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Experimental

Experiments have been performed on the LU-
CIA beamline1 at synchrotron SOLEIL in an
ultra-high vacuum apparatus involving a prepa-
ration chamber and a main chamber where X-
ray absorption spectroscopy (XAS), Low En-
ergy Electron Diffraction (LEED) and Auger
electron spectroscopy could be operated (base
pressure a few 10−8 Pa). Al2O3(0001) sur-
faces were prepared by high temperature ther-
mal treatment (above 1200 K) under oxygen
partial pressure (a few 10−4 Pa).2,3 Surface
crystallographic quality and sample cleanliness
were checked by LEED and Auger spectroscopy
once the sample was transferred to the main
chamber. Ag/alumina nanoparticles of vari-
ous sizes were obtained by thermal evapora-
tion from a well out-gassed crucible at a rate
of ∼ 0.05 nm/min through the Volmer-Weber
growth process. Film growth performed at
room temperature was monitored in situ and
in real-time by Surface Differential Reflectiv-
ity Spectroscopy (SDRS) to determine the film
morphology as done in refs 3,4 (see also Sect. ).
The description of the optical setup and the
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principle of the technique can be found in ref
4. Briefly, the measured quantity is the relative
variation of the sample reflectivity in the UV-
visible photon range (1.5-4.5 eV). p-polarized
light was used as its electric field components
allow simultaneously probing the dielectric be-
haviour parallel and perpendicular to the sub-
strate. The incoming light (incident angle of
45◦) excites the plasmon resonances (or Mie ab-
sorption) in the nanosized silver particles which
position and intensity are tremendously sensi-
tive to the morphology.5,6

The film thickness was determined via the rel-
ative jump of X-ray absorption at the Ag L3

edge calibrated on a silver film which thickness
(3 nm) was obtained by a quartz microbalance
measurement. This calibration agreed within
20% with the thickness obtained by SDRS anal-
ysis as expected from the linear dependence
of the two techniques on the total amount of
matter. Compared to the reference work of ref
3, nine films from submonolayer up to 1.1 nm
thickness spanning the expected range of as-
pect ratio variation were analysed to determine
bond distances by Extended X-ray Absorption
Fine Structure (EXAFS) analysis at the Ag L3

edge (see Sect. ). The incoming X-ray photon
flux coming from an undulator was provided
by a two-crystal monochromator equipped with
Si(111) crystals. It was monitored via the
drain current of a 50 nm thick nickel film de-
posited onto a polyethylene foil. The total elec-
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tron yield from the sample was recorded from
3330 eV to 3530 eV to give the EXAFS sig-
nal, several scans being averaged (typically 6
scans with a dwell time of 1 second per point).
The EXAFS fine-structure function χ(E) and
its photoelectron wavevector counterpart χ(k)
were analysed with the Athena/Artemis codes.7

Numerical simulations

Density Functional Theory (DFT) calculations
were performed with VASP (Vienna ab ini-
tio simulation package),8,9 with dispersion-
corrected GGA (optB88-vdW)10,11 exchange-
correlation functional to improve the descrip-
tion of adhesion characteristics at the weakly
interacting silver/alumina interface. Silver ad-
sorption in the limit of nearly-isolated adatoms
was simulated with a single Ag atom per
(1 × 1)-Al2O3(0001) surface unit cell. Higher
Ag coverage was mimicked by a 3 monolay-
ers thick Ag(111) film in (

√
3 ×

√
3)R30◦ ∥

(1 × 1) -Al2O3(0001) coincidence with the ox-
ide substrate (4 % lattice mismatch). The Al-
terminated alumina(0001) substrate was repre-
sented by a slab composed of three -Al/3O/Al-
layers, with the in-plane lattice parameters
fixed at bulk alumina values and with adsor-
bates on one side only. The Brillouin zone
was sampled with Γ-centred (8× 8) Monkhorst
Pack grid and the plane-wave cutoff set equal to
400 eV. All atomic positions were relaxed until
the residual forces were smaller than 0.01 eV/Å.
Atomistic simulations of alumina-supported,
nanometre sized Ag particles (up to 10000
atoms and ∼ 9 nm of diameter) were performed
with Inter-atomic Potentials (IP) for Ag-Ag in-
teraction and a Potential Energy Surface (PES)
for the Ag-alumina interaction. Ag-Ag inter-
action was described by the second moment
approximation (SMA) to the tight- binding
model,12–16 with parameters taken from earlier
studies.17,18 The PES representing Ag-alumina
interaction has been adjusted to the results of
ab initio calculations following the approach de-
scribed in refs 18,19. In the present case, the
PES parameters adjusted for adsorption of iso-
lated atoms has been rescaled as to obtain a sat-

