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Basis Concepts of Classical Mechanics

The Newton equations of motions describes the movement of particles along well-defined
trajectories which are the result of boundary conditions and the forces between them.

For example, let us concider a Harmonic Oscillator (a massive particle on a spring):
V(X) = % kx2, E=p22m+ % k= E =% m (dx/dt)}? + ¥ kx?

Having in mind the energy conservation law, we see that all possible energies are ellipses in the phase
space (x ,p): E = p%2m + 2 kx?

Phase Space
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Hamilton Equations

d — oH
9 dt / op

*4. Aug. 1805 in Dublin, Irland
+ 2. Sep. 1865 in Dublin, Irland
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Problems of Classical Mechanics:

Black Body Radiation.

(L

Radiation Intensity

00 B00
™ Wavelength [nm]

Detected
radiation

How can be explained the intensity of black body

Pinhole radiation as function of the radiation wavelength?
Container at a

temperature T
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Black Body Radiation

In 1900 Max (Karl Ernst Ludwig) Planck first suggested that the radiation energy
cannot have all continuum values. He postulated that the energy is always
proportional to a certai very small discret portion of energy which cannot be
disintegrated. This elementary portion of energy (quant) is proportional to the
radiation frequency v, E = h v, where h is the proportionality constant which is
now known as Planck constant.

h =6,626176 - 10-34 J-s

* 23. April 1858 in Kiel, Schleswig-Holstein
+ 4. Oktober1947 in Gottingen

Nobelpreis 1918

Scanned at the American
Institute of Physics
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Planck’'s Formula

The Planck's formula was found
to be in perfect agreement with
experiment. However, the
Planck’s postulate about
existance of the elementary
indivisible portion of energy
(quant) resulted at that time to
fierce discussions with the
adepts of the classical theory.

The maximim of the Planck
distribution corresponds to the
radiation velocity of :

Viax = 2,8214 KT/,

which can easily be measured
experimentally and thus the Planck
constant can be determined. Its value is

k =1,380650310-2 J-K-"
12.05.2007

E00 nm (grun‘blau}

0,00E+I00 2 00E+I14 4 DOE+D14 B O0E+HI14 J J0E+014

Radiation frequensy [Hz]

Introduction to Quantum Mechanics



Problems of Classical Mechanics: Photoeffect

<

irad

o
0
]
0
=
=

.Ill.lll.l'-

v /10" Hz

Experiment:

* No photoelectrons are detected under some light frequency for any light intensity (the threshold effect).
» The photoelectron energy does not depend on the light intensity.

» The photoelectron energy linearly depends on the light frequency.

Classical Interpretation:
The electromagnetic field of the incident light E causes oscillation of the free electrons and pulls

them out from the metall. However, this model predicts that the output electron flux is
proportional to the light intensity and does not explain the threshold effect and why the electron
flux is proportional to the light frequency.

Quantum mechanical interpretation:

The light is absorbed by the metall quant by quant. An electron is bound inside the metall and
a certain energy (photoelectric work function) is needed for extracting it out to the vacuum.
The rest of the photon energy is realized as the photoelectron kinetic energy. This model
perfectly fits all experimental data.
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Albert Einstein

*14. Marz 1879 in Ulm, Wirttemberg
+ 18. April 1955 in Princeton, New Jersey, USA
Nobel Prize 1921 fur Photoeffekt

- e

He developed the Theory of Photoeffect,
the Theory of Light Absorption my
Matter, the Special Relativistic Theory,
and the General Ralativistic Theory.
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Albert Einstein
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Why Quantum mechanics?
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Why Quantum mechanics?

o
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— The properties of molecules, their structure &
(bond lengths & angles), spectroscopy
(electronic, vibrational, rotational, & nmr), and

interactions (assembly, bonding, chemical

** reactions) can only be understood quantum =

mechanically. . Y
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Why Quantum mechanics?
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Why Quantum mechanics?

-
.y

=

il

-
L

yn

dar

Molecul

oNns W

o
Ll

| reac

y
L

L)
v
—_
—_
()
—_
<=
D
ny
-
=)
i
= o
.

*» How

P

0]

* A

Introduction to Quantum Mechanics

12.05.2007



12.05.2007

Why Quantum mechanics?

