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THE ANOMALOUS INFRA-RED ABSORPTION OF ALKALI METALS
AND COLLECTIVE OSCILLATIONS IN SMALL METAL PARTICLES

A. MEESSEN

Département de Physique de I’Etat Solide, Institut de Physique Théorique,
Parc d’Arenberg, Université Catholique de Louvain, Belgique

(Regu le 11 aoiit 1971)

Résumé. — Les maxima qui ont été découverts par Mayer dans le spectre d’absorption d’échan-
tillons massifs de Na et de K, et qui n’ont pas pu étre expliqués par les propriétés de volume de ces
métaux, résultent en réalité d’un effet de rugosité de surface. La méthode ellipsométrique conduit,
en effet, & une erreur systématique quand le métal est recouvert d’une distribution assez dense de
petits grains métalliques. Les constantes optiques apparentes dépendent des constantes optiques du
métal massif et des constantes effectives de la couche granulaire. De tels films minces peuvent étre
préparés également par évaporation du métal sur un support transparent, et leurs propriétés
optiques peuvent étre décrites en fonction de deux types d’oscillations collectives dans ces grains,
Les résultats de Payan pour des couches granulaires de Na et de K, ainsi que les résultats de Mayer,
correspondent a I’excitation d’oscillations collectives, parallélement & la surface du support. L’ab-
sorption de résonance est particuliérement intense, quand elle se situe dans le domaine spectral ou
I’absorption du métal massif est trés faible, comme cela se présentait pour ces métaux alcalins.

Abstract. — It is shown that the resonance like absorption peaks, which were discovered by
Mayer for bulk samples of Na and K, and which could not be explained in terms of the bulk pro-
perties of the metal, are actually due to a surface roughness effect. The ellipsometric method leads,
indeed, to a systematic error when the metal surface is covered by a dense distribution of small
metal particles. The apparent optical constants depend on the optical constants of the bulk metal
and on the effective optical constants of the thin granular film. Such films can also be prepared by
evaporating the metal on a transparent substrate, and their optical properties can be described in
terms of two types of collective oscillations within the metal particles. Payan’s results for thin
granular films of Na and K, as well as Mayer’s results, correspond to an excitation of collective
oscillations parallel to the plane of the substrate. This resonance absorption is particularly strong,
when it occurs in the spectral region where the absorption of the bulk metal is very small, as it

happened to be for these alkali metals.

Introduction. — Mayer and co-workers [1], [2]
discovered that the optical properties of alkali metals
do not follow the predictions of the nearly-free-
electron model [3]-[5]. For Na and K they found
actually a strong absorption peak, just below the
threshold for interband transitions, where the Drude
absorption should be quite small. Since they measured
the optical constants of bulk samples, of high purity,
by observing the polarimetric properties of the light
which is reflected at a mirror-like metal-vacuum
interface, it was assumed that they determined the
true optical properties of the bulk metal. The optical
constants of a metal are commonly measured, indeed,
by the ellipsometric method.

The discovery of this unexpected resonance-like
absorption [6] caused considerable interest, and
stimulated many theoretical investigations [7]-[20].
Various processes which could lead to an optical
absorption, within the bulk of these metals, were
considered in great detail. But no satisfactory expla-

nation of Mayer’s anomalous absorption peaks seems
to have emerged, so far. The situation became even
more confusing, when it turned out that Mayer’s
results could not be reproduced by Smith [21], who
applied the ellipsometric method to multiple reflections
on metal-quartz interfaces.

We were struck, however, by the correlation which
exists between Mayer’s results and those of Payan [22],
[23], who measured the optical absorption of thin
granular alkali metal films. These films which are
prepared by evaporating the metal in vacuum on a
transparent substrate, exhibit « anomalous » absorp-
tion peaks, like other metals [24]-[28]. But the ano-
malous absorption peaks of thin Na and K films occur
nearly at the same frequencies as Mayer’s anomalous
absorption peaks.

The optical properties of thin granular films of
alkali metals, on a glass substrate, have been analysed
already by Wood [29], in 1902. With remarkable
perspicacity he recognized all the essential features,
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as well as the true origin of the observed « colours ».
Maxwell-Garnett [30] developped then, in 1904,
a very satisfactory theory for the optical properties of
« metal glasses » which are formed by a uniform
colloidal suspension of very small spherical metal
particles in a glass matrix. The basic idea, was that
the electric field of the incident light wave induces a
dipole moment in each metal particle, and that one
has to consider the average polarization of a small
volume, containing many metal particles. The metal
particles behave thus like the atoms or molecules of
a gas. Gans [31], David [32] and Schopper [33]
extended this model to the case of ellipsoidal metal
particles, that are distributed uniformly within a
plane, but without taking into account the effect of the
lateral interactions among the polarized metal grains.
This has been done by Yamagushi [34] and Bous-
quet [35]. The resulting theory provides a good
understanding of the basic mechanism of the « ano-
malous » absorption in granular metal films, which
is actually associated with the excitation of electronic
collective oscillations in small metal particles. The
theory implies some idealizations, of course, since
the metal « islands » do rather tend to have a hemi-
spherical form, than an ellipsoidal one. But these
idealizations are justified by the simplicity of the
corresponding formulas, and by the fact that more
complex situations can still be reduced to the same
model [36].

