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Résumé. 2014 Les résultats optiques obtenus par une technique de réflexion totale, atténuée avec excitation d’ondes
de plasma de surface sur des films très minces de Ag, sur des surfaces de Al, sont analysés dans le voisinage de la
fréquence de plasma effective de l’Ag. On montre qu’il est nécessaire de tenir compte des effets non locaux (ondes
de plasma longitudinales), et que la constante diélectrique complexe des films adsorbés est alors analogue à celle
de l’Ag massif.

Abstract. 2014 The optical properties of very thin Ag layers on Al surfaces were investigated in the vicinity of the Ag
effective plasma frequency, by attenuated total reflection with surface plasma wave excitation. The complex
dielectric constant of the adsorbed layers is found to be similar to that of bulk Ag provided non-local effects
(longitudinal plasma waves) are taken into account.
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There has recently been an upsurge of interest
concerning the properties related to the electronic
structure of very thin metal films. Calculations have
shown that a film a few monolayers thick has already
the bulk density of states [1, 2, 3]. Photoemission

experiments have confirmed this prediction [4, 5, 6].
Optical spectroscopy of such films gives a large

amount of information but it has not often been

employed because of the experimental difficulties
and the lack of valid models [7, 8]. We will show that
the use of a technique very sensitive to surface pheno-
mena, combined with a refined analysis of the expe-
rimental results, proves to be a very powerful tool for
the investigation of the electronic structure of thin
metal layers adsorbed on a metal surface.
The experiments were carried out in a ultra-high

vacuum system ( ~ 5 x 10 - " torr) including an

evaporation set-up for sample preparation and a
double-beam spectrophotometer with a precision
(0.010) goniometer (giving the square of the reflection
coefficient) for in situ attenuated total reflection

(ATR) measurements. The samples were Al films
deposited on a 600 silica prism, subsequently covered
with Ag superficial layers. The layer thickness was
controlled in situ with a quartz microbalance calibrat-
ed by X-ray interference measurements [9] performed

(*) Equipe de Recherche Associee au C.N.R.S. nO 462.

on thicker films. The modifications of the 68 eV Al
and 351-356 eV Ag peaks in the Auger spectra recorded
during Ag deposition suggested a continuous, mono-
layer by monolayer, growth; the Al peaks disappeared
for a coverage of about three Ag monolayers. Simul-
taneous measurements of the modifications of the

underlying Al film electrical d.c. resistivity [10] during
Ag deposition, as well as electron microscope inves-
tigations on the thickest Ag layer, confirmed a

Van der Merwe mode of growth.
The experimental results reported hereafter were

obtained with an Al film 220 A thick. Six Ag superficial
layers, of 10, 14, 18, 25, 32 and 56 A in thickness,
were successively deposited and studied in the ATR
configuration. Figure la shows the experimental
curves of the reflectivity Rp versus wavelength A obtain-
ed with an external angle of incidence qJ = 37° 22.
These curves are similar to those previously reported
relative to the same Ag/Al system [11]. For the thickest
Ag superficial layers, they show two minima related
to the splitting of the surface plasma wave (S.P.W.)
dispersion relation around the effective Ag plasma
frequency (1iúJ~g = 3.77 eV, AAg = 3 280 Á) [121. For
thinner superficial layers, a single minimum is dis-

played by the Rp(À) curves. Figure lb shows the
theoretical Rp(~,) curves computed with the expression
for multilayer systems [13], taking for the superficial
layers the bulk optical constants of Ag and the

thickness df determined with the microbalance and
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Fig. 1. - (a) Measured values of the reflectivity Rp for Ag layers
of varying thickness on an Al film (220 A thick). The insert shows
the experimental ATR set-up. (b) Calculated values of Rp for the
same experimental arrangement; the classical Fresnel equations
were used together with the bulk values for the dielectric constants
of Ag and Al. (c) Calculated values of Rp taking into account the
longitudinal polarization wave propagating in the Ag layer.

for the underlying Al film the complex dielectric
constant :

t; = 1 - ((~p’)2I (~((~ + iT- 1)
with ?0~ = 15.5 eV, COAI t = 20 and the thickness
d = 220 A. 

