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Electromagnetic waves can be described by their
wavelengths, energy, and frequency. All three of
these things describe a different property of light,

yet they are related to each other mathematically.
This means that It 1s correct to talk about the
energy of an X-ray or the

or the
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Maxwell's Equations

¢ Maxwell's equations represent one of the most
elegant and concise ways to state the
fundamentals of electricity and magnetism.
From them one can develop most of the working
relationships In the field. Because of their
concise statement, they embody a high level of
mathematical sophistication and are therefore
not generally Introduced In an introductory
treatment of the subject, except perhaps as
summary relationships.




Maxwell's Equations

These basic equations of electricity and
magnetism can be used as a starting point for
advanced courses, but are wusually first
encountered as unifying equations after the
study of electrical and magnetic phenomena.




Electromagnetic Wave
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Propagation
. Direction




SYMBOL

E = Electric field

p =charge
density

| = electric current

B = Magnetic field

e , = permittivity

J = current
density

D = Electric
displacement

1, = permeability| c = speed of light

H = Magnetic
field strength

M=Magnetization

P = Polarization




Maxwell’ s Equations

Intezral form in the absence of magnetic or polarizable
media:

- —
I. Gauss law for electricity }E{f‘q = Ei
0

II. Gauss law for magnetism §BdA =1

—
III. Faraday = law of induction §Edj’ —

IV. Ampere s law §§* S=Juﬂi+ E-dA




Maxwell’ s Equations

hfferential form in the absence of magnetic or polarizakle
medla:

fo,
I. Gauss law for electricity V- E = — = 4Ekp

€o

II. Gauss law for magnetism V. B — 0

I[II. Faraday s law of induction 1v"F,;l,‘,'JE:z—a—‘B
dt
4k 1 0F
Vx B=——J+— 9
: c c® ot
IV. Ampere s law
_J _10E
g,c°  ¢® ot
| 1 — Coulomb's ol = 1

- dre, constant HoEq




Maxwell’ s Equations

Differential form with masnetic and/or polarizable media:

I. Gauss law for electricity ? )= P

D=¢g E+ P D =g, E Free space
General D=¢eE Isotropic linear
Case - dielectric

II. Gauss law for magnetism V. B = 0

oB

III. Faraday s law of induction 1vw_;l,‘:JE,':——

ot

IV. Ampere s law ?,]: H=J+a—D

ot
B=u(H+M) B=u,H Freespace

General B=uH [Isotropiclinear
case magnetic medium
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Electromagnetic Wave in vacuum

Speed of light is related to
electric permittivity and
| magnetic permeability

1
c= =3x10°m/s

Eoﬂa
electric _T Lmagnetic permeability

permittivity




Electromagnetic Wave in a medium

€ = permittivity

i = permeability
® - inavacuum
r - relative

A is a material parameter for chemists !




Complex index of refraction

n= v #J'Er =~ "\r‘gr Er=[Elr+%J=El +ie"

Note the removal of the subscript

If €, has imaginary parts, the refractive index is:

cnmplex: n=n’-in"
and o-dependent: n(w)

n(w) = n'+in"

2 2
n-—mn""=¢

2n'n"=g"




Electromagnetic Waves

In vacuo:
@ 2r
c A

E(x)=Ee ™™

In a medium:

’(..

nw 2nmt
k= =

c A

n=n'+in"« refractive index is complex




Electromagnetic Waves

i
i n'+in")x

—iax
E(x)=Eje e °
o 2nrw

k= —— (ien'x )
C A , —iax ‘

E(x)=E,e* ©

In a medium:

n=n"+in"




Electromagnetic Waves

In vacuo:

P— ——— — e~

In a medium: C
\(;bacny of wave nmphfucB 5

."-u__ _-'I-.._\_

nw 2nrw B

=10 _ 'i\ _
e A _ Phase velocity
e ">-

n=n'+in" S—




Games Clerk Maxwell (1831-1879):
Interplay of electric and magnetic
field could result in

GER)

“Maxwell” s accomplishments are the most profound and the
most fruitful that physics has experienced since the time of
Newton ” (A. Einstein):

Before Maxwell:

After Maxwell:




Maxwell’ s equations

Optics [ Charge neutrality, p =0
wave { No direct current, j =0

Nonmagnetic materials, pu. =1 (n = pp)




Boundary conditions

In inhomogeneous media consisting
of several dielectrics, the field lines
of E, H will experience discontinuity
or bending at the boundary

The boundary conditions for E, H can be derived from
Maxwell equations

normal components:




