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Polariton Is a mixed state of photon and polarization wave

The polariton represents an interactive relationship between the

light energy and the material polarization that it induces.

Light within a material is no longer just an optical
field, it iIs now intimately linked with the optical
response of the material, the mode Is a polariton
rather than a photon. PRB 54, 6227 (1996)

Electrons: Dispersion of refractive index

lons: Infrared absorption etc.

Piezoelectric effect: related to ions displacement



POLARITON

1951: Proposed the phenomenon in an ionic crystal

Strong coupling exists between EM wave and
transverse optical phonon!

K. Huang, Proc. R. Soc. London A 208, 352
(1951)

1958: Coined the word “polariton”
J.J.Hopfield, PR 112, 1555(1958)




It I1s of iInteresting to note that the term “polariton” was
originally coined by Hopfield to designate the “uncoupled
polarization field particles” of the medium. The term was,
however, misconstrued by Russian investigators as
designating the coupled polarization excitation-photon
modes, and through extensive use In the Russian literature
polariton has become the generic name for the coupled modes.

“The polarization field “particles” analogous to photons will be called
“polaritons.” (Excitons will be shown to be one kind of polariton....

Optical phonons are another example of polaritons.)
J.J.Hopfield, PR 112, 1555(1958)

The propagating state for these energies and wave vectors can no longer
be described as a phonon or a photon, but is a mixture of these two
elementary excitations know as a polariton.

C.H.Henry, J.J.Hopfield, Phys.Rev.Lett.15, 964(1965)




Exciton Polaritons

o If a light field and an exciton overlap, they affect
each other.

 Light is an EM-field, and EM-fields affect charged
particles, thus changes the behavior of the electron

and the hole that make up the exciton.

 The charged particles create electric-fields, the
exciton in turn affects the way the light behaves.

o If we match the energy of the light and excitons
they become "entangled"”, and seem to become a
pair of new and different objects. These are
"polaritons”.




Surface polaritons

Modes that propagate along an interface with the amplitudes
of the fields decreasing normal to the interface.

Surface polaritons are classified by the mechanism by which
light Is bound to the surface:

 Light modes bound to the surface through interactions between
the photons and the free-electron gas in a metal are called
electron-gas-driven polaritons or plasmon polaritons.

e Light bound to the surface through interactions between
photons and phonons are called phonon-driven polaritons or
phonon polaritons.




Quantum-well polariton

It I1s the quantum-mechanical combination of
the light In an optical-cavity and an exciton In a
quantum-well.

Phonon polaritons

- Transverse optical-phonon polariton
 Longitudinal optical-phonon polariton???

In an lonic crystal, impossible!

But In a piezoelectric superlattice, possible!



o AR WTAEAE & BALEATSR e iy, LE
AR TFH—RINBARAES, BLT IRELE
AL BAREAL

 AXRRBLFHAEERAK, CERE. &

BT, ST B N ZGRE.

o ATEMMAR AT, BT S e
BATRI, RIARTF. FFHRE. WE,
15AR. ApdRAatt 3% G AT HR A di 4.




gl 2A14m, —AHAwEF, AR
P s pmaae. RA SR, &4

Es | B TFRAEAT S RANA, (28t
= ramnr, RREEAR—AFX
T FE AARAEREF — G0 T it

FAUHhAE X RIEA

EBEMXE, EniachREERTECH L
38— R E1F AP AT T 5000k M ikis H 2500
RFEEBEF, XL SRS BT ENER
BEERITFE4E, XARENEM, EFREN

BAM () FoZ LA "BER L.
(£) B2 R #F4] R HENIAC

L EE S,

194652 F 148, ¥ L& — &6 f 4T BT+ A AHENIACE FZ M
XFEROIFILF46ELT, BL T BT EARAKE FF44.

4F, AMIAZ|ENIACTR A —EAE, mAHH—ETHR
RRKY), BRERRNTIT R34, REBHENSKTER, LALE
3 ThT, AR E|—a E A TP ey 4ren 48, ENIACH 8
FR2Z, 3ERE, 1003ERK, EEZA 304X E,




