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Influence of the substrate oxidation state in the growth of copper clusters on A1_20_3(0001) surface: a XANES and EXAFS study

Introduction

The study of the electronic and structural properties of metal clusters supported on metal oxides has attn~cted interest in recent years [START_REF] Henrich | The Surface Science of Metal Gxydes[END_REF]. These systems present interesting properties from both fundamental and "~:echnological points of view. On the one hand, the study of small clusters provides information about the t~ansition from isolated atoms to bulk matter, a subject of key importance in solid state physics. On the other hand, their large surface to bulk ratio induces a high chemical reactivity in oxidation and in catalysis processes, which supplies interesting applications for industry. In addition, the knowledge of the metal-oxide interface properties is important in the preparation of MOS (metal-oxide-semiconductor) devices and in the provision of oxide supported metal conductor pathways in integrated circuits.

In view of the importance of surface effects in thin metal films supported on oxides, one can reasonably expect that the state of the oxide substrate (oxygen-rich or reduced, reconstructed or not) determines the nature of the bonds at the interface and, in consequence, likewise the morphology of the supported metal clusters.

In order to investigate this phenomenon, we have chosen to study the first stages of the copper growth onto alumina as a model system. The Cu/AI203 interface is widely used in heterogeneous catalysis and microelectronics, where metallisation of aluminium oxide is an important technological concern.

The experimental work reported in the literature ~ncerning the Cu/AI203 system was performed using as substrates either oxidised polycrystalline aluminium [2][3][4][5][6][7], or monocrystalline a-alumina [8][9][10][11][12]. In both cases, controversy remains concerning the growth mode of the vapour deposited Cu thin films. Two growth modes, Stransld-Krastanov [4,9,12] (layer growth up to one or few monolayers followed by three-dimensional crystallite growth, SK) and Volmer-Weber [2,3,10,11] (formation of threedimensional crystallites without a preceding adsorbed layer, VW) are proposed.

In our opinion, the lack of agreement is caused by the use of experimental methods sensitive in an indirect way to the structural parameters of the interface. A commonly used method consists in measuring the AES (Auger electron spectroscopy) intensities from both the adsorbate and substrate atoms as a function of the adsorbate average thickness (or a related parameter). These plots present characteristic behaviours associated with the different growth modes [13]. The completion of the first monolayer is manifested by a linear increase (decrease) of the adsorbate (substrate) AES intensity from the lowest coverage, followed by a change of slope in both substrat¢ and adsorbate curves. In the case of a layer-by-layer growth (Frank van der Merwe growth mode, FM), the plot presents successive changes of slope corresponding to the formation of each following layer. In the SK growth mode, the first break is followed by a smooth increase (decrease) of the intensity of the adsorbate (substrate). In contrast, the VW growth mode presents a smooth variation of the AES intensity from the beginning of the adsorbate deposition. The limitation of this method is the difficulty to discriminate between V-W and S-K modes at the very first stages. Taking into account the experimental error of these measurements, it is quite hard to clearly distinguish between .~ straight line and a smooth behaviour of the intensity at very low coverages (< monolayer). As discussed by Diebold et al. [14], these AES plots can not be considered as conclusive determination of the growth mechanism.

This handicap is the reason why different groups give quite opl~site interpretations to AES plots from the Cu/AI203 interface showing similar trends. Chen et al. [4] and Moiler and Guo [9] associate a slight change of the slope with the completion of a "smooth" first layer, followed by the formation of three-dimensional crystallites (SK growth mode). In contrast, di Castro and Polzonetti [2,3] suggest that the growth mechanism take place in two successive steps: in a first step, the Cu atoms diffuse on the alumina surface or form small dispersed clusters. The break of the curve corresponds to the formation of big clusters with similar properties to those of the bulk metal (VW growth mode). This second hypothesis is supported by the weak interaction founded between Cu and Al203 by UPS (ultraviolet photoemission spectroscopy) [2,5]. The formation of a complete first Cu overlayer suggested by Chen et al. implies a rather strong Cu-Al203 interaction in contrast with their own HP~ELS (high resolution electron energy loss spectroscopy) measurements which show that the adsorption of copper does not significantly affect the (AI-O) surface phonon mode [4].

