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Polarization of Electromagnetic Wave

< Jones Formalism
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Polarization of Electromagnetic Wave

+» General consideration of polarization
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Jones representation for Polarization

< Jones Formalism for polarization; E-matrices Right-hand (or o+)
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Jones representation for Polarization

% Jones Matrices for optical elements
Ex — |:J11 J12 :| EOx
E,v Ju I Eo,»

Optical element Corresponding Jones matrix

Linear polarizer with axis of transmission horizontal ([1) g)
Linear polarizer with axis of transmission vertical (3 [1]) Non 'deal po Iar" Zer‘
. 1/1 1 .
Linear palarizer with axis of transmission at 45 5 11 |:1 _ 17/:|
) ) ) . 1 —1 +7
Linear polarizer with axis of transmission at -45 E ( 1 1 ) lj/ 0
Linear polarizer with axis of transmission at angle ¥ ( cos? © (‘Oﬁtyﬁln LP)
sin @ cos sin? %2} S mp e in
ampl
1 —i
Left circular polarizer ?( - ) E ! .
2l 1 llipsometry:
Right | I LY
ight circular polarizer gh—i 1

i 0
Half-wave plate with fast axis in the horizontal direction (; —i)

rpO
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Quarter-wave plate with fast axis in the horizontal direction. |e*™/4 (U i)
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Change of Polarization of Electromagnetic Wave

% Jones Matrices for rotating optical elements

analyser

If an optical element is rotated about the optical axis by angle &, the Jones
matrix for the rotated element, M{&), is constructed from the matrix for the
unrotated element, M, by the transformation

M‘(ﬂ) = R(—ﬂ) M R(G) .

cosf) sind
where R(0) = —sin® cosf/

Mote that Jones calculus is only applicable to light that is already fully polarized. Light which is
unpolarized, partially polarized, or incoherent must be treated using Mueller calculus.




How Polarizers work ?
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Examples:
Wire-grid polarizer
Electro-absorption modulator
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How Polarizers work ?
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Glan-Thompson prism

polarizer consisting of two triangular calcite

prisms with orthogonal crystal axes that are
cemented together. At the internal interface,

an unpolarized beam splits into bwo linearly

o ‘>< polarized rays which leave the prism at a
o divergence angle of 15°-45°

Wollaston-prism 1

How Polarizers work ?

Thin-film polarizers (narrow band)
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Stokes Parameters for Polarization of Electromagnetic Wave

R

% Stokes Parameters, Intensity, and Poincare
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Stokes Parameters for Polarization of Electromagnetic Wave

TR

% Stokes Parameters, Intensity, and Poincare

Unpolarized light
1

Linearly and circularly

polarized light Elliptically polarized light

1 1 1
_ +1 _ 0 _
5 =S, §_g. S_g. Ccos 2y
0 c 0 0 .
0 sin 2y -cos A
0 +1 —sin2y -sinA | 14

Change of Polarization of Electromagnetic Wave

% Optical elements, like polarizers and returders, are equivalent to
rotation of the Stokes vector around their characteristic vectors by a
certain angle.

S, s,

_ S,
45 . S, =|* S,
dz = BXs. Sz S
S 2

3
S,

Table 1. Elementary rotations

Rotation
axis Jones matrix Stokes space rotation
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Relationship between different representations of the light
Polarization

Stokes parameters and J-Jones matrix elements for time-averaged
quantities:

S
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Muller Matrices for Polarization of Electromagnetic Wave

% Muller Matrices

Mueller calculus is a matrix method for manipulating Stokes vectors, which represent the paolarization of
incoherent light. It was developed in 1843 by Hans Mueller, then a professor of physics at the
hassachuselts Institute of Technology. Light which is unpolarized or partially polarized must be treated
using Musller calculus, while fully polarized light can be treated with sither Mueller calculus or the
simpler Jones calculus. Coherent light generally must be treated with Jones calculus because the latter
wiorks with amplitude rather than intensity of light. The effect of a particular optical element is
represented by a Mueller matrix; which is a 4x4 matrix and a generalization of the Jones matrix

