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Transverse Wave 

A transverse wave is a moving wave that

consists of oscillations occurring perpendicular

(or right angled) to the direction of energy

transfer.

Direction of 
propagation of energy

Direction of oscillation
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Light as a transverse electromagnetic plane wave

Where A is the complex amplitude given by 

( , , , ) exp[ ( )]E x y z t A i kz t 

ω is 2πν, ν = frequency of light

Where K is the propagation constant given by

2 /k  

0 exp( )A A i

And φ is the absolute phase of the wave at the instant t.

z
y

x

Amal Kr Chakraborty
page 63, 64, 65
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Unpolarized light

We will ignore the M-
vector and consider only 
the E-vector to describe 
polarized light
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• Ordinary light source consists of very 
large number of randomly oriented 
atomic emitters

• Light is emitted in a direction 
perpendicular to the direction of 
vibration of atoms

• Each excited atom emits a polarized wave 
train for about 10-8 seconds (extremely 
small duration)

• Thus in ordinary light polarization 
constantly changes in random and 
unpredictable pattern producing a total 
effect of unpolarized light

• A perfectly monochromatic or coherent 
light is always polarized
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Magnitude  of E 
constant, only 
direction changes

Vertically Linearly 
polarized light– E vector 
along x-axis 

Vertically Linearly 
polarized light– E vector 
along y-axis 

Vertically Linearly 
polarized light– E vector 
along  +45 degrees  

Vertically Linearly 
polarized light– E vector 
along  -45 degrees  

In each case above only the magnitude of E 
vector changes, Direction does not change

Left-handed 
circularly pol

Right-handed 
circularly pol

Elliptical
polarization

Both magnitude 
and direction of E 
changes
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Vertically linearly polarized

Horizontally linearly polarized

Circularly polarized

Different Kinds of Polarized Light 
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Linearly  polarized 
light – only the 
magnitude of the 
E-Vector changes

Circularly polarized light – the 
magnitude of E-Vector remains 
constant, direction changes

Elliptically polarized light –
Both magnitude and direction 
of E-Vector changes 

Polarized light
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Any state of polarized light 

can be formed by the sum

of the vertical and 

horizontal states 

0     0     x yA A  

 = Amplitude along x-axis
 = Amplitude along y-axis

 = Phase difference between the 
       oscillations in x and y axis

x

y

A
A


0     0     x yA A  

0,  0   (45 )x yA A LP  

0,   180   ( 45 )x yA A LP   

,  90   RCx yA A    ,    270   LCx yA A   

,     arbitrary   Ellipsex yA A    Nandini Ghosh 
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In 1669, a Danish 
mathematician at the University 
of Copenhagen, Erasmus 
Bartholinus first discovered 
double refraction by Iceland 
Spur or Calcite which led to the 
discovery of Polarization of light

Discovery of Polarization of Light

CaCO3

“Greatly prized by all men is the diamond…. But he, who

prefers knowledge of the unusual…, he will have no less joy

in a new sort of body…. Recently brought to us from Iceland,

which perhaps is one of the greatest wonders that nature

has produced…..”
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In 1808. Louis Malus looked 
at the reflections of the 
setting sun from a window 
of the Luxemburg Palace 
and noticed how the 
intensity varied when he 
rotated the crystal
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In 1812 David Brewster’s (inventor of the 
kaleidoscope ) discovered that sun rays reflected 
from water or glass become linearly polarized --- a 
fact that we use in polaroid sunglasses nowadays

Finally, around 1821 due to the works of 
Augustin Fresnel a wave theory of polarized 
light was born!
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From Nature

• By Reflection from non-metallic dielectric surfaces like glass, ceramic flooring, 

plastic, etc

• By Scattering of sunlight by the atmosphere  - occurs mostly during dusk and 

dawn

Artificial Sources / Man-made devices

• Multiple reflectors (Polarization by reflection)

• Polarizers (Polarization by transmission)

• Dichoric materials (Polarization by transmission)

• Birefringent materials (Polarization by double refraction)

Methods of Obtaining Polarized Light
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B

r

Reflected Beam
Fully Polarized 

Incident 
Beam 
Unpolarized
Light

Refracted Beam
Partially Polarized 

B = Brewster’s angle
When incident beam falls at Brewster’s angle, the angle 
between reflected and refracted ray is 900    

Polarization By Reflection
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At Brewster's angle of incidence, 
tan    (refractive index) ---(1)

sinBut,   tan   ----(2)
cos

However by Snell's Law
sin    ----------(3)
sin

From (1), (2) and (3) 
sin sin      cos sin
cos sin

B
BB
B

B
r

B B B r
B r













  