Very recently, Varma et al. [12] have studied the growth mode of Cu on (0001) a-alumina surface using ARXPS (angle resolved X-ray photoemission spectroscopy). For a thin film, the effective thickness d(0) as a function of the polar emission angle 0 can be obtained by a mathematical expression [15] involving the measured photoelectron core level intensities from the adsorbate and substrate atoms. The calculated values of d(0) should be independent of 0 for the case of a uniform thickness adsorbate film. However, the presence of clusters will provide angle dependent values of d(O). They found an angle dependent d(0) curve for coverages up to 3 ,A, while for lower coverages, d(0) remains angle independent. In view of these results, they infer a SK growth mode. We consider that this technique is not well adapted for the determination of the Cu/Al203 interface growth mode, because there exist troublesome difficulties for the determination of the Cu 3p and Al 2p photoelectron core levels intensities used in the d(0) calculation formula. Firstly, the Cu 3p and Al 2p photoelectron peaks are separated by only 2 eV in energy. Because of the experimental energy resolution, a deconvolution procedure into the Cu3P3/2, Cu3pz/2 and Al2p is required. This procedure adds significant inaccuracies. Secondly, the Cu3p intensity for coverages lower than 3 ~ is extremely weak. These two facts lead us to estimate that these ARXPS results do not provide any conclusive proof for the Cu/Al203 interface growth mode.

In contrast to the techniques discussed above, surface extended X-ray absorption fine structure spectroscopy [START_REF] Fur A Review | see for example, X-ray Absorption: Principes, Applications[END_REF][START_REF] Citrin | [END_REF][18] (SEXAFS) is a well adapted and powerful tool to investigate directly the structure of the metal/oxide interfaces. Indeed, the description of the XANES (X-ray absorption near edge structure) region of the spectra between 0 and about 50 eV above the threshold is mainly dependent on the geometrical structure of a finite cluster of atoms around the absorbing atom [19]. For extracting structural information from a XANES experimental spectrum, a multiple scattering (MS) analysis is needed because of the important photoelectron mean free path and the strong scattering power of the. atoms in matter for low kinetic energies. At higher energies, the photoelectron mean free path and the atomic scattering power become gradually smaller and a single scattering (SS) regime is reached [20].

X-ray absorption spectroscopy has been already successfully used by Montane et al. [21] to investigate the structure of free copper microclusters embedded in a solid argon matrix. They have estimated an average particle size in good agreement with mass-spectroscopy measurements. Also, Apai et al.

[22] have studied by SEXAFS the Cu and Ni clusters formed by vapour deposition onto amorphous carbon substrates.

We have studied, by means of X-ray absorption spectroscopy (XANES, EXAFS), the influence of the a-alumina oxidation state in the formation of the Cu/AI203 interface, following the procedure outhned below:

(1) At first, we have prepared in situ both oxidised and reduced (0001) a-alumina surfaces and have evaporated equal amounts of copper (~ 80% monolayer) on each. (2) Next, in order to point out differences in the Cu thin films morphology when deposited either on a reduced or on a oxidised a-alumina substrate, we have performed X-ray absorption experiments at the CuK edge on each Cu/Al203 interface. Under our experimental conditicns, the analysis of the obtained spectra allows us to infer the follow-ing results concerning the Cu/A1203 interface growth: (a) Whatever the alumina (b) first stages of the oxidation state, the Cu/AI203 interface grows via the Volmer-Weber mode rather than the Stranski-Krastanov mode, which has been suggested by some authors in the literature. The morphology of supported Cu clusters strongly depends on the oxidation state of the alumina surface. For equal amounts of copper, much larger clusters are found on reduced a-AI203(0001) than on oxidised substrates.

