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Abstract. It is shown here that the observation of the phenomenon of like small angle scattering of X-rays
in very thin heterogeneous films, can be made comparatively easily by using grazing angle reflectometry of
X-rays. The feasibility was achieved with co-sputtered thin films of approximately 600 Å thickness, made up
by crystalline platinum clusters embedded in an amorphous alumina matrix. The experimental reflectivity
profiles are simulated by the intensity superposition of two components: (i) the specular part caused by
the usual interference phenomenon between the partial waves reflected from the air-film and film-substrate
interfaces, and (ii) the like-small angle scattering part due to diffraction by platinum clusters. It is found
that the shape of such clusters is spherical characterized by mean values of diameter 〈φc〉 and inter-cluster
distance 〈Sc〉 of the order 29 Å and 45 Å respectively with standard deviations σφ and σS of the order
of 3 Å. Such an observation of both the interference and diffraction phenomena indicates that the thin
granular film exhibits both its continuous and heterogeneous aspects together.

PACS. 61.10.Kw X-ray reflectometry (surfaces, interfaces, films) – 61.46.+w Clusters, nanoparticles,
and nanocrystalline materials – 68.55.-a Thin film structure and morphology

1 Introduction

Small angle scattering of X-rays (SAXS) or neutrons
(SANS) is a useful method for investigating finely divided
materials in nanometric scale within condensed matter.
From such studies, where generally two phases coexist,
much information can be obtained regarding the shape,
size, distance between the sub microscopic particles and
nuclear or magnetic correlation if any. According to their
efficiency, SAXS and SANS are now, one of the most im-
portant methods because of their application to many
scientific fields, such as solid-state physics, chemistry, ma-
terials science, polymers and biology [1]. This bloom-
ing follows a period of many years, starting soon after
Guinier’s effective inception of the field in 1939 [2], dur-
ing which only a handful of dedicated scientists around the
world kept work going in the theory and practice of SAXS
[3,4]. Recently, the high resolution experiments due to the
ultra-narrow reflections of perfect silicon crystals extended
more the possibilities of both SAXS and SANS methods
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[5,6]. All of the previous SAXS and SANS experiments
were performed in transmission geometry. Unfortunately,
this configuration limits, the possibilities of these powerful
methods in which the main constraints are: (i) the mea-
surements are disturbed by the direct transmitted beam
which is a background source, (ii) thick samples are re-
quired (≥ 1 mm thickness), so 2D phenomena in very thin
films could not be studied, and finally, (iii) this method
is not really suitable to give information on the interfa-
cial aspects, because the interfacial region is usually small
compared to the bulk phases and thus gives only a small
contribution to the volume scattering effect. To overcome
such difficulties, surface scattering methods are developed
and used to probe numerous surface phenomena [7–9].

The present contribution deals with the possibility of
overcoming the former quoted limits of small angle scatter-
ing techniques, in the case of granular films of cermet type,
by using grazing angle reflectometry of X-rays (GAXR) or
neutrons (GANR). Indeed, due to their high sensitivity to
surface and interface phenomena, points (ii) and (iii) could
be licked by GAXR and GANR. It should be emphasized
that the discussion within this paper is restricted to study-
ing very thin granular films dealing essentially with heavy
metallic heterogeneity embedded in a light matrix.
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Before presenting our results, one can quote the two ex-
ceptional works concerning small angle scattering induced
by surface scattering: Levine et al. [10] have shown that
it is possible to use grazing angle X-ray scattering in non
specular configuration to study the growth of thin discon-
tinuous films. Likewise, out of specular configuration, the
second paper by Naudon et al. exhibits the possibility of
detecting Guinier-Preston zones induced at the surface of
aged Ag-Al bulk samples [11]. The leading difference be-
tween these two former accomplishments (using GISAX)
and the current one is that in our case, the experiments
were performed on heterogeneous thin films; both thin film
interference and heterogeneity’ diffraction phenomena co-
exist together. A recent deep theoretical study on this kind
of thin films performed by Rauscher et al. [12] using the
distorted-wave Born approximation showed the possibility
to observe SAXS within thin films presenting some par-
ticular density fluctuations. More accurately, they treated
different real cases; among them one can quote the colum-
nar structures and the isotropic density fluctuations with
which we deal in the actual experiment results. In this
sense, as it will be shown, our present experimental re-
sults can be considered as a confirmation of the validity
of the theoretical work of Rauscher and co-workers.

