H ol K% 04/11/2010

(¥ Taelnvissiryor Toxe Global Focus on Knowledge

The World of Diverse Matter
— The Distant Journey from Space to Earth

The Diversity of Materials Borne from the Collective
Actions of Atoms, Electrons, and Molecules

5t | ecture
Modern Hi-Tech Society and Materials Science
From Atoms to Solids

asuhiros lye r\
Yasuhiro Iy @]

The Institute for Selid State Physics,
TThe University of Tokyo

: Material bearing this mark is the property of third parties, so any use or re-
production etc of this material requires the direct permission of the copyright holder.


http://www.u-tokyo.ac.jp/index_j.html

LLost i Hi-Trechr Seciety

People living today daily benefit from the advanced
science and technology.

Nevertheless, those hi-tech apparatus are becoming more
and more like black-boxes. | fear that despite (or,
pecause of?) the development of science and technology
the science literacy ofi general public and youngster IS
deteriorating,.

Many people tend te view! the science and technelegy as
“somebody else’s business”.

There are se many Important ISSUes on Which people have
lormake decisiens on the hasis ofi goed understanding of
science and technoelogy. Witheut scientific knoewledge,
PEOpPIE have norether chpice than te blindly felliow Wihat
media willitell'them, or te rely on uneducated gut feeling.



The Utility of Learning PhaysIcs

= The utility of learning science for those who are not
science-major Is that it helps to develop “common
sense”. Armed with such common sense, one can
Immediately discern such questionable paranermal
phenomena that contradicts the basic principles of
physics, such as the low: of energy conservation, the law
of Increasing entropy, and the principle of causality.
Namely, one Is able to exercise “sound skepticism?”.

= By contrast, wWhat Is the best part of beinga practicing
physicist? | think the hest of physIcist’s |oy. IS 1o
encounter a nevel phenemenon that everturmn the pre-
exIsting “cCommon SENse”.



_ecture Plan

Lectures 1-4: Sachio Komamiya and Yasushi Suto

“From Micro Particles to Macro Space”
L_ectures 5-7: Yasuhiro lye and Norimichi Kejima

“The Diversity ofi Matter Born from the Actions of Atoms, Electrons, and
Molecules”

My lecture
Lecture 5: Modern Hi-Tech Society and Materials Science
From Atoms to Solids
Lecture 6: Quantum World
Nanoscience, Superconductivity, Superfluidity

LLectures 8-10: Yuichi Sugiyama

“The Search for and Creation of Matter withl Desirable Properties —
Discoveries from the Eield of Pharmaceuticall Science™

Lectures 11-12:Teshihike Koesekiland Akira Tomumi
“Changing Matter — Erem Matter to: Matenalr
LLectures 135 Hireshi Kemiyama
“An| Everlasting Euture for Our Smalll Earth®



Teday’'s Talk

Modern Hi-Tech Society and Materials Science

The Tale of Big and Small

Modern Hi-Tech Society and Materials Science
Some Fundamental Concepts in Physics

What is Condensed Matter Physics all about?

From Atoms to Solids

Quantum Mechanics and Atomic Structure
From Atoms to Solids
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The Tales of Big and Small



e lrale ol Big:

Traveling Up the Scale
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I'he Hierarchical Structure
of the Material \World

Atomic Arrangement

Solid Crystal

1023 atoms

1cm



Modern Hi-Tech Society.
and Physics



Computers

The device operation is based on
the theory of electrons’ behavior
In semiconductors as elucidated
by condensed matter physics
based on quantum mechanics
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http://spec.rakuten.co.jp/rakuten/through.asp?pagptrn=2&genrecd=21&id=00021004020417&sitem=PCG-U1
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The degree of integration of LSI (Large Scale Integrated Circuit),
In other words, the number of transistors that can packed into a
unit area doubles roughly every one-and-a-half years.

= further details in Toriumi-Sensel’'s lecture



Memory: Devices

Magnetic Hard Disk ~ CD-ROM/DvD >emiconductor
. Memory Devices

Flash Memory
Ferroelectric Memory

Digital information stored as Digital information recorded as
local magnetization of a undulation pattern on a plastic disk
ferromagnetic material. written and read with a laser beam.



