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Propagation of EM wave through medium

Governed by wave equation

Solution:

where

In nonferromagnetic media           , and so              .

In dispersive media                  .

2E
→

c2  
2E

→

t2 0

E
→

E
→

o e
i(kx t)

k
1

 c
1
n

 c

  1 n

n n( )



Propagation of EM wave through medium

Dielectric constant measures increase in capacitance

Cd

Co

+ + + + + + + + + +

– – – – – – – – – –

V
VE =

Qo

d
d



Propagation of EM wave through medium

Dielectric constant measures increase in capacitance

Cd

Co

+ + + + + + + + ++ + + + + + + + ++

– – – – – – – – –– – – – – – – – ––

+ + + + + + + + + +

+ + + + + + + + +
– – – – – – – – – –

– – – – – – – – –V
V

V
E =

Qo

d
d E



Propagation of EM wave through medium

Dielectric constant measures increase in capacitance

Cd

Co

+ + + + + + + + ++ + + + + + + + ++

– – – – – – – – –– – – – – – – – ––

+ + + + + + + + + +

+ + + + + + + + +
– – – – – – – – – –

– – – – – – – – –V
V

V
E =

Qo

d
d

Qo

E



Propagation of EM wave through medium

Dielectric constant measures increase in capacitance

Cd

Co

+ + + + + + + + ++ + + + + + + + ++

– – – – – – – – –– – – – – – – – ––

+ + + + + + + + + +

+ + + + + + + + +
– – – – – – – – – –

– – – – – – – – –�V
�V

�V
E =

�Qo

d
d

Qo

E



Propagation of EM wave through medium

Alternatively e is measure of attentuation of electric field
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Propagation of EM wave through medium

In medium: 
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Which charges participate?
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electrons

free
electrons
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Bound electrons

Steady state: electron oscillates at driving frequency

      

Oscillating dipole

Polarization
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Dielectric function

Q: For a single resonance, is the value of e(v) at high frequency

 1. larger than,

 2. the same as, or

 3. smaller than the value at low frequency?

( ) 1 e 1
Ne2

m j

fj

( j
2 2) i j

4



Bound electrons

Dielectric function

( ) 1 e 1
Ne2

m j

fj

( j
2 2) i j

ε

ωωj

1

ε'

ε"



Bound electrons
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Bound electrons

Below resonance: bound charges keep up with driving 

field        field attenuated, wave propagates more slowly
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Bound electrons

At resonance: energy transfer from wave to bound 

charges        wave attenuates (absorption)
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Bound electrons

Above resonance: bound charges cannot keep up 

with driving field        dielectric like a vacuum
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Bound electrons
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Free electrons

No binding: 

Equation of motion:

Solution:                                                            (no resonance)
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Free electrons

Add damping:
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Free electrons

Plasma acts like a high-pass filter
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Free electrons

Plasma acts like a high-pass filter

 log N vp lp

 (cm–3) (rad s–1)

 22 6 x 1015 330 nm

 18 6 x 1013 33 µm

 14 6 x 1011 3.3 mm

 10 6 x 109 0.33 m    
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Pulse dispersion

Let: and

and

and so:

traveling sine wave, with amplitude modulation.
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Pulse dispersion

speed of carrier (‘phase velocity’): 

speed of envelope (‘group velocity’): 
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Pulse dispersion

let’s practice a bit!

(please complete worksheet)
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Pulse dispersion

If no dispersion
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Pulse dispersion

If no dispersion

group and phase velocities are the same:

and so the envelope and carrier travel together
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Pulse dispersion

Types of dispersion: 
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medium causes pulse to stretch

      

compensate by rearranging spectral components!
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Pulse dispersion compensation

Does path length difference compensate?

…so prism gives low frequency shorter path length!

Q
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Pulse dispersion compensation

consider traveling Gaussian pulse again:

 

Q: Can you tell if the medium is dispersive or not?

 1. Yes, it is dispersive

 2. No, it is not dispersive (pulse shape is constant)

 3. Cannot tell
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Pulse dispersion compensation

consider traveling Gaussian pulse again:

 

Q: Can you tell if the medium is dispersive or not?

A:  Cannot tell (the medium is dispersive if              )

…but Gaussian shape of pulse is constant!
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Pulse dispersion compensation

linear dispersion

d
d

constant



Pulse dispersion compensation

only nonlinear dispersion changes pulse shape!

d2

d 2 0
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Pulse dispersion

Write dispersion as Taylor series:

 

let

and

group velocity:

if w = 0, then group velocity and pulse shape constant!
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So not path length but         matters!
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So not path length but         matters!
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Linear optics:

Nonlinear polarization:

and so:

                  when                     , and so                    .
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Nonlinear optics

Nonlinear polarization can drive new field:

But even terms disappear in media with inversion symmetry!

