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for true Ge. If so, then the high-frequency Penn-
model polarizability, involving the products
~ (Ek;,—Ek ), should be considerably larger than
the values for Ge, whereas the low-frequency polar-
izability, involving the ratios M /(Ep;, —Er), may

not be substantially different from the Ge case.
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The first observation of surface-phonon-surface-plasmon coupling in small particles is re-
ported. Thin layers of semiconducting CdO microcrystals with various free-carrier concen-
trations were used as samples. The coupling manifests itself in the infrared-absorption spec-
tra through two absorption maxima corresponding to two resonances of the coupled two-oscil-
lator system and through a pronounced absorption minimum near the transverse-optical-pho-
non frequency»2. The experimental results are discussed on the basis of a theoretical
approach recently developed by Genzel and Martin. Structure in the absorption spectra near
the longitudinal-optical-phonon frequency &gJ is attributed to the strong polar-optical scattering
of free carriers in CdO.

I. INTRODUCTION

The phenomenon of surface-plasmon- surfaee-
phonon coupling has met considerable theoretical
interest. According to the mathematical accessi-
bility, the problem has been studied for two situa-
tions: First, the case of infinitely extended sur-
faces bounding a half-space of a polar dielectric
and second, the case of small crystalline particles
of certain shapes. ' Both cases are amenable to
experimental investigations. Plasmons and pho-
nons at extended surfaces can be studied by the
prism-coupling method proposed by Otto and used
already by Marschall et al. 7 in studying the dis-
persion of surface plasmons as well as by Marschall
and Fischer and also by Bryksin et al. in investi-
gating surf ace phonons. Using the prism-coupling
technique, Reshina et al. have observed very re-
cently coupled surface -phonon- surface-plasmon
modes at extended surfaces ot' n-type Insb. Surface
phonons in small ionic crystals have been studied

extensively in the last years by infrared-absorp-
tion measurements. ~ Also, surface plasmons
in small metallic particles have been detected by
optical methods. ~ ' The present paper deals with
the first investigation of a coupled system of surface
phonons and surface plasmons in microcrystals of an
ionic semiconductor by means of infrared absorption.

For an understanding of the experimental results,
Sec. II gives a concise account of the theoretical
approach of Genzel and Martin. 5 Section III is de-
voted to a description of the experimental proce-
dure. In Sec. IV, the experimental infrared-absorp-
tion curves are discussed on the basis of the theory.

II. THEORETICAL SURVEY

Genzel and Martin ' have developed a continuum
model appropriate for describing the dielectric
properties of spheres with sizes very much smaller
than the wavelength of the electromagnetic radia-
tion. They consider a medium composed of sepa-
rated particles with bulk dielectric function e(&)'
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distributed in a material with dielectric constant
Defining the average electric field and the

average polarization field inside the composite
medium as the volume averages of the uniform
fields and polarizations inside and outside the
spheres, they arrive at the following expression
for the dielectric response function:

~(~)(i+ 3f)+2~„(l-f)
~(& )(l f) + ~—(2+f)

Here f denotes the fraction of the total sample vol-
ume occupied by the spherical particles. The opti-
cal-absorption coefficient of the composite medium
is then given by

K = (u&",„/cn„,
where E",

„

is the imaginary part of E,„andn,
„

is the
real part of the corresponding refractive index.
Thus, from the dielectric function c(&u) of the bulk
material, one can calculate the dielectric proper-
ties of layers consisting of small particles. This
theory was successfully used in explaining the
main features of the absorption spectra of small
ionic crystals. ' In Ref. 5, a discussion of the
case of metallic microcrystals as well as of the
situation for small particles of doped semiconduc-
tors is given. In the latter case, the dielectric
function of the bulk is written as the sum of a pho-
non term and a free-electron Drude term:

(3)

(3a)

«„denotes the high-frequency dielectric constant,
co~ and ~~ are the transverse- and longitudinal-
optical-phonon frequencies, y is the damping func-
tion of the phonon term, and 7 is the relaxation
time of the electrons. The plasma frequency is
given by &u~= (4wNe /m~e„), with N representing
the free-electron density and m~ the effective mass
of the electrons.