To relate the results of Payan and Mayer, we will
postulate the existence of a dense distribution of
small metal particles on the surface of Mayer’s bulk
metal samples. This could be due to a polycristalline
structure of the surface, or to a delayed condensation
of residual alkali metal atoms, which are liberated,
for instance, from the walls of the vessel where the
metal was distillated. The fact that the metal surface
appeared to be « mirror like » [2] does not preclude
the possible existence of a surface roughness layer,
since a dense ensemble of small metal particles
would act like a continuous film.

We have then to show that the existence of such
a surface layer would lead to a systematic error,
when one tries to determine the optical constants of
a metal by means of the ellipsometric method. This
method corresponds actually [37] to a measurement
of the amplitude p and the phase 4 of the complex
quantity

rp _ id
—=pe 1)

S

where r, and r, represent the reflection amplitudes
for plane polarized light, whose electric field vector
is, respectively, parallel and perpendicular to the
plane of incidence. The quantities p and A can be
measured with high accuracy, while the quantities r,
and r, can be easily related to the optical constants

of the reflecting material, by means of Fresnel’s
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formulas. But what happens when there is a transition
layer between the metal and the outside transparent
medium ? And what happens, in particular, when
this transition layer has the same structure as a thin,
granular metal film ?

We will show, in section I, that the results of the
ellipsometric method are, indeed, modified in such
a way that one determines some « apparent » optical
constants instead of the « true » optical constants of
the bulk metal, when the metal surface is covered
by a thin transition layer. This is suggested already
by the experimental results of different authors for
Na and K, and is confirmed by the general theoretical
expressions. In section II, we recall and analyse
the simple analytic formulas which can be obtained
for the « effective » optical constants of a thin, gra-
nular metal film, using the model of ellipsoidal metal
particles. We will stress the resonance character of
the corresponding « anomalous » absorption, and
its physical origin. We will also derive a simple law
for the displacements of the absorption peaks for
films of various mass-tickness showing that these
displacements are due to the lateral interactions
among the metal particles. By combining the results of
the two previous sections, we conclude, in section III,
that Mayer’s anomalous absorption peaks can be
explained in a natural way, by the effect of collective
oscillations in small, metal particles on the surface
of the bulk metal. This conclusion joins actually
those of Berreman [38], Beaglehole and Hunderi [39]
for other aspects of the optical properties of solids
with a granular surface roughness. Fenstermaker and
Mc Crackin [40], noted also that large errors can
arise in the determination of the refractive index,
by the ellipsometric method, in the presence of certain
types of surface roughness.

1. The apparent optical constants of a metal with a
surface layer. — 1.1 EXPERIMENTAL RESULTS FOR
BULK SAMPLES OF Na AND K. — The index of refraction
(n) and the index of absorption (k) of a metal are
defined by the relations

g, =n®>—k* and &, = 2nk, )

where ¢; and ¢, are the real and imaginary parts of
the dielectric constant (¢ = ¢, + i¢,) of the metal.
The absorption spectrum of the metal can thus be
characterized by the spectral distribution of &, or
by the spectral distribution of the « optical conducti-
vity »

=% _ ¢
T 4n T 22" @)

where w = 2 nc/A represents the (angular) frequency
of the incident light. The expression of ¢ is reduced,
indeed, to the d. c. conductivity when @ — 0. Since
the alkali metals should be well described by the
nearly-free-electron model, we expect that their



N°¢ 4 ANOMALOUS INFRA-RED ABSORPTION OF ALKALI METALS AND COLLECTIVE OSCILLATIONS 373

absorption spectrum can be considered as a simple
superposition of two contributions,

o(w) = op(®) + oy(®),

where
Op = — @

and

w— w
O-l = B((Oo - CO) —3—1
(0]

#)

A and B being constants.

The separability of the terms o, and o follows form
the fact that a conduction electron can only absorb a
photon, when the electron is simultaneously scattered
by a third body, in order to insure the conservation
of energy and momentum. Considering separately
the effect of electron-phonon and electron-lattice
interactions, one finds, respectively the « Drude
term » (op) and the « interband term » (o). oy is
zero below the threshold frequency w, and raises
then to a maximum at about (3) w,, to drop slowly
off at higher frequencies. This expression of o, was
obtained by Wilson [4] and Buther [5], with the
assumption that the band structure of the metal
corresponds to a parabola in the extended zone
scheme. The values of the constants 4 and Bin (4) and
(4) depend on the strength of the electron-phonon
and electron-lattice interactions in the metal.

