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PACS (Physics and Astronomy Classification Scheme)

00—General
10—The Physics of Elementary Particles and Fields

20—Nuclear Physics

30—Atomic and Molecular Physics
40—Electromagnetism, Optics, Acoustics, Heat Transfer, Classical

Mechanics, and Fluid Dynamics
50—Physics of Gases, Plasmas, and Electric Discharges

80— Interdisciplinary Physics and Related Areas of Science and

Technology
90—Geophysics, Astronomy, and Astrophysics
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60—Condensed Matter: Structural, Mechanical and Thermal Properties
61. Structure of solids and liquids; crystallography

62. Mechanical and acoustical properties of condensed matter

63. Lattice dynamics

64. Equations of state, phase equilibria, and phase transitions

65. Thermal properties of condensed matter

66. Nonelectronic transport properties of condensed matter

67. Quantum fluids and solids

68. Surfaces and interfaces; thin films and nanosystems (structure and nonelectronic properties)

70—Condensed Matter: Electronic Structure, Electrical, Magnetic, and Optical Properties
71. Electronic structure of bulk materials

72. Electronic transport in condensed matter

73. Electronic structure and electrical properties of surfaces, interfaces, thin films, and low-dimensional
structures

74. Superconductivity

75. Magnetic properties and materials

76. Magnetic resonances and relaxations in condensed matter, Mossbauer effect

77. Dielectrics, piezoelectrics, and ferroelectrics and their properties

78. Optical properties, condensed-matter spectroscopy and other interactions of radiation and particles with
condensed matter

79. Electron and ion emission by liquids and solids; impact phenomena
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Perimeter Condensed Matter Course, Frank Marsiglio,
November, 2016

™ L]
a ¥¢ .

Lecture 1: A survey of Condensed Matter Physics: Introduction + some special topics
Lecture 2: Bravais lattices, Reciprocal Lattice, Brillouin Zones, Bloch states, Kronig-Penney model
Lecture 3: Numerical Band Structure Calculations, Weak Potentials

Lecture 4: Tight-binding models, Density of States, Density Functional Theory
Lecture 5: Ions, lonic vibrations, phonons

Lecture 6 : More phonons, Einstein and Debye models, realistic calculations

Lecture 7:  Detecting phonons: neutron scattering

Lecture 8: Interacting electrons: Hartree Fock + Screening; Optical Conductivity
Lecture 9: Case study: the polaron

Lecture 10: Magnetism: exchange, paramagnetic insulators, Heisenberg

Lecture 11: Spin waves, Holstein-Primakov transformation

Lecture 12: Hubbard Model; Hubbard to t-J model, other electron correlations
Lecture 13: Superconductivity: phenomenology + the electron-phonon interaction
Lecture 14: BCS microscopic theory

Lecture 15: Observables/Eliashberg Theory

or

Lecture 15: Inhomogeneous superconductivity: Anderson vs. Bogoliubov-de Gennes
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Units
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N.W. Ashcroft, Nature
News and Views, 2002
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http://spot.colorado.edu/~dessau/HighTe.shtml
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Table 1

Classes of superconducting materials, C (conventional), P (possibly unconventional) and U (unconventional). The 'Year' indicates which year the first material in the class was
discovered. The ‘Max T.' refers to ambient pressure except for C4 and C6, For 'mag?, y/n indicates whether or not there are magnetic phases nearby in the phase diagram.
‘dim‘=dimensionality of the structural part of the material believed to drive superconductivity, ‘symm'=symmetry of the order parameter, Typical values of coherence length £,

Pirsa: 16110052

penetration depth i; and gap ratio are given, dT,/dP indicates the sign of the change of T, with pressure for most matenals in the class

