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Abstract: Apart from high temperature superconductivity, the cuprate compounds also display

fascinating new types of metallic states from which the superconductivity descends. These metals have served as a remarkable laboratory for
modern ideas on long-range quantum entanglement and its consequences for the properties of quantum matter.

In the low carrier density &€ogpseudogapé€s regime we observe ametal which is similar in many respects to simple metals like silver; however, there
is increasing evidence that the ssmple metallic character co-exists with more exotic topological order. At higher dopings we have the &cestrange
metal &€+ which differs in amost all respects from simple metals, and has no well-defined quasiparticle excitations. | will describe a mean-field
model of a strange metal which, remarkably, yields the Bekenstein-Hawking entropy of charged black holes.

Pirsa: 15060024 Page 1/15



Flavors of Quantum Matter

A. Ordinary quantum matter

-
Independent electrons, or pairs of electrons f

B. Topological quantum matter

Long-range quantum entanglement leads

to sensitivity to spatial topology

C. Quantum matter without quasiparticles

Strange metals: infinite-range model

maps to extremal charged black holes

and yields Bekenstein-Hawking entropy

irsa: 15060024 Page 2/15



High temperature /.*? ﬁ/@

superconductors P y
%l X%

+ + + + + Cu ””/,I---i—-::::"11.6802A

+ + + + +/ !.}?"—' .i?/ra

= ORI eT
++w++ Il e
+ + ++ ef‘ : G/.éssmA
CuQOs plane —

YBa2 CU306_|_x

Pirsa: 15060024



M. Platé, J. D. F. Mottershead, 1. S. Elfimov, D. C. Peets, Ruixing Liang, D. A. Bonn, W. N. Hardy,
S. Chiuzbaian, M. Falub, M. Shi, L. Patthey, and A. Damascelli, Phys. Rev. Lett. 95, 077001 (2005)

200

Conventional

metal

Area enclosed by
Fermi surface =1+p

012S

Figure: K. Fujita and J. C. Seamus Davis

Pirsa: 15060024 Page 4/15



Ordinary quantum matter: the Fermi liquid (FL)

e Fermi surface separates empty
and occupied states in mo-
mentum space.

Fermi
surface

e Density of electrons can
be continuously varied.

k, o Long—livod e.lect.ron-like quasi-
particle excitations near
the Fermi surface: lifetime
k. of quasiparticles ~ 1 /72,

o Ar’*a enclosed by Fermi
surrace = total density of
electrons (mod 2) = 1+p.
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Evidence for Fermi surface of long-lived
quasiparticles of density p

e Hall effect (Ando PRL 2004)

e Optical conductivity (van der Marel PNAS 201 3)

e Magnetoresistance (Greven PRL 2014)

® Scanning Tunneling Microscopy (Seamus Davis, PNAS 2014):

d-form factor density wave

k
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Fractionalized Fermi liquid (FL*)
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M. Punk, A. Allais, and S. S., arXiv: 1501.00978.
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SM
Strange

DW L metal

== T

Many experimental
indications of a
quantum state

which has:

® a continuously
variable density,

® bulk excitations
of arbitrarily low
energy,

® and no long-lived
quasiparticles.
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Local fermion density of states

) w12 ,w>0
A 2 lf =2 2 (1)

Known ‘equation of state’
determines £ as a function of Q

2e

entropy density, S, obeys
= e

Microscopic zero temperature
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O. Parcollet,A. Georges, G. Kotliar, and A. Sengupta
Phys. Rev. B 58,3794 (1998)
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Phys. Rev. B 63, 134406 (2001)
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Local fermion density of states

w112 ,w>0
p(w) ~ e=27€ || =1/2, < 0.
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Local fermion density of states

w2 5> 0
p(w) ~ { (;ng o

w|=12. w < 0.

Known ‘equation of state’
determines £ as a function of O

Microscopic zero temperature
entropy density, S, obeys

dS
— =27
2 99 )

Einstein-Maxwell theory
+ cosmological constant

Boundary
area Ay;
charge
density Q

Horizon area Ayp;
AdS, x R4
ds®=(d¢® — dt?)/(? + dz?
Gauge field: A = (£/()dt

(=00 —

< ¢
L = YI'*D ) + mapy
Local fermion density of states

’ Wil y w >0
L) o { e 2Zalw|§E2 <40
T. Faulkner; Hong Liu, J. McGreevy, and D.Vegh
Phys. Rev. D 83, 125002 (201 1)
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Local fermion density of states
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( Black hole thermodynamics )

(classical GR) yields
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