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I. Introduction

As a subarea of surface physics, surface polaritons have recently
attracted much attention.l 'Linear optical proéerties of surface polari-
tons in various media have been extensively investigated. VTheir results
and potential applications to surface and material studies are reviewed
elsewheré in this book. 'Nonlinear optical studies.involving surface po-
laritons are, however, very rare. From the physics point of view, the
. subject is actually a ratﬁer interesting one. Firs;, since‘the surface
polaritons are localized to'a thin surface layer near an intefface, non-
linear optical effects involving surface polaritons have a surface-speci-
fic nature. Then, surface nonlinear optics with all interacting waves
being surface polaritons is possible, ard forms a new branch in the
field of nonlinear optics. With tunable laser excitations, surface non-
.linear'optical spectroscopy can be‘deviséd and applications can be en-
visioned. - In this chapter, we shall review work in this area in the past
few years. Emphasis‘will be on the exPefimental observatioﬁ in compari-
son with theoretical prediction.

We shall begin with a-thééretiéal discussion on wave interaction
“involving surface polaritdns in Sec. II. The general theory of linear
optical excitation of surface polaritons will first be giveﬁ._'It will
then be extended to. the case of noniiﬁear-opticai excitation wifh the
.ﬁqnlinear polarization as the driving source.zv»Actually; generation of
- surface polaritons by optical mixing of bulk waves can be considered as
a special case of noniinear optical reflection from a surface treated by
Bloembergen and Pershan.3 .The general formalism can also be used to

describe the generation of bulk and surface waves through mixing of sur-



" 3 LBL-11358

face polafitons or surface polaritons with bulk waves.

The experimental demonétratioﬁ of nonliﬁear excitations of surface
polaritonS'will.be reviewed in Sec. III. Two cases will be considered:
one with GaP demonstrating nonlinear excitation of surface phonon-polar-
 itons.by difference-~frequency mixiﬁ-g,4 and the other with ZnO demonstra-
ting. second harmonic generation of surface exciton—polaritons.5 It will
then be shown that the surface polariton excitation can be probed through
-either mixing of the'surf#ée polaritons with a probe‘beam or surface
Toughness scattering. That.nonlineéf excitation of surface polaritons
-~-has .some advantages over linear excitation and is:useful for study of
surface polaritons'will'also be-discussed. -

'*,;'Second harmonic'geﬁeration-isithe»simplest*ﬁonlinéar-opticalaeffect;
and will be considered in Sec. IV to i11ustraté the'ihteraction of sur-
face: polaritons. Here; surface plasmons will be théISubject~of discus-

- sion since they exist over a wide spectral range:covering;both,theTfunda-
" mental and the~second.harmonic. -Nonlinearity in- the case of a metal-air
interface arises fronlibt:he.'metal,6 whilerin-the case-of afmetal-dielectric
interface may come mainly from the dielectric.7 rIn.the former case, a
single atomic layer'on the surface may be feéponsible fér the observed
-nonlinearity.8 Various aspectsvof'the theory of Sec. II can be tested
>*out‘Ey¥the EXpefimgﬁts=of second harmonic generation with surface. plas-
 monms.

Cohereﬂt antiStokes Raman scatteringkcan“also‘be“carried-out with
surface plasmons.g* ThiS'will'be discussed in Sec. V. - In general, four-
wave mixing of surface'plasméns shéuld'be observable,’and can be used

as a spectroscopic technique to probe resonances of a dielectric. The
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technique has advantages over four-wave mixing spectroscopy in a bulk,
and should be most useful for studying molecular overlayers and materi-
als with strong absorption and fluorescence. With picosecond pulse ex-
citatibn, the signal-to-noise ratio can be enhanced by orders of magni-
" tude with a resulting sensitivity capable 6f detecting a submonolayer
of adsorbed molecules. |

Finally, in Sec. VI, we sh#ll speculate on the future progress iﬁ
the field. .Applications to surface physics ﬁill be considered in parti-
" cular. It seems likely that the combined force of surféée ﬁonlinear
optics and surface physics may open up a new area of exciting interdis-

ciplinary research.

II. Theory : - . ' S

A. Linear Excitation of Surface Polaritons

We consider hergra-general-system of N layers shown in Fig. 1. lThe
solution of plane wave propagation in such a medium is governed by the

wave equation
o 2,2, . _
(7 x (7x) - (/cDe(2)]E = 0 W

together with the boundary conditions. Assume that each layer is iso~

tropic or cubic, and let the incoming wave be transverse magnetic

‘ ik x+k z-wt). ;
E =(x&_ +328 e X ©2 : (2)
o oX ) (o4

with k & = -k & and 'k (w/c)Ye . Then, thé reflected wave for
X OX . o0z oz (¢] - o
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for z < z  is
o

k i(k x-k z-wt)
> ~ - X X 02 .
E, = z —\& . .
ER ( + .z X > Rxe _ (3)
oz
For zj;l < z < z,; the field is the sum of a transmitted wave and a re-

flected wave, and can be written as

>

E, = {x[A,cosk, (z - z, + B,sink, (z - z, .)
3 ~[”J 'JZ( - J-l) 3 -JZ( j-1 1

i(k x-wt)
X

ik .\ - - ’
+ E(E—§>[- A sink. (z - zj;i):+ Bjcoska(z - Zj_l)]}e (4)

with_'kj =;(w/c)fej.-AFinally,afoffz >-zN,»there-isjonlyﬂan outgoing wave

N . ._-' k i(k x+k. z-wt) ,
‘E*g=<‘-£——"z>8 AT T (5)

e
kT :rTx

" The 2N'agplitude-variables_ﬁRx, —_—— Aj’ Bj’._--,'and ng are related'by

the boundary conditions;

"o x' "oz’ Rx

 (cosk, d,)A, + (sink,.d,)B, - A, . =0
( JZJ) g +o(sinkypdyB, it

‘:(lsjki/kji)[i (slnkadj)ij+ (coskjidjéBj] = (1€j+ikk/kj+l,2)3j+l =0 .

- .cont'd
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(cqsszdN)AN,+ (sinszdN)BN - &Tx = 0 - .k~

(ieka/sz)[- (sinszdN)AN +’(cosszdN)BN]+(eTkx/sz.)GTX =0 (6)

where»dj =z, -z "The above set of equations can be written in the

i -

“matrix form

( ¢ )
&Rx —&ox
I eokx
i ' &
| k oX
_ oz
- ,l
D A, = 0 . (7)
3 |
B,
J 1
! 1
| ]
O 1
- & 6]
[ "Tx ) | )

: Since ka'=-[(w/c)zej'4 ki]%,'so S is a function of k;5 In some cases,
one may find that for:kx = Kx;-the determinant [B(Kx)l vanishes. This
actually means’ that the medium now has an electromagnetic resonance.
In other words, in the absence 6f damping, an electromagneticvfield )
- would have generated with a vaniéhingiy small input. If the resonant: : o
mode is a guided mode with field strength more or less confined to é.
.particular layer interface, we call it a surface polariton.  In general,
a layered medium can have several ‘such resonant modes.
" We now comnsider the special case of .a single film layervsandwiched

between two semi-~-infinite media.
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-1, 1 , 0 -, 0
1’ . O b4 —iq/q 9 O
: Bl | R
o, cosklzd1 s Slnklédl , - =1
- - |0 Cifapdsink, dy o, (f/ag)eosky d; s gy
coskizdl - 9 '
= 2 . [1(qlq° + qqu) + (qi +'qho)tanklzd1] (8)
997 '

2. 2% | =S
where q, =%k, /e, = [(w/c)7e, - k €.. For real ¢, D| will vanish
Qg = kypfey = LW/~ 0T ey 5 18] wt
1z 18 1mag;naryf_:Let klz = - 181; We find that for appropri-.