Radio (High-Ereguency) and
Optical Communications
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GPS (Glebhall Pesitioning System)
NaV|gat|on

24 satellites are T

stationed in orbit. For GPS to function,

proper corrections
based on special and
general theories of

relativity are necessatry.

Position determination
by “triangulation” ) ‘

Accuracy in timing Is
essential. Satellites
have an atomic clock
on board




SXOFIFCC-A:
The Most Distant Galaxy Cluster Known

Subaru Telezcope, Kational Astronomical Sbesrvatory of Japan
GozynghiiEr200s Mascnal Asionomcal Cascriatsry o Jepan, S ights reseread

February 16, 2008




Eor Medical Diagnostics

Magnetic Resonance Magnetoencephalograph (MEG)

|maging (|\/|R|) Detection of weak magnetic signals by
._ using a Superconducting Quantum

Interference Device (SQUID)

,-_’__:'.;L p——

KasugaHuang
http://ja.wikipedia.org/wiki/Z 74 JL:Modern_3T_MRI.JPG


http://crd.search.yahoo.co.jp/MMSIMG/Q=MRI/U=http://www.merrimackvalleymri.com/images/mri_brain.jpg/O=6ffcd1803f281cea/P=3/C=ckh59tsuor7ho&b=2/F=f/I=yahoojp/T=1132530483/*-http://www.merrimackvalleymri.com/images/mri_brain.jpg

Alsor inf many: Dally: Scenes

= | jquid Crystal (TV Display)

= High-Strength Eiber (Tennis Racguet)
= Polymer Gel (Dispesable Diaper)

= Shape-Memony: Alloy

= Euel Cell

= Photocataly/st

= Solar Pewer




Some Basic Concepts
In Physics



Causality

" No result precedes Its cause.

The effect (physical consequence) of an event does
not retroact on the past.

= [Ime machines are impossible.

cf. “Delayed choice experiment” for the measurement
problem in quantum mechanics

= Effect cannot prepagate faster than the speed of
light.

NG causallrelationship Between twe space-time that
cannet be connected by the speed of light.



Symmetry and Conservation Law

‘Where there Is.a symmetry, there Is a conservation: law”

= The homogeneity of space (the same physical law: holds
everywhere in the universe)

= the law off mementum conservation

= The Isotropy of space (every spatial direction Is equivalent)
= the law efi angular momentumi conservation

= he unifiermity of time (the same physical law: always: holds)
= the law off energy: conservation

ANV =

T frequency




The Laws of Thermodynamics

_ _ An engine that produces more
= The first law: Energy: conservation energy than the input

= There are no perpet'Z;notion machines of

the first kind.

There 1s no free lunch. An engine that converts
You cannot win thermal energy into work with

efficiency 100%
= The second law: Entropy alwayZ ,,ucreases
= There no perccwal motien machines of

the second kind [ The number;of
Left alone, things tend to get messy. MICrOSCOPIC SIS
You cannot hreak even.
Entrepy’' S : the degree of diserder of the system S:kB IOg

= The third [aw: Tihe absollie zero of temperatuqe/g{s}mmn constant
Unreacnanie




Equilibrium/ Non-equilibrium

Physical system, when left alone, tend to
relax toward equilibrium: (a state with
minimum free energy)

This is nothing to do with the
Free energy occult concept of “energy

with no cost or effort”.
F=U-TS

[_{ At absolute zero temperature
energy (T=0), the minimum energy state
[ S EWTIE J is realized (ground state).

entropy As the temperature is raised, the
entropy term gain importance.

