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We have prepared spherical and individually isolated gold particles with median diameters in the interval 3 to
4 nm and log-normal size distribution by evaporation in a few Torr of air. The volume fraction of metal was
typically 0.3%. Highly reproducible optical transmittance in the range 0.3 to 4 pm was recorded provided the
deposits (onto glass substrates) were sufficiently thin to prevent coagulation into large aggregates. A large
transmittance minimum was always found at about 0.6 um, whereas the samples were practically transparent
at wavelengths above 1.5 um. To interpret the measurements we have performed extensive computer
calculations based on the effective-medium theories by Maxwell-Garnett (as extended by Polder and van
Santen), Bruggeman, and by Hunderi. These theories are indistinguishable in the limit of small filling factors.
As input data we have used bulk results, for which the Drude part was modified to account for a size-limited
electron mean free path assuming diffuse boundary scattering. The calculated wavelength-dependent
transmittances displayed a minimum whose distinctness was strongly dependent on the median particle
diameter, whereas the distribution width or shape played a subordinate role. The computed results could be
brought into fair agreement with the experiments provided we invoked an apparent plasma frequency for the
particles which was lower than the bulk value and an effective sample thickness of the order of twice the
measured one. To explain the meaning of this seemingly ad hoc procedure we have calculated (using unshifted
plasma frequencies and sample thicknesses) the effects of a dielectric coating on the particles and of deviations
from nonspherical shapes. Neither can be reconciled with all the experimental evidence. We finally considered
the role of dipole-dipole coupling which is significant despite the small filling factors because the gas
evaporated particles must be touching. This interaction is accounted for approximately by a set of effective
depolarization factors pertaining to each of a number of well-defined geometrical configurations of spheres.
Assuming the deposits to consist of a mixture of close-packed clusters, infinite linear chains, and independent
single particles (i.e., by use of two adjustable parameters solely, whose magnitudes were supported by electron
micrographs), we were able to reproduce the experimental transmittance data to within a few percent over the
entire wavelength interval. The remaining deviations were presumably caused by our simplified treatment of
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the dipole-dipole interaction, and hence there appears to be no effects due to size quantizations.

1. INTRODUCTION

This paper reports on an extensive experimental
and theoretical study of the optical properties
of ultrafine gold aggregates produced by gas
evaporation. The wavelength range 0.3 to 4 um
was investigated for spherical particles with mean
diameters of 3 to 4 nm.

As a convenient introduction Fig. 1 serves to
illustrate the drastically differing optical prop-
erties which can be achieved by preparing Au
deposits under different experimental conditions.
The solid curve, which is of primary interest
in connection with the present work, originates
from a layer of ultrafine and individually isolated
gold particles prepared by evaporation in the
presence of air, such that a dielectric coating
was obtained on their surfaces. The most note-
worthy features are the transmittance minimum
(sometimes referred to as the “anomalous ab-
sorption band”’) at a wavelength of about 0.6 um,
and the fact that the deposit is virtually trans-
parent (absorptance <3%) at A>1.5 um. A prin-
cipally different behavior is encountered for Au

particles grown by vaporization in a pure noble
gas where touching particles are electrically
connected; as seen from the dashed curve in Fig.
1 the transmittance exhibits only a very weak
dependence on A. For comparison we have also
plotted measured data for a continuous gold film
(dotted curve) which hence represents bulk prop-
erties; by going to smaller wavelengths the trans-
mittance is first enhanced, as predicted from
free-electron (Drude) theory, but beyond A =0.51
pm a sharp decrease occurs owing to the onset
of interband transitions.

The main purpose of this paper is to develop
the experimental and theoretical analyses for
the deposits consisting of isolated particles to
an extent such that the measured transmittance
curves agree quantitatively with calculated data
over the entire wavelength interval. This accurate
agreement has implications not only for gas evap-
orated particles, but the occurrence of anomalous
absorption is a very general phenomenon, which
has been observed frequently for noble-metal
grains. In the previous investigations the par-
ticles were prepared by several different tech-
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FIG. 1. Comparison of measured transmittance vs
wavelength for perpendicular incidence onto gold depo-
sits. Films were produced by evaporation in 2 Torr of
air to make individually isolated particles (sample No.
20 B; the preparation will be discussed in Sec. IIA),
by evaporation in 2 Torr of pure N, to get particles in
electrical contact (sample No. 21 A) or by preparing a
48-nm-~thick continuous film under good vacuum condi-
tions. Note the different vertical scales for the curves
(as indicated by arrows).

niques: (a) by making colloids suspended in an
aqueous solution,'” a glass matrix,3™® KCl,%1!
gelatin,'? polymethylacrylate,'® or butanol'%; (b)
by island growth in discontinuous films!>72% (c)
by preparing granular cermet films?¢~28 com-
prised of noble metal and SiO,; and, for a few
works, (d) by gas evaporation in the presence
of oxygen, 28733

We have chosen the latter technique as this
appears to be the only one for which highly re-
liable sizes and size distributions can be obtained
for single crystalline particles, and where com-
plicating effects from the medium surrounding
the particles can be avoided.

The layout of this article is as follows: In Sec.
II we describe the experimental details regarding
particle production and characterization by op-
tical- and transmission-electron microscopy.
The discussion is fairly detailed as motivated
by the importance to get accurate sizes as well
as appropriate dielectric coatings on the particles
(cf. the solid and dashed curves in Fig. 1). Thé
occurrence of aggregation effects, i.e., the for-
mation of chains and clusters, is pointed out.
Optical transmittance measurements are re-
ported in Sec. III; the good reproducibility of the
data is stressed. The foundations for our theo-
retical description is outlined in Sec. IV where
we treat effective-medium theories. A general
criterion for their validity is followed by a dis-
cussion and comparison of the different formula-

tions. A series of calculations based on these
effective medium theories and bulk data for gold
(modified to account for a small mean free path
of the electrons) is presented in Sec. V. It is
found that the theoretical and experimental re-
sults can be brought into fair agreement provided
we (i) use a fictitious plasma frequency for the
particles which is lower than in the bulk and (ii)
invoke an effective optical thickness for the sam-
ple which has about twice the measured value.
The physical background of (i) and (ii) is treated
in Sec. VI where we consider the roles of oxide
coating, nonspherical shapes, and dipole-dipole
coupling among neighboring particles. Only the
latter effect is found to be significant. Postulating
that a given particle acts as a member of a close-
packed cluster or an infinite chain or behaves

as an independent entity for the dipole-dipole
interaction (i.e., by use of two free parameters)

" we are able to fit the theoretical and experimental

results to within a few percent over the whole
wavelength range. We are thus able to properly
account for the observed transmittance data with-
out incorporating any size quantization effects.
The main conclusions are summarized in Sec.

VII where we also give some final remarks. Some
preliminary results of the present work were
reported previously in Ref. 34.

II. SAMPLE PREPARATION AND MICROSCOPY

A brief description of the evaporation technique
(Sec. A) is followed by a discussion of sample
characterization using optical microscopy (Sec. B)
as well as high resolution electron microscopy
(Sec. C). The occurrence of log-normal size
distributions is pointed out in Sec. D.

A. Evaporation

The ultrafine particles were prepared by evap-
oration of gold (purity 99.99%) from a tungsten
boat in a conventional bell-jar system. The vacu-
um chamber was first evacuated to approximately
107° Torr by use of an oil diffusion pump. After
closing the puniping valve air was introduced to
the pressures listed in Table I for the various
samples. The metal atoms, which are effused
from the heated vapor source, lose their energy
rapidly by collisions with the gas atoms, such
that a highly supersaturated state is reached
from which stable clusters of metal atoms are
produced by homogeneous nucleation. These
embryonic particles then grow by liquid-like
coalescence to form larger grains whose ultimate
size is governed by several experimental con-
ditions like evaporation rate, atomic (or molecular)
weight for the gas, its pressure, etc. The coales-
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TABLE I. Data for the Au particle samples. These
were prepared by evaporation at a pressure p of air to
give deposits having a weight per unit area W/A and a
filling factor f. The log-normal size distributions were
characterized by a median diameter ¥ and a dimension-
less geometric standard deviation o.

b W/A f x

Sample (Torr) (g/m? %) [nm] o
18 G 2 0.29 0.32+£0.05 3.5 1.37
18 H 2 1.36 s . eee
194 2 0.32 0.37+0.06 3.4 1.35
19°B 2 0.80 0.28+0.06 <
19D 2 0.91 0.43£0.06 --- see
20 A 2 0.36 0.27+£0.05 4.0 1.34
20 B 2 0.55 0.49+0.08 3.3 1.40
20 C 6 oo 4.0 1.36
20 E 6 0.77 eee 3.9 1.38
21 A 22 s ces ces cee
26 A 6 cee cee

2Evaporated in pure N,.

cence process is supposed to be very rapid owing
to melting point depression® in small particles
and heating caused by radiation from the vapor
source. A detailed discussion of the gas evapora-
tion technique can be found in Refs. 36-38.

