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Spectroscopic ellipsometry

IR ellipsometer

60 meV – 0.5 eV (IR)  

In-situ ellipsometer

0.74 meV – 6.5 eV (UV/vis)

•

•

• Reiθ R, θ

•

•
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Polarization of light

German: senkrecht (perpendicular/normal; ⊥); parallel (parallel; ||)

•

Plane of incidence

Incident light

Reflected light

Sample

s-pol
p-pol

s-pol (TE): normal to plane of incidence

p-pol (TM): within the plane of incidence
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Polarization of light

• Polarized light: 
The electric field of waves are oriented in specific direction.

• Photon is a spin-1 boson ⇒ helicity (LHC, RHC) for ms = 1
Note. ms = 0 (longitudinal) state is forbidden (zero mass)

• Linear polarized light is a linear combinations of circularly 
polarized light.
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Elliptical polarization

• Linear polarized light is a linear combinations of circularly 
polarized light.

• Other polarizations (except δ = 0 (mod 2π) & π/2) are all 
elliptical polarization.
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Fresnel formula
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Jones matrix

• Jones matrix is a matrix representation that allows the mathematical 
description of optical measurements.

• The variation in polarized light from many optical elements can be 
applied easily in matrix calculation.

• Arbitrary polarized can be represented with two parameter: Ψ and Δ
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• Jones matrix is a matrix representation that allows the mathematical 
description of optical measurements.

• The variation in polarized light from many optical elements can be 
applied easily in matrix calculation.

• Arbitrary polarized can be represented with two parameter: Ψ and Δ
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Stokes parameters (Stokes vector)

• Stokes parameter allows the description of unpolarized 
(depolarized) and partial polarized light. 
⇒ Covers ALL types of polarization

S1 > 0: polarized towards the x-direction

S3 < 0: polarized towards the LHC ⟳
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Stokes parameters (Stokes vector)

• Stokes parameter allows the description of unpolarized 
(depolarized) and partial polarized light. 
⇒ Covers ALL types of polarization

S1 > 0: polarized towards the x-direction

S3 < 0: polarized towards the LHC ⟳

For derivation from electric field, see Fujiwara et al. 
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Stokes parameters (Stokes vector)

• Stokes parameter allows the description of unpolarized 
(depolarized) and partial polarized light. 
⇒ Covers ALL types of polarization

S1 > 0: polarized towards the x-direction

S3 < 0: polarized towards the LHC ⟳

• To specify an arbitrary polarized light, two parameters are required: (Ψ, Δ) or (ε, θ)

⇒ Fresnel equation 
⇒ Complex optical constants (n + iκ), or (ε1 + iε2), or (σ1 + iσ2), or (Reiθ), …  
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Poincare sphere of S1, S2, and S1 can 
represent all polarization states

Mueller matrix

• The variation in polarized light from many optical 
elements can be applied easily in matrix calculation 
using Stokes vector and Mueller matrix.

• For highly anisotropic/birefringent samples or those with 
depolarized light, Mueller matrix should be measured.
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Principles of spectroscopic ellipsometry

• To make the optical fitting more unique, the ψ & Δ are measured at several incidence angles (50 , 60 , 70 )

• Angles near the Brewster angle (~60 )⇒ to maximize the Rp and Rs difference
θB(n) = arctan(n); θB(1.3) ~ 52 ; θB(1.7) ~ 60 ; θB(2.0) ~ 63 ; 
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Importance of model

•

•

•

•

• To make the optical fitting more unique, the ψ & Δ are measured at several incidence angles (50 , 60 , 70 )

• Angles near the Brewster angle (~60 )⇒ to maximize the Rp and Rs difference
θB(n) = arctan(n); θB(1.3) ~ 52 ; θB(1.7) ~ 60 ; θB(2.0) ~ 63 ; 



17 | | (2)

Fitting procedure

Goal: n, k of film 2

Substrate (e.g. Si, SrTiO3)

Film 1 (e.g. SiO2, SrRuO3)

Film 2 (e.g. HfO2, BaTiO3)
1) Obtain the optical 
constants of the substrate

2) Measure Film 1 + 
substrate and calculate 
the optical constants of 
the film 1.