" The underlying physical
laws necessary for the
mathematical theory of ...
the whole of chemistry
are thus completely
known, and the difficulty
is only that the exact
application of these laws
leads to equations much  P.A.M. Dirac
too complicated to be Lo
soluble. “

B
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Why Quantam Mechanics?

" The ultimate aim of the
modern movement in
biology is in fact to explain
all biology in terms of
physics and chemistry...
Quantum mechanics,
together with our empirical
knowledge of chemistry, 1966
appears to provide us with
a 'foundation of certainty’
on which to build biology."
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Interference of Electromagnetic Waves

o= A g lotrikx
o=2nv: Wave Frequency

A=c/v: Wavelength
k = 2%/, : Wavevector

Total Wave Intensity: | = |¢|2
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Experimente with particles
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de Broglie: a Particle is a Wave

De Broglie's Dissertation “Recherches sur la
théorie des quanta“ in 1924 at the firts time
gave a relationship between a particle mass
m, its velocity v, and the corresponding
wavelength A:

Wavelength: A = h/_

Louis Victor Pierre Raymond
duc de Broglie

*15. Aug. 1892 in Dieppe, France
+ 19. Marz 1987 in Paris, France

Nobelpreis 1929
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Interference of Matter Waves
(I) = A e—icot+ikx

W=2T7 E/h: Frequency
k = 27[/ 0 - p/ A Wavevector

Probability to Detect the Particle

| = {9[°
(I) = (|)1+(|)2
| = |y +0,|?

| = [, +1,+2(],1,)">cos Ao

Where Ag is the phase difference
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Experiment: a Particle is a Wave

Diffraction of Elecrtons Diffraction of X-Rays
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Spectrum of Electromagnetic Waves

wave-lengih
F

n?

wavenumber

Lh ]

frequency
L]

spectral range

Spectral Areas

Radio waves
waves

Visible Light

700 600 500 400

Wavelength, nm
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Type of
Radiation

gamma-rays
X-rays

ultraviolet

visible

near-infrared

infrared

microwaves

radio waves

12.05.2007

Frequency Range

(Hz)

1020-1024
1017-102
1015-10"7

4-7.5x10"

1x1074-4x1014

1013-101
3x1011-1013
<3x10"1

Wavelength
Range

<1 pm
1 nm-1 pm

400 nm-1 nm

750 nm-400 nm

2.5 ym-750 nm

25 ym-2.5 um

1 mm-25 um

>1 mm

Electromagnetic Spectrum

Type of Transition

nuclear
inner electron

outer electron

outer electron

outer electron molecular vibrations

molecular vibrations

molecular rotations, electron spin
flips*

nuclear spin flips*
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Electromagnetic Radiation

@1996 B. M. Tiszue

<~} [Propagation
4 direction
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Light Polarization
E

«h Unpolarized light

L 4

Linearly polarized light

Circularly polarized light
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Diffraction on a Slit: The Uncertainty Principle

Interference: 0 ="/ a0

Impulse: Ap,=p.0=p k/(z AX)

De Broglie wavelength:  p =1/,

Ax-Ap, = h

Planck-Constante h = h/2x

h =6,6260755-1034 J-s
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Werner Karl Heisenberg

i
£

1927 Unscharferelation -
* 5. Dez. 1901 in Wurzburg

+1. Feb. 1976 in MUnchen
Nobelpreis 1932
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A Particle as a Wavepacket

The wavepacket can be presented as a
superposition of many harmonic waves
with different wavelengths (impulses).

MNoach e

t+—

Mach ea Mach e
AVAVAVAVAVAVAVAS=

Faghea

AVAVAVAVAVAVAVAV ot

12.05.2007 Introduction to Quantum Mechanics



Einstein: Interaction of Light with Radiation
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B21I B12 = 92/91 A21I B12 = 87-Ch V3Ic3
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Three Main Principles of Quantum Mechanics

1. The probability of an experimental event P is given by the square of a complex number ®
which is called the probability amplitude, or the wave function:

P=|dl2= o p*

2. If the event can be realized through indistinguishable ways each described by the probability
amplitudes ®, , @, , ets., the total probability amplitude ® can be found as a linear
superposition of the amplitudes ®, and @, (Superposition Principle):

® = ao, +a0,
P= |q> | 2= |alq>1 + a,0, | 2 < Interference

3. If the experiment allows to determine which alternative is realized, the total probability of the
event P is the sum of probabilities P, and P, .

