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Metals obtained by
doping Mott insulators
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Luttinger area.

—£5 No broken symmetry

M. Platé ... A. Damascelli, k
PRL 95, 077001 (2005) Jr

At large p, we obtain a gas of nearly free

fermionic holes of density /+p (relative to
the filled band with 2 electrons per site)
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Doping an insulating antiferromagnet with holes of density p

AF metal

Luttinger area.

\ \ \ \ \ /> Broken symmetry
N .




Doping an insulating antiferromagnet with holes of density p

Holon metal

Oshikawa anomaly is satisfied
by sum of spin liquid (1) and
Fermi surface anomalies (p)

Spin liquid
with
density p
of
spinless,
charge +e
“holons™.

= (™) = [1))/ V2 T. Senthil, S. S., M.Vojta, PRL 90, 216403 (2003); Area P / 4

R. K. Kaul, A. Kolezhuk, M. Levin, S.S., T. Senthil, PRB 75, 235122 (2007);
R. K. Kaul,Y. B. Kim, S. S., T. Senthil, Nature Physics 4, 28 (2008)



Doping an insulating antiferromagnet with holes of density p

Holon metal

Oshikawa anomaly is satisfied
by sum of spin liquid (1) and
Fermi surface anomalies (p)

Spin liquid
with
density p
of
spinless,
charge +e
“holons™.

;
— [{1)) /V2 V2 T. Senthil, S. S., M.Vojta, PRL 90, 216403 (2003); Area P / 4

R. K. Kaul, A. Kolezhuk, M. Levin, S.S., T. Senthil, PRB 75, 235122 (2007);
R. K. Kaul,Y. B. Kim, S. S., T. Senthil, Nature Physics 4, 28 (2008)



Doping an insulating antiferromagnet with holes of density p

Holon metal

Oshikawa anomaly is satisfied
by sum of spin liquid (1) and
Fermi surface anomalies (p)

Spin liquid
with
density p
of
spinless,
charge +e
“holons™.

(M) = [11)) /v2 T. Senthil, S. S., M.Vojta, PRL 90, 216403 (2003); \Area P / 4]

R. K. Kaul, A. Kolezhuk, M. Levin, S.S., T. Senthil, PRB 75, 235122 (2007);
R. K. Kaul,Y. B. Kim, S. S., T. Senthil, Nature Physics 4, 28 (2008)



Doping an insulating antiferromagnet with holes of density p

Spin liquid
with
density p
of
spinless,
charge +e
“holons™.

Oshikawa anomaly is satisfied
by sum of spin liquid (1) and
Fermi surface anomalies (p)

Holon metal
T

o e >

L/

0 © @ ¢
- -

>
)>

@ © @«

A

N

(M) = [11)) /v2 T. Senthil, S. S., M.Vojta, PRL 90, 216403 (2003); \Area P / 4]

R. K. Kaul, A. Kolezhuk, M. Levin, S.S., T. Senthil, PRB 75, 235122 (2007);
R. K. Kaul,Y. B. Kim, S. S., T. Senthil, Nature Physics 4, 28 (2008)



Doping an insulating antiferromagnet with holes of density p

Holon metal

Oshikawa anomaly is satisfied
by sum of spin liquid (1) and
Fermi surface anomalies (p)

Spin liquid
with
density p
of
spinless,
charge +e
“holons™.

(M) = [11)) /v2 T. Senthil, S. S., M.Vojta, PRL 90, 216403 (2003); \Area P / 4]

R. K. Kaul, A. Kolezhuk, M. Levin, S.S., T. Senthil, PRB 75, 235122 (2007);
R. K. Kaul,Y. B. Kim, S. S., T. Senthil, Nature Physics 4, 28 (2008)



Doping an insulating antiferromagnet with holes of density p

Holon metal

Oshikawa anomaly is satisfied
by sum of spin liquid (1) and
Fermi surface anomalies (p)

Spin liquid
with
density p
of
spinless,
charge +e
“holons™.