Invert all vectors:

and so                             .
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Nonlinear optics

Consider oscillating electric field:

Second-order polarization:

Physical interpretation:

E(t) E ei t c.c.

�

�

�2
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(2)EE* 1
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Can also cause frequency mixing! Let

Second-order polarization will contain terms with

2   1 (SHG), 2   2 (SHG),    1 +    2 (SFG),    1 –    2 (DFG)
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Can also cause frequency mixing! Let

Second-order polarization will contain terms with

2   1 (SHG), 2   2 (SHG),    1 +    2 (SFG),    1 –    2 (DFG)
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Nonlinear response:

E

P(2) (2)E2

Q: Silicon atoms are arranged in this way. Does bulk silicon gen-

erate second harmonic?

 1. Yes, silicon is not centrosymmetric (as the unit cell shows)

 2. No, the crystal as a whole is centrosymmetric

 3. No, any radiation at the second harmonic is absorbed

 4. Other
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Nonlinear optics

Third-order polarization:

3 frequencies, 3 terms + c.c.: complicated! In general

Intensity dependent term at fundamental frequency:
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Nonlinear optics

Third-order polarization:

3 frequencies, 3 terms + c.c.: complicated! In general

Intensity dependent term at fundamental frequency:

and so

cos3 t 1
4 cos 3 t 3

4 cos t

P(3)(t) (3)E(t)E*(t)E(t) (3)I(t)E(t)

P P(1) P(3) ( (1) (3)I)E effE
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Nonlinear optics

Intensity-dependent index of refraction:

vv

v

high intensity
higher index

low intensity
normal index

“self phase modulation”

n no n2I
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Phase:

Frequency change:

Q: Sketch the time dependence of the frequency shift for a 
Gaussian pulse and determine which is true (assume n2 > 0):

 1. Leading edge is blue shifted, trailing edge red shifted

 2. Leading and trailing edge blue shifted, center red shifted

 3. Leading edge is red shifted, trailing edge blue shifted

 4. Leading and trailing edge red shifted, center blue shifted

 5. Other
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Intensity-dependent index of refraction:
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Nonlinear optics

but susceptibility is complex!

susceptibility real part imaginary part

linear refraction absorption

nonlinear SHG, SFG, DFG, THG,… multiphoton absorption

o I I2 …



Outline

• propagation of pulses

• nonlinear optics

• nanoscale optics

• nonlinear optics at the nanoscale



Waveguiding

two crossed planar waves…



Waveguiding

…cause an interference pattern

nodal line



Waveguiding

E = 0 on the nodal lines

nodal line



Waveguiding

…satisfying boundary conditions for planar-mirror waveguide
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transverse standing wave, traveling along axis
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change angle of incident waves…



Waveguiding

boundary conditions only satisfied for certain q

standing wave in y-direction, traveling in z-direction

m1 2 3 4 5 6 7



Waveguiding

consider wave incident at angle q
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twice-reflected wave
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number of modes:

0
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Waveguiding

now consider a planar dielectric waveguide



Waveguiding

rays incident at angle q > p/2 – qc are unguided
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rays incident at angle q < p/2 – qc are guided



Waveguiding

rays incident at angle q < p/2 – qc are guided
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self consistency:

so:
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sin
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LHS

0
0 sin
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number of modes:
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2d
.



Waveguiding

sin
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propagation constant of guided wave:

group velocity:

k
y

z

k
m

2
m  k2  ky

2  k2 
m22

d2

vm m c cos



Waveguiding

single mode condition for 600-nm light:

planar mirror 300 < d < 600 nm

dielectric d < 268 nmM  2 
d


(n1
2  n2

2)12.

M 
2d


.



Waveguiding

single mode condition for 600-nm light:

planar mirror 300 < d < 600 nm

dielectric d < 268 nm

can make  d   larger by making  n1 – n2  smaller! 

M  2 
d


(n1
2  n2

2)12.

M 
2d


.



