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I.A Quantum Ising Chain



S=1/2 spins on coupled 2-leg ladders
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I.B Coupled Ladder Antiferromagnet



close to 1λ
Square lattice antiferromagnet
Experimental realization: 42CuOLa

Ground state has long-range
magnetic (Neel) order 
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Excitations:  2 spin waves



close to 0λ Weakly coupled ladders

Paramagnetic ground state
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Excitation: S=1 exciton (spin collective mode)

Energy dispersion away from
antiferromagnetic wavevector
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Quantum field theory:

αφ 3-component antiferromagnetic 
order parameter

Oscillations of       about zero (for r > 0)  
spin-1 collective mode
αφ
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I.C Square Lattice Antiferromagnet

( ) ( )( ) ( )2 22 2 21
2b xd xd c Vα τ α ατ φ φ φ� �= ∇ + ∂ +� �� �

�SAction:

S. Chakravarty, B.I. Halperin, and D.R. Nelson, Phys. Rev. B 39, 2344 (1989).

Missing: Spin Berry PhasesMissing: Spin Berry Phases

A

iSAe
0αφ =

Berry phases induce 
bond charge order
in quantum “disordered” 
phase with               ;       
“Dual order parameter”
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Spin-Peierls state
“Bond-centered charge order”
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Quantum dimer model –
D. Rokhsar and S. Kivelson Phys. Rev. Lett. 61, 2376 (1988)

N. Read and S. Sachdev Phys. Rev. B 42, 4568 (1990). 

Quantum “entropic” effects 
prefer one-dimensional 
striped structures in which 
the largest number of singlet 
pairs can resonate. The state 
on the upper left has more 
flippable pairs of singlets 
than the one on the lower 
left.
These effects lead to a 
broken square lattice 
symmetry near the transition 
to the Neel state.



Properties of paramagnet with bond-charge-order
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Stable S=1 spin exciton – quanta of 3-component αφ

S=1/2 spinons are confined 
by a linear potential.



Effect of static non-magnetic impurities (Zn or Li)

Zn

Zn

Spinon confinement implies that free S=1/2 
moments form near each impurity
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Concentration of mobile carriers δ

in e.g.

2 4La CuO
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2 4La Sr CuOδ δ−

Further 
neighbor 
magnetic 
couplings

Universal 
properties of 
magnetic quantum 
phase transition 
do not change 
along this line
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Magnetic order

Experiments
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II. Magnetic transitions in a d-wave superconductor

Ψh : strongly coupled
to     , but do not 
damp      as long as ∆
< 2 ∆h

Ψ1,2 : decoupled from     

αφ
αφ

αφ

Leading universal properties of transition are identical to that in an insulator



Neutron scattering measurements of dynamic spin susceptibility
at an incommensurate wavevector:  and  dependent divergence 
scaling as a function of / B

T
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Inverse local 
susceptibilty

in YBCO

Measurement of spin susceptibility near 
non-magnetic (Zn/Li) impurities

7Li NMR below Tc

impurity

impurity

Measured  with 1/ 2 in underdoped sample.

 expected from BCS theory, which predicts  
for a non-magnetic impurity with strong potential
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Oxygen

Copper

Neutron scattering measurements of 
phonon spectra

Discontinuity in the dispersion of a LO phonon 
of the O ions at wavevector k = π/2 : evidence 
for bond-charge order with period 2a
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Photoemission on BSSCO 
(Valla et al Science 285, 2110 (1999))

III. Damping of Nodal Quasiparticles

Im ~ Bk TΣ



Goal: Classify theories in which, with minimalminimal
fine tuning, a d-wave superconductor has a 
fermionic quasiparticle momentum distribution 
curve (MDC), at the nodal points, with a width 
proportional to  Bk T

In a Fermi liquid, MDC width 2~ T

In a BCS d-wave superconductor, MDC width 3~ T



Proximity to a quantum-critical point
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Necessary conditions

1. Quantum-critical point should be below its upper-critical dimension 
and obey hyperscaling. 

2. Nodal quasi-particles should be part of the critical-field theory. 

3. Critical field theory should not be free – required to obtain damping in 
the scaling limit. 



A spin-singlet, fermion bilinear, 
zero momentum order parameter for X

is preferred.

An order parameter with momentum G: 
Charge (or spin) density-wave order

~ Re iGx iGy
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If G does not connect two nodal points, 
fermions are not part of the critical theory

G
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Main results

Only cases 

have renormalization group fixed points with a non-zero 
interaction strength between the bosonic order parameter 

mode and the nodal fermions.  

Only cases (A) and (B) satisfy
conditions 1,2,3 
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Observations of splitting of the ZBCP

Spontaneous splitting 
(zero field) Magnetic field splitting

Covington, M. et al. Observation of Surface-Induced Broken Time-Reversal 
Symmetry in YBa2Cu3O7-δ Tunnel Junctions, Phys. Rev. Lett. 79, 277-281 (1997)

Yoram Dagan and Guy Deutscher, cond-mat/0106128
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Conclusions

Concentration of mobile carriers δ

2 4La CuO
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Further 
neighbor 
magnetic 
couplings

Magnetic order

Experiments

Confined, paramagnetic 
Mott insulator has

1. Stable S=1 spin 
exciton       .

2. Broken translational 
symmetry:- bond-
centered charge 
order.

3. Pairing of holes.

4. S=1/2 moments near 
non-magnetic 
impurities                           

αφ

Theory of magnetic ordering quantum transitions in antiferromagnets 
and superconductors leads to quantitative theories for

• Spin correlations in a magnetic field

• Effect of Zn/Li impurities on collective spin excitations

T=0