To ascertain the possibility of observing this small an-
gle X-ray (neutron) scattering in grazing angle reflection
geometry with very thin inhomogeneous films as predicted
by Rauscher et al., three conditions are mainly required:
(i) high contrast in the electron density between the clus-
ters and the matrix, (ii) a low reflecting substrate and (iii)
small interfacial roughness (air-thin film and thin film-
substrate interfaces). In the present experimental contri-
bution, ≈ 600 Å Pt-Al2O3 granular films are investigated.
More precisely, these thin films consist of Pt clusters
buried in an amorphous Al2O3 matrix. To obtain the
characteristics of the Pt clusters i.e. average diame-
ter 〈φc〉, average separation distance 〈Sc〉 and their
distributions (standard deviations σφ, σS), a represen-
tative model is proposed. The model is described in
Section 2 whereas experimental results are discussed in
Sections 3 and 4.

2 Theory and modelization

From a theoretical point of view, calculations of the scat-
tering of X-ray (neutron) incident beam by a finely di-
vide matter is simplest in two extreme cases, that where
diffraction only is important as described by the theories
of Rayleigh and Gans and, secondly, the case where re-
fraction only is important, as covered by the theory of
Von Nardorff. It was shown recently by Davis [13] using
the Rytov approximation that these were indeed two lim-
iting cases of a full treatment of the problem and were
applicable according as the differential phase change DF
between particle and matrix is much less or much greater
than unity. As it will be shown, the two phenomena could
coexist simultaneously in the case of granular thin films if
investigated by grazing angle X-ray (cold neutron) reflec-
tometry.

Fig. 1. Schematic cross-sectional view of a granular film of
thickness D and an average refractive index nf (ns for sub-
strate, n0 for air). The heterogeneous film is considered as a
set of quasi-spherical clusters embedded in a matrix.

Let us consider Figure 1; it represents a granular film
of thickness D, made up by heavy quasi-spherical clusters
characterized by a refractive index nc, a scattering den-
sity δc, a mean diameter 〈φc〉 and a mean inter-cluster
distance 〈Sc〉 embedded in a light matrix characterized by
a refractive index nm and a scattering density dm. From an
optical point of view, the interaction of X-ray or neutron
waves in such a medium with both clusters and matrix is
described by a refractive index ni expressed as

ni = 1−
λ2

2π
δi + iβi (1)

λ is the wavelength, δx = reρel (for X-rays) and δn = Nb
(for cold neutrons), re the classical electron radius, ρel
the electron density of each medium, b the mean scatter-
ing length for neutrons of each material andN the number
density of nuclei, β is the absorption part. Just for the sake
of simplification, we consider, herein after, the X-ray’s no-
tation. In the kinematical approximation, the amplitude
of the scattered wave from the previous granular film,
is the Fourier transform of the electron density in the
film [3]:

A(Q) =

∫
ρ (r) e−iQ.rdV. (2)

In the following, Q =
√

(Q2
x +Q2

y +Q2
z) will be the mod-

ulus of the scattering vector Q and Qx, Qy, Qz its com-
ponents as shown in Figure 2a. The profile of the electron
density in the granular thin films can be expressed as:

ρ(r) = {ρm(r) + [ρc − ρm](r) ∗
∑
k

δ(r− rk)}S(r) (3)

where the function S(r) characterizes the limited dimen-
sions of the thin film. This function is the product of three
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Fig. 2. (a) Grazing angle reflection geometry (θ ≈ 1◦) and
scattering vector components; (b) Layout of the used θ-2θ X-
rays reflectometer: length source-sample = 550 mm, length
sample-monochromator = 320 mm, width of the slits 40 to
200µm, horizontal incident divergence = 0.32 mrad, max ver-
tical incident divergence = 0.16 rad, horizontal reflected diver-
gence = 0.16 mrad and vertical reflected divergence: according
to sample size.

