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Transition from monolayer-thick 2D to 3D nano-clusters

on α-Al2O3(0001)

Rémi Lazzari,∗a Jacek Goniakowski,a, Gregory Cabailha, Rémi Cavallottia, Jacques Jupillea,

Nicolas Trcerab, Pierre Lagardeb

This paper reports on the long-standing puzzle of the atomic structure of the Ag/α-Al2O3(0001)
interface by combining x-ray absorption spectroscopy, to determine Ag local environment [i.e. average
Ag-Ag (dAg−Ag) and Ag-O (dAg−O) interatomic distances and Ag coordination numbers (CN)], and
numerical simulations on nanometric-sized particles. The experimental key was the capability of a
structural study of clusters involving only a few atoms. The concomitant decrease of dAg−Ag and
CN with decreasing cluster size provides unambiguous �ngerprints for the dimensionality of the Ag
clusters in the subnanometric regime leading to a series of unexpected results regarding the size-
dependent interface structures. At low coverage, Ag atoms sit on surface Al sites to form buckled
monolayer-thick islands associated with a Ag-Ag distance (2.75 Å) which �ts the alumina lattice.
Upon increasing Ag coverage, as 3D clusters appear, the Ag interface atoms tends to leave Al sites
to sit atop O atoms as dAg−Ag increases. The then highlighted size-dependent evolution, is built
on structural models which seemed so far contradictory in a static vision of the interface. Theory
generalizes the case as it predicts the existence of alumina-supported 2D clusters of Pd and Pt at
small coverage and a similar 2D-3D transition upon increasing the size. The structural transformation
from 2D Ag clusters to macroscopic 3D islands is accompanied by a noticeable reduction of adhesion
energy at Ag/α-Al2O3(0001) interface.

1 Introduction

The crystallography of interfaces is an essential ingredient in
the formation of supported nanoparticles. It governs the growth
and the energetics of the particles and has therefore dramatic
consequences on their adhesion, their morphology and related
properties1–3. Interface structure determination is an ongoing
challenge when studying metal/α-Al2O3(0001) systems, due to
the complexity of the oxide surface which involves five types
of sites [labelled Al1, Al2, Al3, O and H (hollow) in Fig. 1].
These systems are of considerable interest as the α-Al2O3(0001)
surface is the second most studied oxide surface after the (110)
one of rutile TiO2

4. Since it is not reduced in contact with most
transition metals5–9, this surface offers a vast playground to
explore sharp interface properties. Its attractiveness is increased
by the countless applications of metal/alumina interfaces to
catalysis10–14, microelectronics6 and functional coatings15–21.
The question of the interface structure of epitaxial films on
alumina reverberates also in the field of semiconductors such as
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GaN22 or ZnO23 and more recently of 2D materials24,25.

The prerequisite of a knowledge of the interface structure
has prompted a wealth of atomic first-principles simulations
of metal-alumina systems. However, the similarity in binding
energies of the metal adlayers associated to the different types
of sites of the α-Al2O3(0001) surface26 strongly complicates the
optimization of the interface structures and prevents consensus.
Ag27–31 and Al15,28,32,33 adatoms are mostly suggested to sit
atop Al3 but also atop O28,34. Ag has also been reported on
hollow sites15,32,35. Isolated Pd28,29,36–39, Pt27,29,37,38 and
Au29,34,35 atoms are mainly found on O sites but have also
been found atop Al27,28,31,34,40. As for multilayered Ag films,
theoretical predictions that they sit either atop O or atop Al or on
hollow sites15,32,34 are not conclusive. Slab simulations raise an
additional question in that, to make them tractable, the lattices of
the metal and of the support are assumed to be matched and in
registry at the interface. The imposed constraint34 might affect
the reliability of the conclusions reached especially as nanopar-
ticles are involved. Nevertheless, some metal/α-Al2O3(0001)
cluster calculations30,31,39–41 can also be found. For the sizes
which were explored (up to ten atoms), a tendency to form
Ag, Pd and Au 2D clusters with metal adatoms atop Al sites
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is highlighted. The point is less clear when it comes to Pt.
Soft landed Ptn clusters were shown to lay flat on the surface
up to n = 18 and form bilayered clusters above that value42,
whereas Pt10 islands have also been predicted to form bilayered
structures31,41.