;
) — 1))/ V2 T. Senthil, S. S., M.Vojta, PRL 90, 216403 (2003); Area P / 4

R. K. Kaul, A. Kolezhuk, M. Levin, S.S., T. Senthil, PRB 75, 235122 (2007);
R. K. Kaul,Y. B. Kim, S. S., T. Senthil, Nature Physics 4, 28 (2008)




Oshikawa anomaly is satisfied
by sum of spin liquid (1) and
Fermi surface anomalies (p)

Spin liquid
with
density p
of
spinless,
charge +e
“holons™.

= (IN) = 41) /v2 T. Senthil, S. S., M.Vojta, PRL 90, 216403 (2003); \Area P / 4]

Doping an insulating antiferromagnet with holes of density p
1N
L/

R. K. Kaul, A. Kolezhuk, M. Levin, S.S., T. Senthil, PRB 75, 235122 (2007);

Holon metal
(1
N
P @
L/
R. K. Kaul,Y. B. Kim, S. S., T. Senthil, Nature Physics 4, 28 (2008)



Doping an insulating antiferromagnet with holes of density p

Holon metal

Oshikawa anomaly is satisfied
by sum of spin liquid (1) and
Fermi surface anomalies (p)

Spin liquid
with
density p
of
spinless,
charge +e
“holons™.

(M) = [11)) /v2 T. Senthil, S. S., M.Vojta, PRL 90, 216403 (2003); \Area P / 4]

R. K. Kaul, A. Kolezhuk, M. Levin, S.S., T. Senthil, PRB 75, 235122 (2007);
R. K. Kaul,Y. B. Kim, S. S., T. Senthil, Nature Physics 4, 28 (2008)



Doping an insulating antiferromagnet with holes of density p

Holon metal

Oshikawa anomaly is satisfied
by sum of spin liquid (1) and
Fermi surface anomalies (p)

Spin liquid
with
density p
of
spinless,
charge +e
“holons”
and

Area p/4]



Doping an insulating antiferromagnet with holes of density p

Holon metal

Oshikawa anomaly is satisfied
by sum of spin liquid (1) and
Fermi surface anomalies (p)

Spin liquid
with
density p
of
spinless,
charge +e
“holons”
and

Area p/4]



Doping an insulating antiferromagnet with holes of density p

Holon metal

Oshikawa anomaly is satisfied
by sum of spin liquid (1) and
Fermi surface anomalies (p)

Spin liquid
with
density p
of
spinless,
charge +e
“holons”
and

Area p/4]



Doping an insulating antiferromagnet with holes of density p

Holon metal

Oshikawa anomaly is satisfied
by sum of spin liquid (1) and
Fermi surface anomalies (p)

Spin liquid
with
density p
of
spinless,
charge +e
“holons”
and

Area p/4]



Doping an insulating antiferromagnet with holes of density p

Holon metal

Oshikawa anomaly is satisfied
by sum of spin liquid (1) and
Fermi surface anomalies (p)

Spin liquid
with
density p
of
spinless,
charge +e
“holons”
and

Area p/4]



Doping an insulating antiferromagnet with holes of density p

Holon metal

Oshikawa anomaly is satisfied
by sum of spin liquid (1) and
Fermi surface anomalies (p)

Spin liquid
with
density p
of
spinless,
charge +e
“holons”
and
charge O
spin-1/2
“spinons’.

Area p/4]



Doping an insulating antiferromagnet with holes of density p

Holon metal

Oshikawa anomaly is satisfied
by sum of spin liquid (1) and
Fermi surface anomalies (p)

Spin liquid
with
density p
of
spinless,
charge +e
“holons”
and
charge O
spin-1/2
“spinons’.

Area p/4]



Doping an insulating antiferromagnet with holes of density p

Holon metal

Oshikawa anomaly is satisfied
by sum of spin liquid (1) and
Fermi surface anomalies (p)

Spin liquid
with
density p
of
spinless,
charge +e
“holons”
and
charge O
spin-1/2
“spinons’.