In our experimental setup the particles were
collected on a glass substrate (microscope slide
76x26x1 mm?®) positioned 8 cm above the vapor
source. A shutter covered the substrate while
the tungsten boat was heated; it was withdrawn
when the evaporation was going under steady con-
ditions and kept open until the coating on the glass
surface showed a suitable decrease of transmission
as judged from visual inspection. In practice
this time was 1 to 1 min. The shutter was then
brought back to its initial position and the heating
was turned down. The bluish particle deposits on
their glass backings were now ready for optical
transmission studies. The W boats were attacked
by the air and each lasted usually only for two or
three evaporations.

A simple resistance measurement for particle
films obtained by evaporation in air did not give
any measurable reading. It was estimated that
the resistivity was >10% Qm, from which it is
clear that no continuous metallic path was formed
along the whole film. If particles were prepared
by evaporation in pure nitrogen, the resistivity
was several orders of magnitude lower; hence
the particles were then connected. These findings
are supported by similar results of Harris3’:3!
and McKenzie.3?

B. Optical microscopy

The gold deposits were investigated by optical
microscopy using a Leitz “Orthoplan” universal

large-field microscope operated in transmitted
light. A set of pictures taken in the microscope
is reproduced in Fig. 2. Part (a) was obtained
by focusing in the substrate plane. It is seen
that the coverage is not even but rather seems
to be of a flocculant nature with typical distances
between the clusters of the order of 10 um. The
lighter regions indicate a decrease in the density
but not a total absence of particles; indeed, pin-
holes were seen only occasionally and were al-
ways caused by contamination on the substrates.
Part (b) was taken by focusing 3.5 um above the
substrate plane and (c) by increasing this dis-
tance to 7 um. When focusing 10.5 pym above the
glass surface only a blurred image could be seen.
The set of pictures proves that the deposits re-
semble a hilly landscape with summits up to a
height of approximately 10 um. Schematic cross
sections of such a structure are depicted in the
upper part of Fig. 2 where we also indicate the
location of the focal planes. It is interesting to
note the principal similarity with the Stranski-
Krastanov growth model which has been suggest-
ed®® for the buildup of a discontinuous or semi-
continuous film.

The small depth of field for the optical micro-
scope made it possible to determine the thick-
ness ¢ of the particle films as is evident from
Fig. 2. These data were combined with measure-
ments of deposited mass per unit area W/A, ob-
tained by weighing the sample before and after wiping
off the Au deposit from part of the substrates;
results are given in Table I. From these two
quantities the filling factor f, i.e., the fraction
of the sample volume occupied by particles, is
given by

FIG. 2. Microscope images of the same region of a
gold deposit prepared by evaporation in air (sample No.
20 B). Schematic upper pictures show a cross-sectional
view of particle layers on glass substrates. Dashed
lines indicate focal planes for the microscope.
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f=(W/A)pt)™, (1)

where p is the density of bulk gold. Values for

f are included in Table I. It is important to note
that, whereas ¢ and f can be determined inde-
pendently only to +25%, say, the product ft is
accurately known as it is given only by W/A which
has a more precisely measured value. This ob-
servation is important as will become clear from
the discussion of optical transmittance later in
the paper.

Our determination of f proves that only about
ﬁ of the sample volume consists of gold particles.
Filling factors of the same order of magnitude
have been reported also by others.?°"32 For de-
posits which were scraped off their substrates
considerably larger f’s have been noted,* which
is probably caused by a partial collapse of the
structure for freely supported particles as dis-
cussed in the Appendix.

C. Transmission electron microscopy

An electron-microscope grid covered with a
carbon film was placed in the immediate vicinity
of the substrate and was exposed to the particles
simultaneously with the glass surface. Hence
very reliable samplings of the actual particle
sizes were possible. Figure 3(a) shows a typical
bright field picture taken at a magnification of
130000% with a Philips EM 300 electron micro-
scope operated at 100 kV. The particles are well
rounded and very small (mean diameters of about
3 nm). They exhibit a size distribution. The
individual particles are connected into chains
and clusters; this is a characteristic feature of
gas-evaporated particles®®* 3¢ which may be caused
by van der Waals interaction as well as by electro-
static attraction. By viewing the particles in
dark-field mode, it was shown that they were
single crystalline with no traces of stacking faults
or other imperfections.

Figure 3(b) reproduces an electron diffraction
image taken in the microscope. Owing to the
very small particle sizes no spots were visible
but only broadened Debye rings signifying that
the main constituent of the saimple was fec Au.

In addition there was one diffuse ring close to

the central spot which we ascribe to WO,. It be-
came increasingly manifest when the evapora-
tions were performed at enhanced air pressures,
and for vaporization at p> 10 Torr a yellowish
taint on the particle coatings—indicative of yellow
tungsten trioxide—was sometimes visible. Ev-
idently this contamination by volatile WO, stems
from the evaporation source.

The presence of some tungsten oxide in gas
evaporated Au particles has been noted3°3341.42

(a)

W0,

FIG. 3. Part (a) depicts ultrafine gold particles pre-
pared by evaporation in air (sample No. 20 B). Note the
clusters and chains! Grainy background is caused by
structure in the supporting carbon layer. Part (b) shows
electron diffraction from the same sample. Calculated
positions for the four innermost reflections of fee Au are
indicated; these agree with the measured radii. Cor-
respondence was obtained also for the line intensities.
Weak line closest to the center is due to three overlap-

ping reflections from triclinic and/or orthorhombic WO,
(cf. Ref. 44).

before, and recently McKenzie® has claimed

that this oxide is the reason for the high resistivity
of the samples. We carried out dark-field elec-
tron microscopy which proved that the diffraction
line indicating WO, resulted from particles of
about the same size as for Au interdispersed
among these, whereas no trace of any coating on
the gold grains could be documented. This ob-
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FIG. 4. Coagulated gold particles prepared by eva-
poration in air (sample No. 18 H). Largest particles
exhibit a tendency towards hexagonal images which is
probably indicative of their being three-dimensional
icosahedrons (cf. Ref. 45).

servation is interesting as our optical transmit-
tance data (to be reported on in Sec. III) can be
fitted to theory only if an insulation of the indi-
vidual particles is postulated. A monolayer of
WO, on the surfaces cannot be ruled out a poste-
riori, but we feel that a more plausible hypothesis
is that an extremely thin coating of gold oxide,*
which might be formed during the growth in air,
provides the isolation on a microscopic scale.

In a effort to avoid the complication of tungsten
trioxide we tried to vaporize gold also from
molybdenum and tantalum boats. These attempts
were unsuccessful, though, as the sources in-
variably were burnt off before any significant
evaporation took place.

The particle films were very sensitive to heat-
ing and for thick deposits'(in practice W/A = 0.7
g/m?) it appeared that radiation from the vapor
source was sufficient to promote coagulation into
larger aggregates. An extreme case is shown
in Fig. 4 which depicts gold particles for the
thickest of our samples on the same magnifica-
tion as in Fig. 3(a). The coagulation also affected
the optical properties drastically as will be dis-
cussed below.

D. Size distributions

We evaluated particle sizes for the samples
consisting of noncoagulated granules from high-
resolution electron micrographs similar to Fig.
3(a). A typical size distribution is indicated by
the circles in Fig. 5, from which it is clear that

the diameters x have a skew bell-shaped distri-

bution with a tail towards the large diameter side.
Size distributions for gas evaporated particles

have been investigated recently,*®'* and it was

shown that the fractional number of particles

An per logarithmic diameter interval A(lnx) could

be approximated accurately by

An = -(2—11)1-;2—{%— exp [-— % (!%{T’—Q)z]A(lnx), (2)

i.e., by a log-normal distribution function char-
acterized by a median diameter ¥ and a geometric
standard deviation 0. This particular distribution
has been derived®'¥ for particles growing by
binary collisions accompanied by liquid-like co-
alescence using general statistical concepts. The
log-normal distribution has been applied success-
fully also to island structures in discontinuous
noble metal films38+47**® and to particles in sup-
ported metal catalysts.?®

The good correspondence between experimental
data and the log-normal distribution is proved
for the present samples by Fig. 5. Results of
x and o for similar fits, performed on the other
samples, are given in the two last columns in
Table I. Our evaporation conditions resulted in
particles with

3.3

N

¥<4.0 nm
and
1.34s0<1.40.

This interval for o compares rather well with
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FIG. 5. Diameter distribution for gold particles pre-
pared by evaporation in air (sample No. 20 B). Circles
denote staple midpoints in a size histogram based on
an evaluation of about 200 particles. Bell-shaped
curve represents a fit to a log-normal distribution cha-
racterized by the shown values of x and 6. Area under
the log-normal graph is put equal to the area under the
histogram curve.
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FIG. 6. Measured wavelength-dependent transmit-
tances for four gold deposits prepared by evaporation in
air. Sample No. 20 B was reported on earlier in Figs.
3(a) and 5.

a previous extensive investigation®® of size dis-
tributions for gas evaporated particles of many
different metals which invariably gave ¢’s be-
tween 1.36 and 1.60.

III. TRANSMITTANCE MEASUREMENTS

Optical transmittance in the wavelength intervals
0.33<X< 2.5 um and (in some cases) 2.5<2A< 4
um was measured with a UNICAM SP 700, re-
spectively, a BECKMAN IR 10, double-beam
spectrophotometer. These wavelength ranges
were dictated by the transmittance of the glass
substrates. In order to significantly decrease
the influence from the glass, we alwaysputa sub-
strate with particle coating in one of the light
beams and a clean substrate in the other and
monitored the ratio between the two transmitted
intensities.