In contrast to the abundance of ab initio calculations relating to
the metal/α-Al2O3(0001) interface structures, the corresponding
experimental investigations at the atomic scale are completely
lacking, even if epitaxial orientations have been evidenced43–45.
The challenge lies in the ability to explore nano-sized supported
particles down to clusters of a few atoms on a bulk insulator
which rules out the use of scanning tunneling microscopy
as on metal-supported thin oxide films10. In atomic force
microscopy, tip convolution46 makes it difficult to determine
the true nano-cluster shape and prevents revealing atomic scale
details. Imaging by Transmission Electron Microscopy requires,
beyond in situ deposition capabilities, a substrate preparation
procedure that does not guarantee a surface termination similar
to the bulk Al2O3(0001). Instead, it has been chosen herein to
explore Ag/α-Al2O3(0001) by Extended X-ray Absorption Fine
Structure (EXAFS). The authors have proved the flexibility and
the reliability of this technique for studies on oxide-supported
Ag47–49, Na50–52 and Cr8,9, and on Ag-supported MgO nanopar-
ticles53, with a relevance even increased in the recent years by
the systematic support of atomistic calculations8,9,49,53. As a
local probe, EXAFS has several crucial advantages over imaging
and diffraction experiments as it allows the in situ exploration
of deposit conformation and environment for surface coverages
as small as a tenth of a monolayer in the absence of long-range
order. As regards the chosen Ag/α-Al2O3(0001) system, it is
likely the metal/alumina interface which has concentrated the
most important theoretical research efforts owing to its applica-
tive interest in catalysis in particular for the major reaction of
ethylene epoxidation15,27–32,34,35. In Ag clusters smaller than
2.5 nm in size (obtained for Ag equivalent thicknesses smaller
than 0.4 nm), a shrinking of the interatomic distance dAg−Ag was
previously interpreted as a trend for a matching of the metal
lattice to that of the alumina substrate (see Fig. 3 of Ref. 49).
The case prompted us to scrutinize the structure of Ag particles
of size less than 2 nm in an attempt to observe this matching.
To tackle the issue, the geometry of the Ag nanoparticles
vapour-deposited on Al2O3(0001) under ultra-high vacuum has
been experimentally determined by EXAFS at the Ag L3-edge
(see Section. 4). Then, the findings have been supplemented by
atomistic simulations with the prospect that calculations based
on experimental measurements of interatomic distances and co-
ordination numbers can reliably lead to unambiguous solutions.
Both experimental and theoretical methods are detailed in Sec. 4.
The results obtained led us to revisit the entire Ag/alumina
system in the light of the structural parameters accessible by
EXAFS, and to discuss the change in adhesion energy at the
metal-oxide interface as a function of cluster size.

Fig. 1 Side and top views of the α-Al2O3(0001) surface. Oxygen and
aluminum ions are shown by red and blue spheres, respectively. Al1,
Al2, Al3, O and H (hollow) sites are indicated. The bar stands for the
characteristic distance of 2.75 Å between surface sites and the dotted
line for the surface unit cell.
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Fig. 2 EXAFS result and analysis for one of the deposits analysed herein
(large cross in Figure. 4-a): (a) Raw experimental absorption spectrum
(red line) where the pre-edge background has been removed and the
corresponding EXAFS data (black line). Note that this spectrum uses
the same energy scale than the absorption data and not the usual k wave
vector. (b) The Fourier �ltered experimental data (red line) and the
result of the EXAFS �t (black line) which returns 6±1.5 Ag atoms at a
distance of 2.77±0.025 Å.

2 Results and discussion

2.1 EXAFS analysis
To complement the previous x-ray absorption measurements on
Ag/α-Al2O3(0001) in which the smallest studied cluster size was
slightly larger than 2 nm, corresponding to Ag coverage of about
0.06 nm49, the present work has explored the behaviour of Ag
films down to a coverage of 0.012 nm corresponding to about
0.05 monolayer of Ag(111), until reaching the limit of observ-
ability of the Ag L3-edge. The ability to determine by EXAFS
the structural parameters of clusters involving a few atoms in a
sufficiently precise way to allow an unequivocal comparison with
the DFT calculation is the key to the present experiments. As
in previous data, the near-edge structure indicates that Ag is in
metallic form whatever the coverage49. Ag-Ag distances dAg−Ag

were determined by the analysis of both the imaginary part and
the magnitude of the Fourier transform of the fine structure
function k3χ(k) (Fig. 2). In parallel to previous findings49, the
found values (Tab. 1) are reported in Fig. 3 (green circles) as a

Fig. 3 Ag-Ag distance dAg−Ag in Ag clusters as a function of the in-
verse of the particle size D−1. For comparison with the present work of
Ag/α-Al2O3(0001) (green circles and green line), the �gure reproduces
the data shown in Fig. 3 of Ref. 49: Ag supported on MgO(001) (red
squares and red line), α-Al2O3(0001) (blue circles and blue line) and Ag
clusters embedded in Ar (black triangles). The dashed black line corre-

sponds to the macroscopic Laplace rule49,54
∆dAg

dAg(bulk)
= 4

3
f K
D that links the

strain induced by the surface stress f in a particle of size D to the bulk
compressibility K; the slope gives the value f = 2.2 N.m−1 for silver. The
blue, red and green continuous lines are to guide the eyes. Ag, MgO, and
Al2O3 characteristic bulk interactomic distances are shown by horizontal
lines.