independent functions S(r) = h(x)k(y)l(z) in which z is
limited by the extension of the film (z varying from 0 to
D). Its Fourier transform is then:

TF [S(r)] = Dδ(Qx)δ(Qy) exp(iQzD/2) sin c(QzD/2)

= Z(Q). (4)

As the clusters are assumed to have a spherical shape, the
Fourier transform of [ρc − ρm](r) (Eqs. (2,3)), is related
to the single-particle scattering function given by [3]:

TF [[ρc − ρm](r)] = 4π[ρc − ρm]

×R33(sinQR−QR cosQR)/(QR)3

= As(Q,R) (5)

with R = 〈φc〉/2 is the particle radius. As TF [
∑
δ(r −

rk)] =
∑

exp[−iQ.rk], the total scattered intensity can

be expressed in the following simple form of:

I(Q) = I1 + I2 + I3 (6)

I1 = ρ2
mZ(Q)2

I2 = ρm[As(Q)
∑

2 cos(Q.rk)] ∗ |Z(Q)|2

I3 = | {As(Q) exp[−iQ.rk]} ∗ Z(Q)|2.

The first sinusoidal term (I1) describes the classical in-
terference phenomenon of the thin film while the third
term characterizes diffraction purely by the metallic clus-
ters. In the case of an incoherent scattering, one can ne-
glect the second term which is a coupled expression. In
the following we will use this approximation. We initially
consider that the spherical clusters are randomly oriented
and distributed throughout the uniform matrix, the het-
erogeneity are polydisperse in both size and inter-clusters’
distances. To calculate the term I3, we assume that
As(Q).B(Q) (in which B(Q) = exp[−iQ.rk]) has not
very sharp maxima; it is legitimate then to make the
following approximation: B(Q) ∗ Z(Q) ≈B(Q). Follow-
ing the Wiener-Khintchine theorem, we have |B(Q)|2 =
TF |W (r)| and I3 is replaced by I3 = |As(Q)|2TF (W (r))
with W (r) defined as the position-position auto correla-
tion function:

W (r) =
∑

δ(r − rk) ∗
∑

δ(r − rk′)

= Ntδ(r − 0) + δ(r − ri,i+1)δ(r + ri, i+ 1)

+ ........... δ(r − ri,i+m)δ(r + ri,i+m) (7)

where ri,i+1 = ri− ri+1 (distance between the first neigh-
bours) and ri,i+2 = ri−ri+2 (distance between the second
neighbors). More explicitly, W (r) can be expressed as:

W (r) = Nt{δ(r) +H1(r) +H−1(r)

+ ........... Hm(r) +H−m(r)} (8)

in which Nt is the total number of clusters in the thin
granular film and Hm is the distribution function of the
mth neighbors. If a Gaussian distribution is considered:
H1(r) = exp−[(r − 〈s〉)2/2σ2

s ], it can be shown that
Hk(r) = Hk−1(r) ∗Hk−1(r) [14] so that

TF (W (r)) = {[1− exp(−2Q2σ2)]/[1− 2 cos(Q〈Sc〉)

× exp(−Q2σ2) + exp(−2Q2σ2)]}. (9)

To take into account the total reflection and the variation
at very small Q values and as the kinematical approach
fails close to the total reflection region, one can substi-
tute the expression I1 by the well-known Airy’s function
in classical optics. These previous considerations suggest
that the total scattered intensity is formed by two terms:

I(Q) =

∣∣∣∣ [r0,1 + r1,2 exp(j2QzD)]

[1 + r0,1r1,2 exp(j2QzD)]

∣∣∣∣2
+ ξAs(Q)2{[1− exp(−2Q2σ2)]/[1− 2 cos(Q〈Sc〉)

× exp(−Q2σ2) + exp(−2Q2σ2)]} (10)
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r0,1 and r1,2 are the reflection coefficients between the
substrate and thin film and between the thin film and air,
ξ is a normalization factor proportional to the clusters
concentration in the granular film. As will be shown, the
experimental verification of this scattering formula (pure
interference with pure diffraction phenomena by hetero-
geneity) requires a simulation in three times: (i) simula-
tion of the total reflection plateau and the neighboring
region (small Q values), (ii) simulation of the small angle
scattering signal due to the Pt clusters mainly in the in-
termediate Q region and at last (iii) simulation of the two
signals in the whole Q range.