Figure 6 shows wavelength-dependent trans-
mittances for four samples with different values
of W/A. None of these samples exhibited any
coagulation effects but their electron micrographs
were all similar to Fig. 3(a). The most note-
worthy feature is the dip in the transmittance at
a wavelength A . in the range

0.56<x_,,<0.60 um,

The corresponding transmittances T ; vary be-
tween 26% and 52% for these particle films. We
also note that the overall reproducibility of the
curves is excellent. This observation if of ut-
most importance as the rest of the paper is de-
voted to the detailed theoretical description of
this kind of data.

In Fig. 7 we plot the magnitude of T, as a func-
tion of W/A. The good fit of our data points to
a straight line shows that a relation

T, =¢ /4 (3)
is obeyed. The constant y has the numerical value
y=2.5 m?/g.

Hence all the samples can be described by a
unique attenuation constant, which by Eq. (1) is
equal to yfp. This shows again the good repro-
ducibility. In Fig. 7 we have also plotted T, ’s
extracted from the literature.?™3% All these data
are in fair correspondence with ours. A linear
extrapolation for Harris’s??° results indicates
that y~ 3 m?/g for his samples.

The high reproducibility of the optical data,
which was proved for noncoagulated particles
by Fig. 6, is no longer found for gold deposits
prepared under conditions such that large par-
ticles are formed (for example, by heating). This
result is elucidated in Fig. 8 where the trans-
mittance data range from curves with strong
similarities with the previous ones, as for No. 20
C where only a small fraction of coagulated
grains was present in the sample, to very smeared
plots when essentially all the particles had co-
alesced into large aggregates, as for No. 18 H
for which an electron micrograph was reproduced
in Fig. 4. With these results as a background it
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FIG. 7. —=InTpy;, vs W/A for gold deposits prepared
by evaporation in air. Filled circles for the four lowest
W/A’s refer to the same samples as in Fig. 6. Horizon-
tal bars indicate estimated uncertainties in the deter-
mination of weight per unit area. Straight line repre-
sents Eq. (3). In addition to our data we have plotted re-
sults by Harris el @ . (Refs. 29-31), Sintsov (Ref. 32),
and McKenzie (Ref. 33).
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FIG. 8. Wavelength-dependent transmittances for
gold deposits prepared by evaporation in air (samples
Nos. 20 C, 18 H, and 26 A) and in pure nitrogen (sample
No. 21 A4; cf. also Fig. 1). Three former deposits con-
sisted of coagulated particles.

is interesting to turn to the literature where trans-
mittance curves with at least qualitative simi-
larities with our Figs. 6 and 8 have been plotted

in articles by Harris ef al,,?® Harris and Beasley,3°
Sintsov,3? and McKenzie.*® Quite generally their
graphs exhibit wider transmittance dips than for
the deposits of our Fig. 6, and furthermore this
smearing appears to get progressively larger

as the W/A’s are increased. Judging from the
published?®:3°:3% electron micrographs the par-
ticles appeared rather coagulated (presumably
caused by excessive heating) in which case their
optical data can be reconciled with ours.

A qualitatively different behavior, compared
with all previous samples of this section, was
observed for deposits prepared in a pure inert
gas, where no dielectric coating on the particles
was obtained. For such deposits a small peak
in the transmittance was seen at A= 0.5 um, where-
as the rest of the investigated wavelength interval
displayed an almost constant transmittance; cf.
sample No. 21 A in Fig. 8. Generally speaking
this type of deposit (usually referred to as “gold
blacks” in the literature), has been studied more
extensively than the ones made by evaporation
in the presence of oxygen. As reported in nu-
merous works?9733:41.:42,50°52 the constant trans-
mittances extend up to A’s of at least 40 um, i.e.,
deeply into the infrared regime. The previous
interest was caused by the very efficient heat
absorption properties which were first exploited
for use in high-speed bolometers.>®"% Here we
contend ourselves with noting the very different
behavior compared with the previous deposits;
the “gold blacks” will not be treated further in
this paper.
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IV. EFFECTIVE MEDIUM THEORIES

For the gas evaporated gold samples the di-
ameters of the individual particles are always
orders of magnitude smaller than any wavelengths
of the relevant electromagnetic radiation. This
shows that the optical properties of the deposits
may be described in terms of an effective medium.
In this section we first derive a criterion for the
general applicability of the effective medium
approach (Sec. A), which appears to have escaped
mentioning before. We then discuss different
theoretical models®® for the effective medium
(Sec. B) and treat the formulations by Maxwell-
Garnett,% Bruggeman,®® and Hunderi,*® including
subsequent developments of the former two. The
theories are compared in Sec. C; in the limit
of small filling factor they are found to give in-
distinguishable results.

A. Validity of the effective medium approach

In order for the effective medium concept to
be of general applicability we require that it should
be unique, i.e., it should nof be a function of the
particular experimental conditions. To estimate
an upper limit of the particle diameter for which
transmittance and rveflectance data can be ac-
counted for by an effective medium characterized
by the same parameters, we calculate the scat-
tered fields from the particles by use of Mie’s
theory,®® which is an exact solution of Maxwell’s
equations for scattering of a plane wave by a
homogeneous sphere of arbitrary size. This field
can then be inverted to yield an apparent dielec-
tric permeability for the effective medium by the
same approach as taken previously®® by one of
the authors in a calculation of the influence from
grain boundaries on the reflectivity of a metal
surface. .

We consider a thick slab of material which con-
tains independently scattering particles. An in-
cident plane wave with a field amplitude U, gives
rise to a back-scattered field amplitude®*

inU,p, S(m)/k3,

where k=27/X is the wave vector, S(6) is the
amplitude function for a scattering angle 6, and
pp is the number of particles per unit volume
which is taken to be small. This field corre-
sponds to a formal refractive index Ny for the
medium being®®

— 1—inp,S(m)/k2 .

= ——p T e 3

N, 1+ 270, S(n)/k3 1 —i2ap, S(m)/k3. (4)
A transmission measurement on the same slab
would yield®!



3520 C. G. GRANQVIST AND O. HUNDERI 16

Np=1-i2mp,S(0)/k3. (5)

Hence if S(0) differs appreciably from S(7), no
unique refractive index is obtained and, by the
above criterion, there exists no meaningful ef-
fective medium. The ratio S(7)/S(0) has been
evaluated from Mie’s theory by van de Hulst,®!
who found the result

S(m) k2x% (€+4)(e+2)

AT 4,4
S0 1t 15 e+ PO, (6)

where € is the dielectric permeability of the par-
ticles.

If both the real and imaginary parts of the sec-
ond term in Eq. (6) shall be smaller than 5%, say,
the particle radius must be less than about 10 nm
for typical values of € and k; this is generously
fulfilled for our samples (cf. Table I). The re-
quirement is equivalent to neglecting higher-
order multipole effects.

B. Theories

The simplest approach to the description of
the dielectric properties of a multiphase mixture
was given by Maxwell-Garnett®” (MG), who used
the theory originally designed by Clausius and
by Mosotti to account for color changes in dis-
continuous noble-metal films. The effective di-

electric permeability €S is given by
€EMG_ ¢ €—€,

€ MG =f s
€eMC12¢, 7 €+2¢,

(7)

for spherical particles dispersed in a surrounding
medium characterized by a dielectric constant
€,. Equation (7) was derived under the assump-
tions that the separation of the particles is suf-
ficiently large to ensure independent scattering
and that the Lorentz local-field correction ap-
plies. A straightforward extension to ellipsoidal
particles has been published in several pa-
pers.?"*%2'%% Principally owing to its simplicity
the MG theory has been used frequently in treat-
ments of optical properties of fine noble-metal
particlesa +5,14,19,22,24,27,28,64 v

In a dielectric mixture only part of the internal
field is effective in directing the dipoles as shown
by Onsager.®® His “reaction field” theory was
used by Bottcher® to derive an improved effective
medium permeability for spherical particles, and
the generalization to ellipsoidal shapes was given
by Polder and van Santen®” (PvS). The calculations
by the latter authors may be combined with the
MG approach to yield an effective permeability
€MGPS 1y the relation

2
FMeRs_ ¢ 1+55 .. a; (8)

1-3%,f0;°

The subscript j denotes particles belonging to
the jth column in a size histogram centered at

a diameter x; and the f;’s are a set of fractional
filling factors normalized by 3 ;f;=f. a; is
proportional to the polarizability of particles in
the jth class and for an ellipsoidal shape it is
given by®®

1< €, —€
“’ZEEaL(e 5 ©)

where the L;’s are the depolarization factors

for the jth particles (€ with no superscript de-
notes any of the effective medium permeabilities
of this section). To first order the self-consistent
Eq. (8) reduces to Eq. (7) for identical spheres,
i.e., when L, =L,=L,=%. It is important to note
that, though an improvement over the simple

MG approach, the MG-PvS theory should be re-
stricted to small filling factors.

