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General motivationsGeneral motivations

 Why quantum spin liquid is interesting?Why quantum spin liquid is interesting?

 New states of matter in magnetic insulatorsNew states of matter in magnetic insulators

 To understand Mott physics moreTo understand Mott physics more



Condensed matter physicsCondensed matter physics

 The central issue in condensed matter The central issue in condensed matter 
physics is to discover and understand physics is to discover and understand 
new states of mattersnew states of matters..

metalmetal insulatorinsulator superconductorsuperconductor



Magnetic insulators: Magnetic insulators: Any new Any new 
states of matter ?states of matter ?

 Magnetism is one of the oldest subjects in Magnetism is one of the oldest subjects in 
physicsphysics
 Historically it is associated with magnetic field Historically it is associated with magnetic field 

generated by ordered magnetic moments.generated by ordered magnetic moments.



Magnetic insulators: Magnetic insulators: Any new Any new 
states of matter ?states of matter ?

 Magnetic moments order differently in various  Magnetic moments order differently in various  
materialsmaterials

helical magnet

All these ordered states can be understood from the magnetic All these ordered states can be understood from the magnetic 
interaction between interaction between classical classical vectors (spins).vectors (spins).




 

WhatWhat’’s the ground state for an antiferromagnet?s the ground state for an antiferromagnet?


 
The debate between The debate between NNééelel and Landauand Landau

Magnetic insulators: Magnetic insulators: Any new Any new 
states of matter ?states of matter ?

AFM 
ordered

Quantum 
fluctuated



Magnetic insulators: Magnetic insulators: Any new Any new 
states of matter ?states of matter ?


 

Quantum fluctuations dominate over Quantum fluctuations dominate over NNééelel’’ss order in order in 
one dimension one dimension →→ spin liquidspin liquid..


 

NNééelel’’ss order wins at 2D square lattice order wins at 2D square lattice →→ AFM orderAFM order..


 
The general situation is still unclear.The general situation is still unclear.


 

WhatWhat’’s the ground state for an antiferromagnet?s the ground state for an antiferromagnet?


 
The debate between The debate between NNééelel and Landauand Landau




 

IIt was proposed that t was proposed that quantum spin liquid states quantum spin liquid states 
cancan possesspossess very exotic properties.very exotic properties.


 
EEmergmergeded particles and fieldsparticles and fields


 

Emergent phenomenaEmergent phenomena


 
New particles and fields New particles and fields emergeemerge at at lowlow--energy scalesenergy scales 

but they are totally but they are totally absentabsent in the Hamiltonian that in the Hamiltonian that 
describes the initial system.describes the initial system.


 

Different physics laws emerge at different scales.Different physics laws emerge at different scales.

Magnetic insulators: Magnetic insulators: Any new Any new 
states of matter ?states of matter ?




 

Quantum spin liquid (QSL) is an insulator with Quantum spin liquid (QSL) is an insulator with an an 
odd number of electrons per unit cellodd number of electrons per unit cell which which does does 
not order magneticallynot order magnetically down to zero temperature down to zero temperature 
due to due to quantum fluctuationsquantum fluctuations..


 

The quantum disorder is The quantum disorder is intrinsicintrinsic, not induced by , not induced by 
extrinsic impurities.extrinsic impurities.


 

Not a constructive definition.Not a constructive definition.

Definition: Definition: QSLQSL



 ““FeaturelessFeatureless”” Mott insulators.Mott insulators.

 Lattice translational symmetry is respected.Lattice translational symmetry is respected.

 The absence of long ranged magnetic order.The absence of long ranged magnetic order.

 ……

 Characterized by Characterized by emergent phenomenaemergent phenomena and and 

possible quantum orderspossible quantum orders

Features (or featureless ?)Features (or featureless ?)




 

Spinon: Spinon: S=1/2S=1/2, charge neutral, mobile objects, charge neutral, mobile objects


 
The spinons The spinons may obey Fermi or Bose statistics or even may obey Fermi or Bose statistics or even 

nonabeliannonabelian statisticsstatistics and and there may or may not be an there may or may not be an 
energy gapenergy gap;;


 

Gauge field: Gauge field: spin singlet fluctuationsspin singlet fluctuations


 
These spinons are generally accompanied by gauge fields, These spinons are generally accompanied by gauge fields, 

U(1)U(1) or or ZZ22 ..

Emergent particles and fields Emergent particles and fields 

 How can we know which of these plausible states How can we know which of these plausible states 
are are ““realreal””, especially when D>1 , especially when D>1 ??
 This is a very difficult problem.This is a very difficult problem. I shall outline a few of I shall outline a few of 

different approaches to this problem.different approaches to this problem.