Experimental

The SEXAFS measurements were carried out on the wiggler DW21 beamline of the storage ring DCI at LURE (Orsay, France). The energy of the positrons in the machine is 1.85 GeV and the current is about 300 mA. The beam is focused in the vertical direction by a cylindrical mirror. We have used a Si(311) double crystal monochromator, the third diffraction order being cut by the mirror. The base pressure in the WXAS experimental station during the data acquisition was lower than 5 × 10-1o Torr. This UHV chamber is equipped with a LEED (low energy electron diffraction) device and an electron gun (5 keV) coaxial with a CMA (cylindrical mirror analyzer) permitting AES measurements. The Cu K edge (8976 eV) spectra were performed at normal incidence, and recorded in the fluorescence mode using a Si-Li detector. The count rates were around 3500 counts/s, which is much smaller than the saturation rates of the counting system. For studying the XANES region, the absorption spectra were recorded between 8950 and 9050 eV, using energy steps of 0.5 eV. For studying the EXAFS oscillations, the energy range was 8950-9650 eV and the energy step 2 eV.

The samples were thin slabs of monocrystalline a-Al20 3 with one face polished up to optical use specifications and oriented perpendicular to the (0001) surface. The samples were previously heated up to 900°C in air for two hours to restore surface stoichiometry. We have prepared two quite different substrates: (a) A reduced a-A1203(0001) surface. Oxygen va-cancies were created by Ar + bombardment (PA,+=8X 10 -5 Torr, 600 eV energy, current of 5.4 mA) at room temperature. This surface does not exhibit a (1 x 1) LEED pattern characteristic of the bulk hexagonal symmetry [23].

(b) An oxidised A]203(0001) surface. The oxygenrich surface was prepared by an Ar + bombardment similar to that described above, followed by a heating at 800°C under 0 2 pressure (Po2 = 5 X 10 -7 Torr) during 30 min. The temperature was measured simultaneously by a W-Re thermocouple and an optical pyrometer. Befoie Cu deposition, the surface cleanliness was checked by AES. The two Cu/Al20 3 interfaces were prepared by evaporation of pure copper heated by a tungsten wire• The evaporation rate (1 A/8 s) was carefully calibrated with the help of a quartz crystal microbalance before each deposition. The equivalent deposited thickness was 3 A on both reduced and oxidised substrates. We estimate that it corresponds to an "equivalent coverage" of 80% ML [10] referring to ideal layer by layer deposition, whereas we observe cluster growth. The evaporation was carried out just before the X-ray absorption data acquisition. We have additionally checked that an equal quantity of Cu atoms was condensed on both the reduced and the oxidised substrates by measuring the absorption jump edge, which was found identical in both cases, sponding to 80% ML of copper deposited onto aalumina, resemble more that of metallic copper l(a). The features labelled as A, B and C in l(a), which are distinctive of a metallic fcc copper XANES spectra [25], clearly exist, however smoothed, in the l(b) and l(c) spectra. In contrast, the typical strong peaks present in the l(d) Cu20 XANES spectra do not arise either in the l(b) or in the l(c) data.

3, Results

XANES results

EXAFS results

Fig. 2 shows the normalised raw X-ray absorption spectra of: (a) 80% ML of copper deposited on a reduced A1203(0001) surface. (b) 80% ML of copper deposited on an oxidised A1203(0001) surface. The continuous line is a cubic spline curve fit of the raw data.

In this work, data processing for extracting x(k) from the raw data has been done following standard procedures described elsewhere [20,26]. De-gli~ching has been performed by linear interpolation between two physical points. A linear background contribution from previous edges has been subtracted from the experimental signal, giving the It(E) spectrum. For determining /.~o, the low frequency atomic-like absorption coefficient, the experimental signal It(E)

was fitted with polynomial splines using a leastsquares procedure. E o has been taken at the maximum of the derivative of the jump edge. (b) 80% ML of copper deposited on a reduced a-A1203(0001) surface. (c) 80% ML of copper deposited ori an oxidised a-A1203(0001) surface.