BETI1908F 4 FTE2HE, 16% % EX
2R ERYE., FFF I
LERAFRERE AR A LB —, LF
HRF¥F IR fo R, £ —
KEIEF, MEHS K ERXRET —4
B T At o — AR AT, F A L7 wE
AR AT R A8 & B 2 AT I 1L 69 B x4
. L& TIHEA G B E A4 i E)
0.05Z kA0, TRREI, KE AL
FAT 6 B R B K 3% v R AT B 2 4T
e AL, X—& IR, e E
PR EXANE BT URAKRMER. T2
= A8 oA, LR G, LT
FE194TH KT —FF 69 F FIR S
P, IAEMARE., X—REIL2 &
HTRBTFFER, BETHFRARAR TR
REGHOAERE., & TX—T77 8K,
BETHAY 5LE. him—&aFIFT1956
FEEN RiprEF




19584F, dhihE LA+ FAFZIR, 34% 69K RbAe &ML N F] .
L B8] 6 TAZ VRN A A 2 3] s AkE £ A 69358, TH4b 23kt gkt B
M., SR EHEIPBZRELETKR, [BFHEEH TDME, A RS a
Eho FRELZREET, TAFRITHORE SR IUE D K ig&AF L
BHAFEE, BAAGEZCN. MR T VAR R — A& T A
A, AR —HEOL, R RER T A KAEegk A T E—AF TR
BRFPEBEATEFAEM: B, &5, SKRETE. " — —/A0 A
IR G 08 5 E R Rk,

19584F9 A 128, ARILRFMEZIT e b F B4 £ e — 3 F-FR 4
e, Bl TERES S ERBK, X—K, WAL ERLKL
BTEA H ., SRESIADNDNG R, T TaFHRAR L eFHat.

1958, Kilby [N

T Ty e e

B 4445 AP
Fo b RA) 48 A




R ITIR K A RFALA T R wii, HIRILAEZMXE
) 4% an | AR 2 R IR, e E AT AR R L dRER G AT (R
TAEGR R, B A E LAy = Zmin A2 48, 1959F24,

R A A BRI T A, ALIRR M R B AL B
A#EERBETIFEF], AIRAFTA 42T X—F

%, b AT AN 8] LB A A T R R IR S, R
5] 09 I RILIAAR & — /N F A, A9 IKT R KR, i FH
W R H A RBZFFGA, TREENOFAK, WWEFEM
ML, mEEEFERBIRGLAEFRT T AR,
7 F K AR B R BRE AR E A7 T B F .




5’4’%5}%&4\ (Intel) 2> 5]%:»\7%7‘7/%7{7 ”/’?’T""—«LE{?—;&)’T@%/A g,
Moore Noyce®f# kffmore n01se(€k@bmﬂmﬂ),7k¢£;rggo

1996, Intel

BT AHIEEHEAR, GAANIK AT iR E A k=4 wF
R shA kR, FFARE R AR EZ R A AL AL,



XAR-BE R

SR HE T B Intel s 898 s AZ—

transistors
10,000,000000 &
Duwal-Corg Intol® | Lanipm® i‘l"rmum‘
1,000.000,000
MOORE™S LAW ntel® itaniom® n‘.‘Prurtwu-r‘
Inbel Eaniom® Pm:u:nr_l
Intel” Peatum® 4 Processor 100000000
Intel Pentiom® M Pracess o -
Intel® Pentium® Il Proce sl g 10,000,000
Intel® Pentium® P‘m:nm‘ J
Il 486~ Fmtﬂ.ltl"
1,000,000
Inkel3B6™ Processor
i
286
A 100,000
Mﬂ-‘ =
BDEOD - 10,000
8008, )
4004 @
1,000

1970 1975 1980 15985 1950 1995 2000 2005 2010

JEREE FERAELISHIgE, TS H PR e Rl R =

*ﬁﬁé\%ﬁz&s, 1975FFe." B 50— & " B h "B FE— &

TRMT, ERAGHER, 24t —F R EL8FE KXER!



o AR T A EBRIATRE B LB
FeRTHEY—RINBRARES, EXT ERE L
At IX AR IS,

o AXRRBERTFHEARERK, SARE. 17
B E. AT BA A ZNRE.

o ALREMMATBIEI KT, B FReFLEM
HATRY, KA AT. 2 THRE. E,
LAl AmdRAety &7 @ AT R IE 5.

