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Polarization of light
http://hyperphysics.phy-astr.gsu.edu

𝐸𝐸 =
𝐸𝐸𝑝𝑝𝑒𝑒𝑖𝑖𝛿𝛿𝑝𝑝

𝐸𝐸𝑠𝑠𝑒𝑒𝑖𝑖𝛿𝛿𝑠𝑠

𝐸𝐸𝑙𝑙𝑙𝑙𝑙𝑙𝑙𝑙𝑙𝑙𝑙𝑙,𝑝𝑝 = 1
0

𝐸𝐸𝑙𝑙𝑙𝑙𝑙𝑙𝑙𝑙𝑙𝑙𝑙𝑙,𝑠𝑠 = 0
1

𝐸𝐸𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐 =
1
2

1
± 𝑖𝑖 𝐸𝐸𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒 = sin𝜓𝜓 exp(𝑖𝑖Δ)

cosΔ

Sample

Plane of incidence

Normal vectorEp

Es

θ θ

Δ = 𝛿𝛿𝑝𝑝 − 𝛿𝛿𝑠𝑠

Jones matrix formalism

 Describes polarization state of light
 Cannot describe unpolarized light

𝑃𝑃 𝜙𝜙 = cos2 𝜙𝜙 sin𝜙𝜙 cos𝜙𝜙
sin𝜙𝜙 cos𝜙𝜙 sin2 𝜙𝜙

𝑅𝑅𝑞𝑞𝑞𝑞𝑞𝑞 = 1 0
0 −𝑖𝑖 𝑅𝑅ℎ𝑤𝑤𝑤𝑤 = 1 0

0 −1
Polarizer Retarder

s

p
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Ellipsometry

𝜌𝜌 =
𝑟𝑟𝑝𝑝
𝑟𝑟𝑠𝑠

= tan𝜓𝜓𝑒𝑒𝑖𝑖Δ

Gold

𝑛𝑛 = 𝜀𝜀⟨𝜀𝜀⟩ = sin2 𝜃𝜃 1 + tan2 𝜃𝜃
1 − 𝜌𝜌
1 + 𝜌𝜌

2

𝑟𝑟𝑝𝑝 =
𝐸𝐸𝑟𝑟𝑟𝑟
𝐸𝐸𝑖𝑖𝑖𝑖

=
𝑛𝑛1 cos𝜃𝜃0 − 𝑛𝑛0 cos𝜃𝜃1
𝑛𝑛1 cos𝜃𝜃0 + 𝑛𝑛0 cos𝜃𝜃1

𝑟𝑟𝑠𝑠 =
𝐸𝐸𝑟𝑟𝑟𝑟
𝐸𝐸𝑖𝑖𝑖𝑖

=
𝑛𝑛0 cos𝜃𝜃0 − 𝑛𝑛1 cos𝜃𝜃1
𝑛𝑛0 cos𝜃𝜃0 + 𝑛𝑛1 cos𝜃𝜃1

Fresnel equations

𝜓𝜓 = tan−1
𝑟𝑟𝑝𝑝
𝑟𝑟𝑠𝑠

= tan−1
𝑟𝑟𝑝𝑝
𝑟𝑟𝑠𝑠

= tan−1
𝑅𝑅𝑝𝑝
𝑅𝑅𝑠𝑠

1
2

Ellipsometric angles

Dielectric function

www.Jawoollam.com
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Dielectric function model: Lorentz

Applications:

 Electronic interband transitions
 Lattice vibrations

𝑚𝑚
𝑑𝑑2𝑥⃗𝑥
𝑑𝑑𝑡𝑡2

+ 𝑚𝑚𝑚𝑚
𝑑𝑑𝑥⃗𝑥
𝑑𝑑𝑑𝑑

+ 𝑚𝑚𝜔𝜔02𝑥⃗𝑥 = −𝑒𝑒𝐸𝐸0𝑒𝑒−𝑖𝑖𝑖𝑖𝑖𝑖

Equation of motion:

Electron

Spring-like force

Nucleus

Solution:

