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11..1 1 Material Material CategorizeCategorize

 ضرایب اساسی شان از نظر وابستگی )ε وµ ( میدانهاي  دامنهبهH, E:
.)خواهند بود H, Eبه صورت تابعی از  µو εضرایب (غیرخطی. 2 ) Linear(خطی  . 1

 از نظر وابستگی ضرایب اساسی شان )ε وµ ( مختصاتی و مکانی موقعیتبه:
به صورت تابعی از مکان سه  µو εضرایب (غیرهمگن . 2 ) Homogeneous(همگن . 1

.)خواهند بود x,y,zبعدي 

 از نظر وابستگی ضرایب اساسی شان )ε وµ ( میدانهاي جهت اعمال بهH, E:
به صورت تانسوري  µو εضرایب ) (anisotropic(ناهمسانگرد. 2 ) Isotropic(همسانگرد . 1

.)خواهند بود

 از نظر وابستگی ضرایب اساسی شان )ε وµ ( فرکانسبه:
تابعی از فرکانس میدان  µو εضرایب ( (Dispersive)پاشنده . 2 )nondispersive(غیرپاشنده ١.

.)اعمالی خواهند بود
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2. Classical electromagnetism

E: electric field
D: displacement vector 
field

B: magnetic flux density
H: magnetic field

V: Potential
charge density :ߩ

Gauss’s law:
(Stoke’s theorem)

(57)

(58)

(59)

2.1 Electrostatics:
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2. Classical electromagnetism
2.1 Electrostatics:

Capacitance: (61)

(62)

(63)

(66)(65)(64)

(60)

stored energy:

stored energy density: ΔU
1. energy stored per unit 
volume in the electric field:

energy stored per unit volume 
in a magnetic field:

Inductance
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2. Classical electromagnetism

(67)

(68)

(69)

(71)

(73)

Gauss’s law:

electric flux:

Potential:

Capacitance: (70)

(72)

charging energy:
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2. Classical electromagnetism: (2.2 Electrodynamics)

Plane waves can be 
represented spatially as:

Plane waves can be 
represented temporally by:

plane wave:

(74)

(75)

(76)

(77)

(78)

Classical electrodynamics describes the spatial and temporal
behavior of electric and magnetic fields.

A: amplitude of the wave,
K=2ߨ/λ :wave vector of magnitude,
ω=2ߨf: angular frequency,
f=1/߬: frequency,
߬: periode
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2.2 Electrodynamics

D :displacement vector field

E: electric field, or electric flux density 

߯e: electric susceptibility 

P: electric polarization field

H and B: The magnetic field vector, or 
the magnetic flux density

µ: permeability, 

µr: relative permeability,

߯m : magnetic 

susceptibility, 

M: magnetization
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2.2 Electrodynamics
divergence theorem:

S. Stokes’ theorem:

V: volume
n∼: unit-normal 
vector to the surface S
J: current density
charge density :ߩ

(84)

(85)

(86)

(87)

(88)

(89)
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2.3 Light propagation in a dielectric medium

In the dielectric, current density J = 0 because the dielectric has no mobile charge, and if 
µr = 1 at optical frequencies then H = B/µ0.

(90)

(91)

(92)

(93)

(94)

(95)wave equation: Solution: 
plane waves.
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2.3 Light propagation in a dielectric medium

If εr(ω) is realreal andand positivepositive, the solutions to this wave equation for an electric field
propagating in an isotropic medium are just plane waves. The speed of wave propagation
is c/nr(ω), where nr(ω)=[εr(ω)]1/2 is the refractive index of the material. In the more
general case, when relative permeability µr ≠ 1, the refractive index is:

(96)

If one of either ε or µ is negative, refractive index is imaginary and electromagnetic waves 
cannot propagate. It is common for metals to have negative values of ε.

In a metal, free electrons can collectively oscillate at a long-wavelength natural frequency 
called the plasma frequency, ωp =(ne2/ε0m)1/2 .
εr(ω) = 1−ω2

p/ω2 : a good approximation for a metal at long wavelengths.
If ω»ωp : ε=positive ,and electromagnetic waves can propagate through the metal. 
For ω«ωp: ε=negative ,n is imaginary, waves cannot propagate in the metal and are reflected.
why bulk metals are usually not transparent to electromagnetic radiation of frequency less than 
ωp?
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2.3. Light propagation in a dielectric medium

In a homogeneous dielectric medium: µr = 1 and ε(ω)=ε0εr = ε0(ε’r(ω)+ ε’’r(ω))
where ε’r(ω) and ε’’r(ω) are the real and imaginary parts.  In this situation:

(97)

(98)

Fig. 1.17 Dispersion relation for
an electromagnetic wave in free
space. The slope of the line is
the velocity of light.
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2.3 Light propagation in a dielectric medium

For the case: k’’(ω) = 0 and µr = 1, the refractive index is just nr(ω) = [ε’r(ω)]1/2, and we 
have a simple oscillatory solution with no spatial decay in the electric and magnetic field vector:

(101)

(102)

Maxwell’s equations
in free space:

(100)

The first two equations are divergence equations that require that k ·E = 0 and k ·B = 0.
This means that E and B are perpendicular (transverse) to the direction of propagation 
k∼.

