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1. Identify spin liquid states of the insulator, describing
the dynamics and symmetries of its anyons.

2. Work with metallic states in which the low energy
anyons are essentially the same as those of the in-
sulator, along with a ‘trivial’ fermion with the same
quantum numbers as the electron.



. Square lattice spin liquids

. Spin liquids on the Kondo lattice:
non-Luttinger volume Fermi surfaces (FL*)

. Doping square lattice spin liquids for t+ >> J:
FL* in a single-band model

. FL* theory of the pseudogap metal of the cuprates
. Nodal fermionic quasiparticles in d-wave SC

. Quantum oscillations in hole-doped cuprates
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Fractionalized
spinon

excitations
with spin S=1/2
and charge 0.

G. Baskaran, Z. Zou, PW.Anderson,

Solid State Comm. 63,973 (1987)

S.A. Kivelson, D.S. Rokhsar and J.P. Sethna,
Phys. Rev. B 35, 8865 (1987)

D. Rokhsar and S. A. Kivelson,
Phys. Rev. Lett. 61,2376 (1988)




Spin liquid

Fractionalized
spinon
excitations

with spin S=1/2
and charge 0.

G. Baskaran, Z. Zou, PW.Anderson,

Solid State Comm. 63,973 (1987)

S.A. Kivelson, D.S. Rokhsar and J.P. Sethna,
Phys. Rev. B 35, 8865 (1987)

D. Rokhsar and S. A. Kivelson,

Phys. Rev. Lett. 61,2376 (1988)




H = ZJZJSZ ° Sj

A
S

Spin liquid

Fractionalized
spinon
excitations

with spin S=1/2
and charge 0.

G. Baskaran, Z. Zou, PW.Anderson,

Solid State Comm. 63,973 (1987)

S.A. Kivelson, D.S. Rokhsar and J.P. Sethna,
Phys. Rev. B 35, 8865 (1987)

D. Rokhsar and S. A. Kivelson,

Phys. Rev. Lett. 61,2376 (1988)




H = ZJZJSZ ° Sj

A
S

Spin liquid

Fractionalized
spinon
excitations

with spin S=1/2
and charge 0.

G. Baskaran, Z. Zou, PW.Anderson,

Solid State Comm. 63,973 (1987)

S.A. Kivelson, D.S. Rokhsar and J.P. Sethna,
Phys. Rev. B 35, 8865 (1987)

D. Rokhsar and S. A. Kivelson,

Phys. Rev. Lett. 61,2376 (1988)




N. Read and S. Sachdev, Phys. Rev. Lett. 66 (1991) 1773
X. G. Wen, Phys. Rev. B 44 (1991) 2664

Zo spin liquid

Vison excitation
with S = 0.

Spinons and visons are
mutual semions.

The topological
structure of the Zs spin
liquid is identical to
Kitaev’s toric code,
discovered later (spinons
and visons correspond to
the e and m particles).
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Insulating $=1/2 antiferromagnet H=Y1,5"5,

1<J
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Si = SbiaTapbis 2—:1 b b, =np =29

Mean-field spin liquid
with gapped bosonic spinons.
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Néel order Spin liquid
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DQCP Mean-field spin liquid
with gapped bosonic spinons.
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<b0‘> 7 0; (ba) = 0: Low energy CP* U(1) gauge theory
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fo ™ bAoz =+ EaBbTBQ

N/nb

L = ‘(@L — mu)za‘z + 3|Zoz‘2 + U‘Zozrl + Lmonopole

N. Read and S. Sachdev, Phys. Rev. Lett. 62, 1694 (1989)
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with gapless spinons at 2 Dirac points.
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m-flux mean-field theory
with gapless spinons at 2 Dirac points.
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Hy = ijzeij (fiTaijé f fzoz> y Ek = 2J\/Sln ) + sin (ky)
(27)

SU(2)ny QCD with Ny = 2 massless fermions; £ = iW,v, D, ¥, + ...
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CP' U(1) gauge theory
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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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Many numerical works show that deconfined critical theory applies over a
substantial length scale, but ultimately confines at the longest distances.

Zheng Zhou, Liangdong Hu, We1 Zhu, and Yin-Chen He, PRX 14, 021044 (2024); S. M. Chester and N. Su, PRL 132, 111601 (2024).
B.-B. Chen, X. Zhang, Y. Wang, K. Sun, and Z. Y. Meng, arXiv:2307.05307;
J. Takahashi, H. Shao, B. Zhao, W. Guo, and A. W. Sandvik, arXi1v:2405.06607.
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1. Square lattice spin liquids

2. Spin liquids on the Kondo lattice:
non-Luttinger volume Fermi surfaces (FL*)

3. Doping square lattice spin liquids for + >> J:
FL* in a single-band model

4. FL* theory of the pseudogap metal of the cuprates

5. Nodal fermionic quasiparticles in d-wave SC

6. Quantum oscillations in hole-doped cuprates
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Universal 2d-Yukawa-Sachdev-Ye-Kitaev theory
for strange metal in the presence of disorder.
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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.
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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 transformed into the nodal Bogoliubov quasi-
particles of the d-wave superconductor.