isfactory agreement for the adhesion of multi-
layer Ag deposit. With this energetic model,
the motif optimization approach was used to
generate closed-shell particles with the lowest
excess energy.18–20

EXAFS analysis

All x-rays absorption spectra have been
recorded beyond the silver L3 edge by moni-
toring the total electron yield from the sample,
at normal and ”almost” grazing incidences (60◦

off-normal). They have then been analyzed us-
ing the Athena/Artemis codes7 in a way anal-
ogous to that of standard K-edges. In other
words, the p → s transition as compared to
the p → d one, and the non-centro symmet-
ric character of the clusters deposited onto a
flat surface were neglected. The Fourier Trans-
forms (FT) have been applied to k3χ(k) raw
data, with a Kaiser-Bessel apodisation window
spanning from 1 to 6.7 Å−1. The back Fourier
Transform spans from 1 to 3.8 Å. Fig. 1-a shows
the raw data for silver metal, silver oxide and
a deposit of thickness ∼ 0.24 nm at normal
incidence. Note the different y-scale (right) for
the deposit. This comparison evidences the
high quality of the data recorded on these very
thin overlayers. Fig. 1-b compares the normal
and grazing incidence χ(k) data for the de-
posit shown in Figure 1-a. Obviously the signal
to noise ratio decreases going to grazing inci-
dence because the beam has to be horizontally
squeezed to fit inside the sample (Figure 1-
b). The variation of the Ag-Ag interatomic
distance with the deposited thickness has just
been obtained by measuring the shift of the
Fourier Transform, relative to the value of sil-
ver metal. Nevertheless, for the thinner samples
and at grazing incidence, the data evidence the
cluster-substrate interaction, as a marked dif-
ference between the two polarizations (Figure
2-b). The modulus of the Fourier Transforms
of the model compounds and of the 0.24 nm
thick deposit at grazing incidence are shown in
Figure 1 of the article. The FT of the deposit is
splitted into two components: the one around
2.5 Å can be associated to the Ag-Ag distance,
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Figure 1: (Color online). EXAFS analysis : (a)
Raw data from bulk silver (red line, left scale),
silver oxide (black line, left scale) and 0.24 nm
thick deposit on alumina (blue line, right scale);
(b) χ(k) data for one monolayer (0.24 nm) of
Ag/alumina, as analyzed at normal (black line)
and grazing (red line) incidence.

-10

-5

0

5

10

k3 χ(
k)

 (
Å

-3
)

a) Normal incidence

-15

-10

-5

0

5

10

k3 χ(
k)

 (
Å

-3
)

108642
k (Å)

b) Grazing incidence

Figure 2: (Color online). EXAFS analysis :
Fourier transforms of data (black curve) and
corresponding simulations (red curves) for very
small silver clusters (film thickness 0.04 nm) at
a) normal incidence and b) grazing incidence.
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while the shoulder at smaller R values arises
from aluminium or oxygen neighbours of the
alumina surface. Then a numerical analysis
(Artemis) made use of phase shifts of Ag-Ag
and Ag-O from a FEFF calculations21 applied
to pure silver metal and pure silver oxide struc-
tures respectively, while Ag-Al are extracted
from an ad hoc cluster where a silver atom
is surrounded by 8 Al at 2.55 Å. This fitting
procedure returns an Ag-O distance around
2.65 ± 0.05 Å and definitely excludes any oc-
currence of Ag-Al pairs. The value obtained for
Ag-Ag in the case of a 1ML deposit is 2.83 Å,
in line with the direct measurement described
above. Applied to the normal incidence data,
the same analysis cancels the oxygen contribu-
tion, a result which is also obtained, whatever
the polarisation, for larger clusters. A compar-
ison between experiment and theoretical fit is
shown in Figure 2 for the two polarisations and
for small clusters.
Grazing measurements show clearly the signa-
ture of a well defined site of anchoring of the
interfacial silver atoms to the surface, while
this contribution vanishes on the EXAFS data
for large clusters by a simple renormalisation
effect on the number of probed silver atoms.