The experimental results of different authors
concerning the spectral distribution of ¢ for bulk
samples of Na and K, are represented in figures la
and 2a. There is a striking lack of general agreement
among these results, as well as an astonishing varia-
bility with respect to the theoretical spectral distri-
butions (4) and (4') for the nearly-free-electron model.
It should be noted that all these measurements were
performed by means of polarimetric methods. Although
some measurements are already quite old [41], [42],
they may be trustworthy since they were performed
by protecting the alkali metal against contaminations,
by observing the light reflection at a metal-glass
interface. Ives and Briggs [43] used a metal-quartz
interface for K and Rb, while he prepared metallic
mirrors in vacuum for Na and Cs, as Mayer [1], [2]
did for all his alkali metal samples. Ives and Briggs
reported, however, that Cs mirrors have a tendency
to become mat, as a consequence of an additional
condensation of residual alkali metal atoms. This
matness should be regarded as an indication for the
formation of large, widely separated, incoherently
scattering metal islands [29], since a dense distribu-
tion of small metal islands would act like a conti-
nuous film. The existence of such a fine granular
surface soughness is therefore quite probable when
the metallic mirror has been formed by condensation,

-
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Fi1G. 1a. — The observed optical conductivity for bulk samples

of Na, according to different authors, and the corresponding

theoretical curves op and o1, according to the nearly-free-
electron model.
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F1G. 1b. — The observed absorption spectrum for thin granular
Na films of different mass thickness (redrawn).

after repeated distillations of the metal, as in Mayer’s
experiments. The fact that the results of the polari-
metric methods can be distorted by a « transition
layer » was mentioned already be Meese [42], who
recalled the observations of Drude [44] for metallic
mirrors with different kinds of surface polishing.
Smith [21] and Hodgson [45] used multiple reflections
at a metal-quartz interface. In this case, one has to
expect a relatively flat, but very irregular surface
roughness. This leads to an increased Drude absorp-
tion, because of diffuse electron-surface scattering,
as stated by Smith. Hodgson, on the other hand,
noted that o varied for different Na-quartz interfaces
by as much as 20 %,. This seems to indicate that the
ellipsometric method is, indeed, sensitive to the
surface structure. He reported actually a spectral
distribution curve for Na, where ¢ displays an ano-
malous absorption peak, which reminds us of Mayer’s
anomalous absorption peaks (see Fig. 1a).

1.2 EXPERIMENTAL RESULTS FOR THIN GRANULAR
FILMS OF Na AND K. — The experimental results of
Payan [22] for the optical absorption spectrum of
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thin granular films of Na and K are represented,
respectively, in figure 15 and 2b. He measured actually
the spectral distribution of 2 nkd/A = ¢; d/A, where A
is the wavelength of the incident light, while d and &
represent the thickness and the imaginary part of
the dielectric constant of a continuous film, that is
optically equivalent to the granular metal film. The
mentioned quantity can be determined directly, by
observing the reflection and transmission of very
thin films, under nearly normal incidence. By eva-
porating the metal on a quartz substrate in ultra-
high vacuum, he prepared granular films of various
mass thickness (d,,), in order to measure their absorp-
tion spectrum.

9
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FiG. 2a — The observed optical conductivity for bulk samples

of K, according to different authors, and the corresponding

theoretical curves op and o1, according to the nearly free-electron
model.
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FI1G. 2b. — The observed absorption spectrum for thin granular
K films of different mass thickness (redrawn).

Payan found two peaks in the absorption spectrum
of thin granular films of Na and K. Although the
low frequency peak exhibits the characteristic dis-
placement, which is generally observed for the « ano-
malous » absorption peak of granular metal films of
increasing mass thickness, he suggested that this
absorption could eventually be attributed to surface
state transitions, while the higher frequency peak
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could eventually be attributed to interband transi-
tions. It appears, however (see Fig. 1 and 2), that the
position and the form of the higher frequency peak
does not correspond to the theoretically predicted
distribution for interband transitions (4'). In section II,
we will present evidence for attributing both peaks
to collective oscillations in the metal islands. For
the moment, we want only to call attention to the
fact that Mayer’s result for Na seems to correspond
to the theoretically predicted curve, to which one
has added a contribution that is proportional to
Payan’s results for thin granular films of Na. If this
is true, we have to admit that the ellipsometric method
did not yield the « frue » value of the imaginary part
of the dielectric constant of the bulk alkali metal (g,),
but an « apparent » value

8; =& + ﬂslz ’ (5)

where f is a constant and &, the imaginary part of
the effective dielectric constant of a thin granular
film of the same metal. The validity of the suggested
eq. (5) will be justified at the end of this paper. As
a first step towards its proof, we have now to consider
how the results of the ellipsometric method can be
affected, in general, by the presence of a thin transi-
tion layer.

1.3 THE EFFECT OF A TRANSITION LAYER On THE
ELLIPSOMETRIC METHOD. — Since the ellipsometric
method is based on eq. (1), we have only to inves-
tigate how the ratio p,/r, is modified by the presence
of a thin film between the metal and the transparent
medium, where light reflection is observed. The
angle of incidence 6 is fixed at some rather large
value like 75°, for instance, as it is customary to
insure optimal sensitivity for the ellipsometric method.
The tickness d of the transition layer is assumed to
be sufficiently small compared to the wavelength A
of the incident light, so that the parameter

n="7-=—<1. ©)

e, ¢ and g, represent, respectively, the dielectric
constants of the bulk metal, the transition layer and
the outside, transparent medium. The general expres-
sion [46] of the reflection amplitude reduces then,
because of (6), to the following form

. A~ —inq' B~
A" — inqg' B* ’
where
A* = gt g
and
B:t — 808 + gr
gl
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The parameters g, g’ and g, are functions of e, ¢
and ¢,, as well as 6. But these functions are different
for s and p polarization. When we define

q = (e — nisin®0)%, q' = (¢ — nisin? 0)*
and
qo = hg cos 0

we have to set

g=9q, &=9q and gy =g¢q,,
for s polarization and
a . _4q
g=—-, & = q_, and 8o = 4o >
€ € &

for p polarization.

