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Course Time Table

. Panorama and basic models of Condensed Matter
Theory

Sept 4 to Sept 9 (2 weeks) Tao Xiang

. Green's Function theory

Sept 18 to Oct. 16 (4 weeks) Shao-Jing Qin

. Theory of guantum phase transition

Oct. 23 to Oct. 30 (2 weeks) Hong-Gang Luo

. Path integral and mean-field theory
Nov. 6 to Nov. 20 (3 weeks) Yue Yu

. Theory of mesoscopic phenomena
Nov. 27 to Dec. 18 (4 weeks) Zhong-Yi Lu

. Selected topics: Quantum Hall effect, High-Tc
superconductivity, Kondo problem, DFT, DMRG, etc

Dec 25 to Jan 22 2007 (4 weeks)



What is Condensed Matter Physics?

Old believe:

Solid state physics Is the

physics of dirt.

Wolfgang Pauli



What is Condensed Matter Physics?

Modern Policy Maker’s definition:

o >1/3 of physics
 solid + liquid
 hard + soft matter: de Gennes

e structure + transport: the PRL P W Anderson
division 1977
e basis of materials science and Father of

engineering “Condensed Matter”



What is Condensed Matter Physics?

Technicians’ definition: Methodology

‘ Theories
' 1/6

Experiments
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What is Condensed Matter Physics?

Functional definition: Applications

New
Technology

New
Materials

New
Fundamental
Phenomena




What is Condensed Matter Physics?

Specialists’ definition: Universe of Complexities

Elementary excitations:

— quasiparticles, phonon, spin waves, plasmons,
excitons, spinons and holons, ...

Elementary interactions:

— el-el, el-ph, el-mag, ...

Elementary structures and phases:

— charge, spin, orbitals, ions: crystal, glass, liquid ...
Endless emergent quantum phenomena

— macroscopic quantum interference, mesoscopic size
effects ...



Relationship with other subjects
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The Big Bang

Reductionism
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Emergence

More Is Different

Philip W. Anderson 1972



More Is Different

NaCoO, La,_Sr,CuO,




More Is Different
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More Is different!

(K)



Role of theory In this field

To develop useful models for experimental
systems

To reveal mechanisms for observed phenomena

To develop accurate methods to predict
properties

To establish a systematic world view of
condensed matter (and the universe)



Two Milestones of the 1st Half 20th Century

1. Crystal Dynamics
— 1848: (Bravais)
— 1889: (Federov  Schvenflies)
— 1907 (Einstein)
— 1912: (Debye)

2. Band Theory

— 1900: (Drude)

— 1924 Fermi (Pauli
Sommerfield)

— 1907 (Weiss)
- (Bloch)



Standard Picture of Metel and Insulator
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Main Stream of Modern Condensed Matter Theory
Understanding of collective motions of electrons

e Malin Actors: electrons (charge + spin)

o Key Concept: Symmetry breaking

* Achievements
— Landau Fermi Liquid Theory
— Landau Theory of Continuous Phase Transition
— BCS Theory of Superconductivity
— Anderson Theory of Localization
— Theory of Quantum Hall Effects



Main Stream of Modern Condensed Matter Theory

e Driving force:
— Challenging problems raised in emergent quantum phenomena

 Theoretical frameworks
— Single-electron approximation: Band theory, Landau Fermi Liquid
— Correlated electrons: Unified theory is still absent

 Development of theoretical methods
— Analytical: path integral, Green’s function, mean-field theory ...
— Numerical: density functional, Monte Carlo, DMRG, DMFT ...



Challenging Problems

o | | | | o |
106 104 102 100 102 104 (K)
o Superconductivity: cuprates, heavy fermions, ...
« Quantum Hall Effects: integer, fractional, graphene, ...
 Superfluid and supersolid: “He, *He
» Bose-Einstein condensation: excitons, cold atoms
* (Anti)-ferromagnetism and Mott transition
e Kondo effects
« Anderson localization
e Quantum criticality

e More to come






Complex assemblies of atoms
and molecules require a
STATISTICAL description
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Satyan N. Bose Albert Einstein Enrico Fermi  Paul A.M. Dirac




Fermi Statistics Foundation of Chemistry

Fermions can
form Chemical
Bonds

Bosons have
no Chemical

eeseeee BONMS

“With a heavy heart, | have been converted to
the idea that Fermi-Dirac, not Einstein-Bose Is
the correct statistics” (for electrons)

Pauli, letter to Schrodinger, Dec 1926




T ~ 10! K Superconductivity

1911 Onnes discovered the
phenomenon of superconductivity

1957 BCS established the microscopic
theory of superconductivity

H. Kamerlingh Onnes John Bardeen Leon N. Cooper J. Robert Schrieffer
(1913) (1972)



Meissiner Effect Anderson-Higgs Mechanism
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Landau-Ginzberg Theory
and Quantized Magnetic Flux Vortices

Landau Ginzberg
1962 2003

Alexei A Abrikosov

Vortices of NbSe, 2003 Nobel Prize


http://images.google.cn/imgres?imgurl=http://nobelprize.org/physics/laureates/2003/abrikosov.gif&imgrefurl=http://nobelprize.org/physics/laureates/2003/abrikosov-autobio.html&h=198&w=140&sz=11&hl=zh-CN&start=3&tbnid=2vvyW58G_PpIXM:&tbnh=104&tbnw=74&prev=/images%3Fq%3DAbrikosov%26svnum%3D10%26hl%3Dzh-CN%26lr%3D%26newwindow%3D1

