
The electronic structure of solids
Fall semest er 20L7, 08.01.2017, 14:00-17:00

Please note:

o There are 4 problems.

o The numbers of points per sub-problem are indicated on the right.

r There are some fundamental constants and the Periodic Table on back
of this sheet.

o Please write clearly and readably. T[y to be concise.

r Don't just write the final answer, also include the steps you took to get
there.

o If we ask for a sketch, make sure that it clearly includes the qualitative
features of the matter at hand, and label the axes.

o Write down your name and student number below (we'll staple all papers
together in the end), and write your last name on each piece of paper.

Name: Student number:

Problem 1 2 3 4 Total

Points



List of physical constants

Atomic mass unit, 1 atm.u.
Speed of light, c

Planck constant, h
h.: hl(%r)

Electron charge, e

Electron volt, eV
Electron mass, rze

Neutron mass, rnn
Proton maßs1 n'Ln

Vacuum permittivity, es

Boltzmann constant, k¡l
Rydberg constant, A*
Rydberg energy, hc&*

Bohr magneton, ¡.te
Bohr radius, as

Stefan-Boltzmâ,nn constant, o

1.66x 10-27 kg
3.00 x 108 m/s
6.63 x 10-34 Js

1.05 x 10-34 Js

1.60 x 10-1e C
1.60 x 10-1e J
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1.67 x 10-27 kg
8.85 x 10-12 As/Vm
1.38 x 10-23 Jlr<
1.10 x 107 7f m
13.6 eV
9.27xL0-24 JIT
5.3 x 10-11 m
5.67 x 10-8 W/m2K4
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1 Short questions

Please answer with a sketch and/or a short (roughty two sentences) text.

a) Sketch the band structures for a semiconductor, an insulator, and a me-
tal. Indicate the band filling and indicate typical values for the band
gaps, if applicable. t3l

b) Sketch the electronic dispersion relations of the electrons in a one-dimensional
chain for the nearly-free electron approximation in the extended zone
scheme, with the atomic potential being a cosine function. Draw the
lowest three bands. 13]

c) Remember the classic experiment of a small magnet levitating above a
high-temperature superconductor immersed in liquid nitrogen. Explain
briefly why one can observe this phenomenon. t3]

d) Draw the dispersion relation for phonons in a diatomic chain. Which
phonons (mark them in the sketch) couple to photons and why? l4l

e) Explain which phenomena determine the width of the depletion layer. t3]

f) Which spin-spin interaction leads to the formation of domains in a piece

of iron? t3]

2 One-dimensional Morse solid
Assume a chain with 1/ identical atoms of mass rn. Nearest neighbor atoms
are coupled by the so-called Morse potential

Vu(r) : D(I - "-a(r-rs))t - n
where r is the distance between them and D, a, and t.6 ârê positive parameters.

a) CalculateV¡a(O),Vu(ro),Vm(æ) and qualitatively sketch the Morse po-
tential. t3l

b) Find the equilibrium distance between the atoms at zero temperature. t3]

c) Determine the harmonic approximation to the total potential energy I/ :
DrV*ç*t*t - r¡) by expanding to quadratic order in the displacements
6r¡ from the rest positions.

d) Write down the classical equations of motion for the displacements in
harmonic approximation.

t3l

1

l3l



e) Calculate the dispersion relation of the phonons, assuming periodic boun-
dary conditions. t3]

f) Calculate the speed of sound in terms of the potential parameters given

above. t3]

3 Tight Binding in 2D

Consider a rectangular lattice in two dimensions, with lattice constants a* and
ør. Now imagine a tight binding model, where the hopping matrix element is
(nlHlm) : h if. sites n and m are neighbors in the horizontal direction and
(nlHlm) : tz if r¿ and n'L a,re neighbors in the vertical direction.

a) First, assume that there is one orbital at each lattice site. Calculate the
dispersion relation for this tight binding model and show that it is of the
form.E:e- 2ficos(k*a*)-2tzcos(koa). t4]

b) Sketch the dispersion in a graph with three adjacent panels, .E on the
vertical axis, k along the three high-symmetry directions, i.e. along paths
lM,MK,Kl. t3]

c) Now assume two orbitals a, þ per lattice site, with atomic energies eo :
3eV and ep : 10eV. Assume further úr : leV and t2: 0.5eV for both
orbitals. Argue why this is a semiconductor if there are 2 electrons per

site. l4l

d) Calculate the direction dependent band mass for holes. 14]

4 Magnetism
a) Derive the magnetic susceptibility for an electron gas (Pauli pa,ramagne-

tism). l4l

b) Why is the susceptibility in Pauli paramagnetism at low temperatures
much smaller than the susceptibility in Curie paramagnetism of atoms? t3]
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c) We now turn on interactions between electrons. Write down the inter-
action term of the Hubbard Hamiltonian with parameter t/ (Hubbard
interaction parameter). Considering for the kinetic part a hopping para-
meter ú (".S. from tight binding), explain why for half filling the Hubbard
model describes an insulator for t K U . [4]

d) Estimate the energy gain from the Hubbard interaction term as a func-
tion of magnetization M. H,int: Hemember 4ab : (a + b)2 - (a - b)2 for
any o,jô e C and use mean-field like approximation. i4]

END OF EXAM
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