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The Beginning of All

 Maxwell’s equations
e Transverse waves
« Longitudinal waves
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Maxwell’s Equations

curlﬁza—D? curlE——aB,
ot ot
divD=0, D=e¢E+ P divB =0, B = puoH

Decoupled form:
1 . 1 82\ - 1 . 1 62\ -
curl|{ — curl H=|——]| H. —curlcurl | E=| —— E
( (e.r )) ( CQat?) “ (Er ) ( c,?at?)

Constitutive equations (in a homogenous dielectric medium, no
space charges):

divB =0, div (eger E) = eger div E + grad (eger) - E = 0

Homog. medium and vector identity V2E = grad div E — curl curl E:

2
graddiv E — V2E = (—Ea—) E
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Formal Wave Solutions without External Excitation

Wave equation in time domain, homogeneous medium:
. . 02
graddiv E — V2E = (—E—""—) E

Plane wave ansatz (plane phase surfaces k - r = const, k - k = k?):

B(t,7) = B(f,7) eI@t=FT) (= 2onf k= 2n1r = ko &+ ky &y + k- &

Operator correspondences (¢ = z,y, z):

O =jw, Oy=—jky, 9grad=—jk, div=—jk.-, V2= -k

Wave equation in Fourier domain (Helmholtz equation):
_J'E.(_J'E.E) —I—R:QE" :E«,ﬂi—jg

Transverse waves k | E, k- E = 0, dispersion relation:

2
k2 = er(f.R) 2 ko = - (dispersion in vacuum)

Longitudinal waves k || E, k- (k- E) = k2FE, dispersion relation:
er(f,R)=0 forall R| E

Phot. BW, 02 April 09 Institut fir Photonik und Quantenelektronik (IHQ), Universitat Karlsruhe 3 :%‘ég




Longitudinal (Compressional) Waves

Even for charge fluctuations in a plasma, the overall system remains
electrostatically neutral. Field arises solely from displacement of
charges having opposite sign, but occuring in equal numbers.
There is no overall free charge = p = 0:

divD = egerdivE = 0
Polarisation P exists, because free carriers may be moved lead-
ing to re-radiation (without changing overall charge neutrality!).
Therefore also the electric field E || P exists:

dvE#0 = ¢ =0
er(wp) = O becomes the condition for plasma oscillations at the
plasma angular eigen frequency w = wyp, Ii. €., for natural oscillation

of a neutral plasma.

Excitation of plasma oscillations only with particles (e. g., electrons
traversing a metal foil can loose energy in quanta fwy), no coupling
to electromagnetic field, no propagation ed(wWt—veérkoz) with e, =%O
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Why Does a Local Charge Perturbation Not Propagate?

—

Poisson equation edivE = p, E = —gradey, VZ2p = —p/e for an
electron concentration perturbation Ng — N wrt the unperturbed
concentration N, assuming Boltzmann statistics Ny = Ne¥/Ur,

resulting in a small potential perturbation ¢/Upr < 1, Up = ﬂ
2
d _ Ng—Nﬁ eN(e‘P(fT)/UT 1) elN ”
d332 € € .EUT

Solution has structure e*%/Lp_ Proper choice of sign for z > O:
eUr

eN

Debye length: Screening length of charge perturbation.

Perturbations of the potential compensated by re-arrangement
of carriers inside the Debye length Lpj: If potential would have
changed inside Lp by Ag ~ Up, then carrier density re-arranges:

N — Ng=272N for Nexp(i%)éNS_Nexp( )

T
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Outline

 Plasma density oscillation
Electron density perturbation
Plasma frequency and dispersion diagram

 Modeling the dielectric constant
Bound and free charge carriers
Free carriers and dielectric constant

* Dielectric-dielectric interface
Boundary conditions
Fresnel’s formulae. Brewster’s angle

* Dielectric-metal interface
Boundary conditions. Surface plasmon polariton (SPP)
Dispersion diagram. Characteristic lengths
SSP excitation. SNOM visualization. Applications

e Summary
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Plasma Density Oscillation for Local Concentration Perturbation

Electrons in z...z+4+ Az at time ¢
shifted by small amount s(¢,z) —
) region z+s...(z+dz) + (s + ds)
2 Concentration N — N, ds < dz:
< Z S : ] — _dz _ ds
2+ s (z +dz) + (s +ds) Ns=Ngifsm~NQ1-g

Background of positive ions with concentration N does not move.

