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Phys 774:  ——
Nonlinear Spectroscopy:
SHG and Raman Scattering

Fall 2007

Last Lectures: Polarization of Electromagnetic Waves

+» General consideration of polarization
+» Jones Formalism

«» How Polarizers work
«» Muller matrices

+» Stokes parameters

+« Poincare sphere

Polarization is important to understand nonlinear effects / 2

Broad field of nonlinear effects

Optical Kerr effect, intensity dependent refractive index;

= Self-focusing,;

Kerr-lens modelocking (KLM).

Self-phase modulation (SPM), a ¥ effect.
Optical solitons.

Cross-phase modulation {AFPM?;

Four-visrve mixing (FYWWh4), can also arise from other nonlinearities

Raman amplification,
Optical phase conjugation.
Brillouin scattering, interaction of photons with acoustic phonons;

= Optical phase conjugation
Twio-photon absorption, simultaneous absorption of two photons, transferring the energy to a single electron;
Multiple photoionisation, near-simultaneous removal of many bound electrons by one phaton
Chaos in Optical Systems

We will consider in details only SHG and Raman Scattering

Linear vs. Nonlinear Spectroscopy

IPIT 5o ze
+ Linear spectroscopy:
D =g,6E =&,(1+ 7)E=gE +¢,P |E|
D, o &y Ea | [E, P=¢g,xE
Dy |=60| & €y 0 || By
DZ gZX gzy gZZ EZ —
Pt ~
= ~Z 3 P=g,E+
_ P=gyE+P, S0k
+“* Nonlinear effects: 22
Pw=2"E -
(B,) =2d EE IEl
NL/i — “Mijk =k

Induced polarization vs. electric field in linear dielectric and ina
crystal without center of inversion, where electrons move in

4
asymmetric potential.




Electric field and Polarization

E(r,t) = E, exp[i(kF — ot)]

In vacuum In a materials media | B |

Electric field P=¢,7E
A Polarization

VA

Electric field =
/ 1P

Polarization P=g,7E+

788\ y N N

VERVEVEL. B

Nonlinear polarization in crystals

with the center of inversion

X=X I-(P); = (-Py),
y_)_y IA(IE)‘L) _2dljk( E)( E)
L —>—17

P.=0 or 7?=d, =0

In general situation:
P =&.1;E; +2dijkEjEk +4Zi§il)EjEkEl +

In center-symmetric materials:

P =&, E, +2dukEJEk +4Z.§i|)E EE +

Microscopic understanding of nonlinearity

% Electronic contribution to susceptibility (linear response)

For simplicity consider one-dimensional case (Ar parallel to x)

Displaced electronic cloud feels a restoring
force, which is linear (for small displacements)

2
Total force F =€E — kAr =m ;; Ar Ar 3
al -
Kk = spring constant E
m = Mmass
Without an external field: d* P/
—kx=m dff

Equation for harmonic oscillator. Solution: harmonic vibration

x(1)=x,e'™  with frequency o = [k/m

Now, have electromagnetic wave with field E(t)=E,e'

Force F(t)=eE et

Equation of motion becomes eEoe"“’t - ma)gx =m—-
(forced oscillator) dt
Look for a solution  x(t)=x,e1et and get
KO =M g gt - &M gy
a)o - wy —

Expect strong response (large x), = large susceptibility y =
large refractive index n at o= o,

Dipole moment p =qx, so polarization P = eNZx
(N atoms per unit volume, Z electrons per atom) =

2 2
e“ZN/m NZe 1
P= 2—/2 E Recall P=¢yE andget | y(w)= —
Wy — @ . &M (w; — o)

Linear response:




Microscopic understanding of nonlinearity

% Electronic contribution to susceptibility (nonlinear response)
Electron is moving in an asymmetric potential with damping

aZX(t) 6X(t) 2 270y € —iot
o +77+@0X(t)+ Dx (t)—%Eoe \ /

x — deviation from potential minimum

mDX*(t) Anharmonic restoring force .
Linear response:

ox(t) :
=2 Dampin
v at ping

Solution:  X(,t) =(qe ™ +g,e )
eEO 1 A
=" _
m @ -w +ly-o NonLinear
—De’E? response: _
0, = (second harmg)nlc

- . 2 .
2m2[a)§—a)2+ly-a)] [wg—(Za))ZH}/-Za)J generation)

For NL polarization at the second harmonic frequency:

20 Si2et | (2) pE2a-i2at
P = Neqg,e ™" = yn Es€ "

For correct power consideration we need to take the complex

conjugate part of the electromagnetic wave

PZaJ =%Neq2 (efiZwt +e+i2wt) :%dNL . Eo2 (efiZwt +e+i2wt)

For nonlinear susceptibility we have:

2
4@ = mD(ZL(CO)) 7. Qo) & D~ _3p?

N 2N? || gmr}

Why nonlinear effects are weaker than linear effects?

; I,=0.5nm

10

Why nonlinear effects are usually weaker than linear ones?

