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General theoretical questions

Å Fate of  Landau-Ginzburg-Wilson ideas at quantum phase 

transitions?

Å (More precise) Could Landau order parameters for the phases 

distract from the true critical behavior? 

Study phase transitions in insulating quantum magnets

- Good theoretical laboratory for physics of phase 

transitions/competing orders.

(Senthil, Vishwanath, Balents, Sachdev, Fisher, Science 2004)



Highlights

Å Failure of Landau paradigm at (certain) quantum transitions

Å Rough description: Emergence of `fractionalô chargeand gauge 

fields near quantum critical points between two CONVENTIONAL

phases. 

-``Deconfined quantum criticalityôô

Å Many lessons for competing order physics in correlated electron 

systems. 



Phase transitions in quantum magnetism

Å Spin-1/2 quantum antiferromagnets on a square lattice.

Å ``ééôô represent frustrating interactions that can be tuned to drive 

phase transitions.

(Eg: Next near neighbour exchange, ring exchange,é..).



Possible quantum phases

Å Neel ordered state 

Order parameter ïstaggered magnetic moment vector

Neel ordering can be destroyed at zero temperature 

with suitable frustrating interactions



Example of a non-magnetic ground state -

Valence Bond Solid State (VBS)

Å Frozen arrangement of singlet 

bonds between pairs of local 

moments

Å Frozen singlet pattern breaks 

lattice translation and  rotation 

symmetry

Discrete Z4 Order Parameter  bondY



VBS Order Parameter

Å Associate a Complex Number   

bondY

bondY

bondY

bondY
bondY



Neel-valence bond solid(VBS) transition

Å Neel: Broken spin symmetry

Å VBS: Broken lattice symmetry. 

Å Landau ïTwo independent order 

parameters.

- no generic direct second order 

transition.

- either first order or phase 

coexistence.

This talk: Direct second order 

transition but with description not 

in terms of natural order 

parameter fields. 

Neel
VBS

Neel +VBS

First order

Naïve Landau expectation



Neel-Valence Bond Solid transition

ÅNaïve approaches fail

Attack from Neel ÍUsual O(3) transition in D = 3

Attack from VBS ÍUsual Z4 transition in D = 3  

(= XY universality class).

Why do  these fail? 

Topological defects carry non-trivial quantum numbers!



Attack from VBS (Levin, TS, ó04)



Topological defects in Z4 order

parameter

ÅDomain walls ïelementary wall has /́2 shift of clock 

angle



Z4 domain walls and vortices

ÅWalls can be oriented; four such walls can end at point. 

ÅEnd-points are Z4 vortices. 



Z4 vortices in VBS phase

Vortex core has an unpaired 

spin-1/2 moment!!

Z4 vortices are spin-1/2 

``spinonsôô.

Domain wall energy 

Ý linear confinement 

in VBS phase.



Z4 disordering transition to Neel state

ÅAs for usual (quantum) Z4 transition, expect clock 

anisotropy is irrelevant. 

(confirm in various limits). 

Critical theory: (Quantum) XY but with vortices that 

carry physical spin-1/2 (= spinons). 



Alternate (dual) view

ÅDuality for usual XY model (Dasgupta-Halperin)

Phase mode - ``photonôô

Vortices ïgauge charges coupled to photon.

Neel-VBS transition: Vortices are spinons

=> Critical spinons  minimally coupled to fluctuating U(1) 
gauge field*. 

*non-compact



Critical theory

``Non-compact CP1modelôô
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z = two-component spin-1/2 spinon field

aɛ= non-compact U(1) gauge field.

Distinct from usual O(3) or Z4 critical 

theories*.

Theory not in terms of usual order parameter fields

but involve fractional spin objects and gauge fields. 

*Distinction with usual O(3) fixed point due to non-compact gauge field

(Motrunich,Vishwanath, ô03)



Attack from Neel
(TS, Vishwanath,Balents, Sachdev, Fisher ô04)



Field theory of quantum antiferromagnets

Å Deep in Neel phase (or close 

to it) describe by quantum 

O(3) non-linear sigma model 

field theory.

Å Succesful in describing 

experiments in cuprate Mott 

insulators with Neel ground 

states. 
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Å SB= ``Berry phaseôô sensitive to 

microscopic quantized spin at 

each site.

Å Unimportant in Neel but crucial for 

VBS. 



Topology of quantum antiferromagnetism

Å In d= 2, there are skyrmions in the Neel field.  



Topology (contd)

Å For the original lattice model, skyrmion number can change (shrink it down 
to lattice scale and let it disappear).

Å In D = 2 + 1, such an ``instantonôô or ``monopoleôô event is a 

hedgehog configuration of the Neel field.



Berry phases and topology

For all smooth configurations of the Neel field, SB vanishes. 

However SB finite in the presence of monopoles.

Precise calculation (Haldane ô88):Berry phase factor associated with 

each monopole event that oscillates from plaquette to plaquette.

Final result: Only quadrupled monopoles survive!

(Skyrmion number can change but in units of 4).



Field theory of VBS phases

ÅSum over different skyrmion number changing events 

with Haldane phases     (Read-Sachdev).

ÅDestruction of Neel order through monopole proliferation.

ÅHaldane phases of monopoles lead to VBS order. 



Phase transition ïtractable deformations

1. Easy plane anisotropy

2. Embed physical model in a family of models 

parametrized by integer N.

N = 2: model of interest.

N = 1 and N = Ð: solvable limits.

Same qualitative picture from all these tractable 

deformations

- Quadrupled monopoles irrelevant at transition!!



Critical theory

ÅUniversality class of O(3) model with monopoles 

suppressed by hand 
Early papers: 

Dasgupta &Lau ó89, Kamal & Murthy ó94

Important recent progress: Motrunich & Vishwanath ô04

Same result as that obtained by attack from VBS!

Quadrupled monopole fugacity  = 4-fold clock anisotropy



Renormalization group flows

Clock anisotropy

= quadrupled 

Instanton fugacity

Deconfined critical fixed point

Clock anisotropy is ``dangerously irrelevantôô.



Precise meaning of deconfinement

Å Z4 symmetry gets enlarged to XY

Ý Domain walls get very thick and 
very cheap near the transition.

=> Domain wall energy not effective 
in confining Z4 vortices (= spinons)

.

Formal: Extra global U(1) symmetry 

not present in microscopic model : 



Two diverging length scales in paramagnet

Lɝ ɝVBS
``Criticalò̀̀ spin 

liquidôô

VBS

ɝ: spin correlation length

ɝVBS : Domain wall thickness.

ɝVBS ~ ɝədiverges faster than ɝ

Spinons confined in either phase 

but `confinement scaleô diverges 

at transition ïhence `deconfined 

criticalityô.




