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Superconductivity is a most remarkable
Macroscopic gquantum phenomenon

Macroscopic Wave function on the table top

Z.ero resistance, Meissner effect, Josephson effect ...
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Kﬂ.muhn\ék Omowns ITH

Heike Kamerlingh Onnes

. Nobel Prize 1913

Resistance
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e T S—
Magnetic field (arb. Unit)

sre 2. Dependence of critical current /; of the juncuion on mag-
netic Neld.

Josephson Interferometer

Interference of J = Jy;sin(@g + AP)

acroscopic wave function 2eVyt
7t

= J; sin(@g +

)
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With no air friction
reachable speeds

~ 2000 km / hour
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Quantum Matter is ubiquitous

Space and time as quantum spin system - spin network, spin foam
Space time and matter as Super String matter
Dark quantum matter, ...

QCD (spaghetti vacuum), color superconductor, nuclear matter
Cosmic ray, LHC jets, quark gluon plasma, nucleii, neutron star ...

Non-relativistic Quantum matter
Superconductivity, superfluidity, CDW, SDW, heavy fermions, Mott insulators
QHall States, QMagnetism ... Cold atoms, non-equilibrium QPhenomena, ..
QNumber fractionization, anyons, emergent gauge fields, Quantum Order,; ...
Quantum Biology

Characterizing entanglement of many body, many Qubit systems, ...

Theoretical methods (holography, tensor network, ...) for
Strongly coupled Quantum fields and many body Systems

Solid State Qubits, Majorana Fermions, Fibonacci anyons, ...

Designing Room Temperature Quantum matter
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Matters of Consequence

BCS theory of (c¢)old Superconductors has had a
Special and Unifying Role in Physics

It provided key insights for unification of
weak, electromagnetic and strong interactions

in Standard Model of elementary particle physics

Spontaneous symmetry breaking,
Nambu-Jona Lisinio mechanism of mass generation, chiral symmetry breaking

Anderson-Higgs mechanism, Higgs boson ...

Pairing in nucleii, superfluidity in neutron stars, ...

Theory and new physics in Warm Superconductors

Another Special role in Physics ?
Emergent gauge fields, quantum order, topological order,
Novel entanglement structure ...

Pirsa: 12100059 Page 9/97



Matters of Consequence

BCS theory of (c¢)old Superconductors has had a
Special and Unifying Role in Physics

It provided key insights for unification of
weak, electromagnetic and strong interactions

in Standard Model of elementary particle physics

Spontaneous symmetry breaking,
Nambu-Jona Lisinio mechanism of mass generation, chiral symmetry breaking

Anderson-Higgs mechanism, Higgs boson ...

Pairing in nucleii, superfluidity in neutron stars, ...

Theory and new physics in Warm Superconductors

Another Special role in Physics ?
Emergent gauge fields, quantum order, topological order,
Novel entanglement structure ...

Pirsa: 12100059 Page 10/97



Limiting values of

Physical Properties

of Non relativistic matter

Highest density

melting point
hardness

Youngs modulus

Tc ferromagnetism
Tc superconductivity
resistance

viscosity

Room temperature Qubits
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can theory help

ab initio ?

not vet

microscopic models
with phenomenological inputs

- yes, to

some extent

Basic input

Electriccharge e

Mass of electron m
Mass of proton m
Atomic numbers Z
Velocity of light ¢
Planck’s constant h

P
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Approaches to High temperature Superconductivity

Theoretical

Little’s mechanism
Ginzburg’s mechanismy
Bipolaron

Pressurized Hydrogen

Doped Mott insulators
& RVB mechanism
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Experimental

Cuprates - 32K to 163 K
Organics - 1K to 13K

TM oxides, Ba;, K BiO;, MgB, 40K
Nickel borocarbides (TIFR) 24 K
Carbon, fullerene based 40 K

Fe Arsenide 56 K
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B.T. Matthias®™ Rules for Superconductivity
1960°s
1) cubic structures
2) avoid oxygen
3) avoid magnetism
4) avoid insulators
S) don’t talk to theorists

An outstanding experimentalist and discoverer

of new families of superconductors, including Nb;Ge,
a record holder for maximum Tc till 1986,

before high Ic cuprates appeared in the scene
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Theory of Lord Kelvin (1902)

According to Rutherford model of atoms,
conduction electrons in metals should get attached back to parent ions
as we lower the temperatures.

