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e waveguiding
e manipulating light at the nanoscale
e nonlinear optics

* nanoscale nonlinear optics



“I managed to illuminate the interior of a stream in a dark
space. | have discovered that this strange arrangement offers
one of the most beautiful, and most curious experiments that
one can perform in a course on Optics."”

Daniel Colladon, Comptes Rendus, 15, 800-802 (1842)
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, La Nature,

D. Colladon
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APPARATUS FOR LIGHTING DWELLINGS 0B OTHER STRUCTURES.
No. 247,229, Patented Sept. 20, 1881.
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Waveguiding

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




boundary conditions only satisfied for certain 6
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standing wave in y-direction, traveling in z-direction
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consider wave incident at angle 6
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twice-reflected wave
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self consistency:
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self consistency:
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self consistency:

)

AC — AB =2dsinf = mx (m=1,2, ...
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sinf,, = m
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number of modes:



now consider a planar dielectric waveguide



rays incident at angle 6> 7/2 - 6. are unguided
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rays incident at angle 6 < /2 - 0. are guided



rays incident at angle 6 < /2 - 0. are guided



self consistency:

AC — AB = 2dsinf — %A =m\ (m=0,1,2...)



self consistency:

AC — AB = 2dsinf — %A =m\ (m=0,1,2...)
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0 > SN0
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self consistency:

AC — AB = 2dsinf — %A =m\ (m=0,1,2...)

SO: ) 1/2
d 2—
tan(w—sine — mq—T) = (sm (7?/2 b) > 1)
A 2 s1in“o
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0 —| A2d|~—

self consistency:

AC — AB = 2dsinf — %A =m\ (m=0,1,2...)

SO: . 9 1/2
d 2—
tan(% sinf — mq—T) — (sm G2t — 1)

2 sin’6
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self consistency:

AC — AB = 2dsinf — %A =m\ (m=0,1,2...)
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self consistency:
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propagation constant of guided wave:
mia?
d2

BL=K —Ik=K -

group velocity: V,, = € COsb,



single mode condition for 600-nm light:

planar mirror M =— 300 < d < 600 nm

dielectric M=2 %(n% — n3)1/2 d < 268 nm



single mode condition for 600-nm light:

2d
planar mirror M = 0 300 < d < 600 nm
dielectric M=2 %(n% — n3)1/2 d < 268 nm

can make d larger by making n, —n, smaller!



Vector potential obeys:

VA + a)ZMOeZ = —ilww,VeP



Vector potential obeys:

VA + a)ZMOeX =0



Vector potential obeys:
VA + a)ZMOeX =0

Substituting Z = j\/u(x,y)e_ilgz



Vector potential obeys:
VA + a)ZMOeX =0
Substituting Z = j\/u(x,y)e_ilgz

yields:

Viu+ [-B° + o’ ue(r)]u =0



Vector potential obeys:

VA + a)ZMOeZ =0

_)

Substituting A = j\/u(x,y)e_ilgz

yields:

Viu+ [—B° + o*ue(r)]u =
Compare to time-independent Schrodinger equation:

Vi + 2

“TE - VOlw
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single mode condition for 600-nm light:

. .d
M = Zx(n% — nd)l?
without cladding: d <268 nm

Add cladding with 0.4% index difference:

d <5 pum



commercial single-mode fiber (Corning Titan®)

Ge-doped
silica core
pure
silica
core cladding
index n,=1.468 n, = 1.462
diameter: 8.3 um 125.0 = 1.0 ym

operating wavelength: A= 1310 nm/1550 nm



drawbacks of clad fibers:

e weak confinement
* no tight bending

e coupling requires splicing



e manipulating light at the nanoscale



Manipulating light at the nanoscale

Nature, 426, 816 (2003)
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Manipulating light at the nanoscale




Manipulating light at the nanoscale



Manipulating light at the nanoscale

Poynting vector profile for 200-nm nanowire




Manipulating light at the nanoscale
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Manipulating light at the nanoscale
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Manipulating light at the nanoscale

minimum bending
radius: 5.6 /m

100 pm



Manipulating light at the nanoscale
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Nanoletterspsp2s9(2005))



Manipulating light at the nanoscale
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e nonlinear optics



Nonlinear optics

Linear optics:

P = xE
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Nonlinear polarization:
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Nonlinear optics

Linear optics:

P = xE
Nonlinear polarization:
P=yVE + YYE2 + Y9 + ...

and so:

P=pPO 4+ p2 1 pCILass

(1)
e X
PO~ P when E = E,~—,and so X" = o1 -
a at




Nonlinear optics

Nonlinear polarization can drive new field:
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Nonlinear optics

Nonlinear polarization can drive new field:
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But even terms disappear in media with inversion symmetry!

PO — (0. FF

Invert all vectors:

— P2 = X*(=E)(~ E)



Nonlinear optics

Nonlinear polarization can drive new field:

n* PE 4w 9P
c? or c? o

But even terms disappear in media with inversion symmetry!

PO = (0. EF

V2F +

Invert all vectors:

— P2 = X*(=E)(~ E)

andso @ = —y? = 0.
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Consider oscillating electric field:

E(t) = E & + c.c.
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Second-order polarization:
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Nonlinear optics

Consider oscillating electric field:
E(t) = E & + c.c.

Second-order polarization:
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Nonlinear optics

Consider oscillating electric field:
E(t) = E & + c.c.
Second-order polarization:

PA(t) = ¥PEX(r) = %X(Z)EE* + %[X(Z)Eze"z‘“t + c.c.]

Physical interpretation:




Nonlinear optics

Can also cause frequency mixing!