We can observe a strong foremost peak, corresponding to the first coordination shell, which is located at the same R position in the three RDF. For the case of metallic copper, this peak is originated by 12 Cu atoms placed at r = 2.54 A from the absorber one [21,27]. However, the intensity of this peak is weaker in the 3(b) and 3(c) RDF compared with that in the reference. The second and third peaks in the metallic Cu RDF correspond respectively to a second shell of 6 atoms located at r = 3.61 A and a third shell of 24 atoms located at r = 4.42 A [21,27]. The co~xesponding peaks in the 3(b) and 3(c) RDF pre- sent relative intensities which are quite distorted compared to those in the reference. In addition, these peaks are slightly shifted in the 3(c) RDF related to those in the metallic Cu RDF.
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The EXAFS modulations at high energies (~ 50 eV above the absorption edge) are well described by a short range single scattering X-ray absorption theory [28]. We have focused our data analysis in the structure determination of the first and second shells of neighbours around the emitter. For isolating their contribution in the RDF curves, we have used smooth windows of 1.6-3.0 ,~ and 3.0-3.74 ,~, respectively.

For assuring the correctness of our results, the obtained Fourier back transformed spectra have been fitted following two independent procedures: for one, we have used the amplitude and the phase shifts computed by McKale et al. [29]. For another, we have used those extracted from the reference copper sample. Remarkable good fits have been obtained by only using one type of atom (Cu) for both the first and the second shell. Structural parameters giving the best least-squares fits are summarised in Table 1, where dc~_c~ represents the mean distance, N the average number of atoms and Atr 2 the mean square relative displacement of each shell. The error bars in the detehnination of each parameter are also given. We have performed series of fits weighting the EXAFS data in several powers of k ~ (i ---0,1,2,3). In Table 1, the mean values of these series of fits are shown. Only slight deviations of about 1% in the distances and about 10% in the coordination numbers have been noticed, which illustrate the accuracy of our EXAFS structural determination. Fig. 4 shows the best least-squares fits obtained for the structural parameters given in Table 1. Open circles represent experimental signal and full line the simulation using the amplitude and phase shifts tabulated by McKale et al. The left of the figure shows the fits corresponding to 80% ML of copper deposited on a reduced Al203(0001) surface and the right of the figure those corresponding to 80% ML of copper deposited on an oxidised Al203(0001) surface.

For the case of the reduced substrate, the photoabsorber has a first shell environment similar to that of bulk copper atoms. For the second shell, the bond distance coincides with that of bulk copper, whereas the mean coordination number is significantly weaker (4 atoms instead of 6).

For the case of the oxidised substrate, the structural parameters are quite different, although the same equivalent quantity of Cu was deposited on both reduced and oxidised sub,~trates. The first and second shell bond distances are slightly distorted compared with the metal copper reference. Nevertheless, this small distortion might be assumed to be inside the error bars. However, the number of neighbours in the first and second shells has dramatically decreased (8 instead of 12 and 3 instead of 6 in bulk copper, rc~spectively).

Discassion

Experimental evidence of Volmer-Weber growth mode for the Cu /Ale0 3 interface

Because of the strong interaction between the photoelectron and the atoms neighbouring the emitter, XANES spectroscopy provides a unique probe for the local structure determination. All the features specific of metallic copper are present (however smoothed) in the l(b) and l(c) spectra. This fact implies that the deposited copper atoms reach the same local environment as atoms into metallic bulk copper. This result suggests the existence of small copper clusters, i.e., a VW growth mode for the Cu/Al203 interface, as proposed by di Castro et al. [2,31. In order to argue our conclusion, let us assume the hypothesis of a SK growth mode, i.e. Cu atoms form a complete monolayer before the formation of clusters. At this point, we must remember that: (a) Copper atoms bound preferentially to oxygen rather than to aluminium atoms [5,7]. In consequence, for an equivalent deposit of 80% ML, a large number of Cu-O bonds should appear at the Cu/alumina interface. (b) The value of the Auger parameter (Acu, sensitive to the different oxidation states of copper) was measured by Gautier et al. for the system Cu/Al203. For very weak coverages ( << 1 ML) it corresponds to Cu(I) [10,11]. In this framework, the presence of a large number of Cu-O bonds should induce the presence of the Cu20 l(d) typical features in the l(b) and l(c) spectra. In other words, copper atoms forming a monolayer over the alumina substrate should not have at all the environment of Cu atoms in an fcc structure, and consequently, there would not be any reason for their XANES spectra to resemble that of metallic copper. It is clear that the l(b) and l(c) spectra do not present any feature existing in the Cu20 spectra but on the contrary, a marked metallic character.