Average charge concentration and electric field divE = p/eo
d dE N d N
p= —eNs+eN =eN —, e V9IS L g =%
dz dz eg dz €0
Other approach: Cuboid of electrons with cross-section A shifted

by s (ds = 0) — “capacitor’” C = <04 \vith " electrode” distance dz

dz
and charge Q = Ne As — electric field amplitude E, = 5%, — f—§s
2 —
Rest. force F, = —eE, = —P‘;E s=—Ks=—mew?s = me x accel.:
d?s K  Né? R
—mew;gs:me—z, w;g = — = = s(t) =5cos(wpt)
dt Me EQMe
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Plasma Density Oscillation (Plasmon). Dispersion Diagram

LLocal density perturbation — elec-
trons oscillate with plasma fre-
quency — s(t) = scos(wpt):

> > Ne?

(z +d2) + (s + ds) “P T come

Any local perturbation of the electron density results in an un-
damped oscillation (plasma assumed to be collision-free, no losses).
Adjacent perturbations do not influence each other, so electron
density perturbations do not propagate.

Depending on the periodicity of a spatial perturbation (set from
outside), any “wavelength” (“propagation constant” g = k,) may

be chosen = dispersion diagram for E., = Ne s is a horizontal line.

)

= W Arbitr. phase vel., gr. vel. g—ﬂg —
d No excitation by transverse elmag

> waves, only by particle impact

8=k, 5‘%
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Medium Properties

— oo —
P(t,7)=¢q [ x(r,7) E(t — 7,7)dT,
0

B(H)=cox(DE),  x(f) = f"“) e~i2mft gy,

X(H))=x(f) +ixi(f) =e(f) =1 —Jei(f), x(f) =x"(=F)

Refractive Index and Dielectric Constant &, = 12

n=n—jn;, e =€r — J iy
er=n? — n?, Epj = 2NN,
2_26r(1+\/1+6 /Er)= n; = ¢/ (2n),

(for |ey;| < €r) n; ~ €ri/ (2 /€r ),

22 22

\/ EHVQ (for €pi| > €r) n; ~ Sgﬂ(Eﬂ;)w l€ril /2
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Free and Bound Charge Carriers

_\ _/\ D = egerE
t \ ; < L 0Th
L\ NS Yl oE-ES
D = ep(1 E
~_ " J \Lj L 01+
U — N&_
0 T‘ 01w, 02w, 03w 0 Wy (0%} W3
W — o0 —

Fig. 2.1. Real part n und negative imaginary part (n;) of complex refractive index n = n — jn;: Frequency

dependence  (a) Free carriers only  (b) Two collectives of bound charges with high mass (ions, low angular
resonance frequency wi) and low mass (electrons, high angular resonance frequency wa)

Transverse E-field forces molecules and bound electrons to vibrate.
Force F exerted on charge q is F = gE. Assuming E = E; &z, NO
losses — Newton’s 2" |aw: forces (driving 4 restoring force ~ w?)

= m, x acceleration — electric dipole moment P = ¢N Z:
o d? z /my = ﬁ(f)
2 . _ el - o g/my L
qEr COSwt — mpwiz = my 12 Z(f) =5 E(f) _—qN

2 1 r
EQMy w.;g — w?
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Free Carriers and Dielectric Constant

Spatially fixed positive ions with concentration N providing fe free
electrons each, which produce dielectric constant € = ¢ — j €.

