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In recent years, stimulated by the growing interest in surface phys-
ics, the problems of surfacé électromagnetic waves on metals and semicon-
‘ductors have attracted a great deal of attention.1 By definition, a sur-
face em wave is an em wave propagating along the surface with its inten-
sity decaying exponentially aﬁay from the surface as is schematically
shown in Fig. 1. Since the exponential decay lengths into adjoining me-
dia are of the order of the optical wavelength, the surface wave charac-
teristics are in fact mainly determined by the bulk dielectric constants
of the two media. Nevertheless, they are sensitive to perturbations on
the.surface. Thus, for example,.surface em waves have been used to de-
tect the presence of a submonolayer of absorbed gas on metals.2

Thé propagation of the surface em wave is of course governed by the
_ wéve equation together with the usual boundary con&itions.3 Consider,
for simplicity, two isotropic media bounded by an infinite plane surface.

The wave-gquation is
v ox (v x B) + (wPe/cD)E = §(w) @

where S is a source term for the i(m) field. With S = 0, the free wave

solution of the equation is

E = (i&:x'+ E&ZZ)exp(iKa ) in medium a

]

(i&gx + iﬁgz)exp(iﬁb . ?) in medium b

assuming both E and k are in the x - z plane (TM wave). The boundary
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cbnditions at the surface are

o o
= &
8ax bx _
k kb
o _ o ax\,0 _ _ x\,0
eaaaz a Ebgbz or a(k >8ax E:b(kbz>&bx (2)

_ — o2 2 .k - : _or2 02 5
where kax = kbx —-kx, and kaz = [ka - kax] iaa and kbz__ [kb kbx] =
- iab are both purely imaginary for a surface wave (see Fig. 1) if € and

€ 2 = wze /cz. In order to have nonzero éolufion'of'
b a,b a,b ,

. o 0 ' 3
&a and & , Eq. (2) requires eakbz + Ebkaz 0 which can be rewritten in

are real, and k

the form

ki - Ki = (wz/cz)[eagb/(ea + )] ' (3)

This is actually the dispersion relation for the surface wave provided

2 2 ' .
kx > ka,b or eaeb/(ea + eb) > ea,b' The latter condition can bg_satis-

fied if either e_or € is negative. If ¢ < 0, then |eb| must be larger

b b

- than € A negative dielectric constant exists below the plasma frequency
in metals or in the reststrahlung.band'of a solid. More generally, the
source term S in Eq. (1) is nonzero. If S oscillating at frequency w has
a wavé vec;or component along X equal to kx given by Eq. (3), then the
surface wave can be excited resonantly as we shall see later.

Since thelsﬁrface em wave is confined to the surface, it will not
leak out into bulk radiation unless the surface is subject to perturba-
tion or imperfection. This follows directly from the requirement of

matching of kx along the surface. Conversely, it is also impossible to
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excite the surface wave by shining a light beam of the same frequency
directly on a smooth surface. Thus, in order to study the surface wave
éroperties, various exéitation and detection methods have been devised,
namely, inelastic electron scattering,4 Raman scattéring,s and linear6
vand nonliﬁear7—9 optical excitation and detection.

‘In the linear optical excitation and detection, the coupling between
the;sﬁrface wave and the bulk radiation mode is achieved through perturé
bation on the surface. The so-called Otto method6 uses a prism to couple
the surface wave and the bulk radiation. The prism sits on top of the
surface with a small gap of the order of a wavelength. The coupliné is
established thrdugh the evanescent wave in the gap. A variation of the
ﬁethod is to use a grating deposited oh the surface instead of the prism
for the radiation coupling. In fact, surface roughness can be regar&ed
a§ a random grating and is therefore also effective in establishing the
" coupling, although_the coupling efficiency is rather sﬁall.‘ An alterna-
tive method due to Kreschtmann6 uses a film deposited on a prism: The
surface wave on the surface between the film and;the surrounding medium
_can be coupléd to the bulk radiation mode in the prism through the film.
Iﬁ these linear methods, the surf#ce-is clearly perturbed; consequently,
the surface wave becomes radiative and its dispersion'curve is slightly
modified. Such difficulty can in principle be avoided in fhe nonlinear
optical excitation and detection method.7"9 As we shall di;cuss hefe,
the nonlinear optical method also offers the advantage of being able to
measure directly the resonant frequency and the damping constant of the