Vector potential obeys:
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Vector potential obeys:

Substituting

yields:
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Waveguiding

Vector potential obeys:

Substituting

yields:

Compare to time-independent Schrödinger equation:

A
→

 ŷu(x,y)eiz

2 
2m
2 [  V(r)]  0

T
2  u  [2  2(r)]u  0
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→
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→
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Waveguiding

single mode condition for 600-nm light:

without cladding:

M  2 
d


(n1
2  n2

2)12.

d < 268 nm



Waveguiding

single mode condition for 600-nm light:

without cladding:

Add cladding with 0.4% index difference:

M  2 
d


(n1
2  n2

2)12.

d < 268 nm

d < 5 µm



Waveguiding

commercial single-mode fiber (Corning Titan®)

 core cladding

index n1 = 1.468 n2 = 1.462

diameter: 8.3 µm 125.0 ± 1.0 µm

operating wavelength: l = 1310 nm/1550 nm

pure
silica

Ge-doped
silica core



Waveguiding

drawbacks of clad fibers:

 • weak confinement

 • no tight bending

 • coupling requires splicing
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Nanowire fabrication

1 µm

Nature, 426, 816 (2003)
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1000 µm



Nanowire fabrication

500 µm



Nanowire fabrication

200 µm
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Nanowire fabrication

50 µm



Nanowire fabrication

20 µm



Nanowire fabrication

10 µm



Nanowire fabrication

6 µm



Nanowire fabrication

4 µm



Nanowire fabrication

2 µm



Nanowire fabrication

1 µm

312 nm



Waveguiding

Specifications

diameter D: down to 20 nm

length L: up to 90 mm

aspect ratio D/L: up to 106

diameter uniformity DD/L: 2 x 10–6

Nature, 426, 816 (2003)



Nanowire fabrication

50 µm

d = 260 nm
L = 4 mm



Nanowire fabrication

200 nm

240-nm wire



Nanowire fabrication

20 nm

RMS roughness < 0.5 nm



Nanowire fabrication
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Nanowire fabrication

2 µm



Nanowire fabrication
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Nanowire fabrication

20 µm



Optical properties

coupling light into nanowires
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Optical properties

coupling light into nanowires
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Optical properties

280-nm nanowire

360 nm

450 nm
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Optical properties

Poynting vector profile for 800-nm nanowire
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Poynting vector profile for 800-nm nanowire



Optical properties

Poynting vector profile for 800-nm nanowire

evanescent wave



Optical properties

Poynting vector profile for 600-nm nanowire



Optical properties

Poynting vector profile for 500-nm nanowire



Optical properties

Poynting vector profile for 400-nm nanowire



Optical properties

Poynting vector profile for 300-nm nanowire



Optical properties

Poynting vector profile for 200-nm nanowire
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Optical properties

coupling light between nanowires

nanowire
support

fiber taper
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Optical properties

coupling light between nanowires

nanowire
support

fiber taper

fiber taper

light
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50 µm
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“tunneling” of light



Optical properties

intensity distribution
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Optical properties

100 µm

minimum bending
radius: 5.6 µm



Optical properties

virtually no loss through 5 µm corner!
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Manipulating light at the nanoscale



Manipulating light at the nanoscale

420 nm
420 nm

aerogel

Nanoletters, 5, 259 (2005)



Manipulating light at the nanoscale

in

out out

Nanoletters, 5, 259 (2005)



Manipulating light at the nanoscale

5 µm

Nanoletters, 5, 259 (2005)



Manipulating light at the nanoscale

use tapered fibers to couple light to nanoscale objects



Manipulating light at the nanoscale

ZnO:non-toxic, wide bandgap semiconductor



Manipulating light at the nanoscale

vapor transport grown ZnO nanowires

80–400 nm diameter, up to 80 µm long

20 µm



Manipulating light at the nanoscale

 best of both worlds

 ZnO silica

 bottom-up top-down

 semiconductor glass

 active photonic devices passive waveguides

 electrical operation link to macroworld
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glass slide

mesoporous
 silica layer



Manipulating light at the nanoscale

coupling to ZnO nanowires

glass slide

mesoporous
 silica layer

ZnO nanowire



Manipulating light at the nanoscale

coupling to ZnO nanowires

laser
in

objective

fiber
taper

silica nanowire

glass slide

mesoporous
 silica layer

ZnO nanowire



Manipulating light at the nanoscale

coupling to ZnO nanowires

laser
in

objective

fiber
taper

silica nanowire

glass slide

mesoporous
 silica layer

ZnO nanowire



Manipulating light at the nanoscale

20 µm



Manipulating light at the nanoscale

20 µm



Manipulating light at the nanoscale

20 µm



Manipulating light at the nanoscale

1 µm

Nano Lett., 7, 3675 (2007)



Manipulating light at the nanoscale

1 µm

16

5d

FDTD simulation

ab-initio.mit.edu/wiki/index/Meep



Manipulating light at the nanoscale
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Manipulating light at the nanoscale

20 µmNano Lett., 7, 3675 (2007)