Transverse E-field makes free electrons vibrate in unison — No
density perturbation — No restoring force = w, = 0. Electron
displacement # ~ —gE opposite to driving force F = gE (no loss:
180° phase at all frequencies w # 0):

Ne2 1
Bound: erzn;‘)—ng:l—l— 5 5, €i=2nn; =20
EQMyr Wi — W
) 2 Nfe_ 82 1 UJE 2 Nfg 62
Free: e =n"—-—n; =1-— 5=1-—7, wy, =

EQMe W W EQMle
Free electrons oscillating out of phase with incident light, re-radiate
wavelets tending to cancel incoming disturbance: = 0<e <1

At w = wp, NO plasma resonance is excited, but re-radiated wavelets
cancel incoming disturbance exactly: = e =0

For w < wp, NO propagation: — elwt—+/er koz) — g—+/ler| koz %‘wt
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Free Carriers and Dielectric Constant: Yet Another Approach

(18] Fig.14.19 Eclaes?fiﬁga"y ﬁfg‘{;t':jg“y Transverse E-field forces free
N b ri electrons to vibrate. Now with
250 P5aa xﬁ‘e’ﬁ Yag velocity #(t) = 1, el“t é,:
.‘*59).%..0.0..9: ¥ 7 ot . d . ,
L:“-“wr;\p"g =U.Qu© . E Jw —_— — (5. Jwt
X Hi >Q’x_k\ 4 ﬁr(f):_J ET(f)
T AR e N e Trie W
/,/5* A0 T Total charge passing A:
Light Nm®
Plasma current density: dQ = eN Avg dt
1d - _Ne? _ - . Ne? .,
=292 o L =-i B — () =i B(p)
A dt Me W Me W
Maxwell, this time with curl H = % +Jand D = EOE:
L . — - , Ne? 1\ -
curl H(f) = jwegE(f) + J(f) ZJMEo(l— Q)E(f)
EQMe W

2 2
W 5 Ne

Result: & =n2 =1 — —5, Wp = . Semicond.: Background-¢;, !
W

EO me
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Dielectric-Dielectric Interface — Boundary Conditions

8 G (t,7) =Wexp(jwt —jks-r),
II{S=E5H5 5_123

= Subscripts 1, 2, 3: Incident, transmitted
and reflected waves. Only the total of
three solve the problem. Vector compo-
nent subscripts are coordinates q = z,y, z
For the incident wave we assume ki, = 0.

E-pol. (Es = Esé, || boundary plane, Es, = 0, TE- or H-wave), or
H-pol. (Hs = Hsé, || boundary plane, Hs, = 0, TM- or E-wave).
Example for transverse E- and H-components in boundary z = 0O:

r=0 — 0
L g e )
E2y exp[—Jj( kozx + k?yy + ko.z)] = Ely exp[—Jj(k1zz + klfyy + k1.2)]

+ E3,expl—Jj(k3.xz + k3,y + k3.2

3y [— (k3. 3yY 32%)]
r=0 —0
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Dielectric-Dielectric Interface — Fresnel’s Formulae

By,
{_512)

Always 91 > ¥ If no < nq.

l_g]z}

At 15‘]_ :"91’}” — 15‘220.
Fresnel's formulae:

Amplitude reflection and transmission coefficients as a function of incident angle ¥y for ny = 1.5, no = 1.
(glass-air interface). Einfallswinkel 1, in Grad = incident angle ¥; in degree

rp=—

oy

rH=

ES_ZQ—Z:[_
Ey Zo+ 7y
Hz Yo —Y;
Hy Yo+ Y

3 2n,/n,
,11.1:1'5
H ﬂ,2:1
R .
'Hm B t
‘.‘ HE
_H:n \&-ﬁ- t
. P —— . E
. 1 S
By i TS S D
= tH
&&-‘l \\______ r
N (n,-n,)/(n +n,)
0 =
T = A - = | (n,mn,)/(n,4n,)
Ty
/50 60 70 80 90
m Einfallswinkel 9, in Grad

1

lg ¢ ¢ f
®  Brewster: U1+ Uyp = m/2

K1z — kog nysind; —npsind;

ki, + ko,  mnpsindy +mnosindsy’

o -n%ﬁrh. — H-%ﬁi‘-g_{- ~_npsindy —nysindy

n%klm + n%kgm - noSind1 + nqsinvy
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Dielectric-Metal Interface

Wanted: A wave that is (in z-direction) confined to the surface
and travels along the z-axis.
e Generally, all three waves (incident, transmitted, reflected)
propagate along z (and z).
e For TIR it is known that transmitted wave is evanescent, and
that only incident and reflected waves propagate.
e With a total of three plane waves (and only one boundary) no
better confinement is to be expected:
o If incident wave exists, there must be also a reflected wave.
o In H-polarisation and at the Brewster angle, there are only
two waves, an “incident” and a “transmitted” wave.
e ITry ansatz with H-polarisation and two plane waves only!
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Dielectric-Metal Interface — Plane Wave Ansatz