A discussion of Eq. (l) in connection with Eq. (3)
shows in accordance to the presence of two kinds
of elementary excitations, that the absorption
spectrum of small crystals of a polar semiconduc-
tor exhibits two peaks due to two resonances ~,
and ~ of Eq. (l) with one peak lying between u&~

and ~» the other below u~. The position and the
shape of the peaks depend on the electron concentra-
tion, on the damping of the system, and on the f val-
ue. For negligible damping and small f value, the
following picture of the dependence of cu, and ~ on
the free-electron concentration is obtained: For
high concentrations (&u~» ur) the upper mode & ', is
entirely a surface plasmon with the frequency

k~. + 2e.)

and is a surface phonon with frequency co= ~~.
At very low concentrations (~~«&ur) the mode &

corresponds to the surface plasmon of Eq. (4) and
the high-frequency mode ~, is the surface optical
phonon with the Frohlich frequency

At intermediate concentrations, the two surface
modes are of mixed character. A similar picture
holds also for the coupled modes with large wave
vectors in extended plane surfaces. 2'

In addition to the two resonances, a pronounced
absorption minimum close to ~~ appears, which is
a striking feature of small crystal absorption for
coupled systems. The position and depth of this
"antiresonanee" is nearly independent of the elec-
tron lifetime 7. However, its existence and shape
are rather sensitive to the phonon damping y. An

experimental verification of the existence of the
antiresonance constitutes a clear demonstration of
surface-phonon-surface-plasmon coupling in micro-
crys talline systems.

III. EXPERIMENTAL

The CdO microcrystals were made by burning Cd
metal in air. The specimens for the infrared
transmission measurements were prepared by ex-
posing KRS-5 or Si substrates to the smoke. Ex-
amination in an electron microscope revealed that
the CdO microcrystals mainly have cubical shape
and that they show a grain-size distribution similar
to a Maxwellian. A mean particle size of 800 A

was determined from several electron micrographs
(Fig. l) as well as from x-ray line broadening.
The electron micrographs showed also that the
microcrystals are joined along edges or connected
at surfaces to form treelike chains; this offers in-
sight into the surprising fact that the particles
forming a thick homogeneous layer fill space to an
amount of about 3/o only.

Starting with a specimen obtained in the way de-
scribed above, it was possible to reduce continuous-
ly the concentration of free carriers in the crystals
simply by annealing the specimens at different
temperatures. The change in free-electron concen-
tration was accompanied by a change in the color
of the specimen. The bright yellow of the initial
specimen changed with increasing annealing tempera-
ture to yellow red (300 'C) and red brown (550 C) in
accordance with the Burstein-Moss effect in CdO.
Neither the mean-particle size nor the density of
the film were influenced by the annealing process.

Infrared-absorption spectra were taken at room
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FIG. 1. Electron micrograph of CdO smoke.

temperature with the Perkin-Elmer-180 grating
spectrometer in the frequency range from 4000 to
250 cm ~, and with the Polytec FIR-30 Fourier
spectrometer in the spectral region from 400 to
100 cm '.

IV. RESULTS AND DISCUSSION

Figure 2 shows experimental absorption curves
for four different free-carrier concentrations ob-
tained with a 30- pm layer of CdO microcrystals
deposited on a Si substrate. Curve A shows the
absorption spectrum of the initial specimen, the
curves B, C, and D correspond to the absorption
curves of the same specimen after being annealed
at the temperatures 300, 460, and 550'C, respec-
tively. The maximum temperature of 550'C could

be reached without heat treatment damage to the
Si substrates.

Before beginning the discussion of the absorption
curves of Fig. 2, a few important intrinsic proper-
ties of CdO should be recapitulated. CdO is a
highly degenerate ionic n-type semiconductor with
NaCl structure; the free carriers stem from non-
stoichiometric Cd excess. The dielectric proper-
ties of bulk CdO have been investigated by Finken-
rath et al. ; we cite here the most important
room-temperature data: ~~=262+3 cm ', ~L, =4V8
+ 25 cm ~, &„=5.4, and &0=18.1+2.5.