Area p/4]



Doping an insulating antiferromagnet with holes of density p
Oshikawa anomaly is satisfied
by sum of spin liquid (1) and
Fermi surface anomalies (p)

Each green
“dimer” is

state (a

“magnetic
polaron’)

vacancy
and a
free spin

= (1) - ) V2 O = (o) + o 1) /va |Area p/8]

T. Senthil, S. S., M.Vojta, PRL 90, 216403 (2003); R. K. Kaul, A. Kolezhuk, M. Levin, S.S.,T. Senthil, PRB 75, 235122 (2007)
M. Punk, A. Allais, and S. Sachdev, PNAS 112,9552 (2015)



Doping an insulating antiferromagnet with holes of density p

Oshikawa anomaly is satisfied
by sum of spin liquid (1) and
Fermi surface anomalies (p)

Metal
with

density p
of
spin-1/2,

charge +e
“holes”
(or
“magnetic

polarons”) @
and charge
0
“spinons’. )
@ = () -1 /V2 C=D=(te)+lot)/va (Areap/8]

T. Senthil, S. S., M.Vojta, PRL 90, 216403 (2003); R. K. Kaul, A. Kolezhuk, M. Levin, S.S.,T. Senthil, PRB 75, 235122 (2007)
M. Punk, A. Allais, and S. Sachdev, PNAS 112,9552 (2015)




Doping an insulating antiferromagnet with holes of density p

Oshikawa anomaly is satisfied
by sum of spin liquid (1) and
Fermi surface anomalies (p)

Metal
with

density p
of
spin-1/2,

charge +e
“holes”
(or
“magnetic

polarons”) @
and charge
0
“spinons’. )
@ = () -1 /V2 C=D=(te)+lot)/va (Areap/8]

T. Senthil, S. S., M.Vojta, PRL 90, 216403 (2003); R. K. Kaul, A. Kolezhuk, M. Levin, S.S.,T. Senthil, PRB 75, 235122 (2007)
M. Punk, A. Allais, and S. Sachdev, PNAS 112,9552 (2015)




Doping an insulating antiferromagnet with holes of density p

Oshikawa anomaly is satisfied
by sum of spin liquid (1) and
Fermi surface anomalies (p)

Metal
with

density p
of
spin-1/2,

charge +e
“holes”
(or
“magnetic

polarons”) @
and charge
0
“spinons’. )
@ = () -1 /V2 C=D=(te)+lot)/va (Areap/8]

T. Senthil, S. S., M.Vojta, PRL 90, 216403 (2003); R. K. Kaul, A. Kolezhuk, M. Levin, S.S.,T. Senthil, PRB 75, 235122 (2007)
M. Punk, A. Allais, and S. Sachdev, PNAS 112,9552 (2015)




Doping an insulating antiferromagnet with holes of density p

Oshikawa anomaly is satisfied
by sum of spin liquid (1) and
Fermi surface anomalies (p)

Metal
with

density p
of
spin-1/2,

charge +e
“holes”
(or
“magnetic

polarons”) @
and charge
0
“spinons’. )
@ = () -1 /V2 C=D=(te)+lot)/va (Areap/8]

T. Senthil, S. S., M.Vojta, PRL 90, 216403 (2003); R. K. Kaul, A. Kolezhuk, M. Levin, S.S.,T. Senthil, PRB 75, 235122 (2007)
M. Punk, A. Allais, and S. Sachdev, PNAS 112,9552 (2015)




Doping an insulating antiferromagnet with holes of density p

Oshikawa anomaly is satisfied
by sum of spin liquid (1) and
Fermi surface anomalies (p)

with
density p
of
spin-1/2,
charge +e
“holes”
(or
“magnetic
polarons”)
and charge

0

“spinons’.