Additional evidence of a VW growth mode can be obtained by the EY~FS data analysis. The fits of the backscattered Fourier spectra have been satisfactorily performed considering only Cu neighbours. The best least-squares fits have been reached for an fcc environment in both the first and the second coordination shells. Our EXAFS analysis does not bring into light any signature of possible Cu-O bonds.

In a previous work, Gautier et al. have measured the ~ES spectra of 30% and 60% ML of Cu deposited onto a stoichiometric a-AI,O~(0001) surface exhibiting a (1 x 1) LEED pattern [ 10,11 ]. As in the present work, both spectra closely resemble that of metallic copper. Summarising our results and those from Refs. [10,11], we can conclude that copper atoms cluster in an fcc structure when deposited onto alumina, independently of the oxidation state and crystallinity of the a-Al20~(0001) substrate. This conclusion is supported by previous UPS [2] and HREELS [4] measurements, which clearly reveal a weak interaction between copper and AI:O~. Under our experimental conditions, we believe that the $g growth mode proposed by means of AES [4,9] and ARXPS [12] can be ruled out. AES plots cannot be considered as a convincing determination of the growth mechanism because of the difficulty in distinguishing the curves behaviour for very low coverages.

Copper cluster size estimations by means of shell by shell multiple scattering calculations

Frahm, Barbee and Wa~burtop [27] have followed the formation of Cu clusters on a W substrate by in situ quick-scanning EXAFS, for depositions from I to 72 equivalent ML thickness. In both XANES and EXAFS regions of spectra, the increase of the Cu thickness results in an evolution towards the typical Cu fcc structure, A similar trend is found in shell by shell multiple scattering calculations [25,30].

In our case, we observe that the A and B features are more pronounced in the l(b) spectra corresponding to a reduced alumina substrate than in the l(c) spectra corresponding to an oxidised substrate. As the structure of the spectra develops with the number of shells, this fact may indicate that, for an equal quantity of deposited Cu, the size of the deposited clusters is bigger on the reduced than on the oxygen-rich substrate. In this view, we have performed a sequence of MS calculations for spherical fcc Cu clusters, starting with one shell and running up to four shells. The XANES calculations have been performed using the program MXAS [31], developed by the theoretical group of the LNF-INFN (Laboratori Nazionali di Frascati-lstituto Nazionali di Fisica Nucleare) at Frascati, Italy. The theoretical approach is based on the real-space cluster method, and includes all the MS contributions. The phase shifts were derived from a one-electron potential built by superposition of neutral atomic charge densities [32], assuming the muffin-tin approximation. An energy-dependent exchange and correlation complex Hedin-Lundqvist potential [START_REF] Hedin | Solid State Physics[END_REF] The complex Hedin-Lundqvist potential was used. radius r = 5.105 ,~) is needed for predicting the existence of the (A) and (B) features present in the experiment. These structures are originated from single and multiple scattering events involving the fourth and higher shells of atoms.

A comparison between our experimental data and MS calculations tends to associate a size close to 4 shells (r = 5 A) for the clusters deposited on the oxidised alumina substrate and quite higher than 4 shells (r >> 5 A) for those deposited on the reduced one. We can exclude smaller cluster sizes because their corresponding calculated spectra do not reproduce the position and shape of the A and B features, which only reach the bulk position (not the intensity) when at least the fourth shell is taken into account.