Aside from the strong absorption maximum at
high frequencies, the most important structure in
the CdO small crystal absorption curves of Fig. 2

appears just in the region of the transverse- and the
longitudinal-optical frequencies.

Disregarding for the moment the structure near
~, the experimental curves exhibit just the be-
havior expected from theory for coupled surface-
plasmon-surf ace-phonon systems. There is a
strong absorption maximum at high frequencies, an
antiresonance close to &~, and a second absorption
maximum at frequencies just below the antireso-
nance. It is easily proved, that the strong absorp-
tion at high frequencies is due to the excitation of
surface modes. According to Eq. (1) the reso-
nance frequencies of the surface modes in small
particles depend on the dielectric constant of the
surrounding medium. In Fig. 3 experimental
transmission curves of a CdO layer of about 8-pm
thickness are shown. The solid curve is obtained
with Cdo smoke particles in air (e„=1), the broken
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FIG. 2. Experimental absorption
spectra obtained vrith a 30-p.m layer
of CdO. Curve A: CdO smoke; 8:
sample annealed at 300'C; C: an-
nealing temperature 460'C; D: an-
nealing temperature 550'C.
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FIG. 3. Experimental transmission spectra obtained
with a 8-pm layer of CdO. Solid curve: CdO smoke in
air (e~= 1). Broken curve: CdO smoke in paraffin oil
(e = 2).

curve corresponds to the same sample with the
microcrystals now being embedded in paraffin oil
(e = 2). There is a large shift of the main absorp-
tion peak from 2050 to 1800 cm ~; the structure at
~1, and the peak at 270 cm remain unaffected.
Using Eq. (4), both the surface-mode frequencies
in air and paraffin oil yield, in good agreement, a
plasma frequency ~ of 2400 cm '.

From the positions of the absorption maxima of
curves A and 8 in Fig. 2, plasma frequencies of
2200 and 1550 cm, respectively, are derived.
The high-frequency absorption maxima in curves
C and D of Fig. 2, however, have to be discussed
below in connection with polar-optical scattering
in CdQ.

Contrary to the absorption curves obtained with
annealed CdO samples, in the case of unannealed
samples, there is no pronounced absorption mini-
mum near v~ due to the antiresonance character-
istic for a coupled system. Only a kink near ~ ~ is
observed. One can understand this behavior quali-
tatively as follows: The affect of annealing consists
in a reduction of the number of defects, which are
mainly Cd donors. Thus after annealing, the plasma
frequency should be shifted to smaller values, and
the damping of the phonons and plasmons should
become smaller. Such a behavior has already
been discussed for bulk CdO by Finkenrath et al. 2 '3

%e can conclude from our experimental data that
the antiresonance, which is very sensitive to the
phonon damping, is suppressed by a large phonon-
damping constant in the case of the unannealed
CdO samples. With decreasing electron density,
the number of defects is decreased and the phonon-
damping constant becomes smaller, giving rise to

a pronounced antiresonance near ~~, as found in
the curves B, C, and D of Fig. 2. These results
demonstrate very clearly the coupling of surface
plasmons and surface phonons in microcrystalline
systems.

However, in order to understand the behavior of
the experimental absorption curves in more detail,
the origin of the structure near col, must be dis-
cussed. The structure is not affected by the dielec-
tric constant of the surrounding medium; the most
striking fact is, however, that it appears just at ~1..

It has already been pointed out by Finkenrath
et a$. ~2 that due to a polaron-coupling constant of
o, =1.02 23 in CdQ, it is necessary for the descrip-
tion of the optical properties of CdQ to account for
the scattering of the free carriers on optical vibra-
tions. The interaction of free carriers with polar-
optical vibrations has been treated in severn theo-
retical publications. 4 Gurevich et g/. have
given the following expression for the imaginary
part of the dielectric constant of a degenerate semi-
conductor:

(6)

Although this formula is derived for the conditions
I'u&~ » kT and (hu' —h&u~)» kT, it was successfully
applied by Finkenrath et al. 2 in fitting absorption
spectra of bulk CdQ at 300'K. Therefore, we adopt
here a similar procedure and assume the imagi-
nary part of the dielectric function to be composed
of a lattice part E'1.', the Gurevich part E~' account-
ing for polar scattering and a Drude part &~ com-
prising all other scattering processes:

'((d) = Er +&g+6g'.

