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Photon-excited electron collision
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Wave Multiplication: DFG/SFG
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Wave Multiplication: DFG/SFG
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Second Harmonic Generation
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SHG and Symmetry
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SHG and Symmetry
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After an inversion

~P® = 5P (- E)(-E)
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SHG and Symmetry
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After an inversion
~P® =y (-E)(-E)
Centrosymmetry =

X = x®
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Centrosymmetry and Parity
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Centrosymmetry and Parity

2) 0) even = |1) odd
—VVVV"’C 1) = |2) even = |0) odd (!)
AN = |1) even
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Centrosymmetry and Parity

2) 0) even = |1) odd
—V\NV‘-'C 1) = |2) even = |0) odd (!)
s = |]) even = |2) odd
_‘N‘N"’< = = |0)even(!l) =
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Centrosymmetry and Parity

2) 0) even = |1) odd
—V\NV‘-'C 1) = [2) even = |0) odd (!)
e = [1) even = |2) odd
VWV = = [0)even (Il) =
F[int N _ﬁ : E

X2 oc (0[p]2) (2]p]1)(1]5|0) = 0.

The second order dipolar susceptibility is null.
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Centrosymmetry and Surfaces

Surfaces are not centrosymmetric!
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SHG and Surfaces

Dipolar SHG Pz.(z) = ik 2 B, comes from the surface.

There might be SHG from bulk. . .
but it is multipolar

2
Pz-( ) — Xijki &0k B .
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Optical Observation of Surfaces
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Adsorbates
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SFG=

Raman + IR
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Efficiency
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Efficiency
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Bulk efficiency

* P= xiuii0nEy
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Bulk efficiency

* P = xijubjOE

® Xijkl ™~ XijkGB ™~ @%/6

* Polarization at bulk is a /X smaller than at surface,
* but bulk is wider.
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Bulk efficiency

* P = xijubjOE

® Xijkl ™~ XijkGB ™~ @%/6

* Polarization at bulk is a /X smaller than at surface,
* but bulk is wider.

* Radiating region is \/ap times larger.
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Bulk efficiency

* P = xijubjOE

® Xijkl ™~ XijkGB ™~ @%/6

* Polarization at bulk is a /X smaller than at surface,
* but bulk is wider.

* Radiating region is \/ap times larger.

* Bulk SH is comparable to surface SH.
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Example: Ti:S laser

Pulse duration:
Pulse energy:
Focus size:
Repetition rate:

T = 200fs
E=0.3ud
w = 10pm
f = 250kHz
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Example: Ti:S laser

Pulse duration: 7 = 200fs
Pulse energy: & = 0.3uJ
Focus size: w = 10pm
Repetition rate:  f = 250kHz

Fundamental intensity:

_ 0.3pud ~ 1013 |14
"~ 200fs x 10um2 ~  cm?
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Example: Ti:S laser

Pulse duration: 7 = 200fs SH intensity:

Pulse energy: & =0.3ud

- .gy I = RI? ~ 1021
Focus size: w = 10pum cm?2
Repetition rate:  f = 250kHz

Fundamental intensity:

_ 0.3pud ~ 1013 |14
"~ 200fs x 10um2 ~  cm?
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Example: Ti:S laser

Pulse duration: 7 = 200fs SH intensity:

Pulse energy: & = 0.3uJ
. I = RI? ~ 1022
Focus size: w = 10pum cm?2

Repetition rate: f = 250kHz Energy por pulse:

Fundamental intensity:
E ~ Iw*r~107%J

_ 0.3pud ~ 1013 |14
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Example: Ti:S laser

Pulse duration: 7 = 200fs SH intensity:

Pulse energy: & = 0.3uJ
. I = RI? ~ 1022
Focus size: w = 10pum cm?2

Repetition rate: f = 250kHz Energy por pulse:

Fundamental intensity:
Tw?t ~ 107%4J

10~°SH photons/pulse

&

Q

Q

_ 0.3pud ~ 1013 |14
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Example: Ti:S laser

Pulse duration: 7 = 200fs SH intensity:

Pulse energy: & = 0.3uJ
. I = RI? ~ 1022
Focus size: w = 10pum cm?2

Repetition rate: f = 250kHz Energy por pulse:

Fundamental intensity:
Tw?t ~ 107%4J

10~°SH photons/pulse
3 photons/s

&

Q

Q

_ 0.3pud ~ 1013 |14
"~ 200fs x 10um2 ~  cm?