3) Measure Film 2 + Film 1 
+ substrate and calculate 
the optical constants of 
the film 2.
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Angle dependence to check the ideality

• The optical constants are intrinsic physical properties and should not vary with incident angles.
• In the model, we always assume the homogeneous medium and atomically flat (<1 nm) surface.
• Real samples often fails to reach such high quality, leading to depolarization and geometric effects.
• To check if the sample qualities are acceptable for ellipsometry measurement, scan bulk material at various 

incident angles and check the n, k (or ϵ1, ϵ2) overlap.

• Inhomogeneity and surface roughness can be for some amount modelled with the effective medium approximation 
(EMA) theory. 
Material A: Our sample
Material B: air
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Optical conductivity and electronic band

npj Quantum Materials 7, 95 (2022).
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Interband optical transition

•
pe is the electric dipole

g(ℏω) is the joint density 
of state, which accounts 
for the number of 
occupied–unoccupied
electronic state pairs
separated by a given
photon energy.

•

Tauc plot
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Interband optical transition

Note. the single band picture

•
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Optical responses from topological materials

Phys. Status Solidi B 258, 2000027 (2021)

d: dimension
z=1 for 3D Dirac and Weyl

NW: # of Weyl nodes

Kubo-Greenwood formula

p: momentum operator

D: JDOS
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Optical responses from topological materials

Graphene
2D Dirac 
(d = 2, z =1)

Graphene device (Voltage control) + FTIR

Universal 2D conductivity

Note. Pauli blocking below the EF
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Optical responses from topological materials

Model calculation
PRB 93, 085442 (2016).

Linear 
conductivity

TaAs (3D Weyl)
PRB 93, 121110(R) (2016).

(d = 3, z =1) ⟹ σ∝ ω
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Optical responses from topological materials
NbP (Type-I Weyl, 3D), PRB 98, 195203 (2018).Cd3As2(3D Dirac), PRB 93, 121202 (2016).
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Optical responses from strongly correlated band

meff/mb ~ 2
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Hubbard model

Mott transition

Imada et al., Metal-insulator transitions, Rev. Mod. Phys. 70, 1039 (1998)
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Spectral weight transfer

Imada et al., Metal-insulator transitions, Rev. Mod. Phys. 70, 1039 (1998)
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Revealing electronic band structure

Basov et al., Electrodynamics of correlated electron materials, Rev. Mod. Phys. 83, 471 (2011)
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IR, Raman and PL
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• Intrinsic/permanent separation of charge

Review: Electric dipole and polarizability

• Tendency of a charge to distort under external E-field.

• Present in the absence of an E-field • Disappears in the absence of an E-field

• Probe: Infrared spectroscopy (absorption/reflection)
Photoluminescence (emission)

• Probe: Raman scattering 
(re-emission from induced dipole)
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Phonon dispersion of a diatomic chain 

http://lampx.tugraz.at/~hadley/ss1/phonons/1d/1d2m.php

Optical

Acoustic



- Reflection/absorption

- higher-order Raman scattering

- Brillouin scattering
- inelastic neutron scattering

- x-ray scattering

- Raman scattering

- pump-probe ΔR

Q: Normal coordinate
(quantifies the displacement of all 
atoms in a given vib. Normal mode)
Q = 0: equilibrium
Q = Q: two opposite extremes of 
the motion

μ: dipole moment
α: polarizability
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Raman spectroscopy
General properties

• Measures light inelastically scattered off materials ⇒ very weak in intensity

• Inelastic due to loss/gain to molecular and lattice vibrations

• Exhibits as a sideband from incident laser wavelength (visible/NIR used)

• Coexists with photoluminescence (PL) signal of which the intensity is 106–108 stronger.