\ ) ) U (t,7) =Wexp(jwt —jks 1),
Uy = Fg, Hs, s=1(d),2(m)

"* Subscripts 1(d), 2 (m): “Incident”, “trans-
mitted” . Total of two solves TM problem
for Brewster angle. Comp. subscr. by co-
ord. ¢ = z,y,z For incident wave kg4, = 0.

‘?'Z {'E g)

(-6 .
H- pbl (Hs = Hséy || boundary plane, Hs, = 0, TM- or E-wave).

H-field continuous at 2 = 0 = kg, = kmz = 8 and Hgy, = Hmy!
=0 —0 r=0 =0

Y N e e ——
de exp[—j( kd$$+kdyy+ kqyz)] = Hpmy exp[—j( km:rrﬁf—l‘kmyy—{‘kmzz)]

Ansatz for Hy(z,z) substituted in curl H(t,7) = eoe.;.-a—ﬂ(-fgi):

Hy(z,z) = Hyexp[—j(kez + 82)], ‘g’jiﬁi 2} = Jweoer {gzg j))

—Jka —Jjp
E.(x,z) = - Hy(z,z), Ez(z,z) = — Hy(z, z)
JWeQEr J weper
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Dielectric-Metal Interface — Boundary Conditions
Amplitude continuity for Hy(0,z), E.(0,z2) (kg = kmz = B):

H g,y — Hpy=0 ) ) Brewster:
dx mx
k k = - — O — f__.-,rj,llifj;.zf__.fxi{:f”.;'
€d €Em )

Propagation constant of plane waves in both media:
eqkg = k3, + 52, emkd = k2., + 82

Propagation constant g3:

2= (Ed + Em)k{zj - (E?n + 1) mx — = (- )kz - (')(Emkg - 52)
#(1-§)= (ot om- Eoei - 2)
= 411)_(?1 ayks A=
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Surface Plasmon Polariton Condition

So far: Brewster angle for lossless media with ¢, = const re-derived.
No confinement to boundary for ¢; + €, > O:

2 2
€ € €d€m 2
k? — d k? k2 — 1 k2 /32 — k
dx eq+ em 0> ma e+ €m 0 e+ em 0

So far: Correctly assuming ¢, = const,,. Now cheating, ¢ — er(w)!
L ossless metal:

W N fe e?
em(w) =1 — —g, wg = Nfee (plasma frequency)
W Eomﬂ 1.0 T T 7 T
_ _ SPP ‘o SSP dispersion
Confinement and propagation (SPP) = 1(vIS, IR ¢ air/silver
for .E”r + .E_”i (LU) c:: O and Ed > O : é - __\ Asymptotic surface plasmen frequency
2 42 2 £
ks kme <0, B°>0 E , ko €d €m
g €4+ em
/NN “=T
1 H, E:; O,ng; =0 \; : 5;1. < ] E — T
T ~e— E@m <0 =Q | 3, Ex 0loo.o 05 10 15 20 25 30

In plane wavevector (in units of w_/c)
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Dielectric-Metal Interface — Dispersion Relation

Propagation constants in z and z-direction (enkg, = egkma):

EQ

k2 :i;{? k2 —=__m .2 52:ﬂ;€2
dx Ed _|_ €mn 0> mx Ed + €m O Ed _I_ €m 0
Lossless metal, dielectric ¢ > O:
2 2
w N fee
em(w) =1—- -2 wf) = Niee (plasma frequency)
w EQMe
30 T T —T
Surface plasmon (Ed + em = 0): | TM refracted: sin 9.5 = \/€s/€m SIN Vil
Wsp = 1 for ﬁ(wsp) — 00 ]
VEd kma(wsp) — o0 | )
vspg=dw/dB =0 kg, (wsp) — o0 i . i _
M. | YA 8 <o
Plasma frequency (em = 0): @
W=uwp for B(wp)=0 " & X - @ 1

