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1<J
Schwinger bosons
1 N =2
| i 0
Si = SbiaTapbis 2—:1 b b, =np =29

Mean-field spin liquid
with gapped bosonic spinons.

(ba) # O: (ba) = 0:

Néel order Spin liquid

D.P. Arovas and A. Auerbach, Phys. Rev. B 38, 316 (1988)
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Schwinger bosons

1
Si = ib:ﬁraa@ﬁbi57 Z b;}rozbia =1
a=T1

Spin liquid Mean-field spin liquid

with gapped bosonic spinons.

\&

Higgs phase, (z4) # 0: Confining phase, (24) = 0: Low energy CP' U(1) gauge theory
Néel order VBS order

—_—M - -
S

Zo ~ bag 8045be5
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N. Read and S. Sachdev, Phys. Rev. Lett. 62, 1694 (1989)
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H = Z JzySz ° Sj
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Schwinger fermions

1
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m-flux mean-field theory
with gapless spinons at 2 Dirac points.

I. Affleck and J.B. Marston, PRB 37, 3774 (1988)
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1<)

Schwinger fermions

t-flux Spin liquid

1
Si:§f;a0'a6fi57 Z f]L f
a=T,]
m-flux mean-field theory
with gapless spinons at 2 Dirac points.

I. Affleck and J.B. Marston, PRB 37, 3774 (1988)

Hy = ijzeij (fiTaijé f fzoz> y Ek = 2J\/Sln ) + sin (ky)
(27)

SU(2)ny QCD with Ny = 2 massless fermions; £ = iW,v, D, ¥, + ...



CP' U(1) gauge theory

~

s

\_

SU(2)n gauge theory of Ny = 2
fundamental, massless, Dirac fermions.

Obtained from a saddle-point of
fermionic spinons moving in mw-flux.

),

S5=1/2
square
lattice anti-
ferromagnet

v

-

SO(5) non-linear o-model

of Néel/VBS orders
with £ =1 WZW term

~

A.Tanaka and X. Hu, Phys. Rev. Lett. 95,036402 (2005); T. Senthil and M.P.A. Fisher Phys. Rev. B 74, 064405 (2006);
Ying Ran and X.-G. Wen, cond-mat/0609620; C. Wang, A. Nahum, M. A. Metlitski, C. Xu, and T. Senthil, Phys. Rev. X 7,031051 (2017)
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|. L.Wang and A.W. Sandvik, Phys. Rev. Lett. 121, 107202 (2018)

2. F Ferrari and F. Becca, Phys.Rev. B 102,014417 (2020)
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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.

Anders W. Sandvik Phys. Rev. Lett. 98, 227202 (2007)

Adam Nahum, P. Serna, J. T. Chalker, M. Ortuno, and A. M. Somoza, Phys. Rev. Lett. 115, 267203 (2015)
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Photoemission at large p

(TT,70)
[+p holes
Overdoped TlyBasCuOgs
(0,0

1. = 30K

) B
\\

[+p mobile holes in a filled band of 2 electrons per site

M. Platé, J. D. F. Mottershead, I. S. Elfimov, D. C. Peets, Ruixing Liang, D. A. Bonn, W. N. Hardy,
S. Chiuzbaian, M. Falub, M. Shi, L. Patthey, and A. Damascelli, Phys. Rev. Lett. 95, 077001 (2005)
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3} Hole pocket Fermi surfaces
| | Ac@=0,ky f, )l/Ao of size p with
A 0 charge e, spin-1/2 quasiparticles
L | |
_ ) 8 Kai-Yu Yang, T. M. Rice, Fu-Chun Zhang,
| Phys. Rev.B 73, 174501 (2006).
=5 Of T. D. Stanescu and G. Kotliar,
: 06 Phys. Rev.B 74, 125110 (2006).
| ' C. Berthod, T. Giamarchi, S. Biermann, and A. Georges,
1t Phys. Rev. Lett. 97, 136401 (2006).
| 0.4 S. Sakai,Y. Motome, M. Imada,
| ' Phys. Rev. Lett. 102, 056404 (2009).
— )t J. Skolimowski and M. Fabrizio,
| 0.9 Phys. Rev. B 106, 045109 (2022).
BO I e e e——————————
-3 -2 -1 0 1 2 3 !
I The Fermi surtace does not enclose
T

the Luttinger volume (1 + p).