’ > . : e .
atezsj, we can have ID[ = 0, which is the-dispersion relation of the

.only if»k

- surface polaritons

99 497 _

e rtanﬁsidi - 0, o Sl (9)
9yt 4 9
If'Bidl > 1, it reduces to
(g -ap(ey -q)=0 Loy
or more explicitly in terms of k = K ,
. S xS X
€. €
: - ey L Caw
: : 1 T
: 2 2 1
R e o aw

These-are .the familiar.dispersion relations for surface polaritons at an

‘ vin;erface between-two:éemi-infiniteamedia.lo,“Physi¢ally,'61d1 > 1 cor-
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responds to an optically thick £film which effectively decouples the two
interfaces so that the two sufface polariton modes of Egqs. (1la) and
(11b) are separately confined to the 0 - 1 and 1 - T interfaces respec-
tively. Note that since klZ is ‘imaginary, Eq. (11a) (or (11b)) can be
satisfied only if one of the two e's in the equation is négative and the
.suﬁ.of the two é's is also negative. . Then, kzi is imaginary and the
field drops off exponentially on both sides of the interface. The sur-
face polariton is physically confined to a thin layer of (k;i + k;;)
thick at the intefface and propagates wi;h'a wavevector Kx' In general,
£ =‘sf + ie".is complex for a medium, so that Kx = K; + iK; with K;
- being the wavevectorvand-K; the attenuation constant,for.the surface
polariton. Negative €' arises in media with exciton or phonon. reststrah-
lung bands or in metals below the plasma-freqﬁency.

Equation (6).or (7) determines the field amplitudes in the layered
medium set up by.the incoming wave of Eq.-(2); When kx(w) E'K;(w), the

surface polariton is resonantly excited. For the case of a thin film -

sandwiched between two semi-infinite media, the .solution of Eq. (6) or

(7) is.well knovﬁn.11
e ot rvlT‘“‘p(lzklzdl)_'
Rx ; + rolrlTexp(lzklzdl)- ox
. . )
e o torfurexelkydy)  fkpeg ),
Tx 1+ rolrlTexp(lzklzdl) ‘k2 e | ox
: 0z T
N =.(1 + rol)[l + rngxp(12klzdl)] .
1 1+ rolplTexp(12klzdl) ox
oo Q- DI -y pexp(i2ky d)] fie kN
B, = 1+r . (i2k, d.) €.k 8 (12)
To1f1r®FPIeX Y 1%02/ °%
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Tol’ and t are the Fresnel coefficients.

where r ;. Typ» 1T
ek, =-r¢,k,
r = _d iz ijz
ij €.k, + e.k,
j iz i7jz
2ve e, k., -
_ i’j Tiz

Fij, e k. +e.k, (13)
j iz Tijz

: . ; x i : -
It is easy-to shéw that |Dl [1+ rolrlTexp(12klzdl)] and hence the te

lation

1 exp(iZkl.zdl) =0 A (14) 7

+ ,rolrl,r

B}

is equivalent to. Eq. i(9) representing the dispersion relation of surface

~‘polaritons.

:In practice, two kinds of geometry are often used to linearly ex-

. cite surface polaritons in the above sandwich medium.'  They. are shown in -

Fig. 2. For the Otto configuration of Fig. Za;lg we have g, < 0 .and

T

’eé,>ve' > 0. :The surface polariton that is excited when kx(w)?E K;(w)

1

- is - more or less confined.to the 1 - T interface. For the Kretschmann

cOnfiguratioh of Fig.“ZB,lB'we have‘ei <0 and e; >'e% >.0. The surface

polariton excited is again more or less confined to the 1 - T interface.

" 'In.this latter case, there may also exist a surface polariton mode con-

fined to the 0 -1 interface, but since-K; >.]kol,_|le;iit cannot be
linearly excited by the prism coupler in Fig. 2. In both cases, when
the surface polariton is excited, a reflectivity dip should be observed

according to Eq. (12). . With optimum choice of the film thickness dl’

fthe:reflectivityvdipvcan teach a2 minimum close to 0. -An example is
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shown in Fig. 3.

Excitation of surface polaritons is basically the same as excitation
of guided optical waves. Thus, instead of prism coupling, a grating on
 the surface can also be used as the coupler for linear excitation of sur-
face polaritons. Here, the phase'mismaﬁch~between kx and K; is compen-
-sated by the reciprocal lattice vector of the periodic grating in the
.fésonant e#citation.. Then, surface roughness can also be effective as a
coupler for surface polariton excitation since it can be considered'aé a

random grating.

B.  Nonlinear Excitation of Surface Polaritons

Surface polaritons can also be excited through nonlinear optical
mixing in the medium.2'~The basic idea is fairly simple,  Nonlinear mix-
- - T MNL - SNL i(ks-r—mt)
. ing induces a nonlinear polarization ? (m,ks) =P e - in the
medium, Which,‘being a collection of oscillating dipoles, acts as a

source for generation of the field at w. If k

= K"(w), then the sur-
sx X

- face polariton is resonantly excited. Mathematically, we can treat the
problem as an extension of the derivation given”in the previous section

for linear excitation. First, the wave equation becomes

(7 % 70 = @ /eHe@E = Gr?/HB W,k ). (15)

Then, the field is obtained as a sum of homogeneous and particular solu-
tions. Assume Eo = 0. For z < zo
‘1[kxxfk°z(z-zo)—wt]

: ER (x + 2 kx/koz)&Rxe _ S cont'd
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: ik x+ksoz(z—zo)—wt]

o>
- E

~, 0 - NL o _NL, ., ~, 0o _NIL o _NL s0X
. + 0.
+ [X(Yxxspox + szévoz) z(Y‘zx'gaox.f Yzzsaoz)]e.
(16a)
For zj—l <z { zj,
> -
E, = {x[A.cosk, (z -z, ,) + B,sink, (z - z,
3 [ b JZ( J-1 h| JZ( J"l)]
i(kxx—wt)
+ z(1kx/kz)[- Aj51nka(z - zj—l) + Bjcoska(z - zj_l)]}e
 ,' . . . L . fi[k ;‘x+k-..(z—z.‘:)—WC]
3 (vd o] A JggyL S : sjz” sjz" o "j-1
+
g+ A 4 i g A _
S . , ' ' (16b)
For z > zN
Coifkoxtk, (z-z:)-wt]
=,."‘>_ * : & - X Tz N
p = (-2 K fkp )8

D - : . _ ik oxtk . (z=-2.)-wt]
A~ T ngyL » ~ _TxgyL TE;NL : “sTx" "sTz N
o * (x(Yx§?¥E»+ Y1) T 0T t Y, T le ’
: : (1l6c)
‘In'Eq; (16),*thet7NL.terms are the particular solutions in .various re-

gions obtained from Eq. (15). The boundary conditions require that

kst‘é,kij'= ks'I.‘x'= kx,»and
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( W [ (0 N o _NL 1 _NL 1 _NL )
8Rx —(Yxx'?ox + sz '?oz + (szylx t Y.
t | !
1
|
|
1
1, / v :
{3 > ) k <j+l NL j+1 _NL >
- Aj ‘ \XX'?JX Y ‘? exp(lks zd) + sz '?j-l-l,x + Yzz 9j+1,z
D = _ :
- o I P I, (,J L 4T - 1 _NL J+14_'4“
Bj . -ej Tz 'x+.<Yzszsj>5§§]exP(lksjzd)-+€ [ zx < j+l,x »( 2z €54
1 1x ' : 1 '
] j+1,zI ' :
0 t
1 . l .
. N NL 47 ngyL NL
& . - 2
Tx]| . L EN[Y.zx'%x» ( zZz € )%]exp (1k d) te [ ( T'?Tz>]
\ J J

17)

In comparison with Eq. (7) for linear excitation, the nonlinear polari-
zatiohé?NL here piays tﬁe'role of the incoming field &b in the lineaf
casg. Again, as ksx E'kx EiK;(m), the surface polariton is excited.