Q
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Calculation of X«

* Single molecule, interaction picture: H(t) = —p;(t)E;(t).
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Calculation of X«

* Single molecule, interaction picture: H”(t) = —p;(t)E;(t).
* Density matrix: ihdp(t) /0t = [H(t), p(t)]

* Perturbation theory: ihdp™ D (¢) /ot = [H (t), 5™ (¢)]

* First order:

. t'
PO = - / dt" [p(t"), " Ex(t")
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Calculation of X«

* Single molecule, interaction picture: H”(t) = —p;(t)E;(t).
* Density matrix: ihdp(t) /0t = [H(t), p(t)]

* Perturbation theory: ihdp™ D (¢) /ot = [H (t), 5™ (¢)]

* First order:

. i
. 1 . .
) =1 [ e, FOIB)
* Second order:

P00 =5 [ dtln ). O ENE @)

— 0
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Xijk (cont.)

* Induced dipole: p;(t) = (pi(t)) = tr(p:(t)p(t))
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Xijk (cont.)

* Induced dipole: p;(t) = (pi(t)) = tr(pi(¢)p(¢))
* Second order: p{¥ (t) = tr(p;(£)p® (t))
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Xijk (cont.)

* Induced dipole: p;(t) = (pi(¢)) = tr(pi(¢)p(?))
* Second order: p\® (¢) = tr(p; (£)p@ (¢))
* All together:

1 t t’
pP(t) = - dt’ / dt”tr(ﬁi(t)

< [5; (¢, [w ("), 5] ) B () E(t)
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Xijk (cont.)

* Induced dipole: p;(t) = (p;(t)) = tr(pi(t)p(t))
* Second order: p\® (¢) = tr(p; (£)p@ (¢))
* All together:

W = k[ [ are(po
x[ﬁj@),[m( ), 5O1)) B (¢) B (t")

* Susceptibility (time domain):

p'? (t) / dt’ / dt” (¢t ) E; () B (")
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Xijk (cont.)

gl £,8") = —ste (pi(0) o (¢, [on(e"), 50
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Xijk (cont.)

igu(t 1" = —te(pi(0)[p (), [o("), 7))

plus causality (zero unless t > t’ > t").

Erice., 20-26/V11/04 — p.2



Frequency domain

* Introduce 1 = |p)(u|, project (u|p(t)|v) = pi*eiwnt,
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Frequency domain

* Introduce 1 = |p)(u|, project (u|p(t)|v) = pi*eiwnt,

* act on monochromatic field E;(t) = Eje ",
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Frequency domain

zwwt

* Introduce 1 = |u) (x|, project (ulpi(t)|v) = pj' ,
* act on monochromatic field E;(t) = Eje=*",

* and obtain SH dipole
pz@) (t) pEQ) —2iwt __ az’jk(zw)EjEke_%wta

2 1 0 vV v
P (1) = p ek

t/
/ dt’ / dt! e wont ot (W —w)t ei(wyo—w)t“ L
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Frequency domain

zwwt

* Introduce 1 = |u) (x|, project (ulpi(t)|v) = pj' ,
* act on monochromatic field E;(t) = Eje=*",

* and obtain SH dipole
p§2) (t) pEQ) —2iwt __ az’jk(zw)EjEke_%wta

2 1 9
P (L) = i Py
/ dt’ /t dt! ™ot sz w)t ei(wyo—w)t“
> Identify
O, pv 10
1 D; P; Dy

+ permutations

ik = T2 (wpo — 2w) (wyo — w)

Erice., 20-26/VI1/04 — p.2



Surface susceptibility
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Surface susceptibility

¢ ﬁ.§2) :nsﬁ@)

® Xijk = NsQjk
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Surface susceptibility

¢ Pts@) — nsﬁ@)
® Xijk = NsQijk

* 27 w dependent quantities, resonant whenever hw =
transition energy or a subharmonic
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Bulk susceptibility

* Similar, but using H! = —p;E; — iy B; — (1/6)Qui0kE;
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Bulk susceptibility

* Similar, but using H! = —pi By — my B — (1/6)leakEl
* One transition |0) — |u) — |v) — |0) should be multipolarly
driven, i.e., by m; or Q;, due to parity.
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Bulk susceptibility

* Similar, but using H! = —pi By — my B — (1/6)Qk18kEl
* One transition |0) — |u) — |v) — |0) should be multipolarly
driven, i.e., by m; or Q;, due to parity.