p

Two considerations can be put forward to explain
the discrepancy between the experimental and the
theoretical Rp(~,) curves : i) the Ag layers do not have
the electronic structure of bulk Ag and optical
constants different from the bulk ones should be taken
for the computation; ii) films as thin as those investi-
gated here are not well represented by a thin film
model using a single local dielectric constant. Indeed
non-local effects lead to small corrections to Fresnel
equations [14, 15, 16, 17] but here we are dealing
with a special situation : a) the observations are made

in the vicinity of the Ag plasma frequency, a spectral
region where longitudinal polarization waves (LPW)
can propagate and spatial dispersion effects are

important; b) the experiments involve a resonant
condition, which means that even small effects will
induce important changes in the measured reflectivity.
We have tried to account for non-local effects in the

following approximate way. The supporting medium
(Al film) is represented by a single local complex
dielectric constant 6o(c~), and the Ag surface layer by
transverse and longitudinal dielectric constants, both
including additive contributions of free-electron intra-
band transitions (£‘) and d-electron interband tran-
sitions (eb) : e = eC - 1 + Eb. For the transverse

dielectric constant, E~ was taken as

with nwp = 9.5 eV and wp T = 230 taken from the
optical data of reference [18]. For the longitudinal
dielectric constant, E° was approximated by [17] :

where KL is the longitudinal wave vector and

VF = 1.38 x 108 cm/s the velocity of free electrons
at the Fermi surface. The bound electron contribution
~ was assumed to be local and values obtained by
subtracting BC from the carefully determined Ag
dielectric constant [18] were taken in both cases. The
wave vector of the LPW is a solution of GL(W, KL) = 0,
which, within the range of validity of the present
approximation, leads to :

For the reflectivity of the Ag layers, we used an
expression similar to that given in [17], taking into
account the supporting plasma (Al film) ; the addi-
tional boundary condition, which in [17] expresses the
continuity of the normal component of the electric
field, i.e. (Eo)n = (E)n, was replaced by

in order to consider both local dielectric cons-

tants [19, 20]. Figure lc shows the ~p(A) curves

computed in this way for the six Ag layers under
consideration. These curves still display two minima;
however, curves presenting one minimum only are
obtained for df  6 A. Generally speaking, taking
into account non-local effects brings the theoretical
curves closer to the experimental ones; in particular,
it leads to a shift of the long wavelength minimum with
thickness in agreement with the observed data. The
remaining discrepancy between the curves of figures la
and lc is due to an additional damping related to the
surface scattering of the conduction electrons of the Ag
layer and will be discussed below.
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Fig. 2. - Real part 6fi (a) and imaginary part ~2 (b) of the dielectric
constant of the investigated Ag layers vs. À. in A computed with the
classical thin film formula.

Another approach to the problem consists in trying
to determine the optical constants of the Ag surface
layers from the whole set of optical data (Rp(~,) for 14
different angles of incidence). Figures 2a and 2b show
Efl and Ef2 versus A determined for the six Ag surface
layers with the classical formula [13], the thickness
df being taken equal to the values given by the micro-
balance. The Bl and B2 spectra for bulk Ag [18] are
also indicated. The optical constants obtained for the
superficial layers are appreciably different from the
bulk ones, the deviation increasing with decreasing
thickness. The Bf2 behaviour suggests that the effective
relaxation time of the conduction electrons is strongly
reduced in the Ag layers, probably due to surface
scattering combined with important size effects.

However, this reduction of the relaxation time r

should have little influence on Si, which is dominated

by cop, i.e. the number of conduction electrons per unit
volume, and by the interband transition contribution,
i.e. essentially the position of the d-band with respect
to the Fermi level.

We tried again to determine the optical constants
of the Ag superficial layers from the same set of data
but with the expression for Rp taking into account the
LPW. KL in this expression was set equal to the values
computed with the bulk Ag optical parameters.
Indeed the LPW are expected to be much less sensitive
to the above mentioned size effects, because their

penetration depth is much smaller than for the usual
transverse electromagnetic waves. Figure 3 shows
the values of E~1 and Ef2 obtained for the six layers,
together with the bulk Ag values. The Sf2 spectra are

Fig. 3. - Real part elf (a) and imaginary part Ef2 (b) of the di-
electric constant of the investigated Ag layers vs. À in A computed
when the non-local effects are taken into account.

very similar to those of figure 2, only slightly lowered
(by about 10 %). The Efi values are now the same for
all films except the thinnest within experimental
uncertainties, and are in good agreement with the bulk
Ag values, especially in the immediate vicinity of the
Ag plasma wavelength, where our expressions are
most valid. The neglect of single particle excitations
which become more important far away from the
plasma wavelength [15] may explain the remaining
discrepancy for the thinnest layer.

In conclusion, we have shown that purely optical
measurements can test the possible modifications of
the electronic structure of very thin metal layers.
This was possible because we have used a very sensitive
resonant technique : excitation of surface plasma
waves by ATR, and because we have taken into
account the excitation of longitudinal plasma waves
in the analysis of the data. Our results on very thin Ag
superficial layers on Al indicate that the optical
constants of such layers are very close to those of
bulk Ag. This is in agreement with the results obtained
by low energy electron loss spectroscopy for Ag
layers on Si [21] and by photoemission for Ag layers
on Cu [5]. The observed decrease of the apparent
relaxation time of the conduction electrons is certainly
due to size effects related to the non-specularity of the
surfaces of the Ag layers. It is difficult to proceed
further with the analysis of the experimental data in
the absence of a theory accounting more exactly for the
influence of the surface scattering of the free electrons.
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