𝑥⃗𝑥 𝑡𝑡 =
−𝑒𝑒 ⁄𝐸𝐸0 𝑚𝑚

𝜔𝜔𝑜𝑜2 − 𝜔𝜔2 − 𝑖𝑖𝑖𝑖𝑖𝑖
𝑒𝑒−𝑖𝑖𝑖𝑖𝑖𝑖

Dipole moment:
𝑃𝑃 = 𝑛𝑛𝑝⃗𝑝, 𝑝⃗𝑝 = −𝑒𝑒𝑥⃗𝑥,
𝑃𝑃 = 𝜀𝜀0𝜒𝜒𝐸𝐸

𝜀𝜀 𝜔𝜔 = 1 +
𝜔𝜔𝑝𝑝2 𝜔𝜔02 − 𝜔𝜔2

(𝜔𝜔𝑜𝑜2−𝜔𝜔2)2 + 𝛾𝛾𝛾𝛾 2 + 𝑖𝑖
𝛾𝛾𝛾𝛾𝜔𝜔𝑝𝑝2

(𝜔𝜔𝑜𝑜2−𝜔𝜔2)2 + 𝛾𝛾𝛾𝛾 2

Dielectric function:

𝜀𝜀 = 1 + 𝜒𝜒

𝜔𝜔𝑝𝑝2 =
𝑛𝑛𝑒𝑒2

𝜀𝜀0𝑚𝑚0

𝐸𝐸𝑝𝑝2

Γ𝐸𝐸0

Γ

𝐸𝐸0

𝐸𝐸 = ℏ𝜔𝜔
Γ = ℏ𝛾𝛾
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Dielectric function model: Drude

𝑚𝑚
𝑑𝑑2𝑥𝑥
𝑑𝑑𝑡𝑡2

+ 𝑚𝑚𝑚𝑚
𝑑𝑑𝑑𝑑
𝑑𝑑𝑑𝑑

= −𝑒𝑒𝐸𝐸0𝑒𝑒−𝑖𝑖𝑖𝑖𝑖𝑖

𝜀𝜀 𝜔𝜔 = 1 −
𝜔𝜔𝑝𝑝2

𝜔𝜔2 + 𝑖𝑖𝑖𝑖𝑖𝑖
= 1 −

𝜔𝜔𝑝𝑝2

𝜔𝜔2 + 𝛾𝛾2 + 𝑖𝑖
𝜔𝜔𝑝𝑝2𝛾𝛾

𝜔𝜔(𝜔𝜔2 + 𝛾𝛾2)

Screened plasma 
frequency

𝜔𝜔𝑝𝑝2 =
𝑛𝑛𝑒𝑒2

𝜀𝜀∞𝜀𝜀0𝑚𝑚

Application: Free carriers:
- Metals
- Doped semiconductors

𝑅𝑅 =
�𝑛𝑛 − 1
�𝑛𝑛 + 1

2

𝜎𝜎 𝐸𝐸 = −
𝑖𝑖𝜖𝜖0𝐸𝐸
ℏ 𝜖𝜖 𝐸𝐸 − 1
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Experimental setup

(0.03-0.8) eV

 Cleaning (keeping at 770 K for 12 hours)
 VASE measurements from 770 to 77 K
 VASE measurements from 77 to 770 K
 Cleaning in FTIR-VASE
 Identical measurements with FTIR-VASE(0.5-6.5) eV

Sample: 
Bulk single-crystalline Ni (100)
Measurement sequence

UV-VASE IR-VASE
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Anomaly in pseudo-conductivity

Anomaly occurs as the temperature rises. 
Possible explanations:

 Magnetization
 Reversible 

 Bulk crystal structure
 Grain growth

 Surface overlayers
 Adsorbed overlayers 

1000 Å

Poly-
crystalline

Single 
crystal

Heating the sample at 770 K seems 
to be the best way of cleaning

E = 1.97 eV

Tc = 627 K
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Merging data

In air

In cryostat
Clean
Not corrected

In cryostat
Clean
Corrected

𝛿𝛿 𝜆𝜆 =
𝑎𝑎1
𝜆𝜆 1 +

𝑎𝑎2
𝜆𝜆2 +

𝑎𝑎3
𝜆𝜆3

VASE windows: Quartz
FTIR windows: Diamond

 Windows change the 
polarization state of light under 
stress (retarder)

 Windows are calibrated by default 
for only the calibration sample 
SiO2/Si.

