
Looking to the end of the quarter:

• Problem Set 5 due today…to next Thursday, 
with answers back when you hand in

• Course review summary to be handed out at the 
end of this week

• Review sessions by Skype from Baltimore APS 
Meeting: Wednesday and Thursday, 8:00-9:30 
PM in room 285, Tanat Kissikov presiding

• Questions by e-mail, but a busy week at 
conference

• Tanat also available, will schedule office hour(s)



Physics 140A-Introduction to Solid State Physics
Winter, 2016 

Problem Set 5 
Due anytime from Thursday, March 10th until Thursday, March 17th, 

with answers returned by e-mail whenever you turn this in. 
Final examination is on Saturday, March 19th  

 
Reading in Omar: Chapter 4--Sections 4.1-4.9, Chapter 5--Sections 5.1-5.8,5.9, 5.11, in 5.4 
read on Brillouin zones only, not Symmetry Properties, in 5.6-5.7 don’t worry about 
detailed mathematics 
Optional parallel reading in Ibach and Luth: Chapter 6-Sections 6.1-6.4, Chapter 7- 
Sections 7.1-7.5, and Panel 5.  This book presents a more concise version of the same 
material. 
 
Problems in Omar: 
[1] Chapter 4, Problem 1 
 
[2] Chapter 4, Problem 7 (for Cu only) 
 
[3] Chapter 5, Problem 8(a) only.  Do this via suitable sketches, not a math. problem. 
 
[4] Chapter 5, Problem 11(a) only. 
 
[5] Chapter 5, Problem 12 
 
[6] Chapter 5, Problem 14(a) only. 
 
[7] Special problem:  On the next page is shown a theoretical electronic band structure 
calculation for aluminum, together with the corresponding density of states.  The energy 
is in Rydbergs = Ry = 13.605 eV.  The electronic configuration of atomic aluminum is 
1s22s22p63s23p1.  It is fcc with lattice constant 4.05 Å. 

(a) Which are the core electrons and which are the valence electrons in aluminum? 
(b) Show, by numerical check at five equally spaced points, that the band extending 

from  to X actually is very close to that expected for a totally free electron (what 
your text calls the empty lattice model).  Note that you will need to use the correct 
magnitude for the wave vector along this direction. 

(c) Show, also by numerical check at five points, that the calculated density of states 
curve follows on average that expected for a free electron. 

(d) Do an approximate numerical integration of the density of states (given in 
states/eV) from the bottom of the bands to the Fermi level, and show that it yields 
an answer consistent with the number of valence electrons. 

(e) What is the group velocity of an electron in a state just beyond L and going toward 
W? 

(f) Bragg reflection from which set of planes is responsible for the gap at X? 
(g) Qualitatively explain the little peaks and valleys in the density of states centered 

on the dashed lines. 
 



From 7: Special problem
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For  all states in crystalline (ordered) solids:

Ψ ( r ) u ( r )e , where u ( r ) u ( r A),  this is a " Bloch function"
with probability density of

Ψ ( r )Ψ ( r ) u ( r )e u ( r )e u ( r )2 ,  the same on every atom!

Electrons in crystalline solids—are everywhere

And its probability density: 
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Omar, Sections 
5.1-5.3



Aluminum—fcc,
a = 4.05 Å
1s22s2 2p63s2 3p1

Electronic bands and density of states for “free-electron” metals-
Rydberg = 13.605 eV
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Na

a

Oxygen

N very large!

+ -+ -+ -
- + - + - + ELECTRONS IN SOLIDS:

+ Successive
Approximations:

Forget
the 
surfaces

Treat as 
free-
particle in 
a box

(x) = (x+Na) 



1D and 3D Free-electron energy 
bands 

0-10010



3D counting of particle-in-a-box density of states,
with fixed and periodic boundary conditions

__


___


+ two different spins!