Another self-consistent effective medium the-
ory, which in principle should be valid for all
f’s as it treats the components in the mixture
on an equal basis, was originally put forward
by Bruggeman® and has since been rediscovered
by Odelevskii®® and by Landauer.™ In recent
years the theory has been discussed by Kirk-
patrick,” Elliott et al.,” and, in particular, by
Stroud.”™ The Bruggeman theory has been suc-
cessful in explaining’'™* experimental data on
resistivity and low-field Hall coefficient of in-
homogeneous media but, to our knowledge, no
application to optical properties has yet been
published. The basic condition of the Bruggeman
(BR) theory is that the first-order scattering shall
vanish on the average, i.e., the self-consistent
local field is equivalent to the choice of an active
medium such that the average single-site scat-
tering is zero. This points up a close analogy
with the well-known coherent-potential approxima-
tion for alloys. The effective medium permeability
€Ris given by

1-f+32,f;a
"l-f-353ufia;’

which has apparent formal similarities with the
corresponding equation for the MG-PvS theory,
i.e., Eq. (8). For a two-component mixture char-
acterized by € and €,, Eq. (10) reduces to

€BR= ¢ (10)

€ —¢BR €, — €R
f:Z—Eﬁ+(1 =f) €, +2€BR =0, (11)
which is a simple second-order equation for €BR,

Finally, the apparent dielectric function from
the back-scattered fields, as shown recently by
Hunderi,*® yields still another expression for the
effective medium permeability,
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e (i—’%‘%%%)z (12)

This relation holds only for small filling factors.

C. Comparison of the theories

In the limit of small filling factor the MG-PvS,
Bruggeman, and Hunderi theoriesallgive the
same effective medium permeability as is readily
seen from Egs. (8), (10), and (12), where the
right members reduce to €,(1+>;f; ;). Such
an identity is no longer found for larger f’s. To
demonstrate the differences we have computed
EMGPS | "€BR - and €MV for identical spherical par-
ticles characterized by a Drude-type dielectric
function €=—=10+7 in vacuum, i.e., with €,=1.
Results for the real and imaginary parts (€=¢
+1€’) are given in Fig. 9 as a function of f. As
expected, the three sets of curves are indistin-
guishable for sufficiently small filling factors.
Specifically, if we require that € and €” should
differ by less than 10% for the three effective
medium theories, we must have f<0.02. It is

also seen from Fig. 9 that the MG-PvS and Hunderi

theories give rather similar results, whereas
the Bruggeman theory consistently yields higher
values of € as long as f<0.2. For still larger
f’s (0.2<f <0.8), the MG-PvS and Hunderi the-
ories lose their applicability entirely, while €B®
is found to exhibit a complex variation until it
finally ends up, expectedly, as €’ =—10+1i for
f=1

The gas evaporated gold samples of the present
investigation have f’s of about 555 (cf. Table I),
and hence the three effective medium theories
should all be equivalent. We would like to stress
already at this stage, however, that all three
theories are mean-field theories which neglect
the nature of the local surrounding of the par-
ticles. As long as the average filling factor over
a region comparable with the wavelength of the
light is small, all theories give identical results
because only the average f enters into the ex-
pressions. None of the theories can directly han-
dle the situation where the particles are clustered,
i.e., where there are local regions of high
density, and none of the theories can therefore—
as they stand—be expected to give a complete
description of the experimental results. In Sec.
VIC we will discuss a possible way of incorp-
orating the effect of high local density.

It is seen from Fig. 9 that in the limit of small
filling factor, € > € <f from which it follows
that @ < f, where a is the absorption coefficient.
From Eq. (1) this implies that af <W/A, i.e.,
the transmittance is given by the experimentally

well-determined mass per unit area but not on
the less precise values of f or ¢.

V. CALCULATIONS

In this section we present a series of calcula-
tions of optical properties using the three ef-
fective medium theories defined by Egs. (8), (10),
and (12). In Sec. A we specify the input param-
eters, which in essence amounts to choosing the
best possible dielectric permeability for metal
particles of size j. We also comment on
the computational procedure. A preliminary
comparison of theory and experiments is carried
out in Sec. B where we find good agreement pro-
vided we: (i) use a fictitious plasma frequency
for the particles which is smaller than in the bulk
and (ii) take an effective optical thickness of the
order of twice the measured one; the physical
meaning of (i) and (ii) will be made clear in Sec.
VI. InSec. C we investigate the roles of particle
diameter (mean value as well as distribution shape
and width) and filling factor on the optical prop-
erties.

A. Input data and computational procedure

The frequency-dependent dielectric permea-
bility for the individual gold particles is clearly
of prime importance for the effective medium
theories and hence in the calculation of optical
properties. We chose to start from measured
bulk data eexpt(w)—specifically we used highly
accurate ellipsometric results by Winsemius™ —
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FIG. 9. Computed dielectric permeability for the
MG-PvS, Bruggeman and Hunderi effective-medium
theories as a function of filling factor. Part (a) shows
the real part € with a linear ordinate; note the different
scales depending on whether €’ > 1 or €’<1. Part (b)
shows the imaginary part €” with a logarithmic ordinate.
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which were modified to account for size-depen-
dent electron scattering in the Drude (free-elec-
tron) part of the dielectric function according to

(w) — €Drude((y) 4 €Drude(y), (13)

€; ((D) =€ expt

expt

It should be noted that this construction leaves
the interband part of eexp'(w) unchanged, which
is justified as the d-band absorption in gold is
quite insensitive to sample dimensions down to
particle sizes of typically 1.5 nm. The two Drude

terms in Eq. (13) are given by

€’3;:;‘°(w)=l—w';’,,/w(w+i/7’,,) (14)
and o
nde(w) =1 - w3;/w(w +i/7;), (15)

where w,, is the bulk plasma frequency, 7, is
the mean electron lifetime for bulk gold, w,; is
the apparent plasma frequency for particles of
size j, and 7; is given by '

Ty =7, 4 208, /%5, (16)

where vg, is the bulk Fermi velocity. This ex-
pression presumes’ diffuse boundary scattering
of the electrons in which case the mean free path
is equal to the particle radius.8'77'78

From Winsemius” the bulk properties are

Rw,,=8.55 eV,
7/71,=0.108 eV,
Vpp/C =4.TX1073,

These have been used throughout our calculations
and furthermore we always have

€, =1

in the effective medium treatments as the par-
ticles were surrounded by air (the slight modi-
fications introduced by having a dielectric coating
on the particles is discussed in Sec. VIA). To-
gether with the parameter w,;, which for sim-
plicity is taken to be a constant, and the sets of
quantities {f, ; %;}, which are specified by the
experimental size distribution, these values al-
low a numerical evaluation of €MGPS(w), €BR(w),
and €Y%w). "

Equations (8), (10), and (12) cannot be solved
analytically for systems with a size distribution,
but it is a straightforward matter to solve them
by successive iterations. To do so we write them
formally as

g, =Flf }iie)ien), an.

where n denotes the iteration number, and put
€,=€,. Fis any of the functions on the right-

hand sides of Eqgs. (8), (10), or (12). The con-
vergence is fast and to obtain
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FIG. 10. Transmittance vs wavelength for sample
No. 20 B in the ranges 0.3<A<1.8 um and 1.8 <A <4 um
(inset). Note that the horizontal scales are different.
Solid curve represents measured data; this graph was
shown previously in Fig. 6 and is reproduced here to
allow comparison with the three other curves. These
were calculated from the MG-PvS effective medium
theory [Eq. (8)] using suitably modified bulk data for
€; as described in Sec. VA. Size distribution was
characterized by x and o as given in Fig. 5 or in Table
I. For the calculations we used f=0.005 in addition to
thickness (¢ respectively 7), and %w,; as shown in the
figure. By virtue of the small f no noticeable difference
was observed for the Bruggeman and Hunderi theories.

l En - En-ll <107

only two iterations are necessary for f :2—;3,
whereas for f =r15 n’s up to seven are needed
(depending on A).

Once the dielectric functions for the effective
media have been obtained, the corresponding
frequency-dependent transmittances can be eval-
uated using the standard expressions for a thin.
film on a substrate.™ The glass substrates were
characterized by a refractive index of 1.4. We
incorporated multiple reflections in the film but
excluded interference effects in the substrate, i.e.;
we summed amplitudes in the thin film and in-
tensities in the substrate.