Material class Year Max T. material T(K)  E(A) i (A) 2A/kgTe  dT¢/dP  mag? dim symm Category
Cl Elements, 1911 Nb a5 380 390 3.80 +/ n 3 5 conv
alloys and simple compounds 1912 NbN 17 50 2000 4.1 +| n 3 5 conv
Q2 Al5's 1954 Nb;Ge 232 55 1000 4.2 + n i 5 conv
o} Doped semiconductors 1964 (B, 10 950 720 3.5 n 3 5 conv
c4 Insul. elements under pressure 1964 S 17 + n 3 [ conv
(&) Intercalated graphite 1965 CgCa 1.5 380 720 3.6 + n 2 5 conv
6 Metallic elements under pressure 1968 Ca 25 +| n 3 5 conv
c7 Hydrogen-rich materials 1970 PdD 10,7 400 3.8 +| n 3 5 conv
6] Layered t. m. dichalcogenides 1970  NbS; 7.2 100 1250 3.7 n 2 5 conv,
™ Chevrel phases 1971 PbMoy Sy 15 30 3000 4.7 +/ Y 3 5 conv
c10 Magnetic superconductors 1972 ErRhy By 8.7 180 830 4 +/ ¥ 3 s conv
c11 Thin films 1978 n 2 5 conv
C12 Magnesium diboride 2001 MgB; 39 52 1400 4.5 n 2 5 conv
P Bismuthates 1975 Bay (Ky«BiOy 14 50 5500 4 n i [ POSSs unc
P2 Fullerenes 1991 RbCs,Cgq 33 30 4500 3.5-5.0 n 0 5 poss unc
P3 Borocarbides 1993 YPdsByCqo g 23 100 1000 4 +/ y.n 2 s+g? poss unc
P4 Plutonium compounds 2002 PuCoGas 185 16 2400 5-8 +| y 2 d poss unc
PS5 Interface superconductivity 2007 LaAlO, /SOy 35 GO0 y 2 poss unc
PG Aromatic hydrocarbons 2010  K-doped DBP 33 180 770 +| n 3 poss unc
P7 Doped top. ins, 2010 Cu,(PhSe)« Bi Seq ) 3 110 13000 n 2 poss unc
P8 BiS;-based materials 2012 YbOy 5Fq 5BiS; 5.4 53 5000 7.2 + n 2 [ poss unc
P9 Unstablefelusive sc 1946 (=S 3007 n 2 poss unc
Ul Heavy fermions 1979  UPd;Al, 2 50 4000 +/ Y 3 dp uncony
uz2 Organic charge-transfer 1980  (BEDT-TTF),X 13.4 100 5000 4.4 y 1.2 d unconv
u3 Cuprates hole-doped 1986  HgBa;CayCuyOy 134 20 1200 4.3 + y 2 d uncony
U4 Cuprates e-doped 1989  Srpela,Cu0, 40 50 2500 3.5 y 2 d uncony
us Strontium ruthenate 1994  Sr;Ru0, 1.5 660 1500 y 2 p unconv
UG Layered nitrides 1996  Ca(THFHINCI 26 60 4700 29-10 n 2 d+id unconvy
u7 Ferromagnetic sc 2000 UGe, 08 100 0! +/ Y 3 p uncony
U8 Cobalt oxyde hydrate 2003 NayH,0),Co0, yH,0 4.7 100 7000 4.3-46 y 2 T unconv
U9 Non-centro-symmetric 2004  SrPSiy 2 60 8000 y 3 s/p uncony
U110 Iron pnictides 2008 SmFeAsOyg 4 55 10-50 2000 5 +/ y 2 54 unconv
un Iron chalcogenides 2008  Na,Fe;5e; 46 20 2000 3.8 + y 2 [ uncony
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Superconductivity

Kamerlingh Onnes, H.,
"The Superconductivity of Mercury."
Comm. Phys. Lab. Univ. Leiden, Nos.
122 and 124, 1911.

quep
0 = ——f—— |-
gors 4
Heike Kamerlingh Onnes
oes
|
| e -
o S !
Wl i
Wos—— —
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Superconductivity

On the Electrical Resistivity of Pure
| -« Mercury at the Temperature of Liquid Air
el James Dewar and J. A. Fleming

S ' Proceedings of the Royal Society of London,
PO Vol. 60 (1896 — 1897), pp. 76-81
Y : :
Temperabure (v Matinum Dgfrees
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T T *Really the discoverer of superconductivity
&g *Founding director of Philips labs in Netherlands

] *Holst Memorial Lectures, started 1977
" | *Acknowledged by Kamerlingh-Onnes in papers, and
ol B : in a letter for membership in Royal Dutch Academy
s — A

“ . . . . . 4
As a research director at Philips, according to Casimir, Holst would
never insist on being coauthor, let alone sole author of papers based

essentially on the work of others.”