* As B « V x E, both 7; and Qy; couple to 8 E; (spatial
dispersion (light))
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Bulk susceptibility

* Similar, but using H! = —pi By — my B — (1/6)Qk18kEl
* One transition |0) — |u) — |v) — |0) should be multipolarly
driven, i.e., by m; or Q;, due to parity.

* As B « V x E, both 7; and Qy; couple to 8 E; (spatial
dispersion (light))

PO = npl® — (1/6)0;nQ7
= Xk B0 By
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Bulk susceptibility

* Similar, but using H! = —pi By — my B — (1/6)Qk18kEl
* One transition |0) — |u) — |v) — |0) should be multipolarly
driven, i.e., by m; or Q;, due to parity.

* As B « V x E, both 7, and Qy; couple to 9. F; (spatial
dispersion (light))

PO = npl® — (1/6)0;nQ7
= Xk B0 By

0
L QY

W= (wpo — 2w) (wyo — w)
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Surface Symmetry

Xijk = Xikj = SiitS55' Okk X' §' k!
= only some independent non-null components of ;.

With 7 ||2:

Symmetry Xijk non-null components

1 TXT, TTY, TYY, YT, YTy, YYy, T2, TYZ, Y2, YYz, 2xx, 2Ty,
2YY, TZZ, YZZ, ZXZ, ZYZ, 222

im (L y) XXX, XYY, TZZ, TZL, Y2Y, YTY, ZLL, ZYY, ZTZ, 222

2 T2, TYZ, YLZ, Y2Y, ZLL, ZYY, ZTY, 222

2mm TZX, Y2Y, 2XL, 2YY, 222

3 T = —xYYy = —Yyx, Yyyy = —Yyrr = —IYT, Y2y — TZT,
Zrxx = zZYy

3m (L y) TXLT = —XTYY = —YxY, TZT = Y2Y, 2L = 2YY, 222

4,6, co TTZ = YYz, 2Zxx = 2YY, LYz = —YT2z, 222

4mm, 6mm, com  xxz = Yyz, 2xx = 2YY, 222
J. F. McGilp,J. Phys. D: Appl. Phys. 29, 1812 (1999).
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Example: Si(111) p < s

4 ———— : - —

(Arb. Units)

Second Harmonic Intensity

ol a7 T e 4 s
a] 50 120 180 240 300 360

Rotation Angle (degrees)
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Surface Symmetry: Isotropic surface.

1 —66%/2 -5 0
Ry = 60 1-86%/2 0 |,
0 0 1
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|sotropic surface (cont.)

Xijk = Siir Ot Skks Xit §' k!
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|sotropic surface (cont.)

Xijk = Siir Ot Skks Xit §' k!
* Any: x,., =any
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|sotropic surface (cont.)

Xijk = Siir Ot Skks Xit §' k!
* Any: x,., =any

® 1yl Xzzx — —Xzzzs

= Xzzz = Xzzy = Xzzz = Xzyz — Xzzz — Xyzz — 0.
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Isotropic surface (cont.)

Xijk = Siir Ot Skks Xit §' k!
°* Any: x,,, =any

® Lyl Xzze — —Xzzx

= Xzzz = Xzzy = Xzzz — Xzyz — Xzzz = Xyzz — 0.
° I or Iy: Xzxy = — Xzzy

= Xzyz = Xyzz = Xzozy — Xzzy = Xzyz — Xyzz — 0.
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Isotropic surface (cont.)

Xijk = Siir Ot Skks Xit §' k!
* Any: x.., =any
® Uzl Xzzz — —Xzzzs
= Xzzz = Xzzy = Xzzz = Xzyz = Xzzz = Xyzz — 0.
° I or Iy: Xzxy = — Xzzy
= Xzyz = Xyzz = Xzozy — Xzzy = Xzyz — Xyzz — 0.
°* Ryg: Xzax — (1 — 5(92)sz$ — 56’2Xzyy
Xzzz = Xzyy —any
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Isotropic surface (cont.)