L // Ear Wsp =
kma(wp) =0 L7 sep Ver+1

excitation only via evanescent talls
kdﬂ:(wp) — VE&d kO (e g., prism goupler)

— 2 2 "o 0.1 002
€m — Ny — Noiv Cmi — Qnmnm,; =0 B/AT
22 :%‘%E
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SPP Penetration Depths

Propagation constants in z and z-direction (enkg, = egkma):

65 €2

€EJ€Em
kc%a: — k%! k’gn — - k%, /32 = 9 k%
€d + €m €q + €m €d + €m
Lossless metal, dielectric ¢ > O:
2 2
W N e €
em(w) =1—- -2 wf) = Niee (plasma frequency)
w EQMee 5
. . w
Penetrations depths for frequencies w < wsp, €4+ eém ~ em ~ —w—%:
“p 1 1 1
1 W € _cwp  wp > o N c c
6‘55——”__'_—_2_T’\ Om = ~wp T
kgel €4 w \ €d W 44€e C \kmaz| P w , wp
3000 —— . | . 32 —— ——
Penetration Silver: w2 | Penetration
— 2500 A . _ P ‘é‘ " .
§ depth in air Eag = 1 — m ;%,30_ depth in silver
g 2 wp =27 x 1.91PHz ¢
ig 1500 - = 79eV gzﬁ_
'% 1000 - /"hp = 157 nm E
: - ! %
L : r=14s5x10%s*t ¢ | _____/__To—= —
/ b -
o = 60 meV Y —
404 =it 800 TUou 1204 1400 ToUU 400 600 8go 1000 1200 1400 1600
Wavelength {nm) Barnes, W. L.: J. Opt. A: Pure Appl. Opt. 8 (2006) S87-S93 Wavelangth ()
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SPP Wavelength and Propagation Length

——
B i
e

SPP wavelength
relative to vacuum-X\
for an air-silver interface -

0.94 -

.92 -

Nowvnalized SPP wavelengih (3., /%0
==
3
|

0.90 . . ' .
400 Qoo 800 1000 1200

avelengeh {nm)

Figure 4. Showing how the normallzed surface plasmon-polariton
wavelength (L.e. SPP wavelength relative to free space wavelength
hspp/hg) varles with free space wavelength in the visible and
near-infrared. The data were computed using the Drude
approximation for the relative permittivity of the metal (with w, and
[" for silver taken to be wp = 1.2 x 10'% rad s~ (m7.9 V) and

[ m 1,45 x 107 571 (m0.06 eV) respectively). The relative
permittivity of the dielectric was taken to be equal to 1. Note that in
this spectral range the SPP wavelength is only slightly less than the

free space wavelength,

1400 1800

300 -
| SPP propagation length
for an air-silver interface

200 <

Propagation length {um)

T

D ¥ T T ¥ ¥ T T
1400 1600

800 1000 1200
Wavelength (nm)
Figure 5, Showing the propagation length of the surface
plasmeon=polariton. The date were computed wsing the Drude
approximation for the relative permittivity for the metal (with @, and
I" for silver taken to be cop = 1.2 x 10'° rad s~' (m7.9 ¢V) and
I = 1,45 x 107 5=1 (m0.06 eV) respeetively). The relative
permittivity of the dielectric was taken to be equal to 1. Note that In
caloulating these data we have asswmed that there Is ne radiative
damping. specifically that there Is no mechanksm by which SPPs can
be converted to light. e.g, by the presence of a prism or grating
coupler.

Barnes, W. L.: Surface plasmon-polariton length scales: a route to sub-wavelength optics. J. Opt. A: Pure Appl. Opt. 8 (2006) 887—893}‘%5
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Long-Reach Coupled Surface Plasmon Polaritons

Electric field distribution of coupled surface plasmons supported
by a thin metal film “sandwiched” between two identical
dielectric layers. P

More |loss, most
of field in metal

Anti-symmetric Symmetric
Low loss, most mode meode
of field in dielectric J. A. Dienne et al., Phys. Rev. B 72, 075403 (2Q03)
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Long-Reach Coupled Surface Plasmon Polaritons

Energy (eV)
3 0 2 0 1. 5 : 0-8
a| 5[02/Ag/$[021 Opllcql constqnts taken from Palik L-
10
100nm

