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The system is spherically symmetric,
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m” 1s called the effffective mass. When #i™* is diagonal but anisotropic, we

have

E(k) =

24 k24— k? )

2
Next, we consider the case when magnetic fifields are present. By the analogy
from the free electron case where the substitution , p = p+ eA 1s made, with a
substitution
hk —-p+eA 3)

for a given energy dispersion En(k), we obtain the following Schrodinger equation.
1
£, ( V+s A) £ = EF )

If € has a parabolic form,

e(k) = £(0) +3 hk”

(Fv+2a) 100 £

2m*
It is known that such a substitution is appropriate in most cases. The substitution
is called the Landau-Peierls substitution.
The validity of the Landau-Peierls substitution is shown by Luttinger and
Kohn as the effective mass theory [7]. In the effective mass theory, the wave function

@ 1s expanded as a series of the functions

1
Grie (1) = \/ Uno ()€™

which form an orthonormal set,
0 = T [ AR A,y (K Syt
The function ¢,,;. has an orthogonal property
(D) Prrier) = 6(k" — k)6,
The Hamiltonian in the presence of the magnetic field is
H=—(p+ed)?+U(), (4)
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and
Hp = E¢
is an equation to be solved. Interband interaction terms <@/’ |H|@®,;. = can be taken
into the effective mass, and it can be shown that the wave function can have a form
P(r) = Xn B (M) Pro (1) )

Here, the function F,, (r) is an eigenfunction of the following Schrodinger

equation
for the n-th band:
£, (3V+24)E,() = €E,() 6)
_ h?k?
2m*’
then
o) =f(r) X u,(r). (7)

In the Landau gauge, f(r) is an eigenfunction of the same expression as with m

— m", so that it is a harmonic oscillator function. The energy is given

€=(N+2)ha, W, == )

e

Thus we see that the Landau levels in the conduction band, which has a
parabolic energy dispersion, have the same energy as free electrons except that the
free electron mass is replaced by the effective mass. The wave function is a product
of the slowly varying envelope function standing for the cyclotron motion and the
rapidly oscillating Bloch part standing for the periodic motion in the crystal. If the
energy band is not entirely parabolic, or if a few bands are degenerate, the solutions
are more complicated, but we can obtain the Landau levels by properly treating the
dispersion or the degeneracy, as shown in later sections. The essential point of the
effective mass approximation is that the effect of the periodic potential of the crystal
lattice 1s squeezed into the effective mass, treating the Schrodinger equation without

the periodic potential. It should be
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noted that the effective mass approximation is valid not only for the electronic states
in the presence of magnetic fields, but also for those in the presence of electric
potential. Therefore, it can be applicable for treating impurity states, or electronic
states in the presence of artificially introduced quantum potentials in heterostructures,
as long as the extension of the envelope wave function is sufficiently larger than the
period of the lattice potential.
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