Every metal is likely to become
an insulator at sufficiently low temperatures

Kammerlingh Onnes went on to prove Lord Kelvin right

He ended up discovering superconductivity in Hg !
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Bednorz and Muller (1986) were inspired by

a theory based on Jahn-Teller effect induced bipolaron
Héoéck, Nickisch, Thomas, Helv. Phys. Acta. 56, 237 (1983)

They ended up discovering cuprate superconductors
where there is no Jahn-Teller effect but
an entirely new (RVB) mecehanism
based on electron correlations
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Moral of the story Gs)

Listen to theorists

They will put you in some good track

where things might be more interesting than one wanted !
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A. Carrington
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Transition Temperature [K |
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Superconductivity in Elemental Metals
Hg, Pb, Al, .... Ti, V, Nb, ...

Model

Electron gas interacting with a lattice of ions,..., screening
A stable harmonic solid, Fermi liquid

Electron dynamics - Landau quasi particles (electron, hole)
Lattice dynamics — harmonic phonons

Important energy scales are large

Fermi energy ~ 50,000 K, Debye energy ~S00 K
Deformation potential ~ 10,000 K

Why is Tc always small< 10 K ?
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BCS theory of superconductivity
Needs a reference vacuum/normal state

Fermi liquid metallic state

Superconductivity is a
Minor instability of this vacuum

Momentum dlstriubqtion function

n. 11
. —Z : Wave Function Renormalization
Z F Constant
| =
o — x ™
Q L é e ______‘:.4;

' 8 ZF
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Residual interaction between electron and phonon

Electron-phonon interaction

k
q k-9
Electron-electron attraction (} hon on

Mediated by Phonon
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—1
kBT — ha)Dep.g ho,, ~ !

C

Serious constraints from stability point of view
-McMillan, Anderson, Cohen

Phonon mediated maximum Tc ~30 K
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BCS theory inspired traditional route to new superconductors

—1

k1 Zha)Dep &

&

L.ook for

Large Debye energy 7o,
Large density of states at Fermi level o
Large electron phonon coupling constant g
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High T_ Superconductivity — Copper Oxides | 986

Ca

® Il
3a

\.
|

.. )
) Cu
CuO»

Planes =

o ..

Ceorg Bednorz

T

T Hg 1223

-\
Alex Muller

@ Nobel Prize 1987

Mercury

Kammerlingh Onnes La, ., BayCuO, ——

Nobe Prize 1913
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High T_. Superconductivity
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Copper Oxides

| 986

Ca
@® lig
» Ba
Cu
T Hg 1223

La1 ,Ba\CUO; B
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La,CuQO,

One hole per Cu cell in a molecular orbital of d‘ 2 .2 symmetry

y
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La,CuQ,

One hole per Cu cell in a molecular orbital of d\. 2 _, 2 symmetry

y
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A ray of hope came from

Resonating Valence Bond (RVB) theory

1987

Mott insulators

as opposed to fermi liquids
are seats of

High Tc Superconductivity

Superexchange
as opposed to exchange of phonon

is the pairing GLUE
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A collection of hydrogen atoms
forming a hypothetical 3D lattice

1s states of individual hydrogen
atoms strongly overlap and form
a tight binding half filled band

It is a metal

described by
Hubbard Model

H _ ___L_ZCJ:C’JG_-I—-%. L
D £
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U z n\-':rw"b