If the state with the smallest free energy changes
= Phase transition



Linear / Nonlinear

Linear eguation: an eguation that Is first erder with respect to
variables

Many: physical phenomena are described with linear
differential eguations

= Newton equation (classical mechanics), Maxwell eguation
(electrodynamics), Schreedinger eguation (quantum; mechanics)

= Examples ofi nonlinear eguation: Lorentz eguation (chaotic dynamics),
Navier-Stokes eguation (fluid mechanics)

Eor a linear eguation,, the superposition principle holds:
[ X"and Y are solutions, then the sum X+Y IS alsera selution

Nonlinear eguations are far more difficult te selve: than! linean
eguations



Feedback

Feeding seme part of the output inte Input

B Sout:OLSin
Sout:a (Sin T BSout)
Sin — o  E— SOUt 0L
amplifier Sout: (1 - OCB) Sin

= If B Is negative g 1 S, stability

(negative feedback) (L +alB))~™ B

o
out™ (1 _ aB) Sin

= If B Is positive g
(positive feedback)



What Is Condensed Matter
Physics all about?



Science and Technolegy

Description of phenomena,
Investigation of the principles,
and system

Real World Knowledge

Technology

Practice of knowledge
Realization of value




Mathematical and Physical SCIences

/\ P N
Mathematics Shisles Astronomy \

Earth and Planetary
Physics

Astrophysics

ementary Particle Phys
(High Energy Physics)

Nuclear physics

Atomic and Molecular Physics

Plasma Physics

Engineering

ondensed Matter Physic

Biophysics




Physics Mindset

= Physics mindset (pursuit of truth) — seeking after

= Fundamental Questions ofi Elementary Particle Physics and
Astrophysics

= \What are the basic building blocks of nature?
= How did the universe begin? How will it end?
= Soelid-State Physics (Condensed-Matter Physics)
= [0 unravel the properties exhibited by diverse materials.
= Diversity and cemplexity’ are the essential ingredients.

= Nevertheless it Is noet “stamp-collection”. Systematic
Understandings and geverning principles are sought inithe
diversity of matesnals and thelr: Propesties.



I'he Hierarchical Structure
of the Material \WWorld

Atomic Arrangement

Solid Crystal

1023 atoms

1cm

Scale Scale



Physical Woerd-\View

Reductionism
Understanding the behavior of a system by reducing it to the
laws of a more basic system.
e.g. What are the ultimate building blocks and forces?
=> Elementary particle physics
However even if we have found the ultimate building blocks and
forces, we are still far from understanding everything, because

Emergent Properties
Systems of mutually interacting entities quite often exhibit novel
and complex behavior that cannot be simply inferred from the
properties of the individual entities.
Behavior of many body system => Phase transition

eg superconductivity, biological phenomena

"More Is different.” (P.W.Anderson)



Woerkings off Condensed: Viatter PhysIcs

= Efforts towards elucidation ofi various properties
exhibited by diverse of materials on;the basis of the
fundamental principles of physics
= Diversity does not mean “stamp-collection”. Universality and
systematics are soeught after.
= Characteristics of condensed matter physics
= One can conduct controlled experiments. (as opposed to
astrophysics, geophysics)
= Small science (as opposed to Big Science)
= Seamiessly connected to chemistry and applied phaysics.
(and eventually to life sciences as well?)
= \\/lat dees It mean! that semething IS Understeed?

= Comparison of theerny/ andl expernment: the cycle of moedeling
and experimentaliverification

= [he advent of computational phaysics



Diversity: ofi Matenals and \ariety: off Thelr Properties

Why'Is diamond so hard?

Why Is ruby red? v e
http://commons.wikimedia.org/wiki http:/ja.wikipedia.org/wiki/ 27 A

JU:Cut_Ruby.jpg

Why can Iron bECOme magnetf? [File:CZ_brilliant.jpg

http://ja.wikipedia.org/wiki/ 27 A
JL:Bar_magnet.jpg

Why dees copper conducts
well?