* Photonic Crystal

o |_eft-handed Material
 Cloaking

 QPM Material
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Photonic crystal
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Photonic Band Gap Materials

Layer-by-layer Lithography

. Jiang, et al., J. of Phys.
Condens. Mat. 15, 5871-
5879 (2003). (HKUST)

Nano-robotic Manipulation ___Direct Laser Writing Woodpiles

“ POOOWU
- - . « o -
/.f” . ot .
o -

o®e o
/‘( . & ’

-




frequency mal'?me
o =]

BREBRARA—THORTHEBATA

BU# A4

> BETEGIHF
(KXFX)

>  EXIrHE

> RATAR

> ARG A (K

R) SR ITH I Z

> FREV, ~ oK)k

> BARE V ~owl K




+ {( Cin )

-20
0 20 40 60 80 100 120 140 160
C 10

4 EFNTE RITHNS MG F
%E( %)&%%%(,
wﬁi%%%

100 150 200 250 300 350
X (mm)

. = '
30 100 150 200 250 300 350

7ok d T R ’}ﬁ'ﬁT’TM%
NI R FINEH R AR

Phys. Rev. Lett. 93, 024301 (2004).
Phys. Rev. B 71, 054302 (2005).
Phys. Rev. B 73, 054302 (2006)
Appl. Phys. Lett. 85, 341 (2004)
Nature Mater. 6,744 (2007)



L eft-handed material

Surface normal

incident reflected

refracted

A LHM would have dramatically
different propagation characteristics
stemming from the sign change of the
group velocity, including reversal of
both the Doppler shift and Cherenkov
radiation, anomalous refraction, and
even reversal of radiation pressure to
radiation tension.

A composite medium, based on
a periodic array of interspaced
conducting nonmagnetic split ring
resonators and continuous wires,
that exhibits a frequency region in
the microwave regime with
simultaneously negative values of
effective permeability and
permittivity.




Left-Handed Materials — Negative Refractive Index

Electromagnetic waves will only propagate in a medium that
has a real index of refraction, n 4 (@) = \/geff (@) g (@). If
either ¢ (@) or 1 (@) Is negative, then n .. (w) IS Imaginary,
and there will be no transmission through a thick sample. If,
however, both ¢_. (w) and u (@) are less than zero, electro -

magnetic waves will propagate through the medium, but the
negative root must be chosen for n .. (w), and the group and
phase velocities will be antiparallel.




Metamaterial for EM Cloaking

METAMATERIAL CLOAK
transmits incoming
 light rays around

INCOMING L. cloaked object
LIGHT RAYS & '

T ) without
I \ distortion

‘where any object
iwould be invisible
to the observer

NS ==

|I5!
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Pendry Science 312, 1780 (2006).

U.Leonhardt Science 312, 1777(2006).

Microwave cloek"-

B Smith & Pendry, Science 314,
977 (2006)

—Optical c C)%k'i

Y dle brush

B  Opt. Express, 16, 2008.

B Nat. Photonics, 1, 224(2007).



Ferroelectric domain structures
nonlinear optical, piezoelectric, electrooptlc
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...Researchers no longer just study the rich
variety of materials provided by nature but
have rather become creative designers who

tailor optical properties at will, leading to

qualitatively new and unprecedented
behavior....

Science 313, 502 (2006)
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» Cloaking
* QPM Material

In a sense, every material is a composite, even if the individual ingredients
consist of atoms and molecules. ...... It is only a small step to replace the atoms of
the original concept with structure on a larger scale.

