Detecting the
fractionalized Fermi liquid

in the cuprate superconductors

University of Oxford

PHYSICS

February 10,2026

Subir Sachdev HARARD



Cuprate
high temperature
superconductors

120 130 140

THTATEANINTRANRRIMSRAA

11.6802 A

| | ¥3.8872 A
 38227A

YB&Q CU.3 O6—|—m



H1S Magnets: Enabling Technology

I'he surest path to limitless,

clean, fusion energy

YBCO magnets allow for smaller,
faster, and less expensive
tokamaks for plasma fusion
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Insulating antiferromagnet with one electron per site
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PW.Anderson (1987): The key to high temperature superconductivity
is the formation of a “resonating valence bond state”.
A quantum spin liquid with many-boson (spins on Cu) entanglement

D — dimer covering

of lattice
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Key feature: fractionalization. Excitations are particle-like, but cannot be created
by local operators: they are classified under distinct superselection/anyon sectors.
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quantum ground state
with no broken symmetry.
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Spin-1/2 holes of density
p=1+p

" Area p/2

Positive Hall coeflicient
of carrier density p

Luttinger, 1960: Area enclosed by the Fermi surtace is the
same as that for free fermions with the same symmetry.



Fermi liquid {Area 1)

Spin-1/2 holes of density
p=1+p

" Area p/2

Positive Hall coeflicient
of carrier density p

Luttinger, 1960: Area enclosed by the Fermi surtace is the
same as that for free fermions with the same symmetry.

Oshikawa, 2000: Area constrained by an anomaly-argument
of global U(1) and translations



Fractionalized Fermi liquid (FL* {Area 1)

Spin-1/2 holes of density
p=1+p

! Total area

(p—1)/2

Positive Hall coefficient
of carrier density p — 1

No broken symmetry

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




Fractionalized Fermi liquid (FL* {Area 1]

Spin-1/2 holes of density
p=1+p

! Total area

(p—1)/2

Positive Hall coefficient
of carrier density p — 1

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

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



Fractionalized Fermi liquid (FL* {Area 1]

The
density

Spin-1/2 holes of density

PR " Total area deficit (1)
Positive Hall coefficient | (# —1)/2 n th? al'ca
of carrier density p — 1 15

quantized
by rigid
structure
Oshikawa anomaly-argument is satisfied by | of the spin
the sum of spin liquid (1) and liquid.

Fermi surface anomalies (p — 1)

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



Fractionalized Fermi liquid (FL* {Area 1]

Spin-1/2 holes of density
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Measuring
non-Luttinger
Fermi surface
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! Total area
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Positive Hall coefficient
of carrier density p — 1

evidence for
multi-fermion
quantum
entanglement.
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Doping an insulating antiferromagnet with holes of density p

AF metal
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Doping an insulating antiferromagnet with holes of density p

Holon metal

Spin liquid
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Fermi surface anomalies (p)
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R. K. Kaul,Y. B. Kim, S. S., T. Senthil, Nature Physics 4, 28 (2008); S.S. M. A. Metlitski, Y. Qi, and C. Xu, PRB 80, 155129 (2009)
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Doping an insulating antiferromagnet with holes of density p
Oshikawa anomaly is satisfied
by sum of spin liquid (1) and
Fermi surface anomalies (p)

density p of
spin-1/2,
charge +e
‘holes’ (or

‘magnetic
polarons’)
with
coherent
inter-layer
transport.

\/ f
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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)




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

density p of
spin-1/2,
charge +e
‘holes’ (or

‘magnetic
polarons’)
with
coherent
inter-layer
transport.

@ O =) -INVZ 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 ot density p
Oshikawa anomaly is satisfied
by sum of spin liquid (1) and
Fermi surface anomalies (p)

density p of
spin-1/2,
charge +e
‘holes’ (or

‘magnetic
polarons’)
with
coherent
inter-layer
transport.

@ O =) -INVZ 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)

density p of
spin-1/2,
charge +e
‘holes’ (or

‘magnetic
polarons’)
with
coherent
inter-layer
transport.

@ O =) -INVZ 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)

density p of
spin-1/2,
charge +e
‘holes’ (or

‘magnetic
polarons’)
with
coherent
inter-layer
transport.

= (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)

density p of
spin-1/2,
charge +e
‘holes’ (or

‘magnetic
polarons’)
with
coherent
inter-layer
transport.

@ O =) -INVZ 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)

density p of
spin-1/2,
charge +e
‘holes’ (or

‘magnetic
polarons’)
with
coherent
inter-layer
transport.

@ O =) -INVZ 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)

density p of
spin-1/2,
charge +e
‘holes’ (or

‘magnetic
polarons’)
with
coherent
inter-layer
transport.

