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Investigation of the (100) Surface of the Ce 3 Pd 20 Si 6 Intermetallic Cage Compound

Intermetallic cage compounds have crystal structures characterized by three-dimensional frameworks of host atoms forming cages that may be filled with guest atoms. They can be considered as a class of complex metallic alloys (CMA), a broad family of crystalline materials having large or giant unit cells in which a cluster substructure exists.

) surface of the Ce 3 Pd 20 Si 6 compound and describe its relationship with the three-dimensional cage framework. The study has been carried out using both experimental surface science methods under ultrahigh vacuum conditions and theoretical calculations based on the Density Functional Theory (DFT). After annealing at moderate temperatures, the surface exhibits two different types of terminations, one of them being a metastable (2x2) reconstruction. Annealing at higher temperatures leads to a single termination with a (1x1) structure. Twelve different surface models have been considered for DFT calculations. The surface phase diagram deduced from first principles calculations with the chemical potentials as variables provides insight into the relative stability of the different surface models. Combining experimental and theoretical results leads to the conclusion that the surface forms at corrugated planes of the bulk structure that preserve intact the Pd 12 Si 6 cages, with additional Pd surface atoms. It is concluded that despite this Pd-based cage compound being clearly metallic, covalent-like interactions between Pd and Si atoms on the host cage structure significantly influences its surface structure.

. Table 1: Wyckoff atomic positions in the Ce 3 Pd 20 Si 6 crystal 5 Atom x y z site Ce1 0.000 0.000 0.000 4a Ce2 0.

Introduction

Intermetallic cage compounds have recently attracted interest as a new class of potential thermoelectric materials. [START_REF] Rowe | Thermoelectrics Handbook: Macro to Nano[END_REF] Their crystal structure is characterized by three-dimensional frame-works of host atoms forming cages. These cavities are usually filled with guest atoms and the rattling of these atoms damp the phonon transport leading to very low thermal conductivities. [START_REF] Nolas | Semiconducting Ge clathrates: Promising candidates for thermoelectric applications[END_REF][START_REF] Nolas | Semiconductor clathrates: A phonon glass electron[END_REF][4] They can also have a metallic character, thus fulfilling the phonon glass -electron crystal concept. The Ce 3 Pd 20 Si 6 compound belongs to this class of intermetallics and is also identified as an heavy-fermion system. 5 The host structure consists of Pd/Si cages that are filled by Ce guest atoms. 6 This phase has interesting physical properties that are partly due to the hybridization between the localized Ce 4f electrons and the conduction electrons. [7][8][9][10] The temperature dependence of the electrical resistivity is characteristic of a Kondo system, with a maximum observed at a Kondo temperature T K of about 20 K. Both Ce atom types are in a Ce 3+ state at high temperatures (≥100 K). 10 Several studies also reported several magnetic transitions occurring at very low temperatures as well as magnetic field induced quantum criticality. 9,11 The Ce 3 Pd 20 Si 6 compound is a face-centered cubic crystal (space group Fm3m. The experimental lattice parameter varies between 12.16 Å6 and 12.28 Å , 5,7 associated with a certain homogeneity range around the exact stoechiometric composition due to a partial substitution of Pd by Si atoms as reported in. 8 Its large unit cell contains 116 atoms (12 Ce, 80 Pd and 24 Si atoms). There are 2 inequivalent Ce positions (Ce1(4a) and Ce2(8c)), 2 inequivalent Pd positions (Pd1(48h) and Pd2(32f)) and 1 inequivalent Si position (Si(24e)), all of them with full occupancy. We use the Wyckoff atomic positions reported in 5 rather than those reported in 6 as they were determined for a crystal a lattice parameter a = 12.28 Å, very close to the experimental lattice parameter of the single crystal used in the present study (a = 12.259 Å). They are listed in table 1. A change in lattice parameter may reflect a change in stoechiometry and introduce some mixed occupancy of silicon and palladium positions, as well as some variations in interatomic distances, which will not be taken into account in the following. Coordination polyhedra of Ce1 are cubo-octahedral Pd 12 Si 6 cages and those of Ce2 are Pd 16 cages. The Ce-filled Pd 12 Si 6 cages form a face-centered sublattice while the Pd 16 cages form a simple cubic sublattice inside the crystal. The structure model In this paper, we investigate the surface structure of this intermetallic compound and its relationship with the three-dimensional cage framework. The motivation for this work is threefold. First, intermetallic cage compounds can be seen as a class of complex metallic alloys (CMA), based on the definition that CMA represents a broad family of crystalline materials characterized by having large or giant unit cells in which a cluster substructure exists. 12 It includes complex phases like Samson, Bergman or Zintl phases, and the many CMAs identified following the discovery of quasicrystals. 12 The surface structures of the latter have been extensively investigated, motivated by both fundamental reasons and potentially useful surface properties (adhesion, friction, oxidation resistance, catalysis). [START_REF] Thiel | Quasicrystal surfaces[END_REF][START_REF] Sharma | Quasicrystal surfaces: structure and growth of atomic overlayers[END_REF][START_REF] Ledieu | Surfaces of Al-based complex metallic alloys: atomic structure, thin film growth and reactivity[END_REF] The relationship between the three-dimensional bulk structure and the two-dimensional surface has been questioned in several cases. For example, for both Al-based and Ag-based icosahedral phases, [START_REF] Thiel | Quasicrystal surfaces[END_REF][START_REF] Papadopolos | Bulk termination of the quasicrystalline fivefold surface of Al 70 Pd 21 Mn 9[END_REF][START_REF] Sharma | Structure of the fivefold surface of the icosahedral Al-Cu-Fe quasicrystal: Experimental evidence of bulk truncations at larger interlayer spacings[END_REF][START_REF] Sharma | Structure of the fivefold surface of the Ag-In-Yb icosahedral quasicrystal[END_REF] it was found that the surface prepared under ultrahigh vacuum (UHV) conditions is a bulk termination and consists in flat planes truncating the cluster substructure. In contrast, the surface of the Al 13 Fe 4 crystalline approximant forms at incomplete puckered planes that exist in the bulk structure. [START_REF] Ledieu | Structural investigation of the (010) surface of the Al 13 Fe 4 catalyst[END_REF] These highly corrugated planes result from the preservation of the cluster building blocks at the surface, in relation to strong covalent interactions present in this compound. [START_REF] Scheid | Bonding network and stability of clusters: the case study of the Al 13 TM 4 pseudo-10fold surfaces[END_REF] Intermetallic cage compounds can exhibit similar covalent-like interactions within the framework atoms that may lead to similar phenomena. The surface of these materials have been largely ignored so far, except our recent reports on two low-index surfaces of the Ba 8 Au 5.25 Ge 40.75 phase. [START_REF] Anand | Charge balance controls the (100) surface structure of the Ba[END_REF][START_REF] Anand | A nano-caged surface electronically controlled by Barium and Gold adatoms[END_REF] In this case, it was found that the cluster substructure dictates the surface morphology. The Ge/Au host cages are preserved at the surface and are stabilized by surface Ba atoms through an electron charge transfer towards the Ge and Au cage atoms, ensuring the saturation of the dangling bonds.