B. Preliminary comparison of theory and experiments

Using the input data of Sec. V A in the effective
medium theories of Sec. IVB we computed trans-
mittance versus wavelength and compared with
the experimental results described in Sec. III.
Figure 10 shows a set of calculations with input
parameters chosen to correspond to the measured
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FIG. 11. Effective optical thickness f vs measured
sample thickness ¢. Theoretical transmittance curves
were fitted to the experimental data as in Fig. 10 until
the vertical distances A and B were approximately equal;
these two quantities are defined in the inset, where the
dashed graph represents a computed wavelength-depen-
dent transmittance, and the solid curve shows the mea-
sured behavior. Diagonal line represents Eq. (18).

size distribution of sample No. 20 B. Taking f

to be 0.5% (cf. Table I) and using an unmodified
plasma frequency for the particles, i.e., 7w,
=Hw,,=8.55 eV, we arrived atthe dash-dotted
curve. Here we set £ =5.7 um by which choice
one gets agreement with the measured value of
W/A [cf. Eq. (1)]. The most salient feature is
the dip at A=0.52 um. The minor shoulder at
A=0.35 um is a manifestation of a band-structure
effect which is seen clearly also in bulk data

(cf. the dotted curve in Fig. 1). Comparing with
the measurements shown by the solid curve yields
that the qualitative shapes of the theoretical and
experimental graphs look similar, but that there
exist two important quantitative discrepancies:
the location of the transmittance minimum in the
calculated curve occurs at too small wavelength,
and the overall magnitude is approximately afac-
tor twice too high! If the plasma frequency for
the particles is adjusted, the transmittance dip
is shifted, and for Zw,; =6.7 eV agreement is
found for the locations of the minima as seen from
the dotted curve in Fig. 10. If furthermore an
effective optical thickness ? is invoked, the mag-
nitude of the transmittance can be fitted; taking

% =13 pm brings the experimental data in fair
correspondence with the computations as is evi-
dent from the dashed curve. The agreement is
particularly good for A> 0.65 pum, whereas the
experimental curve looks considerably more
smeared below this value, as might be blamed

on a distribution of w,;’s. Clearly this procedure
to obtain agreement is very much ad hoc and the
meanings of w,;# w,, and t+t need to be explained
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as will be done in Sec. VI where we consider di-
pole-dipole coupling between neighbofing par-
ticles; however, the important point we want to
make here is that by choice of a fictitious plasma
frequency for the particles which is lower than

in the bulk and an effective thickness of the order
of twice the measuved one it is possible to bring
the computed data into faiv covvespondence with
the experiment.

Fits similar to the one in Fig. 10 were carried
out also for the samples Nos. 18 G, 194, 204,
and 20 E£. For the adjustable parameter w,; we
consistently found

0.77< w,; /w,,< 0.88

with no obvious dependence on sample thickness
or any other characteristic quantity. The dif-
ference between w,; and w,, is much too large
to be caused by a real shift of the plasma fre-
quency. The effective thickness, as seen from
Fig. 11, appeared to be related to the measured
one by

t=nt, (18)
where the constant of proportionality is

n=2.2.

C. Role of particle size and filling factor

Equation (16) shows that the electron scattering
time and hence ¢; is influenced by the particle
diameter. This effect modifies the optical prop-
erties as elaborated on in Fig. 12, where we have
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FIG. 12. Transmittance vs wavelength computed from
the MG —PvS theory with x as shown in the figure,
0=1.40, hw,;=6.7 eV, =13 pm, f=0.005, and param-
eters for bulk gold. Solid line is identical with the
dashed curve in Fig. 10.
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FIG. 13. Transmittance vs wavelength computed from
the MG-PvS theory with x=3.3 nm, o as shown in the
figure, and the rest of the parameters as in Fig. 12.
Solid curve applies to 0=1.0 (or, more correctly, to
In 0=0.001) and the dashed to 0=1.8. Corresponding size
distributions are sketched in the inset, where we have
also plotted a distribution for 0=1.4. Latter value is
characteristic for our samples (cf. Fig. 5 and Table I)
and has been included for comparison.

calculated wavelength-dependent transmittance
as a function of median diameter ¥ with log-normal
size distributions having a constant geometric
standard deviation 0 =1.40. These computations
were carried out with the same parameters as
in Fig. 10, such that the curve for ¥ =3.3 nm is
identical with the dashed curve in that figure. It
is found in Fig. 12 that the shape of the trans-
mittance minimum depends on X and gets pro-
gressively narrower and deeper as ¥ is increased,
whereas the location of A, is practically un-
changed. The good agreement among the curves
for A< 0.5 um is a manifestation of the assumed
size independence for the interband part of €, (w).
The highest median diameter we have considered,
% =15 nm, is on the verge for the effective medium
theories to break down by the criterion in Sec.
IVA.

Instead of varying ¥, as in Fig. 12, we now
keep X =3.3 nm and look for the influence from
an altered width of the size distribution. Figure
13 depicts transmittance versus wavelength for
0=1.0 (i.e., a 6 function) and 0 =1.8; the cor-
responding size distributions are sketched in the
inset. Data for 0=1.4 are practically indistinguish-
able from those for 0 =1.0. The particles having
x<X will lead to a smoothing of the transmittance
minimum, whereas those with x>x will yield a
sharpening as was found in Fig. 12. Evidently
these two counteracting effects result in the re-
markable insensitiveness to the magnitude of the

distribution width. Partly this is caused by the
skewness of the log-normal distribution function,
but the compensation is rather efficient also for
symmetric distributions as was found from cal-
culations where we used a Gaussian (mean value
3.3 nm and standard deviation 1.5 nm) or a tri-
angular distribution (covering the interval 0< x
<6.6 nm). For any of these the computed trans-
mittances deviated from the solid curve in Fig.
13 by less than 3% at all wavelengths.

It was pointed out in Sec. IV C that for filling
factors of the order of 1% or less the precise
value of f does not enter the problem of calcula-
ting transmittances as long as f¢ is proportional
to the observed mass per unit area. We will now
widen the scope of the discussion slightly and
consider explicitly the role of a larger f. These
computations are thus of minor interest in con-
nection with our measurements but serve to il-
lustrate some important features of the Brug-
geman theory, which is the only one being strictly
applicable for f’s of the order of 0.1. The cal-
culated results are presented in Fig. 14 where
we have kept ff constant in order to get an ap-
propriate normalization. For particles acting
as independent scatterers the curves would then
have been overlapping; such is practically the
case for f< 0.02 but for larger f’s the data are
seen to differ drastically. Figure 14 shows that
by going to larger filling factors the magnitude
of the transmittance is decreased and the mini-
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FIG. 14. Transmittance vs wavelength computed from
the Bruggeman theory with x =3.3 nm, 0=1.40, hw,;
=6.7 eV, and parameters for bulk gold. Solid curve for
J =0.005 and t=13 pm is indistinguishable from the
broken line in Fig. 10 which was obtained by use of the
MG-PvStheory. Other three curves were computed with
the shown values of fand ¢; these were chosen such that
their product is invariant.



mum in the curves gets appreciably wider and
shifts to somewhat larger A_,’s.

V1. DISCUSSION

In Sec. VB we showed that the experimental
transmittance data could be fitted to theory only
by choosing empirical values for the plasma fre-
quency (w,;< w,,) and the sample thickness (> ).
This section will serve as an explanation for this
approach. We consider the role of oxide coating
(Sec. A) on the surfaces of the particles and the
influence from nonspherical particle shapes (Sec.
B). Both of these effects are capable of yielding
a transmission minimum shifted to larger wave-
lengths, but detailed calculations disclose un-
ambiguously that neither can account for our ex-
perimental results. We then regard dipole -dipole
interaction between the particles in Sec. C. This
effect may be important in our case even in the
limit of very small filling factors, because most
of the particles must indeed touch their neighbors
in at least two points. Our discussion is based
on a recent work by Clippe, Evrard, and Lucas®
from which we extract a set of effective depolar-
ization factors pertaining to geometrically well-
defined aggregates of spheres. Presuming that

a certain fraction of our deposits consists of close-

packed clusters, another fraction consists of in-
finite chains, and the rest of the sample behaves
as independent particles, we are able to obtain
computed transmittance data which agree with
experiments to within a few percent over the
entire wavelength range. This proves hence that
the theory of Secs. IVB and V A combined with
an approximate treatment of dipole-dipole inter-
action is able to reproduce the measurements

to within experimental uncertainties.

A. Oxide coating

Our ultrafine particles were prepared by evap-
oration in air which makes it plausible that at
least a monolayer of oxide builds up on the sur-
faces of the individual grains, even if none could
be observed by electron microscopy. The ex-
istence of some kind of dielectric coating was
inferred previously from resistance measure-
ments (cf. Sec. IIA), and it was argued that this
was due to an oxide rather than isolating WO,
fragments, which are also present in the samples
to some extent. To consider the role of oxide
coverage we note that the a;’s [cf. Eq. (9)] have
to be modified to incorporate the polarizability
of a coated particle, whereas all other equations
of the preceding sections can be taken over with-
out changes. For a spherical particle covered
with a concentric spherical shell with a dielectric
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constant €°* the polarizability is given by van de
Hulst®! and is proportional to

(€°X = €)(€; +2€°%) + g3 (2€°* + €)(€; — €°%)

@7 =3 (51 20)(c, + 2€M + 4 (267 = 28)(€, — €9’
(19)
with
2t
q.i:l— X ’ ) (20)

where ¢, is the thickness of the oxide. In the
limit of vanishing oxide thickness, i.e., for g;
-1, the expression in Eq. (9) is recovered (for
L,=L,=L,=%) as it should.