=y el
£ 10 12nm
% l
§ L[@ Metalslab
100 .. I ' * T+
a thickness
c ,~2L
S 10 12nm
©
®)]
a
0
o

Long propagation
distances for anti=
symmetric mode

] | | 1 |

400 800 1200 1600

Vacuum Wavelength (nm)

J. A. Dienne et al,, Phys. Rev. B 72, 075405 (2

2000
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Surface Plasmon Polariton Excitation

Prism couplers: Frustated total internal reflection

Diffraction couplers: SNOM, grating, scattering at rough surface

Zayats, A. V.; Smolyaninov, I. |.; Maradudin, A. A.: Nano-optics of surface plasmon polaritons. Physics Reports 408 (2005) 131-314
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Surface Plasmon Polariton Seen by SNOM

An SP waveguide:
a, A scanning electron micrograph image of a 40nm thick,
2.5 um wide gold stripe lying on a glass substrate.

IIIIIIIHI/

15

S
o
Nomalized intensity

e
M

Normalized intensity

0 5 10

X (um)

N B B
15

b, The optical functionality of the stripe visualized by photon
scanning tunnelling microscopy (PSTM) or scanning nearfield
optical microscopy (SNOM); an extended SP, launched on the
larger area by a spot (indicated by the red ellipse) generated by
total internal reflection illumination (A = 800nm) through the
substrate, is used to excite one of the stripe's SP eigen modes
featuring three maxima. The PSTM image demonstrates that
SPs are bound to the metal.

C, A cross-section across the stripe shows that this mode is
much better confined to the guiding material (indicated by the
AFM topology — pale blue line) sustaining the mode than
would be the case in dielectric-based waveguides.

Mot only the height of the guide but also the square root of
the waveguide cross-section features a subwavelength size, un-
derlining the fact that the SP mode is essentially bound to the
metal surface rather than being a standing wave confined inside
the metal volume.

Barnes, W. L.; Dereux, A.; Ebbesen, T. W.: Surface plasmon subwavelength optics. Nature 424
(2003) 824-830
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Metamaterials with Negative Refractive Index

Metamaterials: Macroscopic composites having a manmade, mostly
3D and periodic (a < A\.) cellular architecture designed to produce,

e.d., a negative refractive index n = [—] €r by .
_I_

1 Martin Wegener’s group at the Institute of Applied Physics, University of Karls-
n = -—1. 3 3 ruhe — http://www.aph.uni-karlsruhe.de/wegener/en/research/photonic-crystals

Equivalent of an optical cloaking experiment:
Water with sugar solution acts as graded-index
guide. Laser beam travels around an object.

GieRen, H.: Offentliche Vorlesung uiber Tarnkappen im Mercedes Museum am 22.7.2008.

http://www.pi4.uni-stuttgart.de/
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Metamaterials in the Microwave Range — Cloaking

Metamaterials: Macroscopic composites having a manmade, mostly
3D and periodic (a < A\.) cellular architecture designed to produce,

e.g., ctive index n = — \/erusr .

a negative refra
i ;g 81 BE [+]

Schurig, D.; Mock, J. J.; Justice, B. J.; Cummer, S. A.; Pendry, J. B.; Starr, A. F.; Smith, D. R.: Metamaterial electromagnetic cloak at microwave frequencies.
Sciencexpress http://www.sciencexpress.org 19 Oct 2006 10.1126/science.1133628

A
)

L)
. \‘\..“ i i i i .'|‘l’1'|.f"r.f. il

(X} i
‘H A AU
N \.1'.‘\ “mm"
N w\ AR
OO MM\\\ MWW
““I'ﬂ"'l.ﬂ‘ltl‘i‘l i'l.l‘ l-:-‘k. ':'i A i.i' ”ﬁ"““‘h
Liu, R.; Ji, C.; Mock, J. J.; chin, J. Y.; Cui, T. J.; Smith, D. R.: Broadband ground-plane cloak. Science 323 (2008) 366—-369
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Metamaterials in the Optical Range — Towards an Ideal Lens?