Any fully polarized, partially polarized, or unpolarized state of light can be represented by a Stokes
vector (§) Any optical element can be represented by a Musller matrix (M),

If a beam of light is initially in the state i and then passes through an optical element t and comes out
in a state 5'*”‘ then it is written

§,= M3, .
If @ bearn of light passes through optical element M, followed by M, then Mg it is wiritten

g, - (x-h(xig(x{lﬁ. ))) :

given that matrix multiplication is associative it can be written
S, = MMM, S, .
Bewiare, matrix muliplication is nof commutative, soin general
MM, M, 5; # M;MyM,S; 17

MM and Polarization

% Muller Matrices for some ideal common optical elements:

1100 100 0
i LB Linear polarizer (Horizontal Transmission) L Quarts late (fast-axi rtical
2lo 000 P 000 —1 uarter wiave plate (fast-axis vertical)
0000 001 0
1 -1 00 10 0 0
i -1 1 00 L | Vertical T - 01 0 0 ) .
0 0 00 inear polarizer (Vertical Transmission’ 00 0 1 Quarter wiave plate (fast-axis horizontal)
0 0 00 00 -1 0
1 010 10 0 0
110 00 0] . ) ) 1
1010 Linear polarizer (+45° Transmission) 8 0 El 8 Half wave plate (fast-axis vertical)
0000 00 0 -1
1 0 -120 1 000
1o 0 0 0 1 1
al-1 0 1 0 Linear polarizer (-45° Transmission) 1 8 0 [1] g Attenuating filter (25% Transmission)
0 0 0 0 0001
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Polarization of Electromagnetic Wave
Another view at Ellipsometry

** Muller Matrices for sample measured in Ellipsometry:

1 —C0S 2y 0 0

g —CO0S 2y 1 0 0
0 0 Sin2y -COSA  Sin2y - COSA
0 0 Sin2y -COSA  Sin2y - COSA

i r
¢, variable, tan = r—” , A=6,-0,

s
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Description of Polarization changes

< Muller Matrix for rotation of the coordinate system:

1 0 0 0
0 cos26 sin2¢ 0
|0 -sin20 cos20 0
0 0 0 1

SR
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What is far-IR Ellipsometry?

Elliptically polarized light
1. relative phase shift, A=d,—d,
2. relative attenuation, tan¥ = Irlr

=1 f' ’r‘\! !f.‘\"
S L
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Qa g0 180 270 360
Anaiyser angle, A { %

KAME = 14 asin(24;) + §cos(24;)
o E() = &y(@) + § Ex{@) = £(@, a, [, ¢, P)
\,&\g’ﬁ- polarizer

Far-Infrared Ellipsometry is a technique which allows one to measure very accurately and with high
reproducibility the complex dielectric function (o) = &(w), + i £(w), of oxide thin films and single
crystals. It measures the change in polarization of Infrared light upon non-normal reflection on the surface
of a sample to be studied. To extend the Ellipsometry technique to the Far-Infrared part of the
electromagnetic spectrum, we are going to carry out these experiments at Brookhaven National Laboratory,
National Synchrotron Light Source. Synchrotron light provides three orders of magnitude more brilliant 21
light in the Far-Infrared as compared to conventionally available light sources, like mercury arc lamps.

Jones matrices and Ellipsometry

< Jones matrix representation for Ellipsometry measurement:
Jones _ 7 Jons
E out J-E in

A~ ~ ~ ~ ~

Jones _
E out — J, Jrotate(—(P—R.)) :

n.—i polarizer . Jrotate(A —4;) : Jsample '

sample ¥

A
: getectd

HAMIy= 1+ asin(2A) + §cos(2A)
E(0) = £4(0) + i €x(m) = e(. o, 3, 0. P)

n.—i polarizer

Jons
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Limitations of the previous formalism
Usina example of birefringence

0 wl‘\l‘ h|||| W }

Em.rs)‘ (V)

Intensity (arb. units)

¢.(0)# &, (0)=¢,(0)

An=(n; —ny).

What if we have simultaneous
An(\ @=MJ\.

birefringence and optical activity?

Answer:
we will use Jones N- matrices for
non-local effects

An( w}w}

/ 2 d
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