= (1)~ ) V2 O = (o) + o 1) /va |Area p/8]

T. Senthil, S. S., M.Vojta, PRL 90, 216403 (2003); R. K. Kaul, A. Kolezhuk, M. Levin, S.S.,T. Senthil, PRB 75, 235122 (2007)
M. Punk, A. Allais, and S. Sachdev, PNAS 112,9552 (2015)



Doping an insulating antiferromagnet with holes of density p

Oshikawa anomaly is satisfied
by sum of spin liquid (1) and
Fermi surface anomalies (p)

Metal
with

density p
of
spin-1/2,

charge +e
“holes”
(or
“magnetic

polarons”) @
and charge
0
“spinons’. )
@ = () -1 /V2 C=D=(te)+lot)/va (Areap/8]

T. Senthil, S. S., M.Vojta, PRL 90, 216403 (2003); R. K. Kaul, A. Kolezhuk, M. Levin, S.S.,T. Senthil, PRB 75, 235122 (2007)
M. Punk, A. Allais, and S. Sachdev, PNAS 112,9552 (2015)




Doping an insulating antiferromagnet with holes of density p

Oshikawa anomaly is satisfied
by sum of spin liquid (1) and
Fermi surface anomalies (p)

Metal
with

density p
of
spin-1/2,

charge +e
“holes”
(or
“magnetic

polarons”) @
and charge
0
“spinons’. )
@ = () -1 /V2 C=D=(te)+lot)/va (Areap/8]

T. Senthil, S. S., M.Vojta, PRL 90, 216403 (2003); R. K. Kaul, A. Kolezhuk, M. Levin, S.S.,T. Senthil, PRB 75, 235122 (2007)
M. Punk, A. Allais, and S. Sachdev, PNAS 112,9552 (2015)




Doping an insulating antiferromagnet with holes of density p

Oshikawa anomaly is satisfied
by sum of spin liquid (1) and

Metal Fermi surface anomalies (p)

with
density p

of
spin-1/2,
charge +e
“holes”
(or

“magnetic
polarons”) \
and charge
0
“spinons’.

@ o= (1) - /NVE C) = (o) +lot)/va (Area p/8]

T. Senthil, S. S., M.Vojta, PRL 90, 216403 (2003); R. K. Kaul, A. Kolezhuk, M. Levin, S.S.,T. Senthil, PRB 75, 235122 (2007)
M. Punk, A. Allais, and S. Sachdev, PNAS 112,9552 (2015)




Doping an insulating antiferromagnet with holes of density p

Oshikawa anomaly is satisfied
by sum of spin liquid (1) and
Fermi surface anomalies (p)

state retains

the spinon
excitations

@ O =) -V O =(to)+lot)/va (Area p/8

T. Senthil, S. S., M.Vojta, PRL 90, 216403 (2003); R. K. Kaul, A. Kolezhuk, M. Levin, S.S.,T. Senthil, PRB 75, 235122 (2007)
M. Punk, A. Allais, and S. Sachdev, PNAS 112,9552 (2015)



Doping an insulating antiferromagnet with holes of density p

Oshikawa anomaly is satisfied
by sum of spin liquid (1) and
Fermi surface anomalies (p)

state retains

the spinon
excitations

@ O =) -V O =(to)+lot)/va (Area p/8

T. Senthil, S. S., M.Vojta, PRL 90, 216403 (2003); R. K. Kaul, A. Kolezhuk, M. Levin, S.S.,T. Senthil, PRB 75, 235122 (2007)
M. Punk, A. Allais, and S. Sachdev, PNAS 112,9552 (2015)



Doping an insulating antiferromagnet with holes of density p

The FL*
state retains
the spinon

—

@ O =) -V O =(to)+lot)/va (Area p/8

T. Senthil, S. S., M.Vojta, PRL 90, 216403 (2003); R. K. Kaul, A. Kolezhuk, M. Levin, S.S.,T. Senthil, PRB 75, 235122 (2007)
M. Punk, A. Allais, and S. Sachdev, PNAS 112,9552 (2015)

