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2 Macroscopic description
2.1. Phenomenological modd

PYQ) = x(Q = w0, + 00,):E(wy)E(w,)

@

2.2. Boundary conditions of a polarized sheet

Bloembergen

Hentz polarization sheet

SFG

O = 4mp,

cOxE + 0B/ot =0,

D =¢E, H=u'B,

J.= 8 PJot)

Pershan

Js
E(t) = E(w)e'“ +c.c

@

SFG

B &

volumepolarization

SFG

polarization sheet

um =0,

4 = -0@D/at,
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Born & Walf, Chap. 1

cOxH - 9D/t = 47y

op/ot + O01=0



ki(Q)

k(o)

ki (o)

€1

ko(Q)

€

Plat=j, p=-0F

0 = -4r P

cOxE + 0dB/ot =0

Om =0

cxH - dD/at = 4TOP/at

Born & Wolf 11
1 B

BZ(Z) - Bz(l) =0
2

Dz(2) - Dz(l) = 4Tlp
3 E

E(2-E(1) =0
4

cH(2) - H(D)] = 41y

oPlot = =-OP

(ap/dt = -0 = -0BP/at

Heinz

P = [prdv

(22)
(2b)
(2c)
(2d)

D,+41P, E B, H,

4



f o, vamaz=( ece=[ Biz=[] He

ﬁf D,dz = —4nj§ P.dz = -4TP,,

Ps; P = P(x,)3(2)
Born & Wolf

AB,=B,z=0)-B,(z=0)=0
AH, = H,(z = 0") - Hy(z = 0) = (410c)(aP/dt) x,
AD, = D,(z= 0 - D,(z= 0) = -4rJ,CP (xY)
0, = n,(9/0%) + n,(0/ay)
AE, = E,z= 0" - E/(z = 0) =-(417¢’) O,P,

2b
dab E,

AD, = -4n0[P,

AE, = -(41ie’) 0P,

AB, =0

AH, = (4Tc)(aPJdt) x n,

4 e (X Y 12)

8,ZZ
2.3. Radiation from a polarized sheet

SHG SFG

Py, z 1) =Pdx Y )5
P{x Y, t) = P exp(ipx-iQt)+c.c.

c.C. a2 g

X P,
pu, Q
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(12a)
(12b)
(12¢)
(12d)

(13a)
(13b)
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kl = pu, - q.u,

P G X

K=Qlc
&
p> > gK? €,
(14b)
k2 = pux + q2uz
G = \lssz - p2
0,>0 Im(q,) > 0)
(12) §=¢g=¢

E(x Y,z t) = E;(Q)exp(ikx - iQt) + c.c.
Ei = E; (Q) = (2mK/q)[Py- Uy (U]

Uy
transverse
g kg=0
g(E; = (2miK’/q)(a[P))
17 Uy
S Uy (18)

(16)

&

pz < lez

g, hon-negative

1
7
7)
E, S
§=¢=¢
A

0

Py Ui

Uy = ki/(k &)

(14a)

(14b)

(15a)
(15b)

(16)
17)

(18)



1 2
! J Ee
E.e e
e=F;_q
S p Fisi
g =¢ g =¢
€ & N
F_j = Fixjj)zsi"'Fi{yJ'W"'Fizfjiﬁ

Exjj :k\qj /(qui +€\qj)

F? =29 /(g +q;)
F\ij :2(£i£j I€)q, /(qui +£iqj)

q (=12 z (14b) (15b)
=k, =k, B
X y
(20)
2

F™; =2n cosb; / (n; cosb; + n; cosB;) = 2k cosH ; /(k; cosb; + k; cosB ;)

F”; =2n; cosb; / (n; cosh; +n; cosB;) = 2k cosH; /(k cosh; +k; cosb;)

Fizfj =2(nin; /n‘z)ni cos6; /(n; cosB; +n, cosh;)
=2(kk, Ik )k, cos, /(k; cosB; +k; cosb, )

1 ks = K(ux - U,
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ki&)=0

19

i~

i~j

(20a)
(20b)
(20c)
(20d)



ks = KUy + 0nU, (20b)

~ (29d)

2 2
£ (€'q;, —¢, - n'cosB; —n. coH
R (up) = '.( % %) = S—— (20'b)
€'€;q +£0;) n n;cosd; +n coso;
-q)(q / . . n'cos@_-n. cosB,
R (U = (9,-9,)(q /q,) _ nl, cosb, — j 20°¢)
(@ +a) n'cosB,,, n; cosh; +n; coB

” g (-¢'q +£.0,)(q /q,) n,., cosp, —N' cosB. +n, cosB,,

Fi(up = s'(Js-q J+€-C1-) - (F)z cosB,, n; cose-] + n-J cos8; (@0d
JHi iHj m j 1 1 ]

o _g('g;+€,g,) n NcosB; +n, cosb, i

R (dwn) =5 (€0 +&0q;) n'n,cosd; +n cosd (20°b)
(@, +9,)(d /9,) n, coss, N'cosd ,+n,cosb,