T ~102K High-Tc superconductors

One of the most
challenging
problems left last
century

A

Bednorz & Muller 1986
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Superflud T ~4 K

1938 Kapitsa discovered the superfluidity
of 4He --- first realization of Bose-Einstein

Condensation

1940s Landau formulated the theory of

“He superfluidity

Pyotr L. Kapitsa 1938 (1978)

Lev Landau 1941 (1962)
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Fermion Superfluid T ~ 103 K

Early 1970s 3He superfluidity was
discovered

1996, 2003 Nobel prizes

David M. Lee Douglas D. Osheroff Robert C.Richardson

Pressure



Supersolid: intrinsic? Unsolved issue
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Quantum Hall Effect: novel Quantum state

Integer Quantum Hall Effect
1985 Nobel Prize
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Fractional Quantum Hall Effect T ~ 102 K

« Laughlin wave-function

e Fractional charge and fractional statistics

e Abelian and non-Abelian

Daniel C. Tsui Horst L. Stormer Robert Laughlin
1998 Nobel Prize
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Microwave induced “zero-resistance state”
--- a novel non-equilibrium transport state
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RG Mani, JH Smet, K von
Klitzing, et al., Nature 420,
646 (2002);

MA Zudov, RR Du, et al.,
PRL 90, 046807 (2003).



Kondo Effect: key for understanding
many correlated effects
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Experimental observation of Kondo Effect
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Kondo peak is observed, but it is not-symmetric!

V. Madhavan et al., Science 280, 567 (1998)



Fano Resonance

non-symmetric resonance led by the interference

v"- between a discrete level and a continuum

e

U. Fano 1961

Discrete channel
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> g: asymmetry factor

Absorption
spectrum




Two Kinds of Interference Channels

HG Luo, T Xiang, XQ Wang, ZB Su, L Yu, PRL 92 (2004) 256602
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Comparison with Experimental Data
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Bose-Einstein Condensation of diluted cold atoms

A technical breakthrough, stimulate the unification of
guantum optics and condensed matter physics

iy o
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Eric &. Cornell Wolfgang Carl E. Wieman
Ketterle

2001 Nobel Prize



OK

Quantum Phase Transition

Quantum-critical




Quantum Criticality in High-Tc Cuprates

Is the non-Fermi liquid behavior discovered in high-Tc a
guantum critical phenomenon?
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Mott Transition

e Standard Model:
Odd number of electrons: metal
Even number of electrons: insulator

But many materials (eg La,CuQ,) that are expected to
be metals are actually insulators

* |s the Mott transition really intrinsic, not a result of
the ordering of other parameters (eg AFM)?

 What is the equation describing the Mott
Transition? Is there any order parameter?



Optical Lattice

Tools of Quantum Optics

Problems of Condensed Matter

Mott
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T~10°K

Accurately controlled Quantum Phase Transition
--- Superfluid-Insulator Transition

M. Greiner, O. Mandel, T. Esslinger, T. W. Hansch, and I. Bloch, Nature 415, 39 (2002).



Why Challenging

Emergent quantum phenomena are mainly caused by the
collective motions of electrons, correlations among
electrons are important

In nearly 99% case, we can only solve rigorously a
problem of Harmonic Oscillators

Perturbation is the only tool we have to attack a many-
body problem. But the correlated effect is non-perturbative!

New concepts and new methods are desired!




How to face the challenge

o Capture key physics from experimental
observations: physical intuition

* Theoretical modeling: power of theoretical
analysis

 “First principle” calculations: determine basic
parameters



Theoretical Methods

« Analytical: perturbation from a right starting point
— Green’s Functions (Shao-Jing Qin)
— Path Integral and Mean Field Theory (Yue Yu)
— Equations of Motion (truncation approach)

 Numerical: object oriented
— Density Functional Theory (single-particle)
— Quantum Monte Carlo (minus sign problem)
— Density Matrix Renormalization Group
— Dynamical Mean-Field Theory (oo D)



Density Functional Theory

First principle: no input parameters
Basis of materials design

Good only for weakly coupled systems:
In real calculations, LDA or other approximations has to be taken

Correlated effects cannot be correctly and fully treated

Walter Kohn



Quantum Monte Carlo

Random sampling (integration)

Detailed balance
P(X)r(x - x’) = P(X)r(x’ = x)

Metropolis algorithm:
If P(x’) > P(x) accept move
If P(x’) < P(x) accept with probability
r(x - x’) =P(X’) / P(x)

Minus Sign Problem:
fermions P(x) can be negative
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DMRG
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DMRG

1D S=1 Heisenberg
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Schordinger
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Dynamical Mean Field Theory

 Reduce the quantum many body problem to a
one site or a cluster of sites, in a medium of non
Interacting electrons obeying a self consistency
condition.

* |nstead of using functionals of the density, use
more sensitive functionals of the one electron
spectral function.

* Perspective: Combine with LDA



Dynamical Mean Field Theory

Freeze the spatial fluctuation, consider only the
local quantum fluctuation

Map a lattice model onto a quantum impurity
model of electrons in a medium of non-interacting
electrons obeying a self consistency condition

Instead of using functionals of the density, use
more sensitive functionals of the one electron
spectral function.

Perspective: Combine with LDA



Dynamical Mean Field Theory

e Hubbard model

H=-t o Ci+aCja +U Znian
1j [

e Single-site action
B ~ _ . : P
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o Self-consistent equation
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