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Direct Optical Coupling to Surface Excitations
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A method is described of directly coupling an optical beam to surface excitations.
Using this technique the frequency and linewidth of surface plasmons in doped germanium
and in gold and surface phonons in calcium molybdate are determined. The method also
allows the dispersion curve to be measured.

Surface plasmons are wave-type excitations
which can exist at the surface of a metal or doped
semiconductor. " These excitations were first
detected by electron scattering from thin metal
foils. ~ Similar surface phonon excitations have
been detected by slow-electron reflection spec-
troscopy. 4 Recently an indirect optical beam in-
teraction has been reported for the case where
the surface is roughened either in a random man-
ner' or by ruling a grating. ' Theoretical attempts
to fit such optical experiments are considerably
hampered by the complications introduced by the
roughness itself. ' The present paper shows a
very direct method of coupling to surface modes
of plasmon, phonon, exciton, or mixed character.
The surface remains undisturbed and the method
allows the coupling to be calculated exactly,

A surface plasmon or surface phonon wave is
characterized by an electric field which oscillates
in time and varies sinusoidally in directions
along the surface but falls off exponentially in
the directions perpendicular to the surface. Fig-
ure 1 shows the spatial pattern of the electric
field. In the figure, k is the wave vector along
the surface. The actual form of the electric field
for large k is

E —E (~ + fs)ei(kxmt )e -0 [g [

where x and z are unit vectors as shown in the
Fig. 1(a)~ The dispersion curve for surface plas-
mons is illustrated in Fig. 1(b).' For k large
compared to v/c but still very much smaller
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FIG. 1. (a) Spatial dependence of the electric vector
for a surface plasmon or phonon. The wave propagates
along the x direction and has maximum amplitude at
the interface between the two media. (b) Surface plas-
mon dispersion curve for an air-metal interface. For
an air-dielectric interface, the small-k part of the
curve can drop only as far as the frequency where ~

has its pole.

than k F,
' the dispersion curve becomes horizontal

and is asymptotic to the frequency determined by

Re[a(ar)] =- 1.
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Equation (2) holds for a vacuum-metal interface,
where e(&o) is the dielectric constant of the met-
al 2,10

Figure 2(a) shows a P-polarized optical beam
undergoing total internal reflection at a dielec-
tric-air interface. The electric field pattern on
the air side of the interface is called an evanes-
cent wave, and it has exactly the form given by
Eq, (1) with wave vector along the surface given
by

k, =n(u sin(8)/c. (3)

Here n is the index of refraction of the dielectric,
~ is the frequency of the optical beam, and c the
velocity of light. From the similarity of the elec-
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FIG. 2. (s) Coupling device of index n placed a small
distance above the surface of the medium whose sur-
face mode is to be studied. A P-polarized light beam
is reflected from the lower surface of the coupler.
(b) The reflectivity R& for CaMo04 displaying a surface-
phonon dip. {c)R& for Ge showing a broad surface-
plasmon dip. In both materials e{&u) is measured sep-
arately using normal-incidence reQectivity without the
coupler. The solid curves are calculated from Fres-
nel's equations for the geometry shown using the mea-
sured e(~) and the known index and angle in the coupler.

tric field pattern of the evanescent. wave and that
of the surface plasmon of Fig. 1, we might ex-
pect coupling of the two when the two surfaces
are brought within a distance t - 1/k of each other.
In this situation the beam in the dielectric does
not undergo total reflection because some of the
energy is used to excite the surface plasmon.
Hence one should observe a reflection dip at the
frequency of the surface plasmon whose wave
vector k matches k, of Eq. (3). Since k, can be
varied by our choice of n and 8, the dispersion
of the surface excitation may be probed. All
of the above considerations hold for a medium
which has sufficient dispersion for e(a&) to pass
through the value —1. It is immaterial whether
the dispersion is connected with plasmons, op-
tical phonons, excitons, or mixtures of these.

Figure 2(b) shows the experimentally measured
ref lectivity of a CaMoO4 surface as detected using
a coupling prism of BaF, (n = 1.39 at 850 cm ').
A prominent dip is seen just below the frequency"
where Be(e) = —1. The spacing between the prism
and the CaMo04 surface was controlled by evap-
orating metal dots to act as spacers. Figure 2(b)
shows the effect of changing the coupling by chang-
ing f. As the coupling is reduced (t increased)
the surface phonon dip approaches the frequency
864 cm ' and linewidth 12 cm '. For a driving
frequency of 864 cm ', the wave vector k, is
7442 cm '. At this small wave vector the disper-
sion of the surface phonon is rather evident, the
dip falling 14 cm ' below the frequency where
Be(e) = —1. Figure 2(c) shows the effect of sur-
face-plasmon creation in doped Ge. Here the
plasmon is quite highly damped by the impurity
scattering introduced by the high doping level. s.
In both experiments no dip is observed for the
s-polarized ref lectivity, i.e., for E normal to
the plane of Fig. 2(a).

The surface-mode effects discussed above can
be calculated from the Fresnel equations" for
the three -media geometry of coupler -spacer-
sample. The unusual feature here is that the an-
gle of refraction is complex and both real and
imaginary parts must be retained. %e have done
these calculations for s- and P-polarized waves
incident on the coupler and obtain good agreement
with the measured surface-mode dips of Figs.
2(b) and 2(c). We have also measured two of the
ordinary-ray surface phonons in quartz and the
surface plasmon in gold (Fig. 3) and here also
get good agreement with theory.