Oshikawa anomaly is satisfied
by sum of spin liquid (1) and
Fermi surface anomalies (p)

excitations




Doping an insulating antiferromagnet with holes of density p

FL>§< Oshikawa anomaly is satisfied
— by sum of spin liquid (1) and

\ Fermi surface anomalies (p)

The FL*

state retains \
the spinon
excitations :

@ o=t -HIN/V2 C=D=(to)+ 1) /V2 Area p/8

T. Senthil, S. S., M.Vojta, PRL 90, 216403 (2003); R. K. Kaul, A. Kolezhuk, M. Levin, S.S.,T. Senthil, PRB 75, 235122 (2007)
M. Punk, A. Allais, and S. Sachdev, PNAS 112,9552 (2015)

\
/
/2 (Arca p/g]




Doping an insulating antiferromagnet with holes of density p
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Hole dynamics in an antiferromagnet across a deconfined quantum critical point
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Coupling hole pockets

to spin liquid
(the spin liquid is required by
non-Luttinger area of hole pockets)
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Ancilla Layer Model of the Hubbard model
(Foolproof method to satisfy the Oshikawa anomaly)
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Ancilla Layer Model of the Hubbard model
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Ancilla Layer Model of the Hubbard model
(Foolproof method to satisfy the Oshikawa anomaly)
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Ancilla Layer Model of the Hubbard model
(Foolproof method to satisfy the Oshikawa anomaly)

Free holes of
® ® ® ® ® ® C,, & density

Antiferromagnetic Kondo JK/ N N - 14D
S
Hatm = — Ztijc};acja + Z ‘]2K Sii- ¢l oagcig+ J1 Z S, So; .

Ya-Hui Zhang and S. S., PRR 2,023172 (2020)
A. Nikolaenko, M. Tikhanovskaya, S. S., and Ya-Hui Zhang, PRB 103,235138 (2021)



ALM of FL* of Hubbard model

/Kondo lattice heavy\
Fermi liquid. Free holes of
Area (14+p+1)/2 density
= p/2 (mod 1). 1+p
Small Fermi surface!

\_ /

& h

Your favorite

\_

spin liquid p

Kondo Lattice FL of ¢, and Sy

Pseudogap metal = 1
Spin Liquid of S5

Ya-Hui Zhang and S. S., PRR 2,023172 (2020)
A. Nikolaenko, M. Tikhanovskaya, S. S., and Ya-Hui Zhang, PRB 103,235138 (2021)




1. Dope spin liquid with holes, not holons.
The Ancilla Layer Model (ALM) enables
a theory of FL* with hole pockets and a general spin liquid.

2. Building on recent numerical evidence, we choose
the m-flux spin liquid with fermionic spinons
coupled to an emergent SU(2) gauge field.

3. Theory of pseudogap (and its low T instabilities):
Hole pockets coupled to critical spin liquid by
thermal fluctuations of a SU(2) gauge theory
with a charge e Higgs field.



$=1/2 square lattice

Spin
Liquid

[ 1] S 5 O ——

0 04 05 0.6

Jo/J1 >

H=J1)» S;i-Sj+J ) 88,
(i.,7) ((i,3))

|. L.Wang and A.W. Sandvik, Phys. Rev. Lett. 121, 107202 (2018)

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

3. Y.Nomura and M. Imada, Phys. Rev. X 11,031034 (2021)

4. W.-Y. Liy, S.-S. Gong,Y.-B. Li, D. Poilblanc, W.-Q. Chen, and
Z.-C. Gu, Science Bulletin 67, 1034 (2022)



S=1/2 square lattice

1<J
Schwinger bosons
1 N =2
_ T T _ _
o Si = SbiaTapbis 2—:1 b b, =ny =28

Mean-field spin liquid
with gapped bosonic spinons.

