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Spin liquids
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triangular and
square lattices




Triangular lattice antiferromagnet

Spin model with $=1/2 per unit cell H = JZ S; 57'
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Nearest-neighbor model has non-collinear Neel order
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Spin liquid: resonating valence bonds
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Spin liquid: resonating valence bonds
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Spin liquid: resonating valence bonds
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RVB: Z; spin liquid
1
Fractionalized excitations: a “spinon” @ ©® = 7 (| ) —=14ID)

with spin S=1/2
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RVB: Z; spin liquid
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Fractionalized excitations: a “spinon” @ ©® = NG (I T4 = 141)
with spin S=1/2
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RVB: Z; spin liquid

1
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Fractionalized excitations: a “spinon”
with spin S=1/2




$5=1/2 triangular lattice 7, spin liquid
£2 Spin liquid
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Read and Sachdev (1990):

The RVB spin liquid has an emergent Zs gauge field.

The spinons carry electric Zo gauge charges.

There are also emergent particles (‘visons’ or ‘m’) which carry
magnetic Zo gauge charges.

Second neighbor
exchange Js




$5=1/2 triangular lattice 7, spin liquid
£2 Spin liquid

y ) / \ / ;i N
. VA \ .
Read and Sachdev (1990):

The RVB spin liquid has an emergent Zs gauge field.

The spinons carry electric Zo gauge charges.

There are also emergent particles (‘visons’ or ‘m’) which carry

magnetic Zo gauge charges.

The superselection structure of these excitations (“unitary modular tensor
category”) is the same as that found in Kitaev’s toric code (1997).

Second neighbor
exchange Js




$=1/2 square lattice Bosonic PaftOIlS

1
Si = 5172040-055177357 Z bzoz i T =25

D. Arovas and A. Auerbach, PRB 38,316 (1988)

(ba) # O: (be) = 0:
Néel order Gapped spin liquid




$=1/2 square lattice Bosonic PaftOﬂS

L
Si = §biaaa5bzﬂ7 Z bzoz o T 25
U(1) gauge symmetry: b — be'”
or
CP' U(1) gauge theory.
€ Monopole Berry phases
(ba) # 0: (bar) = 0: implement
Néel order Valence bond solid (VBS) Lieb-Schultz-Mattis (LSM)

Tl ‘anomalies’.
Zaw ™ bAa + EozﬁbeBQ§ »Cz — ‘(a,u — iau)za‘Z + S‘Z(X‘Q + U‘Za|4 + »Cmonopole

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 Bosonic PaftOﬂS

1
Si = §b2§a00¢5bi57 Z bzoz i T =25

U(1) gauge symmetry: b — be'”

or
CP' U(1) gauge theory.
€ Monopole Berry phases
(ba) # 0: (bar) = 0: implement
Néel order Valence bond solid (VBS) Lieb-Schultz-Mattis (LSM)

‘anomalies’.

Jo [ Jq

Critical, gapless
spin liquid? L. = \(@M — iau)za\Z -+ S\ZQ\Z -+ u\za|4 + Linonopole

T. Senthil, A. Vishwanath, L. Balents, S. Sachdeyv, N. Read and S. Sachdev, Phys. Rev. Lett. 62, 1694 (1989)
and M. P. A. Fisher, Science 303, 1490 (2004) N. Read and S. Sachdev, Phys. Rev. B 42, 4568 (1990)



$5=1/2 square lattice Fermionic partons

1
Si = §f§aaaﬁfiﬁ’ Z fiTainé =1
a=T,]

or

I. Affleck and J.B. Marston, PRB 37, 3774 (1988)
L. Ying Ran and X.-G. Wen, cond-mat/0609620

Critical gapless spin liquid:
Valence bond solid (VBS) SU(2) QCD with
N = 2 massless fermions.
Ja/J1 .. . .
Confining instability to precisely
the Néel and VBS orders
of CP* theory.

Néel order

Critical, gapless
spin liquid?

L=iVyy,D,V,.
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$=1/2 square lattice POSOHIC Spinons:
CP

-

) gauge theory

J

SU(2) gauge theory of Ny = 2

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

\_

fundamental, massless, Dirac fermions.

]

),

\_

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); 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.



S5=1/2 square lattice !

\_

Bosonic spinons:
CP' U(1) gauge theory

J

s

\_

SU(2) gauge theory of Ny = 2

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

fundamental, massless, Dirac fermions.

),

Nearly-
critical
S5=1/2
square
lattice anti-
ferromagnet

obeying LSM

]

-

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); 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.
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S=1/2 square lattice BOSOmC SpINons:
CP' U(1

) gauge theory
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fundamental, massless, Dirac fermions.

SU(2) gauge theory of Ny = 2

Obtained from a saddle-point of 7

fermionic spinons moving in m-flux.

J

lattice anti-
ferromagnet

obeying LSM
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S=1/2

square

-

SO(5) non-linear o-model

of Néel/VBS orders
with £ =1 WZW term

~

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

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.