Fixed: Like particle in a box:
 = 0 zero at edges of box

Periodic: Like vibrational waves or 
electrons in a solid: (x) = (x+L)



3D free-electron density of states



The free-electron solid at absolute zero:
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about 0.01c,
pretty fast
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Vibration or impurity or disorder scattering
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Electrical conductivity and the free-electron gas



Fermi‐Dirac Distribution as a Function of Temperature



Free-electron density of states 
at finite temperature



Heat capacity: Debye model combined 
with low-T electronic contributions



Heat capacity: the low-T regime



The nearly-free electron model



The nearly-free electron model

The free electron model



The nearly-free electron model

Higher energy:
‐  eiGx/2 ‐ e‐iGx/2  sin(x/a)

Lower energy:
+  eiGx/2 + e‐iGx/2  cos(x/a)



Aluminum band structure compared to 
free-electron states



The LCAO-MO or tight-binding picture for CO:

Chemist’s picture 
(no core):
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Diatomic—E.g. [Li 1s22s]2 –6 electrons Multi-atom solid—E.g. [Li 1s22s]N
N atoms–>3N electrons

Bonding in solids/solid-state devices
as an extension of that in molecules
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Unpaired!
Magnetism?

“Band” of
states
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Atoms A
Orbitals i

For many cases, we can again use atomic orbitals
 as the basis functions: theTight Binding Model
Recall for a molecule:

φ ( r ) C φ ( r R )

For a  solid with N atoms:  (Omar, Sect
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1D Tight-Binding Model: The potential



1D Tight-Binding Model

Omar



A1
12B1

Ai =  (Omar), Bi = (Omar)
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Free atom
3D Tight-Binding Model

Ibach and Luth



Electronic bands and density of states for a transition metal-Copper



Electronic bands and density of states for an insulator-Carbon: Diamond—
1s22s22p2

Bonding
(filled at 
T = 0)

Anti-
Bonding
(empty at 
T = 0)
Bandgap, 
Eg  5.5 eV

Density of states (DOS, Ryd)

Density of states (DOS, eV)

Band Gap

Total 
DOS

C 2s
DOS

C 2p
DOS

EF



Electronic bands and density of states for a semiconductor-Germanium—
1s22s2 2p63s2 3p63d104s24p2

Bonding
(filled at 
T = 0)

Anti-
Bonding
(empty at 
T = 0)

EF Bandgap, 
Eg  0.7 eV

Diamond
Structure
= fcc
+ 2-atom 
basis



Electronic bands and density of states for 
a semiconductor-Germanium (cont’d)

Total 
DOS

Ge 4s
DOS

Ge 4p 
DOS

Energy gap

X



Electronic bands and density of states for 
a semiconductor-Germanium (cont’d)

Total 
DOS
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k = 0k = 0

Spin-down (Minority)
Spin-up (Majority)

The electronic bands and densities of states of ferromagnetic iron

Exchange
splittingS = 2.2 Bohr

magnetons
(Atomic iron:
2.0 Bohr
magnetons)

4 x ½ = 2



Light behaves in some
ways like a particle of zero
rest mass and:
Ephoton = h

A

V

Vacuum

Least tightly
bound

Einstein, 1905:
Light can only emit or
absorb energy in quantized
units:

Ephoton=h
h = Planck’s constant!
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The Photoelectric Effect:



The conservation of energy in photoelectron 
spectroscopy = “photoemission:”
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The conservation of momentum k in 
photoemission: Angle-resolved 
photoemission = ARPES

Ibach & Luth
Chap. 7, Panel V
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NEARLY-FREE ELECTRONS IN A WEAK PERIODIC POTENTIAL—1 DIM.



1-Step Theory, incl. matrix 
elements-Minar, Braun, Ebert

ExptExpt-Plucinski et al.

Theory

Measuring the band structure of tungsten with photoelectrons: h = 1253.6 eV, T = 77K, 

Band Str.
FE final



k = 0k = 0

Spin-down (Minority)
Spin-up (Majority)

The electronic bands and densities of states of ferromagnetic iron

Exchange
splittingS = 2.2 Bohr

magnetons
(Atomic iron:
2.0 Bohr
magnetons)

4 x ½ = 2



ARPES

k = 0k = 0

Spin-down (Minority)
Spin-up (Majority)

The electronic bands and densities of states of metallic ferromagnetic iron 
(face-centered cubic)

Exchange
splittingS = 2.2 Bohr

magnetons
(Atomic iron:
2.0 Bohr
magnetons)

4 x ½ = 2

ARPES
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Measuring the 
magnetic 
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bands with 
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Kreutz et al., 
Phys. Rev. B 58 (1998) 1300 
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The Nobel Prize in Physics 2010
Andre Geim, Konstantin Novoselov
…"for groundbreaking experiments 
regarding the two-dimensional 
material graphene"

Bostwick et al., Nature Physics 3, 36 - 40 (2007)

Photoelectron spectroscopy 
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