IEEE TRANS. on MICROWAVE THEO. AND TECH.47, 2075 (1999)


http://www.matsci.ucdavis.edu/meier/Images/NEW-1997-1b.gif

'.: by ; J _,. ¢ 2 Y ‘-* B2 /4 a ! 4
“JB T AL B T 6 IR




Introduction
Piezoelectric superlattice
Piezoelectric transducer

Polariton: Superlattice vibration
Polariton in a plasmonic crystal
Conclusions




<]

-
o
T

O

L
O
T

Polerizztion ( Woicm 3

ta
(=]

A ferroelectric crystal
IS a material the

direction of whose
spontaneous
polarization can be
changed by an external
electric field.




Patterned Ferroelectric Domain Structures

Physical properties modulated:
Second-nonlinear optical,

piezoelectric and electrooptic
coefficients
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(C)
A ferroelectric crystal is a material the direction of whose

spontaneous polarization can be changed by an external electric field.



How to prepare a domain structure?

Growth striation method
Room temperature poling
Direct electron beam writing

Atomic force microscopy

Scanning probe microscopy

focused 1on beam




Growth Striation Method

Temperature field
A

Periodic temperature fluctuation -
periodic impurity concentration =

periodic space charge field-> periodic
ferroelectric domain

First realized by Feng and

Ming et al. in LN by the
growth striation method

Growth Striation Method
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T o075 C [ | ]
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— 1 min —{

T@SL interface

I

Temperature fluctuations measured
on the solid-liquid interface and the
corresponding surface rotational
growth striations in a LN crystal

Ming et al., J.Mater.Sci.17, 1663 (1982)




Room temperature poling

The room temperature
poling technique:
attracted much attention
due to its capability to
fabricate, when

combined with
photolithography,
domain structures with
any pre-designed
patterns.
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Schematic setup for domain
engineering and optical
micrographs of some
samples with modulated
ferroelectric domains
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Physics of Dielectric: polarization

1. Electronic: arises from the displacement of the electron
shell relative to a nucleus by E field

2. lonic: comes from the displacement of a charged ion with
respect to other ions by E field

3. Piezoelectric material: polarization due to strain

4. Orientational polarization
R SR AN S Rl QP M : Nonlinear optical effect

The light field is a harmonic function,
such as Ecos(wt). Trigonometric identities
allow a power of a harmonic function,
like cos*(wt), to be converted to terms
like cos(2mt). The nonlinear terms in the : : }
polarization can then be grouped as Piezoelectric effect: Acoustic
| transducer & Polariton
P o<...+ %2 E2cos(2mt) S
) - PR — —
+xPEcos(Bat) +... [2 P, = —e,,(X)S, + &, (&, —1E,
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Piezoelectric effect

A piezoelectric material Is a material
that becomes electrically polarized when
It IS strained or that becomes strained
when placed in an electric field.

Piezoelectric effect

that becomes strained when
electric field.

laced In an




Piezoelectric transducer

Poling Method

(a)

(b)
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Piezoelectric transducer

Crossed-field Scheme: In-line field Scheme:
Electric field and propagation Acoustic propagation vector
vector perpendicular parallel to the applied electric field

Electrode Electrode

Resonator

T(z=0)=T(z=N(a+b))=0

Igh Frequency(GHz

Resonators

Acoustic filters
Transducers

Transducer

T(z=0)=T(z—>x))=0




Piezoelectric transducer

Transmission
DSL medium

o : Satellite-like
maln_ V/(a+ b)

(fs)™=mf /2N
m=+]1, £3, £5...
N: Periods

APL53, 1381 & 2278 (1988); JAP72, 904 (1992) & 79, 2221(1996)



Acoustooptic Interaction

Normal incidence

Diffracted Transmitted
beam beam

Single domain
L
DSL 1NbO3 crystal

Signal
generator
Incident beam

Incident at Bragg angle
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Piezoelectric effect

In a piezoelectric material, the
superlattice vibrations will induce
electrical polarization. The laterally
electrical polarization in turn will

A piezoelectric material
IS a material that becomes

electrically polarized when
It 1S strained or that
becomes strained when

placed in an electric field.