IHowW does superconductivity i ! e
http://ja.wikiE;ia. A TEPF;ZJ;i"SV";'?sg'a"”Q/W'""77’(
occur? Ro2131

JL:Magnet0873.png

Liquid crystal ST 6 'q&
e m G Vel % ey AR,

/S http://ja.wikipedia.org/wiki/ 77 A
JL:Shilirren_texture.jpg

Optical filber
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http://ja.wikipedia.org/wiki/Z7 A

JL:Meissner_effect p1390048.jpg
http://ja.wikipedia.org/wiki/ 27 A
JU:Fibreoptic.jpg
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I'he Hierarchical Structure
of the Material \World

Atomic Arrangement

Solid Crystal

1023 atoms

1cm

Scale Scale

Large Energy Scale <) Small Energy Scale



Energy Scale
The Unit of Energy :

Joule NECIUEA
Kinetic Energy
Mass x Length?/Time? 1

—myv °
2

electron volt (eV) e=1.6x10"C

The energy gained by an 1eV =1.6x107°]
electron when it accelerates

through an electrostatic potential of one volt

Planck h =6.62X1O_34J’S
Constant = 4.13x10 " eV -s




TThe Actors In Soelid State PhysIcs

Actors (“elementary” particles) in solid state physics

Electron e=1.60x10"° C
Nucleus (Proton + Neutron) m. = 0.91x10" kg
lect -m ~
pydrogen e D
+e
atom .
proton

The interaction between the “elementany” particles:
electromagnetic Interaction

h=6.62x10"%*J-s

Light (Electremagnetic \Waves) Photen




Light (Electremagnetic \Waves)

Low Energy (Long Wavelength) High Ener:;], {Short Wavelength)

Radio Waves
- Infrared . - Therapeutic
UltraShort] pg: v cone light Ultraviclet " Hgy:
Waves |- e

Microwave Visible to Visible to

Owven = Snake Cock |'1:+' ches

e S ‘-._____._ ‘ 'I IIIII I|I Illll Ill II:III II|I l||ll
Long Wavelengths Short Wavelengths
- K N

Length= 100m nim Tum 1/1000000 of Tum
(1/1000 of Tmm)

From the Radiation Effects Research Foundation

2009/3
Wavelength, frequency and wave number of light
with energy 1eV are hv=1eV <« v=2.42x10"Hz

quantum of light : photon o L=8070cm* < 1=1240nm

C



http://www.rerf.or.jp/general/whatis/index.html

Objects off Condensed lViatter
Physics Research

Crystals (single crystal, polycrystal)

Disordered crystals (impurities, defects)
Amorphous, Glass, Quasicrystals

Liquids, Quantum fluids

Fine particles, Clusters

Surface, Interface

Artificial Crystals (Superlattices), Nanostructures
Soft matter (Polymers, Liquid crystals, Gels)
Cold Atoms (Bose condensate)



Maternal Properties

= Electrical Properties

= Electrical Conduction: (metal, insulator,
semiconductor)

= Ferroelectricity,

= Superconductivity.
= Viagnetic Properties

= Ferromagnetism  (Why is iron magnetic? )
= Optical Properties

= Color of jewels;, Metallic luster,

= | ight emission (LED), semiconaductor laser)



Matter and the Phaysical
Environment

= Physical properties: response to-an external
perturbation

= [he same material can exhibit different properties
depending on the physical environment
Tfemperature
Pressure, stress
Electric field
Magnetic field
Interaction withi light (electromagnetic Wave)
Sample size



TThe Structure of Atoms



TThe Periodic Tfable of Elements

periodic table
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Where Did Chemical Elements Come From?

= Suto Sensel’s lecture

1. At the time of Big Bang;, lighter atomic nuclei such
as hydrogen, helium, are produced

2. Stars are formed due toe gravitation, then in the
course of nuclear reaction In| stars heavier atemic
nuclel (Up to iron) are fermed. then they were
scattered by supernova explosion.

Stars are pressure ceokers of elements.

* We are all made of “star-dusts”.



The Periodic Tfable ofi Elements In Chinese
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http://upload.wikimedia.org/wikipedia/zh/c/c3/Periodic-table.png

TThe Periodic lfable of Elements
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Fhe Quantization of Energy.

According to guantum mechanics, an electron behaves both
particle-like and wave-like.

The Hydrogen Atom:
an electron orbiting around an
atomic nucleus (a proton)

electron
,-€

N at€
prOton

Electron  Standing Wave = Discrete Energy Levels,—3
in a box (electrons’ room)

n=2%7]

The index n, which represents energy level is called a quantum
number. There are other kinds of quantum number |, m which
are concerned with rotation, and o concerned with spin
(rotation).= The energy level of an electron is represented by
(n,lI,m,0).

