
Midterm Exam
Exam is due on Tuesday, March 17th

Problem 1: I have a sample of germanium that shows no Hall effect. From various other measurments I 
have determined that the mobility of the electrons is 3000 cm2 V-−1 s-−1 and the mobility of the holes is 
1500 cm2 V-−1 s-−1. What fraction of the DC current in my sample is carried by the electrons? What 
measurments could I have performed to determine the mobility of electrons and holes separately?

Problem 2: In class, we mentioned that repulsive interactions between electrons result in attractive 
interactions between electrons and holes. In semiconductors, these attractive interactions can result in 
the formation of excitons -- bound states of electrons and holes. Consder a simple model of a 1D 
semiconductor
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where ak
† is the electron creation operator in the valence band, bk

† is the electron creation operator in the 
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+ Δ are the single electron energies in the valence and 

conduction bands, and u is the repulsive interaction between electrons. 

Let us calculate the energy ω𝜔q of an exciton with momentum q using the following anstaz for the wave 
function

ψ𝜓q = ∫ⅆk Ak
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where |FS〉 is the fermi sea “at rest” with the conduction band completly empty and the valence band 
completely occupied. To obtain the energy, apply the Schrodinger equation to the trial wave functions 
H ψ𝜓q = ω𝜔q ψ𝜓q.

Part 1: What is the energy of the exiton at rest (q=0)? Is this energy lower than the energy of a non-
interacting particle-hole pair? Plot the binding energy of the exciton for the case of parabolic bands as a 
function of u.

Part 2: What is the dispersion relation for the exciton? Show that ω𝜔q =ω𝜔q=0 +
q2

2mexciton
+ ..., what is the 

effective mass of the exciton?.
Part 3: Having found the exciton wave function in momentum space, obtain the exciton size in real 
space. How does the exciton size depend on u, me, mh, and the band gap?

Problem 3: Hartree-Fock corrections. Consider an electron gas described by the Hamilto-
nian
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Part 1: Compute the ground state energy of the Fermi gas at zero temperature (i.e. in the limit e2 → 0).

Part 2: Introduce interactions. Effect of interactions on the ground state energy is captured by the 
vacuum polarization diagrams, i.e. diagrams with no external legs. There are two distinct vacuum 
polarization diagrams at first order in vqσ𝜎σ𝜎'. These are called the Hartree and the Fock corrections to the 
ground state energy. For the two diagrams above, what are the relations between k1, k2, and q. What 
about σ𝜎1 and σ𝜎2? [Hint: ω𝜔1 and ω𝜔2 are unrelated as the interaction is “instantaneous” in the time 
domain.] Write down the amplitudes associated with these diagrams.
Part 3: When we turn on electron-electron interactions, we must also turn on electron-ion and ion-ion 
interactions. Show that the Hartree diagram is exactly compensated by the combination of the ion-ion 
and ion-electron interactions. 
Part 4: Explicitly obtain the Fock correction to the ground state energy.
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