3 Experiments

To check the validity of the previous predictions, granular
Pt-Al2O3 films are studied. These thin films are composed
by Pt clusters embedded in an amorphous Al2O3 ma-
trix. They are made by the radio-frequency co-sputtering
method described elsewhere [15] and deposited on float-
glass substrates. The target consists of an Al2O3 disc
13 cm in diameter in which circular Pt pellets 5 mm in
diameter are disposed in a hexagonal array. This configu-
ration allows to make homogeneous granular films whose
composition could be varied over a wide range depending
on the number of pellets used. In our case, the number
of pellets is fixed to 42 corresponding to Pt volume factor
χ ≈ 0.3 far from the percolation composition (between 0.4
and 0.5). The metal fraction volume of platinum into the
deposited granular Pt-Al2O3 film is determined by elec-
tron microprobe analysis. The float-glass substrates are
fixed on a rotating sample holder to enhance the homo-
geneity of composition and thickness’ uniformity. During
deposition, the argon pressure is 7 × 10−3 torr and the
deposition rate is about 50 Å/min. The latter value cor-
responds to film thickness of the order of 600 Å. More-
over, to make clear the effect of Pt heterogeneity buried
in the Al2O3 matrix, on the reflectivity profiles, pure Pt
and pure Al2O3 thin film with approximately the same
thickness, are prepared under the same condition as the
granular Pt-Al2O3 film. Moreover, to compare our results
with those obtained by the standard small angle X-ray
(neutron) scattering method “transmission”, a very thick
film of granular Pt-Al2O3 with the same Pt concentration
is deposited on a kapton substrate and tested in transmis-
sion mode.

The X-ray reflectivity experiments are performed on
a θ-2θ reflectometer of the “Institut d’Optique Théorique
et Appliquée” (Fig. 2a). It uses a sealed-tube source (λ =
1.5405 Å ) and mechanically scans the angle of incidence

θ from 0.027 to 5◦ in steps of 5.5× 10−3◦ . This translates
into a momentum range of 0.004 to 0.5 Å−1. The beam size
typically 40 mm× 10 mm and the sample has a dimension
of approximately 40 × 20 mm2. Slits aperture of 40 mm
and counting times of 10 s per point are chosen to detect
as many fringes as possible. To check the reproducibil-
ity of the experimental results, the same experiments are
performed on the X-ray reflectometers of the “Laboratoire
de l’État Condensé–Université du Maine” and European

Fig. 3. X-ray reflectivity profiles of (a) 600 Å pure
Al2O3/float-glass, (b) 600 Å pure platinum Pt/float-glass, (c)
600 Å granular Pt0.3-(Al2O3)/float-glass. The circles are the
experimental curve, the full line the simulation, calculated with
the parameters of Table 1, (d) (Open circles) Experimental X-
ray reflectivity profile of the granular film Pt0.3-(Al2O3)/ float-
glass, (full line) calculated curve of the diffraction part due to
small angle scattering by the spherical platinum clusters; (e)
(full line) summation of the two intensity contributions (pure
film interference + pure correlated scattering Pt clusters.

Synchrotron Radiation Facility–Grenoble. Moreover, both
specular and non specular reflection scans are performed.
One can accentuate on an important point related to the
collection of the reflected beam at the detector. As indi-
cated in Figure 2b, the collected intensity is accumulated
in short ∆Qx and ∆Qz range but large ∆Qy one, espe-
cially, due to the size of the second slit. A knowledge of
this is assumed in the following discussions.

4 Results and discussion

The experimental data are plotted on a logarithmic scale
so that the intensities covering seven orders of magnitude
can be observed as shown in Figure 3. In detail, it depicts
the X-ray reflectivity profiles given by thin films of pure
alumina (Fig. 3a), pure platinum (Fig. 3b) and granular
Pt-Al2O3 (Fig. 3c). At small grazing angles, the incoming
beam is totally reflected giving rise to the plateau of total
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Table 1. Simulation parameters of experimental reflectivity curves of the following samples: Al2O3 film/float-glass, Pt film/float-
glass and Pt 0.3-Al2O3 granular cermet film/float-glass.