90         90o oB r B r    

Prove that at 
Brewster’s angle 
of incidence the 
angle between 
reflected and 
refracted ray is 
900 

Polarization of reflected and refracted 
light by repeated reflection and 
refraction
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Polarization of sunlight due to scattering

by the atmosphere

 Polarization occurs maximum at a

direction perpendicular to the direction of

the light

The early morning (dawn) the early

evening light (dusk) in the sky is very

much polarized

Polarization by Scattering

The rainbow 
is highly 
polarized

Haidinger’s brush (see 
the net about it)
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•Humans can only detect the intensity and colour of light but hardly polarized light

•The rhodopsin molecule is aligned randomly in human eye but in parallel
orientation in other animal’s eyes which is responsible for polarized vision

•Most insects, birds and animals can detect polarized light and it helps them to
navigate, find food or communicate with each other

•Insects like dragonflies make nocturnal flights to the ponds or lakes to lay eggs
guided by the reflected horizontally polarized light from the water’s surface

•Octopuses and cuttlefish use a diverse array of polarized light to communicate
emotions among themselves or their prey

•Birds and bats use polarized light (which is strongest during dusk and dawn) to
navigate

Polarized light vision in insects, birds and marine animals

Nandini Ghosh 
UEM class notes



Left : How humans see a cuttlefish, Right: how another 
cuttlefish or polarized vision sees it

The eyes of the mantis 
shrimp can detect even 
circular polarization as well as 
UV light
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Linear polarizers are made 
by heating and stretching a 
sheet of PVA

Polarizers (Polarization by transmission)
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Polarizers absorb one component of the polarization but not the 
other. 

The input is natural light, the output is polarized light (linear, circular, 
elliptical). They work by dichroism, birefringence, reflection, or scattering.

Polarizers (Polarization by transmission)

Dichroic crystals absorb 
one polarization state 
over the other one. 

Example: tourmaline.

Linear polarizers made of special type of 
polymer materials
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Crossed linear polarizers

Edwin H Land, a Harvard student, in 1926 dropped 
out of school and invented the polarizing sheets that 
are now widely used in cameras, sunglasses and 3D  
movie glasses
Also famous for inventing the polaroid camera for 
instant pictures
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Malus’s Law

Ao

Aocos Ө

Aosin Ө

INFO : When two polarizing elements are placed in 
succession in a beam of light as described here, the first is 
called polarizer and the second is called analyzer.

DEFINITION: when polarized light is incident on the 
analyzer, the intensity I of the light transmitted by the 
analyzer is directly proportional to the square of the 
cosine of angle between the transmission axes of the 
analyzer and the polarizer.
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How do polaroid sunglasses and lenses help in reducing glare ?

View with a non-polarized versus 
polarized sunglasses
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A polarizer filters out the polarized component of light from the sky 
increasing contrast with the clouds

The marine life under water can be 
seen clearly using a polarizing filter 
that blocks the reflected horizontally 
polarized light from the water surface
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Two reels of film are projected 
through different polarized 
filters. So images for viewers' left 
eyes are polarised on a 
horizontal plane, whereas 
images for their right eyes are 
polarized on a vertical plane.

Cinema goers’ glasses use the 
same polarizing filters to 
separate out the two images 
again, giving each eye sees a 
slightly different perspective and 
fooling the brain into 'seeing' 
Avatar's planet Pandora as 
though they were actually there.

Each of our eyes see a slightly different view of an object giving us 3D vision 
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light passing through Polarizer 1 is polarized in the 

vertical direction and, when no current is applied to 

the electrodes, the liquid crystalline phase induces a 

90 degree twist of the light and it can pass through 

Polarizer 2, which is polarized horizontally. This light 

can then form one of the seven segments on the 

display.

When current is applied to the electrodes, 

however, the liquid crystalline phase aligns 

with the current and loses the cholesteric

spiral pattern. Therefore, light passing through 

a charged electrode is not twisted and is 

blocked by Polarizer 2
Nandini Ghosh 
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Crystalline materials may have different indices of refraction associated 
with different crystallographic directions. 
A common situation with mineral crystals is that there are two distinct 
indices of refraction, and they are called birefringent materials. 
The propagation of light along the optic axis would be independent of its 
polarization; it's electric field is everywhere perpendicular to the optic axis 
and it is called the ordinary- or o-wave. 
The light wave with E-field parallel to the optic axis is called the 
extraordinary- or e-wave. 