The situation might be different for Ce 3 Pd 20 Si 6 because this system is expected to be much more metallic compared to the Ge-based compound. It is nevertheless reasonable to expect that the cage framework could influence the surface structure, leading to an intrinsic surface nanostructuration.

A second motivation to investigate surfaces of intermetallic cage compounds concerns their chemical properties. It is indeed recognized that intermetallics have a great potential in heterogeneous catalysis. [START_REF] Armbruester | Intermetallic compounds in heterogeneous catalysis-a quickly developing field[END_REF] The catalytic performances of a surface depend on both electronic and geometric factors. Because intermetallics have atomic and electronic structures that are fundamentally different from those of their constituent elements, their adsorption and catalytic properties can exhibit a greater variety than those of simple metallic elements or their substitutional alloys. Another advantage of intermetallics is that covalent like interactions can take place, providing a better stability of the active sites under reaction conditions, limiting or excluding segregation phenomena. Promising behavior has been demonstrated for various CMAs including Al-based quasicrystalline approximants [START_REF] Armbruester | Intermetallic compounds in heterogeneous catalysis-a quickly developing field[END_REF][START_REF] Kameoka | Special issue on advanced metallic materials for catalysis[END_REF][START_REF] Tsai | Intermetallic: A pseudoelement for catalysis[END_REF][START_REF] Kojima | Catalysis-tunable Heusler alloys in selective hydrogenation of alkynes: A new potential for old materials[END_REF][START_REF] Armbruester | Al 13 Fe 4 as a low-cost alternative for Palladium in heterogeneous hydrogenation[END_REF] but has never been looked at for intermetallic cage compounds. A good knowledge of the surface structure is naturally a prerequisite to understand such properties.