Since the surface layer is expected to be higly
anisotropic, it may be necessary to introduce a
different value & and ¢, for the dielectric constant of
the surface layer under the action of s and p polarized
light, respectively. Under these circumstances, and
retaining only first order corrections in #, we find
that (1) takes the form

peid = Ao AL = in(ay B, A + 4. B A;) _
Ay A; —in(qy By AT + q; BS A7)
_ (a + b) — in(a’ + b")
(@ = b) — m(a —b)
where

a=¢cos’0 — q*, b=(i—n0)qcos0
L

a =gq [(s + &) cos’ 0 — g E, — q;Z] @)
Ep
and
12 nO &

b'=cos€[q2(i—n0)— qp — +q;2i]. ®)
no 8p L)

The parameters g; and g, correspond to ¢’ where &
has been replaced respectively by e and ¢,. In the
ideal case, where no surface roughness is present
we have n = 0 and

pel = . (6))

This expression is modified in the following way,

through the introduction of a thin surface layer
m < 1:
* *
u_a +b
A o
where
a*=a—ina and b*=0b-—inh’. (11)

LE JOURNAL DE PHYSIQUE, — T. 33, N° 4, AVRIL 1972

375

The expressions (10) and (9) have the same form,
and it is only necessary to replace ¢, ¢ and 6 by corres-
ponding « apparent » values ¢*, g* and 0*, according
to the relations (11). When we don’t know that a
surface layer exists, we will assume that the measu-
rement of the quantities p and 4, which are defined
by eq. (1), have to yield the true optical constants
of the bulk metal, while in fact they actually yield a
modified value.

The relations (11) can be written explicitely with
the aid of (8), when we assume that ¢> = & and
g** = ¢*. This assumption is valid in the spectral
region where

and e* > g .

(12)

The effective dielectric constant ¢* and the effective
angle of incidence 8* which alow us to pass from (9)
to (10) are then given by the two equations

e*(cos? 0* — 1) = g(cos®> 0 — 1) — in /e x

£> &

X [(e + &) cos® 0 — g7 i, - q;Z] 13)
&

P

(" — &) \/e* cos 0F =
’2
= |(e — gy) /&6 — e s’——80+q;2—giqp— cos 6.
14 8'
P

(14)

In the limiting case where cos 8 — 0, we get from (14)
that cos 6* — 0, and from (13) that the effective
(complex) dielectric constant

e*=s+ﬂ[(1 —‘:—?)a +(e;—so)] (15)
where
B=—inie. (16)

Expression (15) can be corrected, for small values
of cos 0 (knowning that cos? § = 0.06 when 6 = 75°).
We have only to take the square of eq. (14), retaining
only the first order terms in #, so that we can eliminate
e* cos® 0* from eq. (13). The effective dielectric
constant then becomes

e* = [1 + ﬁ(l —?—?)+/3Fcos20]e+
ep
+ B[(e, — &) — (g — &o) cos® 8] (17)
where

+ 2(ep, — 3 &)
e — g

2 go(& + &)

(e — o)

F=14+%
&

(18)

1.4 THE SPECTRAL REGION OF THE DRUDE ABSORP-
TION. — In the infra-red, below the threshold for
interband transitions, we can express the dielectric

25
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constant ¢ = g, + ig, of the bulk metal, according
to the Drude theory :

2
w
—‘2’ and
w w

2
_ DY
82-“—3‘-

(19)

& = & —

These expressions imply that w > y = 1/, where ©
is the Drude relaxation time. The (free-electron)
plasma frequency w, depends on the density (n)
and the effective mass (m*) of the conduction elec-
trons :

2_47tne2

(€]
P
m*

(20)

&, has been introduced to take into account the
polarizability of the ion cores in the crystal lattice.
Below the threshold for interband transitions, where
o < w,, we get simply

@n

and

nw, w,d 2mnd
==

P

o ¢
The parameter f is thus real and small, as long as
d € A, < A Since (17) differs only from (15) by
terms of the order B cos?#, which corresponds to
the product of two small quantities, it is usually
sufficient to consider the simpler relation (15). The
apparent dielectric constant &* is, of course, equal
to the true dielectric constant ¢, when the film thickness
parameter f§ — 0. The first eq. (21) provides a justi-
fication of the first condition (12), since ¢, = 1. The
second condition (12) is justified (for the moment)
by the experimentally observed fact that ef = e,.
We conclude therefore that the presence of a surface
layer (which could be due to adsorbed atoms as well
as to a surface roughness), caninduce usinto making an
error. Instead of the « true » optical constants of the
reflecting metal, we will only get the « apparent »
optical constants, which are determined by (15) or
(17). It should be noted that these expressions depend
in a different way on the effective dielectric constants
e, and e, of the surface layer for p and s polarized
light. This fact will turn out to be very important.
But we have first to show that the effective dielectric
constant of a thin granular metal film has not only a
peculiar polarization dependance, but also a reso-
nance like structure that is associated with the exci-
tation of collective oscillations.