In general, surface modes may be described
by the electric field response to an applied sur-
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pie has carriers as well as optical phonons, then
e contains phonon and plasma terms and Eq. (4)
has two branches of poles, i.e., two surface-
wave branches. Thus Eq. (4) can be used to de-
scribe the mixed plasmon-phonon surface modes
recently observed by Anderson, Alexander, and

Bell, on n-type InSb using the surface-grating
method. "

It is of interest to find the direct relation be-
tween the response function T for surface waves
and the experimental method described here. In
physical terms the evanescent wave allows cou-
pling of a plane-wave beam to a surface excita-
tion via the coupler. Analytically the coupler lets
the beam see the surface with an angle of inci-
dence which is complex rather than real. In a
gedanken experiment let us now remove the cou-
pler but retain the complex angle of incidence.
Fresnel's equation for the ref lectivity of a single
surface is written" (for p polarization)
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FIG. B. (a) Measured ref lectivity of a thick evapor-
ated gold film using a glass coupler of index n =1.52.
Two angles of incidence were used as indicated.

(b) The two ref lectivity minima in (a) give two points on
the surface-plasmon dispersion curve plotted as cir-
cles. Squares, same data corrected for shifts due to
finite coupling. The solid curve is a plot of the peak
of Im(T) using Eq. (4) and the known optical constants
of gold,

face charge. This response function contains the
resonant factor

(1 sc02jc2k2)1/2

(1 ~2/c2y2)1/2
(4)

For large wave vector the expression simplifies
to (- e —1) ' so that the response function lm(T)
is peaked at the frequency given by Eq. (2). We
wish to emphasize that once the complex dielec-
tric function s(v) is known, the frequency, line-
width, and coupling strength of the surface modes
may be determined for any wave vector k by ex-
amining the poles of I. For example, if the sam-

vscos0, —cos82
~SCOS8, +COS'2

where the subscript 1 refers to outside the medi-
um and 2 to inside. We take 8, to be complex
using Snell's law, sino, =n sing. Using Snell's
law again to relate 8, to 0, we find that the de-
nominator of r~ contains the same resonant terms
as the denominator of T." The coupler which
causes 0, to be complex thus forces the reflectiv-
ity response ~~ to have the same form as the sur-
face-mode response [Eq. (4)]. We have been able
to establish that the ref lectivity of the three-
media system of Fig. 2 is dominated by this reso-
nance in r2 in the limit of large t {weak coupling).
When the coupling is increased, the surface ex-
citation is perturbed and shifted to lower frequen-
cy. This result can be understood in the limit
of t-0 since Eq. (2) becomes Be[a(~)]= —n' when
the coup1er is contiguous with the medium. It
can be concluded therefore that the coupler al-
lows excitation of surface modes and direct mea-
surement of their frequency and linewidth. The
extensions of the method to Raman scattering
by surface modes and to the excitation of surface
magnons" is straightforward.

Note addedin proof. Otto was ap—parently the
first to propose evanescent wave coupling to sur-
face plasmons"; however, the extension to other
surface excitations has not previously been real-
1zed.

The author is indebted to Professor A. J. Sie-
vers, Dr. G. A, Baraff, and Dr. J. M. Rowell
for helpful discussions. The capable experimen-
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It is shown that when the self-consistent phonon approximation is applied to displacive
phase transitions, it leads to inconsistent results near the transition point, and that this
may give rise to spurious first-order transitions.

Until recently, microscopic theories of dis-
placive phase transitions have been based on a
perturbation expansion about a harmonic basis.
Since the harmonic soft-mode frequencies are
imaginary, the contribution of these modes in
the anharmonic terms was neglected. A self-con-
sistent treatment of the soft-mode frequencies
was first given by Boccara and Sarma' by employ-
ing at the onset a renormalized phonon basis.
Their formal treatment represented (the lowest
order of) what is now called the self-consistent
phonon approximation' (SPA). This approxima-
tion has been very successful in describing the
anharmonic rare-gas solids, including the quan-
turn crystals of solid helium.

Recent numerical calculations have shown that
the SPA gives a first-order transition for a mod-
el ferroelectric containing only fourth-order an-
harmonic interactions. ' This result is surpris-
ing because the phenomenological Landau (Devon-
shire) theory predicts the transition to be second
order when only terms up to fourth order in the
polarization are included. ' To illustrate the es-

sential features of the SPA and to understand why
a first-order transition is obtained, it is instruc-
tive to consider a simple model with a single de-
gree of freedom,

—2Z&(ll')Q)Q, + waZQ, '.

Here Q, is a localized normal-mode coordinate
describing the ion displacements in cell l, and
P, is the canonical conjugate momentum,

We set Q, = Q, + u„where the thermal average
Qo:—(Q,) measures the distortion from the high-
temperature structure, while u, describes the
fluctuations about the average value. In the SPA
the free energy E= (B) —TS is obtained by using
a harmonic trial density matrix. ' The distortion
Q, and the effective harmonic force constants are
determined by minimizing the free energy. For
the Hamiltonian given by Eq. (1) the extremum
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