surface wave,

In the nonlinear optical scheme, the surface wave is excited by
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beating of two laser beams at (Kl’ wl) and (KZ’ wz) which create a non-
linear polarization PNL (w = Wy * Qé) in, for example, medium "b“. This
nonlinear polarization acts as a source for the E field at w, i.e., 3 =
- 4n(m2/c2)PNL(w) in Eq. (1). The géneral solution of Eq. (1) with the
plane surface boundary conditions has been worked out by Bioembergen and
Pershan for the case of sum- or difference—frequéncy generation near a
" plane boundary;10 The.solution consists of two‘parts:'a particular solu-

N .
tion 8pexp(i§g . ;) with ﬁs =k, t ﬁz representing the driven bulk wave

1
. <> )
at w in medium "b" and a homogeneous solution 8éa)exp(i§a . ¥) in medium
-
"a" and &éb)exp(iﬁb . ¥) in medium "b". We have explicitly
> -1,2 2,~1f~ NL, 2 NL
- ) {x[- AR S SR
~r NL NL, 2 2.}
z[Px kxksz t P (ksz - kb)]}
E(a) } -4n(xkaz + zkx) [pNL(kz kﬁ) _
o 2 2 x s
(eakbz + ebkaz)(ks - kb) '
NL NL,,
v (kbz + ksz)(kssz N kxPz )]
2() _ bmla,, ¥ 2kJey Pl - -
o 2 2 X s
eb(e-akbz + ebkaz)(ks - kb) '
€
b NL NL :
(E; kaz - ksz)(kssz - kxPz )] . (4)

Two denominator factors appear in the above equations. As is well known,
. 2 2,
the vanishment of (kS - kb) corresponds to the phase-matched generation

of the field at w in medium "b". The other denominator factor (eékbz +
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ebkaz) is usually always positive if Ea and €, are both positive, and

b

therefore does not play any important role in the .ordinary sum- and dif-
ference-frequency generation process. However, as we showed earlier,
€ kB + e,k = 0 actually describes the dispersion of the surface wave

a bz b az

when either €, Or £ is negative. Therefore the vanishment of (eakbz +

e.k ) in the denominator of Z
b az

tation of the surface wave.

0 should correspond to the resonance exci-. -

More rigorously, since €, and €, are generally complex, we should

write

‘ . 2 _ 2 _ Voo "
eakbz + Ebkaz [(ea eb)/(eakbz Ebkaz)]zxx( Akx + in)

where

=
|

’

= K; + iK; = (w/c)[eaeb/(ea + eb)]l/2

! . ’ = v - t . .
Akx ksx Kx (;)

"Physically, Akx is the phase mismatch in the surface wave excitation,
Akx = (0, corresponds to exact resonance, and K; is the damping constant
for the surface wave. The excited surface wave with the wavevector com-

ponent kx along the surface has an amplitude
_(a,b) a1
&o ( AkX +.1Kx) (6)

'Since kx = klx * k2x is completely prescribed by the wavevectors of the -



- ~-7- LBL-8223

two input laser beams and can be different from the waveveector K; of the

2>(a,b)

free surface wave, we call Eo in Eq. (6) a driven surface wave.

In the complete solution, we should however also include the free
surface wave which is also a homogeneous solution of Eq. (1). Let the

free surface wave be

(a,b)
ﬁf

exp(iKx- a_ .z). Then the complete surface
p3 a,b .

wave solution is

(a,b) _ #(a,b) > . 3 ala,b) ) .
gsur g; exP(ika,b r) + gf exp(inx aa,bz) D)
Since gﬁa,b) is known, géa,b) can be'calculated.from the boundary condi-
tion along x on the surface. For example, assuming PNL = constant for
0< x < ¢ and I’NL = 0 elsewhere and assuming kx = K}'{ so that kaz = iaa

> 7
and kbz = 1ab, we find

glab) _ 4 ' : for x < 0
sur .