With Eqs. (19) and (20) replacing Eq. (9) we have
calculated wavelength-dependent transmittance
from the formulas in Secs. IV and V using an un-
shifted plasma frequency, i.e., with Zw,; =7iw,,
=8.55 eV. The value of €°* must be fairly arbitrary
as nothing appears to be known about the optical
or electrical properties of any gold oxide.® In
the computations we have set®

=1
which is of the same magnitude as for Cu,0. Com-
pared with many other oxides this is a high value
and the choice should hence serve to maximize
the influence from the dielectric. By having a
nonzero ¢ the transmittance minimum is altered
towards larger wavelengths, i.e., it acts to yield
an apparent plasma frequency which is lower
than in the bulk. This is illustrated in Fig. 15
where it is found that ¢, =0.9 nm shifts A_,, to
the same value as the experimentally observed
one for sample No. 20 B (which we described,
phenomenologically, as resulting from Zw,; =6.7
€V in Fig. 10). The relative amounts of oxide
and metal are indicated by the cross-sectional
view (inset) of a particle with a diameter equal
to the median value.®® The present mechanism
for changing A, is incapable of directly explain-
ing the magnitude of the transmittance, and the
calculated curve (dotted) falls far above the ex- ’
perimental one (solid). It also goes well above
the unshifted curve for ¢, =0 (dash-dotted) which
is obvious, as the amount of metal is decreased
at the expense of an increased oxide thickness.
Using, for a moment, an effective thickness
7 =68 um we could shift the curve (dashed line)
vertically such that an approximate correspondence
with experiments was achieved. It should be
noted that this value of Z is more than an order
of magnitude larger than the experimental one
given by the measured mass per unit area, and
it is also significantly larger than the one needed
in our previous fit in Fig. 10. The approach is
unsatisfactory not only because it requires > ¢,
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FIG. 15. Transmittance vs wavelength for oxide
coated gold particles. Three theoretical curves were
computed from the MG-PvS effective medium theory
using €™ =7, hw,; =Awy, =8.55 eV, f =0.005, ¥ =3.3 nm,
0=1.40, and with {, ¢, and { ,; as shown in the figure.
Inset depicts a cross section of an oxidized particle. By
the above parameters the data for unoxidized grains
(dash-dotted) are identical with the dash-dotted plot in
Fig. 10. Curve for ¢ ox =0.9 nm and =68 um (dashed)
was fitted to the measured transmittance data for sample
No. 20 B (solid) by the same criterion as in the inset of
Fig. 11.

but it also leads to transmittance minima which
are considerably wider than the experimentally
observed ones. The effect is not unexpected since
the decreased metal core diameters yield dimin-
ished 7;’s which lead to a smoothing of the curves
as was elaborated on in Fig. 12. It should be -
stressed that even if we have neglected the im-
aginary part of €, this does not play any role

in the shift of the absorption band as this is given
by the real part of €**. Furthermore, for any
reasonable value of € the needed ¢_’s are much
too large to be reconciled with the electron-micro-
scopic evidence. We must then draw the con-
clusion that an oxide coverage is responsible
neither for the appavent shift of the plasma fre-
quency nov for the occurvence of an effective
thickness.

B. Nonspherical particles

All previous computations of this paper have
been devoted to spherical particles, although the
effective medium theories in Sec. IV were written
in a general form which remains valid® for el-
lipsoidal shapes [cf. Eq. (9)]. The restriction
was motivated by the electron micrographs, where
only well-rounded objects could be observed. The
attainable resolution does not preclude some
modest deviations from a spherical form, though.

In this section we will relax the requirement of
spherical shapes and hence investigate the in-
fluence on the optical transmittance from depolar-
ization factors L,, L,, and L, which differ from

3. The normalization

3

2, Li=1

i=1
is always valid. For all the effective medium
theories the transmittance minimum occurs for
f =0 when a; has a maximum, i.e., when

L, -1)=L,¢,, : (21)

as is easily verified from the equations of Sec.
IVB, and it is obvious that A, will be affected
by deviations from a spherical shape.

To see whether the occurrence of nonspherical
particles is sufficient to account for the apparent
shift of the plasma frequency and the effective
sample thickness, we carried through a set of
computations for prolate spheroids for which

L,< Ly=L,,
and for oblate spheroids defined by
L, =L,< L,.

Figure 16 depicts wavelength-dependent trans-
mittance calculated for prolate spheroids using
an unshifted plasma frequency, the experimental
deposit thickness for sample No. 20 B, and de-
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FIG. 16. Transmittance vs wavelength for nonspherical
gold particles (prolate spheroids). Four theoretical
curves were computed from the MG-PvS effective me-
dium theory using Zwy; =Awy, =8.55 ev, ¢ =5.7 um,

-/ =0.005, x=3.3 nm, 0=1.40, and Ly, L,, and Lgas

giveninthefigure. Dash-dotted curve for Ly=L,=L,
=3 (i.e. for spheres) is identical with the dash-dotted

plot in Fig. 10. Solid curve represents measured data
for sample No. 20 B.



polarization factors as shown in the figure. It

is seen that when the ratio L,/L, gets smaller
(i.e., when the deviation from a spherical shape

is enhanced) the location of A_, shifts towards
"larger wavelengths and the overall magnitude

of the transmittance is decreased. At L, =0.12
and L, =L, =0.44 (dotted curve) the correspondence
with experimental data (solid curve) is rather
good, and it may safely be surmised that an al-
most perfect fit could have been achieved by using
a combination of two or more triplets of L,’s

to describe a distribution of shapes. However,

in order to see whether the agreement is meaning-
ful we must now check if the above values of L;,
which are tantamount to a certain ratio between
major (@) and minor (c) axes of the spheroid, can
be reconciled with the electron microscopic data.
For prolate spheroids (PS) of eccentricity

eps=[1-(c/a)?]V?, (22)

the smallest depolarization factor is given by®*

L = l—exzs2 1 1+eEs
1

227, n 7 _ePS—ZePs) . (23)

These equations were used to invert the A, vs
L, relation, inherent in graphs of the kind shown
in Fig. 16, to yield instead A_,, vs a/c data for
PS’s. As seen from Fig. 17 A, goes from the
value 0.51 for spheres (cf. the dash-dotted curve
in Fig. 16) up to 0.7 when a/c =5. We also com-
puted wavelength-dependent transmittance for
oblate spheroids (OS) having various L;’s and
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FIG. 17. Wavelength at the transmittance minimum
(X min) Vs the ratio between major and minor axes (a/c)
for particles represented by prolate spheroids (PS) and
oblate spheroids (OS). Graphs were obtained from a
large set of curves similar to those in Fig. 16 and Eqs.
(22)—-(25). Inset depicts perspective sketches of half
spheroids with a@’s and ¢’s corresponding to A p;, =0.6
pm (as indicated by the arrows). Two spheroids were
drawn such that their volumes would be approximately
equal; their axes of symmetry are denoted by dash-
dotted lines.
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extracted the corresponding A, vs L, variation
by the relations®

- 1+e?
L,= ———Qsegs (eqs—arctan e), (24)
with
eps=[(a/c)? -1]¥2, : (25)

The results are also included in Fig. 17. Ex-
perimentally we have 0.56<x_, <0.6 um (cf. Sec.
III), which from Fig. 17 corresponds to large
ratios between major and minor axes both for
prolate and oblate spheroids. The inset of Fig.
17 gives perspective sketches of half-spheroids
pertainingtoA , =0.6 ym. Neither the very elongat-
ed shapes for PS’s nor the flattened appearance
for the OS’s can be reconciled with the electron
micrographs of Fig. 3(a), and in consequence

the apparent shift of the plasma frequency and
the effective sample thickness cannot be caused
by nonspherical particles in spite of the good

fit between theory and experiment which was evi-
dent from Fig. 16.

C. Role of dipole-dipole coupling and final comparison of theory
and experiments

In the previous discussions it was tacitly pre-
sumed that the spatial distribution of particles
was uniform throughout the sample. Considering
the very small filling factors that were found ex-
perimentally this implies large intraparticle dis-
tances, in which case the local field is accurately
approximated by the sum of the external field and
the Lorentz field. From a direct inspection of
typical electron micrographs [cf. Fig. 3(a)] it .
can be concluded that an assumption of large par-
ticle-particle distances must be a very crude
one to the extent that it can be maintained at all,
and it is evident that the individual particles stick
together to form complex chains, clusters, etc.
Consequently dipole -dipole interaction (or even
higher multipole effects) cannot be disregarded.

Our semiquantitative description of the coupling
is founded on a recent article by Clippe, Evrard,
and Lucas,®® who calculated the resonance fre-
quency for several geometrical configurations of
identical touching spheres such as doublets, linear
triplets or quadruplets, spheres at the corners
of an equilateral triangle or square or tetrahe-
dron, an infinite single- or double strand chain,
and a close-packed fcc lattice. Hence their cal-
culation provides an explicit solution of Kirk-
wood’s® theory for these particular spatial ar-
rangements. We have attempted to account for
dipole-dipole interaction by representing the com-
puted® resonance frequencies by a set of effective
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depolarization factors® L*, which make the ap-
proach formally identical to the one for non-
spherical particles; it is important to note,
though, that the present depolarization factors
are in a sense fictitious quantities which are not
related to any ellipsoidal shapes. At least in the
case of an infinite square lattice the effect of
dipole-dipole interaction on the effective polar-
izability can be accounted for by introducing ef-
fective depolarization factors in the expression
for the polarizability [i.e., our Eq. (9)] while
all other formulas can be retained.®?” We feel
that it is very plausible that the same applies in
the present case. Clippe et al.® found, for ex-
ample, that an infinite linear chain would inhabit
three normal modes: one longitudinal at € =—6.5¢€
and two transversal at e=-1.3€. From Eq. (21)
these results can be interpreted as resulting from
L*=0.133 and L}=L%=0.435. Similarly we have
inverted the computed resonance frequencies for
other pertinent configurations to yield the L¥’s
compiled in Table II. It should be noted that a
relation

3

2 Lr=1

i=1

is valid for all of these. For double spheres as
well as for linear single-strand chains of infinite
extension we find L¥< L%¥=L%, i.e., the aggre-
gates behave like prolate spheroids as expected
from the symmetry properties; more surprisingly
the three-dimensional fcc lattice has L¥=L¥< L%
such that it acts effectively as an oblate spheroid.
We used the same computational technique as
in Sec. IV B to evaluate wavelength-dependent
transmittance for samples assumed to consist
entirely of double spheres, infinite linear chains
with one strand, or a fcc lattice of spheres and
applying the triplets of L*’s in Table II, which
were derived for identical spheres, also for our
deposits which have a size distribution. From
the results in Fig. 18 it is clear that, just as
in Fig. 16, A, is shifted towards larger wave-

TABLE II. Equivalent depolarization factors for dif-
ferent geometrical configurations of identical spheres
as extracted from Ref. 80.