WY - m J 1 m — i m J J "
R, (cwn) (o +q;) n'cosB ,, n; cosB; +n; cosh (20

” _g(€'g;+£,0,)0 /d,) n, ,cos8; N'cosh; +n cosh i
i (dam) = £€;G+eq) &) cosB,, n; cosh; +n; cosh @0"d)

C
polarization (19) (20)
gl = 2niq K (eP) (K = wic) ey
Ay
glE; = 2mi (K/Vs )sech (P (229)
sech; = V(g K)/q, (22b)
6
(21)
A (A9) (A10)

_ i w_z cosB, [P, + (K/ 1K) Ps,y] +(e,/€")sin6 P,

E

PTT e? k, cosB, + k, cosb,
E =4 _w? Cos8, [P, +(K /k)P ]-(g /e")snB P,
2p =4 "2 k cosB, + k, coso,
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2 P 2 P
. W sy . W sy
E,.=E.=411 ———— =41 —
s 2 k,, —k, c? k, cosB, +k, cosb,

E, = 4niK> k cosB,(cosl, /k,)P, +(n,/n")?k cosB (sinB, /k)P,,
k, cosB, + k, cosB,
— A7iK 2 k cosB,(cosb, /k, )P, —(n, /n")?k cosB, (sin6, / k cosb,)P,,
2 k, cosB, + k, cosf,

cosh, (P, / k cosB,)
E1y=E2y=4ru'KZkl 1y Tl 0%,

E

k cosB; +k,cos6 ,
— ATiK? k cosB,(sin®, /k )P, +(n,/n")?k cosB, (sin6, sinG, /k cosh, )P,
‘ k cosB, + k, cos8;
k, cosB, (cosb, sin@, /k cosB )P + (n, /n")?k cosB, (sin6, sin6, /k cosh,)P,,
k, cosB, + k, cos6,

E

E,, = —-4miK?

e.I.S = % = (01 11 0)1 ez;) = (Cosela 0| S ne]_)y eZp = (Cosez, 0, 'Si nez)
QS‘:EiS = Els eZSEZS = EZS mezip = Elp, emeEZP = EZP

cosB,P,, +kk,/k sinBP,,

= 4miK?
S k, cosB, + k, cosf,
= orik2{Fr 00 p e SNO p
k, cos8, k; cos6,
= 2THK2{ Fi)ixje_LxPs,x + Fiz-z.jelzps,z}
=21iK%(e * P)
E = 4niK? cosB,P,, —kKk, /K sinb P,
2P k, cos8, + k, cos8,
= 21K { F _cos6,  FFZ, —Sing, P}
k, cosf, k, cosB,
= 2THK2{ Fi):xje?x Ps,x + Fiz-z.jeZZPsz}
=21iK?%(e,* P)
e=F,_¢ e e e=F;.6
2.4. Surfacenonlinear response
P{0) = X (00 = wy + W) E(0)E(w,) 3
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E(w) E(w) € En E,.

Ei(X, Y,z t) = Ej(w)exp(ikX - iwt) +c.c.

= E(w)e(w)exp(ikX - iwt) +c.c. (29)
(24) W W w, 8(w)
i m i Z o)
ky = pu, +quu, 1 (25a)
k2 = puy - U, 2 (25b)
g =& W/c)- p2 (26)
Xz Xz
P{w) = Xs(Z)((*) = 0 + 10):81(0W1)8 (W) E; () E (1) 27
8i(w)  8y(wy) (20)
19
gw)=F_jg(w), i=ilori2 (28)
o) = Fipj81(w), W) =Fip ;65w
i j F
(26) g (20
(22) (27)
& @)+ E, () = LR o)) 1y 2:060,)6(00,)Ex () ;) (29
cyei)
i1 &.1(0y) i2 62(0,)
SFG Ei(w) e(w) i=12

W) ew) €w,)
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19 (20) p(w) P(w) p(w) = p(w) + p(w,)

g (14 (15) (26)

sech; (@) =[+e(w)w /cg; @)]

@
e

(29) g & €
E'=E G XK+E, WHE, ZZ
(29)
Fi.i XZ
SFG
i — (19
= p(w)p(w)
p(w) = p(eay) + p(ex,)
w irradiance w, w,

| =cv/elef 1 2m

(29)

| @)= 8w ”sec” 6, (w;)

B C3\/€i (w)g;; ()€ (W7)

@) 2 ey e, 1,@)1,,)

[ (wy): il W,
lio(w,): i2 W,
li() : 8(w) i
&w)

(31)
i SFG

2) @. 2
) e eatoge oy P eonetod] S5
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Py (@,) P, @,)