Z

1Ak x -K"xl 1K'x -
X b 4 X a,b
e e :

N .
= 8(§a’b)le for 0 < x<§g

- K"l] iK'x-K"(x~-2)~a ., z
x| X Tx

a,b

- e for x =2 & (8)

] g(a’_b)[eiAkxz
o
where we have neglected the reflection_of surface wave at x = 0 and £.
This result is quite similér to the resuit for sum- or difference-genera-
tion in the bulk. In the present case, however, the free wave contriﬁu-
tion is often negligible because of the large K;. Then, following Egs.
(6) and (8), the excited surface wave is given, to a good approximation,

by
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bz) for 0 Sx <2

E(a,b) « (- Ak + iK")_lexp(ik X -a
. Tsur X X b a

= 0 ' , _ othefwiSe '(9)

' The excited surface wave can of course be detected by the iinear op-
tical>coup11ng schemes we mentioned earlier, but it can also be detected;
by a nonlineaf optical method. In the latter method, a probe beam E3-x ,
exp(iﬁB‘-b¢) atifrequency.m is directed onto the surface excitation re-
gion to beat with’thé’excited'surfaée wave. The beating creatés a non;
linéér polérizatidn PNL(m4 =g & w3) in medium "b". It ﬁhen generates a

coherent radiating-field at w, in the phase-matched direction determined

4

by k4x = k; + k3x' Knowing the nonlinearity of the medium, the output

powgr at'w4 can easily be evaluated. This nonlinear detection method to-
gether with the nonlinear excitation constitutes a four-wave mixing pro-
cess. Thus, in short, we have here a special casequ the general four-
wave mixing scheme for studying resonance excitations in a medium.ll
Using either linear or nonlinear method to'deteCt the nonlinearly '
excited surface wave, the output power is proportional to IEsurIZ or

2 w2,-1
I« [(Akx) +K!7]

(10)
“which is a Lorentzian with its peak at'Akx = 0 and its half width given
by K;. Measurements of I versus kx at various w can therefore yield di-
rectly the dispersion characteristics K;(m) and K;(m) of the surface

" wave. Note that unlike the linear excitation method, the nonlinear exci-

tation method allows us to map out the w - kx space by varying w and kx
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. independently.

Study.of surface em waves using the nonlinear optical method has
been demonstrated in two cases.. In tﬁe first case,8.the surfacé phonon~-
polarifon which lies in the phonon reststrahlung band was probéd using
the ﬁonlinear exéitation and detection method. The crystal under inves-
‘tigatidﬁ was GaP. The output sdignal at w, was estimated to be of the
order of few tenths of a uW with 50 KW in the exciting and probe beams.

. The éxperimenfal arrangement is shown in Fig. 2, and typical data of I
versus Akx fitted with Lorentzian curves shown in Fig. 3.  The values.of
K;(w) aﬂd K;(w) deduced ffom the experimental results are presented in
Fig. 4 in éoﬁparison‘with the theoretical curves derived from Eq. (5).
The solid and the dashed curves correspond to a single;oscillator model
and a ﬁulti—oscillator model for the dielectric constant of GaP respéc—
tively. Deviation of the experimental points.of K;(w) from‘the theoreti-
cai'curves at smaller w is mainly due to the divergence of the focused
lasér beams which sets a minimum to the width of the measured resonance
peak. We notice thét if the damping constant K; did.nOt increase so ra-
pidly as w approaches the longitudinal phonon frequency and the laser
beams used had sufficiently narrow linewidths, then we would be able to
probe the dispersion characteristics of the surface phonon-polaritons
over akwavevector range from kx = klx - k2x ~'(w/c)eb(ml) to kx = (k1x +

K, )~ 2w /e)e, (u).

In the second case‘,9 the surface exciton-polariton in Zn0 was probed.
Since the exciton reststrahlung band of ZnO is in‘the ultraviolet, sum-
frequency excitation of the surface wave should be used. In our experi-

ment, we simply used one laser beam at w, to excite the surface wave at

1
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w = 2w .Then, because the surface always. appears to be somewhat rough