Electromagnetic waves

0°E 1 0°E E=electricfield
Maxwell’s 5 = 5 "
wans Ot Hp&y 0x°  B=magneticfield
equations: 52 1 /2B & = permittivity (vacuum)

(in vacuum) 2 :ﬂoé‘o ov2 Mo =permeability (vacuum)
1

\ Hoéo

speed of light ¢ = =3x10° m/s

E(x,t) = Eqsin(wt —kx)
B(x,t) = By sin(wt — kx)

23




The electromagnetic spectrum

A

Wavelength
(meters)

=13

10

Gamma Rays

X Rays

Ultraviolet ‘ 400 nm
Visible

Infrared ‘

TR0 nm

Microwave
(and sub-bands)

Radiowave




Electromagnetic waves in matter

2 2 2 2
vacuum: @ £_ 1 O°E 0°E_ 1 0°E

o o T el

0°B 1 0°B 0°B 1 0°B

o2 (o) ox’ or2 | ue) ox?

permittivity:  €=¢&,&y (&, = dielectric constant)
permeability: wu=¢,6q (4, =relative permeability; «#, =1)

1 1 1

ety €69 | Hogo | 1,E, = 1 refraction index
=c




The 3D Vector Wave Equation for Electric Field

-
O°E 0

o2 Derived from Maxwell's Equations

V’E — ue

0°E O°E OE_ O°E
ox>  oy* or° “

> — O Thisis just 3 independent
t wave equations, one for each
X-, Y-, and z-components of E.

which has the vector field solution:

E(F,t) = E,e/®T) mmmd E(rt)=E(r)e




Vector Helmholtz Equation

¢ Helmholtz Equation in free space derived from wave equation

where k = 2—”
A

VZE(F)+k’s, E(T) =0 o
and ¢, = freespace permittivity

E(R) =(E,.E,.E,)

X-component y-component Z-component

N N A
4 I 4 I 4 I

E(F) = (Re[E,]+i Im[E,],Re[E, ]+iIm[E, ],Re[E,]+i Im[E,])

¢ The complex electric field has six numbers that must to be
specified to completely determine its value




The dependence of the wave speed and index of refraction on
the wavelength is called

White /A " ~  Deviation of
light _ vellow light

Measure of
dispersion




POLARIZATION

Direction
of wave
travel

Plane Polarized
Electromagnetic Waves

lllustrating vertical and
horizontal polarized waves.




p-polarization: s-polarization:

E-field is parallel to the plane E-field is perpendicular to the
of incidence plane of incidence

Any linearly polarized radiation can be represented as a
superposition of p- and s-polarization.




p-polarized incident radiation
will create

at the interface. We
will show that these charges
give rise to a

Boundary condition:

(a) transverse component of E is conserved,

creation of the polarization charges

If one of the materials is metal,
the electrons will respond to this
polarization. This will give rise to

31




cu  RABIES » EYE MOVIES: WHAT THE RETINA SEES ’

SCIENTIFIC =
AMERICAN =

PLASMON

New optical technology
ylelds faster computing,
brighter LEDs ... oh, and




MOTIVATION

optical fiber [

Buffer

The miniaturization of conventional photonic
circuits is limited by the diffraction limit, such that (&2
the minimum feature size is of the order of
wavelength.

v  Surface plasmons have a combined
electromagnetic wave and surface charge

character.
v' They reside at the interface between a

metal and a dielectric material.
Metal

Using the surface plasmons, one can
overcome the diffraction limit, which can
lead to miniaturization of photonics
circuits with length scales much smaller
than those currently achieved

Normalzed Intensity

light propagation in a
plasmonic waveguide




PLASMONIC THERAPY FOR CANCER

A proposed cancertreatment would employ plasmonic effects todestroy
tumnors. Doctors would inject nanoshells—100-nanometer-wide silica
particles with an outerlayer of gold [inset)—into the bloodstream. The
nanoshells would embed themselves in a fast-growing tumaor. If near-
infrared laser light is pointed at the area, it would travel through the skin and
induce resonant electron oscillations in the nanoshells, heating and killing
tumnor cells without harming the surrounding healthy tissue.

Opto-thermal
therapy

Scientific
America, April

2007, 55-63.




: In a plasmonic

Incoming laser, light hitting

laser light . a cadmium sulfide
nanowire sets off
a plasmon wave.

/— Nanowire

. - Excited electrons

Light is complessethin a plasmon
wave before leawing the device.