An important difference between linear and nonlinear excitations
. should:however~be noted. - In~the.1inear-case, it is not possible to ex-
cite a surface polariton on a smooth interface between two semi-infinite
media‘bgpause the wavevector k(w) of the incoming exciting wave in either
ﬁediuﬁ is alwaysvsmaller than K;(w). In the nohlinear case, this becomes
5possible because opticai mixing induces a nonlinear polarization with a
wavevector ;s'which is. the vector sum of the‘yavevectofs of the exciting

fields, and»in.general; one' can havevksx = K;; -Here;TEq‘,(17) reduces

to
{o 1} NL )
- &Rx (7xx (0)'4 Y 5p ) ( + Y 5P
D v . v
. .4 Lo o NL - 47 T NL - T NL ﬂ
' &Tx —eo[sz‘?ox + (Yzzyoz + €o>] + ST[-YZX'?TX‘-F (‘Yzz'?Tz + €T>]

(18)
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1 y ~1
. eokx _ eTkx
9
koz sz

= (eosz +'sT‘k(oﬁ.r)/lcozl(Tz

(e, - €) | e 2
T 0 . 2 w
= ‘ —~ [(e, + € KT - =5 e e ]. - (19)
- . - : ALAE L2 : v
' koszz(gosz ‘ eTkoz) T . oox .c Too

0 yields the familiar surface polariton dispersion relation

2 a2 2
Kx = (W /c )eTed/(sT + eo).

As. an example, we consider the”speci5l case where §§L-¢=0:but 3¥L'= 0;2'
‘The particular-solution of Eq. (15) gives
o a2y 22
CYex T 4"koz/€o‘kos vko)
) . e 2 2
Yz -)éﬂkxkosz/eogkos ko)
YO = - 4mk k. Je (K2 - k%)
zx x 0osz 0 0S8 . 0O
o 2 20, .2 2 .
Va2 T T 4ﬂ(kosz - ko)/eo(kos ko)' ' (20)

" Then, the solution of Eq. (18) yields
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4me_k
& = T oz
Rx 2 2
' Eo(eosz + ETkoz)(kos‘— ko)
NL . 2 2 o - NL _ . ML
['?ox(kos - ko) + (1; sz - k'osz>(kosz§,ox kx‘?oz)]
g - - 4nsz
Tx 2. 2
' (eosz +-;Tkoz)(kos _‘ko)
. NL, 2 2. ' NL NL
[yox(kos - ko)' - (koz + kosz) (kos'z'?ox - 'kxg’oz) I (21
. o= ' . - Y- . : : ; 3 . ) &
When kx Kx’ the real part of (eokTz _ ETkoz) vanishes, and hegce R

and &T are resonantly enhanced. The excited surface polaritonm actually

corresponds to only the homogeneous part of Eq. (16), i.e.,

i(kxx-wc)+soz

§SP = (x + 2z kx/koz)&Rxe for z < 0.
o i(kxx—wt)-BTz : _
= (x + z'kx/kTi)&Txe' - . for z ? 0» o (22)
~where Bo =-1 koz and BT = -1 sz,

The surface polariton described here by Eq. (22) is a driven wave.
In general, there should also exist at the interface free surface polari-

" ton waves which are:solution of B<§R¥> = 0. As in the bulk case, the
. . . Tx ’ :

- amplitude of the free wave is determined by matching the boundary condi-
fions on the interféce; For infinite plaﬁe;wave'excitation, the free

wave vénishes. ‘For excitation over a finite.chSS—section, on thé»othe:
hand,lfhe free wave can be important; in particular, it may be the only

wave present in regions with no excitation. However, if excitation over

-
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a finite cross-section can be Fourier decomposed into a set of infinite
plane waves, then there is no need to include the free wave in the solu-

tion again.

C. PNonlinear Interaction of Surface Polaritonms
ASAeiectrdmagneticvwaveé, surfacélpolaritons3can‘also-interact non-
-linearly. In fact, with liﬁéar»pulsed laser ex¢itation, the surface po-
lariton intensity being confined to a thin layer can reach unusally high
value. . The nonlinear:polarizationvinduced‘by”mixing of ‘surface polari-
tons is correspondingly large. Ihué,~even thoughvﬁNL-iS'nonvanishing
. only in a very thin layer near the .interface, ﬁhEineld generated may: be
readily observabie; That ?NL can be‘greatlybénhanced through enhéncementv-
of pump field intensities via su;face polariton excitations makes the
study of nonlinear optical effects on.surfaces Qery'appealiné;
- The output field of surface polariton mixing is .again governed by
the wave equation in Eq. (15). .Actually, the'genéral solution of Eq.
- (15) discussed in. the prévious section isrs;illrvalid.'.COnsider"the.casé
-where theuéurféce polaritons can be well approximated as being confined
to a single interface at z = 0. -Then,’?NL(m,Es) can be written as

‘ ' . ik _s-wt)4o 2z
'?NL(m,KS) ?5%?@ - Sx ° forz<oO-

SNL i(ksxx-wﬁ)-oTz

=.9T e . for 'z > 0. (23)

If ké* EEK}'((m), the surface polariton at w can again be resonantly ex-

‘cited by'gNL(Q,ES).: This corresponds  to a'phase-matched'genération of -
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surface polariton by mixing of surface polaritons. With all waves in-
volved being surface waves, we have here a true surface nonlinear optical
effect. The wavevector component k;x'can also be less than the bulk
wavevector ko (or/and kT)' In this case, the output is a bulk wave with
" its direction of propagation defined by the exit angle 8 = sin_l(ksx/ko)
with respect to the surface ﬁormal. )

More generaliy; one can consider the problem of optical mixing of
.-surface polariton§ with bulk waves. Since some of the pump fields are
- surface waves, fNL(mgﬁg) inducéd is again confined to a thin layer near
the interface.‘quuation‘(lS)-andaits solution discussed in the previous
"section are clearly also applicable to such a problem.b The output can be
either surface polariton wave or bulk wave depending on the value of k;x'

C . .
ITI. Nonlinear Excitation of Surface Polaritons — Experimental Demon~
stration

‘That surface polaritons can be excited by nonlinear bpticél mixing
" has been demonstrated énfsemiconductor su'rfaces.a’s In.semiconductors,
two types of polariton reststrahlung bands may appear: . phonon-polariton -
and exciton polariton. . The dielectric»constant in the reststrahlﬁng band
.may become more ﬁegativebthan ~1, and hence, according to Eq. (11), sur-
face polaritons can exist, at least at the air—semiconductor interface.
Many semiconductors possess large second-order optical nonlinearity. It

is then possible to induce a second-order nonlinear polarization 3(2)(w,'

=

ﬁs) in a semiconductor by sum- or difference-frequency mixing. If ksx

K;(w),-the surface polariton will be excited.

