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Fermi surface of Cu






de Hass-van Alphen oscillations

i

|

A ————

5 6 7 8 9 10 11 12
Magnetic Field (T)

FIG. 1. Example of a dHVA field sweep on Sr;RuQy, for # = 9.8° off the ¢ axis in the [001] — [110] rotation study. The vertical
axis 1s the pickup signal (in arbitrary umits) at the second harmonic of the excitation frequency. At high fields, beats in the g
oscillations are visible, as indicated by arrows.
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Period of oscillation in 1/H =



Luttinger relation:

Volume enclosed by Fermi surface
873
= density of electrons modulo(2 x volume of Brillouin zone)
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Insulators



Antiferromagnetism in the cuprate superconductors

Cay 9oNag 10CuO,Cl, Bi; 25ry 5Cag gDy 2CU,0,




$=1/2 Heisenberg antiferromagnets on the square lattice
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Phase diagram

Néel order
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$=1/2 Heisenberg antiferromagnets on the square lattice
H=J) SiS;—Q» (Si-Sj—1)(Sk-Si— 1)
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Phase diagram

Higgs phase: Néel order “Coulomb” phase: VBS order,
(za) # 0, (®) # 0. Monopole (V') # 0
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Similar phase diagram for N' = 4 supersymmetric quantum electrodynamics

with 2 matter hypermultiplets



Superconductors
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Dope the antiferomagnets with charge carriers of density x
by applying a chemical potential

Cay 9oNag 10CuO,Cl, Bi; 25r; gCag gDy 2CU,0,
S —










Scanning tunnelling microscopy



STM studies of the underdoped superconductor

Cay 9oNag 10CuO,Cl, Bi; 25r; gCag gDy 2CU,0,
S —




Topograph
Cay 9oNag 10CuO,Cl, Bi; 25ry 5Cag gDy 2CU,0,

Y. Kohsaka et al. Science 315, 1380 (2007)




dI/dV Spectra
Cay 9oNag 10CuO,Cl, Bi; 25ry 5Cag gDy 2CU,0,
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Intense Tunneling-Asymmetry (TA)
variation are highly similar
Y. Kohsaka et al. Science 315, 1380 (2007)




Topograph
Cay 9oNag 10CuO,Cl, Bi; 25ry 5Cag gDy 2CU,0,

Y. Kohsaka et al. Science 315, 1380 (2007)




Tunneling Asymmetry (TA)-map at E=150meV
Cay 9oNag 10CuO,Cl, Bi; 25ry 5Cag gDy 2CU,0,

Y. Kohsaka et al. Science 315, 1380 (2007)




Tunneling Asymmetry (TA)-map at E=150meV
Cay 9oNag 10CuO,Cl, Bi; 25ry 5Cag gDy 2CU,0,
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Y. Kohsaka et al. Science 315, 1380 (2007)




Tunneling Asymmetry (TA)-map at E=150meV
Cay 9oNag 10CuO,Cl, Bi; 25ry 5Cag gDy 2CU,0,

Indistinguishable bond-centered TA contrast

with disperse 4a,-wide nanodomains
Y. Kohsaka et al. Science 315, 1380 (2007)




TA Contrast is at oxygen site (Cu-O-Cu bond-centered)

R map (150 mV) ] C01.88N00.12CU02C|2, 4 K
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Y. Kohsaka et al. Science 315, 1380 (2007)




TA Contrast is at oxygen site (Cu-O-Cu bond-centered)

R map (150 mV) ] C01.88N00.12CU02C|2, 4 K
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Evidence for VBS order - a valence bond supersolid

S. Sachdev and N. Read, Int. J. Mod. Phys. B 5,219 (1991).







High field “normal state” of the cuprate superconductors

Cay 9oNag 10CuO,Cl, Bi; 25r; gCag gDy 2CU,0,
S —
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Period of oscillations indicates a carrier density which is
the density of holes, and violates the Luttinger count



Phase diagram of lightly doped antiferromagnet
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