emit EM waves that interfere with
the original EM wave. In such a case,
lattice vibration and the EM wave

Electric Field will be coupled strongly.

|

Polariton

Microwave Absorption
Abnormal Dielectric
Raman Scattering
Brillouin Scattering




Polariton in piezoelectric superlattices

EM wave coupled strongly with

* Transverse superlattice vibration

Science 284, 1822(1999)
 Longitudinal superlattice vibration

PRL90, 053903 (2003) (Theoretical)
PRB 69, 085118 (2004) (Exp.: periodic)
APL 85, 3531 (2004) (EXxp.: Quasiperiodic)

 Piezoelectric-induced coupling of polaritons
PRL 94, 117401 (2005) (Theoretical)




0
(D

Figure 10 Transverse optical and trans-
verse acoustical waves in a diatomic lincar @ + + —- K
lattice, illustrated by the particle displace-
ments for the two modes at the same
wavelength. Aconstical mode

For lattice vibrations
7 B belonging to the transverse

" optical branches, the atoms
carrying opposite charges

vibrate against each other.
This type of vibration can be
R e e sl cXCited Dy the electric field

L | 1 L L L
0.2 0.3 0.4 0.5 0.6 0.7 0.5
ficK, in eV

curves for the uncoupled phonons and photons are shown by the short, dashed lines. (After C. H.
Henry and ]. J. Hopfield.)

of a light wave.



It Is the transverse polarization P, that couples strongly
with the EM wave. Whereas whether or not the superlattice
vibration Is of transversal or longitudinal is not relevant.




Piezoelectric equations

Yy N

T4 — C4E484 — €5 (X) Ez
P, =es(X)S, +¢&, (5181 -1)E,

A transverse acoustic wave propagating along the
z-axis will be excited.

For this configuration, EM wave couples strongly
with transverse superlattice vibration.




Piezoelectric equations

T1 — ClElSl + €y (X) E2
P, =—€,,(X)S, + &, (5181 -1)E,

For this configuration, a longitudinal

superlattice vibration propagating along the x-axis
will be excited.




e At resonance, both
energy conservation and
momentum conservation
are fulfilled.
| * The photon-phonon
4 HE A || NS — coupling entirely
" o changes the character of
S the propagation.
ﬁ]‘f ) e Strong coupling induces
‘ a gap where EM waves
are highly reflected.

& & o
¥ 1 ’ T

Reflection coefficient (dB)
&
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T b PRL90, 053903 (2003)
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Polariton: Quasiperiodic structure

(d¥

wDi{Zms)
[\ .
B
=

0.0000 0.0002 0.0004 "6.0000 0.0062 0.0004

kD¥[2x) kD 2x)

CHE Polariton dispersion

_._: il
— 22
C —
e

L—J m'nl:- 1200
fr . -

(&) (b
Q _
9 Bz
- -

APL 85, 3531 (2004)



Piezo-coupling of polaritons

1) — e Easliw ) Bayl ] Es
.U_i, U Ezgim:‘ -F:j:,_i,[ﬁ..l] E_ﬂ,

Res,/d pe
¥ L . 5 b ] .-|::|
exnlw) = gy + ——5—
Wi — W Y
'
' Bex ey /d-pey
-F:E']Ill:!.“ =" " e = N i L
Wy T oW Iy - — -
L. Y 0.8 0.0 1.0 1.1 .2
2 532 Nomalized frequsncy
(o) = o5 + ey, /d peg
E?'-?'- W = E?.?. ¥ ¥ ; FIG. 3. Variation of the electric fields (a). and the PFD (nor-
ek I o :Tm malized to %eﬂrlEmll} (b} with the frequency. The energy is
transferred between F, and £y due to piezoelectric-induced
coupling.