Xijk = Siir Ot Skks Xit §' k!
* Any: x,., =any
® Ipl Xzzw — —Xzzx
= Xzzz = Xzzy = Xzzz — Xzyz — Xzzz = Xyzz — 0.
° I, or Iy: Xzzy — —Xzzy
= Xzyz = Xyzz = Xzozy — Xzzy = Xzyz — Xyzz — 0.
* Ro: Xowz — (1 — 30%)Xane + 592Xzyy
Xzzx — Xzyy —any
° RQ: Xzxze — (1 _ 592))(3:233 + 592Xyzy
Xzzz = Xyzy —any
* Three independent components: x 111, x )1, and x -
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Nonlinear Surface Response: a

1d
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Nonlinear Surface Response: a
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Puf | 4Pu IA%d
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Nonlinear Surface Response: a
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Nonlinear Surface Response: a

Ey

¥

PJ_‘ ‘ |PJ_ IAﬁl:d
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X1l xaxAd
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Nonlinear Surface Response: a

Pv v P
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X1l xaxAd

Erice., 20-26/V11/04 — p.2



Nonlinear Surface Response: a
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Nonlinear Surface Response: a

P & & P

e

TAd
1d

on

X1l xaxAd
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Nonlinear Surface Response: a

Pt 4 pL
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TAd
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Nonlinear Surface Response: a
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Nonlinear Surface Response: a
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Nonlinear Surface Response: a
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Nonlinear Surface Response: a
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Nonlinear Surface Response: a
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Nonlinear Surface Response: a

Pv v P

TAd
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Nonlinear Surface Response: a

Ey

¥

PJ_‘ ‘ |PJ_ IAﬁl:d
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Nonlinear Surface Response: a

T

Pl 4P IA%d
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Nonlinear Surface Response: a
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Puf | 4Pu IA%d
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Nonlinear Surface Response: b

XJ_HHOCbOCl
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Nonlinear Surface Response: b

PJ_l < Id

XJ_HHOCbOCl
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Nonlinear Surface Response: b

- Td
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Nonlinear Surface Response: b

Py - Td

XJ_””OCbOCl
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Nonlinear Surface Response: b

Pi- - Td

XJ_””OCbOCl
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Nonlinear Surface Response: b

S
S
}.

Pl - Td
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Nonlinear Surface Response: b

Pt - Td
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Nonlinear Surface Response: b

Pt (< Td

XJ_””OCbOCl
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Nonlinear Surface Response: b
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Pif Ce Td
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Nonlinear Surface Response: b

Pt (< Td
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Nonlinear Surface Response: b

Pt - Td

XJ_””OCbOCl
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Nonlinear Surface Response: b

S
S
}.

Pl - Td
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Nonlinear Surface Response: b

Pi- - Td
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Nonlinear Surface Response: b
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Nonlinear Surface Response: b

- Td

XJ_HHOCbOCl
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Nonlinear Surface Response: b

PJ_l < Id

XJ_HHOCbOCl
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Nonlinear Surface Response: b

XJ_HHOCbOCl
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Nonlinear Surface Response: f

Xy o< f
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Continuum dipolium model

—— = =
_— = =
— S =5 =
s 5 =5
Harmonic oscillator @\ \ e
E(7) = E(0)
mr = —eE(O,t)—mw%f’— iy
T

Bernardo S. Mendoza y W. Luis Mochan, Phys. Rev. B 53, 4999 (1996)
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Continuum dipolium model

S = =
— s = =
— s = >
s S5 =5
Harmonic oscillator @\ \ e

= parametric oscillator if field £ £homogeneous.

Bernardo S. Mendoza y W. Luis Mochan, Phys. Rev. B 53, 4999 (1996)
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Response of a single molecule

) = a(w)E(0,1)

e?/m
wi —w? —iw/T

a(w) =
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Response of a single molecule

ﬁ(l) — a(w)E(Ov 1)

e?/m
wi —w? —iw/T

a(w) =

—

% = —ia(w)a(Qw)[VE2 —4E x (V x E)]
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Response of a single molecule

—

'V = a(w)E(0,1)

e’ /m

i) = w% — w? —iw/T

p? = —Zieoz(w)oz(Qw)[VE2 —4F x (V x E)]
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Macroscopic Response

B®— 5@ _1y.,0®
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Macroscopic Response

. 1
: B® — s _ly.,0®
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Macroscopic Response

. 1
: B® — s _ly.,0®
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Macroscopic Response

PR — / dz B

P A

rice.,
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Macroscopic Response

\ B® — 5@ _ éV-nQ )

PR — / dz B

S

E A P A

N\

N

— =

4 Z

Strong polarization « 1/a g within thin ~ ap surface region, weak

bulk polarization o 1/\

rice.,
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Surface polarization

. . 1 L.
P2 = na(2w)E® — zﬁea(w)a(Qw)VE2 + 2—6a2(w)v - (nEE),
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Surface polarization

P2 = na(2w)E® — zﬁea(w)a(Zw)VE2 + zieoz2(w)v . (nEE),
POG) = n(x)a@)ER () — D a(w)a(2) o E2(:)
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Surface polarization