A third motivation is that Pd-based intermetallics can form hydrides and may be used as hydrogen storage materials with reversible hydrogen adsorption properties. [START_REF] Wolf | Pressure-composition isotherms for Palladium hydride[END_REF] In PdH X hydrides, atomic hydrogen occupies octahedral interstices between Pd atoms. Hydrogen adsorption properties of the Ce 3 Pd 20 Si 6 compound might be interesting to investigate as cavities formed by the Pd/Si host atoms may offer large volume for hydrogen storage. This has been demonstrated by a recent theoretical study of silicon-based clathrates, showing that the large interstitial cavities of the host structure can indeed accommodate a large number of hydrogen molecules, equivalent to 10 wt.%. [START_REF] Chan | First-principles computational study of hydrogen storage in silicon clathrates[END_REF] A good knowledge of the surface structure would again be requested in this perspective.

In the following, we report a detailed investigation of the (100) surface of the Ce 3 Pd 20 Si 6 compound. The experimental and computational methods are presented in part . Experimental results obtained using different surface science techniques are described in part .

Section presents the computational results obtained for both the bulk and the surface. All results are combined and discussed in section together with the conclusions.

Methods

Experimental methods

A single crystal has been grown in our laboratory using the Czochralski technique. According to the phase diagram, the Ce 3 Pd 20 Si 6 compound is congruent with a melting point T m ∼ 1523 K. 6,8 First, an ingot was prepared by induction melting under a protective Ar atmosphere with a nominal composition equal to Ce 10.3 Pd 69.0 Si 20.7 (in at.%). Then, the single crystal was pulled from the melt in the Czochralski furnace under Ar atmosphere from a seed crystal oriented along the [111] direction, the preferential growth direction under these experimental conditions. A pulling rate of 0.5mm/h and a rotation speed of 30 rpm was used. The structure of the grown crystal was confirmed by powder X-ray diffraction. The experimental lattice parameter is a = 12.259 Å. The crystal had a diameter of 4.5 mm and was several centimeters long. The crystal was then oriented using back-reflection X-ray Laue diffraction and a slice presenting a (100) surface orientation was extracted using a wire saw. The surface of the oriented slice was first prepared by mechanical polishing with decreasing diamond grain size down to 0.25 µm. Finally, the sample was mounted on a tantalum plate and loaded in the ultrahigh vacuum system with a base pressure in the 10 -11 mbar range. A clean surface was obtained by repeated cycles of Ar + sputtering (1 -2 keV, 30 min) and subsequent annealing in a temperature range between 723 and 1223 K for 1 to 2 h. The temperature was measured using an optical pyrometer with an emissivity set to 0.1 as well as by a thermocouple attached on the manipulator. The surface composition and cleanliness was verified by X-ray photoemission spectroscopy (XPS) using a non-monochromatized Mg Kα x-ray source. The surface structure was investigated by low-energy electron diffraction (LEED) and scanning tunneling microscopy (STM) at room temperature.

Computational methods

Spin polarized calculations have been performed within the Density Functional Theory framework using the Vienna ab initio simulation package (VASP code). [START_REF] Kresse | Ab initio molecular dynamics for liquid metals[END_REF][START_REF] Kresse | Ab initio molecular-dynamics simulation of the liquid-metalamorphous-semiconductor transition in Germanium[END_REF][START_REF] Kresse | Efficiency of ab-initio total energy calculations for metals and semiconductors using a plane-wave basis set[END_REF][START_REF] Kresse | Efficient iterative schemes for ab initio total-energy calculations using a plane-wave basis set[END_REF] The interaction between the valence electrons and the ionic core is described using the projector-augmented wave (PAW) method [START_REF] Kresse | From ultrasoft pseudopotentials to the projector augmentedwave method[END_REF][START_REF] Blöchl | Projector augmented-wave method[END_REF] and the calculations are performed within the generalized gradient approximation (GGA-PBE), [START_REF] Perdew | Generalized gradient approximation made simple[END_REF][START_REF] Perdew | Generalized gradient approximation made simple[END_REF] considering the valence for Ce, Pd and Si to be [Xe] 4f 1 5d 1 6s 2 , [Kr] 5s 1 4d 9 and [Ne] 3s 2 3p 2 respectively. The cutoff energy for the plane-wave basis was set to 450 eV. Integrations in the Brillouin zone were performed using a 4×4×4 k -point grid for bulk relaxations such as to achieve an energy precision lower than 1 meV/at. The k-point mesh was increased to 8×8×8 for bulk density of states calculations. The forceconvergence criterion is 0.02 eV/ Å. The convergence parameter for electronic minimization was set to 10 -5 eV.

