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Permittivity: (g) S xSl 28,38
Permeability: ([1) cwoblie s pdy 34

1- Single-Negative Materials (SNG), i.e. either €<o or p<o.
2- Double Negative (DNG), i.e. e<o and p<o).
3- Negative Refractive Index (NRI), i.e. n<o).
4- Left-Handed Mataerial (LHM)
(E-field, H-field, and wave vector don't obey right-hand rule.)

5- Back-ward wave (Energy flow and wave vector are anti-parallel. )
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— What is a Left-Handed Metamaterial?
ﬂ (Permeability)

air
F g
I/ (Permittivity’
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_— Whatis a metamaterial? —

Metamaterial is an arrangement of artificial structural elements,
designed to achieve advantageous and unusual electromagnetic
properties.

peta = meta = beyond (Greek)

A natural material with its A metamaterial with artificially
atoms structured “"atoms”
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Photonic crystals vs. Optical metamaterials:
connections and differences

0 1

o all

————————eeeeoooooooonn>n+n+nln$épPpPpnonnn e = ooy

a<<A. a~A.
Effective medium Structure dominates.
description using Properties determined
Maxwell equations with by diffraction and

w, &N, Z interference
Example: Example:
Opftical crystals Cf_ff{r_ﬂmnfcs crys_fg.fi}

Phased array radar
X-ray diffraction optics

_Metamaterials >

i
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a>>A,
Properties described
using geometrical optics
and ray tracing

Example:
Lens system
Shadows
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N, = Index of refraction, or refractive index, per subscript material.
O, = Angle of electromagnetic wave incidence, per subscript material.

¢ = Speed of electromagnetic wave propagation, within a vacuum,

v, = Speed of electromagnetic wave phase front, within material, not the speed of energy transfer.

o =2nf=Radian frequency. k= Wavenumber.  f=Frequency. ) = Wavelength,
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e
TCSE u i g ((Jial G $B) 8 sl ) 5iE(1-2
sl oo Al ) Jse st ) sl oy

N=i\/8r><ur

N = Refractive indd%-0f material.

£, — Relative permittivity of material.
1L, = Relative permeability ot material.

D Culgd

dw
Vgroup — E

Varoup — GQroup velocity, speed of energy transfer.
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N = +./g, X py

cel (€ >0and Fr>() ) 1 4l )

N=—|—\/Er>< L

e (€, >0and l<0or g, <0and He>(0) 4 52 4l ) »
N = /(—De, x (+Dpy
N = \/(_1)\/8r " My

N=i'\/8r'u~r
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N = .\/(—1) Er X (—1D)py
N :\/(_1)\/(_1)\/81‘ " My
N = i'i'\/gr'ur

N:—\/Er'ur
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X g8 251 aali 53 ) gal 8 (g, Apd o gl uilS 8 GalS Giely o) gal j8 ) salaiul
A8 A Hise

2
Earr(W) = 1 — ©p _ 1
eff w? + iyw Y =%
Drude Formula.
€. = Effective permittivity ® = Radian frequency.
Y = Scattering rate. T = Scattering time.

w, = Plasma frequency.

O <M S Gl it Jle) Sise ()R8 iy 048 (5 shiles
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w? _Qw\ﬁ\ﬁm)&gwﬁﬁﬂdu}j
Eerp(w) =1 — |——
w* + 1yw 5
2 neff "€
Drude Formula. wp - € oMo
®, = Plasma frequency. ness = Effective electron density, of single electron.
e = Electron charge. m.r = Effective electron mass, of single electron.

€, = Permittivity of free space.

PO ) o dse A en S Hsha (Y = 0)vhsb g dshul paS

7
Xp

(DZ

Eeff((Jl)) ~ 1 —
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:(SRRs) & sila sla S (5-2

AS 351 (oS Ol (5N L Ia (e 93 e A 50 (e s B I Ol )55 (s sl (sla Saads
S ol die (5l 358 L ) ge 3l a4y 6l ssfla R ) ol algidy

. <alu SRRs )l ealdin b (Aia 53 0abe S b Cals) (6 Canansl 250

LRl a1 e (5l DoE late (g gila Rapdi alalae I g S ke b (1S 5 e

Fw?