 Windows should be calibrated for 
the desired sample.

Figure from Wikipedia, public domain



R. C. O'Handley, Modern Magnetic Materials: principles and applications, (Wiley, 2000) 12

Dielectric function

𝜖𝜖 𝐸𝐸 = 1 −�
𝑖𝑖=1

2 𝐸𝐸𝑝𝑝,𝑖𝑖
2

𝐸𝐸(𝐸𝐸 + 𝑖𝑖Γ𝑖𝑖)
+ �

𝑗𝑗=1

4 𝐴𝐴𝑗𝑗𝐸𝐸𝑜𝑜,𝑗𝑗
2

𝐸𝐸0,𝑗𝑗
2 − 𝐸𝐸2 − 𝑖𝑖Γ𝑗𝑗𝐸𝐸

𝑨𝑨 𝑬𝑬𝒑𝒑
(𝐞𝐞𝐞𝐞)

𝑬𝑬𝟎𝟎
(𝐞𝐞𝐞𝐞)

𝚪𝚪
(𝐞𝐞𝐞𝐞)

𝝈𝝈𝟎𝟎
𝟏𝟏/𝛀𝛀𝛀𝛀𝛀𝛀

Drude 1 (d) 12.1 2.91 6,766

Drude 2 (s) 4.81 0.0403 77,200

Lorentz 1 1.83 1.57 0.847

Lorentz 2 0.138 2.58 0.888

Lorentz 3 2.42 4.77 2.08

Lorentz 4 1.91 12.7 6.01
 Merging correction reduces the number of needed 

oscillators.

 Two Drude terms to account for s- and d- electrons.

Ellipsometric angles of 
single-crystalline Ni (100)

𝜃𝜃 = 70°

All data are corrected for 20 Å of surface roughness.

𝑁𝑁𝑖𝑖28 = 𝐴𝐴𝐴𝐴 3𝑑𝑑9.4 4𝑠𝑠0.6 0.6 Electron
0.6 Hole
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Dielectric function at various temperatures

Due to the large free carrier 
absorption, temperature 
dependence of the peaks are 
not visible.



𝑁𝑁 =
2𝑚𝑚0 𝑉𝑉
𝜋𝜋𝜋𝑒𝑒2 �

0

6
𝜎𝜎 𝐸𝐸 𝑑𝑑𝑑𝑑

Sum rule

14

Optical conductivity at various temperatures
𝜎𝜎 𝐸𝐸 = −

𝑖𝑖𝜖𝜖0𝐸𝐸
ℏ

𝜖𝜖 𝐸𝐸 − 1 There is a red shift in the main peak at 4.8 eV.

 The small peak at 1.5 eV changes with 
temperature.

 Drude broadening increases with temperature.

4.8 charges per 
cubic unit cell

𝑁𝑁𝑖𝑖28 = 𝐴𝐴𝐴𝐴 3𝑑𝑑9.4 4𝑠𝑠0.6



M. J. Laubitz, T. Matsumura, and P. J. Kelly, Can. J. Phys. 54, 92 (1976). 15

DC conductivity

𝜎𝜎𝐷𝐷𝐷𝐷 = 𝜎𝜎 𝐸𝐸 = 0 =
𝜖𝜖0
ℏ

𝐸𝐸𝑝𝑝2

Γ

 Second Drude term behaves like a typical 
metal (thus s-electrons)

 No significant change with T in d-electrons

 IR ellipsometry measurements 
underestimates the DC conductivity.

 Far IR measurements might produce better 
results for DC conductivity.