Sample Stack nature Thickness (Å) Roughness (Å) δ × 106 β × 106

Al2O3 Interface layer 31.8 6.3 30 2.1

Pure Al2O3 layer 508.0 9.6 25.6 1.6

Surface layer 16.6 7.9 11.9 20.3

Pt Pure Pt layer 599.4 8.2 135 13.2

Pt 0.3-Al2O3 Homogeneous layer 450 8.2 100 13.2

reflection in each case. Over this region, usual interference
fringes so called “Kiessig fringes”, due to the finite film
thickness, are observed. As it is known, this interference
set is originated from interference between the beams par-
tially reflected at the air-film and film-float glass substrate
interfaces respectively (Fig. 1). Accurately, the partial re-
flected beams at these two interfaces interfere with each
other depending mainly on the thickness of the different
films and the angle of incidence, inducing constructive or
destructive interference’s. The simulation of total reflec-
tion plateau and Kiessig fringes allow to deduce the mean
electron density, total thickness and interfacial rough-
ness of each film. Those fit parameters are summarized
in Table 1.

One can distinguish that the reflectivity profile of gran-
ular Pt-Al2O3 film (Fig. 3c) is not completely fitted if
we take into account only the interference part due to
the finite dimension of the film supposed as a continuous
medium. Accurately, there is a great difference between
this reflectivity profile and that of pure Al2O3 and pure
Pt films. The granular Pt-Al2O3 film’s profile presents
not only Kiessig fringes but also another set of sinusoidal
fringes for which the intense first peak is roughly located
at Qz = 0.12 Å−1. The period of such a system is, approx-
imately, 15 higher than that of the Kiessig fringes. This
conforms with more or less an ordered collection with an
average periodicity of 45 Å. According to the form of this
signal over 0.12 Å−1, one could infer that this corresponds
to a small angle scattering by heterogeneity and correla-
tion in their respective spatial arrangements. In that light,
judging solely from SAS data, there are mainly two dif-
ferent possible origins for the observed behavior: the first
is the platinum clusters surrounded by alumina and the
second is the voids in the Al2O3 if any. Independent in-
formation from other experiments are used to decide be-
tween these two different origins; as the granular samples
are made by co-sputtering and not by compacting proce-
dures, there is no reason to have voids in such thin films as
shown by previous studies [16]. So, the small angle scat-
tering is certainly produced by Pt clusters dispersed in the
Al2O3 matrix. Assuming the previous model, described in
Section 2 (following Eq. (10)), we have considered spher-
ical Pt clusters, characterized by their average diameter
〈φc〉 and inter-cluster mean distance 〈Sc〉 embedded in
the amorphous alumina with a total film thickness D.
The simulation of the small angle scattering part caused
by the spherical Pt heterogeneity as shown in Figure 3d
(full line) gives the following values: 〈φc〉 = 29 ± 3 Å,

〈Sc〉 = 42±5 Å. As underlined earlier (Tab. 1), the simula-
tion of the interference part in Figure 3c (continuous line)
due to the thin film interfaces gives a thin film thickness
of D = 450 Å and an average density (as defined in equa-
tion (1), of 〈δfilm〉 ≈ 10.6× 10−6. The summation of the
two intensity contributions allows to fit the experimental
reflectivity profile of the granular film as reported in Fig-
ure 3e. One can note that there is a priori another problem
concerning the unicity of the parameters of the fit. Since
the contribution of the Pt particles to the total reflectiv-
ity curve is more or less smooth function of Q, it could
be possible that the values of these free parameters are
correlated, i.e. another values of size and distance could
yield a good fit as well. To overcome this real ambiguity,
a comparison with experimental results obtained by other
techniques are necessary. In this sense, standard transmis-
sion small angle scattering measurements are performed.
For this, a thick Pt0.3-Al2O3 film (1 mm thickness) on to
a pure kapton substrate (6 mm thickness) is investigated.
The sample is rolled to have approximately 1 mm thick-
ness. The same procedure with a pure kapton substrate is
achieved. Transmission SAS experiments on both samples
are performed and, in this way, the small angle scattering
signal corresponding to thick Pt-Al2O3 film only is ob-
tained by subtraction and background correction (Fig. 4).
From the simulation of the SAS spectrum, it is found that
the Pt spherical clusters diameter and inter-clusters dis-
tance are 〈φc〉 = 37± 5 Å, 〈Sc〉 = 44± 12 Å. In this case,
the inter-clusters distance is in comparison with the de-
duced values of the thinnest preceding Pt-Al2O3 granular
sample (〈Sc〉 = 42 ± 5 Å) while there is a slight differ-
ence in the clusters’ diameter. The late statement seems
to indicate that the morphology of the clusters depends
greatly on the film thickness.