Ueer = 1 —

w? — w3 + il [" = Dissipation factor.

F = Fractional area of unit cell occupied by the interior of the split ring.

o = Radian frequency.  Meff = Effective permeability of material.

®, = Technically unanswered, but assumed free space radian frequency.
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:MJJJLL&J@\Jmﬂguﬂﬁﬁj\dﬁd%)ﬁuﬁb\i&,jC'_\:m...»\

Wp

1

v d?%Leg

(for high conductivity values)

®p = Radian frequency.

d = technically unanswered, but may be trace diameter.

L = Self-inductance per unit length.

¢, = 8.854 x 10712 Farads/
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Plasma Frequency
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Coad 2 g2 ga Gl ) Cuad i A ge (ds )l dga g Cnda 50 anha gda 4 s Gl 3 5a

N = ++& X i (Snell’s Law)

Sfin g Hla g, >0and Fr>0 3 se 5y

R _ JEREXTUY.Y C’_\.a..ubu.gé" .JJEJAJ\J)QJ
S= Poynting vector.

S=ExH [> E= Electric field vector ¢ Ly 5 1 g <0and i< a5l s
H= Magnetic field vector G Qg A zse Dl s Gl ) Cga
. )

= o

K K
R == S - / = S
H =
£t = 0O 1t < O
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Y
v %

N >0 N<O N>0
K > < K K >
phase phase phase

> < >
group vgroup group
> > >
S ~ S ~ S ~
> — P
Where: = Index of refraction.

= Wave vector, or K vector.
= Phase velocity vector.

phase

= Group velocity vector
group

W< <R2Z

= Poynting vector, or S vector.

Sl o) et O g e g g8 (5 Rl a4 Cal B g 510 0 g 4a 58 Q8 akads
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Lo lanwSly (ilS 8 (8-2

SToTTTTTTTTE e el s eos AL 3l 4 lase Jlee!

. Bulk e T B T ST B S
---- ++ + +
Metal e

==== +++ + - . -
S 0 O3 ES a S dageti )
> Eexternal . JﬁLFA @‘)-543 O):\...L.i 0)3\51_.1 .JL)

> X direction

F = ma = (mX)a Newton's 2" Law

—_

F =Force vector.  m = Average mass of electrons. a = Acceleration of electrons.

a = Unit direction of accelerated electrons. X = Average position of electrons.

X = Double derivative of average electron positions.
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g
— Lo slendly LuilS 8 (8-2
el B sk )l

F = —eE Force on Electron within an Electric Field

—

I =Force vector. e =Magnitude of electron charge.

—

E = Applied electric field vector.

F=mi = (mi)d e
. ::> mx = _eE Electron Movement within E-Field
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Now I will obtain a substitute for E, using a very analogous capacitor-like case.

E = % i (free space between charges) .
é
-0 +0
o
E=—
eO
L0
A
Q = pV = pxA

E-Field & Charged Plate Analogy

55

M. A. Mansouri-Birjandi chap 1: Metamaterial



- - 3 ol 65 53(2

Lo lawSly uilS 58 (8-2
neAx .
p=ne Q=nexA 0= — NEX E=—
A €o
E = Applied electric field vector. e = Magnitude of electron charge.

n = Electron density. x = Length in x-dimension, or x position, since zero-based.

V = Volume containing charges. p = Volume charge density.
A = Area containing charges. Q = Charge

o = Surface charge density. fi = Normal vector.

€, = 8.854 x 10712 FaradS/ Meter = FTee space permittivity.

eter
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mx — —eE

g K S d
| — e

X = Position.

