
Hall effect measurements in YBCO

Badoux, Proust, Taillefer et al., Nature 531, 210 (2016)
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Evidence for 
FL* metal 
with Fermi 
surface of 
size p ?!

§ Hall conductivity provides strong 
evidence of Fermi surface 
reconstruction near optimal doping

▪ Is there a quantum critical point 
under the superconducting dome?

▪ What is the nature of phase transition?
Symmetry breaking or topological?

Phys. Rev. B 94, 115147 (2016), arXiv:1703.00014, 1704.02329

A topological picture of Fermi surface reconstruction and 
discrete broken symmetries in the cuprates

Pseudogap phase in high Tc cuprates
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Easy-plane U(1) spins to SU(2) spins

Pseudogap Metal:

Displays Fermi arcs.

Behaves like a Fermi 
liquid, with a Fermi 
surface of size p
instead of 1 + p.

Hall effect experiments 
show that it is also 

present at high 
magnetic fields and low 

temperatures.

FL

Figure credits: K. Fujita et al, Nature 
Physics 12,
150–156 (2016)
M. Plate et al, PRL. 95, 077001 (2005) 

Conventional Fermi 
liquid:

Large hole Fermi 
surface of size 1 + p.

Hall effect data can be well-explained by commensurate (Neel)/ incommensurate (spiral) 
fluctuations in the topological metal (ACL/FL*) (or by field induced order)

Routes to Fermi surface reconstruction

Thermal transport across the QCP

Sachdev et al, PRB 80, 155129 (2009)

Discrete broken symmetries

Possibility 1: Symmetry breaking: Spin density wave (SDW) order

Possibility 2: Topological order (No long range symmetry breaking)

Hertz Theory XY order 
parameter

Is there an alternate route to FS reconstruction?

• Correlation lengths of magnetic order 
parameters are small in cuprates

Z2 fractionalized XY order coupled to electrons

Z2 gauge theory 
Hamiltonian 

§ Charge carriers: Spinless fermionic 
chargons

§ Chargons see constant AF order

§ Can destroy XY order by proliferating 
vortices in the XY field (𝜭)

§ Semionic mutual statistics with 2π 
vortices leads to confinement of 
chargons

§ Solution: Make single vortices 
energetically expensive (large K): Double 
(4π) vortices proliferate. Z2 Algebraic 
charge liquid with deconfined chargons

§ Violates Luttinger’s theorem
M.	Oshikawa,	PRL	84,	3370	(2000)
T. Senthil et al, PRL 90, 216403 (2003)
Paramekanti et al, PRB 70, 245118 (2004)

Spin fermion model: Electrons coupled to O(3) AF order parameter

Transform to ‘rotating reference frame’ defined by local orientation of the O(3) order parameter 

Fermionic chargons

Higgs field
Higgs field = AFM order for the chargons

Chowdhury et al, PRB 91, 115123 (2015)
Sachdev et al, PTEP 12C102 (2016)

J. G. Storey, EPL 113, 27003 (2016) 
A. Eberlein et al, PRL 117,187001 (2016)

D-wave superconductivity: Universal thermal conductivity

Durst	and	Lee,	PRB	62, 1720 (2000)	

D-wave superconductivity + Neel order: Nodal collision gaps 
out the charge carriers beyond a critical Neel amplitude Ac

Different threshold behavior from CDW, preserves C4 symmetry

Durst	and	Sachdev,	PRB	80, 054518 (2009)	

Regime 1: Clean limit

Inverse scattering lifetime >> SC amplitude

Regime 2: Dirty limit
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Incommensurate magnetic fluctuations/order lead 
to a sharper drop in thermal conductivity 

Effective theory for fermionic chargons can have non-trivial SU(2) gauge-connections on links   

Other probes to further substantiate/distinguish different QCPs?  

Gauge-invariant background SU(2) fluxes 
can break time-reversal, inversion and/or 
lattice rotation symmetries

Can result in topological states with 
spontaneous loop current order consistent 
with present light scattering experiments

Open question: How does one relate the parameters of the theory to the microscopic 
hopping/interaction parameters measured in experiments?

Discrete symmetry breaking is naturally concomitant with the topological phase transition!

Zhao et al, Nature Phys 13, 250-254 (2017) 