function of the inverse of the particle size D−1 determined in a
way which deserves some comments. As it will be shown below
that very small Ag particles are in the form of 2D islands, the
description of their size by the same parameters as in the 3D
form is irrelevant. To compare with previous data, the size of
the particles studied herein was determined through the cube
root of the Ag thickness assuming similar particle densities. The
series of new data is normalized with respect to the previous
one thanks to the experimental point dAg−Ag = 2.82 Å common
to the two series of measurements. Consequently, it is placed
at D−1 = 0.42 nm−1. The validity of the representation will be
commented in the discussion. The evolution of dAg−Ag suspected
in the previous study49 is indisputably confirmed. The distance
dAg−Ag deviates from the Laplace rule, that links overpressure
and strain induced by surface stress in a nanoparticle49,54, until
reaching 2.75 Å, a value which is apparently dictated by the
interatomic spacing characteristic of the α-Al2O3(0001) surface
(Fig. 1). This transition of strain dominated by surface and
then epitaxial stress parallels the behaviour of the Ag/MgO(001)
interface49 for which the bulk misfit is of opposite sign (−5.1 %
vs 3 %) and the symmetry is different (hexagon/hexagon vs
cube/cube) (Fig. 3).

The present findings give the whole Ag/α-Al2O3(0001) data
set a new meaning that encourages further consideration of two
other parameters derived from the EXAFS analysis, the coordi-
nation number of the Ag atoms CN and the Ag-O distance dAg−O

Journal Name, [year], [vol.],1�11 | 3



Fig. 4 Comparison between EXAFS measurements (blue crosses) and
atomistic simulations related to Ag/α-Al2O3(0001) clusters: (a) coordi-
nation number of Ag (CN) and (b) dAg−O, as functions of dAg−Ag. Cal-
culated values, represented by triangles, correspond to di�erent cluster
thicknesses: 1 ML (green); 2 ML (red); 3 ML in Al con�guration (black)
and in O con�guration (orange). Bold symbols correspond to the isomers
of highest stability. Typical experimental error bars are indicated in each
�gure.

(Fig. 4). All the data presented here as well as those collected pre-
viously49 but not analysed at that time are now considered. The
evaluation of dAg−O is made difficult by the vicinity of dAg−Ag. In
the EXAFS signal, the Ag-O distance mostly manifests itself by a
broadening of the Fourier transform even if it gives rise in some
cases to a component that can be resolved (see Fig. 1-a of Ref.
49). The determination of dAg−O assumes that the shortest dis-
tances, i.e. those which are measured on the Al3 site, dominate
the EXAFS signal. Moreover, it must be ensured that the dAg−O

distance is not confused with dAg−Al . Setting an Ag adatom on
the Al3 site, at a distance of 2.73 Å from the three surrounding
oxygen atoms (Fig. 1), leads to a Ag-Al distance of 3.11 Å. Then
a fit of a 0.017 nm thick film dataset where the dAg−Ag and dAg−O

distances are fixed (2.89 Å and 2.73 Å, respectively) returns con-
sistently a value of 3.11 Å for the Al neighbours. This supports
the present assignment of 2.73 Å to Ag-O bonds.

As seen in Fig. 4-a, the decrease in coordination number is con-
comitant with the decreases in dAg−Ag. Bearing in mind that the
bulk Ag CN is 12, the lowest values found between 2 and 3 re-
veal the existence of very small objects whose shape cannot be
described based on EXAFS data alone but requires calculations.
As regards to dAg−O, the evolution of the widely scattered exper-
imental values can hardly be rationalized by simple inspection.
However, some confidence can be placed in these data as they
show similar trends as atomistic calculations developed below
(Fig. 4-b, blue crosses versus other symbols).

2.2 Ag/α-Al2O3(0001) structure from DFT
To get insight into the microscopic effects responsible for the
measured structural parameters of small Ag particles, DFT
calculations have been performed on series of model supported
Ag clusters. First, attention was focused on larger Ag particles
and the structural signature that distinguishes the two competing
interface configurations, namely Ag either on surface O atoms
or surface Al atoms, was analyzed. Then, the structure of the
smallest Ag clusters (composed of less than 12 atoms), in both
2D and 3D forms were directly compared to experimental data,
in terms of dAg−Ag, dAg−O and CN (Tab. 1).

2.2.1 Interface configurations

As a first step, supported face-centred cubic (fcc) Ag particles
have been considered in the form of truncated octahedra com-
posed of either 73 (Ag73) or 43 (Ag43) atoms, which belong to
the series of epitaxial clusters Ag(111)/Al2O3(0001) in the scal-
able regime of size described in Ref. 49. The two retained clus-
ter sizes gave aggregates with balanced profiles for which it was
possible to stabilize two distinct interface configurations, with Ag
atoms in either Al-top (Al1, Al2, Al3) or O-top (O) sites of the alu-
mina surface, while the hollow (H) sites did not produce a local
energy minimum (Fig. 5).