We consider first the nonlinear excitation of surface phonon-polari-
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tons at the air-GaP (110) int‘erface.4 “The infrared dielectric constant

of GaP in the frequency region around the 367—cm—1 transverse phonon

mode isl4

cew) = e+ wi/(wé - wz - inT) | (24)

r = 367.3 e, wi = 1.859 wl, and T = 1.28 em. In

' .a narrow region with w > wT, we-find -e(w) < ~ 1. Surface polaritons

with €= 9.091, w
- can then.exist. with a dispersion relation

. | 2 " 2 2 . . ‘
'-(Kx. +1 KDT = (w/e)7e/(1 +€) : (25)

plotted in Fig. 4. To demonstrate the nohlinearvexcitgtion of surface
.polaritons on GaP, we used the experimental:setup shown in Fig. 5. A

- Q-switched ruby laser pfovideditheﬂwl-beam atfl4403-cmfl.'-1t was then

also used to pump two dye laser systems to provide beams3at‘w25and,w3-

In the experiment, wy was fixed-at 13333 cm_lswhilé*mziwas tuned. between

14006 and 14035'cm-1. The ml and wz’beams were used to excite surface

3 beam to probe the excited surface polaritons

“Let %, y, and z be the crystal axes along [100], with z Il ¥ and x and y

polaritons, and the .w

-at “45° with respect. to the surface normal z. ‘We polarized the incoming

> — . 5 o =
R = . -~ 2 = . . i
1 apd w, as E =2 El’ and E2 x E2 (x+ y)Ez/V27 Then,

the induced nonlinear polarization in GaP was

fields at w

B =x(7 =y - 0k B, L e

RS T 1
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. O N » _
- with ks = kl k2' By adjusting the angle between 0y and w, beams, ksx

could be varied from O to nearly (kl +’k2). In our experiment,‘w = Wy -

1

was fixed in the range between 368 and 397 cm = where surface polari-

“2
tons can exist, and ksx was then varied around ksx = K;(m). It is, of

course, ‘also possible to fix k and scan w = w, - w, to make k =
: sx 1 2 SX
k K;(w) for surface polariton excitation. The generated surface polariton

field should have the form of E described in Eqs. (22) and (21) with

SP
the subindices 0 and T referring to GaP and air respectively, ng =0,
=‘ » — A + 1 + . 11 . !‘ s
CEq . 1, and (aosz_+ koz) « ( kx Kx_ i Kx) Je find
_ A - NL
&px = T3k +1 & Pox
x & %
& = [k. (k_ k _+k>)/k (k_ ko -k> /e)]& - (27
Tx Tz osz oz oz oz osz Tz 0z o' Rx - »
where
o R N ete L 2 w2 a2v e o 12
A -[Zn(koz. eosz)/Kxeo(l ‘eo)(kos 1ko)](€ k k k)

o osz Tz 0z

Ak =k - K'.
Txx x®

It is seed that the geherated*SurfaCe-polariton intensity (& |ESP|2) as

a function of the phase mismatch Ak  is a Lorentzian.
To demonstrate the presence of the .generated surface polariton, we
> =~ . :
used the wq beam as a probe with E3'along z |l y. Optical mixing of the

probe beam with the surface polaritons in GaP also induced a second-or-

der nonlinear polarizatiom
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>NI1, _ (2) _ _ . %k ~ %k
Po (w4) = Xy4 (w4 = W, w)[x &Rz + 2 8Rx]&3

x exp[i(k3x - kx)x + (1 k3z -780)2 - w4t] (28)

where Eg is the wavevector of the probe;beamvin GaP. As expected from
Eq. (28), the output generated by ?NL(m4) should have TM polarization

and should be coherent with itS_direction fixed by the phase matching

>

‘relation k,_ -k, =k, -k, or equivalently k, = §3 - (ﬁl - kz)..

1x - 2% 3x . T4x 4
This was~actually—observed in the experiment. The output intensity can
bé‘éstimated'from“the general solution*for.ﬁ(mA)'in Eqs. (16a), (lé6c),
‘and (21), and should bevproportionai to 1§§L(w4)|2.
2 «(2), ‘
)l =lx( )(m4 =y

4

oy o (B
Tgatk) = |75"@w 3

-; > 2
- w)EwE @

' k-
* Z;Efi"gﬁi=lez?(“4f*@3 - @)sz)(w =g mep) E1E2E3‘.2'
X X ‘ | , (29)

This explicitly éhowsn;hat the output signal versus-Akx should be a Lor-
‘entéian-with its peak at L\kx-'A= kx,— K;(w) =-0 and its-half-width equal to
K;,' The experimental results couldiindeed be fit by qu (29). Typical-
examﬁles are;giveg in,Fig.'G;} Frbﬁ the observed half widths of I(mA,Ak#)
at.variQUSJw,-we'deduced‘K;(Q) éndtK;(w),-as ié presented:in Fig. 4.
They are in‘good agreementrwith_the theoretical curves calculated from
'thé:dispersion relation of Eq. (25){”.The attenuation coefficient'K;(w),

is ‘more sensitive to the frequency dependence of €(w) than K;(w); The

" .'dashed curves in Fig. 4 were calculated with e(w) derived from a multi-
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oscillator model of Barker15 instead of tﬁe single~-oscillator model used
in Eq. (24). The experimental results seem to agree better with the
multi-oscillator model. Towards small K;, the measured half width of
I(w4,Ak¥) in Fig. 4 appears to have alimiting value. This was because
when K; was very small, the observed width was dominated by the fini;e
- spread of k of the laser beams, With a 50-KW peak power in each of the
three laser;beams, thé peak oufput was about 0.1 uW‘ét w = 380 cm—l,
compared to a theoretical prediction of 0.27 pw; |

Nonlinear optical excitation of surface eXéiton—polaritons has also
been demonstrated_using ZnO.5 In this case, because excitons only exist
'at-low.temperatu;es, surface exciton-polaritons also exist only at low
temperatures. In fact,; this makes ﬁhe linear excitation of surface ex-
citon-polaritons rather difficult;6 since the Otto method witﬁ criticél ‘
| adjustment of.prism spacing from the surface required for optical coupl-
ing -is not easy -to carry out-in a helim cryostat. Nonlinear excitation
by optical mixing, however, byp#sses such difficulty.

Zn0 is a uniaxial crystél. It has three prominent excitons, A, B,
" and C, near_the.band edge. - We -consider here phly'surface polaritons as-
“sociated with'ﬁhe C-exiton. Because of anisotropy of ZnO, the surface
wpolaritbn dispersion'relation,for the ZnO-air (6rvliquid heliuﬁ) inter-
rfaceiin the C—e#citonvrestsﬁrahlung baﬁd-bétweenr3.421-and 3.427 eV is

. 'somewhat different from Eq. (11) and is given by17

2 - w2 ETeox(eox B ;T)
®=(2) 2 o (30
v £ € - £
0X 02 T

X

with ¢ <_Q»and's‘bz >-£T.°r §bz'< 0. 'If the Zn0 crystal is»orientgd

bx



21 LBL-11358

with its c-axis in the surface along x, then since the electric dipole
transition for the C-exiton is only allowed for polarization parallel to

the c-axis, we have, in the reststrahlung band of the exciton,

2
(Eoo - t;‘°“)m'1‘

ox % (wz, - 'm',i) + iwl

= ’ 31
€oz = oo (31)
following the single-oscillator model and neglecting the -anisotropy in
. €,9» Where wT.is the transverse exciton frequency, ' is the damping con~
'stant, and (eoo - €, ‘is proportional to-the exciton oscillator strength.
By.fitting the expérimental dispersion curve with Eqs. (30) and (31),

the constants €., ed, w., and-T can be determined.