Y
k Half filled

band
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s

A collection of hydrogen atoms
forming a hypothetical 3D lattice

1s states of individual hydrogen
atoms strongly overlap and form
a tight binding half filled band

It is a metal

described by
Hubbard Model

+
H _ __L_ZCW_C’JG_-PLL G
<G + Uz n""l‘w
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A collection of hydrogen atoms
forming a hypothetical 3D lattice

1s states of individual hydrogen
atoms strongly overlap and form
a tight binding half filled band

It is a metal

described by
Hubbard Model

H _ ___L_ZCL_:CJG_-I—-%. L
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Let us expand the lattice

For a >> ag

we get a Mott insulato

H —_:—-'t EQC;TG'CJG—‘- h. C)
X+~ U zngfnu:«l/

() =is £

A half filled band looses its
fermi surface becomes an insulator

Not a Bragg gap but a
Correlation gap.
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band
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e

s

A collection of hydrogen atoms
forming a hypothetical 3D lattice

1s states of individual hydrogen
atoms strongly overlap and form
a tight binding half filled band

It is a metal

described by
Hubbard Model

+
. —i‘zcbo—cgﬁ'ﬂ" C
<G 5N UZ n""l‘w
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Fini{te UpP>t
h
»
U = infinity

e \ No quantum |

. fluctuations
/ - /

Superexchan
“is F GLU'E and is very LOC%L & | Chemical

. > . _ 4t”
U @ O Enmfl‘nggal:;‘t_ J =—[_I

|
0

—_— (T -4 TY)

@ @ II—IE cS,—-S_,——_',—n

triplet i7)

@ @ Energy gain =0 !
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Large positive U
prevents fermi sea formation

and creates local singlets
Nearly all electrons begin to participate in superconductivity



Fini{te UP>t
v
»
U = infinity
- \

= \ No quantum |

P fluctuations
/ - /

Superexchan
“is F: GLU"E and is very LOC%L & | Chemical

. > . _ 4t”
U @ O ‘:nﬂfl‘nggalzlt_ J =—I_I

0
0

— =x(TH-[1iT))

@ @ II—IE cS,—-S_,——_',—n

triplet

@ @ Energy gain =0 !

Pirsa: 12100059 Page 42/97



O ®
—OOi
-0 0—-0 OO

O

Pirsa: 12100059

iR

:

-0 00 & 00 &

5
i

O
e 0O

0-0 0-0

Tittes

O

Large positive U
prevents fermi sea formation

and creates local singlets
Nearly all electrons begin to participate in superconductivity



Z — 2

Non Fermi liquid metallic state ? 3

‘ Lu;tth/n uw

/‘\ L Jop= |
mk , %,'WMS\'W7

2 4 :
R . SP‘V"QE"CZZ_LM;,

Fermi liquid metallic state

Momentum distriubution function

llk ]
\ ’Z : Wave Function Renormalization

Constant
ZF

™=
FNoP  emen——
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Message from RVB theory

Mott insulators are seats of high Tc Superconductivity

Superexchange is the GLUE

Fraction of electrons participating in superconductivity

. ha PW Anderson
is not 2 but x GB, Zou, PWA
Er GB, PWA
PWA, GB, Hsu, Zou
1987-88

Therefore kB T ~ xt (here T is the hopping parameter)
C
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Key parameters of RVB theory
t, U, x, lattice structure & Dimensionality

Superexchange J and t
(Magnetism and band formation)

t and U known in known systems inferred from experiments puts
Tc already above the scale of room temperature

Graphene is a good example
Cuprates are also failed room temperature Supercondcutors

Impurity band Mott insulator Nitrogen doped Diamond
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Cuprate is a failed
Room Temperature Superconductor

Intrinsic maximum Tc¢c ~ 250 K
at optimal doping

G. Baskaran, Mod. Phys. Lett., 14 377 (2000)
(and unpublished work)
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