Scientific
America, April
2007, 55-63.




that demonstrate the promise of the technology.

PLANAR WAYEGUIDE

Plasmons alweys fow slong the boondany between &
metal and a digleciric [ 2 nonconductve material such as
airor plass]. For example, Bpht focusaed on a straighn
groove in & metal will penerate plasmons that propagamein
thie thin plane at the memfs surface [the boundany
berween the metal and sar). A plasmion could traved as far
as several centimetersin this planar wewvepuide —Far
enouph 1o convey 8 sipnal from one pary of & chipto
another—bar the relatively larpe wave would incerfere
with other sapnaks en the nanoscale innards of 8 processor.

(il
LAnary

il

foigy
LT ]

~——

FLASMON SLOT WAVEGUIDE

Scientists have built much smaller plasmanic cirouits by
purting the dielectric a1 the core and surmrounding it with
metal The plasmon slot wavepuide squeezes the optical
signal, shrinking ns wawelenpth by a facvor of 10 or more_
Researchers have constructed shot waveguides with widths
as small as 50 nanometers—about the same size as the
smallest electronic circuits. The plasmonic stnsciure can
carrny mach mare data than an electronic wire, bat it cannon
wransmit @ signal farther than 100 microns.

A FASTER CHIP

Slot wavepuides could signaficantly boost the speed of
compuier chips by rapidly funnelmg larpe amooms of data o
the circuits that perform loepical operations. inthe rendering
at the lefr, relatively larpe disdectric wevepuides deliver
optical sipnals vo an srray of plasmonic switches |[dobbked
“plasmonsters”), which in turn diswmibute the sipnals o 5 o oo
elecironic transisvorns. The plasmonsiers are mmanJESC|ent|f|C

slot wavepuides that measare 100 nanometers across c c
their broadest points and only 20 nenomeatens acress :Amerlca, Aprll

intersections [inser]_ 2007 55-63
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Light ranipulation: surface plasmons
could be generated to help direct light SP can be used as biomedical
using nanoantennas in devices such as sensor. Resonate curves

solar cells, indicate absorption spectrum.

Nature 461, 720-722 (2009).




Ultra-fast modulation using SPP and pumped nonlinear effect

Control {(pump) pulse

Objective

Polarization

Grating

Decoupled signal
tﬂt 200 fs gefelglagl

Fused silica SPP signa

| Nature Photonics 3,
Ultra-fast optical switch Grating 55-58 (2009).

cross-section o
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discovery
of surface
plasmons

|

John Pendry

. observation
plasmon of SERS

excitation
with prism

|

discovery of the perfect lens

SP mediated anomalous
light transmission observed

prediction of nanoscale light I—
guiding in metal waveguides

first commercial SP based biosensor | ¥
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Dielectric

N

Metal

Surface Plasmon Polaritons

Barnes W.L., Dereux A., Ebbesen T.W., Nature, 2003

b _4 c ob ,,”FER
o ”'
‘ :
) i
H d '
: 1 Bl i
Erm/’ ko Ksp k
Incident beam

E,t€&,

Air

Surface plasmon polaritons



Semi Classic Model for Localized Surface Plasmon

Metal nanoparticle

(@f\ _
® @9— f

Driven, damped harmonic oscillator

I

w

4 — [ =K/m:

K FWHM =3T
.0 0 ] _ 95
m, —r+m I~ 4+ Kr= gEe" Tmax =T
f o ot e R



v'Polarization charges are created at the interface between
two material.

v'The electrons in metal will respond to this polarization
giving rise to

Dielectric




s-polarized incident radiation

create polarization
charges at the interface. It
thus excite surface
plasmon modes

Boundary condition
(note that E-field has a
transverse component only):

transverse component of E is
conserved,

no polarization charges are
created —

no surface plasmon modes are
excited!

In what follows we shall
consider the case of p-
polarization only.




More detailed theory

Let us check whether p-polarized incident radiation can excite a surface mode

Dielectric ¢,

ikyz .

~€

intensity

mming for a localized

surface mode, decaying into

in x-direction both materials
, Z

wave propagating

metall e,

components of E-, H-fields: E=(E,0E) H=(0,H,DO0)

(Bqy, 0, B) eFat—t)gikaz

Thus, the solution can be written as - NP
(0. Hy, 0) ot (b =it } i 5 2




Solution for a surface plasmon mode:
Dielectric ¢,

— (El s {}T E]. ,ff) Ei{kl:r B—ctl _.I'{;:'J‘E‘:]_; -4

(0, Hy,, 0) b1 =) it

metall ¢,

Let us see whether this solution satisfies Maxwell equation and the boundary conditions:

condition imposed on k-vector




wave vector In vacuum

_2m 27mn /

1 — nlkO




ke,

N .