Nonlinear Nonlinear σσ--modelmodel
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 From twoFrom two--spin dynamics to a rotor modelspin dynamics to a rotor model
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 Quantum mechanicsQuantum mechanics

Ground state: 0l

  0 , LL Heisenberg uncertainty: 



Nonlinear Nonlinear σσ--modelmodel
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 Many spin problem: rotor representationMany spin problem: rotor representation

 How does the magnitude of spin enters ?How does the magnitude of spin enters ?
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quantum disordered statequantum disordered state
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Resonating Valence Bond (RVB) Resonating Valence Bond (RVB) 
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Issue:Issue: the nonlinear the nonlinear σσ--model approach becomes too model approach becomes too 
difficult to implement in D>1.difficult to implement in D>1.

P.W. Anderson: Why not just P.W. Anderson: Why not just ““guessguess”” the wavethe wave--functionfunction……
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superposition of spin-singlet pairsvariational parametersvariational parameters

The term RVB was first coined by Pauling (1949) in the context oThe term RVB was first coined by Pauling (1949) in the context of metallic materials.f metallic materials.



RVB: Gutzwiller projectionRVB: Gutzwiller projection


 
Problem:Problem: Is there any simple way to obtain reasonable Is there any simple way to obtain reasonable 
good variational parameters in RVB wave functions?good variational parameters in RVB wave functions?

Anderson and Anderson and ZouZou: We may construct one from BCS wave: We may construct one from BCS wave--functionfunction……

  BCSGRVB
k

kkkkBCS Pccvu   



 ,0

depend on some variational depend on some variational 
parameters,  determined by parameters,  determined by 
BogoliubovBogoliubov--de de GennesGennes equationequation

The number of electrons in a BCS wave- 
function is not fixed. There can be 0, 1, or 2 
electrons in a lattice site. The Gutzwiller 
projection removes all the double occupied 
components. An insulator state is obtained 
when # of electron = # of lattice sites. 

Later, physicist apply this type of waveLater, physicist apply this type of wave--function to different lattice systems function to different lattice systems 
with different Hamiltonians and find interesting and rather goodwith different Hamiltonians and find interesting and rather good results when results when 
the             is chosen correctly. the             is chosen correctly. BCS



RVB: RVB: spinonsspinons and gauge fieldsand gauge fields


 
How about excited states?How about excited states?

The spin excitations are electronThe spin excitations are electron--like (or superconductor like (or superconductor quasiparticlequasiparticle-- 
like, like, S=1/2S=1/2) except that they do not carry charge, so called ) except that they do not carry charge, so called spinonsspinons..
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Question:Question: Can this simple picture survives Gutzwiller projection?Can this simple picture survives Gutzwiller projection?

spionsspions: S=1/2, charge neutral, : S=1/2, charge neutral, 
mobile objects mobile objects 



RVB: spinon and gauge fieldsRVB: spinon and gauge fields


 
Confinement of Confinement of spinonsspinons


 
X.X.--G. G. WenWen used the tool of lattice gauge theory to show used the tool of lattice gauge theory to show 
that that spinonsspinons may be may be confinedconfined with other with other spinonsspinons to form to form 
S=1 excitations after Gutzwiller projection.S=1 excitations after Gutzwiller projection.


 

Structure of projected waveStructure of projected wave--functionfunction


 
X.X.--G. G. WenWen also invented a new mathematical tools also invented a new mathematical tools 
((Projective Symmetry GroupProjective Symmetry Group) to classify spin) to classify spin--liquid liquid 

states within the Gutzwillerstates within the Gutzwiller--BCS approach.BCS approach.


 

Schwinger bosonsSchwinger bosons


 
People also use a similar approach where spins are People also use a similar approach where spins are 
represented by Schwinger bosons. Then spin represented by Schwinger bosons. Then spin 
excitations are S=1/2 bosons instead of fermions in excitations are S=1/2 bosons instead of fermions in 
projected BCS approach.projected BCS approach.



Other aspects of theoryOther aspects of theory


 
Exact solvable modelsExact solvable models


 
KitaevKitaev honeycomb model changed our view on spin honeycomb model changed our view on spin 
liquids liquids singanificantlysinganificantly


 

A spin liquid is not necessary to be spinA spin liquid is not necessary to be spin--rotationrotation--invariant.invariant.


 

The statistics of The statistics of spinonsspinons can be noncan be non--abelianabelian..


