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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



High
temperature
superconductor
obtained upon

doping the
B + antiferromagnet

2 < with density p

holes.
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PW.Anderson and G. Baskaran (1988): The key to high temperature superconductivity
is the formation of a “resonating valence bond state”
(a type of quantum spin liquid) which entangles the electrons on Cu

CD D)
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PW.Anderson and G. Baskaran (1988): The key to high temperature superconductivity
is the formation of a “resonating valence bond state”
(a type of quantum spin liquid) which entangles the electrons on Cu
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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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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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Luttinger, 1960: Area enclosed by the
Fermi surface is the same as that for
free termions with the same symmetry.
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Luttinger, 1960: Area enclosed by the Fermi surface is the
same as that for free fermions with the same symmetry.

Oshikawa, 2000: Area constrained by a 't Hooft anomaly
of global U(1) and translations
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FL* in a single-band model
on the square lattice
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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
Oshikawa anomaly is satisfied
by sum of spin liquid (1) and
Fermi surface anomalies (p)
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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**
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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 effectinacuprate nature physics
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Hole doping p

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) 10
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The observation of the Yamaji peakis evidence for small Fermi-surface
pockets in the normalstate of the pseudogap phase.
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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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pockets in the normalstate of the pseudogap phase.

The observation of the Yamaji peakis evidence for small Fermi-surface

coherent interlayer-transport.

Rules out holon metal
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" Excellent evidence for hole pockets with
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pockets, each estimated to occupy only 1.3% of the Brillouin zone area, is not
o L l l | expected giventhe absence of long-range broken translational symmetry.
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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 YRZ 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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Best evidence yet
for a quantum spin liquid

IN the cuprates
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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

pockets,jeach estimated to occupy only 1.3% of the Brillouin zone areajis not

o L l l | expected given the absence of long-range broken translational symmetry.
’ %0 o0 20 Predicted FL* pocket fraction = p/8 = 1.25% !

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

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

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




The cuprate phase diagram
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Quantum
phase transition
between two metals
(FL* and FL)
at p = p., with
no symmetry breaking.

FL*
Described by the
condensation of a

Higgs field ®.

Strange metal is obtained from

\ |
v the T' > 0 quantum criticality of
\ the FL-FL* transition, provided
Vi there is momentum relaxation.
CEDNE P D

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



Quantum
phase transition

\ / between two metals

3 y (FL* and FL)

\ Strange ,' at p = p., with
* Metal p no symmetry breaking.

F| * \ ¢ Large
\ ,' Fermi Described by the

\ ;, Surface condensation of a
Higgs field ®.

Strange metal is obtained from
v the T' > 0 quantum criticality of
the FL-FL* transition, provided
there is momentum relaxation.
OJ At low T this requires
P spatial disorder:
spatial variation in the value of p..

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



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

Ly =y (87 I €(k)) Y

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



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

+5[@(r)]* + [g + g'(r)] " (1) (r) B (r)

+o ()Y (r)p(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’)



Yukawa-Sachdev-Ye-Kitaev model
M= —n 3wl + Y 5 (w2 +wdad) + = 3 gisel o
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232

with ¢;;, 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
H=—pnd ¢l +Z (77 + wie}) - ngm ey
1 14

232

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

Make the low frequency ansatz

)

1 1
G(iw) ~ —isgn(w)|lw|~172%) | D(iw) ~ |w|t74A 1 < A < 5

A consistent solution exists for

. Esterlis and J. Schmalian,

PRB 100, I 15132 (2019)
A =0.42037... See also Yuxuan Wang,

PRL 124, 017002 (2020)
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Yukawa-Sachdev-Ye-Kitaev model
H=—pnd ¢l +Z (77 + wie}) - ngm ey
1 14

232

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

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

h 2108,
— kgl d-
r(w)  ° (kBT>

where ®@.. is a known universal function.
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2d-YSYK theory

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)
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\ Strange
. Metal
FL” . Quantum
Quantum \ charge ,
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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)

Explain with a
extension of t.