However, structural disorder reasonably exists in clusters compared to bulk and contributes as well to broaden the sharp features characteristic of a wellordered fcc Cu spectra. Indeed, missing atoms at the clusters surface, slight deviations from the spherical symmetry and a non-homogeneous cluster size and shape distribution cannot be excluded. In the study of Frahm et al. [27], even for a coverage of 72 equivalent ML, all the modulations are weaker than those of a typical fcc Cu spectra. They connect this observation with the existence of disorder. So, keep- ing in mind that we compare our experiments with calculations simulating perfect spherical clusters, we propose that this rough estimation of the cluster size should be considered with some caution.

Copper cluster size estimations by means of EXAFS results

The peak positions in the RDF corresponding to both the reduced and the oxidised substrates remain nearly unchanged with respect to the reference. This fact matches with the first-and second-neighbour bond distances obtained by EXAFS analysis, which are very close to that of bulk copper (see Table 1). This result evidences that the Cu clusters supported onto alumina stabilise ia the metallic fcc structure from coverages of about one monolayer. A similar result was found by Montane et al. for Cu clusters embedded in a solid argon matrix. In contrast, in the case of Cu clusters supported on a graphite surface, De Crescenzi et al. [START_REF] Crescenzi | [END_REF] and Apai et al. [22] found that the fcc Cu distances are only reached for a O cluster radius larger than ~ 25 A.

We notice a reduction of the overall intensity in the 3(b) and 3(c) RDF compared with the copper 3(a) one. In the same way, the numbers of Cu-Cu bonds obtained by EXAFS analysis for the thin films are always smaller than the Cu fcc predicted ones. Rather, the average coordination numbers are much lower for an oxidised substrate than for a reduced substrat¢ (see Table 1). This fact originates mainly from cluster size effects, Indeed, the decrease of the average, coordination number is caused by the increase of the fraction of atoms at the cluster surface, when the cluster size decreases [21]. What is more, we can extract more precise information about the clusters size by comparison of the experimental mean coordination numbers with those calculated for a given cluster size [21], Fig. 6 shows the calculated coordination numbers of (a) the first shell and (b) the second shell for a spherical cluster radius range from 3.6 to 18 ~. The coordination numbers are increasing functions of the cluster radius, upward tending to the bulk values. Even for big clusters of about 25 shells of atoms (r ~ 18 A J, the bulk values are not yet reached. Note that, when a new shell containing an important number of atoms is added, the mean coordination number decrease compared to the im-mediate precedent shell. Our experimental values are also plotted together with their error bars.

For the oxidised substrate, the experimental mean coordination numbers of 8.1 for the first shell and 2.85 for the second shell match with a cluster radius averaging between 4.5 and 5.5 A (about 55 atoms, 4 shells). This result implies firstly, that the clusters shape is very close to the ideal fcc spherical one, and secondly, the cluster size distribution is rather nniform. For the reduced substrate, the first shell coordination number is that of metallic copper (12). This value is strictly reached in the case of the infinite solid. In contrast, the second shell coordination number is smaller than the corresponding bulk one (4.3 instead of 6J and corresponds (see Fig. 6b) to fcc clusters on average r = 8.5 A (about 250 atoms, 12 shell~). This discrepancy in the cluster size estimation has several origins: on the one hand, the presence of missing atoms at the cluster surface. Indeed, the second shell coordination number is more sensitive to vacancies at the cluster surface than the first one. On the other hand, the presence of particles with different sizes which contribute to the mean EXAFS experimental values. Distortions from fcc spherical symn~etry are less probable, because they imply also a change in the interatomic distances. Anyway, we must keep in mind that the coordination numbers obtained from EXAFS analysis are highly correlated to the mean free path and the Debye-Waller term in the EXAFS equation, which includes dynamic and static disorder.