T
- The surface exciton—polari;on here can be éxcited by.suﬁ;frequeﬁcy
.. mixing, "or more Simpiy, by se.cond—harmonic»ge'nerat'ion.5 The actualvex—
'périmental setup used for the observation was shown in Fig. 7, and was
. much simplef than that. for -the case of GaP. ' The sample -was immersed in
'superfiuid helium. To excite the sﬁrface polariton aﬁ w, “the dye:laser

frequency was fixed at w_ = %w, and the beam direction was varied to vary

1
.'k* ='2klx around[K;(w);i Tﬁe excited surface polariton’couidfaggin bei
probed_chroughimiging with -a ‘probe beam. However;'in'the~pfésent:case,
since.uvkphotonS'can'be easily detected, the:excited surface polafitons
‘could be observed through surface‘roughness scattering eveh though the
.~ scattering efficiency is uSually‘sﬁall'forvrelafively-smooth surfaces;

Therefore, as shown in Fig. 7, the excitation of ‘surface polaritons was

monitored simply by a single photomultiplier.
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In the experiment, incoming wave of either TE or TM was used. 1In
the former case, the induced second-order nonlinear polarization in ZnO

had only an X component

) = X§i)E§(m1). o (32)

In the latter case, the x-component of ?NL(w) dominated

31 "z 3

W) = D) + x P w). e

"The.sﬁrfaCe'polariton field generated by ?ﬁL(w) caﬁ-again be>calcglated
from.Eqs. (22) and (21). For a 30—nséc input pulse with 50 KW peak
power foéused to a ~ 50 Hm spot; the surface polariton intensity should
correspond t:o l08 photons/pulse. Experimentally, 104vbhdtons/pulsé was
observed, éuggesting that the surface roughness coupiing efficiency was
" about’lO-Q. |

»pAs in the. case of GaP, the surface polafiton,inteﬁsity I(w) versus
Akx?= kx -'K;(w)-should be .a Lorentzian. This is seen by the fit to the
~ experimental data in Fig. 8.‘ The.values of K;(m) and K;(w) dgduped from
‘the fit is plotted.invFig._Qf»:A leastvéquare fitting‘of these data
. points with‘Eqs; (30),énd (31) yielded oo = 6115'i 0.0i, wr = 3.421 eV,
-.so = 6.172 + 0.01, and T ¥ 0.25'i 0.05 meV. - They can be compared with
the following values reported in the literature. €00 = 6.15, Wp = 3.4213
ev, €y = 6;188,vénd I' = 0.5 meV. |

It is interesting.té»note that although the data in Fig. 8 appear

‘to be quite scattered, .the accuracy of determining K;(w)-from the results
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is excellent. This.is because the uncertainty 1is only * K;,‘and here
K;/K; ~ 10—2. Excitons in ghe uv are known to be fairly critically de-
pendent of the surface condition. With nonlinear excifation; surface .

- exciton-polaritons can be studied without further surface perturbation
aside from original'sampie'preparation. This is a clear advantage over
the linear excitatioﬁimethéd.f-Then; the nonlinéérvexcitation method. can,
in principle, aiso be used t0»study'surface-exéitOn—polaritons under

' specific'surfaée perturbation.

Unliké linear excitétion,.the3nonlinear¥excitaﬁion.methodvhas‘the
advantagé'that it éan'be_used to excite and study surface pdlétitons at
the interfate”of two semi-infinite medié. of courSe; the same method
' éan also ﬁe uééd'fo‘stddy'surface'polaritonsrin layered media. In:fact,
“with nonlinear e#citatioh, it may even be possible to'éxcitexsurface-po-'
laritons at an inner interface that cannot be reached by linear excita-

tion.

Iv. Second;Ha;monié.Genefation.byuSurfaceiPiasmons
The dielectric constant of a metal is negative below the plasma fré—v

quenéy. Surface polaritons can theréfére exiét at a méﬁal-dielecttic

interface. They afe_usuaily.called.surface plasmons.;  Ifrtherdielec£ric

~medium ié-anisotfopic,'thé surface plasmon dispersion relation is.given

by
| ‘ e g, (g = &)
K = (8) A | 34)
. . EZ_LS" - Em .

where ey < 0 is the dielectric constant of the metal with ei‘> € e and
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g > 0 and 8” > 0 are respectively the dielectric constants of the dielec-
tric medium perpendicular and parallel to the propagation direction of

the surface plasmon. If the dielectric medium is isotropic, Eq. (34) re-

duces to
2 _ w2 €nt : v
Ko=) vy (33)

Usually, the Kretschmann method of Fig. 2b isvused'to excite surface
ﬁlasmons; The metal medium is simply a film of a few hundred A sand-

" wiched between the prism and the dielectric. The surface'plaémon-excited
is confined more or less fo the metal-dielectric interface. - Its disper-
sion is sohewhat different from that for two semi-infinite media, and in
fhe case ofviéotropic dielectric, 1is given by Eq. (9). However, since
the metal film can be regarded as optically thick, Eq. (34) or (35) is
actually é véry good apprdkimation of the true dispersion.‘

- With an appropriately chosen metal film thickness in the Kretschmann
geoﬁétry, the surface plasmon can be optimally excitedf A‘sizable-frac;
tion of the exciting beam powér'is coupled into the‘surface‘plasmon,land
hence the surface plasmon iétensity'is greatly enhanced in comﬁarison
with thé incoming beam_intensity. For example, thevenhancemeﬁtjobserved
in bractice'can be ~ 400 for a silver-air interface and ~ 100 for a sil-
ver-dielectric (¢ ~ 2.5) interface. The'stroﬁgly'enhanéed intensiéy fa-
ciliﬁates the study of nonlinear optical processes at the interface.

- The simplest nonlinear optical process is the seéond harmoniec gener-

~ation. It was first demonstrated by Simon and coworkers at ‘the silver-

R ; 6 . '
air interface.  The theoretical treatment of the problem follows the
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general formalism in Sec. II. First, the fundamental surface plasmon
field obtained from linear excitation is calculated. Then, the second
harmonic output is obtained from the solution of the wave equation dis-
. . . , . . 3NL. ' .
cussed in Sec. II with an induced nonlinear polarization P (w = Zml)-ln
‘the silver metal as.the driving source. Since metal has inversion sym-
INL . . , . .
metry, P (w) arises only through - electric quadrupole and magnetic di-
pole contribution and is rélatively Weak.8 From symmetry consideration,

it can ‘be written 358
P =) =a@) - DE e - EDE +yE < B (36)

where:d, 8, aﬁé'y ére constant -coefficients. The first Eworterms afe of
eleétric—quadrupole origin.  Since they depend-on Spatiai'variation_of
the fundamental field fl,vin uniform metallic media, they are only non-
vanishihg near the surface within the Thomas—Férmi screening length, i.
e;,'withiﬁfone-or‘two-atomic layers ‘thick.. In.fgct,tthey-cénabe regarded
és arising from electric—dipole nonlinearity of -the surface. atomic 1ayer$
ﬁhat do not have inversion syﬁmetry. The last term of Eq. (36) is of
magnetic dipole origin, and is nonvanishing throughbutithe'bulk.i However, -
it . is usﬁallyvnegligiblefCOmpéred.with the,eléctriC'quadfupole.terms. A
single layer of atoms without inversion symmetry alrgady has'a second-
order-nonline;rityvmuch'1arger tﬁan that of the mégnetic—dipole contribu—
tion frém a hundred ‘atom layers.penetrated by.the exciting field, as evi-
deﬁced:by the investigation of Bloembergen et al.