 Two polariton modes
» Coupling related to piezo-effect

* Due to coupling, one mode has gap, the other one no gap

» Periodicity <<EM wavelength, subwavelength structure
PRL 94, 117401 (2005)
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Plasmonic materials & Surface plasmon polariton

» Surface plasmon polariton (SPP)—Ilight on the metal surface

Generally, the electrons cannot pass through an insulator, and the light

cannot propagate in a metal:

y
k = (o/c)\e,, & [

A
e =1-w’lw’ Em

K

Spp

At the metal surface: K, :\/kggm -k; >0 (K, =i‘ky‘)

« SPP Is a wave that propagates along the metal surface but
evanescent on either side, where the photons couple strongly

with the surface charges.

o Y Enéy k e \\
P + ARAE® L™
gm gd = \}]’EJ;JFW ﬂ'ﬁh‘/




Novel effects & potential applications 7

e (b)

e Plasmonic waveguides x x

-
Lo, = i, i~ S, = S [ . . . ) i "

et e S OO S S S .
-

Intensity (a.u.)

Grotljves
(L) %

Intensity (a.u.)

5 10 15 20 25
Z (mm)

» Plasmonic transmission [Nature 391, 667 (1998) & Science 297, 820 (2002)]



Novel effects & potential applications

(a) Positive media (b) (c) Object Image - Timme
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* Negative refraction (perfect lens)

Metallic wire + SRR (microwave band)
Multilayer fishnet structure (optical freq.) Nature 455, 376 (2008)



Science 2006 & 2009

Relative R

e Cloaking with metamaterial

0.4 0.8 12 16 2
a(mm)

N.J.Phys.12, 063006 (2010) .=
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e Optical black hole



‘Long-wavelength optical properties of a plasmonic crystal

Stop band by Bragg reflection: photonic stop band
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Stop band by coupling effect: polaritonic stop band lonic crystal
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P @ photon and polarization wave

longitudinal polariton

In an ionic crystal, the strong

coupling between the photons and

/| |, J mphoton(‘])-‘*%q \ @ .
; lower transverse transverse optical phonons leads to

! like polariton
do

q phonon polariton and a stop band.




Similarities between ionic and plasmonic crystals
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Surface modes: Surface phonon polariton & surface plasmon polariton

Enhanced transmission through perforated films [PRB 75, 075422 (2007)]



Similarities between ionic and plasmonic crystals
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lonic lattice Plasmonic lattice k
lonic crystals Plasmonic crystals
Lattice vibration Plasma oscillation
Dipole moments Dipole moments
Transverse optical waves Transverse plasmon waves

Therefore, because of strong coupling between light and transverse

plasmon wave (vibrations of free electrons), a bulk polariton mode
can be present in a PC.




How to understand the electronic
motion/plasmon resonance in the gold

nanorod?
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Circuit ioC
theory:
A
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e The free electrons act as forced harmonic oscillators

(an effective restoring force & an increased electron mass)! oK
* The self-inductance plays arole of electron inertial |

(The electron mass/inertia plays a role of inductance!)




Bulk plasmon-polariton in a plasmonic crystal

composed of gold nanorod particles
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» We proposed that the HK equation, which was

~ 2

W=—(@f —— 2 w2
3,6,MQ (MQ)

P= (I\/I?))”z W +¢g,(s, -DE.

established originally for an ionic crystal where a

strong coupling between the photons and lattice
vibrations is present, may be extended to the
plasmonic lattice (in the long-wavelength limit).

e Starting from the classical motion equation of
free electrons, the governing equation for the

plasmonic crystal has been deduced, showing
indeed the same format as Huang’s Equation.

v

W =b, W +b,E,
P=hb,W +b,,E.

Phys.Rev.Lett. 104, 016402 (2010)
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Because of the strong coupling, a polaritonic stop band is created.



Analytical result vs numerical simulations
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» To demonstrate the polariton effect, we have calculated the
transmission spectrum of a plasmonic crystal film both analytically
and numerically.

» The lattice constant is 80nm, the permittivity of host medium is
2.25, and the length and diameter of nanorod is 40nm and 10nm
respectively (the film thickness is 1600nm, 20 unit-cell thick.
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* Polariton: a mixed state of photon and polarization wave
e Stop band:
by Bragg reflection: photonic stop band

by coupling effect: polaritonic stop band
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