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I-1. What is the world made of ?

Matter + Energy
╔▓ □▫╬ □╬ ╔

Matter ɥ Energy

Special Theory of  Relativity *

I. Basics of  Quantum Mechanics
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I-2. How is energy transferred ?
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Particle Movement                                 Wave Traveling

Energy Transfer with mass Energy Transfer without mass



I-3. Position and Momentum
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Black Body

Fig . Spectrum of a black body for different temperatures

Classic Theory: u( )̟ = (kT/Ù2c3) 2̟

I-4. Quantum and Quantum Mechanics Begins



1. The oscillators in the cavity walls could not have a continuous distribution of possible

energies but must have only the specific energies Oscillator energies Ⱡ▪ ▪▐ⱳύὬὩὶὩὲ
πȟρȟςȟȣ.

2. An oscillator emits radiation of frequency when it drops from one energy state to the next

lower one, and it jumps to the next higher state when it absorbs radiation of frequency .

3. Each discrete bundle of energy h i˄s called a quantum (plural quanta) from the Latin for

òhowmuch .ó

Max Planckõs Hypothesis (1901, Nobel Prize in 1918)

Ⱡ ▐ⱳ



Light Intensity Ɓ

Light Frequency Ɓ

# of Emitted Electrons ~ Intensity

Energy of Emitted Electrons ~ Frequency
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I-5. Momentum of  Wave (conducted by Einstein 1905, Nobel Prize in 1921)



Fig. Determination of Planckõsconstant :

a) Measuring the kinetic energy of the electrons as a function of the

incident radiation frequency, gives Planckõsconstant as the slope of

the resulting linear function .

b) Results are shown for different materials displaying the work

functions as the respective vertical intercepts

Ὡὠ Ὁ Ὤ‡ ὡ where W is work function 

This experimental result provides decisive evidence that light ,

a massless wave, possesses momentum .





I-5-1. Photon

Compton (Nobel Prize in 1927) Scattering

Momentum Conservation

Einstein proposed hv ˏ ᵉ ~ Ð (ư ;photon) ȋ ╜ Ὥ.
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òDuality of a Wave acting as a Particleó



I-6. Matter Wave (proposed by de Broglie 1924 , Nobel Prize in 1929 )

In view of particle properties for light wavesðphotons ðLouis de Broglie ventured

to consider the reverse phenomenon , he proposed to assign wave properties to

matter, which we will formulate here in the following way :

Louis de Broglieõs hypothesis
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Davisson and Germer in 1927 measured electron

scattering from nickel using the apparatus shown

below . Nobel Prize in 1939

Electron Diffraction

òDuality of a Particle acting as a Waveó





X-ray DiffractionElectron Diffraction Electron Diffraction
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╥ ὡ ♠ Ѿὣ : ɰ ʃ   ! ÓÉÎ ʃ, where A is an amplitude

i) ♬♠ : — ς“ -> Ὧḳ -> — Ὧὼ->  ὼ ὃÓÉÎὯὼ Eqn.(1)

ii) ҿ♠ : ▀♬ ἶҵ ‡ ‗’ᴛ ╪ҿ Ѥ ҿ, ᾎʼ t ҿΌ ╪ҿ ˞ᵙ = ʑ Ô , ӻגἌ Eqn.(1)⁄Ἄ x ҍᾐ ὼ ‡ὸҍ░

 ὼȟὸ ὃÓÉÎὯὼ ‡ὸ

<- ʻἶҵ ‫ḳ ς“’ ς“ , where ʉ is frequency

 ὼȟὸ ὃÓÉÎὯὼ ὸ ->    ὼȟὸ ὃίὭὲὯὼ ‫ὸ Eqn.(2)



Complex Plane :
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I-7. Schrodinger Equation (1926, Nobel Prize in 1933)
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I-8. An electron in an infinite potential energy well
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1. x<0, V= 9 z|2=0

2. x>a, V= 9 z|2=0

3. 0<x<a, V=0

Boundary Condition
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I-9. Heisenberg Uncertainty Principle

A single frequency wave: 

places every where x=Ð but p=0
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I-10. Quantum Numbers & Degeneracy
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Origin of  magnetic property
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Degeneracy may occurs in multiple quantum numbers
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Angular MomentumTorque
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℮ (Precession)
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I-11. Tunneling: Quantum Leak





Scanning Tunneling Microscopy (STM) image of a graphite surface

where contours represent electron concentrations within the

surface, and carbon rings are clearly visible . Two Angstrom scan .

