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Quantum theory of electrons,
one at a tfime:
metals and insulators




Hydrogen atom
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The motion of the electron around the proton is not described by
the same theory as the motion of the planets around the sun.



Hydrogen atom
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Nucleus
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The motion of the electron around the proton is not described by
the same theory as the motion of the planets around the sun.

It 1s described by the quantum theory
of Schrodinger and Heisenberg (1925).



Other atoms

Group
1 18
H 1 He 1
1s 1s
| 9 13 14 15 16 17 |
Li 1Be 2 B 1C 2N 30 4F 5 Ne 6
2s - 2p >
Na 1 Mg 2 Al 1si 2P 3/s 4/Cl 5/Ar 6
3s - 3p >
3 4 5 6 I 8 9 10 11 12 | | | |
K 1Ca 2Sc 1Ti 2V 3Cr 4Mn 5Fe 6Co 7 Ni 8Cu 9Zn 10Ga 1 Ge 2 As 3Se 4Br 5Kr 6
4s - 3d > - 4p >
Rb 1Sr 2Y 1Zr 2Nb 3Mo 4Tc 5Ru 6§Rh 7Pd 8 Ag 9Cd 10In 1Sn 2Sb 3Te 41 5 Xe 6
5s - 4d > - op -
Cs 1Ba 2|La*l|Hf 2Ta 3W 4Re 50s 6Ir 7Pt 8Au 9Hg 0TI 1Pb 2Bi 3Po 4At 5Rn 6
6s - 5d > - 6p >
Fr 1Ra 2/Ac*1|Rf 2Db 3Sg 4Bh 5Hs 6Mt |Ds |Rg Cn | Uut [FI |Uup Lv. |Uus |Uuo |
7s - 6d -
«Ce 1Pr 2/Nd 3 Pm 4/Sm 5Eu 6Gd 7 'Tbh 8Dy 9 Ho 10/Er 11 Tm 12 Yb 13 Lu 14
~t - i a4f ' >
~ Th 1Pa 2U 3 Np 4Pu 5Am 6Cm 7Bk 8Cf 9Es 10Fm 11 Md 12 No 13 Lr 14
- , 5f -

The periodic table follows from (7) the exclusion principle, and
(71) each electron has 2 spin states [1), and |]).



Ordinary metals

Aluminium

Brass l , /Cast Iron
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Bronze Steel

Metal Sludge Copper

Ordinary metals are shiny, and they conduct heat and
electricity efficiently. Each atom donates electrons which
are delocalized throughout the entire crystal



Each copper atom donates its outermost electron
These electrons move freely throughout the crystal and carry current



Diamond - a very good insulator

Electron Shells

Carbon Atom

Each carbon atom donates 4 electrons
These electrons occupy filled “bands” and are not able to carry current



Quantum entanglement of
electron pairs:
superconductivity



The most remarkable new i1dea 1n the quantum theory is the
principle of superposition:
a physical system can be in a
superposition of two (or more) distinct states.




Molecules

Hydrogen atom: .

Covalent bond

Hydrogen molecule:
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Quantum Entanglement
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Measurement of one
electron instantaneously
determines the state of the
other electron very far away
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Che New Aork Eimes
Sorry, Einstein. Quantum Study Suggests
‘Spooky Action’ Is Real.

By JOHN MARKOFF OCT. 21, 2015

In a landmark study, scientists at Delft University of Technology in the
Netherlands reported that they had conducted an experiment that they say proved
one of the most fundamental claims of quantum theory — that objects separated by

great distance can instantaneously affect each other’s behavior.

Part of the laboratory setup for an
experiment at Delft University of
Technology, in which two
diamonds were set 1.3 kilometers
apart, entangled and then shared
information.




High temperature
superconductors
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Nd-Fe-B magnets, YBaCuO superconductor

Julian Hetel and Nandini1 Trivedi, Ohio State University



SUPERCONDUCTIVITY: SCIENTIFIC APPLICATIONS
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Insulating antiferromagnet
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Antiferromagnet doped with hole density p
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Antiferromagnet doped with hole density p
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Antiferromagnet doped with hole density p

Motion of
electron pairs

leads to
Bose-Einstein
condensation

and
superconductivity
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Quantum entanglement of

OO electrons:
strange metals




The most remarkable new idea in the quantum theory is the
principle of superposition:
a physical system can be in a
superposition of two (or more) distinct states.




The most remarkable new idea in the quantum theory is the
principle of superposition:
a physical system can be in a
superposition of two (or more) distinct states.

Can we make superpositions of objects
larger than a single electron !



Molecules

Hydrogen atom: .

Covalent bond

Hydrogen molecule:

')

')




The most remarkable new idea in the quantum theory is the
principle of superposition:
a physical system can be in a
superposition of two (or more) distinct states.

T Benzene T
NN NI~ “Resonating’
| | - | | covalent
H/Cxc/C\H H/C\Céc\H bonds
! !

Benzene has a superposition of covalent bonds,
each of which is a superposition of a pair of electrons!



The most remarkable new idea in the quantum theory is the
principle of superposition:
a physical system can be in a
superposition of two (or more) distinct states.

Schrodinger's Cat
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Antiferromagnet doped with hole density p
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The Sachdev-Ye-Kitaev (SYK) model

The SYK model has a scale-invariant
entanglement structure:
.e. electrons are entangled at all
distance and time scales

It describes
certain strange metals

Sachdev, Ye (1993)
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Place electrons randomly on some sitesy % X
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The SYK model

Sachdey, Ye (1993); Kitaev (2015)

() Electron scattering
time 7 1n

the SYK model
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Complex quantum entanglement in black holes



Black Holes

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

2G M

2

Horizon radius R =

GG 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

')




Quantum Entanglement across a black hole horizon

Black hole
horizon
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Quantum Entanglement across a black hole horizon

There is quantum entanglement

between the inside and outside of
a black hole

Black hole
horizon



Quantum Entanglement across a black hole horizon

Hawking (1975) used other arguments to show
that black hole horizons have a temperature
(The entanglement reasoning: to an outside

observer, the state of the electron inside the black
hole cannot be known, and so the outside
electron is in a random state. )

Black hole
horizon



The Sachdev-Ye-Kitaev (SYK) model
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entanglement structure:
.e. electrons are entangled at all
distance and time scales

It describes
certain strange metals

Sachdev, Ye (1993)



The Sachdev-Ye-Kitaev (SYK) model

The SYK model has a scale-invariant
entanglement structure:
.e. electrons are entangled at all
distance and time scales

In one set of variables, It describes
certain strange metals

. Sachdev, Ye (1993)

In a dual set of variables it describes certain
black holes

Sachdev (2010), Kitaev (2015), Maldacena Stanford (2015)
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metals and insulators

Quantum entanglement of
electron pairs:
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