Our EXAFS analysis allows us to assess that the ~.opper cluster radius on t.b~. oxidised alumina is very close to 5 ~, whereas it is at least 85 ~ for the case of the reduced substrate. Therefore, taking into account that the same amount nf Cu atoms was deposited on both surfaces, the di~.erence in the cluster nucleation is obviously related with the a-Al203 surface degree of oxidation. Indeed, Kasowsky and co-workers have found, by means of UPS, that Cu atoms bond preferentially to surface oxygen atoms instead of AI atoms [5]. So, having less oxygen atoms available for chemical bonds on the reduced substrate, copper atoms begin to interact between each other earlier than on an oxidised substrate, giving rise to bigger clusters.

In previous work, Gautier et al. [10,11] have studied the evolution of the Cu Auger parameter for
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 11 Fig. 1 shows a comparison between the normalised Cu K edge absorption spectra ~(E) (XAHES region) of: (a) A clean metallic copper foil (total yield detection). (b) 80% ML of copper deposited on a reduced a-AI203(0001) surface. (c) 80% ML of copper deposited on an oxidised a-A1203(0001) surface. (d) A Cu20 powder (transmission mode detection).This spectra has been kindly provided by H. Tolentiao from Ref.[24], Both the l(b) and l(c) XANES spectra, cone-
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 323 photon energy (eV) Fig.2. Normalised raw )(.-ray absorption spectra for (a) 80% ML of copper deposited on a reduced A1203(0001) surface and (b) 80% ML of copper deposited on an oxidised A1203(0001) surface. Both spectra have been measured in fluorescence mode at normal incidence. The energy range is 8950-9650 eV and the energy step 2 eV. The continuous line is a cubic spline curve fit of the raw data. A linear background contribution from previous edges has been subtracted.
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 4 Fig,4, Best least-squares fits obtained for the structural parameters given in TableI. Open circles represent experimental signal and full line the simulation using the amplitude and phase shifts tabulated by McKa~e et al. For isolating the contribution of the first and second shells in the RDF, back Fourier transformation was applied between 1.6-3.0 ~ and 3.0-3.74 ~k, respectively, in the RDF of Fig.3. The left of the figure shows the fits corresponding to 80% ML of copper deposited on a reduced A1203(0001) surface and on the right of the figure those corresponding to 80% ML of copper deposited on an oxidised A1203(000!) surface.
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 5 Fig.5. Calculated XANES spectra for Cu fcc clusters with different sizes: I shell; 2 shells; 3 shells; 4 shells. The number of atoms and the radius of each cluster are indicated above the corresponding curve. Calculations are performed applying the real-space cluster method and include all the MS contributions. The complex Hedin-Lundqvist potential was used.
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 6 Fig. 6. Calculated coordination numbers of (a) the first shell and (b) the second shell for cluster radius from 3.6 to 18 ~,. Our experimental values are plotted together with their bar errors.
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 1 Structural parameters giving the best least-squares fits for 80% ML of copper deposited on (a) a reduced and (b) an oxidised (0001) A]203 substrate, where d o_ce represents the mean distance, N the average number of atoms and Atr 2 the mean square relative displacement of each shell
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Reterences

two quite different ot-gl203 surfaces: a stoichiometric (1 × 1) one and a reconstructed 3¢r~ -× 3~R ± 9 ° one, this later being in a highly reduced state [35]. For the (1 × 1) surface, the A cu parameter reaches the metal value for an equivalent deposited coverage of 2 ML, whereas for the ¢3i-× V'31 R + 9 ° reduced surface, the Cu(O) oxidation state is ~'eached for a much lower coverage of 0.5 ML. This result is interpreted by a difference in the cluster size in both surfaces, with a larger size on the reduced surface.

Conclusions

Summarising the XANES results on the cu/gl203 interface, we can infer that it grows predominantly via the Volmer-Wc, ber mode. The formation of metalli-" particles from the very early stages of the deposition is caused by the weak interaction between Cu and the AI203 surface. The Stranski-Krastanov growth mode propo~,ed by other authors in the literature can be ruled out under our experimental conditions. We clearly show that the cluster size is larger on a reduced A1203(0001) surface than on an oxidised one by u~ing a self-consistent data analysis. This is caused by the predilection of Cu atoms for bonding to O atoms rather to Al atoms.