P=P1+P2= |a1 (D1|2+ |a1 (D2|2 <« no Interference
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<bra| und |ket> Vectors

<to | from >

The total probability amplitude:
X|Q> = Xi_q<x|i><i|Q>

g li><i] = 1

The values <i|Q> = a. show the contributions from the slits 1 and 2 to the total
amplitude:

<X|Q> = a,<x|1> + a, <x|2> v(x) = a,0,(x) + ayd,(x)

Q> = a, |1>+ a,|2>
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Paul Adrien Maurice Dirac

* 8. Aug. 1902 in Bristol, England Nobelpreis 1933
+ 20. Okt. 1984 in Tallahassee, Florida, USA
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Comparison of the Vector and Amplitude Notations

Q> = a, [1>+ a, 2> +... W(x) = a,;0,(x) + a,d,(x)+...

P.= |a? P =|a|?
2, <ilx><x|i>=1 and X, [x><x| =1

<ili> = 1 normalization [ 1ox)2dx =1

<ilk> = 0 (i#zk)  orthogonality o) (x) dx = 0 (i=k)

> P =1
> a2 =1
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Calculation of the Probability Amplitude (Wavefunction)

There are three mathematically
equivalent ways of calculation of the

1) Matrix algebra probability amplitude.

Werner Heisenberg
Nobelpreis 1932

* 5. Dez. 1901
+ 1. Feb. 1976

2) Differential equation, DGL
Erwin Schrodinger
Nobelpreis 1933 N

*12. Aug. 1887 in Erdberg, Wlen vy

+ 4. Jan. 1961 in Wien a7 iR

3) Tragectory integrals
Richard Feynman; Nobelpreis 1965

*11. Mai 1918 in Far Rockaway, New York
+ 15. Feb. 1988 in Los Angeles
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The Schrodinger Equation

Time-independent Schrodinger Equation:

[~ ﬁz/zmazlaxz + V(x)] w(x) = E y(x) (1 dimension)
[- /o A+ V(xy,2)] w(X,¥,2) = E y(X,y,z) (3 dimensions)

Where A is the Laplace operator: A = &/, + 7/, . + 7/,
Time-dependent Schrodinger Equation:

[ " Ol + VI w(x,t) = i w(x,t)

2m

Normalization

I+w|W(X’y1Z)|2 dx dy dz = 1

—00
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Schrodinger Equation for a Free Particle

If Vix)=0 => =M/, Ol . y(x) = E w(x)

The solution (plane wave) is:

Y(x) = A ekX + B kX \here ke=2EM/,
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A Particle in a One-Dimensional Box

The Schrodinger Equation
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A Particle in a One-Dimensional Box

In conjugated dye molecules the n-electrons behave
like a free particles moving along the molecular chain.

The Schrodinger equation:

dZ\V(X)/dXZ + sz/hz \V(X) — O

With boundary conditions: y(0)=0 und y(L)=0.
The solution is:

V(x<0) = ®

E = h2/8mL2 n? where n=1,2,3, ..

1 o
v, (X) = (?/)%sin(nnX/))
The factor (%/,)” results from the wavefunction normalization:
L L _
oJ v 2dx =,/ C2sin?(nm>)dx = C2- %L = 1
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A Particle in a One-Dimensional Box

Wn(X) Wall — Classically

Wall allowed
g energies

v.(x) = (2/L)"2 sin(znx/L) E = nzh2/8mlL2
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What Happens if a Wall is Not Infinitely High?
Tunneling

Heavy
particle
Light
particle

Wavefunction
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Tunneling

| = - L"]*' .
bt s T

Tunneling Microscope
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Example: Scanning Tunneling Microscope

Nobel Prize 1986
Gerd Binning and Heihrich Rohrer

control voltages for piezotube

tunneling
current distance control
amplifier and scanning unit

with electrodes
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data processing
and display

tunneling
voltage

Institut fir Allgemeine Physik
wew.iap.tuwien.ac at
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Scanning Tunneling Microscope

A scanning tunnelling microscope image of a liquid-crystal
molecule (5-nonyl-2-nonoxylphenylpyrimidine) adsorbed on a
graphite surface. (J.S. Foster, et al., Nature, 338, 137 (1988).

pe of image that can be obtained with a scanning tunnelling
pscope. The sample is of a silicon surface and the cliff is one
high. (Sang-il Park and C.F. Quaite).
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Harmonic Oscillator

Diatomic molecule

ispl ac ements in
this direction + F=-kx

|

E quulibritiny

|

Displacements in
this directon - #1355 CHF

M = mmg/(m,+mg)

h° d? kx?