SDRS analysis

Particle morphology was derived from the anal-
ysis of SDRS spectra in the framework of the
surface susceptibilities22–24 by modeling par-
ticles with truncated spheres.22,25,26 Extensive
description of the foundation of this dielectric
approach, of all numerical technical details and
a discussion on the Ag/Al2O3(0001) growth
process can be found in refs 3,4,27 (and ref-
erences therein). The soundness of this plas-
monic characterization of particle morphology
was demonstrated over the past years in several
ways. It allowed (i) pinpointing the geometric
nature of the plasmon resonances in metallic
supported clusters23,24,28,29 whatever the sub-
strate or the metal, (ii) characterizing wetting
at the nanoscale from particle aspect ratio de-
termination2,3,24,30 and (iii) discussing in de-
tails the physics of metal/oxide growth3,23,27 in

a comparable way to Grazing Incidence Small
Angle X-Ray Scattering.30–32

On an optical point of view, film morphology
was modeled herein by truncated spheres on
an hexagonal array. The spectra were fitted
with 5 free parameters, namely particle diam-
eter or size D, particle truncation 1 + tr i.e.
height/radius, inter-particle distance L and in-
homogeneous effective broadening σ∥, σ⊥ to
account for size/shape distribution.3,4,27 Par-
ticle contact angle θc = − arccos(tr), density
ρ = 2/

√
3L2 and average film thickness (or op-

tical thickness) t = πρD3(2/3−cos θc−cos θ3c/3)
could be derived easily from the latter. Those
parameters are representative of the average
growing object.

Figure 3-a shows the best agreement achieved
between experimental spectra and modeling for
the nine samples which have been analysed
by EXAFS. Fits were performed through non-
linear least-squared minimization33 and error
bars obtained from χ2 curvature at the min-
imum. A comparison is also given with fits
performed all along the growth process on a
given sample (Figure 3-b). The results of the
analysis regarding the film morphology D, ρ, θc
are gathered in Figures 4. The comparison to
previous works3,4 demonstrate the robustness
of the overall trends and of the sensitivity of
the optical measurement to nucleation, growth
and coalescence stages. In particular, the de-
crease of contact angle and therefore of the in-
crease of adhesion below 5 nm in size is well re-
produced and parallels the molecular dynamics
simulations. Fluctuations of parameters from
one sample to the other may be explained by
the sensitivity of the growth process on the ini-
tial number of defects, and therefore on nu-
cleation sites of the surface, on the evapora-
tion rate as well as on the actual achieved tem-
perature after sample preparation and cooling.
The last point (circle-cross) of θc (Figure 4-b)
used in Figure 3-a,b of the article was extrapo-
lated from XAS thickness and size evolution of
a sample which parameter was determined from
EXAFS; it corresponds to the equilibrium con-
tact angle as measured by mascroscopic sessile
drop technique.34 Finally, values of inhomoge-
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Figure 3: (Color online). SDRS analysis of Ag/Al2O3(0001) films : a) Fits (lines) of the spectra
(points) at the end of the growth for the nine samples simultaneously characterized by EXAFS. b)
Evolution of SDRS spectra and their fits along a given growth process (sample 9). Film thickness
as obtained by XAS calibration is given on figures.
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Figure 4: (Color online). Ag/Al2O3(0001) cluster morphology from SDRS : a) Size D and density
ρ and b) contact angle θc obtained from optical fits. Results are compared to the values of ref 3.
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neous broadening (not shown) turned out to be
very similar to those of ref 3,4 (σ∥ ≃ 0.2 eV;
σ⊥ ≃ 0.1 eV).
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