@ 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)
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PHYSICAL REVIEW B 75, 235122 (2007)

Hole dynamics in an antiferromagnet across a deconfined quantum critical point

Ribhu K. Kaul,! Alexei Kolezhuk,!* Michael Levin,! Subir Sachdev,! and T. Senthil**
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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
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Observation of the

Yamaji effect in the
cuprate pseudogap

See also:
Fermi surface transformation at the pseudogap critical point of a cuprate superconductor

Yawen Fang, Gaél Grissonnanche, Anaélle Legros, Simon Verret, Francis Laliberté, Clément Collignon, Amirreza Ataei,
Maxime Dion, Jianshi Zhou, David Graf, M. J. Lawler, Paul Goddard, Louis Taillefer, and B. J. Ramshaw, Nature Physics 18, 558 (2022)

Angle-dependent magnetoresistance (ADMR) of Laj ¢ Ndg 4Sr;CuOy



Observation of the Yamaji effectinacuprate nature physics

Superconductor Mun K. Chan®'’ , Katherine A. Schreiber'!, Oscar E. Ayala-Valenzuela®’, 21, 1753 (2025)
Eric D. Bauer ®?, Arkady Shekhter®' & NeilHarrison®'  published online: 16 September 2025
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Superconductor Mun K. Chan®'’ , Katherine A. Schreiber'!, Oscar E. Ayala-Valenzuela®’, 21, 1753 (2025)
Eric D. Bauer ®?, Arkady Shekhter®' & NeilHarrison®'  published online: 16 September 2025
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Excellent evidence for hole pockets with
coherent interlayer-transport.
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pockets in the normal state of the pseudogap phase. The small size of the
o L l l | expected giventhe absence of long-range broken translational symmetry.
0 30 60 %0 Predicted FL* pocket fraction = p/8 = 1.25% !

0 () Fluctuating AF metal fraction = p/4 = 2.5%.
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and Jenny Hoffman and Seamus Davis STMs; Stanescu-Kotliar) Jing-Yu Zhao, S. Chatterjee, S. S.,Ya-Hui Zhang, arXiv:2510.13943
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From FL* to FL
via

the strange metal
using the 2D-YSYK model
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The Sachdev-Ye-Kitaev (SYK) model

Sachdey, Ye (1993); Kitaev (2015)
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The Sachdev-Ye-Kitaev (SYK) model

Sachdey, Ye (1993); Kitaev (2015)

Solvable models of multi-particle
quantum entanglement with
mobile fermions.

Yields a metal whose excitations
are not particle-like
i.e. no bosons, fermions, anyons....

Current is carried by an
“entangled quantum soup”




Yukawa-Sachdev-Ye-Kitaev model

1 1
H = —,uz cjci Z 5 (77? w(Z)CI)?) ~N Zgijgc;rch)g
i / il

with g¢;;, Independent random numbers with zero mean.
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Yukawa-Sachdev-Ye-Kitaev model

1 1
H = —,uz c,l-tci Z 5 (7’(’% w(z)q)?) ~N Zgijgc;rch)g
i / il

with g;;¢ Independent random numbers with zero mean. The large N equations for the Green’s
functions and self energies of the fermions (G, Y) and bosons (D, II) are

At T > 0, solutions are fully characterized by a
universal frequency-dependent relaxation time,

h ho
— kgl d-
r(w) 7 (kBT>

where ®@.. is a known universal function.
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Quantum
phase transition

\ / between two metals
(FL* and FL)

\ Strange / at p = p., with
v Metal p no symmetry breaking.

FL* \

Described by the
condensation of a
Higgs field ®.

\ !
\ ! / Strange metal is obtained from

S | the T' > 0 quantum criticality of
\ ! the FL-FL* transition, provided
there is momentum relaxation.

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



Quantum
phase transition

\ / between two metals

3 o (FL* and FL)

\ Strange / at p = p., with
v Metal ,, no symmetry breaking.

£l * \ ¢+ Large
\ !  Fermi Described by the

\ I, surface “/) condensation of a
Higgs field ®.

\ / |
\ ! K Strange metal is obtained from
S | the T' > 0 quantum criticality of

\ ! the FL-FL* transition, provided
there is momentum relaxation.
_ OJ At low T’ this requires
spatial disorder.
p Most relevant is Harris disorder:
spatial variation in the value of p..

4L

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



2D-YSYK model: Fermi surface + Higgs boson with interaction disorder

£ =l (50 +0) enn+ o (5 +50)) Fine

+ [VO(r)]* + s [®(r)]* + u [®(r)]*
+ g+ g (r)] cl(r) fia(r) ®(r) + H.c.
+o(r)cl, (r)ca(r)

®“ “mass” disorder s — s+ ds(r) is strongly relevant;
rescale ® to move disorder to the Yukawa coupling.

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’)
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d-wave superconductor




Quantum
phase transition

\ ,' between two metals
e ’ (FL* and FL)
\ Strange ’ at p = p., with
\\ Metal ,, no symmetry breaking.
FL* \
\ Described by the
\\ / condensation of a
\ ! Higgs field ®.
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Sp|n density wave (SDW) M. Christos, Zhu-Xi Luo, L. Shackleton,Ya-Hui Zhang, M. S. Scheurer, and S.S., PNAS 120,
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SU(2) gauge theory similar to

>U perCQn ductor Weinberg-5Salam theory:
Fermionic spinons (c¢f. neutrinos) of
m-flux state (Affleck-Marston, 1988),
electrons,
m % and SU(2) fundamental Higgs field B.
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But electron spectra in
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A Four Unit Cell Periodic Pattern of Quasi-
Particle States Surrounding Vortex Cores
in BiZSrZCaCu203+5

J. BE. Hoffman, E. W. Hudson, K. M. Lang,

V. Madhavan, H. Eisaki, S. Uchida, J.C. Davis
Science 295, 466 (2002)
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The underlying FL*-FL
transition in the normal state,
is visible in the distinct
vortex core structures of the
superconducting state
at small p and large p

At large p, STM shows the
Wang-MacDonald peak

of BCS theory.
T. Gazdi¢, I. Maggio-Aprile, G. Gu
and C. Renner, PRX 11, 031040 (2021)
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