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Born-Oppenheimer Approximation 



Born-Oppenheimer Approximation 

V(r) = ½ k (r-r0)2
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Fn = c(un+1 – un) + c(un-1 – un)

m(d2un/dt2) = c(un+1 + un-1 – 2un)

-mω2un = c(un+1 + un-1 – 2un)un = u e±inKa e-iωt

-mω2 = c(e+iKa + e-iKa – 2)

ω2 = (2c/m)(1 - cosKa)



Dispersion relation for 1D acoustic phonons

ω(K) = (2c/m)1/2(1 – cosKa)1/2 = 2(c/m)1/2|sin(Ka/2)|

Phase velocity: vp = ω/K

Group velocity: vg = ∂ω/∂K = a(c/m)1/2cos(Ka/2)

For small K: vg = vp



Phonon
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Diatomic linear chain

m(d2sn/dt2) = β(un+1 + un-1 – 2sn)

un = u e±inKa e-iωt

-mω2s = βu(1 + eiKa) – 2βs

M(d2un/dt2) = β(sn+1 + sn-1 – 2un)

sn = s e±inKa e-iωt

-Mω2u = βs(1 + e-iKa) – 2βu

and



Transverse optical mode

Transverse acoustical mode 



Scattering by phonons

Incident beam with momentum k interacts with a crystal 
and comes out with momentum k’. 

k + G = k’ ± K

G is a vector in reciprocal lattice.

K lies in the first brillouin zone. For 1D, |K| ≤ π/a.

Phonon is the quantum unit of a crystal vibration.



Electronic Spectroscopy Electronic Spectroscopy 

1. Photons in, photons out – PL
2. Photons in, electrons out – UPS, XPS
3. Electrons in, electrons out – EELS



Vibrational Spectroscopy Vibrational Spectroscopy 

1. Photons in, photons out – IR, Raman
2. Electrons in, electrons out – EELS



The Theory of Raman Spectroscopy The Theory of Raman Spectroscopy 





In crystallography, the reciprocal lattice of a Bravais lattice is the 
set of all vectors K such that

for all lattice point position vectors R. This reciprocal lattice is itself 
a Bravais lattice, and the reciprocal of the reciprocal lattice is the 
original lattice.
For an infinite three dimensional lattice, defined by its primitive 
vectors , its reciprocal lattice can be determined by 
generating its three reciprocal primitive vectors, through the 
formulae

Reciprocal lattice



Reciprocal lattice of FCC is BCC

Reciprocal lattice of BCC is FCC



Density of Phonon States

For 1D:  D(ω) = (1/L)(dN/dω) = (1/L)(dN/dK)(dK/dω) = (1/(πvg)) 

The phonon density of states gives the number of modes 
per unit frequency per unit volume of real space.

For 2D:  D(ω) = (1/L2)(dN/dω) = (K/(2πvg)) 

For 3D:  D(ω) = (1/L3)(dN/dω) = (K2/(2π2vg)) 



Phonon heat capacity

Cv = (∂U/∂T)v

Heat capacity at constant volume

Debye Model

ω = vK

D(ω) = (1/L3)(dN/dω) = (K2/(2π2vg)) = (ω2/(2π2v3))

U = ∫ D(ω)<n(ω)>ħω dω

N = ∫ωD D(ω) dω

Cv = (∂U/∂T)v = 2.4π4NkB(T/θ)3