The expressions for &~ and eo' are those from Eqs.
(3a) and (3b); we have applied Kramers-Kronig
relations to Eq. (7) to obtain the real part of the
total dielectric function. By inserting Eq. (7) into
Eq. (1), and by evaluating Eq. (2), absorption
spectra of small CdO particles were calculated.
In Figs. 4 and 5, examples of the numerical results
are shown which correspond to experimental curves
of Fige 2e

Figure 4 shows calculated absorption spectra for
a plasma frequency co~ of 2200 cm for different
values of v~r and y/&ur. Curves 1 and 2 are ob-
tained with the values v&ur= 0. 06 and y/&or= 0. 1,
whereas curve 1 is calculated with the full dielec-.
tric function, Eq. (6), in curve 2 the Gurevich
contribution has been omitted. A comparison of
both curves proves the drastic difference in the
region near co~ obtained by the inclusion of polar
scattering. Curve 1 exhibits a behavior very simi-
lar to the experimental curve A in Fig. 2, and

curve 2 shows no structure near ~~. However,
curve 3 shows that in order to fit other parts of the
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experimental curve A, other damping parameters
have to be used. In curve 3 the value v~~=0. 25 is
chosen to fit the slope of the high-frequency side
of the absorption maximum; in this case the struc-
ture at ur J. is hardly visible. Curve 1 also demon-
strates the drastic influence of the phonon damping
on the antiresonanee: whereas a value of y/&ur
= 0. 1 produces a pronounced minimum near x~, the

value y/&ur = 0. 3 yields only a shoulder in the same

region„ these results illustrate the above discus-
sion on the appearance of the antiresonance in the

different experimental curves.
Figure 5 shows computed absorption spectra cor-

responding approximately to curve C of Fig. 2.
The computed curves, obtained for a plasma fre-
quency of '750 cm ~, show that the inclusion of the
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FIG. 5. Calculated absorp-
tion curves for microcrystal-
line CdO. Curve &: &&=7~0
cm; v~g = 0.25; y/~g = 0.06.
Curve 2: Same as 1, without
polar-scattering term.
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Gurevich term into the dielectric function of CdQ
gives rise to a two-peak structure of the absorption
curves in the frequency range near and above ~L,.
lt follows from Eq. (7) that the absorption maximum
due to the Gurevich part should appear at 3& 'z/2.
The calculated curve 1 of Fig. 5 as well as the ex-
perimental spectra C and D of Fig. 2 show absorp-
tion maxima very near this value. It is therefore
not possible to calculate, using Eq. (4), the plasma
frequencies of samples C and D from the position
of the high-frequency peaks. However, we can con-
clude from the decrease of the absorption maximum,
as well as from the decrease of the low-frequency
peak and the sharpening of the antiresonance, that
curve D belongs to a smaller electron concentration
than curve C.

It should be mentioned at this point, that the y
values used in the calculation of the curves of Figs.
3 and 4 are greater than the y values for similar
electron concentrations given by Finkenratha~ for
bulk CdO, whereas the v values in our calculations
had to be chosen smaller than those cited by Finken-
zath. ~0 This may indicate that both the damping of
the phonons and the electrons is stronger in the
microcrystals than in the bulk. A similar conclu-
sion has been drawn for the surface phonons of
MgQ

The above discussions show, that we can under-
stand almost all features of the experimental curves
on the basis of the theory if we account for the large
polar scattering in CdO. A few facts, however,
remain unexplained and at the present stage it is
only possible to speculate about the reasons for
these deviations. First, in all experimental ab-
sorption spectra, there appears a peak at 270 cm ',
which does not show up in any of the calculated
curves. Second, there are large discrepancies
between the calculated and the measured values of
the absorption coefficients: The experimental ab-
sorption coefficients extend over one order of mag-
nitude, whereas the calculated absorption coeffi-
cients span a region of about two orders of magni-
tude. In connection with the latter fact, one has
also to consider a frequency-dependent electron-
relaxation time in the Drude term of Eq. (7) in or-
der to be able to fit different parts of the experi-
mental curves. Qf course, instead of including the

