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Square lattice antiferromagnet

u Diverse phenomenology, such as:
² symmetry broken states, e.g. Néel, VBS 
² topological phases, e.g. ℤ2 spin liquids 
² exotic (deconfined) quantum phase transitions
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Review: deconfined criticality
NÉEL

Z4 ⇠ U(1)

Senthil et al. (2004)
Haldane (1988)
Read & Sachdev (1989)
Levin & Senthil (2004)
Polyakov (1974)
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Dualities
u Wang et al. propose that ℂℙ1 is dual to N f=2 QCD, with an SU(2) gauge group: 

Wang et al. (2016)
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u The symmetries are most manifest when LQCD is expressed in 
terms of Majorana fermions:

DµX = @µX � iaaµX�aLQCD = itr
�
X̄�µDµX

�

valley index, v=1,2
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Symmetries
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VBS order parameter Néel order parameter

² SO(5) order parameter:



Phase diagram
NÉEL

or
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Proximate phase via the Higgs mechanism

u Proximate topological phases can be accessed by Higgsing the SU(2) gauge symmetry: 
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² Two Higgs fields,     and     , are needed to obtain a ℤ2 spin liquid:
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Projective symmetry group
u The symmetries act in a non-trivial way in the Higgs phase. For instance,

Gives the fermions a mass

Wen (2002)
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² This can be undone through a gauge transformation:
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² L does not appear to be invariant under the lattice symmetries:
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PSG 1

u The mean field version of this spin liquid requires a 6 th nearest-neighbour terms. In 
terms of QCD, it corresponds to the perturbation:

Lf = LQCD + �� · tr
�
�X̄µyX

�
� s̄ |�|2 + �0 �1 · tr

�
�X̄i@0X

�
� s̄1 |�1|2 + · · · with s̄, s̄1  0
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PSG 1

u The mean field version of this spin liquid requires a 6 th nearest-neighbour terms. In 
terms of QCD, it corresponds to the perturbation:

this phase is more energetically favourable
than mean field theory seems to imply
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Comparison with bosonic formulation
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u #1 is the only spin liquid with a corresponding bosonic 
formulation

Essin & Hermele (2011)
Yang & Wang (2016)
Chatterjee et al. (2017)
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u Further, this spin liquid can be obtained by perturbing 
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Flux response

u Response to insertion of flux:

Fu, Sachdev, Xu (2011)
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Flux response

u Response to insertion of flux:
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VBS order parameters

u This is exactly the current associated with the U(1)v VBS

Fu, Sachdev, Xu (2011)
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u Monopole proliferation results in large fluctuations of the charge Q associated to 
which will suppress fluctuations of operators conjugate to Q, i.e. the order parameters

Jµ
vbs
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+ �00�2i · tr
�
�X̄@iX

�
� s̄2 |�2i|2 + · · ·
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u Determined spin liquid states proximate to Nf=2 QCD (!-flux phase)

u Established a nontrivial correspondence between ℤ2 phases surrounding both QCD and 
ℂℙ1

u Determined a fermionic counterpart to the U(1) spin liquid with gapped matter which is 
unstable to a VBS

u Proposed additional dualities for multicritical points

Thank you!




