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Build a theory for the
phase diagram from a
theory of the pseudogap
metal as a ‘metastable’
1" = 0 quantum phase.

Lowest I' phases obtained
from pseudogap metal
should connect smoothly to
conventionally order phases
obtained from
the Fermi liquid.
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Ancilla theory of FL*
in a single-band model
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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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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®”
Phys. Rev. Lett. 127, 097002 (2021)

(ﬂ-v O) ‘ ‘ ‘ Superconducting valence bond fluid in

J2/ 1 lightly doped 8-leg t-| cylinders
J‘\\ ' ‘— Hong-Chen Jiang, Steven A. Kivelson, and
oo s 7 Dung-Hai Lee, arXiv:2302.11633
0.6 AT Upon increasing the cylinder width from
— Hi gh tempe rature 4 to 8, we pbserved a sigr}iﬁcant
04 d-wave superc onductivity! 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
P ground-state in the 2D limit.



From CP1/7t-flux FL*
to
d-wave superconductivity




Hole pockets and
CP* /m-flux spin liquid

d-wave superconductivity.
Charge order.




Zhu-Xi Luo

33

Ya-Hui Zhang Henry Shackleton




Ancilla theory of the Hubbard model

e—l-
Kondo lattice Cla o—e ®
heavy Fermi liquid. |

Size 1+p+1=p (mod 2). Sy, f1] (O dO L)

m-flux spin liquid I I I I

of fo with SU(2)y { Sa, f |\ 19
cauge field

FL* FL

........................................... > doplng e



Ancilla theory of the Hubbard model

Higgs field 1 { L == o
O ~clfi, ]
(@) # 0 Sl,fl/I\ ----------- /I\ ----------- /I\
m-Hlux spin liquid !
of fo, with SU(2)y { S2, f U """""" U """""" U
cauge field
FL* FL
JK
........................................... > doping D

Higgs field ® drives FL*-strange metal-FL



Ancilla theory of the Hubbard model

Higgs field 1 cla o i). .
G~ Cj)zfla I
2 70 { Sy, f1] (O3
{ m-flux spin liquid l I I I
of fa with SU(Q)N { SQ, f U """""" U ----------- U

cauge field

Higgs field 2 FL
Charge e, SU(2)y fundamental

| flata
5 ( gaﬁf]]fozfg )

» doping p

B has same quantum numbers as boson in X.-G. Wen and P.A. Lee, Phys. Rev. Lett. 76, 503 (1996 )



Ancilla theory of the Hubbard model

Higgs field 1
@ A C;‘-)éfla

Sl)fl

(®) # 0
m-flux spin liquid
of fo, with SU(2)y {

cauge field

Higgs field 2
Charge e, SU(2)y fundamental

| flata
5 ( gaﬁf]]fozfg )

Higgs field B drives FL*-dSC/CDW

527f

----------- A
----------- I
F'L



Hole pockets and
CP* /m-flux spin liquid

d-wave superconductivity.
Charge order.




Strange
metal

Hole pockets and
CP* /m-flux spin liquid

Higgs boson B

d-wave superconductivity.
Charge order.



metal

Hole pockets and
CP* /m-flux spin liquid

Higgs boson B

d-wave superconductivity.
Charge order.

Strange

= B moves in 7 flux =

g Spinons move in 7 flux A

Near-degenerate instabilities
to dSC with 4 nodal points

and to charge order.

),




Temperature, T (K)

Keimer, Kivelson, Norman, Uchida, and Zaanen, Nature 518, 179 (2015) ( . . )
Spinons move in 7 flux
= B moves in 7 flux =
300 |- 7 | N Near-degenerate instabilities
\ | 7 - to dSC with 4 nodal points
. and to charge order.
N Strange metal /
200 Pseud®gap
TSC, onset
TC,onset PR I
P P,
4 S
| Charge
100 | order

0.1

Hole doping, p






Electron

spectral |
density in
hole-
doped
cuprates

Maine Christos
and S.Sachdey,
arXiv:2308.03835

NIE *'k‘gf

h=0.00, ® = 0.09 _

AN

>

=

i
4

s 37T
2

k (ko = ky)

/

—

h=0.10, ® = 0.36 _

—~—_

~

Dirac node
with anisotropic

. velocities p

™
4

s 37
2
k (ky = k,)

dSC



Electron

3T
spectral &4&
density in
hole-
doped
cuprates

Maine Christos
and S.Sachdey,
arXiv:2308.03835

h=0.00, ® = 0.09 _

AN

>

=

Dirac node

. velocities

with anisotropic

_/

|
s s 37T
1 2 4
k (kx — ky)
05 0.150 -
QD> 0.125 -
N
-06 8 S 100-
= = 0.075 -
- 0.4 E <] :
s 0.050 -
0.025 -
4 N\ 15 2.0 2.5 3.0

dSC



_J:o.oo, ® =0.15

Electron
spectral .-
density in
electron-
doped
cuprates

SRR

h=0.10, & = 0.15

0§ 5 &
Maine Christos k.
and S.Sachdey,
arXiv:2308.03835

X

h=0.00, ® = 0.15 _—

k (ka:' — y)

X

b=0.10, ® = 0.15

" Dirac node

emerges 1nside

normal state gap,

dSC



_J:0.00, ® =0.15 .
Electron 5
> |
spectral - - !
o o .
density in =
electron- 5
dOPed Bogoliubov Quasiparticle on the Gossamer Fermi Surface in
Cu Prates Electron-Doped Cuprates, Ke-Jun Xu...... Z.-X.Shen, Nature Physics (2023)
b=0.10, ® = 0.15 | 0.035 -
: Sii 0.030 - d S C
S _0.025-
CH: E 0.020 -
4 o <] 0015-
E 0.010 -
— 0.005 -
0 i T 3m oF d0'0001 0175 2.00 225 250 275 3.00
. . 4 2 4 1Irac node
Maine Christos 1. .
and S.Sachdev v emerges inside
arXiv:2308.03835 (normal state gap,




Observable by neutron scattering in pseudogap !
Free fermion

QMC spinons in z-flux
8
6N
34 EPJC?]
XX _ P ARSIV, AN, A, —
///,»\\\\///n\!',’ \\ ? / . J“.’.ﬂ‘.g." . Hé;i Q
0,0) (m,0) (sT,07) (O 0) (0,0) (n O) (n TT) (O 0) —¢Ff
: ; L7 1 o
G G q= f@
3 4 . AFXY DQCP VBS
L/

%0 (o) (mm 0000 (o) (mm  (00)

Nvsen Ma, Guang-Yu Sun,Yi-Zhuang You, Cenke Xu, Ashvin Vishwanath, Anders W. Sandvik, and Zi Yang Meng,
Phys. Rev. B 98, 174421 (2018)






! U(1) gauge theory

~

-

\-

SU(2) gauge theory of Ny = 2

fundamental, massless, Dirac fermions.

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

v

Insulating
$=1/2 anti-
ferromagnet

vy

\_

SO(5) non-linear o-model

of Néel/VBS orders
with £ =1 WZW term

~




: Ya-Hui Zhang and S. Sachdey,
Ancilla theory of the Hubbard model |, =0 e e o)
_|_

e I et

Tk & LT
........................ o
FL* F'L

Pseudogap metal =
Kondo Lattice Heavy Fermi Liquid

D
Spin Liquid




Strange
metal

Hole pockets
and spin liquid

Higgs boson B

Higgs boson z,

A 4

d-wave superconductivity:.

AFM Charge order.