For the (100) surface, twelve possible models have been built from bulk truncation. We have used symmetric slabs separated by a void thickness comprised between 10 and 17 Å.

The thickness of the slabs is set between 13 and 17 Å. The errors related to the previous datasets is estimated to be lower than 10 mJ.m -2 . All atoms in the slab were allowed to relax. STM images have been simulated within the Tersoff-Hamann approximation [START_REF] Tersoff | Theory and application for the scanning tunneling microscope[END_REF][START_REF] Tersoff | Theory of the scanning tunneling microscope[END_REF] and plotted at constant current (isodensities in the range 2x10 -4 to 5x10 -4 e/ Å3 ) using the P4VASP software. The surface energies of the considered models have been calculated according to the methods described in Ref. [START_REF] Moll | GaAs equilibrium crystal shape from first principles[END_REF][START_REF] Bechstedt | Principles of Surface Physics[END_REF][START_REF] Schmidt | III-V compound semiconductor (001) surfaces[END_REF][START_REF] Kitchin | Alloy surface segregation in reactive environments: First-principles atomistic thermodynamics study of Ag 3 Pd(111) in oxygen atmospheres[END_REF][START_REF] Capaz | Chemical identification in the Cu 3 Au(100) surface using scanning tunneling microscopy and first-principles calculations[END_REF][START_REF] Jenkins | Ternary half-metallics and related binary compounds: stoichiometry, surface states, and spin[END_REF] as a function of the chemical potentials of two of the constituting elements, namely Si and Pd. These can vary within the range Bader charge analysis has been performed on a charge density grid. Charge transfers are calculated with ∆Q X =Q X isol -Q X slab with Q X isol being the number of electrons for an isolated atom X and Q X slab the number of electrons for an atom X in the slab. [START_REF] Henkelman | A fast and robust algorithm for Bader decomposition of charge density[END_REF][START_REF] Sanville | Improved grid-based algorithm for Bader charge allocation[END_REF][START_REF] Tang | A grid-based Bader analysis algorithm without lattice bias[END_REF][START_REF] Yu | Accurate and efficient algorithm for Bader charge integration[END_REF] Calculations of the Electron Localization Function (ELF) are based on valence densities to qualitatively highlight the presence of dangling bonds at the surface. [START_REF] Savin | A new look at electron localization[END_REF][START_REF] Kohout | Atomic shell structure and electron numbers[END_REF][START_REF] Kozlowski | New insights in quantum chemical topology studies using numerical grid-based analyses[END_REF][START_REF] Santis | Electron localization at metal surfaces[END_REF][START_REF] Becke | A simple measure of electron localization in atomic and molecular systems[END_REF] Atomic structures and ELF isodensities were plotted using VESTA software. [START_REF] Momma | VESTA: a three-dimensional visualization system for electronic and structural analysis[END_REF] 

(µ i -µ bulk i ) ∈ [∆H f ×116/N i ; 0],

Experimental results

The near surface composition of the Ce 3 Pd 20 Si 6 (100) surface has been measured by XPS as a function of the annealing temperature as well as a function of the take-off angle of the photoelectrons (measured with respect to the surface plane). The composition is estimated from the area of the Ce 3d 5/2 , Pd 3d 5/2 and Si 2s core-level peaks. To this end, the Mg Kα satellites have been removed and a Shirley background has been subtracted from the core-level spectra. As can be seen in Fig. 2a, there is a small decrease of the Pd content (from 71 to 64 at.%) and a corresponding increase of the Ce content (from 5 to 12 at.%) with increasing annealing temperature, from 673 to 1173 K. The uncertainty of those measurements are typically estimated at ± 5 at.%. The Si content is almost constant within this temperature range. The surface concentration measured after annealing at 1023 K is independent of the take-off angle -and thus of the escape depth of the photoelectrons (see Fig. The Ce 3d core-level peaks are shown in Fig. 3. In addition to the main 3d 5/2 and 3d 3/2 components, there is a clear satellite doublet on the low binding energy side which is attributed to a final state effect arising from two different screening mechanisms of the core hole due to hybridization between the f and d levels. The main peaks are usually ascribed to 5d -screening with final state configuration 3d 9 4f 1 [5d] while the satellite is associated to [START_REF] Hüfner | Photoelectron Spectroscopy: Principles and Applications[END_REF] The presence of the satellite peaks indicates that there are some Ce 4f states in the valence band close to Fermi level.