\&

(ba) # O (ba) = 0: Low energy CP* U(1) gauge theory
Néel order Valence bond solid (VBS)

Zoo ~ Dan + 8045be5

N/nb

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

N. Read and S. Sachdev, Phys. Rev. Lett. 62, 1694 (1989)
N. Read and S. Sachdev, Phys. Rev. B 42,4568 (1990)



$=1/2 square lattice Represent spins in terms of

= 1/2 fermionic spinons S ~ f ‘La'ag fg

Hspinliquid — ZJZG'L] (\PIUzg\Pg — \IJ;UJ@\I/,,) : \Ifz — ( fllg )
(23)
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|
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L = Z'JWMDM@D;

, Massless Dirac ™.
.. fermionic spinons.
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|
|
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Ja/ J1

N; =2 SU(2) QCD



S5=1/2 square lattice

or

L = ZEWMDMDL

Néel order Valence bond solid (VBS)
———— J2/ 1
Critical spin liquid Confining instability

without quasiparticles? to Néel and VBS,

Ny =2SU(2) QCD as in CP' theory of Read+SS

Represent spins in terms of
= 1/2 fermionic spinons S ~ f ‘La'ag fg

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

N. Read and S. Sachdev, PRL 62, 1694 (1989)

C. Wang, A. Nahum, M. A. Metlitski, C. Xu,
T. Senthil, Phys. Rev. X 7,031051 (2017)

| Massless Dirac ™.
.. fermionic spinons.




5=1/2 square lattice

Characterization of quantum spin liquids and their spinon band structures via functional
renormalization
We apply this approach to the antiferromagnetic J;-J, Heisenberg model on the square lattice
and to the antiferromagnetic nearest-neighbor Heisenberg model on the kagome lattice. For the J;-J, model,
we find that 1n the regime of maximal frustration a SU(2) w-flux state with Dirac spinons yields the largest
mean-field amplitudes.

M. Hering, J. Sonnenschein,
Y. Igbal and J. Reuther,

PRB 99, 100405 (2019)

square Jo/J; = 0.55



4 . . )
S=1/2 square lattice [OSOnIC spmons:
CP" U(1) gauge theory

- N. Read and S. Sachdev, PRL 62, 1694 (1989)J

Nearly-critical
$=1/2 square
lattice
-

Many numerical works show that deconfined critical theory applies over a
substantial length scale, but ultimately confines at the longest distances.

! SU(2) gauge theory of Ny = 2 antiferromagnet B
fundamental, massless, Dirac fermions. without SO(5) non-linear o-model
I. Affleck and J.B. Marston, PRB 37, 3774 (1988) quasiparticles of Néel/VBS orders

Obtained from a saddle-point of | _—— with k=1 WZW term
i fermionic spinons moving in mw-flux. ) . b

A. Tanaka and X. Hu, Phys. Rev. Lett. 95,036402 (2005); T. Senthil and M.P.A. Fisher Phys. Rev. B 74, 064405 (2006); C. Wang, A. Nahum, M. A. Metlitski, C. Xu,
T. Senthil, Phys. Rev. X 7,031051 (2017); Zheng Zhou, Liangdong Hu, Wei Zhu, Yin-Chen He, PRX 14,021044 (2024); S. M. Chester N. Su, PRL 132, 111601
(2024). B.-B. Chen, X. Zhang, Y. Wang, K. Sun, Z.Y. Meng, PRL 132, 246503 (2024); J. Takahashi, H. Shao, B. Zhao, W. Guo, A. W. Sandvik, arXiv:2405.06607.



Dynamic structure factor of the
square lattice Heisenberg model

with first (J1) and second (J5)

neighbor exchange interactions.

F. Ferrari, F. Becca
PRB 98, 100405 (2018).

Note the evolution from sharp
spin-wave modes at Jy/J; = 0 to
spinon continua at larger Jo/J;.