Eﬁén-though_ﬁhe nohlipearity is' rather weak;"second'harmonic gener-

ation by surface plasmons at the metal-air interface is readily observ-
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able with the setup in Fig. 10.6 Thé results generally follow the theo-
retical predictions of Sec. II. In particular, for copropagating funda-
mental surfaée plasmons, the second harmonic output is a coherent beam

with its propagation direction specified by 2k._ along the surface and

1x
its polarizatioﬁ being transverse magnetic. For counter-propagating
fundamental'surface plasmons, fNL(w) has a zero wavevector component along
the surface. The second harmonic output should then be propagating élong
the normal of tﬁe surface;18 F;pm symmetry, however, the component of
?NLfm) of Eq. (36) perpendicular to the surface normal is zero, and hence,
no output can be observed;lg - By Qarying the angle between the two propa- -
'gating,éurface plasmons, the coefficients a, B, and y in Eq. (36) can in
- principle be determined'from the observed second harmonic signéls.
The second harmonic output can be greéatly eﬁhanced if air is re-
- placed by.a'nohlinear~crystal in the gbove case.7 The nonlinearity is
now dominéted Ey the crystal insﬁead.of the metal. For.a‘éuartzfmetal

(2)

inﬁerface,:for example, the nonlinear*sﬁsceptibility X for quartz is
one order of magnitude larger than the effective x(z) for metal, so that
vthe optput'is two .orders of mégnitude stronger. Thén, the symmetry of
;(2) fqr quartz is aiso different from that for metal, leading to a dif-
ferent output ﬁolarization,‘even though the output beam direction is
still determined by the wavevector component of ?NL(Zm) along the sur-
face. As a special casé, consider the second harmonic generation by
.counter-propagating surface plasmons.at a quartz-silver interface18 with

the quartz A-axis oriented along X and the b-axis along z. The induced

.nonlinear polarization in quartz is
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28.2z-i2uw,t
INL _ ~  (2) % - + .- 1 1
P X Xll (&lx&lx - ((;lz&;lz)e ' (37)

Where.§; and gI.are thé figld amplitudes of the forward and backward fun-
damental waves respectivelf; Sincé‘ﬁgL(w) along x is nonzero, the second
'hérmoﬁic output along the surface normal Shouldwbe observable. This‘is
indeed the case. Using the experimental setup in Fig. 10 with the coun-
tef-propagating‘beém»prévided'by'mirror reflection;,Chen'et al-.18 observed
the second harmonic output aleng thevsﬁrface normal. The output béam was
highly directional with a beam spread of.,~ 1 mréd. The output intensity
as a functionvof the incidence angle of ‘the exciting laser beam ié shown
in Fig. 1lf The observed maximum occurs at‘the angie where  the surface
plasﬁons-weré:optimally éxcitéd,fand ﬁhe'width of cﬁexpeak is approki—
- mately the width of the surface piasmén resoﬁance observed infthe‘linegr
reflectibn.curve,»similar.to the onebin Fig. 3. The.éxperimegtal resqlts
were in'Qery good agreement with: the theoretical‘calculationﬂfollbwing
Sec. II, as shown in'Fig.'ll!' Even-che,abs§1Ute:output power agreed well
with the prediction'ofﬁETw)'=]5;x‘lO—ZSE’+(wi)lP_(wl)/A»iﬁ cgs units,
Qhere A is the beam overlapping area at thé'interface.

vIn:Fig; 12;'a typica1 dispersion curve of surfécelplasmons at.a
metal-air or_metal;dielectric (tfanspareht)'iﬁterface is shown. It is
' ISéen that;lK;(m = Zmi)l > i2K;(w1)|;fandrtherefore;_bhasefmatched~second
harmonic generation of surface plasmons-by'surfaceuplaémbnS»is clearly

impossible. In the case of‘a.singleSexciting laser beam, if the'angle

- - of ‘beam-incidence is varied to vary klxgﬁthexsecondlharmonic output

should exhibit two separate peaks.7 An example is shown in Fig. 13 for
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an aluminum—quartz-interface with Nd:YAG lasér excitation.zo The first
peak at smaller angle corresponds to the linear excitation of the funda-
mental surface plasmons, while the second peak arises because of nonlin-
ear excitation of the second harmonic Suffaﬁe_plasmons. Since the second
harmonié output 1is proportional to thg square of the resonant excitation
profile of the fundamental, but only linearly to that of the second har-
monic, the first peak is much sharper and stronger than the second one.
The difference becomes larger when'K;(w) - ZK;(ml) inc;eases. In Fig.
v13,'the éxperimental results for the Af-quartz interface“are in gobd.ac-
cord with the tﬁeoretical'calculation. Simon et al.7 first studied se-
cond-harmonié'generation‘by surface.plasmons at a.silver—quaftz interface.
The surface plasmon dispersion between 1.06 um and 0.53 um is appreciably
stronger in this case, so that K;(m) '.ZK;(ml) is larger. Consequently,
_the second'peak is expected to be 5 orders of magnitude lower than the
first.peak ih a similar plot as Fig. 13. Then, because of iﬁterférence
froﬁ secdnd harmonic:géneratiOﬁsin the. prism, they were not. successful in
- observing the second §eak experimentally. Wifh TE laser-excitatioﬁ, no
fundamental surface plasmon can be excited. However, through the nonlin-
earity of the quartz, the'second harmonic surface plasmons can be n;nlin—
: ;arly‘exﬁi;ed.' In this case,‘only‘ﬁhe'second peak in Fig. 13 should be
.observed. - This has~als6 been-demonétrated‘experimentélly.zo

Third harmonic generation Byusurface'plasmons at a metal-dielectric
_interface can also be-obsérvéd.19 The discussion closely follows that
for‘secondrharmonicvgeneration;' The effect of resonant excitation of

fundamental surface plasmons can again be easily seen.

© " 'Experiments of harmonic generation by surface plasmons have so far
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been-carried out &ith visible lasers. On the other hand, the same pro-
cess in the infrared may be more interesting. First, the atténuation
constant K; of the surface plasmons is Or&ers of magnitude: less in the;v
infrared. Then, the surface plasﬁon dispersion is also much less in the
“infrared so that phase—ﬁatchiné of harmonic generation of surface plas-
mons_by surface plasmons\(K;(w) =_2K;(ml)) can be approximately satis-
fied; Thé harmonic output can then be greatly enhanced, with the possi-

bility of efficient generation of a guided infrared surface wave -at a

new frequency.

V. Surface Coherent AntiSﬁokes Raman»Spectfoscopy
. Third-order nonlinear dptical processes with surface plésméns

: should‘in'éeneral be’readily~observabie; especially'ifiphaée—matChingv

‘can be achieved and=thevnonlinear susceptibility shows a resonant en-
C hancemenﬁ.“ Thus,‘one'expecﬁs that :coherent antiStokes Raﬁan'9cattering'
(CARS)}at'a metal-dielectric interface can be easily observed if both.
 input aﬁd 6utput are.surface plasmon’s‘.21 'The nonlinearity.responsibie'
férvfhe pfocess usually arises from the dielectric medium, and therefore,
-the resonance enhancement of the. nonlinear susceptibilityF;(3)-is an ex-
plicit display of the Raman resénances-of the dielectric medium. Phy-
'»sicaIlYQFSUrface'CARS‘can also be ﬁﬁderstood as a two-step process. Two,
,surfacé plasmon waves athl.andEmz with wavevectors'(ii)"_= ﬁi(wi) and
(ﬁz)" =f§i(g2) interact-ﬁonlinearly at the‘interface via the.nonlinearity-
of the mediuﬁ, where Kﬁ(m) desgribés the sﬁrface plasmoﬁ-dispersion.
'They~first beat with each other and coherently excite a Raﬁanxresonance

of -the medium at Wy Ty W th.a wavevector (kl)”._ (kz)” .Then, the wy
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wave also acts as a probe beam and mixes with the material excitational
' wave to generate a nonlinear polarization, and hence a coherent output,

: . . . . >
at w, = Zml - w, with a wavevector component along the interface (ka)" =

2(Ei)" 4'(§2)“. Clearly, the output should be a maximum when (wl'- wz)
-is exactly on:resonance;(wl —'wZ

that the antiStokes surface plasmons at w are resonantly excited (or in

=_mex),.and when (ka)" = &i(@a) such

other words, generated under the phase<matching condition).