P@ — na(2w) B — zﬁea(w)a(zw)vﬁ + 2—16042(w)v - (nEE),
PA(2) = nz)a@w)EP(z) — nQ(Z)oz(w)oz@w)%E? (2)
1 5, .0 2
‘|‘2_605 (Cc))& (TL(Z)Ew Z(Z)) )
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Surface polarization

P@ — na(2w) B — zﬁea(w)a(zw)vﬁ + 2—16042(w)v - (nEE),
P@(2) n(z)a(2w)EP (z) — nZ(Z)a(w)a(Qw)%Eg(Z)
1 5, .0 2
‘|‘2_605 (Cc))& (TL(Z)Ew Z(Z)) )
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Surface polarization

P@ — na(2w) B — zﬁea(w)a(zw)vﬁ + 2—16042(w)v - (nEE),
P@(2) n(z)a(2w)EP (z) — nZ(Z)a(w)a(Qw)%Eg(Z)
1 5, .0 2
‘|‘2_605 (Cc))& (TL(Z)Ew Z(Z)) )
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Surface polarization (cont.)

PA(:) = 266(21w,z) [—a(w)a(2w)n(z) (‘fz eZ(i,z)
5, O n(z 5
tar(w) 0z 62(c(u,)z)]Dz°
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Surface polarization (cont.)

PAG) = 266(21w,2) [—a(w)a(Qw)n(z) f?az 62(i,2)
ta(w) 88,2 627zfu2;)z) } D;.

P!? () depends on z through n(z) and dn(z)/dz and is (almost)
null within bulk
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Surface polarization (cont.)

P(:) = 266(21w,2) [—a(w)a(Qw)n(z) E?az 62(i,2)
ta(w) 86,2 le,Zc(uZ;)z) } D;.

P!? () depends on z through n(z) and dn(z)/dz and is (almost)
null within bulk
Surface polarization:

PR = / 2P (2)

— OO
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Surface susceptibility (cont.)

Trick: [ dz f(n(2))0g(n(z))/0z = [ dn f(n)dg(n)/on




Surface susceptibility (cont.)

Trick: [ dz f(n(2))0g(n(z))/0z = [ dn f(n)dg(n)/on

Integrate: Ps(f;,) = X22.D2,
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Surface susceptibility (cont.)

Trick: [ dz f(n(z))0g(n(z))/0z = [ dn f(n)dg(n)/on
Integrate: P2 = x...D?,
|dentify:

o’ (w) a(2w) log(ep(w)/ep(2w))
8me (a(w) — a(2w))?

a(w) ep(w) —1 1 a(2w)
oo el <63(w) ) = oz(w)) ’

Xrze(W) =




Surface susceptibility (cont.)

Trick: [ dz f(n(z))0g(n(z))/0z = [ dn f(n)dg(n)/on
Integrate: P2 = x...D?,
|dentify:

o’ (w) a(2w) log(ep(w)/ep(2w))
8me (a(w) — a(2w))?

a(w) ep(w) —1 1 a(2w)
oo el <EB(w) ) = a(w)) ’

X2z (W)

independent of the density profile n(z)!

rrrrrr
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| S

ofw) = ~0drtnge (2 1)2xzzz<w>.
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| S

a(w) =
—647°
e (22
)
)

eB(w) —1

a(w) =
= 2

(les

(2w
+eB o
(w)]2[1B_(w)H2€B( )
€B o
(2w)] log| o
en( o
w)/€p o
(2 "
w)]) o




| S

a(w)z—mw%ge( 5(w) )2xzzz<w>.

eB(w) —1
a(w) = 2 (lep(2w) —ep(w)]|2ep(w) — ep(2w) — ep(w)ep(2w)]
+ep(w)]?[1 — ep(2w)] loglep(w)/ep(2w)])
/ leB(2w) — ep(w)]*.

a depends only on the bulk dielectric functions ep(w) and
ez (2w), analytically.




| S

eg(w) — 1

a(w)z—mw%ge( 5(w) )2><zzz<w>.

a(w) = 2 (lep(2w) —ep(w)]|2ep(w) — ep(2w) — ep(w)ep(2w)]
+ep(w)]?[1 — ep(2w)] loglep(w)/ep(2w)])
/ leB(2w) — ep(w)]*.

a depends only on the bulk dielectric functions ep(w) and
ez (2w), analytically.

