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Square lattice Hubbard model with electron density 1 — p.
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The dance of electrons on Cu atoms in YBCO
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The SO(5) Deconfined Phase Transition under the Fuzzy Sphere
Microscope: Approximate Conformal Symmetry, Pseudo-Ciriticality,
and Operator Spectrum

Zheng Zhou, Liangdong Hu, W. Zhu, Yin-Chen He

The deconfined quantum critical point (DQCP) is an example of phase transitions beyond the Landau symmetry
breaking paradigm that attracts wide interest. However, its nature has not been settled after decades of study.
In this paper, we apply the recently proposed fuzzy sphere regularization to study the SO(5) non-linear sigma
model (NLoM) with a topological Wess-Zumino-Witten term, which serves as a dual description of the DQCP
with an exact SO(5) symmetry. We demonstrate that the fuzzy sphere functions as a powerful microscope,
magnifying and revealing a wealth of crucial information about the DQCP, ultimately paving the way towards its
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High Temperature Superconductivity in a Lightly Doped Quantum Spin Liquid

Hong-Chen Jiang '™ and Steven A. Kivelson®”
PHYSICAL REVIEW LETTERS 127, 097002 (2021)

Superconducting valence bond fluid in
lightly doped 8-leg t-| cylinders
Hong-Chen Jiang, Steven A. Kivelson, and
Dung-Hai Lee, arXiv:2302.1 1633

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.




High Temperature Superconductivity in a Lightly Doped Quantum Spin Liquid

Hong-Chen Jiang '™ and Steven A. Kivelson®”
PHYSICAL REVIEW LETTERS 127, 097002 (2021)

(m,0)

Superconducting valence bond fluid in
lightly doped 8-leg t-| cylinders
Hong-Chen Jiang, Steven A. Kivelson, and
Dung-Hai Lee, arXiv:2302.1 1633

Jo /) J

0.6

Upon increasing the cylinder width from

— Hi gh tempe rature 4 to 8, we observed a significant

d-wave su percon du CtiVit)’ Q strengthemng. of the quas.1—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
P ground-state in the 2D limit.

0.4



|. The phase diagram of the cuprates

2. Introduction to quantum spin liquids and FL*

3. The z-flux spin liquid

4. The heavy Fermi liquid of the Kondo lattice

5. Ancilla theory of FL*

6. Confinement transitions of z-flux-FL*

/. Recap



Kondo lattice

J K

Kondo
exchange

SN

¢ electrons

p

f electrons

@ensity of the electrons >
\_ per unit cell =1 +p




Kondo lattice: Heavy Fermi Liquid phase

c and f electrons

Kondo
exchange

J K

-

N

~

Density of the electrons
per unit cell = 1 + p,
Fermi surface size = 1 + p.
uttinger volume “large” Fermi surface)




|. The phase diagram of the cuprates

2. Introduction to quantum spin liquids and FL*
3. The z-flux spin liquid

4. The heavy Fermi liquid of the Kondo lattice
6. Confinement transitions of 7-flux-FL*

/. Recap



Paramagnon theory of the Hubbard model

H = — th’jczacja T UZ (niT ;) (ni¢ ;) _ Mzczacia

We use the operator equation (valid on each site 7):

1 1 2U U
U(TLT 2) (TQ 2) o 2 52 | A

Then we decouple the interaction via

K © 3 S
exp (?UZ/dTSZQ) — /D(I)Z'(T) exp (Z/dT @@? —<I>z--c,1-ta7-2 Cio’ )

This yields the ‘Scalapino-Pines-Chubukov-Schmalian...” theory for a ‘paramagnon
quantum rotor’ ®; coupled to otherwise free fermions c;,.

®; is the creation/annhilation operator for charge 0, spin S = 1 particle.
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Ancilla theory of the Hubbard model SRR 2,003 172 (2070)
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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)
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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 :
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Square lattice Hubbard model with electron density 1 — p.
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Unified SU(2)xU(1) gauge theory of spinons, electrons and Higgs bosons:

uncanny similarities to the Salam-VVeinberg-Glashow theory of weak interactions

The electromagnetic U(1) is effectively global, because a < 1.
The fermionic spinons transform as a fundamental of gauge SU(2), with a massless Dirac spectrum
Hf - ZJZQZ] (\IJIUZJ\I/] — \IJ;LU]Z\IJZ) :
(27)
where U, is the (lattice) SU(2) gauge field. The spinons are the analog of the neutrinos

The Higgs sector has a boson B; which is fundamental of SU(2)

Hp = TZBTB +iwy ey (BIU,B; — BiU;iB; ) + O(B})
(2J)

The hole pockets in the nodal region of the Brillouin zone are described by electron ¢;, which
have a Yukawa coupling to the spinons and the Higgs field B; = (Bi;, Bs;):

HY T th Cia ja Z ( fzoz Yo B2i€aﬁfia5i5) + H.c..
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