I1. The optical properties of thin granular metal films.
— 2.1 COLLECTIVE OSCILLATIONS IN SMALL METAL
PARTICLES. — Let us consider a metal particle, whose
dimensions are very small compared to the wavelength
of the incident light, so that it is possible to assume
that the particle is bathing in a uniform electric field
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E, that changes with time, according to the frequency
of the incident light wave. The applied field polarizes
the material of the metal particle, and induces a
surface charge of opposite sign on the two surfaces
which delimitate the metal particle in the direction
of the applied field. Assuming that the metal particle
is surounded by vacuum, we can say that the surface
charge depends only on the polarization density P
within the metal grain, and the particular shape of
this grain. The induced surface charges create, howe-
ver, a secondary electric field E’ that tends to be
oriented in the opposite direction of the applied
field E, and since the effective polarization density P
is given by

P=oE + E') (22)

where o is the polarizability of the material, one
usually calls E’ the « depolarizing field ». When the
shape of the metal particle is relatively symmetrical
along the direction of the applied field, we can assume
that

E' = — 4 fP, (23)

where f is a « form factor », whose value increases
for decreasing dimensions of the metal particle along
the direction of the applied field. Combining (22)
and (23), we get

P=dF
with
S S Cllt Y N
R YL (24)

where ¢ = 1 + 4 na is the dielectric constant of the
material that constitutes the metal particle. The
overall result is that the applied electric field E induces
in the metal grain a dipole moment, whose value
p = o VE — where V represents the volume of the
metal particle — is a frequency dependant function.
Although ¢ is a complex quantity, it is easily deduced
from (24) that the induced dipole moment will oscillate
with the greatest amplitude, when the frequency of
the incident light is such that 1 + (¢, — 1)f = 0.
From (19) it follows that this resonance frequency is
given in the spectral region of the Drude absorption
by o, = w, \/ 'f. The same result can be obtained
more directly, when we consider the forced oscillations
of the conduction electrons, under the action of the
applied field E and the depolarizing field E’. Since the
polarization density P = — en x, where n represents
the density of the conduction electrons and x their
average displacement, we find that the equation of
motion of each conduction electron becomes

m*% = — e(E + E)
or
m*(x + 0’ x) = — ¢E,
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when we make use of (23), (20) and the previous
definition of the frequency w,, while m* represents
the effective mass of the conduction electrons. We
would obtain a similar equation for all the conduction
electrons within the metal particle, by considering
the total mass and the total charge off all these elec-
trons. Thus it clearly appears that the conduction
electrons in a metal particle behave like forced har-
monic oscillators, with a resonance frequency w,.

The basic relation (23) is only an approximation,
in general. But this relation is absolutely correct
when the field is applied along the principal axes of
ellipsoidal metal particles. It is also possible, in that
case, to take into account the effect of an ambiant
medium of dielectric constant &,. By solving the
equations of the electrostatic potential, with the
adequate boundary conditions, one finds, indeed,
that (24) can be replaced by

P,= o, E; = PV
with
(e—e)

1+(£—1)fi

a

’

1
o = e (25)

where the index i = x, y, z, specifies the directions of
the principal axes of the ellipsoidal particle. We
have thus to distinguish three form factors f;, whose
values depend on the ratios of the principal axes of
the ellipsoid. The actual size of the metal particle is
irrelevant as long as the metal particle is sufficiently
small compared to the wavelength of the incident
light. Larger metal particles would give rise to qua-
drupole effects besides the usually predominant dipole
behaviour, as it is known already for metal spheres
[47]. A very important property of the form factors f;
for ellipsoidal particles is that their sum must always
equal one. We can thus distinguish three different
resonance frequencies for such a particle, correspond-
ing to collective oscillations along the three principal
axes, but the values of these frequencies are related by
the sum rule for the corresponding form factors f.

2.2 THE EFFECTIVE DIELECTRIC CONSTANT OF A
THIN GRANULAR METAL FILM. — A thin film, that is
prepared by evaporating a metal on a transparent
substrate at normal temperature, is generally composed
of « islands », which ressemble liquid drops, although
they are of crystalline structure. The optical proper-
ties of such a granular film can be characterized by
simple analytic formulas, when one assumes that the
metal particles have ellipsoidal shapes and that they
are surounded every where by an ambiant medium of
given dielectric constant ¢,. It will generally be possible
to assume, moreover, that the ellipsoidal particles
are axially symmetric, so that they have circular cross
sections in the plane of the film. We have then to
consider only two form factors f and f,, with the
sum rule

2y +fi=1. (26)
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The indices i refer now to directions that are respec-
tively parallel and perpendicular to the plane of the
film. A thin film, which is formed by a medium, of
dielectric constant ¢,, that contains N identical metal
particles per unit volume, will be characterized by
an anisotropic dielectric constant

& =¢ + 4nNWVu = ¢, +——q—(8———8“—) .
1+(83-1)f,.

a

@7

The « filling factor » ¢ = NV defines the relative
volume that is occupied by metal particles within the
film. Assuming that there are N’ metal particles
per unit surface of the film, and that each metal particle
occupies a surface S, we can also define the filling
factor by ¢ = N’ S, i. e. by the relative coverage of the
substrate, since ¥V = Sd and N = N’/d, where d is
the effective film thickness. The mass ticknes of the
film is, of course, given by d,, = N’ V.