Metamaterials: Macroscopic composites having a manmade, mostly
3D and periodic (a < A\¢) cellular architecture designed to produce,
e.d., a negative permeability pr < 0.

Linden, S.; Enkrich, C.; Wegener, M.; Zhou, J.; Koschny, T.; Soukoulis, C. M.: Magnetic Response of Metamaterials at 100 Terahertz. Science 306 (2004) 13 53
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Imaging With a Negative Refractive Index Lens or a Silver Slab

Negative refractive index defined as n? = erpr. FOr ¢, < 0 and
ur < 0 the choice of the negative sign for n = +,/euyr is enforced
to be consistent with Maxwell’s equations (Victor Veselago, 1968),

SO n = —/erur. Rays are refracted “the wrong direction”.
[+]

Ideal imaging: Evenescent waves ‘‘carried through’ slab with n < 0.
If all dimensions d (lens, object) have d < A\ — E and H decoupled.
Object as described by E-field alone (H irrelevant!) can be imaged

by silver slab with ¢ < 0, ur > 0. SPP excited, evenescent wave is
also “carried through' .

wavefield

f surface plasmon
of object

wavefield

Pendry, J.: Metamaterials and negative refraction. Conf. Lasers and Electro-Optics (CLEO 2007), Baltimore (MD), May 06—11, 2007. Plenary Sesgign
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Frequency [THz]

Surface Plasmon Polaritons in a Silver Layer

Wavelength [nm]
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e TR T
A o V]
v ' ., (anti-symmetric) mode
600 | 1 hwp = 3.828 eV
fp = 925.5 THz
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200 F FDTD A=2.5 nm i ¥ i
FDTD A=Bnm X Fujii, M.; Freude, W.; Leuthold, J.: Numerical
Plasma freq. ———- €r=1.9 prediction of minimum sub-diffraction-limit image
generated by silver surface plasmon lenses.
0 / . . . . Opt. Expr. 16 (2008) 21039-21052
0 0.5 1 1.5 2 25 Fujii, M.; Freude, W.; Leuthold, J.: Dispersion

Normalized wave number kFKp

relation and loss of sub-wavelength confined
mode of metal-dielectric-gap optical waveguides.

Phot. BW, 02 April 09

IEEE Photon. Technol. Lett. 21 (2009) 3%4
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Super-Resolution with Sub-Diffraction Imaging

6 "\‘ ff: "-\. ff! “\ ff’: . With Ag K\\ ;‘f
S 0 St < without Ag

y [nm]

Fig. 4. Imaging of a grating (60 nm wide slit and 60 nm wide Cr mask). Top: a linear scale
profile of the grating image obtained by integrating the energy dissipation W in the photo-
resist layer observed at height 180 nm. The image profile for the case of no silver layer is

Fujii, M.; Freude, W.; Leuthold, J.: Numerical plotted for comparison. Bottom: the distribution of 7 on the cross section in a logarithmic
prediction of minimum sub-diffraction-limit

image generated by silver surface plasmon magnitude color scale. The black solid lines indicate the boundaries of the Ag film (140
lenses. Opt. Expr. 16 (2008) 21039-21052 nm to 175 nm in height) and Cr mask of the grating (50 nm to 100 nm in height).
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Imaging “Letter T” With a Silver Slab
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Fuijii, M.; Freude, W.; Leuthold, J.: Numerical prediction of minimum sub-diffraction-limit 0 o

image generated by silver surface plasmon lenses. Opt. Expr. 16 (2008) 21039-21052 1000 1500 2000 2500 3000
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Surface Plasmon Polariton — Overview

Surface plasmon polariton (SPP) [1]—-[10]
e SPP history is older than 100 years (Drude 1889—1904 [1]—[3]).
e Plasmonic waves are collective electronic excitations generated
by an electromagnetic field exciting a metal /dielectric interface.
e Fields confined to and propagating along interface — SPP
SPP length scales (including losses; data and figures from [8]):
e Spat. period Aggp < A~ 1um
e Penetr. depth §,,.4 =~ 30;300nm o

e Prop.length égpp ~ 30...300um . F SSP dispersion
long reach §| ggpp < 3000 um : _______ : . _ _ _ _ampoto i plasmon equency
hoppar======—=—m—m - -+ X 4 % _ €7 €m
é 0.5 — ko _ e TTr
E ] €d + em
g w 27
Hy €eq >0,ng>1 . 8 1 C b
+++ - === +++ j\ T 0.0 T T T T T T T T T T T
S S < 0,nm =0 | Ex 0.0 0.5 1.0 15 20 25 3.0

