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Introduction and motivation. Periodicity and lattices
Index system for crystal planes. Crystal structures

Reciprocal space, Laue condition and Ewald construction
Brillouin Zones. Interpretation of a diffraction experiment

Crystal binding, elastic strain and waves
Elastic waves in cubic crystals; defects in crystals

Defects in crystals; case study - vacancies
Diffusion

Crystal vibrations and phonons
Crystal vibrations and phonons

Lattice heat capacity: Dulong-Petit and Einstein models

2h
1h

2h
1h

2h
1h

2h
1h

2h
1h

2h




27-28/5/2010: Final Exam (sensor: Prof. Arne Nylandsted Larsen at the Aarhus University,
Denmark, http://person.au.dk/en/ani@phys.au.dk)

Lecture 11: Lattice heat capacity: Dulong-Petit and Einstein models

* Repetition for introduction of phonons and phonon dispersion in real crystals

* Classical (Dulong-Petit) theory for heat capacity of solids treating atoms as
classical harmonic oscillators

* Contribution of electrons in metals and temperature dependence of experimentally
measured heat capacitance

* Einstein model for heat capacity considering quantum properties of oscillators
constituting a solid

* Problem of Einstein model to reproduce the rate of heat capacitance decrease at low
temperatures and more careful consideration of phonon occupancy modes as a way to
improve the agreement with experiment




Lecture 11: Lattice heat capacity: Dulong-Petit and Einstein models

* Repetition for introduction of phonons and phonon dispersion in real crystals
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Phonon dispersion in real crystals: aluminium FCC lattice with 1
atom in the basis

Aluminum at 300 K
[110] direction

Aluminum at 300 K
[100] direction
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In a 3-D atomic lattice we
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transverse wave patterns in o e = |
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Along different directions in
the reciprocal lattice the
shape of the dispersion
relation is different. But
note the resemblance to the
simple 1-D result we found.

Phonon dispersion in real crystals: FCC lattice with 1 (Al) and 2
(Diamond) atoms in the basis
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Characteristic points of the reciprocal space —I', X, K, and L points are
introduced at the center and bounduries of the first Brillouin zone




Lecture 11: Lattice heat capacity: Dulong-Petit and Einstein models

* Classical (Dulong-Petit) theory for heat capacity of solids treating atoms as
classical harmonic oscillators

Classical (Dulong-Petit) theory for heat capacity

For a solid composed of N such atomic oscillators: E = NE’I =3Nk,T

Giving a total energy per mole of sample: E _ 3NkgT =3N k,T =3RT

constant volume per mole is: dT

So the heat capacity at C, = d (E) 3R~ 0252
v

This law of Dulong and Petit (1819) is approximately obeyed by most
solids at high T (> 300 K).




Lecture 11: Lattice heat capacity: Dulong-Petit and Einstein models

* Contribution of electrons in metals and temperature dependence of experimentally
measured heat capacitance

Temperature dependence of experimentally measured heat capacity
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Figure 9a. Heat capacity Cy of a solid, according to the Debye approxi-
mation, The vertical scale is in ] mol~! X', The horizontal scale is the tem-
perature normalized to the Debye temperature 8. The region of the T° law is

below 0.16. The asymptotic value at high values of T/# is 24.943 ] mol™
deg™.




Lecture 11: Lattice heat capacity: Dulong-Petit and Einstein models

* Einstein model for heat capacity considering quantum properties of oscillators
constituting a solid

Einstein model for heat capacity accounting for quantum
properties of oscillators constituting a solid

Planck (1900): vibrating oscillators (atoms) in a solid have quantized
energies £ =nhew n=0,1,2,...

[later showed E, = (n + %)ha) actually correct]

Einstein (1907): model a solid as a collection of 3N independent 1-D
oscillators, all with constant ®, and use Planck’s equation for energy levels
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Boltzmann factor determines Planck distribution

_E, /KT
[

Boltzmann factor is a weighting factor that determines the relative
probability of a state i in a multi-state system in thermodynamic
equilibrium at tempetarure 7.

Where k, is Boltzmann’s constant and £ is the energy of state i.
The ratio of the probabilities of two states is given by the ratio of
their Boltzmann factors.

Einstein model for heat capacity accounting for quantum
properties of oscillators constituting a solid
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Einstein model for heat capacity accounting for quantum
properties of oscillators constituting solids

Using our previous definition: C, = dd (U) dd ( 3,,,]\[/1? @ j
T o dT\ "™ —1
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Einstein model for heat capacity accounting for quantum
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Correlation with energy level diagram for a harmonic oscillator

Energy level
diagram for one
harmonic oscillator
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Lecture 11: Lattice heat capacity: Dulong-Petit and Einstein models

* Problem of Einstein model to reproduce the rate of heat capacity decrease at low
temperatures and more careful consideration of phonon occupancy modes as a way to
improve the agreement with experiment




Problem of Einstein model to reproduce the rate of heat capacity
decrease at low temperatures

High T behavior:
Reasonable
agreement with
experiment
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Fig. 6.2. Comparison of experimental values of the heat capacity of diamond and
values calculated on the Einstein model, using @z = 1320°K. [After A. Einstein,
Ann. Physik 22, 180 (1907).]

More careful consideration of phonon occupancy modes
as a way to improve the agreement with experiment
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More careful consideration of phonon occupancy modes
as a way to improve the agreement with experiment

Debye’s model of a solid:
» 3N normal modes (patterns) of oscillations
* Spectrum of frequencies from o =0 to ®,,,

* Treat solid as continuous elastic medium (ignore details of atomic structure)

This changes the expression for C,,

because each mode of oscillation @

max

contributes a frequency-dependent G (T)= _[D (0)Cp(0,T)dw
heat capacity and we now have to ®=0
integrate over all o: e

# of oscillators per  Einstein function
unit ® for one oscillator