Intensity

»
»

mre looking for a localized
metall ¢,

| surface mode, decaying into both
materials — k, has to be imaginar
(nlko)2 - k12x i k122 ° g

ki, = i\/(nl Kq )2 — k12x 0}
(n,ko)’—Kk2 <0

K, > Mk

The plasmonic dispersion curve lies
beyond the light cone, therefore the
direct coupling of propa-gating light to
plasmonic states is difficult! ®




k,,and k,, are
of opposite signs!

recall the condition because 4, and k., are of opposite signs,

imposed on A-vector: this condition will be satisfied only if ¢, and
e ., are of opposite signs. This is the case
when one material is dielectric ¢, >0, and
the second material is metal, €., < 0.

also, recall the condition this condition is always satisfied for metals,

<
kgx S (nzk)z _ 5r2k2 where ¢, <0




o

_ al(kxx-at) ocalized surface mode,
e N ;
decaying into both materials

metall ¢, 7

(E-I"l: t.}g EE) ﬁ"?.fg-ihl —ces f If:.u.‘_, T
{:['Iﬁ- H’ . [J;l ‘;::EE;;':.'[' !_Hﬁ” }f:.r;;:_‘.- e

Thus, we have established that on the surface between a metal and dielectric
one can excite a localized surface mode. This localized mode is called a
surface plasmon




What is the wavelength of the surface plasmon 1 = 277[ ?

let us find A

The surface plasmone
mode always lies beyond
the light line, that is it has
greater momentum than a
free photon of the same
frequency o




|deal case: ¢, and ¢, are real (no imaginary components = no
losses)

Dielectric: ., >0
K, Is real

Metal: ¢, <0, |e,5| >> ¢

resonant width=0 —
lifetime = «©




Realistic case: ¢4 Is real, and ¢, is complex,

Ery = Epp +1&,,+—— imaginary part describes losses in metal

resonant width (gives rise to losses)

=k —k L iz
5r1+gr2 gr1+ gr2+|gr2)

= . ISR

Dielectric functions of Ag, Al

iy 1INk
Wivele ngikinm

. sl
Wvidengih'nm




surface plasmon length scales:

metall ¢, 100 nm Tpm 10um 100 pm 1 mm

Aluminium at 0.5 pm

/\/\/\/\/.> ) Silver at 1.5 pm
. (0] :

Dielectric ¢,

propagation length




How to excite a surface plasmon?

Is it possible to excite a plasmon mode by shining light on a
dielectric/metal interface?

Dielectric ¢,

metall ¢,

The surface plasmone mode
always lie beyond the light line. It
has greater momentum than a free
photon of the same frequency o.

This makes a direct excitation of a
surface plasmon mode impossible!




Total internal reflection

sin@,
sing, n,

>1

Snell’'s law of refraction: 1,80, =nSin@; n, <n, =

Total internal reflection

critical angle of the
total internal reflection:

0, =90° =




Otto geometry

dielectric n;

X-component k,, = n,ksin6

dielectric n,

to excite a plasmon mode in the region 2:
Ky, > Lk

) . n
nksind>nk = siné> —2  condition for the total internal reflection!
N
1




Utilization of a grating to excite a plasmon mode

Grating

The grooves in the grating surface break the translation invariance and allow
k, of the outgoing wave to be different from that of the incoming wave

k, (outgoing) = &, (incoming) = NG, where G = 2n/d

X
N -~ J N \ J _

kplasmon nk sin® reciprocal lattice vectors




APPLICATION OF SURFACE PLASMONS

Extraordinary transmission through sub-wavelength hole arrays,
T. W. Ebbesen et al.,, Nature 391, 667 (1998).

Directional beaming, H. J. Lezec et al., Science 297, 820 (2002)

Plasmonic nanowire waveguides, J. B. Kren et al., Europhys. Lett.
60, 663 (2002)

Nanofocusing in plasmonic waveguides, M. Stockman, Phys. Rev.
Lett. 93, 137404 (2004).

Nanoparticle plasmon waveguide, S. A. Maier et al., Nature
Materials 2, 229 (2003).