3d 9 4f 2 [4f ] final state configuration.
Low-energy electron diffraction patterns are observed for sample annealed at a temperature equal to or above 723 K and up to the highest temperatures used in the present study (1223 K, ∼ 0.8.Tm). Two different regimes can be distinguished. Above 823 K, a simple (1x1) pattern consistent with a bulk terminated surface is obtained (Fig. 4a). For annealing temperatures between 723 and 823 K, additional spots consistent with a (2x2) surface reconstruction are observed (Fig. 4b). The momentum space has been calibrated using diffraction patterns of a known crystalline structure recorded under identical experimental conditions.

It leads to a square unit mesh with dimensions a 1 =a 2 =8.6 ± 0.1 Å ∼a/ √ 2 for the (1x1)

surface and a 1R =a 2R = 17.0 ± 0.2 Å for the reconstructed lattice of the Ce 3 Pd 20 Si 6 (100) surface.

The surface was investigated by STM and it shows a terrace and step morphology. For annealing temperatures up to 823 K, two different types of terraces are observed (Fig. 5a), terminations are partly covered by a more disordered layer lying at 1.8 ± 0.1 Å above the terrace plane (see Fig. 5b). These patches are always attached to the upward step edges.

Note that there is a shift between atomic rows of adjacent (1x1) terraces corresponding to half the surface unit cell parameter, as illustrated by the two lines superimposed on the STM image shown in Fig. 5b. This shift is not present between two consecutive (2x2) terraces.

High-resolution STM images of both type of terminations are shown in Fig. 5(c,d), together with their corresponding calculated fast Fourier transform (FFT). The (1x1) structure shows only one protrusion with circular shape distributed on a square lattice with parameter 8.8

± 0.3 Å corresponding to a/ √ 2.
Peak to peak corrugation of line profiles is 0.6 Å between adjacent protrusions and 1.2 Å along the diagonal direction, with little bias dependency.

The STM images do not vary significantly with the bias voltage (within -2 to +2 eV), except for a weak contrast change. For the (2x2) structure, the STM contrast consists of bright protrusions of three types, located at the node of the reconstructed cell (the brighter ones), at the mid-edge position (intermediate brightness) and at the center (the dimer ones) respectively, corresponding to a maximum height difference of 0.8 Å. Surface defects are also observed such as adatoms and vacancies. Once the sample has been annealed at 873 K or above, these (2x2) terraces disappear and only the terraces showing the (1x1) lattice remain. Therefore the (2x2) structure appears to be a transient phase whereas the (1x1) structure is the stable surface structure. The fact that the square surface lattice is shifted by half a unit cell between two adjacent (1x1) terraces suggests that these terminations are based upon bulk layers comprising the Pd 12 Si 6 cages which form a face-centered sublattice rather than upon layers comprising the Pd 16 cages which form a simple cubic sublattice.

Consequently, the (2x2) surface planes appearing in between the (1x1) terraces must be built on layers comprising the Pd 16 cages. However, the reconstruction cannot be explained based on the bulk structure. In the following, we concentrate on the (1x1) phase and present DFT calculations to propose a structure model derived from the bulk model that describes these surface terminations.

Computational results

Bulk calculations

Lattice parameters and cohesive energies obtained after relaxation of elemental bulk fcc Pd, diamond Si, fcc α-Ce phase and of Ce 3 Pd 20 Si 6 are gathered in Tab. 2. The α-Ce was selected as it is the stable phase of Ce at low temperature (between 0 and 120 K) at ambient pressure. [START_REF] Perdew | Generalized gradient approximation made simple[END_REF][START_REF] Jeong | Ternary half-metallics and related binary compounds: Stoichiometry, surface states, and spin[END_REF][START_REF] Casadei | Density functional theory study of the α-γ phase transition in Cerium: Role of electron correlation and f -orbital localization[END_REF] The starting lattice parameters were the experimental ones for Ce, Pd and Si.