Geometrical (Equivalent depolarization factor)
configuration L¥ L¥ L¥
Single sphere % % %
Double sphere 0.250 0.375 0.375
Single strand chain 0.133 0.435 0.435
Double strand chain 0.139 0.342 0.518
fce lattice 0.0865 0.0865  0.827
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FIG. 18. Transmittance vs wavelength for ultrafine
gold particles with dipole-dipole interaction. Four the-
oretical curves were computed from the MG-PvS effec-
tive medium theory with the same parameters as in Fig.
16 and with L¥, L¥, and L as contained in Table II
Dashed curve for single independent spheres is identical
with the dash-dotted plot in Fig. 10. Curve for linear
infinite chains with one strand is very similar to the
dotted curve in Fig. 16 by virtue of their practically
equal depolarization factors. Solid graph represents
experimental results for sample No. 20 B.

lengths and the overall transmittance is decreased
as we go to aggregates characterized by smaller
ratios L¥/L% or L¥/L¥%. The curve for double
spheres (dotted) is seen to be very similar to

the one for single independent spheres (dashed).
When many more particles are hooked on to form
a long straight chain the computed data stand in
fair, though not perfect, agreement with experi-
mental results for sample No. 20 B (solid curve).
The same is equally true for double-strand chains
(for clarity these results are not shown). For

a fcc lattice, finally, the theoretical curve drops
well below the measured one.

To get a final comparison of theory and ex-
periments we considered the sample to be a mix-
ture of aggregates with several geometrically
well-determined configurations. Specifically we
chose single spheres, linear infinite chains, and
clusters having a fcc lattice. The existence of
such structures in the deposits was documented
by the electron micrographs [cf. Fig. 3(a)]. Double
spheres and double-strand chains were not in-
cluded in the discussion owing to the small dif-
ferences with single spheres and single-strand
chains, respectively, for the transmittance data.
In the final fit we hence required that the filling
factor would be
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tf for single spheres;
tf for infinite chains;

(1-¢-¢)f for fcc clusters;

where £, >0 and £ +¢ <1. This procedure in-
troduces two adjustable parameters £ and ¢ just
as we had two parameters w,; =constant and ¢
in the preliminary comparison of theory and ex-
periments in Sec. VB. The main advantages with
the present approach are twofold: (i) a much
better fit can be achieved as will be proved shortly
and (ii) the parameters £ and ¢ have a precise
physical meaning. It should be pointed out, though,
that £ and £ do not necessarily represent exactly
the “true” fractions of single spheres or infinite
chains in the samples, because we have not at-
tempted to incorporate any relative absorption
strengths for the different aggregates. The two
parameters should then be interpreted as, loosely
speaking, the product of an “oscillator strength”
and a “true” fractional filling factor. In practice
this does not play any role as the “true” fractions
of the different geometrical configurations are
not any experimentally accessible quantities.
Furthermore it has been shown by Vlieger®” and
by Yamaguchi'® for the two-dimensional case that
the right oscillator strength is obtained by using
only an effective depolarization factor. We be-
lieve the same to be true for our experimental
situation, and hence the correction caused by
varying absorption strength for the separate geo-
metrical configurations should be a small effect.
Figure 19 depicts calculated wavelength-de-
pendent transmittances with parameters chosen
to correspond to those for samples Nos. 18 G
and 20 B. With the shown percentages of single
spheres, infinite linear chains, and close-packed
fcc clusters it is clear that we can bring the com-
puted results into very good agreement with the
measured data over the whole wavelength interval.
The fits are not completely unique as a small
increase of the single sphere fraction at the ex-
pense of a corresponding decrease of the fcc por-
tion does not lead to any significant modifica--
tions, as may be understood from the graphs in
Fig. 18. However, Fig. 19 proves unambiguously
that roughly half of the sample can be described
as consisting of long linear chains, whereas for
the rest of the deposit we can assign approximately
equal amounts of single spheres and fcc clusters.
This result is not contradicted by the electron
micrographs. The strongest deviations between
theory and experiments are found consistently
in the interval 0.45< A< 0.50 um, where the com-
puted data overshoot the experimental by up to
6% as can be seen from Fig. 19. Also in the
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FIG. 19. Measured and computed transmittance vs
wavelength curves for ultrafine gold particles with di-
pole-dipole interaction. Solid plots were shown pre-
viously in Fig. 6. Closely resembling theoretical data
(squares and circles) were obtained from the MG-PvS
effective medium theory with Zw,; =fwy, =8.55 eV,
f=0.005, £(18G)=2.5um, ¢(20B)=5.7 um [which gives
agreement with the measured W/A’s by Eq. (1)], x and
o for the two samples as given in Table I, and L¥’s
for single spheres, infinite single strand chains, and
fce clusters as contained in Table II. Shown percentages
for these geometrical configurations were used. Slight
scatter of the theoretical data from a smooth variation
(particularly manifest around A =1 pm) and the gap at
1.55A % 1.8 um reflect uncertainties in the ellipsometric
results for €.,,(w) as reported by Winsemius (Ref. 75).

range 0.85<A<1.1 um there appears to be a slight
though systematic discrepancy and the experi-
mental transmittancies are larger than the cal-
culated ones. For other wavelengths the corre-
spondence can be made virtually perfect by a
proper selection of £ and £. The deviations are
probably caused by the strong simplification in
regarding dipole-dipole coupling for only three
different geometrical configurations, whereas

in reality there must be a wide spectrum including
chains, rings, and clusters of all shapes and
sizes with, in general, multipole-multipole in-
teraction.

We would like to stress, that we feel that our
approach to treat dipole-dipole interactions cer-
tainly involves more than mere curve fitting.

The only parameters entering the calculations are
£ and £, whereas we used experimental values

for t, f, size distribution, and bulk dielectric
function (in Sec. VB, ¢ and w,; were taken to be
adjustable parameters). With only two parameters
we fit well a large number of characteristic fea-
tures of the spectra; for the absorption band
centered at about 600 nm we get the right position,
width, and absolute transmittance value; we also
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reproduce accurately features of both the infrared
and ultraviolet transmittance.

VII. SUMMARY AND CONCLUDING REMARKS

In this paper we have addressed ourselves to
the old problem of the “anomalous absorption,”
which has been seen frequently in systems com-
prised of noble-metal aggregates (the probably
incomplete listing in Sec. I contained over 50
articles published during the last two decades).
In order to obtain a sufficiently simple experi-
mental system to permit a detailed quantitative
comparison of theory and experiments we pre-
pared ultrafine gold particles using gas evapora-
tion following, in essence, a technique due to
Harris,?*® whereby complicating effects from a
medium surrounding the granules can be avoided
and highly accurate samplings of the deposits can
be achieved by straightforward electron micro-
scopy. For colloidal particles in a glass matrix,
to pick one of the alternative preparation tech-
niques, the sample must be pulverized mechan-
ically and the glass dissolved before microscopy
can commence, which is bound to introduce un-
representative samplings caused by coagulation.
The main disadvantage with gas evaporation is
that the particles must be touching at any filling
factor, whereas a more even spatial distribution
can probably be obtained by most other techniques.
We'feel, however, that this drawback is out-
weighed by the more precise sample analysis,
which in our case allowed us to determine not
only an average diameter of the single-crystalline
spherical particles but we also documented that
the size distributions were accurately log-normal.
Using a combination of optical microscopy and
weighings we determined the deposit thickness
and filling factor, the latter being of the order
of 0.3%. Optical transmittance was measured
by standard techniques. Provided the deposits
were sufficiently thin we obtained very repro-
ducible readings with a marked transmittance
minimum at a wavelength of about 0.6 um; for
thicker layers the particles coagulated into large
aggregates presumably caused by the combined
effects of heating from the vapor source and a
substantial melting point depression in minute gold
particles.