M. A. Mansouri-Birjandi

S 3101 b 55 55(2

- enex ne-<
mix — = X
80 80
B ne?
mx - a == O
80
= ne-<
X, == x ==
meg

X = e 1wt

w = 2mf = Radian frequency. t = Time.
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2
(01% = ;io (bulk plasma frequency)
2
oo% = — (bulk plasma frequency for SI units)
meg
2 — dmne” bulk plasma f for G it
wp = — (bulk plasma frequency for Gauss units)

To take things a bit further and find the energy and plasma wavelength for a couple

metals:

Engery = hAwp| A = o

2Tt

h = Planck"s constant, 6.625 x 10-34 Joule-Seconds. ~ w, = Plasma frequency.

For the metals of gold and silver, the energy is about 9.1 eV (electron Volts). This
corresponds to plasma frequencies within the ultra violet range (Ap (Au) = 180 nm,

Ap (Ag) = 410 nm).
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1
1
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1
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1

Effective Permittivity vs. Energy
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. (Surface Plasma Resonance) > \-A-Nv\-’ DAL | (9-2

Surface plasma resonance (SPR) is very similar to bulk plasma frequency, or resonance. This is
a local phenomenon and is more used on the nano-scale, than the bulk plasma frequency. As
the reader goes through this derivation, it will become evident that this too is a resonant effect
if either permittivity or permeability is less than zero. SPR is acquired via a different, but
similar, method. The proof begins in the same manner as that for bulk plasma resonance, again
using a single dimension for electron movement.

F: 2= ¥l e
"t == |m% = —eE

F = —eE

Now Gauss" Law is used to obtain the electric field intensity. Gauss" Law dictates that the
charge enclosed by a surface is equal to the electric flux density vector integrated over the
differential surface vector.

D -ds (Gauss’ Law)
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. (Surface Plasma Resonance) > WN—’ DAL | (9-2

Since D = EOE, in free space, Gauss’ Law can be modified to:

2 _HF

€o
Qene = Q = Charge enclosed by a surface. D = Electric flux density vector.
ds = Differential surface element vector.  E = Applied electric field vector.

€, = 8.854 x 10712 FaradS/M = Free space permittivity.

eter

For a spherical surface, the equation now becomes: Q
— = E4mr?
€q

r = Radius of spherical surface enclosing charge. E = Electric field intensity.
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/ -

. (Surface Plasma Resonance) P \-AM)U SINR (9-2

If we now expand out Q using volume charge density and the volume of a sphere,
we obtain:

Q 41tre 1
E4nr? = — =
e, Pv 3 g,
E = £~ (simplified)
ner . —_—
E = - (since p, = ne)
p, = Volume charge density. n = Electron density.

e = Magnitude of electron charge.
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. (Surface Plasma Resonance) P LAM)—‘ SINR (9-2

Since we assume a spherical surface for the Gaussian surface, we will use two spheres having
opposite charges and model them oscillating in a single dimension, using the superposition
principle.

TR AR Sy
b
+++++EE -+
PP
S

A2
N

—)

Via Superposition

E-Field Spheres, Super-positioned
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. (Surface Plasma Resonance) @Lﬂ \-A-Wv\-‘ SINR (9-2

Via superposition, and taking the negative charge sign into account, the prior equation is
modified to become:

. - ner; ner, ne

E=E1+E1—380 380_380(&_?2) 15(F1‘Fﬂ
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g
. (Surface Plasma Resonance) @Lﬂ \-A-Wv\-‘ SINR (9-2
D el
) : ne ne2
mX = —€L = —€-—/—X mx - x =0
3E, 3€,
>
_ ene ne’ R .
m=——X=——X " m3E o
€, 3¢, o
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. (Surface Plasma Resonance) P \-A-Wvu SINR (9-2

7) X = Xoe_]ﬂt

ne

¥+ 0%x=0 0=

m3¢, x = Position. t = Time.

Q = ;= Surface plasma frequency

Since meo| (bulk plasma frequency for SI units), we obtain:

Qf — D D (surface plasma frequency)
V3
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. (Surface Plasma Resonance) P ‘-AM)-‘ SINR (9-2

The surface plasma frequency, Q2f, is a local natural resonance phenomenon of the material
within an applied electric field. This is normally used to describe interactions in the nano-
scale.

SPR—___

Absorptio

() Energy (hw)

Surface Plasma Resonance
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