(20)

@ — p

(30)

@31

g(w)

g(w)

(32



Pilv I:)i2
ei11 ei2

PW) = 8w sec’0; (W)

B 03\/& W)ey )ei (W)

fR ()P, W,)

|e(03) D(S(Z):e(wl)e(wZ)lzm

@) AW P() ) —
A©) = POYI%®)
2 f
f =coPB; (w)%] I, @)1, (,)dxdy
colinear beam waist

Aw) =T, Alwy) =TT,

f_cosei(m)/cose(m)
T onln+nly

B(w)

2.5 Bulk nonlinear response

PY) = X7(0= @, + @) E@)EW)
+ (W20 = ot ) E@)IE)
+ (W20 = ot ) E@)IE)

(34) 1 2 3

ka k ~10°A*

Henz

exp( rryY)

nonlocality

all

alh<<1

-10

(33a)

(33b)

(330

(21)

(34)

a~1A a\~



SHG
432 (@]
disordered materids
non-coherent
non-centro-symmetric structure
SFG
Xs(z)
GaAs Td
4
SHG 4 2 SFG
m3m( O, ) 432(0) cubic media I
X(Z)q, i X(Z)q, i X(Z)q, i X(Z)q, i
SH i
Pi(2w) = YI,(ELE) + (3 - B - 2y)(EMD)E + BUE)E + (EUE
B= X(Z)q,iijj
y= L2)x (Z)q, iij
o= X(Z)q, iji X(Z)q, iij " X(Z)q, iij
(= X(Z)q,iiii - (X(Z)q, iij t X(Z)q, i T X(Z)q,ijj)
By o homogeneous media (36) 3
Maxwdl OF=0g'D=0
tranverse 2 1
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(37a)
(37b)
(37¢)
(37d)



k; transverse P, (=0
372
Ko

Py, z,t) = P (o, ky)exp(ik,&X - iwt)6(2) + c.c. (38)

6(z) 1 kp, 2
1
PJAx Y, z, 1) = P YW, ky)exp(ik,X - iw)d(2) + c.c. (39)
e
source polarization
2
P (e, k)
P00, ke) = 10 + 0) P (@) k)l + Poy(0, Kouy, + (€' (00)/Ex(w)) Py {w, kp)u] (40)
& k z O 2 @ z Po.2
€ (w)
(21)
(40) 1
Ic = (qs + qz)-l
qs q2

qa=q, I, = |NM2cosB,(w)] A= 2T|c/[m\/82(w)]] —A 2

coB, W) =(w/c)g, /e, () 2
A (40)
~ NP, 4
a/\ equivalent surf ace
polarizaion dipole-allowed nonlinear source polarization Py P~ aP,
(40)
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3 4

nonlinear source pol aization leading-order nonlocal terms
P(w) = yOEE) + (5 - B - 2y)(EM)E 1 longitudinal
polarizaion longitudinal polarization vy
p SNAS & P A

Po(w) = IKJE (w)E(0,)]

&P () = dapu, + (&/€) pul{[-VEE)(ds + &) I[puy + (€'7€,) qu,]}

= -cyp(E[E)
= e[-Y(e'/&,)(ELE) u,]
= ¢ P(w) (41)
PA(w) = -Y{(€'/&)] [E(w)E(wy)] U, surface polarization (42)
longitudinal polarization surface polarization Pl u,
ks longitudinal polarization
z
12

P(w) = vil(e /el [(E(w, z= 0)E(0y, 2= 0)]u, - V(€ /&) [(E(w, z= 0)E(0,, 2= 0)]u, (46)

longitudinal

X% Do = VilE (W) ()] - V(€ (00)/ex(00) (47a)
X®s Jooo = Val€ (00)/ey(0o)] [€' (w,)/&, (0] [€ (w,)/Ex ()] - Y[ (W) Ex(w)] [€ (wr)/Ex(wn)] [€' (w,)/Ex(00,)]

(47b)
0:z [ Y
(EM)E 2 SF
X% e = X+ X%, 48)
X(Z)s X(Z)S '
longitudinal
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2.6. Discussion

3. EXPERIMENT

3.1. Isotropic media

@ @ @ @
X'somo Xson X'smwi X s

(2

(2) — @ (2) — v@ (2 —
X sxyz_'x S yzx X sxzy_'x S yxz X szxy_'x S zyX
SFG, SHG
p
(2 —
X“sm =0
Cu SFG 4
(2) 2
X s oo X 7s z2)
(2) (2 —v®@ (2 (2 —v@ (2 (2 —
X lelll(X szxx_x szyy) X sIIDII(X sxzx_x syzy) X SIIIID(X sxxz_x

3.2. Anisotropic media

m3m(Q,)
(110

432(0)

(111) (001)

400~410
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