STM image of Ni ( 100) surface STM image of Pt ( 111) surface
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Theelectron in thehydrogenic atom is attracted by acentral force that is
always directed towards thepositivenucleus. Wethereforeuse spherical
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ThePE of theelectron depends on r only.
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I-12. Hydrogen Atom Model
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Principal quantum number n = 1, 2, 3 é

Orbital angular momentum quantum number l = 0, 1, 2, é, (n- 1)

Magnetic quantum number ml = - l, - (l- 1),é, 0,é, (l - 1), l
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l

Emission spectrum
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Absorption spectrum

(b)
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(a)

n = 2

Photon

n = 1

(b) Just after collision (c) Photon emission(a) Before collision

n = 1

Atom

Atom

AnAtom can becomeexcited by a collision with another atom. When it

returns to itsground energy state, it emitsa photon.
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I-13. Pauli Exclusion Principle
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Electronic configurations for the first fiveelements. Each box represents

an orbital y(n,?, m?).

Pauliôs Exclusion Principle :

ţ( ) ♃ » ἑ 4» ℮ n, l, m l, ms ~ Ὥ.

( ) Nobel Prize in 1945
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II-1. Hydrogen Molecule: Molecular Orbital Theory of  Bonding

II. Basic Theory of  Solids
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(a) Electron probability distributions for bonding and antibonding orbitals, ‪
and ‪ ᶻ . (b) Lines represent contour of constant probability .
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Two He atoms have 4 electrons. When He atoms come together 2 of the
electrons enter the EǍ and 2 the EǍ* levels so that the overall energy is
greater than two isolated He atoms.
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II-2. Energy Band Formation in Solids
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Work Function F :

The energy required to excite an electron from the Fermi level to the vacuum level, that is, to

liberate the electron from the metal, is called the work function Fof the metal .

Electron Gas in a Metal :

The electrons in the energy band of a metal are loosely bound valence electrons, which

become free in the crystal and thereby form a kind of electron gas within the crystal . It is this

electron gas that holds the metal ions together in the crystal structure and constitutes the

metallic bond .



II-*. Special Topics: Reciprocal Space & 1st Brillouin Zone
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II -* -1 What are Real and Reciprocal Space?

Real Space

Reciprocal 
Space

Scalar

T

f=1/T
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A Lattice

A Reciprocal Lattice
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The volume of the parallelepiped is equal to the area of parallelogram formed by A and B * height h
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Note that vectors in reciprocal space are perpendicular to planes in real space .
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II -* -2 Ewald Sphere in a Reciprocal Space



II -* -3 X-ray Diffraction in Reciprocal Space

Radius = 1/Ǉ



Figure (a) One of Friedrich and Knipping õs original x-ray photographs of ZnS. (b) Facsimile of W H Bragg õs sketch of

Laueõs ôcurious õx-ray effect (1912 ).

















II -* -4 Transmission Electron Diffraction in Reciprocal Space



Figure Ewald sphere construction in transmission electron microscopy (TEM). Here the c-axis of the crystal is

perpendicular to the crystal plate . ZOLZ = zero -order Laue zone ; FOLZ = first -order Laue zone ; SOLZ = second -

order Laue zone.
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Brillouin zone : a primitive cell in reciprocal space

1. choose a lattice point ;

2. draw vectors from this lattice point to all

other lattice points ;

3. bisect each of these vectors by planes

perpendicular to the vectors ;

4. the WignerðSeitz cell is the smallest

enclosed volume around the initial lattice

point .
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II-3. Properties of  Electrons in a Band

Ὁ
ὴ

ςάᶻ
ᴐὯ

ςάᶻ

Energy band diagram

Electrons

Empty levels

x

V(x)

V

Ex

EFO

EB

EFO - eV

EB - eV



3p

3s

2p

2s

1s

E
le

ct
ro

n
E

n
er

gy

The electronic structureof Si.

