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Underdoped state: Pseudogap
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Pseudogap behaviour in many physical properties below T*:

Transport, magnetic properties, Thermodynamics, Tunneling,
ARPES, Raman scattering, Optical conductivity,...
J. Tallon et al, cond-mat/0211048
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Nature of underdoped phase: what is the Pseudo-gap ?

Pseudogap behaviour in many physical properties
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Hidden order parameter: SDW, CDW, Circulating Currents,
DDW,... (S.C. Zhang et al, C. Di Castro et al, C.M. Varma, S. Chakravarty et al, ...)



Charge currents: DDW and Circulating currents

S. Chakravarty et al. C.M. Varma et al.
PRB 63, 094503 (2001). PRB 55, 14554 (1997); PRB 73, 155113 (2006)
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Charge currents: DDW and Circulating currents

S. Chakravarty et al. C.M. Varma et al.
PRB 63, 094503 (2001). PRB 55, 14554 (1997); PRB 73, 155113 (2006)
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Charge currents: DDW and Circulating currents

S. Chakravarty et al. C.M. Varma et al.
PRB 63, 094503 (2001). PRB 55, 14554 (1997); PRB 73, 155113 (2006)
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Circulating currents Phase Oy;:

- Dichroism in ARPES = Phase O;; Kaminski et al, Nature 416, 610 (2002)
(Not reproduced Borisenko et al, Nature 431, (2 September 2004))
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Circulating currents Phase Oy;:

- Dichroism in ARPES = Phase ©O;; Kaminski et al, Nature 416, 610 (2002)
(Not reproduced Borisenko et al, Nature 431, (2 September 2004))
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Polarized monochromatic neutron beam

Bender  Flipper Helmotz

|:| sample 1\ ! Magnetic scattering:
> [+ Fy =< +|3.M, |- >
Q/ly E anayser  0: Pauli matrices
|-> Heusler
@ Detector Mi - @ A MQ N é
H~10G, P//H L e s

Flipping ratio: R~ 30-50
Polarization: P~ 0.97-0.98

Magnetic components | Cj
Spin-flip components | P

= P//Q to maximize magnetism in the SF channel



Polarized cold neutron triple axis: 4F1 (LLB-Saclay)




A-type antiferromagnetism in Na,CoQO,, x=0.82
S.P. Bayrakci et al, PRL 94, 157205 (2005)

- Spin dynamics = Propagation wavevector: Q=(001)
= Polarized neutrons



A-type antiferromagnetism in Na,CoQO,, x=0.82
S.P. Bayrakci et al, PRL 94, 157205 (2005)

- Spin dynamics = Propagation wavevector: Q=(001)
= Polarized neutrons

”Normalized spin-flip intensity”: SF/NSF
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A-type antiferromagnetism in Na,CoQO,, x=0.82
S.P. Bayrakci et al, PRL 94, 157205 (2005)

- Spin dynamics = Propagation wavevector: Q=(001)
= Polarized neutrons

”Normalized spin-flip intensity”: SF/NSF
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Polarized magnetic diffraction at k;= 2.662 A~!

- Magnetism expected on Q=(1,0,L)=(0,1,L) in Phase O;;
- Weak Nuclear Bragg peaks: L=1,2

- For ]3//@, All magnetism = Spin-Flip



Polarized magnetic diffraction at k;= 2.662 A~!

- Magnetism expected on Q=(1,0,L)=(0,1,L) in Phase O;;
- Weak Nuclear Bragg peaks: L=1,2

- For ]3//@, All magnetism = Spin-Flip
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Polarized magnetic diffraction at k;= 2.662 A~!

- Magnetism expected on Q=(1,0,L)=(0,1,L) in Phase Oy,
- Weak Nuclear Bragg peaks: L=1,2

- For ]3//@, All magnetism = Spin-Flip
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Raw data Spin-Flip and Non-Spin-Flip: f’//@,

Twinned samples: Q=(0,1,1)=(1,0,1)
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Raw data Spin-Flip and Non-Spin-Flip: f’//@,

Twinned samples: Q=(0,1,1)=(1,0,1)

YBCOG.G(t): TC =61 K
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Novel magnetic order: P//Q

Magnetic intensity (mbarn)
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Novel magnetic order: P//Q

Magnetic intensity (mbarn)
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Polarization dependence: Q=(0,1,1)
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Neutron intensity (mbarns)

Polarization dependence: Q=(0,1,1)
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Neutron intensity (mbarns)

Polarization dependence: Q=

(0,1,1)
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Neutron intensity (mbarns)

Polarization dependence: Q=(0,1,1)
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Momentum dependencies in YBCOg;5(t): ]3//@
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Momentum dependencies in YBCOg;5(t): ]3//@
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Momentum dependencies in YBCOg;5(t): ]3//@
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= Long range order at 75 K
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Magnetic order in underdoped YBayCu3Og. «:
B. Fauqué et al, PRL 96, 197001 (2006)

- preserves Translationnal Symmetry of the Lattice

- Decoration of the unit cell with staggered moments

- In-plane and Out-of-plane magnetic components: ¢ = 45° + 20°
- Parallel moments within the (CuQO,), bilayer

- Long Range Order at low temperature: (¢ > 100 A)

- Static at the neutron scale (107! sec)

- Weak intensity ~ 2 mbarns = M ~ 0.05 to 0.1 up
(assuming weakly dependent magnetic form factor)
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Which model: orbital or spin moments ?

Orbital moments Spins on oxygen sites

O N

NN
TN

Circulating Currents
Phase @[[
Simon and Varma, PRL 89 247003 (2002)
C.M. Varma, PRB 73, 155113 (2006)

Why in-plane component ?
- Spin-orbit coupling Why out-of-plane
V. Aji and C.M. Varma cond-mat /0605468 component 7



Relation with the Pseudogap: Resistivity
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Relation with the Pseudogap: Resistivity
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Relation with the Pseudogap: Resistivity
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Phase diagram: magnetic order at T*
B. Fauqué et al, Phys. Rev. Lett. 96, 197001 (2006)

= Hidden order parameter for the pseudogap phase

5R<T) =1- [pab(T) T pab(o)]/(aT)
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= Hidden order parameter for the pseudogap phase
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= Magnetic decoration of the unit cell
Circulating Currents phase ©;; C.M. Varma, PRB 73, 155113 (2006)
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= Hidden order parameter for the pseudogap phase
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= Magnetic decoration of the unit cell
Circulating Currents phase ©;; C.M. Varma, PRB 73, 155113 (2006)
= 3 band Hubbard model



