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Phys 774: 
Principles of Spectroscopy

Fall 2007
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Linear Spectroscopy

Sample

Spectrometer + 
Detector

Processes in the SAMPLES
• Transmission / Reflection /Absorption
• Linear Spectroscopy
• Dielectric function approach

Source of Radiation 
or Excitation

CCD
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The interaction of radiation with matter
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The interaction of radiation with matter

http://www4.nau.edu/microanalysis/Microprobe/Course%20Overview.html
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The interaction of radiation with matter
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The interaction of radiation with matter
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The interaction of radiation with matter
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The interaction of radiation with matter
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The interaction of radiation with matter

Materials equations

EM wave

Solution

Loss part of K-vector
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The interaction of radiation with matter

Complex Dielectric Function
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The interaction of radiation with matter

EM wave:
In vacuum:

Can measure usually only E2

Typical absorption length:
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Dielectric function is a tensor

Important for crystals ! 
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Optical birefringence spectroscopy 

Optical axis ˆ( )D Eε ω=

( ) ( ) ( )zz xx yyε ω ε ω ε ω≠ =
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Linear spectroscopy 
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Contributions to Dielectric Function 
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Linear spectroscopy of semiconductors and 
dielectrics 
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Linear spectroscopy of semiconductors and 
dielectrics 
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Ionic polarizability / Phonon contribution 
Evaluate the dielectric constant of an ionic crystal. 

Ionic polarizability is related to the motion of ions. 

Recall the linear chain model we used to describe lattice vibrations:

+ -Equations of motion 
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e* - effective charge,

E – external field; 
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Substitute this solution into equations of motion, solve for u0+ , u0-
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The ionic polarization Pi is then

(nm – number of dipoles per unit volume); P = ε0χE
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relative permittivity: εr = ε/ε0 = 1+χ ; χ = χel + χi
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At high frequencies, ω >> ωt , the ionic term vanishes:

at ω = 0,  
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can rewrite
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Between ωt and ωl εr(ω) < 0 ⇒ index of refraction is imaginary: 

( ) ( )rN i kω ε ω= = ⋅ wave is reflected
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Physical meaning of ωl - the frequency of longitudinal optical phonon

k k

TO phonons: 

no field in z direction; 
from the symmetry of the 
problem: 
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Lyddane-Sachs-Teller relation 
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If many phonon branches: 
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Electronic polarizability
For an accurate quantitative description, quantum mechanics is needed

But we can get some general ideas with classical approach

Recall our model of atom:

Displaced electronic cloud feels a restoring 
force, which is linear (for small displacements) -

+
∆r p

E

For simplicity consider one-dimensional case (∆r parallel to x) 

e
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Without an external field: 

Equation for harmonic oscillator. Solution: harmonic  vibration

with frequency 

Now, have electromagnetic wave with field   E(t)=E0e-iωt

Force F(t)=eE0e-iωt

Equation of motion becomes
(forced oscillator)

Look for a solution   x(t)=x0e-iωt
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Expect strong response (large x), ⇒ large susceptibility χ ⇒
large refractive index n at   ω ≈ ω0
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Dipole moment  p = qx, so polarization P = eNZx
(N atoms per unit volume, Z electrons per atom)  ⇒
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Now, consider damping force proportional to speed : 
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Equation of motion becomes  (damped oscillator):

Again, look for a solution   x(t)=x0e-iωt
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Same form as before,
just includes damping  

Therefore
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n is complex for nonzero damping:

Amplitude decays as wave propagates – absorption; 
results from damping

IR innn +=~

and                      ,                           - complex wavenumber 

What does it mean?
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α - absorption coefficient (m-1)
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Reflectivity at normal incidence (in air) 
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As we've seen, the dielectric function and refractive index 

are generally complex: εr = εr' + iεr'' 

εr' = nR
2 - nI

2 ; εr'' = 2nRnI

nI is called extinction coefficient

IR innn +=~

Field amplitude: power (intensity):
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We obtained

Quantum mechanics 
gives similar result:

Many resonant frequencies ωj correspond to energy transitions

Weighting factors fj called oscillator strengths

(related to transition matrix elements)
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Optical properties of conductive solids (metals)

conductivity of a medium σ :

Including conductivity in Maxwell's equations in the medium: 
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Still, look for plane wave solution: ( ) ( )tiet ω−⋅= rkErE 0,

Differs from a "standard" wave equation by the first term in the right part
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visibleUV infrared

Have complex refractive index nt:

nR, nI = α/2k0 are real 0
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Reflection from metals

Consider a very good metal: large σ
(e.g. silver: σ ≈ 6·107 Ω-1m-1)
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Dispersion equation in metals
The dispersion we got in a model of oscillating electrons: 

emk=0ω

k – "spring constant"
me – electron mass

in metal, there are free electrons – no restoring force ⇒ ω0 = 0

Still, there may be bound electrons, too. 
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(like in dielectric)
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Below ωp refractive index is complex – absorption;

above ωp n is real, free electron absorption is small

For most metals ωp lies in the UV range  

If we neglect the contribution of bound electrons and also neglect 
free electron damping γe
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Where carrier 
concentration 
is higher? 
Choose between a
and b. Show work

a

b
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Summary 

Ionic contribution to dielectric function is related to lattice vibrations 
and exhibits dispersion in infrared region, given by 
the Lyddane-Sachs-Teller relation:

Electronic polarizability is given by

Dielectric function and refractive index are generally complex: 
εr = εr' + iεr'' ; ; εr' = nR

2 - nI
2 ; εr'' = 2nRnI

absorption coefficient α = 2k0nI nI - extinction coefficient
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