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Theory for
“pseudogap metal”
with “Fermi arcs”?
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Quantum oscillations in the
CDW phase at low T’
show only a single
electron pocket of size p.

This cannot be obtained
in the theory of CDWs
in a Fermi liquid.
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Use the pseudogap metal
in place of the Fermi liquid
as the ‘parent’ to
conventional
d-wave superconductor,
charge density wave,
spin density wave,
palr density wave
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Fermi surface transformation at the pseudogap critical point of a cuprate superconductor

Yawen Fang, Gaé€l Grissonnanche, Anaélle Legros, Simon Verret, Francis Laliberté, Clément Collignon, Amirreza Ataei,
Maxime Dion, Jianshi Zhou, David Graf, M. J. Lawler, Paul Goddard, Louis Taillefer, and B. J. Ramshaw, Nature Physics 18, 558 (2022)

We use angle-dependent magnetoresistance (ADMR) to measure the Fermi surface of the cuprate Nd-LSCO. Above the critical

doping p* we extract a Fermi1 surface geometry that 1s in quantitative agreement with angle-resolved photoemission. Below p*

the ADMR 1s qualitatively different, revealing a clear transformation of the Fermi surface. We find that our data are most
consistent with a reconstruction of the Fermi1 surface by a Q = (i, 7t) wavevector.
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Hole pocket Fermi surfaces
of size p with
charge e, spin-1/2 quasiparticles

_|_

‘spectator’
square lattice spin liquid

at half-filling.

FL*: Spin liquid is required because
the Fermi surface does not enclose
the Luttinger volume (1 + p).
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Ancilla theory of the Hubbard model
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Insulating $=1/2 antiferromagnet H=Y7,8 8
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Schwinger fermions

1
or Si = §f;a0'a6f7;57 Z fz']Lozficv =1
a=T,]
m-flux mean-field theory

with gapless spinons at 2 Dirac points.

¢ Low energy theory of Ny = 2

Confining phase: Confining phase: Dirac termions W coupled to

Néel order VBS order an emergent SU(2)y gauge field.

Confining order parameters
are Néel and VBS states,
with a global SO(5); symmetry!

L=iVy, D,V +...

A. Tanaka and X. Hu, PRL 95, 036402 (2005); T. Senthil and M.P.A. Fisher PRB 74, 064405 (2006); Ying Ran and X.-G. Wen, cond-mat/0609620



Insulating $=1/2 antiferromagnet H=Y7,8 8

1<)

Schwinger fermions

1
or Si = §fja0'ozﬁfi57 Z f;afm =1
a=T,]
m-flux mean-field theory
with gapless spinons at 2 Dirac points.

€ Low energy theory of Ny = 2
Confining phase: Confining phase: Dirac fermions Wy coupled to
Néel order VBS order an emergent SU(2)y gauge field.

Confining order parameters
are Néel and VBS states,
with a global SO(5); symmetry!

L=iVy, D,V +...

Dual to CP* U(1) gauge theory.

A. Tanaka and X. Hu, PRL 95, 036402 (2005); T. Senthil and M.P.A. Fisher PRB 74, 064405 (2006); Ying Ran and X.-G. Wen, cond-mat/0609620
C. Wang, A. Nahum, M. A. Metlitski, C. Xu, and T. Senthil, Physical Review X 7,031051 (2017)
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High Temperature Superconductivity in a Lightly Doped Quantum Spin Liquid

| Hong-Chen Jiang M and Steven A. Kivelson®”

We have performed density-matrix renormalization group studies of a square lattice 7-J model with small
hole doping, 6 <« 1, on long four and six-leg cylinders. We include frustration in the form of a second-
neighbor exchange coupling, J, = J/2, such that the undoped (6 = 0) “parent” state i1s a quantum spin
liquid. In contrast to the relatively short range superconducting (SC) correlations that have been observed 1n
recent studies of the six-leg cylinder in the absence of frustration, we find power-law SC correlations with a
Luttinger exponent, Ksc = 1, consistent with a strongly diverging SC susceptibility, y ~ T~(2=Ksc) as the
temperature T — 0. The spin-spin correlations—as in the undoped state—tall exponentially suggesting

that the SC “pairing” correlations evolve smoothly from the insulating parent state.

Superconducting valence bond fluid in lightly doped 8-leg t- cylinders

DOI: 10.1103/PhysRevLett.127.097002 . . . .
Hong-Chen Jiang, Steven A. Kivelson, and Dung-Hai Lee, arXiv:2303.11633

Superconductivity in doped quantum paramagnets has been a subject of long theoretical inquiry.
In this work we report a density matrix renormalization group study of lightly doped t-J models
on the square lattice (doped hole densities 6 = 1/12 and 1/8) with parameters for which previous
studies have suggested that the undoped system in 2D is either a quantum spin liquid or a valence
bond crystal. Our studies are performed on cylinders with width up to 8. Ground-state correlations
are found to be nearly identical for the “doped quantum spin liquid” and “doped valence bond
crystal”. Upon increasing the cylinder width from 4 to 8, we observed a significant strengthening of
the quasi-long-range superconducting correlations, and a dramatic suppression of any “competing”
charge-density-wave order. Extrapolating from the observed behavior of the width 8 cylinders, we
speculate that the system has a nodeless d-wave superconducting ground-state in the 2D limit.
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Ancilla theory of the Hubbard model
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Confinement of SU(2)n gauge theory by charge fluctuations

e Begin with the m-flux spin liquid in the fermionic spinon description.