Classical understanding of Raman scattering

The laser's electric field induces an oscillating dipole in the molecule ⟹ μ = αE

The polarizability is modulated by the molecular vibration at ωvib (α₁ ∝ ∂α/∂Q) ⟹ α = α₀ + α₁cos(ωvibt)

The incident laser field oscillates at ωLaser ⟹ E = E₀cos(ωLt)

μ = αE mixes the two frequencies ⟹ multiplying the modulated α by the oscillating E gives: cos(ωvibt)·cos(ωLasert) term

Using trig identity, one gets three components in the scattered light:
ωLaser : Rayleigh (elastic scattering, no energy exchange)
ωLaser − ωvib : Stokes (light gives one vibrational quantum to the molecule)
ωLaser + ωvib : Anti-Stokes (light takes energy from an already-vibrating molecule)

If α₁ = 0 (∂α/∂Q = 0), the sidebands vanish ⟹ Determines the Raman activity selection rule
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Scattering spectrum

Fig. from Sci. Rep. 10, 11692 (2020)

Quantum mechanical mechanism of Raman scattering

Two-photon scattering process via a short-lived 
virtual state*, and immediately re-emits a photon while 
landing in a final vibrational state

Energy conservation 
ℏωscattered = ℏωLaser – (Ef – Ei)

ψi = ψf Rayleigh (elastic)
v → v + 1  Stokes (gains one vibrational quantum ℏωvib)
v + 1 → v  Anti-Stokes (loses a quantum ℏωvib)

Scattering amplitude proportional to:
(Fermi Golden rule in 2nd order perturbation, or KHD Kramers-Heisenberg-Dirac term)

⟹ Consistent with classical selection rule ∂α/∂Q ≠ 0

Resonance Raman
Strong intensity at ℏωLaser ~ (one of the) En
⟹ change the laser source

Non-contact temperature measurement using  
Boltzmann distribution 
Stokes:  initial state (ν0) in the ground state (many!)
Anti-stokes: in the excited state (a few) ⟹ the occupation number 
increases at higher temperature
N(ν1)/N(ν0) = exp(ℏωvib/kBT)

*Superposition of all real eigenstate 
En (scaled by KHD term)
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Phonons measured using FTIR

PRL 118, 117201 (2017).

CdOs2O7

Metal-to-insulator transition
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Phonons measured using FTIR

Y2Ir2O7

J. Son et al., npj Quantum Materials 4, 17 (2019).
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Phonons measured using Raman

Adv. Ftn. Mater. 22, 1385 (2012).

MoS2
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Photoluminescence (PL)

• The re-emission of light by interband luminescence after a direct gap semiconductor has been 
excited by a photon with energy greater than Eg.

M. Fox, Optical properties of Solids, Oxford Univ. Press (2010) 
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Comparing the PL to the absorption

Very thin/2D (mono~a few layer) sample: 
- absorption very small (volume) + strong background (absorption from other transitions) 
- PL measures emission from dark background ⟹ far superior SNR

Distinguishes direct/indirect transition:
- absorption: observes the direct transition and the (phonon-assisted) indirect gap transition
- PL: Much efficient for the direct gap 

PL has more prominent features of low-energy states:
- absorption: often difficult to observe trions (exciton + e/h), defect levels, and localized excitons

Non-equilibrium / final state info.
- PL: The emission reflects the relaxed final state after the excitation. (valley-spin info.)
- absorption: Reflects the initial state state (selection rule)

M. Fox, Optical properties of Solids, Oxford Univ. Press (2010) 
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Indirect to direct band gap transition

MoS2 undergoes indirect (bulk) to direct 
(monolayer) band gap transition with 
layer thickness.

The PL intensity enhances significantly 
for direct band gap transition.
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Exciton

•

•

•

•

•
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Exciton

•

•
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WSe2

Heinz group, PRL 113, 076802 (2014)

WS2 monolayer
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Nat. Comm. 8, 251 (2017)

Magnon

Cd2Os2O7

• Single ptl absorption; Δq = 0

Phys. Rev. 166, 514 (1968)

Sci. Adv. 11, eadv3757 (2025)

• Two ptl scattering; 
Δq = 0 = +q + (–q)
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Universal scaling in free carrier regimes
Nature 425, 271 (2003) Nat. Comm. 14, 3033 (2023)

• ∝
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