The two relaxed interfaces display quite distinct structural
characteristics. As O-top surface sites are all equivalent, clusters
in O configuration preserve regular bulk-like fcc structures with
quasi-planar atomic (111) layers. Small distortions take place at
the very cluster edges only. In the absence of any pronounced
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Fig. 5 Side and top views of the Ag73 and Ag43 clusters in either the O or the Al interface con�guration. Same color code as in Fig. 1 with Ag atoms
as grey spheres.

distortions, dAg−Ag distances are homogeneously distributed with
an average value (2.83 Å) close to that in the corresponding free
particles (2.81-2.83 Å, Tab. 1). Short average interfacial dAg−O

distances are found, which decrease as the particle gets smaller
(2.69 and 2.64 Å for Ag73−O and Ag43−O, respectively). In con-
trast, clusters in the Al interface configuration undergo a pro-
nounced structural distortion driven by the strong inequivalence
of the surface Al sites with in particular the presence of protruding
surface Al for every third atom (Fig. 1); the distortion is not lim-
ited to the interface layer but propagates throughout the entire
particle. This configuration corresponds to the often described
buckled Ag/α-Al2O3(0001) adlayer which accounts theoretically
for the different heights at which Al1, Al2 and Al3 are located with
respect to the alumina surface (Fig. 1)27,28,31,34,40. It results in a
non-negligible expansion of the average Ag-Ag distances (2.85 Å)
and in substantially longer and little size-dependent average Ag-O
bond lengths (2.72-2.73 Å).

These structural signatures can be now compared to the mea-
surements relative to the small Ag particles (D−1 ≥ 0.6 nm−1

in Fig. 3). Regardless of the particle size and the precise in-
terface configuration, the calculated average dAg−Ag distances in
3D supported clusters (2.83-2.85 Å) do not match measurements
(∼ 2.75 Å) at all. Also, average dAg−O distances calculated for
the O interface configuration (2.64 and 2.69 Å for the two clus-
ters) are much shorter than the experimental estimates. Con-
versely, the good agreement with the measurements of the dAg−O

distances calculated for the Al configuration (2.73 Å) is a strong
indication that the small Ag particles observed herein adopt this
configuration.

At this point, it is worth noticing that, while both O and Al con-
figurations produce local minima of the total energy, their relative
stability depends on the cluster size. The Al interface configura-
tion is 0.6 eV more stable in the smaller Ag43 cluster, but it is
0.6 eV less stable in the Ag73. This calculated stability reversal

as a function of cluster size can be assigned to two main effects,
the energy cost of cluster distortion and the energy gain induced
by the associated enhancement of cluster-substrate interaction.
The former increases as the cluster size increases (+2.1 eV and
+2.5 eV for Ag43 and Ag73 clusters, respectively) and tends to
prohibit distortions in larger particles. The latter, weakens as a
function of the cluster size (−2.7 eV and −1.9 eV, for Ag43 and
Ag73 clusters, respectively) since smaller particles, being more
flexible, better adapt to the substrate. These effects favour the
distorted Al interface configuration in smaller particles (and, as it
will be demonstrated in the following, also in the flatter ones) and
show that the larger clusters (but also more 3D-shaped ones) will
tend to adopt the O-top configuration and preserve their quasi-
undistorted (111) structure.

The shift from Al sites to O sites sheds light on the puzzling
variations of Ag-O interatomic distances (Fig. 4-b). Upon increas-
ing the size of Ag nanoparticles, the transition from more flexible
2D islands sitting atop Al to stiffer 3D clusters in an O interface
configuration is accompanied by a shortening of Ag-O distances.
Therefore, a dip in dAg−O in both experimental and theoretical
values is consistently observed around dAg−Ag = 2.83−2.86 Å. At
higher coverages, the gradual expansion of the average Ag-O dis-
tance is attributed to an increase in lattice mismatch at the inter-
face between larger clusters and the alumina surface. Compared
to previous work, this corresponds to the appearance of a lattice
mismatch between Ag and alumina, i.e. to the transition from
zone I to zone II in Fig. 2-c of Ref. 49.

However, the present results also show unexpected changes in
Ag sites with Ag interface atoms sitting either atop surface Al
atoms or atop surface O atoms. Most importantly, the structural
models associated to these different sites are demonstrated to ac-
tually exist whereas they were considered as conflicting until now.
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Fig. 6 Side and top views of the Ag54 and Ag27 clusters in the Al interface
con�guration. Same color code as in Fig. 5.