Cohesive energies for simple elements were found in good agreement with the literature. The starting lattice parameter for Ce 3 Pd 20 Si 6 was 12.28 Å and has been taken from Ref. 5 The lattice parameter after relaxation is 12.39 Å corresponding to a small increase of 0.9%, within the 1% error usually ascribed to the PBE approximation. sites (Ce2) but not at (4a) sites (Ce1), again in agreement with the finding that the magnetic properties of the Ce 3 Pd 20 Si 6 compound arise from the (8c) sites only. [START_REF] Portnichenko | Momentumspace structure of quasielastic spin fluctuations in Ce 3 Pd 20 Si 6[END_REF] The f states at (4a) sites are also more localized and contribute less at the Fermi level than the f states at (8c) sites. All these results are in reasonable agreement with those previously reported in, 10 except for the exact shape of the partial DOS of Ce. This may be due to the fact that we used a plane-wave calculation method (not an all-electron method) and that relativistic effects have only been partially taken into account in the present work. 

Surface models

Twelve possible surface models were built from bulk truncation, some preserving the cage substructure and others truncating these clusters. These models are illustrated in Fig. 8, showing both top and side views. Å corresponds to the average surface roughness). Simulated STM images STM images have been calculated within the Tersoff-Hamman approximation using the constant current mode [START_REF] Hofer | Theories of scanning probe microscopes at the atomic scale[END_REF] where the tunneling current I is proportional to the local density of states at the tip position. The simulated images for all models are shown in Fig. 10 at positive and negative bias (+1 and -1 V).

For most of the models, the STM contrast consists in bright features located at the node and at the center of the surface unit cell. These bright features arise not from individual atoms but rather from groups of atoms. The bias dependency is also more or less pronounced depending on the models. For example for the model 1, the bright features have a rounded The most stable models are model 2 in the Pd and Si-rich limit of the chemical potential, model 10 in the Si-poor limit and model 7 in the Pd-poor limit. Models 4 and 6 also appear at boundaries of the existence domain of model 2. The minima of the surface energy range between 0.2 J/m 2 and 1.4 J/m 2 in the allowed chemical potentials space. The lowest values are found for model 10 in the Si-poor limit of the chemical potential (0.2 J/m 2 ), for model 7 in the Pd-poor limit (0.2 J/m 2 to 0.4 J/m 2 ) and for model 2 in the Pd-rich and Si-rich limit (about 0.4 J/m 2 ). Slightly higher values are found for model 4 and 6 at the boundaries of the existence domain of model 2. Models 7 and 10 are both based on a surface terminating at Pd 16 cages, that are either preserved (model 7) or truncated (model 10) and thus exposing Ce atoms in the top surface plane. On the contrary, models 2, 4 and 6 are based on a surface terminating at Pd 12 Si 6 cages. These models contain more Si in the near surface region compared to model 7 and 10. Note that the elemental surface energies are 1.09, 1.33 and 1.43 J/m 2 for Ce, Si and Pd respectively (weighted surface energies over the crystal Wulff shape [START_REF] Tran | Surface energies of elemental crystals[END_REF] ).

Electronic Localization Function and Bader charge analysis

The electron localization function (ELF) has been calculated to qualitatively highlight electronic effects induced at the surface. The ELF is a normalized function ranging between 0 and 1. The degree of localization increases with increasing ELF value, a magnitude of 0.5 corresponding to a free electron like distribution. The main result is that the calculated ELF shows a lobe structure located on the Si surface atoms indicative for the presence of a dangling bond. This is shown in Fig. 12(a) for model 2 but is also true for other models having protruding Si atoms (i.e. models 1, 5, 11 and 12). The Fig. S2 shows the calculated ELF for models 1, 2, 4, 5, 11 and 12 for comparison. One also sees areas of strong localization around the Ce atoms. This is actually a known artifact due the construction of the PAW pseudopotentials in which core electrons are included. [START_REF] Matar | Chemical bonding in equiatomic cerium intermetallics -The case of CeMgSn, CePdSn and CeMgPb[END_REF] For all other models, ELF shows a delocalized character of the electrons at the surface originating from Pd surface atoms. One also notices that the ELF isosurfaces around Si atoms significantly depart from a spherical distribution indicating chemical interactions with neighboring Pd atoms. This suggests that covalent-like interactions take place within the Pd 12 Si 6 cage framework.

The Bader atomic regions are shown in Fig. 12(b) for each atom type. The Bader regions respectively. This is in agreement with the fact that Pd is the most electronegative element in the compound (Pauling electronegativity values for Ce, Si and Pd are 1.12, 1.9 and 2.2 There is also an increase of the Si p DOS at the Fermi level compared to the bulk.

