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Will explain with a
Fractionalized Fermi Liquid (FL*)

which evades the Luttinger constraint
by a critical spin liquid
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At the Yamaji angle, the orbits
in the plane orthogonal to B
have an area which 1is
independent of momentum in the
¢ direction, to first order in the
hopping along the ¢ direction.
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Metals obtained by
doping Mott insulators
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Luttinger area.
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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
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Doping an insulating antiferromagnet with holes of density p
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Doping an insulating antiferromagnet with holes of density p
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Doping an insulating antiferromagnet with holes of density p
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are quantized and
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PHYSICAL REVIEW B 75, 235122 (2007)

Hole dynamics in an antiferromagnet across a deconfined quantum critical point
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phase indicates the boundary of the magnetic Brillouin zone. Only
the Fermi surfaces within this zone contribute to the Luttinger
counting, and so the area of each ellipse is Ap=(2m)?5/4. In the

VBS phase, all four pockets are inequivalent, and so the area of
each ellipse is Ap=(27)?5/8.
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Coupling hole pockets
to spin liquid

(required by non-Luttinger area of hole pockets)



Thermal SU(2) lattice gauge theory of
the cuprate pseudogap: reconciling
Fermi arcs and hole pockets

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

Pietro Bonetti Alexander

Maine Christos Nikolaenko
Caltech

The Institute of
Mathematical
Sciences,
Chennai

| N
Harshit Pandey Ravi Shanker Sayantan Sharma



‘ SN ;
Pietro Bonetti Alexander
Maine Christos N
ikolaenko .
Caltech Aavishkar Patel
ICTS, Bengaluru

= I'le > cond-mat > arXiv:2508.20164

Condensed Matter > Strongly Correlated Electrons

[Submitted on 27 Aug 2025]

Critical quantum liquids and the cuprate high temperature superconductors



e Identification of spin liquid: critical spin liquid without
quasiparticles. One description is a
SU(2) gauge theory with Ny = 2 massless Dirac spinons in 2+1 dimensions.
(Curious fact: QCD is a

SU(3) gauge theory with Ny = 3 massless Dirac quarks in 3+1 dimensions.)

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)

Zheng Zhou, Liangdong Hu, Wei Zhu,
Yin-Chen He, PRX 14, 021044 (2024)
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e Dope spin liquid with holes, not holons.
The Ancilla Layer Model (ALM) enables a theory of
F'L* hole pockets for a general spin liquid.
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e Theory of pseudogap (and its low T’ instabilities):
Hole pockets coupled to critical spin liquid by a
charge e Higgs field of the thermal SU(2) gauge theory.
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e Theory of pseudogap (and its low T’ instabilities):
Hole pockets coupled to critical spin liquid by a
charge e Higgs field of the thermal SU(2) gauge theory.
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e Theory of pseudogap (and its low T’ instabilities):
Hole pockets coupled to critical spin liquid by a
charge e Higgs field of the thermal SU(2) gauge theory.
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e Theory of pseudogap (and its low T’ instabilities):
Hole pockets coupled to critical spin liquid by a
charge e Higgs field of the thermal SU(2) gauge theory.
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Strange meftal

and phase diagram



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

Temperature, T (K)

Explain with a local,
two-dimensional extension

of the Sachdev-Ye-Kitaev (SYK)
model of mobile electrons,

a critical charge liquid

300
T*
:
200 Pseudogap
TSC, onset
TC, onset  ~ = i
Charge I
100 - order
Spin
order - n
il \TS, onset . 3 \TCDW
\\~~~~ ,/ . .
Tsow \ N . d-=s e
’ \
| \L—f | ] |
’ f 0.1 f
min pC1 pCQ pmax
Hole doping, p

Aavishkar A. Patel, Haoyu Guo, llya Esterlis,

S.Sachdey, 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
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Quantum-criticality
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2d-YSYK model: Fermi surface + critical boson with interaction disorder
8 Aavishkar A. Patel, Haoyu Guo, llya Esterlis, S. Sachdey, Science 381, 790 (2023)

Ly = w;; (5’7‘ | E(k)) Vk Critical Higgs boson ¢
driving FL*-FL transition.

P(r)]* + g+ g'(r)] YT (r)v(r) ¢(r)
+o(r)y! (r)i(r)

Spatially random Yukawa coupling ¢’(r) with ¢/(7) =0, ¢’(7)g¢'(7") = ¢"*6(r — ')

Spatially random potential v(r) with v(r) = 0, v(r)v(r’) = v*6(r — r’)



2d-YSYK model: Fermi surface + critical boson with interaction disorder
8 Aavishkar A. Patel, Haoyu Guo, llya Esterlis, S. Sachdey, Science 381, 790 (2023)

Ly = w;; (6’7‘ | E(k)> Vk Critical Higgs boson ¢
driving FL*-FL transition.

P(r)]* + g+ g'(r)] YT (r)v(r) ¢(r)
+o(r)y! (r)y(r)

Saddle-point equations

S(1,1) = ¢°D(1,1v)G(1,1) + v*G(7,1)82(r) + ¢ °G(r, 1) D(7,1)5%(r),
[I(7r,r) = —ng(—T, —1)G(T,1) — QIQG(—T, r)G(T, r)62(r),
1

G(iw, k) =

iw—e(k) + p— X(iw, k)’
D(iQ), q) = :

0?2 +q?+m; —113Q,q)



AT T T  K/(hd)

[ 0K —30K | 60 - hw < 0.4 eV y O_(w) — .
- - L 40K < T <300K .
I — 150 K ! ] hw — 7
S - — 200 K — 250 K _ m T(Cd)
QL 1T — 300 K
— 0.2 )
< | B.Michon, C.Berthod, C.W. Rischau, A.Ataei, L. Chen,

S. Komiya, S. Ono, L. Taillefer; D. van der Marel,

| | I 11 1 1 I | 1

0.1 ~Jo« 1| A Georges, Nature Comm. 14,3033 (2023)
/. €xo = 2.70 — 200 K — 250 K —
J K = 211 meV | | — 300 K - : ]
) A RS W e e Planckian dynamics!
0 0.1 0.2 0.3 0.4 0 20 40 60 80 100
hw (eV) hw/ke T
0.30 o kB T kB T
|  T/t=0.04—-05
0.251 5:_
| —~ and entropy
é} 0.20 ‘% 4:_
| S(T'—=0) ~ Tn(1/7)
= o —meoms —me0ts | | | in 2d-YSYK model
et —= Th=025 —— Tt=01257] 4 2 : .
| —meozs —meer || | (unlike zero temperature
0.05¢ —— Th=02 = T/t=0.075" dy )
L mmes | A entropy in SYK model).
0.0 0.5 1.0 1.5 2.0 2.5 0 10 20 30 40 50 60
w/t w/ T

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



A critical spin liquid
(SU(2) gauge theory with massless
Dirac and Higgs matter)
for the FL*™ pseudogap

and a critical charge liquid
(the 2d-Yukawa-SYK model)

for the strange metal.

Gapless and strongly interacting,
many-body systems with
no particle-like excitations