Double refraction and waveplates
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2 ( )e oPD n n t


 

The two split rays are linearly polarized with their 
electric vector orthogonal to each other. 
The emergent beam will not only have a phase delay 
caused by the birefringent material but will also suffer 
a change in the direction of the plane of polarization.
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A beam of ray incident either parallel or perpendicular to the optic axis will NOT
break up into two separate beams
When incident beam is parallel to the optic axis, they travel together with the 
same velocity and come out without a phase difference between the components
When incident beam is perpendicular to the optic axis the beams travel along the 
same path with different velocities and come out with a maximum phase difference 
w.r.t each other
This above criterion is used for manufacture of wave plates.

What is the optic axis ?   First 3 points below 
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Positive and negative birefringence

o

o

o

o

There are 2 indeces of refraction 
sin sin      
sin sin

    +ve crystal
Velocity, v  v

    -ve crystal
Velocity, v > v
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There are two applications 
of double refraction :

Nicol Prism
Retarder plates like 
quarter wave plates and half 
wave plates
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A wave plate is built from a double refracting crystal such that the flat surface of the plate is 
parallel to the optic axis and the incident beam is perpendicular to the surface and to the 
optic axis. The emergent beams emerge as one single beam but with a phase difference 
which can be calculated from the optical path difference due to the thickness of the plate.

Retarder Plates or Wave Plates

 = refractive index, t = thickness of plate
Optical Path Difference, OPD = t
OPD between O and E rays = ( )

2Phase Difference = .

2 ( )

o e

o e

t

OPD

t




 




 





 

For a Quarter wave plate, OPD = ,
4

2Phase Difference = . 90
4 2

For a Half wave plate, OPD = ,
2

2Phase Difference = . 180
2
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If linearly polarized light is 
incident on a quarter-wave 
plate at 45° to the optic 
axis, then the light is 
broken up into 2 beams. 
One of these is retarded by 
a quarter wavelength w.r.t. 
the other by the plate. This 
produces circularly 
polarized light upon 
emergence. Incident 
circularly polarized light is 
thus changed to linearly 
polarized light.
For any other angle of 
incidence, elliptically 
polarized light is produced.

Quarter wave-plate
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A half-wave plate. Linearly polarized 
light entering a waveplate is resolved 
into two waves, parallel (shown as 
green) and perp. (blue) to the optical 
axis of the waveplate. The parallel 
wave propagates slightly slower than 
the perp. one. At the far side of the 
plate, the parallel wave is exactly half 
of a wavelength delayed relative to 
the perp wave, and the resulting 
combination (red) is a mirror-image 
of the entry polarization state 
(relative to the optical axis).

Half wave-plate
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Nicol prism

A Nicol prism is a type of polarizer, an optical device used to produce a polarized beam 
of light from an unpolarized beam. It is made in such a way that it eliminates one of the 
rays by Total Internal Reflection i.e, the O-ray is eliminated and only the E-ray is 
transmitted through the prism. 

It is made up of 2 calcite prisms cemented together with canada balsam.

Critical angle is 69o for O-ray at the canada balsam layer. Here O-ray strikes an angle 
greater than 69o and is totally internally reflected

Incident unpolarized light

Canada Balsam
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Detection of Plane, Circularly and elliptically polarized light

Rotating Nicol Prism

no variation in intensity

Unpolarized

Unpolarized Rotating Nicol Prism

Linear 
Polarizer

Linearly 
polarized 

variation in intensity with 
minimum zero

QWP at 45o

w.r.t linear 
polarizer

Rotating Nicol Prism
Linear 
Polarizer

Linearly 
polarized 

No 
variation 
in 
intensityUnpolarized Circularly 

polarized
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QWP at any 
angle except 45o

w.r.t linear 
polarizer

Rotating Nicol Prism
Linear 
Polarizer

Linearly 
polarized 

variation 
in 
intensity 
but 
minimum 
not zero

Unpolarized
Elliptically 
polarized

QWP 
Rotating Nicol PrismLinearly 

polarized Circularly or 
elliptically polarized

variation in intensity with 
minimum zero

HWP at θ w.r.t. 
linearly polarized 

Rotating Nicol PrismLinearly 
polarized 

variation in 
intensity with 
minimum zero

Linearly 
polarized at 
angle 2θ Nandini Ghosh 
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Rotating Nicol PrismRotating Nicol Prism Linearly 
polarized 

variation in intensity with 
minimum zero

Unpolarized

Linearly 
polarized 

variation in intensity with 
minimum zero

Unpolarized

Linear 
Polarizer

Rotating Linear 
Polarizer (Analyzer)

No variation in intensity

Unpolarized

QWP or 
HWP

Rotating Linear 
Polarizer (Analyzer)

Unpolarized
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To Practice : Numerical Problems on 
•Brewster’s angle
•Malus’s law
•Velocity and refractive indices of positive and negative crystals
•Path difference and phase difference for quarter wave plates and half wave plates
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