V (x)
‘ Iy X
‘ = = =
X <<T,
2 2 3
Vo= Mpxe =& (2283 501X 133X 4 )
2 3 dre, T, I I

11

Symmetry of nonlinear susceptibility tensor
| ISN|_ |= 72(2)'| El' Ez |
(ISNL)i = ZdijkEjEk

For cubic, tetragonal, and orthorhombic crystals:
00 0d, 0O 00 0d 00
00 0 O0dg, O [=g|00 0 04d' O
0000 Odg,| |00 OO Od"

12




Two-wave mixing
General case of two-wave mixing:

o, + 0, = o,
k, :\'3 k (0, = 0+ w,)
k1 2 ki +k, =k,
- ’E OE
Wave equation for linear process: V' E=éu sl
2 — 2p
Wave equation for nonlinear VZ2E = gu 0 IZE +0#8_E+/ua_P§L
process: ot ot ot

Wave propagation along z;
i, J, kK index are permutations of x and y coordinates

dEi o U . Mo * ailks—ky—ky)z
dz1 :_21\/:E1i—'0’1\/:d i BaEpe

1 1
dE" o ,U . . # . * L —i(—kgtkotky)z
?ﬂ(:_f\j;E o iy, [ d'y ByEyge e

2 2

dE3- 0. Yz - Mo —i(—kg+ky+k )z
dzJ :_73\]?3% —lo, gd i EuBpe 0 18

Second-harmonic generation
SHG: o+w=20 (0,=20) %
_ _ z

2ka) = ka

dE ] H ' —iAkz
d_;':—|2a)\/§d i EiEe™

. ", e—iAkZ -1
E3j (Z) = —|2w\/;d iik Eli Elk T

~0 Small loss of power in the primary beam

) u ' sin?(AKL/2)
Power (20) = E,; (L)E™,; (L) = 48_3‘02(d 5) EXEL (AkL/2)?
2z

Coherence length: ="

Phase matching requirement:

2K, - 2(0) 2 = (@) 2
An=mn.—n,

" ~ 20

Exx 8xy &y nze 0 0 |k2¢u |: n(zw)T

el S R (@) # 1(20) !
Ex gzy &, 0 0 nzo

If in birefringent crystal n,(20)=n,(w) = 2k, 6=k,

Second-harmonic generation

If in birefringent crystal n,(20)=n,(w) = 2k, =k,,

>

2
Na(©) = Re\/f: Re\/1+ ’\‘:‘Zr(; {a)za):E +io
(a)) 0 0 o /4

Transparent crystal

Strong absorption
No (@)
—— n, (20)
0] 20 , ()

Blue waves propagate with the same velocity in the crystal

15

|

Experimental setup for Second-harmonic generation

o+0=20 KH,PO,
2k, =k, KDP crystal

Nonlinear
n,(2w) = n, (o) Crystl

Dichromic

Pulsed Laser Beam
(1=1060nm) Dump

Fine tuning of refractive index for s AL Beamspliter
Phase matching in uniaxial 4
Nonlinear crystals:
. Photo
1 cosé sin@
2T T
n@: n, n, \
Nonlinear
Crystal
n2€ 0 O ulse aser
I [ —
e=|0 n, 0
0 0 nZO Grating
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Applications of Second-harmonic generation

« Lasers (Nd:YAG, second harmonic)

+“ Coherent anti-Stokes Raman scattering
« Bio-imaging

+» Materials Physics

¢ Solar Physics

+» Quantum cryptography (two-wave mixing)

Common SHG materials

= 806 nm light © lithium iodate (LilO5)
= 860 nm light - potassium nichate (KNbOL)
= 980 nm light - KNbOg
= 1064 nm light : monopotassium phosphate (KH,PO,, KDP), lithium triborate
(LBO} and B-barium borate (BBO).
= 1318 nm light : KNbO4, BBQ, KDP, potassium titanyl phosphate (KTPY, lithium
niobate (LiNbOg), LilOg, and Ammonium Dihydrogen Phosphate (ADP) 17

Brillouin and Raman spectroscopy
Inelastic light scattering mediated by the electronic polarizability of the medium

® a material or a molecule scatters irradiant light from a source

® Most of the scattered light is at the same wavelength as the laser source
(elastic, or Raileigh scattering)

® but a small amount of light is scattered at different wavelengths (inelastic,
or Raman scattering)

j 10 | Elastic
O B== i (Raileigh)
Ol =i _=II':-’\_/ o _,_2_4.7_ - Scattering
Btl-— oo, A
ho, N Anti-
ho Stok ho, Stokes
tokes A

Stokes ®; Anti-Stokes

Raman Raman
Scattering Scattering
Raileigh ©-Qq) o Q(q)

Analysis of scattered light energy, polarization, relative intensity
provides information on lattice vibrations or other excitations®®

Raman scattering in crystalline solids

Not every crystal lattice vibration can be probed by Raman
scattering. There are certain Selection rules:

1. Energy conservation:
ho, = hao, +hQ,

2. Momentum conservation: 4 K K
K=k, ta = 0sfgl<2k = o< <7 SEvazo 2
i ki

A ~5000 A, ay~4-5 A= k0000 >> 8 ks kK

= only small wavevector (cloze to BZ center) phonons are seen in
the 15t order (single phonon) Raman spectra of bulk crystals

3. Selection rules determined by crystal symmetry
19

Raman scattering in crystalline solids

Raman @ The Nobel Prize in Physics 1930
scattering =

T e .)}:

M, M,

: Optical phonon branch

2C/M )2 sir
Chandrasekhara
Venkata Raman

India

Acoustical
plltllmn hl'.ml‘]l

Phonon Energy

|
|
|
|
|
|
|
|
|
|
1

et i

Mandelstam-Brillouin Phonon wavevector «
scattering

q
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