II-4. Semiconductors
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II-5. Effective Mass of  Electron
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(a) An external force Fext applied to an electron in vacuum results in an

acceleration avac = Fext / me . (b) An external forceFext applied to an

electron in acrystal results in an acceleration acryst = Fext / me* . ( Ex is the

electric field.)
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II-6. Density of  States in an Energy Band
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II- 7- 1 Boltzmann Distribution Function
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TheBoltzmann energy distribution describes thestatisticsof particles,
e.g. electrons, when theparticlesdo not interact with each other, i.e.
when therearevery few electrons compared with thenumber of
availablestates.
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II-7. Fermi -Dirac Distribution Function
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TheFermi-Dirac function, f(E), describes thestatisticsof electrons
in a solid. The electrons interact with each other and the
environment so that they obey thePauili Exclusion Principle.
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II- 7- 2 Fermi - Dirac Distribution Function



II-8. Quantum Theory of  Metals
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II-9. Physical Meaning of  Fermi Energy

II-9-1. Contact Potential

Mo Pt

Mo Pt

1.1V

1.1V

I = 0

There is no current when aclosed circuit is formed from two
different metals, even though there isacontact potential at each
contact. Thecontact potentials opposeeach other.

For a given metal the Fermi energy represents the

free energy per electron called the electrochemical

potential . The Fermi energy is a measure of the

potential of an electron to do electrical work (e ³V)

or nonmechanical work, through chemical or physical

processes.



II-9-1. Seebeck Effect and the Thermocouple
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Thermocouples are widely used to measure the
temperature .

LEFT: A thermocouple pair embedded in a stainless
steel sheath- probe. The thermocouple junction inside
the probe is in thermal contact with the probe tip,
and, electrically insulated from the probe metal .



Output emf vs temperature ( ) for various thermocouples between 0 to 1000ɒ.
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(a) Thermionic electron emission in avacuum tube.
(b) Current-voltagecharacteristicsof avacuum diode.

II-10. Thermionic Emission of  Electrons and Vacuum Tube

II-10-1. Thermionic Emission of  Electrons
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Richardson-Dushman constant

Richardson-Dushmanthermionic emission equation
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(a) PE of theelectron near the surfaceof aconductor,
(b) Electron PE due to an applied field e.g. between cathodeand anode
(c) Theoverall PE is the sum.

II-10-2. Field Emission of  Electrons
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II-11. Phonons

II-11-1. Lattice Waves: Quantum Harmonic Oscillator
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II-11-2. Debye Heat Capacity
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II-11-3. Thermal Conductivity of  Non -metals

Thermal Conductivity measures the rate at which heat

can be transported through a medium per unit area

per unit temperature gradient .
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II-11-4. Electrical Conductivity of  Metals [skip]
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Thermal vibrationsof atomscan break bonds and thereby createelectron-
holepairs.

A two dimensional pictorial view of theSi crystal showing covalent
bonds as two lines whereeach line isavalenceelectron.
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III -2. Electrical Conduction in Semiconductors
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III -3. Concentrations of  Electron and Hole
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e-

Arsenic doped Si crystal. The four valence electronsof As allow it to
bond just likeSi but the fifth electron is left orbiting theAssite. The
energy required to release to free fifth-electron into theCB isvery
small.

III -4. Extrinsic Semiconductors

III -4-1. n-Type Doping
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Free

Boron doped Si crystal. B hasonly threevalenceelectrons. When it
substitutes for aSi atom oneof itsbondshasan electron missing and

thereforeahole asshown in (a). Theholeorbitsaround theB- site by
the tunneling of electrons from neighboring bondsasshown in (b).
Eventually, thermally vibrating Si atomsprovidesenough energy to

free the hole from theB- site into theVB as shown.

III -4-2. p-Type Doping
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III -5. Temperature Dependence of  Conductivity

III -5-1. Carrier Concentration Temperature Dependence
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III -5-2. Drift Mobility: Temperature and Impurity Dependence

Lattice Vibration 
Scattering - limited Mobility
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Ionized Impurity 
Scattering - limited Mobility
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Scattering of electrons by an ionized impurity
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Effective or Overall Mobility
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Log-log plot of drift mobility vs temperature for n-typeGeand n-type
Si samples. Variousdonor concentrations for Si areshown. Nd are in

cm-3. Theupper right inset is thesimple theory for lattice limited
mobility whereas the lower left inset is thesimple theory for impurity
scattering limited mobility.
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III -5-3. Electrical Conductivity: Temperature Dependence
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