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Abstract: <span>Theorists have been studying and classifying entanglement in many-particle quantum states for many years. In the past few years,
experiments on such states have finally appeared, generating much excitement. | will describe experimental observations on magnetic insulators,
ultracold atoms, and high temperature superconductors,& nbsp; and their invigorating influence on our theoretical understanding.</span>
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Sommerfeld-Pauli-Bloch theory of

metals, insulators, and superconductors:

many-electron quantum states are adiabatically
connected to independent electron states

Metals
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Boltzmann-Landau theory

of dynamics of metals:
Long-lived quasiparticles (and quasiholes) have weak
interactions which can be described by a Boltzmann equation

Metals
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Modern phases of quantum matter

Not adiabatically connected
to independent electron states:

I. Many-particle quantum
entanglement

2. (a) Quasiparticles with quantum
numbers different from
those of the electron

(b) No quasiparticles
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Entanglement with quasiparticles

ZnCu(OH)4Cl,
herbertsmithite single crystals

Tian-Heng Han, Young
Lee et al, Nature 492,
406 (2012)
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Entanglement with quasiparticles

Neutron scattering: excitations
over a broad range of momenta
and at each energy
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Tian-Heng Han, Young
Lee et al, Nature 492,
406 (2012)
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Entanglement with quasiparticles

Entangled state: Z; spin liquid:
There are well-defined

Neutron scattering: excitations

over a broad range of momenta

and at each energy emergent quasiparticles, and
experiment measures Cross-

section to create a pair of
quasi-particles
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S.Sachdeyv, Phys. Rev. B 45, 12377 (1992)
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Kagome antiferromagnet

H=1J) S-S
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Excitations of a Z; spin liquid
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“Electric’
excltation
S=1/2,
charge O
spinon

N. Read and S. Sachdev. Phvs., Rev. Lett. 66. 1773 (1991
X.-G. Wen, Phvs, Rev. B 44, 2664 (1991
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Neutron scattering: a more detailed
view as a function of energy

(H, H, 0)
Tian-Heng Han et. al., Nature 492, 406 (2012)
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Neutron scattering: a more detailed
view as a function of energy

Contribution of
2 spinons in a
Z; spin liquid;

In progress:
contribution of
spinon-induced
vison pair-
production

M. Punk,

D. Chowdhury, S.
Gopalakrishnan, and S.
Sachdey, to appear
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Also: T. Dodds, S.Bhattacharjee, and Yong Baek Kim, arXiv: 1303.1154
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Modern phases of quantum matter

Not adiabatically connected
to independent electron states:

I. Many-particle quantum
entanglement

2. (a) Quasiparticles with quantum
numbers different from
those of the electron

(b) No quasiparticles
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Entanglement but no quasiparticles

|. Superfluid-insulator transition of ultracold
atoms in optical lattices:

2. Metals with antiferromagnetism, and
high temperature superconductivity
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Superfluid-insulator transition
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Manuel Endres, Takeshi Fukuhara, David Pekker, Marc Cheneau, Peter Schaub, Christian Gross,
Eugene Demler, Stefan Kuhr, and Immanuel Bloch, Nature 487,454 (2012).
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Manuel Endres, Takeshi Fukuhara, David Pekker, Marc Cheneau, Peter Schaub, Christian Gross,
Eugene Demler, Stefan Kuhr, and Immanuel Bloch, Nature 487,454 (2012).
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S / d?rdt | W “ — |V, ¥|* V(vw)

V(D) (X — A)P|2 + u (|T]?)°

A conformal field theory

in 2+1 spacetime dimensions:

a CFT3

(W) # 0 (W) =0

Superfluid Insulator
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Observation of Higgs quasi-normal mode in experiments

; : ‘ Scaling of spectral response
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Figure 4 | Scaling of the low-frequency response. The low-frequency
response in the superfluid regime shows a scaling compatible with the
prediction (1 = j/j.) v (Methods). Shown is the temperature response
rescaled with (1 — j/j.)° for V. 10E, (grevy), 9.5E, (black), 9E, (green), 8.5E,
(blue) and 8E; (red) as a function of the modulation frequency. The black line is
a fit of the form av” with a fitted exponent b = 2.9(5). The inset shows the same
data points without rescaling, for comparison. Error bars, s.e.m.

Manuel Endres, Takeshi Fukuhara, David Pekker, Marc Cheneau, Peter Schaub, Christian Gross,
Eugene Demler, Stefan Kuhr, and Immanuel Bloch, Nature 487,454 (2012).
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Observation of Higgs quasi-normal mode in quantum Monte Carlo |
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Electrical transport in a free CFT3 for T > 0
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Electrical transport for a CFT 3, assuming quasiparticles
with weak interactions

e [ hw Y . ST [ —
o(w,T) = —¥% ;2 — a universal function
h A'“T
te— O(1/(u*)?)
Rel[o(w)]

where 1™ 1s the
— «— . .
fixed point

Iinteraction

K. Damle and S. Sachdev. Phyvs. Rev. B 56, 8714 (1997).
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Quantum critical dynamics

Quantum “nearly perfect fluid”
with shortest possible local equilibration time, 7,

- - 72
Feq = C

where C 1s a universal constant.

Response functions are characterized by poles in LHP
with w ~ kgT'/h.
These poles (quasi-normal modes) appear naturally in
the holographic theory.
(Analogs of Higgs quasi-normal mode.)

S. Sachdev, Quantum Phase Transitions, Cambridge (1999).
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Quantum critical dynamics

Transport co-oeflicients not determined
by collision rate of quasiparticles, but by
fundamental constants of nature

Conductivity

2
o (f X |Universal constant O(1) |
)

(Q is the “charge” of one boson)

M.P.A. Fisher, G. Grinstein, and S.M. Girvin, Phys. Rev. Lett. 64, 587 (1990)
K. Damle and S. Sachdev, Phys. Rev. B 56, 8714 (1997).
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Gauge-gravity duality at non-zero temperatures
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dimensional
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Gauge-gravity duality at non-zero temperatures

A 2+]

dimensional
system at
>0
with
couplings at

f

A “horizon’”, similar to the
surface of a black hole !
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Antiferromagnetism in metals and the high
temperature superconductors

Summary

Antiferromagnetism in metals and the high
temperature superc onductors

¥ Antiferrc netic quantum criticality leads to
d-wave ductivity (supported by sign-problem
free Monte Carlo simulations)

¥ Metals with antiferromagnetic spin correlations have
nearly degenerate instabilities: to d-wave
superconductivity, and to : de  wave with a d
wave form factor. This is a planation of the

pseudogap regime
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