2

L_ EW + ]'//n (X) — En Yn (X)
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Harmonic Oscillator: Diatomic Molecule Energy Levels

E,=(v+2) hw, w=(k/h)* M = mymg/(m,+mg)

-]
X
e
N
| -
[41]
[
4 1]

1.5
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Harmonic Oscillator: the Wavefunctions

| W(x) |
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Hydrogen Atom

Hamiltonian

2
1 1 0,0

“sin2006% singae " o0

Wavefunctions

l//k(r,9,¢) wherek En, 1, s, m, m

Wk (r,0,9)= Ry (r)YI m, (6,9) Asm,

R, ,are Associated Laguerre polynomials and Y,  are Spherical Harmonics
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Spherical Harmonics for /=0, 1, 2, 3, 4

Y m(0, 0) = P™(cos 0) £ (¢)

fo () = VionV2 €M

Elektron I m Y\ m(0, 0) 1Y, ml?
S 0 0 Vg L.
1 +1 +(3/5 . )%2sin O eti ¢ 3y . SIN* 0
g 1 0 (%, ,)?cos 6 %,, Cc0s?0
2 | £2 (1975, )72 sin? O e*2i¢ 1%/,, Sin*0
d 2 | %1 +(15/5 )%sin 6 cos 0 et ¢ 1%/, sin® 6 cos? 6
2 0 (%46 )2 (3c0s? 0 - 1) %15 (3C0S? 6 - 1)
3 | 3 (34 .)2SIN30 €3 ¢ 3/, . SINGO
; 3 | 2 (19%/,, )”2sin? 6 cos 6 e*2¢ 105/,, sin*Bcos? 6
3 +1 (?Ys,)2siNd (5 COS* 0 - 1) eti¢ 21/, sin?0 (5 cos? 6 - 1)
3 0 ("46,)7 (5 cos30 - 3 cos 0) 6. (5C0s30 - 3 cos 0)
4 | #4 (3185, )2 SIiN* O eti4 ¢ 315/, Sin®0
4 | +3 (31%/g, )2 sin 6 cos O e*3¢ 318/, . sin®6 cos? 0
g 4 +2 (%25 5g0 )2SIN? O (7 COS? 6 - 1) e*2¢ 225/ 00 . SIN*0 (7 cos30-1)?
4 | +1 (2251554 .)72sind (7 cos®*6 - 3 cos 0) e*i¢ 225/ 1,0 SINZ 0 (7 cos®6 - 3 cos 0)?
4 0 (%556 )72 (35 cos* 6 - 30 cos? 6 + 3) % 56 . (35 c0S*6 - 30 cos? O + 3)?
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Real Wavefunctions Obtained from Linear
Combinations

Wavefunctions

s = Yy

p, = (3/,,)*c0s9

p, = (3/4m)”sinYcosoe

p, = (%/4,)"*sin8sing

dse . = (%46,)7(3 COS%3 — 1)

d,, = (1%,,)*sinScosdcose

d,, = (%*/,,)%sin8cos3sine

(1% 46,)72SIN?3COSQ

dyy = ("¥/46,)728IN28SIN0
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Hydrogen Atom Wavefunctions: Angular Part

s orbital: p, orbital: py orbital py orbital
1=0m=0 1=1m=0 1=1m= %1

d.. orbital

Xy




Hydrogen Atom Wavefunctions: Radial Part

R/(Zrla,)*"
o
P
)]




Niels Henrik David Bohr
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Hydrogen Atom Energy Levels

2
1 & n=1223,...

4re, 2a,n°

&g Is the Vacuum permittivity; €, = 8.854:10-12 J-1 C2 m-"
e is the Elementary charge; e =1.602-10-1°C
a, is the Bohr radius; 4, = 4ne,h?/ me? = 5.292:10-""m
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