Discussion

From the experimental section, it is concluded that the (1x1) surface planes are separated by a unique step height of 6.0 ± 0.2 Å ∼ a/2, suggesting that only a specific subset of bulk planes appears as surface termination. A shift of half the surface lattice parameter is observed between adjacent (1x1) terraces, consistent with the fact that these surface terminations form at bulk layers intercepting the Pd 12 Si 6 cages forming an fcc sublattice.

The atomic structure of these planes is not completely resolved by STM as images only reveal bright protrusions distributed on a square lattice with parameter 8.8 ± 0.3 Å ∼ a/ √ 2. These bright protrusions most probably do not correspond to single atoms but to groups of atoms.

To get further insight into the surface structure, DFT calculations have been performed using twelve possible surface models built from bulk truncation. Some of these models preserve the cage substructure while others truncate these clusters. For the sake of completeness, we have also considered surface models intercepting the bulk structure both at Pd 12 Si 6 layers and at Pd 16 layers. STM images have been simulated for each of the considered models at both positive and negative bias. By comparing with the experimental image shown in Fig. 5 (which do not show significant bias dependency), it is clear that models 7, 9, 10 and 12 can be disregarded because the geometrical motifs are different from the experimental one.

The models 3, 5, 8 and 11 show some bias dependency, with a more or less pronounced depression at the center of the bright protrusion at negative bias. Such a feature is either not observed or not resolved in the experimental images. The bright protrusions have a more square appearance in models 4, 5 and 6 in comparison with experiments. In addition, model 6 exhibits a significant bias dependence. We mentioned above that the square surface lattice is shifted by half a unit cell between two adjacent (1x1) terraces. This can only be explained if the surface forms at atomic layers preserving or intercepting the Pd 12 Si 6 cages which form a face-centered cubic sublattice, but would be inconsistent if the surface occurred at atomic layers preserving or intercepting the Pd 16 cages which form a simple cubic sublattice. Therefore models 7, 8 and 9 are unlikely. Summarizing all these informations, the best match is obtained for models 1 and 2, but we cannot totally exclude models 3, 4, 6 and 11 on that basis. To further discriminate between the models, their surface energies have been calculated as a function of the chemical potentials of two of the constituting elements, namely Si and Pd. The most stable models are model 2 in the Pd and Si-rich limit of the chemical potential, model 10 in the Si-poor limit and model 7 in the Pd-poor limit. Models 4 and 6 also appear at the boundary of the existence domain of model 2 and they have higher The cages are also preserved at the surface but without the need for additional Ce guest surface atoms. Some electron localization is found at the position of the Si surface atoms but their Bader charge is found similar to that of corresponding bulk atoms. Therefore, the stabilization mechanism is slightly different in the two systems. Our results show that despite the Pd-based cage compound is clearly metallic, covalent-like interactions between Pd and Si atoms on the host cage structure significantly influences its surface structure. It leads to a highly corrugated surface with a sub-nanometric periodicity of a/ √ 2 ∼ 8.8 Å between protrusions consisting in Pd/Si atomic ensembles. A parallel can be made with some of the Al-transition metals quasicrystalline approximants already mentioned in the Introduction, for which the cluster substructure can also be preserved at the surface, in relation to strong covalent-like interactions existing in the bulk.

Conclusions

We have performed a detailed investigation of the (100) surface of the Ce 3 Pd 20 Si 6 cage compound to understand its relationship with the three-dimensional cage framework. The study has been carried out using both experimental surface science methods under ultrahigh vacuum conditions and theoretical calculations based on the Density Functional Theory (DFT). It is concluded that the surface forms at specific termination of the bulk structure, identified as layers of Pd 12 Si 6 cages which are further stabilized by additional Pd atoms, rendering the surface termination more compact. The fact that the surface preserves the Pd 12 Si 6 cages rather than other pure Pd cages suggests that they are more stable due to stronger bonding between Si and Pd atoms as revealed by the ELF calculations. It leads to a highly corrugated surface with a sub-nanometric periodicity that is directly linked to the cage framework. This approach thus provides an ultimate way for surface nanostructuration. Such surface structure investigations of cage compounds could be further

Figure 1 :

 1 Figure 1: Structure of the Ce 3 Pd 20 Si 6 compound showing the two types of cages Pd 12 Si 6 and Pd 16 .

  where µ i and µ bulk i are the chemical potentials of element i (i = Si, Pd) in the slab or in the bulk (N Si =24, N P d =80) and ∆H f is the formation energy of the compound. This leads to numerical values ∆µ Si ∈ [-3.81;0] and ∆µ P d ∈ [-1.14;0] eV respectively. The Ce chemical potential is constrained by the cohesive energy of the compound µ bulk Ce 3 P d 20 Si 6 = 3µ Ce + 20µ P d + 6µ Si .