 

SpinSpin--orbital effect, etc.orbital effect, etc.


 
……


 

Other approachesOther approaches


 
Analytical methodsAnalytical methods


 

Bethe Bethe AnsatzAnsatz, , BosonizationBosonization, CFT, , CFT, ……


 
Numerical methodsNumerical methods


 

Exact Exact DiagonalizationDiagonalization, DMRG, PEPS / Tensor Network, , DMRG, PEPS / Tensor Network, 
QMC, CDMFT, QMC, CDMFT, ……


 

Spin liquids with spin S>1/2Spin liquids with spin S>1/2


 
……

for a review, see YZ, Kazushi for a review, see YZ, Kazushi KanodaKanoda, Tai, Tai--Kai Ng (2014), invited by RMPKai Ng (2014), invited by RMP



Existing Existing S=1/2S=1/2 quantum spin liquid quantum spin liquid 
candidates at D>1candidates at D>1

κ-(ET)2 Cu2 (CN)3 (2003) Pd-(dmit)2 (EtMe3 Sb) (2008)
ZnCu3 (OH)6 Cl2 (2007)

Ba3 CuSb2 O9 (2011) Na4 Ir3 O8 (2007)quasi 1D? LiZn2 Mo3 O8 ?(2012)

Fake



YZ, Kazushi YZ, Kazushi KanodaKanoda, Tai, Tai--Kai Ng (2014), invited by RMPKai Ng (2014), invited by RMP

All existing QSL All existing QSL 
candidates are candidates are 
fermionfermion--like like 
gaplessgapless systems.systems.



Experimental detection of spin Experimental detection of spin 
liquid states?liquid states?


 

How to identify and characterize spin liquid states How to identify and characterize spin liquid states 
in established materials?in established materials?

Patrick A. Lee: All these materials may be described by some kinPatrick A. Lee: All these materials may be described by some kind of d of 
projected BCS (or Fermi liquid) state at low temperature.projected BCS (or Fermi liquid) state at low temperature.

P.A. Lee is perhaps the strongest believer of spin liquid P.A. Lee is perhaps the strongest believer of spin liquid 
states. He works most closely with experimentalist to show states. He works most closely with experimentalist to show 
that spin liquids exist in nature.that spin liquids exist in nature.

He noticed a common feature of most of the spin liquid He noticed a common feature of most of the spin liquid 
candidates discovered so far: candidates discovered so far: they are all closed to the they are all closed to the 
metal to insulator transition. metal to insulator transition. 
 Question: What is the physical significance of this What is the physical significance of this 
observation?observation?



Further experimental proposalsFurther experimental proposals


 
Optical conductivityOptical conductivity: : gapless gapless spinonsspinons, power law behavior, power law behavior

Tai-Kai Ng and P. A. Lee, PRL 99, 156402  (2007). 
Expts:  1) κκ--ET organic saltET organic salt,  S. Elsässer, et. al. (U. Stutggart group), PRB 86, 155150 (2012).

2) HerbertsmithiteHerbertsmithite, D. V. Pilon, et. al. (MIT group), Phys. Rev. Lett. 111, 127401 (2013).  



 
GMRGMR--like setuplike setup: : oscillatory coupling between two oscillatory coupling between two FMsFMs via a QSL spacervia a QSL spacer

M. R. Norman and T. Micklitz, PRL 102, 067204 (2009).



 
Thermal Hall effectThermal Hall effect: : different responses between different responses between magnonsmagnons and spinonsand spinons

H. Katsura, N. Nagaosa, and P. A. Lee, Phys. RRL 104, 066403 (2010). in contradiction to expts.



 
Sound attenuationSound attenuation: : spinonspinon--phonon interaction, spinon lifetime, gauge fieldsphonon interaction, spinon lifetime, gauge fields

YZ and Patrick A. Lee, PRL. 106, 056402 (2011).



 
ARPESARPES: : electron spectral function for a QSL with spinon FS or Dirac conelectron spectral function for a QSL with spinon FS or Dirac conee

E. Tang, M.P.A. Fisher and Patrick A. Lee, PRB, 045119 (2013).



 
Neutron scatteringNeutron scattering: : spin spin chiralitychirality, DM interaction, Kagome lattice, DM interaction, Kagome lattice

N. Nagaosa and Patrick A. Lee, PRB 87, 064423 (2013).



 
Spinon transportSpinon transport:  :  measure spin current flow through Mmeasure spin current flow through M--QSLQSL--M junctionM junction

C.Z. Chen, Q.F.Sun, Fa Wang and X.C. Xie, PRBB 88, 041405(R) (2013).

