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Nd-Fe-B magnets, YBaCuO superconductor

Julian Hetel and Nandini1 Trivedi, Ohio State University



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”.
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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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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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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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with no broken symmetry.
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Fractionalized
Fermi liquids (FL™)
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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
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evidence for
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quantum
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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)
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Doping an insulating antiferromagnet with holes of density p

Mobile Holons

(1
L/

>

with density

p of spinless,
charge +e¢
holons.

@ © @«
No coherent (') ('
inter-layer

transport. (') C >
SR
@__®© =

(114) — [41) /V2

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)

Spin liquid @ (-) (')
/ \




Doping an insulating antiferromagnet with holes of density p

Mobile Holons

holons.
No coherent
inter-layer

transport. @

Spin liquid (
with density
p of spinless,
charge +e¢
/ \

= (I14) — 41)) /v2

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)



Doping an insulating antiferromagnet with holes of density p

Mobile Holons

Spin liquid
with density
p of spinless,

charge +e¢

holons.
No coherent | \ /
inter-layer
transport.

.
L/
@ © = (1) -Un)/V2

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)



Doping an insulating antiferromagnet with holes of density p

Mobile Holons

Spin liquid @ @
/ \

with density
p of spinless,
charge +e¢ kj
holons.
No coherent

inter-layer

transport.
O—@—®
@__®-=

P
L/
(1) — 1) /v2

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)



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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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
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Hole dynamics in an antiferromagnet across a deconfined quantum critical point

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

/\
d N\
’/ \
d N\
d N\
74

/

N
N /
[ ]
N //
N

Néel VBS

The dashed line 1n the Néel

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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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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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.
K.Yamaji |PS] 58, 1520 (1989)




Observation of the Yamaji effectinacuprate

Superconductor Mun K. Chan®"", Katherine A. Schreiber’, Oscar E. Ayala-Valenzuela®",
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The observation of the Yamaji peakis evidence for small Fermi-surface
pockets in the normalstate of the pseudogap phase.

Excellent evidence for hole pockets with
coherent interlayer-transport.
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The observation of the Yamaji peakis evidence for small Fermi-surface
pockets in the normal state of the pseudogap phase. The small size of the
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0 30 60 %0 Predicted FL* pocket fraction = p/8 = 1.25% !

0 () Fluctuating AF metal fraction = p/4 = 2.5%.

(p/8 also in Yang-Rice-Zjang ansatz, Peter Johnson photoemission,

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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The observation of the Yamaji peakis evidence for small Fermi-surface
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5pC [72T-50T] (€2.cm)

and Jenny Hoffman and Seamus Davis STMs; Stanescu-Kotliar) Jing-Yu Zhao, S. Chatterjee, S. S.,Ya-Hui Zhang, arXiv:2510.13943




Many fermion entanglement |:

Wavefunction for FL*
and
observations on ultracold atoms




Microscopic evolution of doped Mott insulators

Temperature T

o -

y (site)

O. ~30 % . e .
FL from polaronic metal to Fermi liquid
Joannis Koepsell, Dominik Bourgund, Pimonpan Sompet, Sarah
| | N Hirthe, Annabelle Bohrdt, Yao Wang, Fabian Grusdt, Eugene Demler,
Polaronic Crossover Fermi Liquid Guillaume Salomon, Christian Gross, Immanuel Bloch
Science 374 (2021) 82
Strange Metal Chaloi..BIoch, PNAS 123, 2525539123 (2026)
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Rb Quantum Gas see also: C. Chiu et al. Phys. Rev. Lett. 120, 243201 (2018)
Microscope Idea: J.-S. Bernier et al. Phys. Rev. A 79, 061601 (2009)

T.-L. Ho & Q. Zhou arXiv:0911.5506
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Many fermion entanglement |l:

Sachdev-Ye-Kitaev
model




The SYK model

Sachdey, Ye (1993); Kitaev (2015)




The SYK model

Sachdey, Ye (1993); Kitaev (2015)

Place electrons randomly on some sitesy % X
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The 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”




The SYK model

At T > 0, solutions are fully character-
ized by a universal, frequency-dependent,
‘Planckian’, relaxation rate,

1 kBT

—~ —

T h

S.Sachdev and ).Ye, PRL 70, 3339 (1993)
A. Georges and O. Parcollet PRB 59,5341 (1999)
A. Georges, O. Parcollet, and S. Sachdev (GPS), PRB 63, 134406 (2001)



arXiv:2503.15646

Planckian dissipation, anomalous high temperature THz non-linear response and
energy relaxation in the strange metal state of the cuprate superconductors

Dipanjan Chaudhuri”,! David Barbalas™,! Fahad Mahmood,»? 3 Jiahao Liang,! Ralph
Romero III,} Anaélle Legros,! Xi He,* Hélene Raffy,” Ivan Bozovié,* % and N.P. Armitage!:’

...the momentum relaxation rate is linear in I’
and close to its “Planckian” form (I'y; =~ 2kgT'/h).
We find (the energy relaxation rate) I'g to be 10-
40 times smaller than the momentum relaxation.
T'his shows that the scattering that causes momen-
tum loss (and T-linear) resistivity do not remove
appreciable energy from the electrons.
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The SYK model
and black holes




Quantum Entanglement across a black hole horizon

By computations outside
the black hole,

O — Tl> - lT> the black hole entropy

Ac’
4G h

S =

where A i1s area of the
black hole horizon.