Hy =iJ Y e (flufia = flafia)
(1)



Confinement of SU(2)n gauge theory by charge fluctuations

e Begin with the m-flux spin liquid in the fermionic spinon description.
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Hy is invariant under SU(2) rotations in spin and SU(2)y rotations in Nambu space; U;; is
the SU(2)y gauge field.



Confinement of SU(2)n gauge theory by charge fluctuations

e Begin with the m-flux spin liquid in the fermionic spinon description.

-

Hy = ijelj (f fia — f fm> — zJZeij (\IJZ-LUZ-J-\IJJ- — W;Uj¢Wi§; v, = ( ?ﬂ )

(i5) (i)

Hy is invariant under SU(2) rotations in spin and SU(2)y rotations in Nambu space; U;; is
the SU(2)y gauge field.

e The nearest-neighbor effective Hamiltonian for charge e, SU(2)y fundamental boson B; is
constrained by the fact that the composite of B; and WV, is an electron:
4 )

Hp=rY BB +iwy ey (BIU;B; - BlU;:B;) +

N 2 (27) y




Confinement of SU(2)n gauge theory by charge fluctuations

u 2
L(B) = Hg A 5 Zﬂf + Vi Zﬂi (Pita + Pitg) +QZ Asj

site charge density: <ciacm> ~ 0; = Bg B,

bond density: <C]L C. -+ c;.acm> ~ Qi; = @i = Im (BTe U, B )

100 J 119

100 J 7 117 1) ]

bond current: z’<cT C. — cTac > ~ Ji; = —Jj; = Re (B]Le U..B. )

Pairing: <5aBCz’aCj6> ~ A,,;j — Aj,,; — €abBaf,;€f,;jUiijj :



Confinement of SU(2)n gauge theory by charge fluctuations
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Confinement of SU(2)n gauge theory by charge fluctuations
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Confinement of SU(2)n gauge theory by charge fluctuations
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Confinement of SU(2)n gauge theory by charge fluctuations
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Global phase diagram of SU(2)n gauge theory
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Global phase dlagram of SU(Z)N gauge theory
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Can the underlying spin liquid help understand experimental observations of spin dynamics !

Spin fluctuations associated with the
collapse of the pseudogap inacuprate
superconductor

Received: 7 January 2022 M. Zhu'" <, D. J. Voneshen®?3, S. Raymond ®*, O. J. Lipscombe', C. C. Tam®'°
&S.M. Hayden®'

Accepted: 6 October 2022

Published online: 17 November 2022

Theories of the origin of superconductivity in cuprates depend on an
understanding of their normal state, which exhibits various competing
orders. Transport and thermodynamic measurementson La,_,Sr,CuO,
show signatures of aquantum critical point and the associated fluctuations,
including a peakin the electronic specific heat versus doping, near the
doping p*where the pseudogap collapses. The fundamental nature of these
quantum fluctuationsis unclear. Here we use inelastic neutron scattering
to show that, close to the superconducting critical temperature and near
p*, there are very-low-energy collective spin excitations with characteristic
energies of ~5 meV. Cooling and applying a magnetic field creates a mixed
state with a stronger magnetic response below 10 meV. We conclude that
the low-energy spin fluctuations are due to the collapse of the pseudogap
combined withanunderlying tendency to magnetic order. We show that
thelarge specific heat near p*can be understood in terms of collective

spin fluctuations. The spin fluctuations we measure exist across the
superconducting phase diagram and may be related to the strange metal
behaviour observed in overdoped cuprates.

% Check for updates




Can the underlying spin liquid help understand experimental observations of spin dynamics !
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Fig.2| Wavevector-dependent maps oflow-energy spin fluctuationsin The white boxes in e define the integration ranges for the signal and background
La, _,Sr,CuO,(x = 0.22).a-i, Constant-energy maps of S(Q, w) measured at used to produceFig.4a,b.j-1, The result of aglobal fit of equation (1) including
T=2K,B=0T(a-c¢);T=2K,B=8.8T(d-f); T=26K(7.),B=0T (g-i). We label correction of amagnetic form factor and a|Q|*background. Data shownin

reciprocal spaceasQ=Ha*+ Kb* + Lc*. Lisintegrated over therange |L| < 1. White Figs.2-4 were collected on LET.
dashedlinesinb show the range of integration used to produce Fig. 3.