Nonlinear optics

Can also cause frequency mixing! Let

E(t) = Eje” + E,e i



Nonlinear optics

Can also cause frequency mixing! Let
E(r) = Eje™™ + Eye™'
Second-order polarization will contain terms with

2w, (SHG), 2w, (SHG), o, + o, (SFG), v, — v, (DFG)



Nonlinear optics

Can also cause frequency mixing! Let
E(t) = Eje 't + E,e i
Second-order polarization will contain terms with
2w, (SHG), 2w, (SHG), w, + w, (SFG), o, — w, (DFG)

Physical interpretation:
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Nonlinear optics

Linear response: P = XE
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Linear response: P = XE
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Nonlinear optics

Nonlinear response: P? = D E?
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Nonlinear response: P? = D E?
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Nonlinear response: P? = D E?
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Nonlinear response: P? = D E?
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Nonlinear optics

Nonlinear response: P? = D E?
E
A E
I > [
T n 3 27 ST
2 2 2
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Nonlinear optics

Nonlinear response: P®? =, F?
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Nonlinear optics

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

erate second harmonic?

2. No, the crystal as a whole is centrosymmetric v
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Nonlinear optics

Third-order polarization: P9 (1) = YO E(r)

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

cos’wt = 3 cos 3wt + 3 cos wt

Intensity dependent term at fundamental frequency:
PO(1) = XVEME (1) E(t) = XPI()E(1)

and so P=PD 4+ PO = OV + ONE = y4FE

Gy
n:\/;:\/l‘l‘)(effz\/l"_)((l)"‘% X :”ZO‘I‘nzI
V1 + X(l)




Nonlinear optics

Intensity-dependent index of refraction:

n=n,+ n,l
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Nonlinear optics

Intensity-dependent index of refraction:

n=n,+ n,l
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Nonlinear optics

Intensity-dependent index of refraction:

n=n,+ n,l

= “self phase modulation”

oot [T I¥
high ﬂensiﬂéi zzg( u U

higher index
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Phase: —— = —



Nonlinear optics

2
Phase: A el b = TW L(n, + n)



Nonlinear optics

& nL 2
Phase: Skt =2 I(n, +nl
ase L2 b==" Lin, + nal)
dé
Frequency change: Aw = —

dt



Nonlinear optics

& nL 2
Phase: — = — = — +
d
Frequency change: Aw = — jcf

Q: Sketch the time dependence of the frequency shift for a
Gaussian pulse and determine which is true (assume 7, > 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



Nonlinear optics

& nL 2
Phase: = — = — +
d
Frequency change: Aw = — ch

Q: Sketch the time dependence of the frequency shift for a
Gaussian pulse and determine which is true (assume 7, > 0):

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



Nonlinear optics

& nL o
Phase: = == =2 L(n +nl
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Nanoscale nonlinear optics

strong confinement —— high intensity
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mode field diameter (A = 800 nm)
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mode field diameter (A = 800 nm)
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Nanoscale nonlinear optics

nonlinear parameter
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Nanoscale nonlinear optics

dispersion important!



Nanoscale nonlinear optics

dispersion:

e modal dispersion
e material dispersion
e waveguide dispersion

e nonlinear dispersion
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waveguide dispersion
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waveguide dispersion
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waveguide dispersion
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waveguide dispersion
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waveguide dispersion

1 | |
‘TE ---------- 400 nm 800 nm
S --- 600 nm l
. — - 800 nm
— - 1200 nm — o — ot — e
£ o - -
"
£
c
o
[z
2 -1
9D
©
S
o _
) I |
0 500 1000 1500

wavelength (nm)

Optics Express, 12, 1025 (2004)



Nanoscale nonlinear optics

waveguide dispersion
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waveguide dispersion
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waveguide dispersion
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nanowire continuum generation
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nanowire continuum generation
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nanowire continuum generation
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nanowire continuum generation
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nanowire continuum generation
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nanowire continuum generation
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Nanoscale nonlinear optics

energy in nanowire < 100 pJ!
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Optical logic gates

nanowire Sagnac interferometer

coupling
region

reflected transmitted



Optical logic gates

output = transmitted cw + ccw power

coupling
region

transmitted



Optical logic gates

input electric field amplitude £
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coupling
region

input



Optical logic gates

coupling parameter: p

input



Optical logic gates

phase accumulation over path length of loop L
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Optical logic gates

coupling parameter: p
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Optical logic gates

output is sum of transmitted cw and ccw

mn
pE, et

(1= p)E, et

input



Manipulating light at the nanoscale

accumulated phase:
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accumulated phase:

nonlinear index:
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Manipulating light at the nanoscale

accumulated phase:

nonlinear index:

l

A

n=n,+ nl=n,+ n,

nonlinear parameter:
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power-dependent output:
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Manipulating light at the nanoscale

power-dependent output:

u — 1 —2p(1 — p){1 + cos[(1 — 2p)yP,L])

no transmission:




Optical logic gates

when p = 0.5:
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Optical logic gates

nonlinear nanogate
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nonlinear nanogate
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Optical logic gates
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Optical logic gates
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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

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
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Optical logic gates
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Optical logic gates

very preliminary data

120 | | | |
=
=S80 L
CT) AAAAA aast
% — N ‘ N
o A
=] N
840 A -
- )
o) N
A
- . A —
AAA
AA
0t | | | |
0 0.1 0.2 0.3 0.4 0.5

input power (W)



Optical logic gates

light-by-light modulation!



Optical logic gates

very preliminary data
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Optical logic gates

very preliminary data
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Optical logic gates
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e several nanodevices demonstrated
s |arge v permits miniature Sagnac loops

e switching energy < 10 pJ
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