Surface plasmon enhanced solar cells




Extraordinary optical
transmission through

sub-wavelength hole arrays

T.W. Ebbesent, H. J. Lezeci, H. F. Ghaemi*, T. Thio*
& P. A. Wolff+s

HATU F!.E|"r'l:1L 391 | 12 FERRUARY 1902

AN O O OO O
AN ) O O O ©

OV VW OO )

thin metallic plate

classical (ray optics) expectation:

transmission =

area of the plate

area occupied by holes




diffraction effect

if A/2 > d, the trans-

mission through the

hole will be strongly
' suppressed

experiment
10d The experimental findings

imply that that the array
itself is an active element,
not just a passive geomet-
rical object in the path of
incident light

Hans Bethe 1944

Transmissian imansily (%)

Transmission

1,000

Wavelength {nm)




L. . transmitted light
absolute transmission intensity = = 200%

fraction of area

occupied by the holes
This observation implies that the light
impinging on the metal between holes can be

transmitted. In other words, the whole structure
acts like an antenna

I

I
.
=
Ll
—
C
-
=il
-}
-
=
=
m
b
=
[
[
et
m
=

1,000

Wavelength {nm)

all the observed features are related to excitation of the

[No enhanced transmission is observed for semiconductor hole
arrays.] The resonant peaks occur when surface plasmon momentum
matches the momentum of the incident photon and the grating as follows

k, =k, = nG, = mG, |G, = G, = 2n/a, are the grating momentum




Beaming Light from a

Subwavelength Aperture

H. ). Lezec,! A. Degiron, E. Devaux,’ R. A. Linke,?
L. Martin-Moreno,? F. ]. Garcia-Vidal,* T. W. Ebbesen™

2 AUGUST 2002 WVOL 297 SCIENCE

Standard diffraction theory:
diffraction on a slit:

position of the central maximum: sin@ =—

sinfd=1 = 6=90

diffraction puts a lower limit on the size of
the feature that can be used in photonics.




Resolving power is given by the diffraction limit.

d|ffract|on pattern of two pomt sources

To increase resolution people

first minimum
coincides with the

maximum

; usually use smaller wavelength

Transmission electron
microscope

A =3.7x103 nm
resolution: Tnm




Overcoming the diffraction limit with the help of
surface plasmons

surface plasmon
metallic (Ag) film resonance @ 660nm directionality is == 3°

E o MR A :
s 2oUnm -




The coupling of light into SP modes is governed by geometrical
momentum, selection rules (/e., occurs only at a specific angle for a
given wavelength), the light exiting a single aperture will follow the

reverse process in the presence of the periodic structure on the exit
surface.
k, (outgoing) = &, (incoming) = NG, where G = 2n/d

N J \ Y,
A Y A
kplasmon nk sin® reciprocal lattice vectors

Propagating light




Non-difiraction-limited light transport by gold nanowires

J. R, KRENK, B, LAMPRECHT, H. DITLEBACHER, . SCHIDER.
M. BALERNC, A. LEITNER and F. R. AUSSENEGE

EURCPHYSICS LETTERS
Ewrophys. Lett., 60 (5). pp. 663-660 (2002)

120 um

The miniaturization of dielectric waveguides is limited by diffraction to
dimensions of the order of the wavelength in the waveguide core.




sinpe

NANOWIre

-

Metal nanowires sustaining
surface plasmons can be used
as optical  waveguides.
Thereby, the use of a metal
allows to overcome the
limitations of miniaturization
Imposed on conventional
dielectric waveguides due to
diffraction.




STM microphotography of the device

o 1 2 3 4 5 6 7 8 9

Nanowire Length [pm]

Intensity [arb.units]
5:5 -l

- L

Height [nm]

It has been shown that the diffraction limit
restricting the further miniaturization of
dielectric waveguides can be broken by
using gold nanowires to guide light fields
via surface plasmons excitation. A
propagation length of 2.5 sm was found
for gold nanowires.
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Nanofocusing of Opfical Epergy in Tapered Plasmonic Waveguides

Ak I Siockman

The central problem of the nano-
optics is the delivery and
concentration (nanofocusing) of
the optical radiation energy on the

nanoscale,

This represents a difficult task,
because the wavelength of light is
on the microscale, many orders of
magnitude too large.




(a)
Propagation direction
> 7

It was shown show that it
Is possible to focus and
concentrate in three
dimensions the optical
radiation energy on the
nanoscale without major
losses.

This can be done by
exciting the  surface
plasmons propagating
toward a tip of a tapered
metal-nanowire surface-
plasmonic waveguide.




Both the phase and group velocity
of surface plasmons asymptotically
tend to zero toward the nanotip.
Consequently, the surface
plasmons are slowed down and
adiabatically stopped at z = 0.