Can the underlying spin liquid help understand experimental observations of spin dynamics ?
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Fig.4 | Magnetic excitations with alow-energy scale in the normal and

mixed states of LSCO (p = 0.22). Energy dependence of the magnetic response
x”(Q; w).a, Normalstate (T=26 K, B=0,filled symbols and pink shading)
showing the low-energy scale. b, Increased response in the mixed state (T=2K,
B=8.8T, opensymbolsand green shading) and suppression atlow energy in the
superconducting state (7T=2K, B=0, bluefilled symbols). The solidlineinaisa
fitof x”(Q; w)/wto aLorentzianresponse. Solid linesinb are guides to the eye.
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B=0 (f)and 8.8 T (g). h, Wavevector dependence of the relaxation parameter
I(Q) in the normal state, obtained from a global fit.
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Dispersion, damping, and intensity of spin excitations in the monolayer (Bi,Pb),(Sr,La),CuQOq.;
cuprate superconductor family

Y. Y. Peng,!"" E. W. Huang,”? R. Fumagalli,' M. Minola,* Y. Wang,>> X. Sun,® Y. Ding,’ K. Kummer,’ X. J. Zhou,°
N. B. Brookes,’ B. Moritz,*> L. Braicovich,” T. P. Devereaux,’ and G. Ghiringhelli'-®7
1Dipartimento di Fisica, Politecnico di Milano, Piazza Leonardo da Vinci 32, I-20133 Milano, Italy
2Department of Physics, Stanford University, Stanford, California 94305, USA
3Stanford Institute for Materials and Energy Sciences, SLAC National Accelerator Laboratory
and Stanford University, Menlo Park, California 94025, USA
*Max-Planck-Institut fiir Festkorperforschung, Heisenbergstraf3e 1, D-70569 Stuttgart, Germany
>Department of Physics, Harvard University, Cambridge, Massachusetts 02138, USA
®Beijing National Laboratory for Condensed Matter Physics, Institute of Physics, Chinese Academy of Sciences, Beijing 100190, China
"ESRF, The European Synchrotron, CS 40220, F-38043 Grenoble Cedex, France
8CNR-SPIN, Politecnico di Milano, Piazza Leonardo da Vinci 32, 1-20133 Milano, Italy

® (Received 5 August 2018; revised manuscript received 24 September 2018; published 10 October 2018)

Using Cu-L; edge resonant inelastic x-ray scattering (RIXS) we measured the dispersion and damping of spin
excitations (magnons and paramagnons) in the high-7. superconductor (B1,Pb),(Sr,La),CuQg,s (B12201), for a
large doping range across the phase diagram (0.03 < p < 0.21). Selected measurements with full polarization
analysis unambiguously demonstrate the spin-flip character of these excitations, even in the overdoped sample.
We find that the undamped frequencies increase slightly with doping for all accessible momenta, while the
damping grows rapidly, faster in the (0, 0) — (0.5, 0.5) nodal direction than in the (0, 0) — (0.5, 0) antinodal
direction. We compare the experimental results to numerically exact determinant quantum Monte Carlo (DQMC)
calculations that provide the spin dynamical structure factor S(Q, @) of the three-band Hubbard model. The
theory reproduces well the momentum and doping dependence of the dispersions and spectral weights of
magnetic excitations. These results provide compelling evidence that paramagnons, although increasingly
damped, persist across the superconducting dome of the cuprate phase diagram; this implies that long-range
antiferromagnetic correlations are quickly washed away, while short-range magnetic interactions are little
affected by doping.

DOI: 10.1103/PhysRevB.98.144507
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FIG. 1. (a) Schematic temperature-doping phase diagram of 5 0.2
(B1,Pb),(Sr,La),CuOg¢ys. It shows the antiferromagnetic (AF), su- 0.1
perconducting (SC), and the pseudogap (PG) regions. Here we study , 0 . * 050 |
four doping levels as indicated by the solid red squares. (b) 2D recip- (0.25,0.25) (05, I\/)Iomentum . |((l).; ())) (0.25,0.25)
rocal lattice for the pseudotetragonal structure and the first Brillouin e
zones (structural in light grey, magnetic in light blue). Coordinates . .
H and K are in r.l.u.. The path followed for the measurements is FIG. 2. Energy/momentum intensity maps of RIXS spectra for
indicated by the red arrows, starting at (0.25,0.25) and ending around (a) AF (p =~ 0.03), (b) UDI15K (p =~ 0.11), (c) OP33K (p =~ 0.16),
(0.30,0.30) via (0.5,0) and (0,0). and (d) ODI11K (p ~ 0.21) along the high-symmetry momentum

trajectory indicated in Fig. 1(b) and in the 1nset of (a). The intensity
1s in unit of photons/s/eV. Data were taken with r-polarized incident
light at 20 K. Elastic peaks were subtracted for a better visualization
of the low energy features.