From electrical 
measurements

Extrapolated conductivity

𝜎𝜎𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡 = 𝜎𝜎1 + 𝜎𝜎2

𝜖𝜖 𝐸𝐸 = 1 −�
𝑖𝑖=1

2 𝐸𝐸𝑝𝑝,𝑖𝑖
2

𝐸𝐸(𝐸𝐸 + 𝑖𝑖Γ𝑖𝑖)
+ �

𝑗𝑗=1

4 𝐴𝐴𝑗𝑗𝐸𝐸𝑜𝑜,𝑗𝑗
2

𝐸𝐸0,𝑗𝑗
2 − 𝐸𝐸2 − 𝑖𝑖Γ𝑗𝑗𝐸𝐸
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Energy of the main peak

𝐸𝐸𝑎𝑎 = 4.99 ± 0.03 eV
𝐸𝐸𝑏𝑏 = 0.20 ± 0.04 eV
𝜃𝜃 = (900 ± 98) K
𝑘𝑘𝐵𝐵𝜃𝜃 ≈ 77 meV

 The main peak is due to the transitions at the L-point of the BZ.
 The peak broadens by scattering with magnons.

𝐸𝐸 𝑇𝑇 = 𝐸𝐸𝑎𝑎 − 𝐸𝐸𝑏𝑏 1 +
2

𝑒𝑒
𝜃𝜃
𝑇𝑇 − 1

Bose-Einstein fit

𝐸𝐸𝑎𝑎: Unrenormalized energy
𝐸𝐸𝑏𝑏: Coupling energy
𝑘𝑘𝐵𝐵𝜃𝜃: Effective energy



C. S. Wang and J. Callaway, Phys. Rev. B 9, 4897 (1974)                               D. E. Eastman et al. Phys. Rev. Lett. 40, 1514 (1978)
M. Shiga and G. P. Pells, J. Phys. C. 2, 1847 (1969)
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Broadening of the main peak

ΔEex = 0.31 eV Broadening and the spontaneous 
magnetization behave the same way.

 Reduction of the width of the peak is 
interpreted as the Δ𝐸𝐸𝑒𝑒𝑒𝑒 of the d-band. 

Tc = 627 K



W. Borgiel, W. Nolting, and M. Donah, Solid. State. Commun. 72, 825 (1989)      
T. Greber, T. J. Kreutz, and J. Osterwalder, Phys. Rev. Lett., 79, 4468 (1997) 
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Small absorption peak

𝛿𝛿𝛿𝛿 = 𝜎𝜎 𝑇𝑇 − 𝜎𝜎(77 𝐾𝐾)
 Amplitude of the main peak increases.

 Amplitude of the small peak decreases 
and stays constant above Tc = 627 K.

 The energy of the small peak stays 
constant.

W ΓL

𝑬𝑬𝑭𝑭𝑬𝑬𝑭𝑭

 Small peak 𝐿𝐿3↓ → 𝐿𝐿3↓

𝐿𝐿3↓

𝐿𝐿3↓

X-point

W-point



N. V. Volkenshtein, V. P. Dyakona, and V. E. Startsev, Phys. Stat. Sol. (b) 57, 9 (1973)
B. Raquet, M. Viret, E. Sondergard, O. Cespedes, and R. Mamy Phys. Rev. B 66, 024433 (2002).
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Resistivity as a function of temperature

Optical 
measurements

Electrical 
measurements

 Qualitative agreement between optical and 
electrical measurements.

 Scattering by magnons is dominant at high 
temperatures.

 Optical measurements are sensitive to surface 
conditions but not electrical measurements.

𝜌𝜌𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡 = 𝜌𝜌𝑖𝑖𝑖𝑖𝑖𝑖 + 𝜌𝜌𝑒𝑒−𝑒𝑒 + 𝜌𝜌𝑒𝑒−𝑝𝑝𝑝 + 𝜌𝜌𝑒𝑒−𝑚𝑚𝑚𝑚𝑚𝑚