In plane wavevector (in units of v /c)
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Surface Plasmon Polariton — Boundary Conditions

1.0 T

SPP length scales (with losses):
e Spat. period Aggp < A~ 1um
e Penetr.depth 9,,.4 ~ 30;300 nm
e Prop. length dégpp ~ 30...300um
long reach §| rspp < 3000 M

xl//!&‘//\ f:D:mwo IR

S‘f\ 1 0.0 I EEE———SS
m Ex 0.0 0.5 1.0 1.5 2.0 25 3.0
In plane wavevector (in units of v /c)

'« SSP dispersion

Angular Frequency (in units of @)
o
(3}
1

+

- ---- +++ "
~N— ~— fm < 0,nm~0

Boundary conditions (SPP involves charges at metal surface):
e Normal electric field (Ez) changes sign at interface.
e Normal displacement (D, = ¢perEy) continuous — ¢, < 0
e Example: eay &~ —29 —j2.1 at A =830nm
&r=¢€r —je; = (n—]jn;)? =n? — nf —j2nn;, "no" losses:
n2 for n; =0
—nf for n=0

real & = n? — n%, €ri = 2nn; = 0 — € = {
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Surface Plasmon Polariton — Propagation Results

SPP length scales (with losses): “TSPP™ . SSP dispersion
e Spat. period Aggp < A~ 1 um VIS, IR & air/silver
e Penetr. depth ¢,,,.4 & 30; 300 nm

Asymptetic surface plasmen frequency

= rm omm omoEm — — o — = m e om o oE Em wm owm — — . —

E'a
e Prop. length dgpp ~ 30...300pm E’ 0.5 - ,",", — ko €d €m
long reach §| rgpp < 3000 um g - €q + em
T Lé’) . //' w 27
VNI Nesoneo N BV k==
':1_:' : i 2 ‘#\ T 0.0 d C A
++_\>/- ) --\<)++Eﬂr <0,nn=0 | §, Ex 00 05 10 15 20 25 30

In plane wavevector (in units of v /c)

J2nn;, “no” losses:

n? for n; =0
—n? for n=0
Propag. const. B > kgv/eq shows that SPP-mode is non-radiative.

€r =€r —j€p = (n —j’n,.l-)2 —n2 — nf —

real & = n? — n?, €r; = 2nN; = 0 — € = {

No coupling from outside! Coupling with, e. g., a prism coupler.
2
Dielectr. const. in metal ¢, = 1 —i—% more negative with w {}. Lim-

iting case ¢; 4+ em = 0, then 8 — o0, Aggp — 0 for w — wp/\/eq + 1.
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Surface Plasmon Polariton — Summary

SPP length scales (with losses): “TSPP . 5SP dispersion
» Spat. period A\ggp < A~ 1um §oVRIRg o air/silver
o 1.\ __ o ___ _fe/mplolicstnace plasmen frequency
e Penetr.depth§,,.; ~ 30;300nm % \ |
e Prop.length dgpp ~ 30...300 um E 054 = ko €4 €m
long reach §| rgpp < 3000 um g - €q + em
T Lé’) - /! w 2T
//;N‘f/\\fd}ﬂ:?hﬁﬁu 5, £ ] /,/ k!o:—:_
o 2 - ! - C A
T+ + N T 0.0 S
N S~ <O =05, Ex 0.0 0.5 1.0 15 2.0 2.5 3.0
In plane wavevector (in units of v /c)

SPP properties — summary:
e Surface charge — normal electric field E;, consequently also
E.. E-wave, TM wave with H,. No H-wave (= TE wave)!
e Because sign of E; changes: Field enhancement at boundary
e Ny ~ 0, n_%l_i = |em| — noO x-propagation, penetratation depths
8g ~ A/ng and d; = A\/n,,; (= skin depth)
e Momentum mismatch hg8 > hk; — guiding — coupling issue
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