Anisotropic damping and wave vector dependent
susceptibility of the spin fluctuations in Laz_,Sr,CuQy4
studied by resonant inelastic x-ray scattering

H. C. Robarts, M. Barthélemy, K. Kummer, M. Garcia-Fernandez,
J.Li1,A. Nag,A. C. Walters, K. J. Zhou, and S. M. Hayden

PHYSICAL REVIEW B 100, 214510 (2019)

* Spin waves in insulator
broaden into a continuum:

IRIXS (arb. units)

Most natural interpretation
is a spinon continuum, likely

from the z-flux spin liquid

0.4 0.2 () 0.1 0.2 0.3

hin (h, 0) (r.l.u.) hin (h, h) (r.L.u)

FIG. 2. Ixrixs Intensity maps as a function of Q in LSCO x =
Pietro Bonetti, Maine Christos and S.S. (BCS), PNAS 121,e2418633121 (2024) 0 (T ~ 20K), 0.12, and 0.16 (T ~ 30K).



Trial wavefunction for FL* of Hubbard model
)

/Kondo lattice heavy
Fermi liquid.

Area (14+p+1)/2

Free holes of
® C; € density

= p/2 (mod 1). JK 14D
Small Fermi surface! -
N % 51
[ r-flux spin liquid with 52 KS - lff / .\
SU(2) gauge field 18 = 5J15aTaB1ip

and massless Dirac spinons Y
g PO, | S2i = = [;0,Tastip
Ya-Hui Zhang and S.S., PRR 2,023172 (2020) | 2

J

Pseudogap metal =
Kondo Lattice Heavy ||FL*) = [Projection onto rung singlets of S, .S5]

Ya-Hui Fermi Liquid > |Slater determinant of (¢, f1))

D ® |Slater determinant of f)
Spin Liquid

Replacement for “vanilla” Gutzwiller-projected Fermi liquid in the underdoped regime
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Joannis Koepsell, Dominik Bourgund, Pimonpan

Sompet, Sarah Hirthe, Annabelle Bohrdt, Yao Wang,

Fabian Grusdt, Eugene Demler, Guillaume Salomon,

Christian Gross, Immanuel Bloch
Science 374 (2021) 82

O

C (10?)

| 2 .

| o Max Planck Institute of
| -2 Quantum Optics,
'-4 Garching



Trial wavefunction for FL* of Hubbard model
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1. Dope spin liquid with holes, not holons.
The Ancilla Layer Model (ALM) enables
a theory of FL* with hole pockets and a general spin liquid.

2. Building on recent numerical evidence, we choose
the m-flux spin liquid with fermionic spinons
coupled to an emergent SU(2) gauge field.

3. Theory of pseudogap (and its low T instabilities):
Hole pockets coupled to critical spin liquid by
thermal fluctuations of a SU(2) gauge theory
with a charge e Higgs field.



e Theory of pseudogap (and its low T instabilities):
Hole pockets coupled to critical spin liquid by thermal fluctuations
of a SU(2) gauge theory with a charge e Higgs field.

Ak,w=10)/Ag
o 1.0
Area p/8
0.8
-0 Hole pockets
0.6 and
§ 0.0 decoupled

0.4 spin liquid

0.2

0 05 . 0.0
k,/m
Ya-Hui Zhang and S. S., PRR 2,023172 (2020)
E. Mascot, A. Nikolaenko, M. Tikhanovskaya, Ya-Hui Zhang, D. K. Morr, S. S., PRB 105, 075146 (2022)



Theory of pseudogap (and its low T instabilities):
Hole pockets coupled to critical spin liquid by thermal fluctuations
of a SU(2) gauge theory with a charge e Higgs field.

A(k, W = O)/AO
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-(0.3

-0.6

0.4

0.2

0.0

H. Pandey, M. Christos, PM. Bonetti, R.Shanker, A. Nikolaenko, S.Sharma, S.S.,arXiv:2507.05336



e Theory of pseudogap (and its low T instabilities):
Hole pockets coupled to critical spin liquid by thermal fluctuations
of a SU(2) gauge theory with a charge e Higgs field.