2.2.2 Effect of cluster thickness

In a second step, either one or two top-most Ag layers were re-
moved from the Ag73−O cluster, as to produce flatter, 2- and 1-
layer-thick, Ag54 and Ag27 particles, respectively (Fig. 6). These
two flatter clusters spontaneously relax into the Al configuration
and could not be stabilized atop O sites. The similarity of the
average Ag-O distances (2.74 Å) with those calculated above for
the Al configuration in the 3D particles confirms the robustness
of this structural signature. The preference for the Al configura-
tion can be linked to the combination of a lower energy cost of
structural distortions in flatter particles and a better access to the
favourable Al3 site.
However, the calculated Ag-Ag distances in the two particles dif-

fer significantly. For the 2 ML thick Ag54−Al , dAg−Ag (2.85 Å) is
close to what is obtained for 3D clusters (Tab. 1). In stark con-
trast, the particularly short value associated to the 1-layer-thick
Ag27−Al cluster (2.76 Å) matches nearly perfectly the experimen-
tal estimates associated to the smaller Ag particles. Thus, it be-
comes clear that the 1-layer-thick particles with Ag atoms atop
the Al sites of the alumina surface provide the unique satisfactory
match with the measured structural parameters associated with
the smallest observed Ag deposits.

2.2.3 Effect of cluster size

Finally, small Ag clusters were simulated to explore how the
structural signatures discussed above behave upon a reduction of
the particle size. Here we will describe more thoroughly the Ag9

and Ag12 clusters for which we were able to stabilize regular low
energy isomers of both 1 ML (2D) or 3D forms (Fig. 7). Data for
Ag3, Ag4, and Ag10 particles are also reported in Tab. 1. In 3D
Ag9 and Ag12 particles, the dAg−Ag distances (2.79 and 2.83 Å,
respectively) tend to approach the values found in thicker 3D
(2 ML and 3 ML) particles (2.83-2.85 Å). Conversely, the two
2D clusters display a short average Ag-Ag distance (2.77-2.75 Å)
close to those found in larger 1 ML clusters (2.76 Å), but much
longer than those predicted (2.65-2.67 Å) for free Ag3 to Ag6 2D

clusters (Tab. 1 and Refs. 55,56). Being observed neither for free
2D particles nor for 3D particles whether free or supported, the
specific measured value of the dAg−Ag distance (∼ 2.75− 2.77 Å)
is therefore a robust and reproducible structural signature for
1 ML thick α-Al2O3(0001)-supported Ag particles with interface
atoms sitting on Al sites of the alumina surface. Moreover, the
good agreement of the theoretical and experimental values of
the coordination number CN represented as a function of the
distance dAg−Ag shows that this distance is systematically linked
to the dimensionality of the particles (Fig. 4-a). Indeed, beyond
the general impression of a monotonous increase of CN as a
function of dAg−Ag, a closer inspection reveals that values are
gathered by zones. For alumina-supported 2D Ag islands from 3
to 27 atoms, values of dAg−Ag do not exceed 2.76-2.77 Å, even
for large islands, while, for 2 ML-thick particles, they belong
to a higher range starting at 2.79-2.81 Å, even for very small
objects (Tab. 1 and Fig. 4-a). The dramatic changes in the
Ag/α-Al2O3(0001) interface structure which accompany the
increase in Ag coverage are therefore unequivocally associated
with defined cluster thicknesses and defined cluster sizes.

In light of the above computational estimation, the actual size
of the observed supported 1 ML islands deserves a comment. In
fact, the smallest experimental coverage of 0.05 Ag(111) mono-
layer (0.012 nm), i.e. 7× 1013 Ag atoms.cm−2 leads to the rea-
sonable estimate57 of 7×1012 aggregates.cm−2 by assuming clus-
ters of ∼ 10 atoms in line with the above calculations. The value
of D−1 = 1.1 nm−1 assigned to this data point in Fig. 3 via the
cube root of the Ag thickness makes sense although it is per-
haps underestimated. However, the highest coverage of 0.04 nm
(2.3×1014 atoms.cm−2) at which 2D clusters are experimentally
evidenced herein (Fig. 3) might corresponds to particles of sev-
eral tens of atoms within the common density limit of 1× 1013

aggregates.cm−2 57. Their structural parameters dAg−Ag (2.75 Å)
and dAg−O (2.73 Å) show unambiguously that they are 1 ML-
thick, which highlights that such large 2D islands can actually
form at the surface of α-Al2O3(0001). Several factors may favour
such large 2D islands, including the existence of magic number
clusters58–60, the partial fragmentation of islands58, presence
of surface defects, not to mention kinetic effects during cluster
growth.

2.3 Interplay between metal-metal and metal-alumina inter-
action

The above comparison between the experimental and calculated
structural characteristics points clearly to the existence of 1 ML-
thick clusters on the alumina surface. To complement the picture,
in the following, the relative stability of the supported Ag particles
is analysed as a function of their size and their 2D/3D character,
taking as an example the Ag9 and Ag12 particles represented in
Fig. 7.

