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Central Charge in Gapless Regime XXZ

Chen et al, Entanglement entropy scaling of the XXZ chain,
arxXiv:1306.5828
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Central charge of XXZ obtained from entanglement entropy in
gapless regime 1 0:5. Results show thatc =1 for
2 ( 1, 0:5]. FM point = 1 needs special treatment.

Entanglement entropy useful for characterising phases and
identifying phase transitions

Multiscale Entanglement Renormalization Ansatz (MERA) & A dS/CFT



Central Charge in Gapless Regime XXZ

Chen et al, Entanglement entropy scaling of the XXZ chain
arXiv:1306.5828
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Central charge of XXZ obtained from ground state energy In
gapless regime 1 0:5. Results show thatc = 1 for
2 ( 1, 0:5]. FM point = 1 needs special treatment.



Quasi-1D Quantum Antiferromagnets
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H :Jr hijiSi:Si

Tennant et al, PRB 52, 13368 (1995)

Type (a) Type (d)

FIG. 2. The crystal structure of KCuF;. The two polytype struc-
tures (a) and (d) are shown. These are distinguished by the different
displacements of fluorine ions in the a-b plane.

KCuF3 S=1=2 J' 34meV J, "' 1l6meV



Spinons
Novel disordered ground state
S S; causes spin ips

Excitations are spinons not conventional spin waves

Cartoon
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Excitations are produced in pairs

Mobile domain walls




Consequence
Excitations are produced in pairs

Neutron scattering ought to see a continuum of states
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des Cloizeaux & Pearson, Phys. Rev128, 2131 (1962)
EL = 5jsin(@j Eu= Jjsin(@=2)]

Gapless Critical Theory




Neutrons S(q;!)

Lake et al, Quantum criticality and universal scaling of a quantum
antiferromagnet, Nature Materials 4, 329 (2005)
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Dimensional Crossover

Lake et al, Quantum criticality and universal scaling of a quantum
antiferromagnet, Nature Materials 4, 329 (2005)
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Universal Scaling

Lake et al, Quantum criticality and universal scaling of a quantum
antiferromagnet, Nature Materials 4, 329 (2005)
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Regimes
Lake et al, Quantum criticality and universal scaling of a quantum
antiferromagnet, Nature Materials 4, 329 (2005)
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1D critical behavior observed in anisotropic materials in
appropriate energy and temperature windows

c.f. avoided quantum criticality



Integer v Half Integer Spin Chains
CsNiCl3; S=1 J' 228meV J, ' 0.044 meV
Kenzelmannet al, PRB 66, 024407 (2002)
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Ising Model in a Magnetic Field
2D classical Ising Model solved exactly by Onsager

Fermions
In a magnetic eld remainsunsolved on the lattice
However, close toT., continuum perturbed CFT

A. B. Zamolodchikov, Int. J. Mod. Phys. A 4, 4235 (1989)
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No longer critical massive

Eg Mass Spectrum

248 generators!

mi=m my=2mcos=5 mz=2mcos =30

Analogue of quark con nement



Experiments on CoNb,Og by Coldeaet al

Quantum Ceriticality in an Ising Chain: Experimental Eviden ce for
Emergent Eg Symmetry, Science327, 177 (2010)
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Experiments on CoNb,Og by Coldeaet al

Quantum Ciriticality in an Ising Chain: Experimental Eviden ce for
Emergent Eg Symmetry, Science327, 177 (2010)
D) D D

H: JriSiZ iZ+1 hxriSiX hZI—

Magnetically Ordered ° Paramagnet Transverse

b\ > Field

A

ki kf i s
1.6 .
\ / sS4l @

IO £

TIIpeL 1T £ 1
(NN AL
|

TIRLLLLBTTT o4

«— @ ®@—
ring by a spin-flip quasiparticle.  -0.2 0 0.2 -0.2 0 0.2 04 -02 0 0.2 -0.2 0 02 04
the two types of spectra tend to L (rlu) L (rlu) L (rlu)

Intensities in (E) are multiplied
»arable to the other panels.



Experiments on CoNb,Og by Coldeaet al

Quantum Criticality in an Ising Chain: Experimental Eviden ce for
Emergent Eg Symmetry, Science327, 177 (2010)
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Experiments on CoNb,Og by Coldeaet al

Quantum Criticality in an Ising Chain: Experimental Eviden ce for
Emergent Eg Symmetry, Science327, 177 (2010)
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Linear Con nement



Experiments on CoNb,Og by Coldeaet al

Quantum Ceriticality in an Ising Chain: Experimental Eviden ce for
Emergent Eg Symmetry, Science327, 177 (2010)
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Graphene
Castro Neto et al, \The electronic properties of graphene" , RMP (2009)

Emergent Lorentz invariance with e ective speed of light

c 1 10ms 1




ARPES

Angle Resolved Photo Emission
Bostwick et al, Nature Physics 3, 36 (2007)

Solid line t to single particle dispersion ( kx $ Kky)
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Relativistic QHE in Graphene

Novoselovet al, Two{Dimensional gas of massless Dirac fermions
In graphene Nature 438, 197 (2005)

Zhang et al, Experimental observation of the quantum Hall e ect
and Berry's phase in grapheneNature 438, 201 (2005)

Disorder Plateau Transitions SUSY NL M



Summary
Relativistic QFT plays a useful role in describing qguantum g/stems
Strong links between high energy & condensed matter
Lorentz invariance, Dirac fermions, spin chains, Graphene
CFT & central charge, entanglement & numerics
Emergent excitations, fractionalization & con nement, to pology
Evidence for scaling close to a quantum critical point
Perturbed CFTs & novel symmetries

Theory and Experiment
ldeas & themes recur in condensed matter physics

Can we describe emergent phenomena in higher D?

Can we use gauge-gravity duality to treat them?

Universality