All other systems have
entropy proportional to
their volume.

¢ Black hole
\e horizon




Quantum Entanglement across a black hole horizon

4 R

h
Tring—down ™ LT
B

Planckian dynamics of

quasi-normal modes!

C.V. Vishveshwara
Nature 227,936 (1970)

1" 1s the Hawking

temperature of

g the black hole y

Sakkmesterke/Science Photo Library RF/Getty Images

S.Sachdev, PRL 105, 151602 (2010)



Quantum Entanglement across a black hole horizon

‘Quantum entanglement|
on the surface

S.Sachdev, PRL 105, 151602 (2010) Holographlc Metals and the Fractionalized Fermi Liquid
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Maxwell’s electromagnetism
and Einstein’s general relativity
allow black hole solutions with a net charge

The quantum versions of
Maxwell’s and Einstein’s
equations In

C space and time are
also the equations describing

electron entanglement
in the SYK model!

: N7
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0 Al ‘\v‘/" N

K /N
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o
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0
SN i
& ‘:";'."3!“'7;%1/ l(’ !
530 ‘.A‘!o\"&z /|

' h o r D. Chowdhury, A. Georges, O. Parcollet, and S. S.,
=y Rev. Mod. Phys. 94, 035004 (2022)




D(E) of charged black holes
from the SYK model

e For generic charged black holes in 3+1 di-
mensions with horizon area Ag at T' = 0 and

fixed charge Q (Ag = 2GQ?%/c?*), the density

of quantum states at small energy AE}(Bekenstein-Hawking)
~

A()63 —347/90 A()CS ﬁAOS/QCQ
D(E) ~ inh b
(E) ( hG > P (4EG> - 2G

) / | D(E)

@esiu, Murthy, Turiaci (ZOZZD

(Developments from the SYK modeD

Similar remarks apply to rotating neutral black holes.

D. Chowdhury, A. Georges, O. Parcollet, and S. S., Rev. Mod. Phys. 94, 035004 (2022)
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Theory of the
strange meftal
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S.Sachdev, M. A. Metlitski and M. Punk, Journal of Physics Condensed Matter 24, 294205 (2012)
Ya-Hui Zhang and S.S., PRR 2,023172 (2020)
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S.Sachdev, M. A. Metlitski and M. Punk, Journal of Physics Condensed Matter 24, 294205 (2012)
Ya-Hui Zhang and S.S., PRR 2,023172 (2020)



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.

W. Fu, D. Gaiotto, J. Maldacena, and S. Sachdev, PRD 95, 026009 (2017)

J. Murugan, D. Stanford, and E. Witten, JHEP 08, 146 (2017)

A. A. Patel and S. Sachdev, PRB 98, 125134 (2018)

E. Marcus and S. Vandoren, JHEP 01, 166 (2018)

Yuxuan Wang, PRL 124, 017002 (2020)

[. Esterlis and J. Schmalian, PRB 100, 115132 (2019)

Yuxuan Wang and A. V. Chubukov, PRR 2, 033084 (2020)

E. E. Aldape, T. Cookmeyer, A. A. Patel, and E. Altman, PRB 105, 235111 (2022)
Jaewon Kim, E. Altman, and Xiangyu Cao, PRB 103, 081113 (2021)

W. Wang, A. Davis, G. Pan, Yuxuan Wang, and Zi Yang Meng, PRB 103, 195108 (2021)
I. Esterlis, H. Guo, A. A. Patel, and S. Sachdev, PRB 103, 235129 (2021).




Yukawa-Sachdev-Ye-Kitaev model

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

with g¢;;, Independent random numbers with zero mean.

W. Fu, D. Gaiotto, J. Maldacena, and S. Sachdev, PRD 95, 026009 (2017)
J. Murugan, D. Stanford, and E. Witten, JHEP 08, 146 (2017)

A. A. Patel and S. Sachdev, PRB 98, 125134 (2018)
E. Marcus and S. Vandoren, JHEP 01, 166 (2018)
Yuxuan Wang, PRL 124, 017002 (2020)

I. Esterlis and J. Schmalian, PRB 100, 115132 (2019)
Yuxuan Wang and A. V. Chubukov, PRR 2, 033084 (2020)

E. E. Aldape, T. Cookmeyer, A. A. Patel, and E. Altman, PRB 105, 235111 (2022)
Jaewon Kim, E. Altman, and Xiangyu Cao, PRB 103, 081113 (2021)

W. Wang, A. Davis, G. Pan, Yuxuan Wang, and Zi Yang Meng, PRB 103, 195108 (2021)
I. Esterlis, H. Guo, A. A. Patel, and S. Sachdev, PRB 103, 235129 (2021).




Yukawa-Sachdev-Ye-Kitaev model

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

with g¢;;, Independent random numbers with zero mean.

Properties very similar to the SYK model,
including Planckian dynamics:

. Esterlis and J. Schmalian,
PRB 100, 115132 (2019)

See also Yuxuan Wang,
PRL 124,017002 (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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In a dual set of variables it describes

the quantum horizon of charged black holes
Sachdev (2010), Kitaev (2015), Maldacena Stanford (2015)
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