(99)

(103)

(104)

in free space:
(105)

(106)

(107)
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2.3 Light propagation in a dielectric medium

Fig. 1.18 Illustration of transverse magnetic field Hz and electric field Ey of a plane wave 
propagating in free space in the x direction. 

Using the fact that the dispersion relation for plane waves in free space is  ω= ck and the 
speed of light is c = 1/[ε0µ0]1/2, leads us directly to:

(108)
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Fig. 1.19 (a) Illustration of temporal decay of an oscillating electric field.
(b) Illustration of spatial decay of an oscillating electric field.

Oscillating transverse electromagnetic waves can decay in time and in space.

2.3 Light propagation in a dielectric medium
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2.4 Power and momentum in an electromagnetic wave

The power in an electromagnetic wave can be obtained by considering the response of a
test charge e moving at velocity v in an external electric field E. The rate of work or
power is just ev ·E, where ev is a current. The totalpower in a given volume is:

Because:(109)

From:

(110)

(111)Or on different form:
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2.4 Power and momentum in an electromagnetic wave

From (64), (65), 
(111):

(112)

(113)

(114)

The total energy density:

S: Poynting vector:

The Poynting vector is the energy flux density in the electromagnetic field.

(115)In free space, The total energy density:
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(116)S: Poynting vector:

(99)

(100)

In free space: (115)

(108)

(E·Kˆ)=
0 
(117)

(118)

Defining the impedance 
of free space: (120)(119)

For monochromatic plane waves propagating in the x direction, the Poynting vector:

(121) (122)

2.4 Power and momentum in an electromagnetic wave



M.A. Mansouri-Birjandi Lecture 2: Light propagation 21

(124)

(126)

(125)

(123)

Electromagnetic waves carry not only energy, but also momentum. Momentum: p
The classical Lorentz force on a test charge e moving at velocity v
is:

momentum can be expressed in terms of the energy density as:

The magnitude of the 
momentum is just:

(127)

2.4  Power and momentum in an electromagnetic wave
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2.5 Choosing a potential
In general, Maxwell’s equations allow electric and magnetic fields to be
described in terms of a scalar potential V(r, t) and a vector potential A(r, t).

(128) (129)or:

Since the curl of the gradient of any scalar field is zero, 
we may equate the last equation with the gradient of a 
scalar field, V, where:

(130)

(131)

(132)
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33. Maxwell’s. Maxwell’s equation in a equation in a material material mediummedium

دانسیتنه فلوي الکتریکی

دانسیته فلوي مغناطیسی

No free pole
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33. Maxwell’s . Maxwell’s equation in a equation in a material material mediummedium

نفود ناپذیرى 
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33. Maxwell’s. Maxwell’s equation in a equation in a material material mediummedium

 By using the constitutive relations for a linearlinear, homogenoushomogenous

and isotropicisotropic medium, Maxwell’s equations can be written in

terms of the electric field E and magnetic field H only
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33. Maxwell’s equation in a material medium. Maxwell’s equation in a material medium
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33..2 2 Wave Wave equationequation in a in a dielectricdielectric mediamedia
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33..2 2 WaveWave equation in a equation in a dielectricdielectric mediamedia
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33..2 2 Wave Wave equationequation in a in a dielectricdielectric mediamedia
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33..2 2 WaveWave equation in a equation in a dielectricdielectric mediamedia
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33..3 3 MonochromaticMonochromatic waveswaves
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33. . 4 4 Complex Notation of Complex Notation of MonochromaticMonochromatic waves waves 
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33..4 4 Complex Notation of Complex Notation of MonochromatiMonochromatic waves c waves 
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33..4 4 Complex Notation of Complex Notation of MonochromaticMonochromatic waves waves 
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33..5 5 Monochromatic Monochromatic plane waves plane waves in dielectric mediain dielectric media
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33..5 5 Monochromatic Monochromatic plane waves plane waves in dielectric mediain dielectric media



M.A. Mansouri-Birjandi Lecture 2: Light propagation 38

33..5 5 Monochromatic Monochromatic plane waves plane waves in dielectric mediain dielectric media
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The The wavewave nature of nature of lightlight
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The The wavewave nature of nature of lightlight
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33..5 5 Monochromatic Monochromatic plane wavesplane waves in dielectric mediain dielectric media
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33..5 5 Monochromatic Monochromatic plane waves plane waves in dielectric mediain dielectric media
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0,0  ZZ EH

.فرض شده است zانتشار در جھت  ): قطبش(دسته بندی مدھا *

0,0  ZZ HE

TM: Transverse Magnetic Mode 

TE: Transverse Electric Mode 

TEM:  Transverse Electric and Magnetic Mode

0,0  ZZ HE
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 An absorbing medium is characterized by the fact that the energy of the
EM radiation is dissipated in it.