F.C. Zhang, C. Gros, T.M. Rice and H. Shiba,
Superconductor Sci. Tech. 1 (1988) 36

‘cond-mat /0311604].

D. A. Ivanov, T. Senthil, PRB 66, 115111 (2002).

X

T'his leads to a d-wave superconductor with vg
contrast to observations.
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A B Higgs condensate
allows spinons and

Bogoliubov quasiparticles
to hybridize:

8 nodal points annihilate
each other, leaving
4 nodal points
with anisotropic velocities,
just as in a BCS d-wave state.

Shubhayu Chatterjee and S. Sachdey,
PRB 94,205117 (2016)
Maine Christos and S.Sachdey,
npj Quantum Materials 9,4 (2024)
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The spinons do not become the
Bogoliubov quasiparticles,
they annihilate the unwanted
Bogoliubov quasiparticles.

This leads to a d-wave superconductor
with 4 nodal Bogoliubov quasiparticles,
with vp > vAa,
consistent with observations.

Shubhayu Chatterjee and S. Sachdey,
PRB 94,205117 (2016)
Maine Christos and S.Sachdey,
npj Quantum Materials 9,4 (2024)
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coupled to SU(2)x gauge field. Note & ~ ffacg is condensed.

2. Confine spin liquid by condensing charge e, 5 ( flTa f. )
. SU(2)y fundamental, Higgs boson oo f1 11, Y

Boson with same quantum numbers in X.-G. Wen and P.A. Lee, PRL 76, 503 (1996)
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1. Square lattice spin liquids

2. Spin liquids on the Kondo lattice:
non-Luttinger volume Fermi surfaces (FL*)

3. Doping square lattice spin liquids for + >> J:
FL* in a single-band model

4. FL* theory of the pseudogap metal of the cuprates

5. Nodal fermionic quasiparticles in d-wave SC

6. Quantum oscillations in hole-doped cuprates



Keimer, Kivelson, Norman, Uchida, and Zaanen, Nature 518, 179 (2015)

Temperature, T (K)

300
Strange metal
200
100
3 \TCDW
\
S
\
0

Hole doping, p

Obtain d-wave
superconductor and charge
order from a theory of

confinement instabilities
of FL*.

The resulting low 1" ordered
states should be
adiabatically connected to
the corresponding states

obtained from instabilities
of FL.



C. Proust and L. Taillefer, The Remarkable Underly-
ing Ground States of Cuprate Superconductors, Annual
Review of Condensed Matter Physics 10, 409 (2019),
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Figure 4

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).

22. Vignolle B, et al. 2013. C. R. Physique 14:39-52

28. Vignolle B, et al. 2008. Nature 455:952-955
33. Barisic N, et al. 2013. Nat. Phys. 9:761-764
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N. Harrison and S. Sebastian

electron pocket
(PRL 106, 226402 (2011))
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Computation does not account for spinons.
o and 8 pockets

show clear quantum oscillations.

Long Zhang and Jia-Weil Mei,
EPL 114, 47008 (2016)

Pietro Bonetti, Maine Christos and S.S. (BCS), arXiv:2405.08817
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Period 4 CDW obtained by condensing B.
SU(2) gauge theory allows CDW with
vanishing A;; and J;;.

Mixing between electrons and

spinons removes 3 pocket.

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



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

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

- )
| | i
(i7) o (ig) ) Z

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.

M. Christos, Zhu-Xi Luo,
H. Shackleton, Ya-Hui Zhang,
M. Scheurer, and S.S., PNAS

120, 2302701120 (2023)



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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(27)
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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.

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

a )
o T . T T M. Christos, Zhu-Xi Luo,
Hp =7 E B, b +ww ) e | B;UijBj — B;Ujii ) + ... | K Shackleton,Ya-Hui Zhang
i M. Scheurer, and S. S., PNAS

- (1) J120,e2302701120 (2023)




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

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

+ 1y Qi+ K1) J

(23) (23)

site charge density: <Cl§acia> ~ 0; = B;L B,

bond density: <CT C. -+ c;.acm> ~ Qi; = @i = Im (B]Le 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,,; — 6abBa,,;€f,;jUiijj :
M. Christos, Zhu-Xi Luo,
H. Shackleton, Ya-Hui Zhang,

M. Scheurer, and S.S., PNAS
120,2302701120 (2023)



Global phase diagram of SU(2)n gauge theory
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M. Christos, Zhu-Xi Luo,
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Global phase diagram of SU(2)n gauge theory
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Phase B Phase C Phase A Phase A At half filling:
d-wave SC d-density (T,0) stripe (O,m) stripe possible CFT/DQCP with

N¢ = 2 Dirac fermions and
Ny = 2 complex scalars coupled
to SU(2)n gauge field.
M. Christos, H. Shackleton, S. S.,
(and Zhu-Xi Luo, PRR 6, 033018 (2024
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Global phase diagram of SU(2)n gauge theory
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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