As a foundation for the theoretical description
of the wavelength-dependent transmittances we
formulated three prescriptions to get an average
dielectric permeability, which defines an “ef-
fective medium,” from the permeabilities of the
metal particles and their surroundings (i.e., air),
respectively. Specifically we adopted the effective
medium theories due to Maxwell-Garnett®” in

conjunction with Polder and van Santen,%” Brugge-
man,>® and Hunderi.® A general criterion for
their validity was put forward. The basic self-
consistent equations [ Eqs. (8)—(10) and (12)] were
written in a novel manner which ‘points up their
similarities and differences and which is par-
ticularly convenient for computations when size
distributions and/or ellipsoidal particles need to
be considered. In the limit of vanishing filling
factors the effective medium theories become
identical and they all represent an exact solution
of Maxwell’s equations. The most crucial part

of the theory is the choice of a dielectric per-
meability for the metal particles. We used Win-

- semius’s” ellipsometrically determined data for

bulk gold, which we believe to be more accurate
than previous results,® and modified the free-
electron part to incorporate the effect of a size-
dependent mean-free path, presuming diffuse
boundary scattering of the electrons. Hence we
neglected any change in the interband part of the
dielectric function as well as quantum size ef-
fects. The computed results exhibited a trans-
mittance minimum which resembled the experi-
mentally observed one. We found that the min-
imum got narrower and deeper as the median
diameters were increased, which is a simple
manifestation of the enhanced mean free paths;
more remarkable was the extreme insensitiveness
to the width of the log-normal distributions.

In order to produce a good fit between theory
and experiments it was necessary to invoke: (i)
a fictitious plasma frequency which was lower
than the bulk value, and (ii) an effective sample
thickness of the order of twice the measured one.

To understand the background of these seemingly
bizarre and unphysical effects we first considered
the influence from the dielectric coating on the
particles. By explicit calculations we demon-
strated that a shift of the transmittance minimum
towards larger wavelengths (i.e., an apparently
lowered plasma frequency) could occur, whereas
no enhanced thicknesses could be obtained, simply
because the nonabsorbing dielectric is produced
at the expense of a decrease for the absorbing
metal cores. The effects (i) and (ii) could be
accounted for formally by presuming nonspherical
particle shapes, but correspondence with experi- -
ments could be reached only by postulating very
oblong or flattened particles for which no evidence
was gained from the electron micrographs, and
hence this explanation must be discarded too.
We finally elucidated the role of dipole-dipole
intevactions, which were represented by intro-
ducing triplets of effective depolarization factors
pertaining to each of a set of well-defined geo-
metrical configurations of spheres. The dis-



cussion was based on a theoretical work by Clippe
et al.®® Our approach, which we believe has not
been adopted before, was to consider the deposit
as consisting of close-packed clusters, infinite
linear chains, and single particles, whose relative
amounts were taken to be adjustable parameters.
From this procedure we were able to get com -
puted data which agreed with the experiments to
within a few percent over the entive wavelength
range by using only physically plausible input
parameters. For completeness it should be men-
tioned that the decrease of the electron concentra-
tion at the surfaces of a particle, which takes
place over typically a Thomas—Fermi screening
length, may also alter the transmittance minimum
as was pointed out recently®®; the effect is prob-
ably too small to be of any significance for our
samples, though.

Evidence for an apparent decrease of the plasma
frequency in gold aggregates has been found pre-
viously in several experiments?5:°**®! probing the
optical properties. Sometimes this has been in-
terpreted as caused by an “optical” mass for the
electrons being much larger than the free-electron
value, but the origin of such an enhancement has
not been made clear. These results were all
obtained for discontinuous films or granular de-
posits, whereas no increased “optical” mass was
found in well-crystallized films.®? In our opinion
this indicates that the shift of the plasma fre-
quency is an apparent rather than a real effect
caused by either dipole-dipole coupling, non-
spherical shapes, or oxide coatings on the par-
ticles, or several of these effects in combination.
The same might be the reason also behind the
shifted transmittance minima found recently in
ultrafine Ag and Na particles by Smithard et al.”*%

It is of prime importance that our extremely
good agreement between theory and experiments
could be obtained without incorporation of any
quantum size effects but only properly modified
bulk data. At first sight this might seem sur-
prising as the particles are sufficiently small
for the normally quasicontinuous conduction band
to break up into distinct levels with non-negligible
separations.®"% Hence the surfaces should not
act as simple scatterers but rather to determine
the eigenstates for the electrons. Presuming a
Poisson distribution of completely nondegenerate
eigenvalues Kawabata and Kubo® calculated the
dissipation caused by dipole transitions by use
of linear response theory. Their approach was
improved on by Gor’kov and Eliashberg,” who
pointed out that the random level separation can
be refuted on very general grounds, and instead
the two-level distribution function should obey
either of three separate statistical ensembles,
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which lead to different dielectric permeabilities
(depending on atomic spin-orbit coupling and ex-
ternal magnetic field). Recently two alternative
and much simpler quantum-mechanical deriva-
tions of the dielectric function were provided by
Cini and Ascarelli®® and by Genzel ef al.® To re-
produce our experimental data we needed neither
of these sophisticated theories but, as stressed
above, we relied successfully on the classical
theory in combination with measured bulk results.
One possible reason for the absence of quantum
size effects in our data might be that the individual
energy levels overlap completely at room tem-
perature. It would therefore be interesting to
extend the transmittance measurements to lower
temperatures. Experiments by Kreibig® and by
Scheunemann and Jiger!? on the optical absorption
in ultrafine silver particles at liquid-helium and
at room temperature did not exhibit any drastically

(b)

0  400mum

FIG. 20. Structure of gold deposits, produced by
evaporation in air, studied at scratches made in sample
No. 20 B [part (a)] and sample No. 20 A [part (b)].
Dark regions at the corners are caused by the small
aperture in the optical microscope.
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differing results, which could have been taken

as evidence for an onset of quantum size effects,
but our improved theoretical and experimental
analyses should make a renewed attempt worth-
while. An even more crucial probe of the elusive
quantum effects is to study the absorption of far-
infrared radiation at frequencies comparable with
the mean energy spacing. A recent reapprecia-
tion®® of previous measurements* at low tem-
peratures disclosed severe discrepancies between
experiments and the Gor’kov—fﬂliashberg theory,”
and the classical theory for the electrons is prob-
ably superior also in the far-infrared regime,

as will be discussed in a forthcoming article.

ACKNOWLEDGMENTS

We are very grateful to Professor A. A. Lucas
for giving us a preprint of Ref. 80 and to Dr. H. P,
Lengkeek for sending us a computer printout of
ellipsometric data for bulk gold. The transmit-
tance determination for a gold film in Fig. 1 was
kindly provided by Dr. P. O. Nilsson.

APPENDIX: PARTIAL COLLAPSE OF THE STRUCTURE

Some interesting effects were observed when
a scratch, made with a needle in the porous de-
posit consisting of Au particles, was studied by
optical microscopy. Figure 20(a) shows results
for sample No. 20 B which was previously reported

on in Fig. 2. The microscope was focused 3.5 um
above the substrate plane and hence the structure
should look similar to the one in Fig. 2(b). This
is true for the two regions close to the vertical
sides of the picture, which signify the untrans-
formed part. The central region shows the
scratch; evidently the original deposit has col-
lapsed into a series of horizontal structures which
on close inspection appear to be hollow. The-
filling factor for these “tubes” (assuming circular
cross sections) was estimated to be three to four
times larger than for the original layer. This
observation agrees with the previous report*
of f’s being of the order of percent for particle
films which had been scraped off their backing.
Figure 20(b) shows a similar scratch made in
sample No. 20 A. The microscope was focused
in the substrate plane. The lightest irregular

~ areas to the right are caused by the needle hitting

the glass surface. This region is surrounded by
a rather wide gray zone indicating a thin and even
coating. To the left remnants of the original
structure are visible in addition to a collapsed
“tube” which is of the same nature as those de-
scribed in Fig. 20(a). Clearly the particles closest
to the substrate adhere rather strongly whereas
the others, which form a series of clusters, can
get wiped off more easily. These conclusions
substantiate the conceptual model for the deposits
which was depicted by the line drawings of Fig. 2.
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FIG. 2. Microscope images of the same region of a
gold deposit prepared by evaporation in air (sample No.
20 B). Schematic upper pictures show a cross-sectional
view of particle layers on glass substrates. Dashed
lines indicate focal planes for the microscope.
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FIG. 20. Structure of gold deposits, produced by
evaporation in air, studied at scratches made in sample
No. 20 B [part (a)] and sample No. 20 A [part (b)].
Dark regions at the corners are caused by the small
aperture in the optical microscope.
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FIG. 3. Part (a) depicts ultrafine gold particles pre-
pared by evaporation in air (sample No. 20 B). Note the
clusters and chains! Grainy background is caused by
structure in the supporting carbon layer. Part (b) shows
electron diffraction from the same sample. Calculated
positions for the four innermost reflections of fce Au are
indicated; these agree with the measured radii. Cor-
respondence was obtained also for the line intensities.
Weak line closest to the center is due to three overlap-
ping reflections from triclinic and/or orthorhombic WO,
(cf. Ref. 44).
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FIG. 4. Coagulated gold particles prepared by eva-

poration in air (sample No. 18 #). Largest particles
exhibit a tendency towards hexagonal images which is
probably indicative of their being three-dimensional
icosahedrons (cf. Ref. 45).