It is found that the 2D shape is favoured (by 0.03 eV/Ag) in
the case of the Ag9 particle, whereas the Ag12 cluster is more
stable (by 0.03 eV/Ag) in the 3D shape. This suggests an
inversion of the relative thermodynamic stability between the
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Fig. 7 Side and top views of the Ag9 and Ag12 clusters in 2D (1 ML) and 3D con�gurations. Same color code as in Fig. 5.

Systems Thickness (nm) d(Ag-Ag) (Å) Coord. number d(Ag-O) (Å)

0.012 2.75 2.2
Experimental 0.032 2.75 2.8 2.73

data 0.04 2.77 5.9 2.73
0.2 2.82 7

Stability Size and shape
Ag73−O (3 ML) 2.83 8.1 2.69
Ag43−Al (3 ML) 2.85 7.3 2.72

More
Ag12−Al (2 ML) 2.83 5.5 2.66

DFT stable
Ag10−Al (1 ML) 2.76 3.8 2.70

isomers Ag9−Al (1 ML) 2.77 3.6 2.69
alumina- Ag4−Al (1 ML) 2.73 2.5 2.55

Ag3−Al (1 ML) 2.71 2.0 2.40

supported Ag73−Al (3 ML) 2.85 8.1 2.73
Ag43−O (3 ML) 2.83 7.4 2.64

Less
Ag Ag54−Al (2 ML) 2.85 7.2 2.74

stable Ag10−Al (2 ML) 2.81 4.8 2.73
Ag9−Al (2 ML) 2.79 4.9 2.73

clusters isomers
Ag27−Al (1 ML) 2.76 4.7 2.74
Ag12−Al (1 ML) 2.75 4.0 2.69

Ag79 (3D) 2.83 8.5 –
DFT Ag43 (3D) 2.81 7.3 –

Ag13 (3D) 2.80 5.7 –
free Ag Ag6 (1 ML) 2.67 3.0 –

Ag5 (1 ML) 2.67 2.8 –
clusters Ag4 (1 ML) 2.66 2.5 –

Ag3 (1 ML) 2.65 2.0 –

Table 1 Summary of the experimental and calculated structural characteristics of free and α−Al2O3(0001) supported clusters.
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Metal Ag Pd Pt

Cluster size and M9 2D 2D/3D 2D
dimensionality M12 3D 3D 2D

Interaction M-M 0.1 0.4 0.2-0.3
strength (eV) M-A 0.4-0.6 1.2 1.0

Table 2 Energetically favoured shapes of 9- and 12-atom-large alumina-
supported Ag, Pd, and Pt clusters. The interplay between the metal-
metal (M-M) and metal-alumina (M-A) interaction strengths drives the
progressive transition between favoured 2D (smallest particles) and 3D
(larger ones) particle shapes (3D shapes are systematically favoured in
the corresponding freestanding particles).

two types of particles at the size of about 10 atoms, consis-
tently with the existing computational evidence31 and with the
present experimental indication on the existence of a variety of
1 ML-thick clusters. The good stability of small 2D Ag particles
is to be principally assigned to the small cost of 3D → 2D shape
transformation in the corresponding unsupported Ag clusters
(obtained by relaxing the supported ones once the substrate
is removed). Indeed, for the considered 9- and 12-atom-large
particles, it amounts to about 0.7 eV, which corresponds to only
0.1 eV per Ag-Ag bond broken upon such transformation. Since
this energy cost is to be compared to the energy gain due to the
additional Ag-alumina interaction (∼ 0.4−0.6 eV/Ag atom at the
interface, see Tab. 2) the 2D form is favoured as long as it does
not imply a massive loss of Ag-Ag bonds.

With the help of the same 9- and 12-atom-large clusters,
similar effects are found for alumina-supported Pd and Pt
(Tab. 2). However, compared to Ag, the energy cost of 3D → 2D
transformation is much larger in Pd clusters (about 0.4 eV per
broken Pd-Pd bond) and it is only partially compensated by the
larger Pd-alumina interaction energy (1.2 eV/Pd-O bond at the
interface, Tab. 2). As a consequence, 3D Pd particle shapes are
favoured starting already for smaller sizes. Conversely, in the case
of Pt clusters, the loss of Pt-Pt interaction (0.2-0.3 eV/Pt-Pt bond)
is fairly well compensated by the Pt-alumina one (1.0 eV/Pt-O
bond at the interface, Tab. 2) which favours 1 ML clusters over a
larger span of sizes. The prediction is consistent with the obser-
vation that soft landed Ptn clusters form 2D islands up to n= 1842.