𝜌𝜌𝑒𝑒−𝑒𝑒 ∝ 𝑇𝑇2 very low 𝑇𝑇

𝜌𝜌𝑒𝑒−𝑝𝑝𝑝 ∝ 𝑇𝑇5 𝑇𝑇 ≪ 𝜃𝜃𝐷𝐷
𝜌𝜌𝑒𝑒−𝑝𝑝𝑝 ∝ 𝑇𝑇 𝑇𝑇 > 𝜃𝜃𝐷𝐷

𝜌𝜌𝑒𝑒−𝑚𝑚𝑚𝑚𝑚𝑚 ∝ 𝑇𝑇2 𝑇𝑇 ≫ 𝑇𝑇𝐹𝐹

𝜌𝜌 ∝ 𝑇𝑇 𝑇𝑇 < 300 𝐾𝐾

𝜌𝜌 ∝ 𝑇𝑇2 𝜃𝜃𝐷𝐷 < 𝑇𝑇 < 𝑇𝑇𝑐𝑐

Slope = 0.507

Slope 
=1.97

𝑇𝑇𝐹𝐹 ≈ 10 − 40 𝐾𝐾



Herrmann et l. Phys. Rev. B 73,134408 (2006) 20

Magneto-optical effects
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Voigt parameter 𝑄𝑄 = 𝑖𝑖 𝜀𝜀𝑥𝑥𝑥𝑥
𝜀𝜀𝑥𝑥𝑥𝑥

This research is still ongoing
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Summary 

 Merging correction produces more realistic model with minimum oscillators.

 FTIR ellipsometry measurements underestimate the conductivity.

 Far IR measurements are required to model the Drude term of metals.

 Bose-Einstein fit to the red shift of the main peak near 4.8 eV indicates scattering by 
magnons.

 Reduction of the broadening of the main peak is interpreted as a measure of the exchange 
energy of the d-band at the L-point.

 The small peak is assigned to 𝐿𝐿3↓ → 𝐿𝐿3↓ transitions with simultaneous descent of the bands 
as the temperature rises.

 Temperature dependence of the resistivity also indicates scattering by magnons.
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Outlook

 Temperature dependence of Ni thin films as a function of thickness.

 Research on NiPt and other alloys of Ni (tunable Curie temperature).

 Optical properties of single-crystalline Ni (111).

 Ellipsometry studies on Ni in a magnetic field.

 Optical properties of other metals for comparison.

 Comprehensive dielectric tensor to describe both on- and off-diagonal elements.

 Anomalous skin effect (scattering length > penetration depth). 
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Electronic configuration of Ni

𝑁𝑁𝑖𝑖28 = 𝐴𝐴𝐴𝐴 3𝑑𝑑9.4 4𝑠𝑠0.6 𝐹𝐹𝐹𝐹26 = 𝐴𝐴𝐴𝐴 3𝑑𝑑7.05 4𝑠𝑠0.95
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Ellipsometry

𝜌𝜌 =
𝑟𝑟𝑝𝑝
𝑟𝑟𝑠𝑠

= tan𝜓𝜓𝑒𝑒𝑖𝑖Δ

𝜓𝜓 = tan−1
𝑟𝑟𝑝𝑝
𝑟𝑟𝑠𝑠

= tan−1
𝑟𝑟𝑝𝑝
𝑟𝑟𝑠𝑠

= tan−1
𝑅𝑅𝑝𝑝
𝑅𝑅𝑠𝑠

1
2

Δ = 𝛿𝛿𝑟𝑟𝑟𝑟 − 𝛿𝛿𝑟𝑟𝑟𝑟

𝑟𝑟𝑝𝑝 =
𝐸𝐸𝑟𝑟𝑟𝑟
𝐸𝐸𝑖𝑖𝑖𝑖

=
𝑛𝑛1 cos𝜃𝜃0 − 𝑛𝑛0 cos𝜃𝜃1
𝑛𝑛1 cos𝜃𝜃0 + 𝑛𝑛0 cos𝜃𝜃1

𝑟𝑟𝑠𝑠 =
𝐸𝐸𝑟𝑟𝑟𝑟
𝐸𝐸𝑖𝑖𝑖𝑖

=
𝑛𝑛0 cos𝜃𝜃0 − 𝑛𝑛1 cos𝜃𝜃1
𝑛𝑛0 cos𝜃𝜃0 + 𝑛𝑛1 cos𝜃𝜃1

Gold
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Depolarization
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Drude term
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