22 if the surface plasmon fields are

~As in the case of bulk CARS,
ﬁ(ml)‘and E(mz),:then the nonlinear'polarizatidn induced iﬁ the dielec-
tric is
NL _ (3 . _ LN > >k
B (wa) = x (wa 2wl mz)oEl(ml)El(wl)Ez(wz) (38
where the nonlinear éusceptibility can be written as the sum of a reson-

ant part and a nonresonant part.

$Pwy =3P 5

= + XNR
Ce3) _ A |
g = [(wl - wz) - wek] +1ir * 7 (39

With 3NL(wa) in Eq. (38) as the source term for the coherent output at -
W, > the theory formulated in Sec. II can again be used to describe sur-

face CARS. Since the output is proportional to ]?NL(mé)lz, and hence

12, it should clearly exhibit a resonant enhancement when (wl -

Ix(3)(ﬁa)

w2) approaches Woye The output should also be greatly enhanced if first,

the input surface plasmon fields El(wl).and,gz(wz) are enhanced through
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resonant excitatibn (using the Kretschmann geometry), and then the out-
put surface plgsmon is also resonantly excited by having Z(Kl)” - (KZ)H
E?K'(wa). We note that in this case, even though it is a third-order
effect, and ﬁNL(ma)'only exists err a very thin layer at ;he interface,
" the output may still be easily detectab1é simply because |§NL(wa)|’can
‘be unusually large throughvthe surface'plasmon enhancement of the input
fields. |
Experimeﬁ;alvdemonstrationgof:surface;CARS-has-been carriedvout by

21

Chen et al. ‘The setup is shown in Fig. 14. A'Q—switched ruby ‘laser

pumping a dye laser system_wag ablé-£6 deliver two® beams at Ql andez,
each with 20 mj/éulse and a linewidth <1 cm !, The beams excited the
~surface -plasmons:"through .the prism“couplef,:’Theit directions could be
adjusted to vary (Kl)" énd'(ﬁz)"-ahd phase-matched generation of anti-
Stokes surfacé plasmons was pbssible-with'Z(Kl)"t; (EZ)"’z_gi(@a) as
sketched in Fig. 14(b). _Surféce CARS and bulk CARS signals were simul-
taneously‘monitéred. kThe latter was used EOr’frequency calibrationuaﬁd
normalization. | | |
Figgre»ls.shows the results of ‘antiStokes output vefsué-(wl - Qz)
with benzene as the.dielectric medium. The resonant peak here corre-
sponds"to.vt:l'le-9924c'm'_l Raman mode:of. benzene. The peak is: slightly asym-
: 3 . T _
NR

metric, indicating- that x is non-negligible. ' The theoretical curve

in the literatures. It is seen that the agreement bétween theory:and

in-Fig. 15 wés derived using the knownvvalués-of-x

experiment is excellent. That surface CARS can be used as a spectrosco-
. pic technique is then obvious. The signal-to-noise ratio detected was

very good. At the peak, with 10 mJ/cmZ;pulses'ofu3O—nsec pulsewidth,
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‘the output was 1.5 x 106.photons/pulse, thch was also in good agreement
with the theoretical estimate. Since in surface CARS, the output is es-
sentially originated from fNL(ma) induced by the surface plasmons in a
-very thin layer (of the order of a reduced w5velength A/2m) at the inter-
. face, thé coherent antiStokes signal is not expected to decrease éppre-A
ciably if'iﬁstead of a semi-infinite dielectric meidum, a ~ 1000 A dielec-
tric overlayer on the met31 surface is used. . Thus, surface CARS should
be most useful for Raman spectroscopic study of overlayers.

As we mentioned earlief, the output also depends critically on the
v resonant'excitation of surface-plasmons. This was demonstrated experi-
- mentally by simply rotating the ptism'assembly about the §—a#is in Fig.
14 with respect to the incoming béams; The rotation changed (El)” and
(ﬁz)", which caused a variation in the resonénce conditions of the linear
and_m .and also the nonlinear

egcitation of the surface plasmons at 0y 2
excitation of the surface plasmohs at ma.'»Asrshbwn in Fig. 16, the out-
put falls rapidly away from the angular.position for optimum excitation
of all surface plasmons. . The experimental’data'agreed well with the
theoretical calculation. In a separate experimenf, the surface plasmons
_at 0y and w, were-alwaysvbeing optimally excited, but the phase mismatéh
..Ak“ = IZ(ﬁl)" —'(Kz)" - ﬁi(wa)l.for the.resdnant excitation of the sur-
j'face plasmons at W, was varied. .The output versus Ak” sﬁowed a Lorentz-
ian-line centered at Ak".= 0 as expected. :O;her theoretical predictions:
for surface CARS were also experimentally verified. "For example, t?e
output had a TM polarization characteristic of surface plasmons, énd it

disappeared with TE-excitation. It was also found that the output .depen-

" dence on the idput laser intensities was Iz(wl)I(wz) as predicted.
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Aside from the large induced nonlinear polarization and small field
pénetration depth into the dielectric medium at the interface, surface
CARS also has the characteristics of a-highly directional'output as deter-
mined by (K;)“ and a short infefaction-length, -The~lést aspect results
from the high attenuation coefficient Kﬁ of the surface plgsmons in the
viSiblé. vapiéally,‘the'attenﬁation length is & = llKﬁ ““lO-umqur.sur-
face plasmons at a silver-dielectric'interféce. Ihgiinteraction length
in surface CARS is thefefore*only-of the order of 10.pm. .This.strong
-attenuation is the cohsequence-of the large imaginary part in the metal
dielectric constanﬁ. The absorption of the dielectric medium will not
change,KH appreciably aS'long as its corresponding bqlk attenuation. -
'tlengthiiS’not'much shorter than 10 um. Consequently, ﬁhe:antiStokes out-
put will not be seriously affected by‘the strong absorption of the dielec-
tric medium.‘ This was actuélly demonstra't'edﬂexperimeﬁtally.19 -The. short
" interaction length together with the highly directional.antiStokes output
makes surface CARS paréicularly suitable for spectroscopic'stqdy of ma-
© terials with strong absorptionland luminescence. Since the output comes
. out from- the prism sidé, the luminescence background is further reduced
by the shielding of the metal film separating the prism from thé dielec-
tric.

ER 8 - is.interestingvtovéstimaté the ultimate-sensitivity surface-CARS
.can have for detécting molecular overlayers. "As we discussed: earlier,
.ﬁhe output increases with the input laser intensities as I?(@l)l(wz).
~It then seems desirable to focus-the~exciting:beams on. the surface as

tight as poséible even though the signal'is also inversely proportiomal

to the excitation area. The maximum laser intensity is, however, limited
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by thé optical damage on. the surface. Since the damage usually has a
fluence threshold rather than an intensity threshold, the maximum laser
intensity can be orders of mégnitude higher if piéosecbnd’pulses instead
of nanosecond pulses are used. Thus, we expect that the ultimate sensi-
-tivity.of surface CARS can bé greatly improved by using picosecond pulse
excitation. Aé an example, we consider surface CARS on a silver-benzene
interface. Tﬁé,maximum laser fluence the silver film can withstand is
around 25 mJ/cmz. It is therefore safe to use 1l0-psec pulses with lO"
uJ/pulse‘focuSed to a spot of O.iS mmz. From the experimentél results
with Q-switched pulses, the output from surface CARS was eétimated to be

S~ IOAZBIPZ(wI)JP(mZ)T/AZ photons/pulse; where the inpﬁt powerslP(wl)
-.andIP(wz) are in ergs/sec, T is the pulsewidth in sec, and A is the beam
,overlapping in cmz. Then, with the 10-psec pulses, the output signal
 can be ~ 1011 photons/pulse. - Reduction of the pulsewidth to 1 psec with
- the inpuc:pulse*energy kept unchanged will increase the signal by another
two orders of magnitude. We recall that in surface CARS, the signal
mainly coméé from the nonlinearly induced osciliating diﬁoles in a sur-
-face layer of ~A/2rn. thick that contéins several hundred atomic or mole-
cular layers. I1f we now have.only a single monolayer of molecules on
silver, the antiStokes.output, being coherent, is proportional to the
square of the number of moIécules,radiating,_and therefore, should de-
crease by a factor of 104 —‘105. Even so,.the signal is still as large
‘as 106 —-107 photons/pulse and should be easily detected. ' Thus, we cbn—

clude that surface CARS should have an ultimate sensitivity of being

able to detect submonolayers of molecules on metals.
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VI. Concluding Remarks.