2.4 Adhesion energy of Ag/α-Al2O3(0001)
The evolution of presently calculated adhesion energies of the
most stable clusters [0.34, 0.39, 0.52, 0.74, and 0.81 eV/Ag for
Ag73−O, Ag27−Al , Ag12−Al , Ag4, and Ag3 clusters, respectively,
which, by assuming dAg−Ag = 2.75 Å, span energies from about
0.8 J.m−2 (Ag73) up to nearly 2.0 J.m−2 (Ag3)] qualitatively con-
firms the trend evidenced in previous analysis of the morphol-
ogy of supported metal particles49,57,61 by plasmonics62–64. On
this same Ag/alumina system49 and also on a whole series of
metal/dielectrics systems61, a "U" shaped evolution of the as-
pect ratio of the particles with their sizes was evidenced. Those
studies highlight a progressive increase of the adhesion energy of
supported particles upon decreasing size in the range . 10 nm

in which particles, that no longer show self-similar profiles ob-
served at the mesoscopic scale, escape the current analytic mod-
els13,65. The domain is particularly crucial because it involves
particles whose dimensions are optimal with respect to many
properties13,58,66,67.

3 Conclusion

This work dealt with the long-lasting puzzle of the interface struc-
ture of the Ag/α-Al2O3(0001) interface at the atomic level by
combining x-ray absorption spectroscopy with atomistic simula-
tion. The study reveals a size-dependent interface structure in-
volving changes in dimensionality of the supported clusters which
are unambiguously linked to the Ag-Ag and Ag-O interatomic dis-
tances and the Ag coordination number. At low coverage, Ag
forms buckled 2D islands sitting on Al sites. Upon increasing
coverage, as clusters becomes 3D, Ag atoms move toward atop
O positions. Overall, the present findings draw an unexpected
evolution of the α-Al2O3(0001)-supported Ag clusters. Interface
structure and energy, cluster thickness and size vary together with
increasing Ag coverage. Theory predicts a similar behaviour for
alumina-supported Pd and Pt nanoparticles. All these results ask
the reason of the puzzling behaviour in the small size regime of
the Ag/MgO(001) interface for which the metal/oxide interac-
tion, the symmetry, the absorption site and the misfit are different.
The present study reveals a hitherto never explored behaviour of
supported metal clusters in the range of size . 10 nm which is
of paramount importance as it is optimal with respect to many
properties.

4 Methods

Experiments have been performed on the LUCIA beamline at
synchrotron SOLEIL (Saint-Aubin, France)68 in an ultra-high
vacuum (UHV) apparatus. The main chamber (base pressure
1× 10−10 mbar), equipped with a Low-Energy Electron Diffrac-
tion (LEED) device and an Auger spectrometer (AES) to control
the sample quality, is isolated from the beamline by a 7 µm thick
Be window which allows to keep UHV during the experiments.
Given the very high flux (around 1011 photons.s−1.eV−1) de-
livered by the Si(111) double crystal monochromator, a good
signal-to-noise EXAFS spectrum on very thin deposits is obtained
within two hours, by monitoring the total electron yield of the
sample normalized by the upstream drain current on a thin Ni
film (50 nm on a 2 µm polypropylene support). The focusing
of the beam to a few micrometers allows grazing incidence
spectra (∼ 60◦ from normal) without any loss of flux. This main
experimental chamber is coupled to a preparation chamber and
a load-lock system, which makes the whole set-up a very unique
system for spectroscopic studies in the soft x-ray range.

Sample carbon contamination was removed in the preparation
chamber by annealing at 1200 K in front of a doser69 under
an equivalent pressure of oxygen of about 10−4 mbar. The
crystallographic quality of the substrate and its cleanliness were
checked in the main chamber by LEED and AES. As expected
from polarity consideration70 and theoretical surface phase dia-
gram71, such a preparation procedure leads to an Al-terminated
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(0001) surface; as in atomistic calculations, previous surface
diffraction experiments72,73 evidenced a strong inward relax-
ation of this terminal plane. Then, Ag has been deposited in
the preparation chamber on the surface at room temperature by
means of an effusion source at a rate of ca. 0.1 nm.minute−1

calibrated by a quartz microbalance. As small coverages of less
than 0.4 nm down to about 0.01 nm were explored, the film
thickness (as indicated hereafter) has been determined via the
relative jump at the Ag L3-edge δ I/I calibrated on a thick (3 nm)
evaporation on the same substrate. The good linear regression
of slope 0.85 between this procedure and the direct calibra-
tion by evaporation time shows an overall agreement within 20%.

