-Erta!. Institute of Solid State Physics

Technische Universitat Graz

Molecular and Solid State Physics

Calculate the macroscopic properties from the microscopic structure.
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Goals

The microscopic structure determines the macroscopic
properties.

At the end of this course you should be able to explain
how any property of any molecule or solid can be
calculated using quantum mechanics and statistical
physics.

For example: knowing how the atoms are arranged 1n a
crystal, you must be able to say if it 1s an electrical
conductor or not.
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Molecules

There are billions of useful molecules.

Acids, esthers, alkanes, ...
Biological molecules: DNA, RNA, proteins
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Molecules

Every property of a molecule can be calculated
using multi-particle quantum mechanics.

2 2 9 9 5
Hop =Y e V- T Vi3 2y el

ﬂ,,'i 4TTE[]|F1, o Fﬂ| ‘i{j 4??'E[}EF-; = F}| - 4?7"5[)'?_':5 . Fb|

We will calculate:
bond length
bond strength
molecular energy levels
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Molecules
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Bond length: 0.74144 A_

Dissociation energy: 4.52 eV
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Solids

Solids are large molecules

Crystal structures

Determining crystal structures with x-ray diffraction
Photons 1n solids

Phonons in solids (lattice vibrations)

Thermal properties

Free electron model

Band structure (metals, semiconductors, insulators)
Semiconductors



http://www.pmc.umontreal.ca/~mousseau/site_an/uploads/Main/si1000.jpg

in crystals

Insul
amorphous silicon

glass

periodic arrangement of atoms

Gallium crystals
amorphous metal
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Sections v PHY.F20 Molecular and Solid State Physics

e Introduction (P EN 6:45

¢ Review of atomic physics

o The solutions to the Schrédinger equation for the hvdrogen atom

m Plots of the atomic orbitals
o Helum
o Many-electron wavefunctions
o Slater determinants W
o Singlet and triplet states
o Exchange W
o The mtractability of the Schrédinger equation
o Many-electron atoms

e Molecules

o Molecular orbital theory W

® Solving the total molecular Hamiltomian W

m The Born-Oppenheimer approximation W

m Many-electron wavefunctions
m Bond potentials
® Vibrational states
m Rotational states
m Solving the molecular orbital Hamiltoman

Course outline
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Student Projects

Do something that will help other students

e Wnte a program to calculate the time evolution of the wave function of & multi-electron atom. The program would be about a page long but if mon
iwolved it will take more than the age of the universe to i it
e Calculate the molecular orbatals of ethylene, butadiene, and benzene.
e Tlze valence bond theory to calculate the bond potential (ke a WMorse potential) for Ha.
e Wnte a solution to the Singlet-triplet problem
o Ilake a multimedia presentation (~3 finutes) that explains some topic better than it was explained dunng the lectures. See malking presentations £
e Nlake patterns that can be pnnted on paper, cut out and folded to make three dimensional models of the Brllouin zones.
o Implement the triclinic crystal systetn in the Brillouin zone applet.
e Nlake a web page that specifies the symmetry points and lines of a Brillown zone like the one for foc.
o Triclinc
o Simple Monochme
o Base centered Monoclinic
o Sinple Orthorhombic
o Base centered Orthorhombdc
o Face centered Orthorhombic
o Body centered Orthorhotmbic

n Swenle Tatramanal



Review of atomic physics

Estimating the size of an atom
The hydrogen atom

The helium atom

Many electron atoms




Estimate the size of a hydrogen atom

e
Potential energy U(r)=-
47, r
U ! .
r
h
Uncertainty relation AxAp_ 2 5

For an atom: Ax ~ r,

Ap, 2 -
2r,



Estimate the size of a hydrogen atom

= () ~(p.Y  (p)=0
(Ap.) =(pi)> (;)

my
E kin = p
2 2m )
<px > n’
Kinetic energy in x-direction = < kin > = 2



Confinement energy

Kinetic energy in x-direction = < E,_ > —

Confinement energy:
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Estimate the size of a hydrogen atom

Total energy = Kinetic + Potential
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Confinement energy
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The kinetic energy term increases as the wavelength gets smaller
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Wave functions of hydrogen

—h’ e’
VY — Y =EV¥Y
2m 4, r
Solve with the boundary condition Y —>0 as ‘17 ‘ —> 0

Assume WY (7,0,0)=R(r)O(0)D(p)



Hydrogen atom
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P = = Bohr radius
na,
L2 / +1 L(p) = generalized Laguerre polynomials
Y, (6,p) = spherical harmonics (appear in centrosymmetric

problems)



Hydrogen wavefunctions
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