Motivation 1:Motivation 1: A generic framework to compare theoretical predictions of A generic framework to compare theoretical predictions of 
QSLsQSLs to experimental data is still missing at the phenomenological lto experimental data is still missing at the phenomenological level.evel.
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Difficulties in QSL theoryDifficulties in QSL theory


 

WhatWhat’’s the low energy effective theory for s the low energy effective theory for QSLsQSLs??


 
Confinement vs. Confinement vs. deconfinementdeconfinement



 
SpinonsSpinons are are not well definednot well defined quasiparticlesquasiparticles even though the even though the U(1)U(1) gauge gauge 
field is field is deconfineddeconfined..


 

Lack of RenormalizationLack of Renormalization--group scheme to illustrate possible effective group scheme to illustrate possible effective 
theories as in Fermi liquid theory.theories as in Fermi liquid theory.

Motivation 2:Motivation 2: Could we construct an effective theory with Could we construct an effective theory with ““electronselectrons”” or or 
““dressed electronsdressed electrons”” ((quasiparticlesquasiparticles) directly?) directly?
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Spin liquids in the vicinity of Spin liquids in the vicinity of 
metalmetal--insulator transitioninsulator transition


 

Pressure effectPressure effect


 
κ-(ET)2 Cu2 (CN)3 : : ZZ22 QSL QSL →→

 
superconductor superconductor 


 

Pd-(dmit)2 (EtMe3 Sb) : : U(1)U(1) QSL QSL →→
 

metalmetal


 

Na4 Ir3 O8 : QSL : QSL →→
 

metalmetal


 

Importance of charge fluctuationsImportance of charge fluctuations

tU /0

Fermi liquid

metal insulator

Mott transition Heisenberg model
120°AF order

Schematic phase diagram on triangular latticeSchematic phase diagram on triangular lattice



QSL as a softQSL as a soft--gap Mott insulator gap Mott insulator 

tU /0

Fermi liquid

metal insulator

Mott transition Heisenberg model
AFM order

 E

)(E

E

)(E

 E

)(E

  ||)( EE

Schematic DOS Schematic DOS ( from optical conductivity and other ( from optical conductivity and other exptsexpts. ). )



QuestionsQuestions


 

What kind of What kind of charge fluctuationscharge fluctuations should be the key to should be the key to 
QSLsQSLs??


 

Can we formulate a Can we formulate a phenomenological theoryphenomenological theory for for 
QSLsQSLs in the vicinity of Mott transition starting from in the vicinity of Mott transition starting from 
the metallic side?the metallic side?



Fermi Liquid theoryFermi Liquid theory
QuasiparticlesQuasiparticles
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Interaction between Interaction between quasiparticlesquasiparticles



 

When electronWhen electron--electron interactions are adiabatically turned on, the electron interactions are adiabatically turned on, the low energy excited low energy excited 
statesstates of interacting of interacting NN--electron systems evolve in a continuous way, and therefore remaielectron systems evolve in a continuous way, and therefore remain n 
oneone--toto--oneone correspondence with the states of correspondence with the states of noninteractingnoninteracting NN--electron systems. electron systems. 



 

AssumptionAssumption: The same labeling scheme through fermion occupation number can: The same labeling scheme through fermion occupation number can be be 
applied to fermionic applied to fermionic QSLsQSLs..

QuasiparticleQuasiparticle energyenergy



Landau parametersLandau parameters
Spin symmetric and Spin symmetric and antisymmetricantisymmetric decompositiondecomposition

Isotropic systemsIsotropic systems

Dimensionless Landau parametersDimensionless Landau parameters
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IdeasIdeas


 
Effective theory with Effective theory with chargefulchargeful quasiparticlesquasiparticles


 
““Building blocksBuilding blocks”” are are chargefulchargeful quasiparticlesquasiparticles instead of instead of spinonsspinons..



 
Both Fermi liquids and quantum spin liquids can be described witBoth Fermi liquids and quantum spin liquids can be described within hin 
the same framework. the same framework. 


 

Physical quantities will be renormalizedPhysical quantities will be renormalized


 
By the interaction between By the interaction between quasiparticlesquasiparticles..


 

Electrically insulating but thermally conducting stateElectrically insulating but thermally conducting state


 
Can be achieved in the framework of LandauCan be achieved in the framework of Landau’’s Fermi liquid theory s Fermi liquid theory 
with properly chosen Landau parameters.with properly chosen Landau parameters.