local, two-dimensional
ne Sachdev-Ye-Kitaev

(SYK) mode:

| of mobile electrons,

the 2D-Yukawa-SYK model with a
spatially random Yukawa coupling
between the large Fermi surface and P:
a critical charge liquid




S.S., Physica Status Solidi B Basic Research 247,537 (2010) B()th met aIS 1ead to

u y the same
! 4
1 - y d-wave superconductor
/
9 S:;:?agle ’ at lower temperatures,
/ .
ol - / Large and so there is no
\ ! Fermi 4 —
3 rooo _ transm.mr} at p = Pe
g M}k within the
. “\\K superconducting state.
d-wave T
superconductor
P
Sp|n density wave (SDW) M. Christos, Zhu-Xi Luo, L. Shackleton,Ya-Hui Zhang, M. S. Scheurer, and S. S., PNAS 120,

e2302701120 (2023); H. Pandey, M. Christos, PM. Bonetti, R. Shanker, S.Sharma, S.S., arXiv:2507.05336
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S.S., Physica Status Solidi B Basic Research 247,537 (2010) B()th met als 1ead to

u y the same
1 - ’ d-wave superconductor
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F| * \\ ,, Large and so there is no
\ 1 ,/ Fermi transition at p = p,
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transition “ . BCS 0,0)

of SU(2) A PP “\\f superconducting state.
gauge theory'\ d_Wave / \ | '

SU(2) gauge theory similar to

>U percpn ductor Weinberg-5Salam theory:
Fermionic spinons (c¢f. neutrinos) of
m-flux state (Affleck-Marston, 1988),
electrons,
@ % and SU(2) fundamental Higgs field B.
C5p|n density wave (S DW) ) M. Christos, Zhu-Xi Luo, L. Shackleton,Ya-Hui Zhang, M. S. Scheurer, and S. S., PNAS 120,

e2302701120 (2023); H. Pandey, M. Christos, PM. Bonetti, R. Shanker, S.Sharma, S.S., arXiv:2507.05336



The
Sachdev-Ye-Kitaev
model

and
black holes




Black Holes

Objects so dense that light 1s
oravitationally bound to them.

2G M

2

Horizon radius R =

Karl Schwarzschild (1916)

(G Newton’s constant, ¢ velocity of light, M mass of black hole
For M = earth’s mass, R ~ 9mm/!



Quantum Entanglement across a black hole horizon
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Quantum Entanglement across a black hole horizon
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\l/

')

N\

Black hole
horizon




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

'Quantum entanglement]
on the surface

By computations outside
the black hole,

Hawking obtained

the black hole entropy

Ac’

> = 1Gh

where A i1s area of the
black hole horizon.

All other systems have
entropy proportional to

|
"~y
";‘.:!
o

their volume.



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!

Black hole
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Quantum Entanglement across a black hole horizon

4 B R

MY

Tring—down LT
B

Planckian dynamics!

1" 1s the Hawking

temperature of

the black hole
\_ /

Sakkmesterke/Science Photo Library RF/Getty Images



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

(fsmooth(E) : 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)



The Sachdev-Ye-Kitaev (SYK) model

The SYK model describes multi-particle
quantum entanglement resulting in the
loss of identity of the particles




The Sachdev-Ye-Kitaev (SYK) model

The SYK model describes multi-particle
quantum entanglement resulting in the
loss of identity of the particles

| In one set of variables, it helps describe

. Strange

\ Meul | the strange electrical properties of YBCO

Sachdev, Ye (1993)

\
\
\
\
Supercondugtor
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A i ‘ ) L
0.1 0.2 0.3
Hole doping, p




The Sachdev-Ye-Kitaev (SYK) model

The SYK model describes multi-particle
quantum entanglement resulting in the
loss of identity of the particles

| In one set of variables, it helps describe
Y h e strange electrical properties of YBCO

. Sachdev, Ye (1993)

In a dual set of variables it describes
the interior of charged black holes

Sachdev (2010), Kitaev (2015), Maldacena Stanford (2015)
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