Ag-covered samples were transferred to the main chamber to
perform EXAFS measurements. All x-ray absorption spectra have
been recorded around the Ag L3-edge by monitoring the total
electron yield recorded from the sample in the 3330-3530 eV
energy range at normal and grazing incidences. The recorded
EXAFS signal averages typically 6 scans with a dwell time of 1
second per point. The high-quality of the EXAFS data (Fig. 2)
that were recorded allowed the analysis of extremely small
amounts of deposited Ag less than 0.05 monolayer, as defined
by the atomic density of the Ag(111) plane (1.38 × 1015 Ag
atoms.cm−2 i.e. 2.35 Å). Spectra have been processed by the
ATHENA-ARTEMIS suite74 to extract the absorption modu-
lations χ(k) (k electron wave vector) and then to obtain the
structural parameters. An analysis of pure Ag metal of known
atomic structure has first allowed to set the energy edge shift
E0 = 3355.9 eV and the so-called S2

0 = 0.6 parameter. These
values have been kept constant for all spectra, as well as the
k-domain of the forward Fourier Transform (1− 6 Å−1) and the
R-domain of the back filtered data (1.7− 3.6 Å). The phase shift
functions from Ag metal and Ag2O were used in the ARTEMIS
procedure. The fits returned, as usual, the interatomic distances,
the coordination numbers and the disorder parameters which
typical error bars are displayed in Fig. 2. For all spectra, the order
of magnitude of the obtained Debye-Waller factor for the Ag-Ag
pair and of the fit reliance factor were similar to those of Fig. 2
(σ2 = 0.015 and R = 0.04, respectively). As usual for studies at
the L-edge, the p→ s transition has been neglected. In addition,
as it would change the results by an amount smaller than the
experimental errors, the effect of the photon beam polarization
on the coordination number for these very small clusters has
been ignored.

Compared to the Ag K-edge, the choice of the L3-edge with its
limited k-range of ∼ 6 Å−1 due to the nearby L2-edge deserves
some comments. To account for this rather short domain,
the error bars on parameters are not, in terms of interatomic
distances or coordination numbers, those usually achieved in
EXAFS nowadays at the K-edge of heavy elements (k-range up
to ∼ 12 Å−1). But these values do not affect the conclusions
of the present analysis which does not have to discriminate
between close solutions. Notably, our first experiments on
Ag/MgO(001) clusters performed at the Ag L-edge47 (LURE,
Laboratoire pour l’Utilisation de Rayonnement Electromagné-

tique) showed that Ag was sitting atop O on MgO(001) at a Ag-O
distance of 2.53 Å, a result latter confirmed by grazing x-ray
diffraction within 0.01 Å75. Further experiments were done at
the Ag K-edge (ESRF, European Radiation Synchrotron Source,
GILDA beamline)48. At 25.5 keV, the EXAFS signal taken in
fluorescence, which dies out very rapidly beyond the edge, is
strongly perturbed by the Compton effect of the substrate made
of light elements, even for a very thin one, rendering the analysis
of EXAFS data unreliable for small deposits as studied herein.
In addition, the total electron yield is very low at these large
photon energies. So, as both edges gave comparable results for
Ag/MgO(001) deposits of similar thickness, the use of K-edge,
despite a wider accessible k-range, would definitely not improve
the experimental data in the present Ag/α-Al2O3 case.

All calculations regarding the Ag/α-Al2O3(0001) system were
performed within the framework of the Density Functional
Theory (DFT) approach implemented in the Vienna Ab-initio
Simulation Package (VASP)76,77. Electron-core interaction
was represented with the Projector Augmented Wave (PAW)
method78,79, with help of pseudopotentials provided with
the package. The alumina substrate was represented by an
Al-terminated slab composed of four Al-O3-Al trilayers and the
Ag clusters were deposited on its top side. A large (4×4)-
Al2O3(0001) surface unit cell was used and the Brillouin zone
was sampled with a single Γ point. All atomic coordinates of
anions, cations, and deposited Ag atoms have been allowed to
fully relax until forces got lower than 0.01 eV.Å−1, apart from the
bottom-most Al layer which was kept in its bulk position. The
addition of a fifth oxide trilayer layer resulted in only negligible
corrections to the reported quantities. Atomic configurations
were plotted with VESTA80.

Since the main goal of the present study is a fine analysis of
the measured Ag-Ag (and, to a lesser extent Ag-O) distances,
the PBEsol exchange-correlation functional81 has been chosen.
In stark contrast to the most frequently used GGA functionals,
such as the PBE and PW91 ones, which tend to largely overes-
timate both the silver lattice parameter a and the bondlength in
the free Ag2 dimer d (up to about a = 4.15 Å and d = 2.59 Å,
compared to the experimental values of a = 4.09 Å and d = 2.53
Å82), the much more satisfactory estimations obtained with the
PBEsol (a = 4.07 Å, d = 2.53 Å) make a direct comparison of the
measured and calculated Ag-Ag distances reliable. It is worth not-
ing that the dispersion-corrected exchange-correlation functional
(optB88-vdW)83–85 reproduces well the behaviour of the Ag-Ag
distances obtained from PBEsol calculations with, however, sys-
tematically 0.05 Å longer bonds. This is consistent with larger
values of a = 4.14 Å and d = 2.57 Å predicted by the optB88-
vdW functional. On the other hand, the explicit account for the
van der Waals forces enhances the Ag-Al2O3(0001) interaction
strength by about 0.1 eV/Ag, similarly to the effect reported for
the Ag/MgO(001) system86.
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