Fractionalization
in a metal:
Fractionalized

Fermi liquids (FL*)




Ordinary metals

Nearly-free gas of fermions, with a Fermi surface between
empty and occupied states (Sommerfeld, 1927).




Ordinary metals

Nearly-free gas of fermions, with a Fermi surface between
empty and occupied states (Sommerfeld, 1927).

Area enclosed by the Fermi surface is the same as that for free
fermions with the same symmetry
Luttinger, 1960 - perturbative




Ordinary metals

Nearly-free gas of fermions, with a Fermi surface between
empty and occupied states (Sommerfeld, 1927).

Area enclosed by the Fermi surface is the same as that for free
fermions with the same symmetry
Luttinger, 1960 - perturbative;
Oshikawa, 2000 - non-perturbative using LSM anomaly




Ordinary metals

Nearly-free gas of fermions, with a Fermi surface between
empty and occupied states (Sommerfeld, 1927).

Area enclosed by the Fermi surface is the same as that for free
fermions with the same symmetry
Luttinger, 1960 - perturbative;
Oshikawa, 2000 - non-perturbative using LSM anomaly

Fractionalized Fermi liquids (FL*)

There can be metals with Fermi surface area not equal to the
Luttinger-Oshikawa value provided the
fractionalized excitations of a spin liquid are also present.

T. Senthil, . S., M.Vojta, PRL 90, 216403 (2003); T. Senthil, M.Vojta, S.S., PRB 69, 0351 | | (2004)



Insulating antiferromagnet
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Doping an insulating antiferromagnet with holes of density p

Ordinary metal

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)

Luttinger area.
No broken symmetry




Doping an insulating antiferromagnet with holes of density p

AF metal

Luttinger area.

\ \ \ \ \ /> Broken symmetry
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Doping an insulating antiferromagnet with holes of density p

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

Holon metal

1

L/

8y

i

non-Luttinger area.
Spin liquid
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Doping an insulating antiferromagnet with holes of density p

FL*

non-Lutti

Each

green
“dimer”
IS a
bound
state of a

nger area.

Spin liquid

vacancy
free spin
@__®

= (M) - /V2 CR D =(to)+lo1)/v2

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

FL*

Metal
with
density p
of
spin-1/2,
charge +e
“holes”
and

= (M) - /V2 CR D =(to)+lo1)/v2

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)

non-Luttinger area.
Spin liquid




Doping an insulating antiferromagnet with holes of density p

Metal
with
density p
of
spin-1/2,
charge +e
“holes”
and

FL*

= (1) -

) /vV2 (N =(to)

non-Luttinger area.
Spin liquid

T>)/\@ rArea p/S'

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

FL*

non-Lutti

nger area.

Metal Spin liquid

with
density p
of
spin-1/2,
charge +e
“holes”
and

= (M) =[N /vV2 CR )=o) +[o1)/v2

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

Metal

FL*

with
density p
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charge +e
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i
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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)
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Doping an insulating antiferromagnet with holes of density p

non-Luttinger area.
Spin liquid
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density p
of
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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)
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Doping an insulating antiferromagnet with holes of density p

FL*

Metal
with
density p
of
spin-1/2,
charge +e
“holes”
and

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)

N/vVe N =(

M. Punk, A. Allais, and S. Sachdev, PNAS 112,9552 (2015)

non-Luttinger area.
Spin liquid
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Doping an insulating antiferromagnet with holes of density p

FL*

non-Luttinger area.
Spin liquid

) N\

Metal
with

density p
of
spin-1/2,
charge +e
D

“holes”

e N\
pinons”, | &8> @ ®

@ O =(1)-/NVZ 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
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E. Mascot, A. Nikolaenko, \ ,
M. Tikhanovskaya,
Ya-Hui Zhang, D. K. Morr,

S.S., PRB 105,075146 (2022)




FL* prediction for Fermi
surface size:
observed by the Yamaji

effect in the cuprates




Keimer, Kivelson, Norman, Uchida, and Zaanen, Nature 518, 179 (2015)
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Observation of the Yamaji effect in a cuprate superconductor
Mun K. Chan,'[¥| Katherine A. Schreiber,! Oscar E. Ayala-Valenzuela,’ arXiv:2411.1063 |

Eric D. Bauer,” Arkady Shekhter,! and Neil Harrison®

a HgBa,CuO, . b

pseudogap |

*

Temperature (K)
o
o
_|
@)
@y

At the Yamaji angle, the orbits
N R B #- in the plane orthogonal to B
o doping o have an area which is
independent of momentum in the
¢ direction, to first order in the
hopping along the ¢ direction.

