photon” excitation as
it might appear in an inelastic neutron scattering experiment on a
quantum spin ice realising a quantum ice ground state. The photon
dispersion ω(k) is taken from lattice gauge theory developed in Sec-
tion II C of this paper, convoluted with a Gaussian representing the
finite energy resolution of the instrument. The intensity of scattering
vanishes as I ∝ ω(k) at low energies.

Moreover, the fact that the spins now fluctuate in time, as
well as space, introduces an additional power of k in spin cor-
relations44,45,

〈Sµ(−k)Sν(k)〉quantum ∝ k

(

δµν −
kµkν
k2

)

, (9)

which serves to eliminate the pinch points seen in neutron
scattering [Fig. 1(b)]47 . More formally, this theory is a com-
pact, frustrated U(1) gauge theory on a diamond lattice, and
we will refer to the liquid state it describes as the quantum
U(1) liquid below.
The degree of fine-tuning involved in these arguments

might seem to render them of purely academic interest. How-
ever the idea of a quantum U(1) liquid found strong support
in finite-temperature quantum Monte Carlo simulations of an
ice-type model of frustrated charge order on the pyrochlore
lattice48. Subsequently, it has proved possible to determine
the ground state phase diagrams of both the quantum dimer
model on diamond lattice, and the quantum ice model of Her-
mele et al., from zero-temperature quantumMonte Carlo sim-
ulations47,49,50. Both models contains extended regions of a
quantum liquid phase, connecting to the RK point. In both
cases, this quantum liquid has low energy excitations which
are described by a lattice analogue of quantum electromag-
netism47,49,50. Significantly, in the case of the quantum ice
model, this quantum liquid phase encompasses the “physical”
point of the model µ = 0, and so does not require any fine-
tuning [Fig. 4]47.
The theoretical possibility of a three-dimensional spin-

liquid state with excitations described by a lattice analogue
of quantum electromagnetism is now well-established. What
remains is to connect these ideas with experiments. The pur-
pose of this paper is therefore to set out predictions for the
correlations which would be measured in neutron scattering
experiments, if such a state were realised in a spin-ice ma-
terial. For concreteness, we work with the minimal lattice

“photon” mode predicted in 
INS of quantum spin ice

O. Benton et al, 2012
L. Savary + LB, 2012

Tuesday, October 9, 2012



Other Topics
Roderich Moessner (MPI PKS) Fluctuation-induced Ordering on the Kagome Lattice

Kedar Damle (TIFR, India) Vacancy Induced Spin Texture and Their Interactions in a 
Classical Spin Liquid

Lesik Motrunich (Caltech)  Monte Carlo Studies of Phases and Phase 
Transitions in U(1)xU(1) Systems with Theta-statistical Interactions

Ribhu Kaul (Kentucky) Numerical Simulations of Quantum Criticality in Spin Models

Sung-Sik Lee (McMaster Univ.) From Renormalization Group to Emergent Gravity: 
Holographic Description of Quantum Many-body Systems

• When in real materials is order by disorder 
interesting and relevant?
• Does disorder have reproducible effects in 
spin liquids that can be understood without 
detailed microscopic characterization of 
impurities?
• How far beyond Landau criticality can we 
go?
• AdS-CMT: good for us or for string theory?
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• Looking forward to lots of discussions 
about spin liquids and beyond!
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