1°

on the scale of the uv wavelength, a certain fraction of the excited
'..surface ﬁavé is expected to be scattered out by the surface roughness.
Even if it is only a small fraction, the photodetector is so sensitive
viﬁ the uv that the scattered radiation can easily be detecﬁed. This was
actually the'detection scheme we used.. With a 50-KW dye laéer_pﬁmped'by
'~ a Q-switched ruby iaser,-we éstimated“an‘oufput signal of 107 photons/
pulse assuming an output coupling coefficient of 1%Z. The experimental
>resu1ts connécted to the C exciton in Zn0 are shown in E;gs.vs and 6.
Since Zn0 is anisotropic, the dispersion relation of the surface wave
takes a somewhat different form, e.g.,

K2 = (w/e)’lee, (e -l an

- ea)/(s

bx bxebz

In this case,'two.points are worth ﬁentioning. First, Fig. 5 shows: that
‘the widths of'fhe resonance peaks ZK; are about two orders of maénitude
smaller. than K;. This means that even if the experimentgl d;fa pdiﬁté
‘are poorly scattered, the peak position K; can still be determined with
an accuracy of about l%; Second, since the surface exciton-polariton is
only presént at cr&ogenic temperature, application of.the linear optical
_excitation ;nd detection method is very difficult. The nonlinéar'opti-
cal excitation method we have describbd is, on the other hand, quite
simple and étraight forward.

The nonlinear optical method can of course also be used to'study :
‘surface plasmons on metal surfaces. Simon and coworkers12 have excited

the surface plasmons at the fundamental frequency to enhance second-har- '
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monic generation from a metal surface. It is possible to nonlinearly ex-

cite the surface plasmon by sum-frequency mixing using the Otto or Kretch-

.mann geometry13 or by difference-frequency mixing using noncolinear la-

ser beams impinging on the surface from the non-metal side. The optical

"nonlinearity of metals is generally small. Therefore, in order to en-

hance the nonlinear optiéal process, it is advisable to pléce a nonlinear

(2)

crystal with a large second—order nonlinear susceptibility ¥ on the

metal surface.lz’13

With laser excitation, intense surface em wave can be propagéted

along the surface. Then, observation of nonlinear interaction between

surface em waves becomes possible. Nonlinear optics of surface waves is
a field yet to be explored. Sum- and difference-frequency generation can

be easily obéerved, but exact phase matching of such process is usually

‘'not possible in the case where the dispersion curve w versus K; concaves

downward. Effects resulting from third-order nonlinear in;eraction'be—
tween surface waves can also be observed. For example, using surfacg
plasmons in a four-wave mi#ing scheme,'fhe Raman resonances in a liquid
film on the metal surface can be_probed.13
" The nonlinear optical method is probébly most useful for studying

surface em waves at cryogenic temperature. This is because of the diffi-

culties inherent in the application of the linear method at low tempera-

‘ture. The surface wave characteristics are often very sensitive to the

change in the dielectric constants of the adjoining media. It has there-

. _ . : ' v 1
fore been proposed as a means to study phase transitions. 4 Then, with

the nonlinear optical method, one can probably use the surface wave to

study phase transitions at low temperature, for example, the normal-super-
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conducting phase transitions in solids.
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Figure Captions
Fig.vll Schematical.dfawing showing a surface wave propagating én a
- plane surfaée.‘ The intensity of the surface wave decays expo-
nentially away from the surface.

Fig. 2 Experimental setup. The inset shows the wavevector diagram for
the four-wave mixing process.

~Fig. 3 Experimental results of normalized I(w4,‘Akx) versus Akx'at w =
370, 380, 390, and 395 cm—1 in GaP. The solid curvés are Lorentz-
ian used to fit the data points.’

Fig; 4  Measured dispersion characteristics of surface polaritons in
GaP. (0 — K; versus w; A ———-ZK; versus‘m). The sblid curves
are‘calculated from Eq. (5) using a single-oscillator model.

The dashed curves are calculated from the multi-bséillator”modeli
of A. S. Barker, Phys. Rev. 192,1917 (1968) .

Fig. 5 Experimeﬁtél results of normalized I(w, Akx) versus Akx at four
output frequéncies in ZnO. The solid curves are Lorentzian ﬁsed
-to fit the data points.

~Fig. 6 Measured dispersion and damping characteristics of spfface exci-

ton—polaritoq in ZnO. ‘(-§§ — K; versus Q; + — K; versug w) .

The solid curves are calculated from Eq. (11).
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