The simple expression (27) is only valid, when we
can assume that the lateral interactions among the
metal particles are negligible. To get a more general
expression, we have to consider also the effect of
the secondary electric field, which is created within
a given metal particle by the dipoles that are induced
in the surrounding metal particles. Considering,
separately, the two cases where the dipoles are oriented
in a direction that is parallel or perpendicular to the
plane of the film, one finds that the total secondary
electric field will be parallel or antiparallel to the
dipoles, and that its magnitude depends on the
average dipole density (N’ p;) and on the average
separation (a) between the metal particles :

"o __ 4TEN/ Di
E{ = B ae,
with
ﬂ"=+12— and BJ.=_'1- (28)

It is normally not necessary to take into account
the modulation of the induced dipole moments in the
film, according to the wavelength of the incident
light and the angle of incidence [34], since the dipole
field decreases very rapidly (like 1/r®) and since the
distribution of the metal particles has to be suffi-
ciently dense (@ < A), to allow for the definition of
an effective dielectric constant. The first relation (25)
has thus to be generalized by

4 N VP,-).

P; = ofE; + E)) = WQ(E;' + B P

Solving this equation, we find that P, = o« E;
and that the effective dielectric constant of the film
becomes now

q(8 - sa) .

1 +(sf - 1)f;“ )

g =¢ + 4nNVa; = ¢, +
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This expression has exactly the same form as (27),
so that the lateral interactions among the metal
grains have no other effect than to change the form
factor. The « effective form factors » given by

fi* :fi - ﬁip »
where

NV _dﬁzﬂ (3())
a a a

characterizes the « density » of the particle distri-
bution. Using the values (28) for f;, we see moreover,
that the effective form factors still verify the sum
rule (26).

It is obvious that a real metal film is not necessarily
formed of particles of identical shape (their actual size
being irrelevant, as long as the particles are sufficiently
small) and that there can occur local variations in the
particle density p. This means that expression (29)
should still be generalized by including a statistical
distribution for f;* [32], [48]-[50]. For our purpose it will
be sufficient, however, to assume a delta function for
the distribution of possible values of f;* so that we can
keep the simple expression (29).

2.3 THE @] AND @, RESONANCE ABSORPTION. — The
spectral distribution of the real and imaginary parts of
the effective dielectric constant of a (somewhat idealiz-
ed) thin, granular metal film can be deduced directly
from the basic relation (29), assuming that we know the
spectral distribution of the complex dielectric constant
of the metal (¢ = ¢; + ig,) and of the real dielectric
constant of the ambiant medium (g,) :

8{1 =g + q[(81 - 83) + (81 - Ea)z.fi*/sa + 8§fi*/8a]

o [1+ (o1 — &) f¥e]? + [e2 S e
31)

el a%2 (32)

T+ Gy — ) f e + [eafiled

The film is an anisotropic medium, whose optical pro-
perties are different when the electric field is applied in
the directions i = || and L, with respect to the plane
of the film. But in both cases, it appears that the spectral
distribution of &;,, which defines the absorption spec-
trum, has a peak when the frequency is such that

1+(§1—
&

a

1) f*=0. 33)

We will call this resonance frequency w; = | or w,.
By developping (31) and (32) around the resonance
frequency w;, we find that

(w0, — )
(0 — @)" + (/2

(34)
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and

L AWy
i2 — 2 2
(@ — )" + (7:/2)

for w = ;. The amplitude and the width of the absorp-
tion peak (35) is given by

(35)

__4 8: (o))
() ex(y)

which shows that the peak is particularly strong when
the resonance occurs in a spectral region where the
bulk metal has a low absorbing power (¢, = small).
In the low frequency limit (0 < ,), it follows from (31)
and (32) that

y; = 2 &(w;)

—mmmnGQ

i

’ q
3i1=8a+ﬁ

The granular metal film becomes completely non-
absorbing in the far infra-red part of the spectrum,
although the metal from which the film is made exibits
a very strong Drude absorption in this spectral region
(see Fig. 16 and 2b).

The resonance frequencies o, and w, depend on the
effective form factors and the dielectric constant of the
ambiant medium. For very flat, or very densely
distributed metal particles, we have f|" < £, so that
o, can be much smaller than the plasma frequency w,.
It follows actually from (33) and (19) that

it
on=a, I,

a
when fif is sufficiently small, to situate the o) Teso-
nance below the threshold for interband transitions in
the bulk metal. (36) reduces under the same conditions
to

and g, =0.

(37

(38)

2
qo,

Yo

and =7 39
where 7 is the inverse of the Drude relaxation time,
defined by (19). It should be noted, however, that y
can be larger in the metal particle than in the bulk
metal, since the electron mean free path is generally
limited by the small size of the metal particle [51], [52].
The electron-surface collisions lead, indeed, to an
additional absorption, which can be treated like the
Drude absorption, although it has actually some very
special features [53].

