PHY 712 Electrodynamics
12-12:50 AM Olin 103
Plan for Lecture 16:

Read Chapter 7

1. Plane polarized electromagnetic
waves

2. Reflectance and transmittance of

electromagnetic waves — extension to

anisotropy and complexity
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Colloguium: “Ink-Based Semiconductors: From In Situ
Diagnostics to Autonomous Experimentation”

Dr. Aram Amassian

Associate Professor

Materials Science and Engineering

NC State University

Raleigh, NC

George P. Williams, Jr. Lecture Hall, (Olin 101)
Wednesday, February 19, 2020 at 3:00 PM

There will be a reception in the Olin Lounge at approximately 4 PM
following the colloquium. All interested persons are cordially invited to
attend.
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Maxwell’s equations

For linear isotropic media and no sources: D=¢E; B=xH

Coulomb's law: V-E=0
Ampere-Maxwell's law:  VxB— ,ug% =0
Faraday's law: VxE+%:O

No magnetic monopoles: V-B=0
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Analysis of Maxwell’s equations without sources -- continued:
Coulomb's law : V-E=0

Ampere-Maxwell'slaw: VxB-— ys% =0

Faraday's law : VXE+ ;—B =0
t

No magnetic monopoles: V-B=0

Vx[VxB—ysa—E):—VZB—ys AV=E)
o ot
) B
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Analysis of Maxwell’'s equations without sources -- continued:
Both E and B fields are solutions to a wave equation:

2
VZB—iza?:O
v Ot
2
VZE—iza—lf=0
v© Ot
2
where v =¢? /105050_2
us n

Plane wave solutions to wave equation :
B(r, t) = iR(BOeik‘r_mt ) E(r, t) — m(EOeik-r—iwt )
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Analysis of Maxwell’'s equations without sources -- continued:
Plane wavesolutions to wave equation:

B(r,t)= ER(BOeik-r—iwz ) Er,1)= SR(EOeik-r—iwt )

2 2
W =(2) =["2) wheren= [
v c Ho&y

Note: &, g, n, k can all be complex; for the moment we will
assume that they are all real (no dissipation).

Note that E; and B, are not independent; " o
=n—
from Faraday's law: VxE+ % -0 ¢
O

kxE, _nﬁxEO
® c

=B, =

also note: R-EU =0 and R-BU =0
-
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Analysis of Maxwell’'s equations without sources -- continued:
Summary of plane electromagnetic waves :

B(l',t): g{[nkxEoe‘k ri(w] E(l‘,t): ER(EOeikrﬂwt)
c

2 2
‘k‘z = (gj = [@j wheren = |45 andlA(-EO =0
v ¢ Ho&y

Poynting vector and energy density:

_”‘EO‘ -1
< >avg7 2#6 kiz
1
(), Ll f

Reflection and refraction of plane electromagnetic waves at a
plane interface between dielectrics (assumed to be lossless)




Reflection and refraction -- continued
In medium u's":
E'(r,t)= ER(E‘O e"?(”'*"””’))

E,(r,t) _ m(EO‘el%(VlkprfL‘f))
k xE (r,t)= /,zgl::,. ><El(r,t)

i i

E,(r0)=% EORetf”(nﬁkw))

5 XE(r1):
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BR(r,t)=§l% xE,(r,¢)= ,LfERXER(rJ)

B'(r,t) = ER'XE‘(r,t) = ,u'g'l::'xE(r,t)
c
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Reflection and refraction -- continued
Snell’'s law — matching phase
factors at boundary plane z=0.

ei%(n'l}'»r—cl) _ eii—“(nl},»r—cl)

>

z=0

_ eii—?(nlzk-r—ct)

2=0
matching plane: r=xX+yy+0z
K'r=xsind
ﬁi-r:xsini:ﬁk-r:xsinR =i=R
n'k'r=nk,-r = n'xsinf = nxsini
Snell's law : n'siné = nsini
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Reflection and refraction -- continued

Continuity equations at boundary with no sources :

V-D=0 V-B=0
VxH—a—D:O V><E+6—B:0
ot ot

Matching field amplitudes at boundary plane:

D-z, B-Z continuous

Hxz,Exz continuous
20 Y 712 Spring 2

020 - Lecture 1€
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Reflection and refraction -- continued
Matching field amplitudes at

boundary plane:
D-z continuous:

X S(Em"’EOR)'i:g'Evo'i
B-z continuous:

n(ﬁixE0i+ﬁRxE0R)-i:

Exz continuous:

(E, +Ey; )x2=E' x2 n'k'xE',-2
HxZ continuous:

. . . Known: E, K,
l(kixE0i+kR><E0R)><z oW Bai K, .
H Unknown: E',E . k'

= LRwE WX Z
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Reflection and refraction -- continued

s-polarization — E field “polarized”
perpendicular to plane of incidence
Exz continuous:
X (E, +Ey)x2=E'x2

HxZz continuous:

E(l}i xE,, +l:1R ><E0R)><i= n—'lA('xE'oxi
u u

H picosd

ncosi——' , .
Ey, 17 E, 2ncosi

Ey ncosi+ﬁn'cosﬁ Ey; ncosi+£'n'cos€
)7

Note that: n'cos@=+n"—n’sin’i
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Reflection and refraction -- continued

p-polarization — E field “polarized”
parallel to plane of incidence

D-Z continuous:
x ¢(Ey+Ey,)-2=¢'E\-1

HxZ continuous:

Z

7(k xE, +kR><E0R)><i: n—'ﬁ'xE'Oxi
7
£ pcosi—ncosd .
Epp _ i E, 2ncosi
E, H Hu

1

Note that: n'cos@=+n"—n*sin’i
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Reflection and refraction -- continued

Intensity in terms of Poynting vector:

Reflectance, transmittance:

n 2 n 2
R:SR~z:EOR _S'z _|E')| n' ucost
S, z| |E,; S,-z |E,| n u'cosi
Note that R+T7T =1
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For s-polarization
ncosi—n'cos 0 , .
R o' E, 2ncosi
Ey ncosi+£'n'cose Ey ncosi+ﬁ'n'cos6’
Note that: n'cos@=+n"—n’sin’i
2
2 ncosi—ﬁvn'cosﬁ
R= Ey
Ey ncosi+£'n'cos6’
2
T Ef‘0 iﬁcos&z 4nn'cosicos @ A
E, | n u' cosi S
0 ncosi+ﬁ'n'cos6’
)7
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For p-polarization
“—n'cosi—ncos@ : .
Ey, _H o _ 2ncosi

Ey ﬁyn‘cosnncosﬁ Ey; ﬂn’cosi+ncos€
)7

1

Note that: n'cos@=+n"—n’sin’i

2
2 ﬁ'n'cosi—ncosﬁ
R= Eog _|H
E,. .
0i ﬁyn'coancosH
1 2 1 1 .
I E'\| n' g cos®  4dnn'cosicosf u
E,| n u'cosi du
0, .
' H p'cosi+ncos)
)
U
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Special case: normal incidence (=0, 6=0)
U

onen
Eor _ 1 £, __2n
Eoi ﬁ'n'+n Eq ﬁ'n'+n

H LM
Reflectance, transmittance :

2
2 ﬁyn'—n
R= h _|#
2 A opin
yv
2
2
LY R L )
Ey| ny |4 n+nl * H
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Multilayer dielectrics ~ (Problem #7.2)

ny n, ns
k; #,
—_— —_—
Y k,

PHY 712 Spring 2020 - Le

octure 16
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Extension of analysis to anisotropic media --

21



Consider the problem of determining the reflectance from
an anisotropic medium with isotropic permeability i, and
anisotropic permittivity £,x where:

k., O 0
k=| 0 K, 0
0 0 «

zz

By assumption, the wave vector in the medium is
confined to the x-y plane and will be denoted by

k

o0, .. .
, =—(nX+ny),where n, and n, are to be determined.
c

The electric field inside the medium is given by:

R .
i—(nx+n,y)-iot
c

E=(EX+EY+E.2)e
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Inside the anisotropic medium, Maxwell’s equations are:
V-H=0 V-k-E=0
VxE—-iouH=0 VxH+iwek-E=0

After some algebra, the equation for E is:

2
K,—n, nn, 0 E,
2 —
nn, K,-n 0 E, |=0.
2 2
0 0 K. —(n +n) )\ E,

From E, H can be determined from

He_ [E(n3=n$)+(En, ~En)ies" """
HoC
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The fields for the incident and reflected waves are the
same as for the isotropic case.

o, . . o~
k, =—(siniX +cosiy),

c

O, . . -
k, =—(siniX—cosiy).

c

Note that, consistent with Snell’'s law: 7, =sini
Continuity conditions at the y=0 plane must be applied for
the following fields:

H(x,0,z,1), E (x,0,z,¢), E (x,0,z,t), and Dy(x,O, z,t).
There will be two different solutions, depending of the
polarization of the incident field.
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Solution for s-polarization
— — 2 _ 2
E=E =0 =n=k.—n

) ) .m )
iZ(nx+n,y)-iot iZ(n x40, y)-iot
¢ P’

E=E_je H:L{Ez(nyi—nxy)}e
HoC

E, must be determined from the continuity conditions:
E,+E,=E. (E,—E,)cosi=E.nn, (E,+E)sini=Epn,

E, _cosi—n,
E, cositn,
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Solution for p-polarization
2

2 _K
E =0 =n =K—“(Kﬂ, —n).

w

2
n K. n. . i—(nx+n,y)-iot
E=E‘[x— "‘Xy]ef .
K0,
@ .
He_ EX K, iex?(n,xm,‘y)—m‘
He n,

E_ must be determined from the continuity conditions:

. . K o K
(E,—E)cosi=E, (E,+E)=22F (E,+E)sini==2"xf
n n
¥ ¥
E0 K COSI—1,
E, K, cosi+n, ’
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Extension of analysis to complex dielectric functions
For simplicity assume that z = g,
Suppose the dielectric function is complex :
. £ . .
E=¢g,+ig; L= (ny+in, f =a+if
0
1/2 1/2
Joa' + B +a Joal+ 7 —a

ng,=|— n=-————-

2 2
E(r l‘) _ fR(E ex%(nﬁ r—cr))z fR(E ei%(n,;l} r—cr)}—'jn,l‘or

s 0 0
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