Y. Qi and S. Sachdev Phys. Rev. B 81, 115129 (2010)

E. Mascot, A. Nikolaenko, M. Tikhanovskaya,Ya-Hui Zhang, D. K. Morr, and
S.Sachdey, Phys. Rev.B 105,075146 (2022)



[Ac(w=0,k; k)1 Ao /" Hole pocket Fermi surfaces \

1.0 of size p with
charge e, spin-1/2 quasiparticles
0.8 +
‘spectator’
0.6 square lattice spin liquid
at half-filling.
. \_ J-Jilling )

FL*: Spin liquid is required because
0.2 the Fermi surface does not enclose
the Luttinger volume (1 + p).

T. Senthil, S. Sachdeyv, and M.Vojta, Phys. Rev. Lett. 90,216403 (2003)
T. Senthil, M.Vojta, and S. Sachdey, Phys. Rev. B 69,0351 1 | (2004)
A. Paramekanti and A.Vishwanath, Phys. Rev. B 70,2451 18 (2004)



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)
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BCS /Bogoliubov quasiparticles
In a d-wave superconductor

B = (e2 + A2)'?

A = Ag (cosk, — cosk,)

4 nodal points where

1/2
Eko-l—q — (U%’Cﬁ_ T Uiqﬁ) p.

with v > vA.
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[ A (w=0, kz:,ky )/ Ao

T AR = A (cos ky, — cos k)
0.8
0.6
. Adding d-wave pairing

to the hole pockets
02  leads to 8 nodal points???




[ A (w=0, k;r,ky )/ Ao

1.0
8 nodal points from

the Fermi pockets
0.6 and

4 nodal points from
the m-flux spin liquid

0.8

0.4

0.2

Shubhayu Chatterjee and S. Sachdey,
k, PRB 94,205117 (2016)
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d-wave superconductor
obtained by condensing

FL* charge-e, SU(2) fundamental
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superconductor are remnants
of the spinons of the m-flux state.
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S=1/2 square lattice antiferromagnet

From the pseudogap metal to
the d-wave superconductor

Confinement of the 7-flux/CP! spin liquid,
d-wave superconductivity, and charge order




High Temperature Superconductivity in a Lightly Doped Quantum Spin Liquid

Hong-Chen Jiang " and Steven A. Kivelson
Phys. Rev. Lett. 127, 097002 (2021)
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Superconducting valence bond fluid in lightly
doped 8-leg t-| cylinders
Hong-Chen Jiang, Steven A. Kivelson, and
Dung-Hai Lee, Phys. Rev. B 108,054505 (2023)

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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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 = ijew (f fia — f fm> — zJZeij (\If,}LUZ-j\IJj — \P;Ujiqji)\; 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.

o Introduce a charge e, SU(2)x fundamental boson B; such that the composite of B; and ¥; is

an electron.
\_ Y,

~

X.-G. Wen and P.A. Lee, PRL 76, 503 (1996)



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 Introduce a charge e, SU(2)y fundamental boson B; such that the composite of B; and ¥; is
an electron. The projective symmetries require

- ~
Hp = TZBTB + szew (BTU,,JB BTUJZB )

\_ (17) 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

& Massless Dirac eij — —1
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Confinement of SU(2)n gauge theory by charge fluctuations

& Massless Dirac €ij
_ . . L8
fermion spinons

SU(2)n gauge-invariant and SU(2) spin invariant
order parameters of Higgs phases:

x—CDW . 10(7'(',0) — B:—I—Ba—l— — B;_Ba_
y'CDW : /0(0,77) — B;—|—Ba— -+ B;—Ba—l—
d-density wave: D =i (B:, B, — Bi_B,.)

d-wave superconductor : A = e,,B,1 By_

~N. .~

Bosonic chargons

d-wave SC d-density (T,0) stripe 0,T0

7~
~—~

stripe

o

The O(BZ,) terms in the energy
have a SO(5); rotation symmetry
between these orders.
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Confinement of SU(2)n gauge theory by charge fluctuations
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The B,,

(a — SU(2)n gauge, v — valley)
are the “square roots” of
conventional
d-wave superconductor,
charge density wave,
palr density wave
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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
B) # 0 (B) = 0

Including
further-neighbor
couplings in B
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Ancilla theory of pseudogap metal with hole pockets and
underlying m-flux spin liquid yields:

Theory for Fermi arcs in hole-doped pseudogap metal.
ADMR in pseudogap.
Anti-nodal and nodal electronic dispersion.

d-wave superconductor with 4 nodal points in both electron-
and hole-doped cuprates.

Near-equality of dSC and charge order onset temperatures
Multipoint correlators measured by cold atom experiments

Theory for strange metal in the crossover from FL* to FL



