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Boltzmann-Landau theory of
ordinary metals: Cu, Ag



Quantum Boltzmann equation (Landau)
Dense gas of electrons
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Collisions are also rare in a dense quantum
gas at low temperatures because of the Pauli
exclusion principle.

Neglect quantum interference (entanglement)
between successive collisions
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Ludwig Boltzmann
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Current flow with electrons in ordinary metals
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Flow of electrons described by Boltzmann equation =

typical scattering time 7 ~ 1/(UT)* (U is the strength of interactions),
resistivity p(T') = p(0) + AT*

h
kT

The time 7 1s much longer than a limiting ‘Planckian time’
The long scattering time implies that individual electrons are well-defined.

The motion of electrons is ‘ballistic’ or ‘integrable’
up to the long time 7, atter which it is chaotic.



The cuprate high

temperature
superconductors




Cuprate
high temperature
superconductors
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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




Temperature (K)

250

200

—
o)
o

guic
-
-

AF Insulator

0.1

Superconductor

0.2
Hole doping, p

TC

0.3

11.6802 A

3.8872 A




Temperature (K)

250

200

—
o)
o

guic
-
-

AF Insulator

0.1

Superconductor

0.2
Hole doping, p

11.6802 A

3.8872 A




Temperature (K)

250

200

—
o)
o

guic
-
-

AF Insulator

0.1

+ Strange
\\\ Metal

Superconductor

0.2
Hole doping, p

11.6802 A

3.8872 A




Temperature (K)

250
\\
\
\\ ""t
200 \
'\ Strange
\\\ Metal
150 \
\
S \ I < [ 1154
% \ O 100 3 |
R \ £
100 8 \. ‘ ol ey
.S ‘ 0;6 | 0117 | 0118 l 0119
L<lf p
50 TI 0 50 100 150 200 250 300
Superconductor C T (K)
LSCO: Giraldo-Gallo et al. 2018
0
0.0 0.1 0.2 0.3

Hole doping, p



Reconciling scaling of the optical conductivity of cuprate superconductors
with Planckian resistivity and specific heat

B. Michon, C. Berthod, C. W. Rischau, A. Ataei, L. Chen, S. Komiya, S. Ono, L. Taillefer, D. van der Marel, A. Georges
Nature Communications 14, Article number: 3033 (2023)

B e*K/(hd,)
o(w) =1 () -
hw L g Planckian dynamics!
|
m 7(w)

0.4 s L A w) = h 7 hw

L — 9K K ] - . p—

0K —30k . 60 s 04 eV - kgl kgl
03- / - 40K T 300K -
3r ; 50 |- - :

- — 150K : The time 7 appears to

- — 200 K — 250 K

| — 300 K

be independent of
interaction strength,

0k 1 contrary to Boltzmann.

— 200 K — 250 K —
— 300 K -

N R I T
0

h/T (eV)

-

K = 211 meV
L1 | L1 1

O .-ﬂl 1 | l 1 1 1 1 I 1 1 1 |
0 0.1 0.2 0.3 0.4 0 200 40 60 80 100
hw (eV) hw/kg T



Central guestions:

What is the origin of the strange metal and why is it
ubiquitous in correlated electron quantum materials?
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Central guestions:

What is the origin of the strange metal and why is it
ubiquitous in correlated electron quantum materials?

VVhat is special about the strange metal in the hole-doped
cuprates that leads to the highest temperature
superconductivity?

Much progress has been made in addressing the first
question in last 3 decades.

But an unexpected bi-product has been a much deeper
understanding of the quantum theory of many particles,
which has impacted numerous other fields of physics,
including the quantum theory of black holes,
and quantum error correction



The Sachdev-Ye-Kitaev model:
solvable Planckian dynamics



Kekule’'s spooky dream (1865)

Kekulé spoke of the creation of the theory. He said
that he had discovered the ring shape of the benzene molecule
after having a reverie or day-dream of a snake seizing its own tail "

& o= 1)1

*Wikipedia



Kekule’'s spooky dream (1865)

Kekulé spoke of the creation of the theory. He said
that he had discovered the ring shape of the benzene molecule
after having a reverie or day-dream of a snake seizing its own tail "

& o= 1)1

*Wikipedia



Kekule’'s spooky dream (1865)

Kekulé spoke of the creation of the theory. He said
that he had discovered the ring shape of the benzene molecule
after having a reverie or day-dream of a snake seizing its own tail "
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Quantum Entanglement
of 6 electron spins!
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*Wikipedia
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The SYK model

Sachdey, Ye (1993); Kitaev (2015)




The SYK model

Sachdey, Ye (1993); Kitaev (2015)

Place electrons randomly on some sitesy % X



The SYK model

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

Sachdey, Ye (1993); Kitaev (2015)

A solvable model of multi-particle
quantum entanglement.
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Sachdey, Ye (1993); Kitaev (2015)

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

Current is carried by an “entangled quantum soup”



The Sachdev-Ye-Kitaev (SYK) model

Sachdey, Ye (1993); Kitaev (2015)

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

A key consequence of the absence of the particle-like
excitations 1s Unwersal Planckian Dissipation.
The relaxation time, 7, when perturbed
at a frequency w is given by

S.Sachdev and |. Ye,

h hw
2 ( ) PRL 70, 3339 (1993)

- A. Georges and O. Parcollet
kpl kpl PRB 59, 5341 (1999)

'l

where h 1s Planck’s constant, I’ is temperature,
and the function F' is independent of the strength of
interaction between the particles.



Universal theory of
strange metals:
two-dimensional

Yukawa-SYK model
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Quantum phase transition between two metals

OV

200

T \ Strange
- Fractionalized
< 150 Fermi Liquid (FL*)\\ Metal Ea T e ~11-6802 A
= f—e |
© o J @ |
Q = Ordinary
E 100 § Metal:
s e : b 3.8872
L Fermi / »a 3.8227 A A
50 = Liquid
Te (FL)
0
0.0 0.1 0.2 0.3 Y BaoCu3zOg,

@ ®-=(1-I)/v2  Hole doping, p
C=)=(to) + o) /V2



Quantum phase transition between two metals Planckian dynamics

£OU from theory of
FL*-FL transition:
the 2D-YSYK model !
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Planckian dynamics of
black holes

and the SYK model




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

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
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C.V. Vishveshwara, Nature 227,936 (1970)
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Planckian dynamics of

Artwork depicting gravitational waves emanating from quasi-normal modes!
two black holes coalescing. \_ W,

LIGO/T. Pyle 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

Subir Sachdev

. This correspondence implies
that certain mean-field gapless
spin liquids are states of matter
at nonzero density realizing the
near-horizon, AdSs xR9 physics
of Reissner- Nordstrom black
holes.”
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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!

Kitaev (2015), Maldacena Stanford (2015)
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D. Chowdhury, A. Georges, O. Parcollet, and S. S.,
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)






The Sachdev-Ye-Kitaev (SYK) model

The SYK model describes multi-particle
quantum entanglement resulting In
Planckian dynamics and the
loss of identity of the particles
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The SYK model describes multi-particle
quantum entanglement resulting In
Planckian dynamics and the
loss of identity of the particles

In one set of variables, it helps describe
the strange electrical properties of YBCO

Sachdev, Ye (1993)




The Sachdev-Ye-Kitaev (SYK) model

The SYK model describes multi-particle
quantum entanglement resulting In
Planckian dynamics and the
loss of identity of the particles

S” |n one set of variables, it helps describe
P the strange electrical properties of YBCO

. Sachdeyv, Ye (1993)

In a dual set of variables 1t describes
the interior of charged black holes

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