K.Yamaji |PS] 58, 1520 (1989)
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Observation of the Yamaji effect in a cuprate superconductor

Mun K. Chan,"[| Katherine A. Schreiber,! Oscar E. Ayala-Valenzuela,’

Eric D. Bauer,? Arkady Shekhter,! and Neil Harrison'

85 K
B=72T
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0 ()

® »=0° | 0.1t

Calculation
— ¢ =0°

¢ =23°
— ¢ =45°

0 15 30 45 60 75 90
0 (°)

arXiv:2411.1063 |

“The small size of the pockets
determined from the Yamaji

effect is ... approximately 1.3%

of the Brillouin zone area”

FL* pocket fraction

=p/8 =1.25% !
Fluctuating AF metal fraction
= p/4 = 2.5%.

(p/8 also in YRZ ansatz,
Peter Johnson photoemission,

and Jenny Hoffman
and Seamus Davis STMs)



Theory of the FL* pseudogap
and its Higgs transition to a
BCS d-wave superconductor



Keimer, Kivelson, Norman, Uchida, and Zaanen, Nature 518, 179 (2015)
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Theory of the pseudogap

SU(2) gauge field U,
and a
fundamental Higgs boson B
with charge e moving in a

/} Ki background m-flux.

Yukawa couplings to

"‘\\ K Fermi pockets and spinons.
Y
kq

Fermi
liquid
|

M. Christos, Zhu-Xi Luo, H. Shackleton,
Ya-Hui Zhang, M. S. Scheurer, and S. S,
PNAS 120,e2302701120 (2023)
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Born-Oppenheimer theory
with
thermal, classical B, U,
and quantum fermions

P.M. Bonetti, M. Christos,
H. Pandey, R.Shanker; S.S,,
S. Sharma, to appear
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RIXS spectra (Robarts et al.,
PRB 100, 214510 (2019))
match spinon continua
of m-flux spin liquid
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Theory of the pseudogap

Confinement /Higgs
transition to a
d-wave superconductor
with h/(2e) vortices
and 4 nodal
Bogoliubov quasiparticles
with anisotropic
velocities.

A non-BCS ‘mechanism’
for a BCS-type
superconductor!



Theory of the pseudogap
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0.1
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FL* pockets explain Yamaji effect.

Thermal fluctuations of B = theory
of Fermi arcs in FL*.

RIXS spectrum related to spinon continua
of FL*

4 nodal Bogoliubov quasiparticles with
anisotropic velocities.

Fermi surfaces in charge ordered state ex-

plain quantum oscillations.
P. M. Bonetti, M. Christos, S. S. (BCS), PNAS 121,e2418633121 (2024)

BKT transition of h/(2e) vortices to a
d-wave superconductor.

Halo of charge order in vortices.



Ancilla theory of the
FL* pseudogap



Ancilla theory of the Hubbard model

: . . N 5 Hubbard
(Luttinger-Oshikawa anomalies for dummies & ) = 1./ of

® ® ® ® ® ® C; <«—hole density
1+p

/I\ ........... /I\ ........... /I\ ........... /I\ ----------- /I\ ----------- /I\ S; | Ancilla qubits

J1 < Ina “trivial’

U| """ AR $\/ """""" O S2 | gapped insulator

3J2 3J3
Hubbard-Stratonovich Schrieffer-Wolff (large J, ): U = K K2
&8J | 16J%

® C¢ € Free holes of
density
1+p

/’ | . . @

Antiferromagnetic Kondo Jg

Ya-Hui Zhang

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



Ancilla theory of FL* and its confinement

Kondo lattice heavy
Fermi liquid.
Size 1 +p+ 1
= p (mod 2).
B Small Fermi surface!

m-flux spin liquid{

Large JK
T * and small p
Pseudogap metal = Also need a charge e, B |
Kondo Lattice Heavy  SU(2) fundamental X Wenand
Cor e Higgs boson B PA. Lee, PRL 76,
Fermi Liquid which couples 03 (1996
5 Kondo lattice different spin liquid

Spin Liquid and spin liquid

M. Christos, Zhu-Xi Luo, H. Shackleton,Ya-Hui Zhang, M. S. Scheurer, and S. S., PNAS 120, 2302701120 (2023)




Ancilla theory of FL* and its confinement

Hxondo lattice = Z —?fz'jCl-LUCja — 11,35 Lgf ljo Heavy Fermi liquid
i.j ' of electrons c, f;
_ Z ® (! fric + fl cio) (Similar to YRZ)

m-Hlux spin liquid
of spinons [ and

Hapintiquia = i i3 (W]U0; — WU;0,)
SU(2) gauge field U

(17)

Couple Kondo lattice and

Heoupling = Z (szfuafw + Byi€oor flwa , + H.c. ) spin liquid by charge e,
i SU(2) fundamental Higgs boson B
Higgs energy
HnggS — T Z BTB + 2w Z €ij (BTUZ]B BTU]ZB ) =+ V(B) constrained by
(27) spin liquid

M. Christos, Zhu-Xi Luo, H. Shackleton,Ya-Hui Zhang, M. S. Scheurer, and S. S., PNAS 120, 2302701120 (2023)



