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Pseudogap puzzles:

A. Photoemission: Fermi arcs

B. RIXS: Intense paramagnons

C. Quantum oscillations

D. Velocities of Bogoliubov quasiparticles
in the d-wave superconductor
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Photoemission expts at small p
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Photoemission expts at small p

0,TC TC,TC : :
0.1 02 (.10 Non-Luttinger volume Fermi surfaces
. . 9
(a) ; ® from various self-consistent Green’s
\\ N .
\ 0.0F function approaches.
> -~
-
1 I
0.10 Kai-Yu Yang, T. M. Rice, Fu-Chun Zhang,
k X, Phys. Rev. B 73, 174501 (2006).
Y T. D. Stanescu and G. Kotliar,
Phys. Rev. B 74, 125110 (2006).
C. Berthod, T. Giamarchi, S. Biermann, and A. Georges,
\ Phys. Rev. Lett. 97, 136401 (2006).
Tc65K@ 140K N
: TEZ?KgMgK \ S. Sakai,Y. Motome, M. Imada,
® ToOK @30K AN Phys. Rev. Lett. 102, 056404 (2009).
I S J. Skolimowski and M. Fabrizio,
(0,0) ¥ (TC,O) Phys. Rev. B 106, 045109 (2022). |
N.Wagner....A. Georges, G. Sangiovanni,
Reconstructed Fermi Surface of Underdoped Nature Communication 14,7531 (2023)
Bio 519 CaCus Og1 s Cuprate Superconductors, Jinchao Zhao, Gabriele La Nave, Philip Phillips,
H.-B. Yang, J. D. Rameau, Z.-H. Pan, G. D. Gu, Phys. Rev. B 108, 165135
P. D. Johnson, H. Claus, D. G. Hinks, Jing-Yu Zhao, Zheng-Yu Weng, arXiv:2309.1 1556

and T. E. Kidd, PRL 107, 047003 (2011).



Photoemission expts at small p
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electrons hybridized by a half-filled band of fermions (f7),
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Pseudogap puzzles:

A. Photoemission: Fermi arcs

B. RIXS: Intense paramagnons

C. Quantum oscillations

D. Velocities of Bogoliubov quasiparticles
in the d-wave superconductor
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* Spin waves only present at low
energies in the presence of
antiferromagnetic order
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* Spin waves only present at low
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antiferromagnetic order

* Most natural interpretation is a spinon

continuum (I claim)...
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Pseudogap puzzles:

A. Photoemission: Fermi arcs

B. RIXS: Intense paramagnons

C. Quantum oscillations

D. Velocities of Bogoliubov quasiparticles
in the d-wave superconductor
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Quantum oscillations in cuprates. a) Underdoped YBCO (p = 0.11, T, = 62 K) (black (22))
and Hg1201 (p ~ 0.1, Te = 72 K) (red (33), x50). b) Overdoped T12201 (p ~ 0.3, Tx ~ 10 K) (28).
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BCS /Bogoliubov quasiparticles
In a d-wave superconductor
Er = (g}, + A2)1/2
A = Ag (cosk, — cosk,)

4 nodal points where

1/2
Eko-l—q — (U%’Cﬁ_ T Uiqﬁ) p.

with v > vA.



FEarly work described the emergence of nodal d-wave super-
conductivity from a spin liquid with spinons with a Dirac
dispersion: in this approach, the spinons of the spin liquid
are directly transtormed into the nodal Bogoliubov quasi-
particles ot the d-wave superconductor.

F.C. Zhang, C. Gros, T.M. Rice, H. Shiba, Superconductor Sci. Tech. 1 (1988) 36
D. A. Ivanov, T. Senthil, PRB 66, 115111 (2002).
P. A. Lee, N. Nagaosa, X.-G. Wen, RMP 78, 17 (2006)

This leads to a d-wave superconductor with vp =~ va at
low doping, in contrast to observations.
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Confining instability to precisely the Néel and VBS orders of CP' theory.
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Many numerical works show that deconfined critical theory applies over a
substantial length scale, but ultimately confines at the longest distances.
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Pseudogap answers:

A. Photoemission: Fermi arcs

B. RIXS: Intense paramagnons

C. Quantum oscillations

D. Velocities of Bogoliubov quasiparticles
in the d-wave superconductor
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Pseudogap answers:

A. Photoemission: Fermi arcs

B. RIXS: Intense paramagnons

C. Quantum oscillations

D. Velocities of Bogoliubov quasiparticles
in the d-wave superconductor




o Affleck-Marston mean-field m-flux spinon theory predicts equal spin fluc-
tuation intensity near (7, 7) and (m,0).
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o Affleck-Marston mean-field m-flux spinon theory predicts equal spin fluc-
tuation intensity near (7, 7) and (m,0).

e Use recent fuzzy sphere results (Zhou et al., PRX 14, 021044 (2024)) to
obtain scaling dimensions A, at ¢ = (7, 7) and (m,0), where the dynamic
spin structure factor

S(q,w) N WQAQ—S

— At g = (7, ), the needed operator is the Néel-VBS order parameter,
Az = 0.585, so that S(q,w) ~ w5,

— At g = (m,0), the needed operator is in the OPE of the Néel and
VBS order parameters, the SO(5) current, which yields A o) = 2,
so that S(q,w) ~ w. This also applies at g = (0, 0).

" These results imply that the free Dirac fermion theory of the spin liquid is |
not accurate for S(q,w), but is useful for fermiology. The bosonic CP!
_theory of the same spin liquid should be a better starting point for S(q,w).

Pietro Bonetti, Maine Christos and S.S. (BCS), arXiv:2405.08817



Pseudogap puzzles & answers:

A. Photoemission: Fermi arcs

B. RIXS: Intense paramagnons

C. Quantum oscillations

D. Velocities of Bogoliubov quasiparticles
in the d-wave superconductor

Spinons required by non-Luttinger Fermi surface in A
solve puzzles B, C, D!