Table 2 outlines some results of 〈φc〉 and 〈Sc〉, found
in literature concerning Pt-Al2O3 system [15,16]. Though
the results obtained by small X-rays angle scattering in
transmission on thick films are more or less in satisfac-
tory agreement with that expected by X-rays reflection
mode (on thin films), there is a large difference with the
results obtained by transmission electron microscopy. This
large disagreement between the present results and those
of Sella [15] and Graighead [16] and their co-workers, could
be associated, a priori, to statistical problems in the mea-
surements of 〈φc〉 and 〈Sc〉 or-and film’s thickness (the
experimented films in Refs. [14,15] were of the order of
4000 Å) and may be to the nature of substrate and depo-
sition conditions.
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Table 2. Diameter and inter-cluster distance of platinum clusters in alumina matrix obtained by different experimental methods.

Reference [15] [16] this work thick film this work thin film

Cluster shape spherical spherical spherical spherical

〈φc〉 (Å) 50 50 37 29

〈Sc〉 (Å) - - 44 42

σf (Å) - - 5 3

σs (Å) - - 12 5

Prepared by co-sputtering co-evaporated co-sputtering co-sputtering

Investigated by TEM TEM SAXS (in transmission) X-ray reflectometry

Fig. 4. (Open circles) Experimental X-ray standard small an-
gle scattering (transmission geometry) of a thick granular film
Pt0.3-(Al2O3) with 1 mm total thickness and its corresponding
fit (full line).

One can mention that in the previous simulation of
both reflectivity and transmission profiles of granular
films, we have considered a two-phase system (Pt clus-
ters and Al2O3 matrix) i.e. there is no interface between
Pt clusters and the alumina matrix. The justification is
that platinum is not susceptible to oxidization in form-
ing self-protective PtOy interface neither PtAlx (at the
deposition temperature).

Now, how can we explain the existence of small an-
gle scattering and pure specular reflection phenomena to-
gether, in the grazing angle reflection geometry in the
case of granular thin films? Based on the experimental re-
marks and the model proposed in Section 2, one could sug-
gest a consistent explanation of our experimental findings.

The manifestation of the two previous phenomena is re-
lated to the continuous and discontinuous behavior of the
granular film which is itself related, a priori, to the number
of Pt clusters. Let us give an estimation of such a num-
ber which can be approximated to NcD/(sin θ〈Sc〉). For
Q = 0.06 Å−1 (near total reflection region) and 0.4 Å−1

(far from total reflection region), Nc is of the order of
1850 and 270 respectively. The corresponding phase shift
∆Φ = 2π〈φ〉Nc(nc−nm)/λ is of the order of 7 and 0.9 ra-
dians. Thus, not far from the total reflection plateau, the
numbers of platinum clusters crossed by the incident wave
is so high that the granular Pt-Al2O3 thin film behaves as
a continuous and dense medium (∆Φ < 1). This could ex-
plain the existence of Kiessig fringes, which characterize
the continuous behavior of thin films, confirming the pre-
ponderance of the refraction phenomenon. By opposite,
far from the total reflection region, the number of Pt clus-
ters is low and the granular film exhibits its discontinuous
aspect (∆Φ <1). It is obvious that over the total reflec-
tion plateau, a competing process between the pure film
interference and pure platinum clusters’ diffraction is tak-
ing place. Moreover, it is reasonable to conclude that the
preponderance of one of them depends on the contrast in
the electron density (nuclear or magnetic scattering length
density for neutrons) between the clusters and the matrix,
and also the reflecting amplitude of the substrate.