QuasiQuasi--particle transport (I)particle transport (I)
Particle (charge or mass) current carried by quasiParticle (charge or mass) current carried by quasi--particlesparticles
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QuasiQuasi--particle transport (I)particle transport (I)

The electron system will be electrically insulating whenThe electron system will be electrically insulating when
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QuasiQuasi--particle transport (II)particle transport (II)
Thermal current carried by quasiThermal current carried by quasi--particlesparticles

Thermal current is renormalized by the factorThermal current is renormalized by the factor */ mm
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strong charge (current) fluctuations strong charge (current) fluctuations 
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Framework of effective theoryFramework of effective theory

Effective theory = Landau FermiEffective theory = Landau Fermi--liquidliquid--type theory with type theory with 
chargefulchargeful quasiparticlesquasiparticles + singular Landau parameters+ singular Landau parameters

Elementary excitationsElementary excitations (particle(particle--hole excitations) described by hole excitations) described by 
Landau transport equation is Landau transport equation is chargelesschargeless at at q=0q=0 and and ωω=0=0, but , but 
charges are recovered at finite charges are recovered at finite qq and and ωω..



Thermodynamic quantitiesThermodynamic quantities

Wilson ratioWilson ratio
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Electromagnetic responsesElectromagnetic responses

:  for a Fermi liquid with effective mass :  for a Fermi liquid with effective mass mm* * in the absence in the absence 
of Landau interactionsof Landau interactions
td 00 , 

Charge response functionCharge response function

Transverse current response functionTransverse current response function
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A. J. Leggett, Phys. Rev. 140, A1869 (1965); Phys. Rev. 147, 119 (1966).



AC conductivityAC conductivity

Longitudinal current response functionLongitudinal current response function
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sF0The other possibility                 would result in complete vThe other possibility                 would result in complete vanishing of anishing of 
charge response.charge response.

incompressibilityincompressibility

Expand it as Expand it as 



Dielectric functionDielectric function
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Power law AC conductivity inside the Mott gap.Power law AC conductivity inside the Mott gap.



QuasipatricleQuasipatricle scattering amplitudescattering amplitude
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Thermal conductivityThermal conductivity
Thermal resistivity for a Fermi liquidThermal resistivity for a Fermi liquid

C.J. C.J. PethickPethick, Phys. Rev. 177, 393 (1969), Phys. Rev. 177, 393 (1969)43214321 ,,4321
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Consistent with U(1) gauge theory,
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Collective modesCollective modes
Charge sector: density fluctuationsCharge sector: density fluctuations

energy shift in the directionenergy shift in the direction p̂

spherical symmetryspherical symmetry 

Equation of motion: Equation of motion: linearizedlinearized Landau transport equationLandau transport equation

collision integralcollision integral



0m

Density fluctuation modes in a system with spherical symmetryDensity fluctuation modes in a system with spherical symmetry

longitudinal mode transverse mode quadrupolar mode

1m 2m



Zero sound modes in the spin liquid phase:Zero sound modes in the spin liquid phase:

Three channel modelThree channel model with only               and        : a weakly damping zero sounwith only               and        : a weakly damping zero sound d 
mode exists when                  .mode exists when                  .

ss FF 10 , sF2

3/102 sF



Schematic phase diagramSchematic phase diagram

Different from BrinkmanDifferent from Brinkman--Rice pictureRice picture



SummarySummary


 
Mott transition driven by current fluctuations Mott transition driven by current fluctuations 


 
An alternative picture of metalAn alternative picture of metal--insulator transitions to insulator transitions to 
BrinkmanBrinkman--RiceRice



 
QSL as a soft gap Mott insulatorQSL as a soft gap Mott insulator


 

Phenomenological theory for both Fermi liquids and Phenomenological theory for both Fermi liquids and 
quantum spin liquids in the vicinity of Mott transition.quantum spin liquids in the vicinity of Mott transition.


 
FL: both electrically and thermally conductingFL: both electrically and thermally conducting



 
QSL: electrically insulating but well thermally conducting QSL: electrically insulating but well thermally conducting 


 

Mott physics : characterized by many intrinsic inMott physics : characterized by many intrinsic in--gap gap 
excitations in such quantum spin liquids.excitations in such quantum spin liquids.


 
Wilson ratio ~ 1, ac conductivity, dielectric function, thermal Wilson ratio ~ 1, ac conductivity, dielectric function, thermal 
conductivityconductivity



 
There exist collective modes as well as There exist collective modes as well as ““quasiparticlesquasiparticles””
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