This phenomenon leads to a giant
concentration of energy on the
nanoscale.

The local field increase by 3 orders
of magnitude in intensity and four
orders in energy density.




detection of electromagnetic energy
oort below the diffraction limit in metal

oarticle plasmon waveguides

STEFAN A. MAIER™, PIETER G. KIK", HARRY A. ATWATER', SHEFFER MELTZER?, ELAD HAREL?,
BRUCE E. KOEL2 AND ARI A.G. REQUICHA?

—— jonic cluster

lectric field E
slectric lield surface charges

T
time (t+—
ime { +2)

condition for plasmonic resonance:

metall—" “—— host dielectric material




Watching energy transfer: Excitation and detection of energy transport
in metal nanoparticle chains by near-field optical microscopy.
The nanoparticle waveguide is locally The electromagnetic energy s

excited by light emanating from the tip transported along the waveguide
of an near-field scanning optical towards a fluorescent dye nanosphere

microscope (NSOM). sitting on top of the nanoparticles.

The NSOM tip is scanned along the nanoparticle chain, and the
fluorescence intensity for varying tip positions along the particle chain is
collected in the far-field by a photodiode.




a chain of Ag anoparticles 100pum X 100um grid of plasmon waveguides

42

s aiFalialdapatRiodql

12, BV X1 BRK 16.70mM

topography fluorecsence

L a

fluorescent dye particles




fluorescence from nanospheres sitting on top of grid of plasmon waveguides

metal nanoparticles was significantly broader than
that from isolated nanospheres.
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Energy transport would results in dye emission even when the microscope tip is located
away from the dye, and thus manifest itself in an increased spatial width of the
fluorescence spot of a dye nanosphere attached to a plasmon waveguide compared

with a single free dye nanosphere.

Bistanos (um)



PLASMONS IN ORGANIC SOLAR CELLS

to provide total
internal reflection
_—

400 500 600 700

A, NM




Estimation of the position of a plasmonic resonance

- APF0O3-Al
dispersion
5t relation

| | |
2.5 3.0 3.5x10°

|
1.5

o
o

-1
ky, m

o
~

k;o, — ky +Ak'y e
normal incidence

2nalk,, pm

o 27 ' 2
Aky_a? ky:O kplza?ﬂ

o
w

d

where d'is a period of grating ' |
(sinusoidal, tiranglar or step-like) 600 700
A, NM




We applied the (A.Rahachou, I.Zozoulenko,
Phys. Rev. B, 72, 155117 (2005)) to calculate spectra and intensity of the
magnetic (H,) field.

1.0

0.8

0.6

[ [ [ i
o
0.4 u
0.2 7
| | | |

0.0
350 400 450 S10[0) 550 G10[0)

A, NM
Resonance peak position agrees very well with the
analytical estimation:




Effect of surface roughness
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Full-wave simulation methods

¢ Method of Moments (MoM)
=inite-Difference Time-Domain (FDTD)
Partial-Element Equivalent-Circuit (PEEC)
~inite Element Method (FEM)

¢ Transmission Line Method (TLM)




Method of Moments (MoM)

¢ Grid only the metal surfaces
— grid can be non uniform

¢ Solve for currents on the surface cells

¢ Impose Maxwell Equations through the
“Electric Field Integral Equation”

¢ Set up a linear system problem trying
different combinations of the basis current
functions




Finite Element Method (FEM)

¢ Grid entire computation volume
— cell size small vs. minimum wavelength
— can be non-uniform

¢ Solve for potentials (or fields) at the cell
vertices (nodal values)

¢ Set up a system of equations using linear
combination of trial basic functions (e.g.
polinomials) for the nodal potentials

¢ Iterate toward mimimum energy system




Finite-Difference Time-Domain (FDTD)

¢ Grid all the volume of the computational
domain

— uniform grid
— cell size small vs. minimum wavelength of interest

¢ Solve directly Maxwell equations for E and H
using finite difference

— solve for the fields E, H in every cell at each time

step based on their values at the previous time step
In that cell and In the adjacent cells.

— Implicit schemes are inefficient for partial
differential equations
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Maxwell's equations

The four basic equations in their differential form are as follows:

1. V«D=p
2. VxHe=J+ (60/61)
3. ¥V+B=10
4. ¥ x E =—{6Bfit),

where D = electric displacement
p = &lactric chargs density
H = magnetic field strength
J = elactric currant density
B = magnstic flux dansity
E = electric field strength.