As quoted from Casimir, in Dahl: Superconductivity
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Mé Meissner-Ochsenfeld Effect

Perfect Conductor

Walther Meiliner
1882 - 1974
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Meissner-Ochsenfeld Effect

SUPERCONDUCTOR
(ZERO INDUCTION)

TaT, T<T, TeTe T>T,

Ho € He Robert Ochsenfeld
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Dahl, p.180
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“high T.” cuprates
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http://www.toulouse.Inecmi.cnrs.fr/spip.php?rubrique 149&lang=en
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How we view
electronic properties
in
Condensed Matter

Pirsa: 16110052 Page 19/58



Pirsa: 16110052

The Theory of Everything

R. B. Laughlin* and David Pines'*$

Bob Laughlin ~ David Pines

28-31 PNAS January 4, 2000 vol. 97 no. 1

]
ih - |‘I’ > = K|V > [1]
il
where
v, h Y h
3 )
i D=V = 3 —V2
™ 2m - M
Ve i Z e Ve o2 M Z.Z et
\1 \‘l “ (0 ‘ | \1 ‘ . j \1 --.'n < 3¢ ' Izl
T e |F - R, =i [Fy = P = |Ra — g

(X (&)

" We have succeeded in reducing all of ordinary
physical behavior to a simple, correct Theory of Everything only
to discover that it has revealed exactly nothing about many things
of great importance.’
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The Theory of Everything

R. B. Laughlin* and David Pines'*$

28-31 PNAS January 4, 2000 vol. 97 no. 1

Bob Laughlin ~ David Pines

0l
1 V> =¥V 1
ih | | (1]

See wlso; P.W. Anderson’s ‘More is Different’ in Science, 1972

e hl
N 3 3
f 2 5= Vi= 2 oo V2
J =M : o "—"I\!n
Ne Ni - ) Ne > Vv 7 >
i Z.£ B ¢ Lo Lge
2 it le—t 2 o 12
2 Rl R Rl T 2 R

" We have succeeded in reducing all of ordinary
physical behavior to a simple, correct Theory of Everything only
to discover that it has revealed exactly nothing about many things

of great importance.’
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A big “rug”: Fermi Liquid Theory

nothing very exceptional about the

normal state of electrons in a metal
(pretend they don’ t interact)
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A big “rug”: Fermi Liquid Theory

nothing very exceptional about the

normal state of electrons in a metal
(pretend they don’ t interact)

. a premise for ‘conventional’ superconductivity

Pirsa: 16110052 Page 23/58



Band theory of metals

V(r) Energy levels
T (Spacing) !
|

. Bands, each

with N

values of k
N-fold

degenerate
levels
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Electrons in solids

kinetic vs. potential energy

4 AN

\ P $ P @ P ¢
» ky v v v v
4 4 4 4
P ¢ () (iD () <i) ¢
k,
<)) CP @ (¥ @ P
nk : L / v v v
\ finite temperature 4 4 4 4
V' <><i>@>ci>c>ci>q>

» k

ke
l' why ? Coulomb:

keep electrons away from one another !

Ekin =2 ngnk
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Ultrathin films

VOLUME 62, NUMBER 18 PHYSICAL REVIEW LETTERS 1| MAY 1989

Onset of Superconductivity in the Two-Dimensional Limit

D. B. Haviland, Y. Liu, and A. M. Goldman

School of Physics and Astronomy, University of Minnesota, Minneapolis, Minnesota 55455
(Received 2 February 1989)

T I T 'I LI I | I =777 T L B B |
R:p L/A ;
6 -

R =pa/(ad) = p/d

Py ﬁ X 4 = 7
d]:‘m\"[;q S A 3 ]
B 2 L N

-

O _L_J_A_J.,.l,mnﬂl,J ] l T T | .J...J...J...‘J.-..J. l (S -

sheet resistance 0 > s 6 8 10
resistance/sheet R (kQ/o)

FIG. 3. Dependence of the mean-field transition tempera-
ture of Bi and Pb films on sheet resistance.
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not as close in Pb
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FIG. 1. Evolution of the temperature dependence of the
sheet resistance R(7T) with thickness for a Bi film deposited
onto Ge, Fewer than half of the traces actually acquired are
shown. Film thicknesses shown range from 4,36 to 74,27 A,
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http://www.jst.go.jp/sicp/ws2009 ge3rd/presentation/14.pdf