Approximate expression for arbitrary eg (?). Accounts for strong
field variation at surfaces. Ignores surface states, surface modi-

fied polarizability, surface local field corrections ...
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B} 1 8 =
P?(z) = 5-0* (@) 5-n(2)E| B.(2),
Integrate: p? — 2X||||zEIIDZ7

|l
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BO(2) = 5-0?(w) 2on(2) By Ba(2),

Integrate: P;@”) = 2X||||ZE||DZ,
|dentify:
1 npa?(w)

X|12(@) = x|z (@) =
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2 2¢ 9O 2
H( (2) = 2160‘ (w)5-n(2) By Ex(2),

Integrate: P13 = 2x; . E) D-,
|dentify:
1 npa’(w)

X|ljlz (W) = Xz (W) = de ep(w)

Parametrize:

b(w) = _647T2nB6(€BEB)( _) 1)2X||||2( w) =

—1

rice.,
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2 2¢ 9O 2
H( (2) = 2160‘ (w)5-n(2) By Ex(2),

Integrate: P13 = 2x; . E) D-,
|dentify:
1 npa’(w)

X|ljlz (W) = Xz (W) = de ep(w)

Parametrize:

b(w) = _647T2nB6(€BEB)( _) 1)2X||||2( w) =

Finally: f o< x. = 0.

—1

rice.,

20-26/V11/04 — p.3!



Bulk response: d

P? = — = g(w)a(2w) (QE .VE — %wz?) - "';—fa?(w)v (EE).
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Bulk response: d

P? = — = g(w)a(2w) (25 .VE — %wz?) - Z—faZ(w)V (EE).

Plane wave: V perpendicularto E.
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Bulk response: d

P? = —Eo(w)a(2w) (25 .VE — %VE2> — Z—Ba2(w)v (EE).
e

Plane wave: V perpendicularto E. Then,

1

P =
32m2ne

(ep(w) — 1)(ep(2w) — 1)d(w)V E?

where: d = 1.
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a for Harmonic Dipolium

Erice., 20-26/VI1/04 — p.4



Efficiency

Solve linear problem (t(w))
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Efficiency

Solve linear problem (t(w))
Obtain surface polarization

rice.,

20-26/V11/04 — p.4



Efficiency

Solve linear problem (t(w))
Obtain surface polarization
Get SH boundary conditions:
Hy,(—)=Hy(+) — 8miw/c Py
Ex(_) — Ea:(_l_) + SWiQPsz
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Efficiency

Solve linear problem (t(w))
Obtain surface polarization
Get SH boundary conditions:

Hy(~) = Hy(+) = 8riw/c P “ /JQQ
Ey(—) = Ex(+) + 8miQPs., —2q k(2w)
Introduce surface impedance: N

Zp(2w) = Ey(+)/Hy(+)
= k(2w)c/2wep(2w)
20 = —Eu—)[Hy(=) = qcfw L»

p

Z

rice., 20-26/V11/04 — p.4.



Efficiency

Solve linear problem (t(w))
Obtain surface polarization
Get SH boundary conditions:

Hy,(—)=Hy(+) — 8miw/c Py 2Q /]262
Eﬂc(_) — Ea:("_) + 8miQ Ps, —2q k(2w)
Introduce surface impedance: N

Zp(2w) = Ey(+)/Hy(+)
= k(2w)c/2wep(2w)
2y = —Eo(-)/Hy(-) = o/ L»

Solve for H,(—) and surface ra-
diated SH

Z

rice., 20-26/V11/04 — p.4.



Efficiency (cont)

Obtain bulk polarization

"

2k(w)

rrrrrr
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Efficiency (cont)

Obtain bulk polarization
Solve wave equation:

V2E — (2%)263(2w)ﬁ %2@
- (2%)2 P2) 2i(Qz+k(w)2)

k(2w)
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Efficiency (cont)

Obtain bulk polarization
Solve wave equation:

V2E — (22)° e5(2w)E
—4r (2%})2 P2) 2i(Qz+k(w)2)
Match fields to bulk radiated SH
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Efficiency (cont)

Obtain bulk polarization
Solve wave equation:

V2E — (22)% ep(2w)E
- (2%})2 P2) 2i(Qz+k(w)2)

Match fields to bulk radiated SH
Add bulk and surface contribu- =

tions ‘

Erice., 20-26/VI1/04 — p.4!



