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We report the first observation of surface plasmons in a granular metal. The plasma frequency , in the Ag-
SiO, system is determined from plasma resonance absorption measurements over the entire range of
composition from the continuous-metal-film limit to the isolated-metal-particle limit. The observed decrease in
w, with increasing insulator concentration is understood within the framework of the phenomenological

Maxwell-Garnett theory.

Surface plasmons® have been studied extensively
both in continuous-metal films®~® and in isolated-
metal particles. ®~* However, there have been no
reported experimental studies of surface plasmons
in particulate systems for which the isolated-par-
ticle approximation breaks down, Granular met-"
als!* are ideal materials in which to study surface-
plasmon behavior, because the interparticle dis-
tance can be varied by varying the volume fraction
x of the insulator component. When x is small the
metal grains coalesce, forming a metallic continu-
um with dielectric inclusions. In the limit x—1,
the inverse structure is obtained with isolated
crystalline metal grains dispersed in a dielectric
matrix. A transition between these structures oc-
curs in the intermediate range of composition,

In this paper we report the first observation of
surface plasmons in a granular metal, We have
studied the Ag-SiO, system for 0= x= 0. 85 using
the plasma resonance absorption technique.® This
is the first material for which the evolution of the
plasma frequency has been followed from the con-
tinuous-metal-film limit to the isolated-metal-
particle limit, Our results agree well with the
predictions of the Maxwell-Garnett theory.

Granular Ag-SiO, films were prepared as de-
scribed in Refs. 15 and 16. The weight fractions
of Ag and SiO, (determined spectroscopically) to-
gether with the measured film density, were used
to determine the volume fraction x of insulator in
the granular metal to an accuracy of +5%. While
the densities of the sputtered silver and SiO, films
were found to be equal to those of the bulk materi-
als (within an experimental uncertainty of +3%),
the densities of the granular metals were substan-
tially lower than would be expected from a void-
free composite of silver and vitreous silica, In
view of the extreme immiscibility of Ag and SiO,,
it is likely that the silica does not completely fill
the space between the Ag particles, and the result-
ing voids are responsible for the observed density
depression. We concluded that the silver in our
Ag-SiO, samples did have the bulk density since
electron diffraction and electron microscopy showed
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it to be in the form of crystalline grains with a lat-
tice constant equal to that of bulk silver. The voids
produce an average insulator density S; lower than
that of bulk SiO,. When plotted against total volume
fraction x of insulator, the void concentration is a
bell shaped function which is zero at x=0, 1 and
which reaches a maximum near x¥=0.5 (the com-
position at this point, expressed as volume frac-
tions, is 0.5 Ag, 0.3 SiO,, and 0.2 voids).

Transmission electron micrographs, shown in
Fig. 1, were obtained from 300-A -thick films sput-
tered onto carbon film substrates supported by a
fine copper mesh. Coalescence of the silver par-
ticles due to heating by the microscope electron
beam?!® was suppressed by overcoating the granular
metal films with a thin layer of carbon.

Polarized absorption measurements were made
in the wavelength range 3000-5000 A on 400-A-
thick films supported by quartz substrates. The
samples were oriented so the incident light im-
pinged at an angle of 60° to the film normal, Mea-
sured spectra for films with x=0. 08 and 0. 61 are
shown in Fig. 2. The p-polarized wave is absorbed
at a wavelength corresponding to the plasma fre-
quency, whereas the s-polarized wave does not
couple to the surface plasmon and no absorption is
observed. In metal-rich films (small x) the ab-
sorption peak was well resolved [Fig. 2(a)]. How-
ever, in the dilute limit the absorption was quite
small [Fig. 2(b)] and identification of a peak in the
p-polarized spectrum was difficult. Since the s-
polarized wave does not excite plasmons, the spec-
trum observed with this polarization of light repre-
sents a background absorption level in the vicinity
of the plasma resonance peak. Therefore, the s-
polarized spectrum was subtracted from the p-
polarized spectrum to enhance the absorption peak.

We have anlayzed our results in terms of the
phenomenological Maxwell-Garnett theory, gener-
alized to include nonspherical particles.!® The the-
ory takes into account the modification of the inci-
dent electromagnetic E field by the dipole fields of
the individual polarizable silver grains and pro-
vides a relationship between the frequency depen-
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€pe€;, (1-x)~x, and L,,~L; in Eq. (1).

The plasma frequency is defined as that frequen-
cy for which Re[e(w)]=0.17 Substituting values'® for
€;(w) in Eq. (1), we solved for the values of €, (w)
that satisfied this condition, and subsequently de-
termined w, using the dielectric constant data for
bulk silver published by Ehrenreich and Philipp. 1°
Following Cohen et al. ' we have also determined
the dependence on x of A4, the wavelength for which
€,(w) of the granular metal reaches a local maxi-
mum due to the singularity in the expression for
the local field. Our experimental measurements
of the dependence of A,(=2rc/w,) and 1, on x, to-
gether with the behavior predicted by Eq. (1) for
spherical (L, =3) and cylindrical (L, =3) particles,
are shown in Fig, 3.

For x> 0.45, a good fit to the data is obtained by
treating L, as an adjustable parameter with a value
of 0.385, corresponding to prolate spheroids hav-
ing an axial ratio of ~1.2. This is consistent with
the particle shapes observed in the electron mi-
crographs [Fig. 1(c)]. However, the value of L,
for nonspherical particles depends upon their ori-
entation relative of the E vector of the excited
mode. Since our samples are composed of random-
ly oriented particles (Fig. 1), it is not strictly
meaningful to characterize a sample by a single
depolarization factor. It is interesting, nonethe-
less, that the data can be fit rather well over a
large range of composition with a single parameter
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where L,, is the depolarization factor correspond-
ing to the shape of the metal particles, Equation
. . . . . . . o 1 1 1 1 1 L
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of the metal and insulator components. This is ac- =0, 61 volume fraction insulator, Also shown is the dif-

complished by performing the transformation ference between the s- and p-polarized spectra.
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FIG. 3. Plot of the experimental data points for A,
and A, as a function of volume fraction insulator. Also
included are curves calculated using a generalized Max-
well-Garnett theory for spherical and cylindrical silver
particles.

L,. As x is reduced below 0.6 the Ag particles
begin to coalesce and their shapes become complex
[Fig. 1(b)]. This structural transition is mani-
fested in the optical measurements as a gradual
change from near-spherical to near-cylindrical
particles (the change is not as evident in the X,
data as it is in the 1, data because the effect of
particle shape on ), is smaller than it is on 1,).

In contrast to this gradual change in the optical
properties, the dc electrical resistivity (Fig. 4)
indicates an abrupt transition from nonmetallic to
metallic behavior near x=0.6. This difference is
not unreasonable if one considers the physical pro-
cesses involved. At the percolation threshold'®:2%:2!
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FIG, 4. Plot of the measured resistivities as a func-
tion of volume fraction insulator,

it takes very few conductive channels to produce the
observed abrupt change in resistivity. Thus, the
electrical transition occurs at concentrations for
which the Ag particles have just begun to coalesce.
On the other hand, it requires a much greater de-
gree of coalescence to alter the optical behavior
appreciably, and the optical transition occurs for
smaller values of x and over a broader range. In
the very metal rich samples [x $0.2, Fig. 1(a)],
the observed plasma frequency is independent of
composition, in agreement with the theory when the
roles of the metal and insulator are inverted, !®
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FIG., 1. Electron micrographs of three representative
samples having different volume fraction x of insulator:
(a) x=0,25, (b) x=0,5, and (¢) x=0,7,