Manipulating light at the nanoscale

Nano Lett., 7, 3675 (2007)



Manipulating light at the nanoscale

large diameter:
multimode

Nano Lett., 7, 3675 (2007)



Manipulating light at the nanoscale

small diameter:
single mode

Nano Lett., 7, 3675 (2007)



Manipulating light at the nanoscale

Points to keep in mind:

• low-loss guiding

• convenient evanescent coupling

• attached to ordinary fiber



Outline

• propagation of pulses

• nonlinear optics

• nanoscale optics

• nonlinear optics at the nanoscale



Supercontinuum generation

strong confinement                         high intensity
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Supercontinuum generation

mode field diameter (l = 800 nm)
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Supercontinuum generation

nonlinear parameter
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Supercontinuum generation

dispersion important!



Supercontinuum generation

dispersion:

• modal dispersion

• material dispersion

• waveguide dispersion

• nonlinear dispersion



Supercontinuum generation

waveguide dispersion
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waveguide dispersion
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Supercontinuum generation

waveguide dispersion
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Supercontinuum generation

waveguide dispersion
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Supercontinuum generation

nanowire continuum generation
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nanowire continuum generation
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nanowire continuum generation

diameter (nm) 


 (W

–1
 k

m
–1

)

0  500  1000  1500 

1000 

normal
dispersion

anomalous
dispersion

500 

0 
wavelength (nm) 

in
te

ns
ity

 (a
.u

.) 
400  600  800  1000 

10 

1 

0.1 

0.01 

d = 445 nm

Optics Express, 14, 9408 (2006)



Supercontinuum generation

nanowire continuum generation
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nanowire continuum generation
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nanowire continuum generation
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Supercontinuum generation

energy in nanowire ≈ 1 nJ!



Supercontinuum generation
 

 

• nanojoule nonlinear optics

• optimum diameter for silica 500–600 nm

• low dispersion



Optical logic gates

nanowire Sagnac interferometer

 coupling
region
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nanowire Sagnac interferometer
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Optical logic gates

nanowire Sagnac interferometer

 coupling
region

 cw  ccw

 reflected  transmitted



Optical logic gates

output = transmitted cw + ccw power

 coupling
region

 cw  ccw

 transmitted



Optical logic gates

input electric field amplitude Ein 
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Optical logic gates

coupling parameter: r
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Optical logic gates

phase accumulation over path length of loop L     
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Optical logic gates

coupling parameter: r
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Optical logic gates

output is sum of transmitted cw and ccw  
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Manipulating light at the nanoscale

accumulated phase:

konL 
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nonlinear index:
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Manipulating light at the nanoscale

accumulated phase:

nonlinear index:

nonlinear parameter:

n  no  n2I  no  n2
Pi

Aeff
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Manipulating light at the nanoscale

power-dependent output:

E2
out

Ein
2  1  2r(1  r){1  cos[(1  2r)gPoL] }



Manipulating light at the nanoscale

power-dependent output:

Q: What happens for a 50-50 coupler?

 1. All the light is transmitted.

 2. Half the light is transmitted.

 3. No light is transmitted.

 4. The transmission depends on the input power Po.

 5. Other
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Manipulating light at the nanoscale

power-dependent output:

Q: What happens for a 50-50 coupler?

 1. All the light is transmitted.

 2. Half the light is transmitted.

 3. No light is transmitted.

 4. The transmission depends on the input power Po.

 5. Other

E2
out

Ein
2  1  2r(1  r){1  cos[(1  2r)gPoL] }

4



Manipulating light at the nanoscale

power-dependent output:

for 50-50 coupler:

E2
out

Ein
2  1  2r(1  r){1  cos[(1  2r)gPoL] }

r  0.5



Manipulating light at the nanoscale

power-dependent output:

for 50-50 coupler:

no transmission:
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 0
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Optical logic gates

when r ≠ 0.5:
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Optical logic gates

nonlinear nanogate
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Optical logic gates

nonlinear nanogate
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Optical logic gates

nonlinear nanogate
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Optical logic gates

for NAND gate need ouput with no input
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Optical logic gates

for NAND gate need ouput with no input
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Optical logic gates

universal NAND gate
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Optical logic gates

universal NAND gate
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Optical logic gates

very preliminary data
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Optical logic gates

light-by-light modulation!
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very preliminary data 
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Optical logic gates

very preliminary data 
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Optical logic gates

10 µm



Summary



Summary
 

 

• several nanodevices demonstrated

• large g permits miniature Sagnac loops

• switching energy ≈ 100 pJ



Summary
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