The w, resonance is characterized, on the other
hand, by the fact that the value of w, tends towards the
value of the plasma frequency in the bulk material,
when the metal film is nearly continuous. We know,
indeed, that f”* — 0 and f}* - 1 for a single, infinitely
flat ellipsoidal particle, or for a very dense distribution
of small metal particles. This means, according to (33),
that there remains only a single resonance frequency,
whose value is determined by the condition &;(w) = 0,
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which defines also the value of the plasma frequency
in the bulk material. This can easily be related to what
is known for « surface plasmons », at plane metal
surfaces [54]. The surface plasmon frequency is actually
determined by the condition ¢; + &, = 0, when we
have a semi-infinite metal that is in contact with a semi-
infinite medium of dielectric constant g,. In a metal film
of finite thickness, with plane parallel surfaces, there is
a coupling between the collective oscillations at both
surfaces, so that one gets two surface plasmon fre-
quencies. One of these frequencies tends towards zero,
for very thin continuous films (d < 1), while the other
one tends towards the value of the plasma frequency
in the bulk material, like w, .

2.4 THE EFFECT OF § OR p POLARIZED LIGHT. — The
o, and w, resonances can only be excited, respectively
by the E} and E, components of the electric field of the
incident light wave. It is clear, however, that E, = O for
s polarized light, or for arbitrarily polarized light at
normal incidence. We can thus only excite the o
resonance under these conditions. For p polarized
light, at oblique incidence we get however two compo-
nents E, and E;, whose ratio increases with the angle
of incidence. It becomes thus possible, under these
conditions, to excite at once the o and w, resonance,
the w, resonance becoming stronger when the angle of
incidence is increased. This features are neatly demons-
trated by the experimental results of Emeric and Eme-
ric [55] for thin granular silver films.

The w, resonance accounts also for the so called
« vectorial, selective photoelectric effect », which was
extensively studied before the war, especially for alkali
metals [56]. This effect was erroneously attributed, for
a long time, to the so called « surface effect » where the
light absorption is associated with electron surface-
collisions [57], [53]. The close parallelism between the
, optical absorption resonance and the selective photo-
electric emission of very thin K films was demonstrated
by Mayer and Thomas [58]. The w, resonance can also
be detected by observing the « tranmsition radia-
tion » [54], which corresponds to the emission of a
photon instead of an electron, with a corresponding
desexcitation of the collective oscillation.

The fact that w, has to shift from the value of the
plasma frequency in the bulk metal to lower values,
when the film passes from a continuous structure to a
discontinuous one, has been demonstrated by Bosen-
berg [59], as well as Deichsel [60] for thin K films. We
note also that the observations of Fleischer and Dem-
ber [61] for the photoelectric emission of aging K films,
in vacuum, could be interpreted by an increased gra-
nularity of the films, resulting from coalescence.

The o resonance can be excited alone, under condi-
tions of normal incidence. This corresponds then to
the « anomalous absorption» which was extensively
studied by Rouard and co-workers [25]-[27]. Payan [22]
found actually two absorption peaks for Na and K
films, under these conditions (see Fig. 16 and 2b). This
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has to be correlated with the experimental results of
Bosenberg [59], who found also two w) resonances in
granular K films. We may think of two types of metal
islands : large ones at relatively large separations, and
small ones between them. But a quadrupole effect in
non-ellipsoidal metal islands cannot yet be excluded.

2.5 THE DISPLACEMENT LAW FOR THE @) RESONANCE.
— The quantity & d/A, where d represents the effective
optical thickness of the film and A the wavelength of
the incident light, is directly accessible to measurements,
under conditions of normal incidence. Representing
&5 df4 as a function of A, one finds that the « anoma-
lous » absorption peak is displaced towards the red,
for films of different mass-thickness. The peak is
practically displaced along a straight line, at least when
the mass-thickness d,, is not too large [22], [23], [62].
This behaviour can be expressed by the law

(29) = CUp-2, @
where C is a constant. It is easily possible to justify
this law, by means of the relations (38) and (39) for the
o, resonance. The whole effect is actually due to the
lateral interactions among the metal particles. The
resonance frequency has, indeed, to be displaced
according to (38), (30) and (28) in such a way that

(fy — /2 0 a
o = o, J(ﬁl : 14 )= P (1 _ :J‘j" + ) (41)

where wﬁ = m, \/ fy/ea s the resonance frequency,
when it is possible to neglect the lateral interactions
among the metal particles (i. e. for p < f}). For the
wavelength at which the absorption maximum occurs,
we get in the same way

ay = 10(1 + Lo )
= A a5,

On the other hand, it follows from (35), (38) and (39)
that

42)

e d Ay d )
(T) max  Amax n 2nc’ (43)
since ¢ = d,/d. Replacing now the mass-thickness d,,
in this expression by the expression that results
from (42), where p = d,/a, we get immediately the
suggested law (40) for sufficiently small values of p,
with

8 nca

YA9)®

The constancy of C and 22, implies that further
condensation of the metal on a substrate of given
temperature leads essentially to an increase of the
particle size, without modifying the shape and the
average distance between the particles. It is found,
however, that C increases, while A2,, remains practi-
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cally constant [22], [23], [62], when the temperature of
the substrate is increased. This implies that the average
distance between the metal particles has been increased,
as a consequence of an increased surface mobility of
the atoms. By means of (43) and (41) we could also get
the relation

8,2 d _ 1¢...0 _
( }. )max - C (a)max wmax)

which corresponds to the results of Payan (Fig. 1b
and 2b).