Gurevich term in an a priori way into the calcula-
tions of the absorption coefficients, we could have
adopted the opposite way of deriving the & depen-
dence of 1/v from the experimental curves in anal-

ogy to the procedure of Selders et al. 2' Allowing
for a e dependent 1/v in the Drude part of Eq. (3),
these authors constructed an experimental electron-
damping function from reflection and transmission
data of doped bulk Te and found agreement with the
conclusions of Gurevich et al. , whereas in the

bulk the scattering of electrons is caused mainly by

longitudinal-optical phonons; in microcrystals there
exist also other vibrational modes possessing in-
ner Coulomb fields through which they can interact
with electrons. Therefore, an experimentally de-
rived ~ dependence of 1/w could yield valuable in-
formation about the interaction of free carriers
with vibrational modes in microcrystalline systems.

However, at the present moment it seems not to
be justified to use such a procedure, because the

following experimental circumstances do not meet
the assumptions of the theory and therefore affect
the absorption spectra in an unknown way. First,
theory assumes spherical particles, whereas the

microcrystals of the CdO sample are mainly of
cube shape. Further, the CdO microcrystals are
connected to form chains and clusters. Both facts
may give rise to modified expressions for the polari-
zation fields and therefore for the average dielectric
function Eq. (1), thus producing different absorp-
tion spectra of the microcrystals. It has already
been pointed out, ' that the absorption spectra of

0. 2- p, m cubes of MgQ in contrast to the theory al-
ways exhibit an absorption peak at &~, which should

not occur for microcrystalline samples. It is there-
fore possible that in the case of the CdQ particles
a similar "bulk" absorption adds to the absorption
spectra and thus gives rise to the not understood

peak at 270 cm '. Since the theory' is valid only

for crystals very much smaller than the wavelengths

of the absorbed light, the additional absorption
could perhaps originate from the fraction of large
particles in the CdQ samples. Ruppin has calcu-
lated on the basis of Mie's theory~ the absorption
spectra of small spheres of polar semiconductors
with diameters of about 1 p, m and finds a sharp
absorption peak near &~. However, from the re-
sults of Ruppin, it is hard to imagine that such a
contribution from a small percentage of large par-
ticles can provide the one order-of-magnitude dif-
ference between the absorption coefficients of

theory and experiment without hiding the antireso-
nance comple tely.

Finally, the differences in the positions of the

absorption maxima of different CdQ-smoke samples
(see Figs. 2 and 3), would suggest that the micro-
crystals do not have uniform electron concentration.
However, a calculation on the basis of Eqs. (7) and

(1) proved that also a ~~ distribution cannot ac-
count for the discrepancy between the theoretical
and experimental absorption coefficients.

Despite the remaining differences between theo-
retical and experimental absorption curves, we can
conclude that a continuum theory, transferring
simply the bulk dielectric properties of a polar
semiconductor to microcrystals, can account for
the interaction of coupled surface-plasmon-surface-
phonon modes with light allowing one to draw quali-
tative conclusions about the damping of the excita-
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tions in finite crystalline systems.
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Electrostatic Edge Modes in a Dielectric Wedge
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The dispersion relations are obtained for electrostatic modes localized in the vicinity of the
edge of a dielectric wedge formed by the intersection of two semi-infinite planes making an
interior angle of 2o. The dielectric constant of the medium is assumed to be isotropic. The
resulting modes can be classified as even or odd under reflection in the plane bisecting the
wedge. Their frequencies are functions of one continuously varying quantum number. The
general results obtained are specialized to yield the dispersion relations for edge optical
modes and edge plasmons. Properties of dielectric edge modes are compared and contrasted
with corresponding properties of surface modes.

It is well known' that at the plane interface be-
tween a dielectric medium and the vacuum it is
possible for electromagnetic excitations to exist
which, while wavelike in directions parallel to the
interface, decay exponentially in amplitude with

increasing distance from the interface both into the
medium and into the vacuum. Such surface exci-
tations have recently been the objects of experi-
mental study.

In this paper we investigate a related problem,