What about the importance in the future of the possi-
bility to probe heterogeneous thin films by grazing angle
X-ray or neutron reflectometry?

(i) First, from a fundamental point of view, although
the investigation of the granular Pt-Al2O3 thin films was
performed in a grazing angle geometry, they exhibit both
their continuous and discontinuous aspects.

(ii) Second, from a technical point of view, it is evi-
dent that this method presents an advantage to the stan-
dard Small Angle Scattering “transmission”; it concerns
the sample’s thickness required to experiments which is
of the order of 1 mm (or more) and of 200 for standard
SAS and GAR respectively. Moreover, in this reflection
geometry, measurements are not disturbed by the direct
transmitted beam which could be a source of background.
Compared to Electron Transmission Microscopy, Atomic
Force Microscopy and Scanning Tunnelling Microscopy,
this method is more accurate regarding the statistical pre-
cision on the determination of 〈Sc〉 and 〈φc〉 (1012 and
104 clusters for the proposed method and AFM or TEM
respectively).
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(iii) Concerning the application field, it is possible to
investigate bi-dimensional (compared to the size of clus-
ters) phenomena in very thin heterogeneous films. This
method would advance in the importance if neutrons are
used; due to the neutron spin, polarized grazing angle neu-
tron reflectometry, in the same geometry as for the pre-
vious X-rays study, allows to investigate bi-dimensional
magnetism (magnetic domains of the order of 50) and
surface superconductivity (flux-lines lattices); an exam-
ple which could be performed would be the determination
of the size and inter-vortices distance in very thin super-
conductor films as it was done in bulk superconductor
materials [17]. Likewise, it could be possible to study su-
perconductivity in the granular thin films because they
provide likely candidates for excitonic-induced supercon-
ductivity of the type postulated by Ginzburg that might
occur at a metal-dielectric interface; no evidence exists for
such mechanism at present, although a wide variety of in-
terfaces have been examined [18]. As emphasized earlier,
the discussion within this paper was restricted to the ap-
plication of the proposed method to study granular films
dealing essentially with heavy metallic nano-particles em-
bedded in a light matrix; conclusions might be quite dif-
ferent for example, for polymers where the deuteration
technique in neutron scattering can be applied.

(iv) There is an additional field where the method to
study granular thin films takes its appropriate place; it is
related to the non specular reflection of X-rays and neu-
trons [19]. Effectively, till now, the experimental studies
achieved in this domain do not take into account the con-
tribution due to the volume defects which could exist in
the studied thin film or multilayered structures as pro-
posed by different authors [20].

5 Conclusion

In the case of granular cermet thin films, it is shown that
the observation of the phenomenon of scattering by het-
erogeneity can be made by using grazing angle reflectivity
of X-rays as proposed theoretically by Rauscher and co-
workers. This was confirmed by investigating granular thin
films of approximately 600 Å thickness, made up by plat-
inum clusters embedded in an alumina matrix. Such an
observation of both the interference and diffraction phe-
nomena indicates that the thin granular film exhibits both
its continuous and heterogeneous aspects together.

Compared to standard small angle scattering of X-rays
or cold neutrons (transmission), the sample’s thickness is
amply smaller (with a factor of 105), so, 2D phenomena
could be studied. The use of dichroic X-rays or polarized
neutrons would extend further the possibilities of this
method and especially to study surface magnetism and
surface superconductivity in heterogeneous very thin
films. Likewise, this method could be extrapolated to
investigate heterogeneous polymeric thin films with cold
neutron reflectometry where the contrast can be improved
using isotopic labeling (deuteration-hydrogenation).
A comparison between the present model and that
developed by Rauscher et al. would be very interesting. In
addition to the actual samples with an isotropic density

fluctuations, we are currently trying to make granular
samples presenting a columnar structure to make a serious
comparison.

The authors are indebted to Dr. P. Croce for many useful dis-
cussions and for the two referees for their judicious suggestions.
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