Kyle M. Shen, ...Z.-X. Shen, Science 307, 901 (2005)

H. Pandey, M. Christos, PM. Bonetti, R.Shanker, A. Nikolaenko, S.Sharma, S.S.,arXiv:2507.05336



e Theory of pseudogap (and its low T instabilities):
Hole pockets coupled to critical spin liquid by thermal fluctuations
of a SU(2) gauge theory with a charge e Higgs field.
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H. Pandey, M. Christos, PM. Bonetti, R.Shanker, A. Nikolaenko, S.Sharma, S.S.,arXiv:2507.05336



Phase diagram and

strange meftal



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

Planckian dynamics !

Temperature, T (K)
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B. Michon, C. Berthod, C.W. Rischau, A. Ataei, L. Chen,
_ S. Komiya, S. Ono, L. Taillefer; D. van der Marel,
Hole doping, p A. Georges, Nature Comm. 14,3033 (2023)




Quantum-criticality

> / of a
. o quantum phase transition
N Strange / between two metals
2 Metal o (FL* and FL)
FL* \ ¢+ Large at p = Pe,
‘\ ,' Fermi with no symmetry breaking.

\ / ¢ 1s a Higgs field with

‘\ l' emergent gauge charge.
\ 7
\
\

Ya-Hui Zhang and S. S., PRR 2,023172 (2020)



\ /
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\ Strange ,'
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3 Metal /
F| * \ ¢ Large
\ ’  Fermi
\ /
\ /
w
\ I
\ 1
\ ! Explain with a local, two-dimensional

extension of the Sachdev-Ye-Kitaev

OJ (SYK) model of mobile electrons,

- the 2D-Yukawa-SYK model with a
D spatially random Yukawa coupling

Aavishkar A. Patel, Haoyu Guo, llya Esterlis, S. S., : .
coience 381790 (202% Y between the large Fermi surface and ¢:

Chenyuan Li,Aavishkar A. Patel, Haoyu Guo, Davide Valentinis, a Criti(jal Charge lqu_ld
Jorg Schmalian, S.S,, llya Esterlis, PRL 133, 186502 (2024)
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Quantum-criticality
of a
quantum phase transition

between two metals
(FL* and FL)

at p = Pe,
with no symmetry breaking.
¢ 1s a Higgs field with

emergent gauge charge.

Aavishkar A. Patel, Haoyu Guo, llya Esterlis, S. S.,
Science 381,790 (2023)
Chenyuan Li,Aavishkar A. Patel, Haoyu Guo, Davide Valentinis,
Jorg Schmalian, S.S,, llya Esterlis, PRL 133, 186502 (2024)



Quantum-criticality

N / of a
\ ,’ quantum phase transition
\\ Strange / between two metals
‘. Metal ] (FL* and FL)
FL* \ ¢ Large at p = pe,
\\ I' Fermi with no symmetry breaking.
3 surface ' ¢ 1s a Higgs field with

emergent gauge charge.

d-wave Both metals lead to the
SupercpndUCtor same d-wave superconductor

at lower temperatures, and
so there is transition at

., p P — Pc within the
superconducting state.

Sp|n density wave (SDW) M. Christos, Zhu-Xi Luo, L. Shackleton, Ya-Hui Zhang,
M. S.Scheurer;and S.S., PNAS 120, €2302701120 (2023)
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Quantum-criticality

N / of a
\ ,’ quantum phase transition
\\ Strange / between two metals
‘. Metal ] (FL* and FL)

FL* \ ¢ Large at p = pe,

\ \\ I' Fermi with no symmetry breaking.
Confimement o SUHace AN ¢ s o Higgs field with
transition . . BCS emergent gauge charge.

of SU(2) ¥ 2 transition u(:\%
gauge theory d-W qve / \ |

\

Both metals lead to the
SupercpndUCtor same d-wave superconductor
: at lower temperatures, and
so there 1s transition at

superconducting state.

Sp|n density wave (SDW) M. Christos, Zhu-Xi Luo, L. Shackleton, Ya-Hui Zhang,
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Born-Oppenheimer theory of FL* pseudogap

H. Pandey,

M. Christos,

PM. Bonetti,

R. Shanker,

A. Nikolaenko,

S. Sharma,

S.S,,
arXiv:2507.05336

See also
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