Efficiency (cont.)

q 47 eg(2w)ep(w)
es(2w) [ Qw)e\?  k(w)k(2w)c? y
X(@(w) (F25) e - ey o




Example: Si

10* R, p (cm®/W)

1.5 2 2.5 3 3.5 1 1.5

fuw (eV)
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Further work

* Surface crystalline structure: Polarizable bonds
* Metals

* Adsorbates

* Chiral films

* Magnetic systems

* SFG/DFG
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Buried interfaces: nanoparticles

Flash memories Observe interfaces with SHG

Erice., 20-26/VI1/04 — p.4



Experiment

(a)

e Y. Jiang, P. T. Wilson, M. C. Downer, C. W.
F N White, and S. P. Withrow, Appl. Phys. Lett.
> 207 O
F- I PO R N LG 78, 766 (2001).

é ud '.‘\'...... -I:’ggitiono(u:T?)O .
01T Tigte e ' * Signal comes from
D I, AU
nanospheres.
1000 0 1000

Lateral position ® Interface SenS|tlve
- (annealed in Ar vs. Ar/Hs).

* Forward SHG.
* Edge vs. bulk.

Normalized SHG

-1.0 | 6 | 1.'0
Emission angle (degree)

FIG. 3

13
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Single sphere SHG

X1ll oxa * Centrosymmetry is locally

‘/ I \‘ lost. ..

— «—X1|) < f

I\ | /Y

—

E
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Single sphere SHG

X1ll oxa * Centrosymmetry is locally

N/ x \‘ lost. ..

— «—X1|) < f

N

—

L * but globally recovered.
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Single sphere SHG

XLll X @ * Centrosymmetry is locally
I ) lost. ..
N ‘E * but globally recovered.
/ \ * Total dipole is null. ..
— «—Xu|| < f

N
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Single sphere SHG

—

XLllLoxd * Centrosymmetry is locally
L * but globally recovered.

I / x \ ‘ * Total dipole is null. ..

— «—X1 <J e unless fieldis

\ /qu” x b inhomogeneous.
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Dipolar vs. quadrupolar radiation
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Dipolar vs. quadrupolar radiation
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d&f
R
X
R
..oo%»
\ X \

p — p polarization

L=

\

i
.

Erice., 20-26/V11/04 — p.5

for nanosphere over substrate

iciency

SHG eff

s — p polarization

F==a




Spectral features: pin, § = /4

n
?.w...,

Ly 1] -.___ t.“.......__..r.r..r.-. ‘.

L __."““-“#ﬁu._f”.-

"__a_»..__ﬂ..mﬁw%s\

w...._____..

M,
I

=t
__hw..__q%_
i
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Comparison

(a)

No forward radiation and o mptant soan_

wide distribution ; . goo

o g 'o-.".’ :.."’. -100 3100
Narrow distribution along §10. g’ : o o Fostontim
forward direction! @ jwmwoow%

-1000 0 1000

1.0 1
0
O
T
n
©
(0]
N
© 0.51 91
& <d > (nm
- \ <)
Z
o
0 T T T T Q=
-1.0 0 1.0

Emission angle (degrée)
FIG. 3

13
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SHG from composite film

3
N




Theory

Prl— - 2. QO = j
0 {2
2 I n = 4
= I'VE°+A'E.-VE . 5(2), B
I' = @(gfym + 9 — 3:),61) — 5(2)

18 dE 1 dI®
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Angular distribution

7O
\ \\
\\\Q\\\\\, 0N

Al

W O\
W S
s
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Experiment

Single wavelength SHG scan across boundary
between nc-Si implanted glass & unimplanted glass

presence & size of Si NCs
SHG sensitive to: Si/SiO, interface chemistry
local particle density gradients

30 T T T T T T T T
® annealed in Ar 16y -
| © annealed in Ar/H,mixture g
P T
S <dyc> =3 nm, 107 NC/em? e e
20+ @
s | X
[ ]
(:'3 s ° :@ °
e ®
U) o ® C] “O ® e
10r® o® ° o~ . 4
° % ,
T X3 .
H_@H 3 Jo0000 0009, 200000 ©000
H H 0, o
H ol v . 2600000008m00080m008

-1500 -1000 -500 . 0 500 1000
Lateral position (um)

Jiang et al., APL 78, 766 (2001)

incident
TEM,,
Gaussian
mode

(]
scan line ¢ %,

o,
o, 0, 0 0
0g0e0 ©

embedded NCs ;

expt theory

J(a/e.)cr@g ¥
Brudny,PRB 62, 11152 (00)
Mochan, (03).