N=1 e



Electron Energy Levels of Atom

Multi-electron atom consists of a nucleus with charge +Ze
at the center and Z electrons orbiting around it.

Each energy level can accommodate two electrons
with different spin orientations

-e
+Z¢e _
(.\
¥__atomic nucle

Na: 7=11 @0 | 000000 | 0000CCCO00
$806
Na : (1s)%(2s)?(2 p)°(3s)* % | 598900

Hotel “ATOM”

15t floor 1 room

2nd floor 1+3 rooms
3" floor 1+3+5 rooms

(Each room can accomodate two
guests)
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Eilling the States withr Electrons

Multi-electron Atom
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Eilling the States withr Electrons

Multi-electron Atom
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4f
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Multi-electron Atom
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Valence Electrons

= The outermost electrons (valence electrons)
determine the chemical properties ofi the atom

a few eV
.

Typical energy scale
for the valence

electrons is a few eV. he top-most tray always

» stays at the same position.



T'he Periodic Tfable ofi Elements

Those electrons that governs the chemical properties of
an atom are those In the outer-most shell (which can be
easily separated from the atom) => Valence Electrons

The atoms with similar electron configuration of the
outer-most shell exhibit similar chemical properties =>
Periodic Law

It Is more important to understand why the periodic law
holds, than to blindly memorize the periodic table.
However, it is certainly useful to memorize the periodic
table.

If you try to memorize the periodic table, you should do
so but along the column rather than along the row.
(The reason should be clear for you by now.)



The Electronic Energy Level off Atems

While the larger the Z of the atom, the stronger the
Coulomb attraction of the nucleus, the number of electrons
that screen the force also increase. As a result, the energy
level of the electrons in the outer-most shell always stays
on the order of a few eV.

The relevant energy scale of solid state physics is on the
order eV to meV

Temperature T & Thermal Energy

SFNER NSNS El k., =1.38x107°J/K

seemmcEeEn T =300 K <> kT =25 meV

The energy scale for chemistry (and biology) is on this order
of magnitude.



EFamiliar Examples

A battery is 1.5V
Electromotive force based on
the exchange of electrons

U — - — . Ty - W
_ .!!l_' |'+_-_= b
IR A I
o B - S
BB AR
< = el 1P -
AT BB
6 R E ]S
A F

Laser Pointer &%

Why is visible light in the order of ~ eV
to begin with?
Rhodopsin : the light-receiving protein
of the retina iIs in keeping with the
energy range of visible light



Erom Atoms to Solids



Puttingl Atems' Together

One-dimensional array of
hydrogen atoms (hypothetical)

,-€
C = D (o) e )
-e -

Hydrogen molecule :H,

The transfer of electrons depends on the overlap of electron
clouds of adjacent atoms.

With sufficient overlap, electrons can migrate over the entire
crystal structure.



Eermation off Enengy: Band by Electren Transier

Energy Energy

-
-
-
-
—
-

R

i T —

An isolated atom Array of atoms (crystal)

Due to the transfer of electrons between adjacent atoms,
each of the discrete electronic levels is broadened and forms
an energy band.



Metals and Insulators
Partially-filled band

e ™ i T p—
does flow

upon applying an electrical field

Filled band

Energy

-
[

- ) Electrical current
does not flow

Metal Insulator

-(band Insulator)



Electrons and Holes in Semiconductors

Conduction
band

[ ep— ’/Eelectronj

hv

= &ww
hole j
Valence
band

Thermal Excitation Light Absorption

In semiconductors, low density carriers (electrons in the
conduction band and holes in the valence band) are created
by thermal excitation or photo-absorption and they conduct

electricity.



Summary

Modern hi-tech society and materials science
The tales of big and small

What is condensed matter physics all about?
Some basic concepts in physics

Hierarchy in materials world

The structure of atoms
= Periodic table

From atoms to solids
= Electronic bands
= Metal, insulator, and semiconductor
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