For completeness, we should mention that the
Maxwell-Garnett theory [30] has been found quite
adequate for an isotropic distribution of small spheri-
cal particles [63]. This theory is not adequate, however,
for a thin granular metal film, although it does repro-
duce qualitatively some of their features [64]-[66]. The
Maxwell-Garnett theory predicts actually a single
resonance frequency, whose value is determined by the
form factor (f = 1/3) of a sphere, and by the Lorentz
field (E” = 4 nP/3 a), which takes into account the
lateral interaction among the isotropically distributed
metal particles. It is easily shown that this leads to an
effective form factor f* = (1 — g)/3.

III. A bulk metal with a granular surface roughness.
— 3.1 THE PREDOMINANT EFFECT OF THE ) RESO-
NANCE. — We come now to the proposed interpreta-
tion of Mayer’s experimental results for Na and K,
assuming that his bulk samples had a flat surface, with
a dense distribution of small metal particles on top of
this surface. The E; component of the electric field will
then induce positive and negative charges on the
lateral surfaces of these metal islands. These surface
charges produce a depolarizing field, which is equiva-
lent to an elastic restoring force, allowing for collective
oscillations of the electrons in these metal particles. The
corresponding resonance frequency is given by (38), at
least when the effective form factor £} is sufficiently
small, so that w, falls below the threshold for interband
transitions, as this happens for the low-frequency
resonance in K and Na (see Fig. 1 and 2). The small
value of ) as well as the small value of &, will then be
responsible for a particularly large strength of the reso-
nance absorption according to (36). We see also that it
is the smallness of fj', i.e. the flatness of the metal
particles and their relatively high density which shifts
the o resonance far below the value of the plasma
frequency w,, although we actually have a kind of
surface-plasma oscillation. To interpret Mayer’s
result and to come to a justification of the suggested
relation (5), we have to use the expressions (15) or (17)
for the « apparent» dielectric constant ¢*. In the
previous chapter, we derived expressions for &) and &)
and it is evident that

and &,

’ ’ ’
85-—"‘-8” pgg_l_

(44)
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where the latter expression is only valid for sufficiently
large angles of incidence. A p polarized light wave
induces actually a dipole moment

p= 1+ pH”%,

where the components p;, and p, are respectively
proportional to cos 6 and sin 8 so that p = p, when
the angle of incidence 0 is sufficiently large.

In the spectral region under consideration, where
o <€ o,, we can adopt the approximation (37), with

el e, +(qff) e, e 1.

It follows then from (17) that the apparent dielectric
constant

= (1 +4Bcos’O)e + Be — &) =
=&+ Bl — &),

in the spectral region where (21) is valid. This leads to

ef e and & =g + ey

@5)
The first relation follows from the fact that ¢; is so
large that we can neglect ¢); — ¢, which is equal to
q/ fﬁk forw < ), and which varies by the amount 4,
for w = o), because of (34) and (37). The second rela-
tion (45) corresponds exactly the our initial hint (5).
The corresponding correlation of Mayer’s and Payan’s
results (see Fig. 1 and 2) suggest again that both
« anomalous » absorption peaks have to be attributed
to w, resonances.

We can also deduce from (15) and (17) that the o,
resonance will have a negligible effect on the apparent
optical constants, since e, appears generally, in the
denominators, while terms of the order &, cos® @
remain small.

3.2 NUMERICAL ESTIMATES AND CONCLUSIONS. —
Using (45) and (35), we can derive the value of 84,
from the experimental results of Mayer for Na (Fig. 1a).
To do that, we deduce the extrapolated value for the
Drude absorption ¢, at the resonance frequency o)
from the corresponding peak value of ¢5. The value
of w allows us, on the other hand, to find the value
of flT, according to (38), assuming thate, = 1. Combin-
ing these results, we can find the value of fq or d,, = dg,
by making use of (36) and (21). By this method we
come to the conclusion that fj = 0.1 and that
d, =7 x 1071° ¢cm, or that ¢ < 0.07 since d > 1 A.
The actual value of ¢ could be larger, however,
because of the size effect, which could increase the
value of y in (19) and (36). But the value of d could also
be much larger than 1 A, so that the value of g may
still remain within reasonable limits, ¢ > 1 being
unacceptable.

It would be highly desirable to prove the presence of
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a granular structure on the surfaces of bulk samples of
alkali metals, that are prepared according to Mayer’s
method, by further experiments. But we believe that the
proposed interpretation has such a high degree of
internal consistency, that it has to point as least to the
essential mechanism, even though the ellipsoidal metal
particle model is only an idealization.

natural explanation for the anomalous infrared
absorption peaks in Au [67] and Ag [68]. A similar,
but less detailed theory has been proposed by
Marton [69]. The effect of surface roughness on
optical reflection and ellipsometry was investigated
by Berremann [70]
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