Jiang (03)
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Experiment

Single wavelength SHG scan across boundary
between nc-Si implanted glass & unimplanted glass

presence & size of Si NCs

SHG sensitive to: Si/SiO, interface chemistry

local particle density gradients

30 T T T T T T T
® annealed in Ar 16y -
| © annealed in Ar/H,mixture g
- _ 17 3 o 80
S <dyc>=3nm, 10" NC/cm- 2
5 20t <
) | o
[ ]
(:'3 o ° :@ °
o °,° °®
%) ° . %% °® o o
ole o ® . oo |
° % ,
H i H x3 00
H‘@H 5 F00000%00%0%, X0705000°000
H H 0, o
H 0 . 1 R | 180000000095000@0000
-1500 -1000 -500 0 500

Lateral position (um)

Jiang et al., APL 78, 766 (2001)

1000

incident
TEM,,
Gaussian
mode

(]
scan line ¢ %

o,
o, 0, 0 0
0g0e0 ©

o ® %% si0,
embedded NCs /

theory
P? o (E-V)E

expt

(0/8)cosp !
Brudny,PRB 62, 11152 (00)
Mochan, (03).

Jiang (03)

Figliozzi et al., submitted to PRL
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Efficiency

1 1
o —2 4 2 24
E = 10 C(qa’B) (ql) fb 01 62/CLB C/CLB

10~*¢(qap)*(ql)? ff T W™

Q

—24 A —1

~ 10
Y
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Efficiency

1 1
_ —2 Z 2 r2n4
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iIncoming intensity, not power!
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Efficiency
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* As P x EVE ~ E?/wy, efficiency is proportional to
iIncoming intensity, not power!

* Larger input power might actually yield less output power!

* Solution: Enhance transverse gradients with two beam
SHG.
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Conclusions

* Three wave mixing yields surface-sensitive optical
spectroscopies.

* The bulk contribution is strongly suppressed (but not
eliminated. . .) in centrosymmetric systems.

* Efficiency is small.

* Crystalline symmetry along surface is manifested by
angular distribution of SHG radiation.

* Spectral dependence displays resonances at excitation
energies and their subharmonics.

* The continuous dipolium model accounts (only...) for the
strong surface field gradient.It produces simple analytical
expressions for SHG in terms of the bulk linear response. It
may be generalized. ..
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Conclusions (cont.)

* The surface of isolated nanoparticles, deposited at surfaces
and buried within composites may be observed with SHG.

* Quadrupolar and dipolar contributions may be comparable,
giving rise to complex radiation patterns.

* There is no forward radiation, but there is nearly forward
radiation from composites.

* Qutput power cannot be boosted simply by increasing input
power.

* SHG may be enhanced orders of magnitude in two-beam
geometry.

Erice., 20-26/VI1/04 — p.6



	Electromagnetic Waves
	Dressed Photons
	High Intensity
	Sum Frequency Generation
	Multiplication Table
	Wave Multiplication: DFG/SFG
	Second Harmonic Generation
	SHG and Symmetry
	Centrosymmetry and Parity
	Centrosymmetry and Surfaces
	SHG and Surfaces
	Optical Observation of Surfaces
	Adsorbates
	Efficiency
	{em Size} of a photon
	Bulk efficiency
	Example: Ti:S laser
	Calculation of $chi _{ijk}$
	$chi _{ijk}$ (cont.)
	$chi _{ijk}$ (cont.)
	Frequency domain
	Surface susceptibility
	Bulk susceptibility
	Surface Symmetry
	Example: Si(111)
$pleftarrow s$
	Surface Symmetry: Isotropic surface.
	 Isotropic surface (cont.)
	Nonlinear Surface Response: $a$
	Nonlinear Surface Response: $b$
	Nonlinear Surface Response: $f$
	Continuum dipolium model
	Response of a single molecule
	Macroscopic Response
	Surface polarization
	Surface polarization (cont.)
	Surface susceptibility (cont.)
	$a$
	$b$, $f$
	Bulk response: $d$
	$a$ for Harmonic Dipolium
	Efficiency
	Efficiency (cont)
	Efficiency (cont.)
	Example: Si
	Further work
	Buried interfaces: nanoparticles
	Experiment
	Single sphere SHG
	Dipolar vs. quadrupolar radiation
	SHG efficiency for nanosphere over substrate
	Spectral features: $p$ in, $	heta =pi /4$
	Comparison
	SHG from composite film
	Theory
	Angular distribution
	Experiment
	Efficiency
	Conclusions
	Conclusions (cont.)