This would imply that the amplitude of a plane EM wave decreases
exponentially as the wave propagates along the absorbing medium.

 The dielectric permittivity is no longer a real number, but a complex
quantity εc.

 The displacement field by D = εcE, will not be in phase with the
electric field in general.

55. Light propagation in . Light propagation in absorbingabsorbing mediamedia

 complex index :

 n is the real refractive index, and κ is called the absorption index



 inn c

c 
0 




2
.n

 1
2



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55. Light propagation in . Light propagation in absorbinabsorbing mediag media
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55. Light propagation in . Light propagation in absorbinabsorbing mediag media

 The complex 
wavevector: 2
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55. Light propagation in . Light propagation in absorbingabsorbing mediamedia

 In general, these two planes will not be coincident, and in this case the EM 
wave is said to be an inhomogeneous wave.

 In absorbing media, the vectors κ and a are parallel, and such a wave is 
called a homogeneous wave.

 The vectors kc, k and a are related to the optical constant of the medium 

 The electric field :

000 )(, kinkkankk c  

One important aspect concerning light propagation in absorbing media is the 
intensity variation suffered by the wave as propagates.
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1. Low less media
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براي محیط هایی که هادي خوبی باشند: حالت دوم
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 lossfif :

Depth of penetration (or skin depth)
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55. The intensity of light in . The intensity of light in absorbingabsorbing mediamedia



M.A. Mansouri-Birjandi Lecture 2: Light propagation 58

66. Metallic. Metallic mediamedia
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77. EM Waves at . EM Waves at planar planar Dielectric InterfacesDielectric Interfaces
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77. EM Waves at . EM Waves at planarplanar Dielectric InterfacesDielectric Interfaces
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77. EM Waves at . EM Waves at planarplanar Dielectric InterfacesDielectric Interfaces
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77. EM Waves at . EM Waves at planarplanar Dielectric InterfacesDielectric Interfaces
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77. EM Waves at . EM Waves at planarplanar Dielectric InterfacesDielectric Interfaces
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88. Snell’s. Snell’s lawlaw
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99. Reflection. Reflection and and transmissiontransmission coefficientscoefficients
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1010. Transverse Magnetic incidence. Transverse Magnetic incidence
((TM incidence TM incidence or or p wavesp waves))
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1010. TM incidence (. TM incidence (p wavesp waves))
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1010. TM incidence (. TM incidence (p wavesp waves))
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1010. TM incidence (. TM incidence (p wavesp waves))
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1010. TM incidence (. TM incidence (p wavesp waves))
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1111. . Reflectance and transmittance Reflectance and transmittance for for TM incidenceTM incidence
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1111. . Reflectance and transmittance Reflectance and transmittance for for TM incidenceTM incidence
 This angle, for which RTM = 0, is called Brewster’s angle θB or the
Polarizing angle, because the reflected wave will be linearly polarized
for an incident wave with arbitrary polarization state.
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1212. Brewster’s. Brewster’s angle or angle or polarizationpolarization angle (angle (θθpp))

 θp is the angle of incidence which results in the reflected wave having

no electric field in the plane of incidence .

 The electric field oscillations are in the plane perpendicular to the plane

of incidence.

 In θp, the field in the reflected wave is then always perpendicular to the

plane of incidence.

 The reflected wave is then plane polarized.

 This special angle is given by
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1212. Brewster’s. Brewster’s angle or angle or polarizationpolarization angle (angle (θθpp))
 When an unpolarized light wave is incident at the Brewster angle,
the reflected wave is polarized with its optical field normal to the plane
of incidence, that is parallel to the surface of the glass plate.

 The angle between the refracted (transmitted) beam and the reflected
beam is 90.
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1313. Transverse Electric incidence. Transverse Electric incidence
(TE incidence or (TE incidence or n wavesn waves))

Polarization.
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1313. TE incidence (. TE incidence (n wavesn waves))
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1313. TE incidence (. TE incidence (n wavesn waves))
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1313. TE incidence (. TE incidence (n wavesn waves))
 The transmission coefficient is positive, indicating that the direction of the
electric field vector of the transmitted wave is coincident to that of the incident
wave.

 By contrast, the

electric field vector

associated with the

reflected wave is

reversed in respect to

that of the incident wave,

indicating a phase shift of

π in the reflected wave.
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1414. . Reflection and Transmittance Reflection and Transmittance for for TE incidenceTE incidence
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1515. Total internal reflection, . Total internal reflection, Critical angleCritical angle
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ExampleExample

 n (Water)= 1.33,  n (glass) = 1.5.
 For most semiconductors, such as Si, GaAs, and InP, the index of 
refraction is often in the 3< n <4, depending on the optical wavelength 
and the material.
 Here we take a nominal value of n = 3.5 for a semiconductor.
 Find the reflectance at normal incidence, the Brewster angles, and the 
critical angles for these media at their interfaces with air.
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