Two Dimensional Electron Gases at Oxide Interfaces

Jochen Mannhart

Center for Electronic Correlations and Magnetism

University of Augsburg

JST-DFG Workshop on Nanoelectronics, Kyoto, Jan. 21, 2009
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Slide from Mannhart Kyoto talk

2-DEGs Can Be Realized in Oxides

T=05K
w005, n=5x 10" cm-
41 = 14,000 ema -1 g

8(m

A, Tsukazaki ef al, Scence (2007)
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Slide from Mannhart Kyoto talk

The n-type LaAlO3 / SrTiO3 Interface

LaAlOs
band-insulator

LaTiO;

SrTiO:
band-insulator, quantum-paraelectric

.
:
.
.
4
.
.

A. Ohtomo, H. Hwang, Nature 427, 423 (2004)
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www.sciencemag.org SCIENCE VOL 323 20 MARCH 2009
The Disorder-Free Non-BCS

Superconductor Cs3;Cs Emerges from an
Antiferromagnetic Insulator Parent State

Yasuhiro Takabayashi,'* Alexey Y. Ganin,** Peter Jegli¢,’ Denis Aréon,**

Takumi Takano,” Yoshihiro Iwasa,” Yasuo Ohishi,® Masaki Takata,®’

Nao Takeshita,® Kosmas Prassides,’t Matthew ). Rosseinsky®t i
» _ ip

—&
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AF.

Hebard et al. Nature 350, 600 (1991)
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Fig. 2 Quasi-particle zoo

A “Schrédinger B ultra-relativistic C massless D massive
fermions” Dirac particles Dirac fermions chiral fermions
&

(X @

H=p?/2m’ H=cG.p H=v.3-p H=3&-p2/2m’

A. K. Geim Science 324, 1530 -1534 (2009)

Fig. 2 Quasi-particle zoo. (A) Charge carriers in condensed matter physics are normally described by the
Schrédinger equation with an effective mass m™* different from the free electron mass ( is the momentum

operator). (B) Relativistic particles in the limit of zero rest mass follow the Dirac equation, where ¢ is th

light and s the Pauli matrix. (C) Charge carriers in graphene are called massless Dirac fermion

) deseribed by a 2D analog of the Dirac equation, with the Fermi velocity vF 1 x 106 m/s playing the 1
Published b»\i{W\ﬁ light and a 2D pscudospin matrix  describing two sublattices of the honeycomb lattice (3). Sin

ilar to the n‘ AAAS

real spin that can change its direction between, say, left and right, the pseudospin is an index that indicates on
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FIG. 1. (Color online) Graphene (top left) is a honeycomb
lattice of carbon atoms. Graphite (top right) can be viewed as
a stack of graphene layers. Carbon nanotubes are rolled-up
cylinders of graphene (bottom left). Fullerenes (Cgp) are mol-
ceules consisting of wrapped graphene by the introduction of
pentagons on the hexagonal lattice. From Castro Neto et al..
20064,

FIG. 3. (Color online) Electronie dispersion in the honeyeomb
lattice, Lelt: enerpy spectrum (nounits ol 1) for hinte values of
rand foowith (=27 ¢V oand ¢ =021 Right: zoom n of the

energy bands close to one of the Dirac points

L
LT
/)
) 08 ¢
0.0 K‘_\Sl
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"l\il
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004 )]
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E 78)
)
P
002
L] L |
! ) 0 5 .
n(10% em?)
NT ™
m .
Uy
perature dependence of the SdH oscillations: solid curves are

the best it by Eq. (13). mg is the free-clectron mass. Adupted
from Novoselov, Geim, Morozov, ef al, 2005

Page 36/58



Pirsa: 16110052

FI1G.

20064,
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lattice of carbon atoms. Graphite (top right) can be viewed as
a stack of graphene layers. Carbon nanotubes are rolled-up
cylinders of graphene (bottom left). Fullerenes (Cy) are mol-
ceules consisting of wrapped graphene by the introduction of
pentagons on the hexagonal lattice. From Castro Neto er al..
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Phase diagram for cuprate materials
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BCS formalism vs. Pairing Mechanism
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Nowadays...

Scanning Tunneling Microscope (STM)
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