We have seen in this chapter various different cases of nonlinear
wave interaction involving surface,polaritoﬁs: generation of surface
pélaritons by mixing ofvbulk'waves and By:mixing-offbulk and surface
waves, generation of bulk waves by mixing of surface polaritons and by
mixing of'bulk and surface waves, and.wéve.mixing with all input and
output waves being surface polafitons. As presented in Sec.'iI,_they

can be described by the same general theoretical formalism. Second-or-

.der nonlinear optical processes with surface'polaritons are strong only

if one or both'media at the interface lack ‘inversion symmetry. - If both

media have inversion symmetry, the processes become much weaker. How-—

»evar;fthey-may be more.interesting from the surface physics point-of

view, since in.such cases, the nonlinearity may be dominated by the few

atomic or molecular layers-at the interface. Then;. the second~order ef-

»'fects.may'be:uSedlas pfobes to .study the physical propertiés of these

- surface layers.

The third-order nonlinear processes involving surface polaritons.

are generally'weaker"than-the7second—order processes. - They can, however,

_become fairly strong when the ‘relevant nonlinear susceptibility undergoes

< a resonant enhancement, - Thus, with picosecond excitation pulses, surface

CARS can-have'a'sensitivi:y'ofidetectihg a. -submonolayer -of molecules ad-

~sorbed to-the surface, and. may become a very useful technique for spec-

troscopic. study of . adsorbed molecules. The latter is an important .prob-
lem in.surface physics. -Electron .loss spectroscopy ‘is at present common-
ly used for measurements of vibrational spectra of adsorbed molecules.

It has only a resolution of ~ 100 cm—l, and is not capable of detecting
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small shifts in the vibrational frequencies‘due to weak bonding in adsorp-
tion. Surface CARS can have a resolution better than 1 cm-l, and there-
fore should yield more valuable information than electron loss spectros-—
copy. In addition,’with picosecond exéitatioﬁ pulées, dynamic - behavior
or adsorbéd»moleCQIes can also be'studied down to the picosecond time
‘regime. Applications to the detailed studies of adsorption process, mo-
lecular reaction, catalytical action, etc. should certainly be considered.

Resonant-surface CARS is another interesting area that is yet to be
investigated. The additional electronic resonance of the medium seen by
either or both inpﬁt waves should further enhance the output- signal, and
-allow the process .to be more selective in specifying the molecules or
vibrational modes. This is quite similar to resonant Raman séattering.
The resonant.éurface CARS is particﬁlarly attractive in view of the fact
that surface CARS is most suited for study of materials with strong ab-
sofptibnsand-luminescence..;CARS is, of course, only a specialrcésé of
the general four-wave mixing. processes. In general, sﬁrface four-wave
mixing with resonant excitation of materials should also be observable,
and can be used for spectroscopic study. For'example,.two—photon absorpF
tion spectra of molecﬁlar layers can certainly be obtained by surface
fQur?wave mixing.

Aside from opiical mixing, dther nonlinear optical éffeéts involving:
- .surface polaritons should, in principle, also exist. Stimulated Raman
scattering; for example, is one such effect that éhculd be :e;dily observ-
able. 1In fact, Heritége23.has recently reported the observation of stim-
'uiatéd Raman gain from a monolayer of ﬁolecules using bulk waves. If

-surface plasmons -are used .in the same experiment, the beam intensities
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at the molecules will Be greatly enhanced, andvthe Ramaﬁ'gain can there-
fore beborders of magnitude higher. The Raman gain spectroscopy is
another potentially useful method for study of submonolayer of.ﬁolecules
: on\surfaéés.

The Kretschmann geometry for linear excitation of surface plasmons
may. be most-ténvenientifor'study of-metal—dielectric interfaces, if cry-
stalline metal is not required. For other interfaées, however, the Otto
8eométfy may7be-morg,sﬁitable. Technical difficulties still exist-in
the'excitation of'surface'polaritons; especially'whenihigh'coupiing ef-
ficiency.is neededg'as in the case of study of nonlinear ihteraction'of
-Surfa;e.polaritons. "These difficulties can ﬁoéefully be overcome if

" more effort is devoted-to.the research of surface polaritons.
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Figure Captions
Electromagnetic wave propagation in a layered medium. - Incident
wave from z < zo propagétes along + z.

(a) Otto configuration and (b) Kretschmann ¢onfiguration for lin-

ear ‘excitation of surface polaritons.

An example of reflectivity versus incidence angle in the Kretsch-
mann configuration. . Here, the sharp dip indicates the resonant

excitation of“surfaée-plasmOnsvat>the silver-liquid crystal*in¥

‘terface (after Fig. 2(e¢) of K. C. Chu, C. K. Chen, and Y. R..

"' Shen, Mol. Cryst. Liq. Cryst; 59, 97 (1980)). .

4

\‘I‘

Dispersion characteristics of surface polaritons at the air-GaP

interface. (a) K; versus w, and (b) K; versus .w. . The solid

curves are calculated ‘from the single oscillator model using Egs.
(24) andr(ZS).. The déshe& curves are caléulgted from the multi-

osc¢illator model of Ref. 15.

Expefimental setupvfor nonlinear bptical.excita;ion énd detection

of surface polaritons. The inset shows the wavevector relation

for the nonlinear mixing process.

‘Examples of experimental data on I(wagAkk).versus Akx in the GaP.

case. The solid curves arevLorentzian used to fit the data.
Experimental seﬁup for observing second harmonic generétion of
surfacé exciton-polariton,on.an. The inset . shows the wavevector
relation.

Examples ofrexperimental results of I(w,Akx) versus Akx in the

Zn0 case. The solid cruves .are Lorentzian used to fit the data.
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Fig. 9 Dispersion and damping chéracteristics of surface exciton-
" polaritons on Zn0. The solid‘éurves are théoretical curves
~-calculated from Eqs. (30) and (31).
Fig. 10 Experimental'setup for observing second harmonic generation by
couﬁter—propagéﬁing surface plasmons.
Fig. 11 Seéond harmonic intensity.versuS'the incidence angle 6 (defined.
. in Fig. 10). |
Fig. 12 A typical-dispersion curve of surface plasmons.
~Fig.vl3 Second ‘harmonic output at the. quartz-aluminum interface as a
function of thevincidence‘éngle,!exhibiting:two separate ﬁeaks.
Fig. 14 uExéefimeﬁtal setup -for surface CARS’measurements. (a) the prism-
"metal—liduid assembly; (b)'waveVectbrsfin”the glass prism with
“their compdnents»in the x-y plane phase matched; (c) block dia-.
gram of thé-experimental-arrangement.

- . Fig. 15 -AntiStokes output versus w, - w, around the 9925cm-l‘Raman re-

1.
sonanceé of benzene. - The: solid curve is a theoretical curve.
"Fig. 16 AntiStokes signal versus the angular position of the prism as-

‘sembly about ' the ¥ axis (Fig. 14). 6 is the angle between‘beam

1 and the prism normal.
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