  2b). The measured composition is Ce 9 Pd 69.5 Si 21.5 , i.e. very close to the nominal composition Ce 10.3 Pd 69.0 Si 20.7. From these measurements, it is concluded that the surface concentration is similar to that of the bulk within the accuracy of XPS and that there is no drastic chemical segregation in the near surface region.

Figure 2 :

 2 Figure 2: (a) Variation of the chemical concentration of the Ce 3 Pd 20 Si 6 (100) surface measured by XPS as a function of the annealing temperature. (b) Variation of the chemical concentration as a function of the take-off angle after annealing the sample at 1023 K. The dotted lines are linear fit to the data and only guides for the eyes.

Figure 3 :

 3 Figure 3: XPS Ce 3d core-level peaks showing satellite peaks.

Figure 4 :

 4 Figure 4: LEED patterns of the Ce 3 Pd 20 Si 6 (100) surface recorded at a primary beam energy of 37 eV after annealing at 873 K (a) and 773 K (b), showing the (1x1) and the (2x2) superstructure respectively. The reciprocal lattice vectors are indicated.
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Figure 5 :

 5 Figure 5: (a,b) 40×20 nm 2 STM images of the Ce 3 Pd 20 Si 6 (100) surface annealed at 773 K (a) and 873 K (b) respectively (V b = +2 V; I t = 0.1 nA). Both (1x1) and (2x2) terminations coexist in (a) while only (1x1) termination remains in (b). (c,d) 10 ×10 nm 2 STM images of the (2x2) and (1x1) terminations. The corresponding calculated fast Fourier transforms are shown in the insets.

Fig. 7 .

 7 Fig. 7. The partial DOS of Pd are similar for both spin up and spin down polarizations for the two different crystallographic sites, consistent with the absence of calculated magnetic moment carried by these atoms. The partial DOS of Ce shows spin polarization at the (8c)

Figure 6 :

 6 Figure 6: Calculated total DOS of the bulk Ce 3 Pd 20 Si 6 compound together with the main contributions from Ce f, Pd d and Si p orbitals. The inset shows a zoom on these partial DOS in the vicinity of the Fermi level.

Model 1

 1 completely preserves the Pd 12 Si 6 cages (red cages). Model 2 is obtained from model 1 by adding Pd2 atoms belonging to the Pd 16 cages located at 1.45 Å above the origin layer (X=0) as shown in Fig. 9a (there are 8 Pd2 atoms per unit cell). Model 3 is obtained from model 1 by removing Si topmost atoms (2 Si atoms per unit cell). Model 4 can be obtained by removing Si topmost atoms from model 2 or equivalently by adding the same Pd2 atoms to model 3. Model 5 is obtained by truncating the Pd 12 Si 6 cages in their equatorial plane, i.e. at the origin layer (X=0). If the Pd2 atoms are conserved, then model 6 is obtained. Model 7 is the one preserving the Pd 16 cages. The layer of topmost Pd atoms of model 7 is the same of that obtained from model 5 after removing both Ce2 and Si atoms.

Figure 7 :

 7 Figure 7: Spin-and site-resolved DOS for Pd and Ce atoms in the bulk Ce 3 Pd 20 Si 6 compound.

Figure 8 :

 8 Figure 8: Crystallographic structure of the various surface models. For each model, the top part shows the top view, the bottom part shows the side view. In top views, the topmost cages are illustrated with a slightly darker color. Ce, Pd and Si atoms are represented by black, gray and blue circles respectively.

Figure 9 :

 9 Figure 9: (a) Atomic structure of one Pd 12 Si 6 and one Pd 16 cages extracted from unit cell, (b) Schematic illustrating the relationships between the various models.

1 V

 1 shape and they arise from Pd and Si atoms forming the top part of the Pd 12 Si 6 cages protruding at the surface. No bias dependency is observed in this case. The maximal brightness at the center of the spots correspond to the topmost Si atoms. Some intensity is observed connecting the cages separated by a distance of a/ √ 2, arising from Pd1 type of atoms belonging to adjacent cages. A similar pattern is found for model 2 calculated for the same isodensity but it shows a larger contrast variation in between the bright dots as well as a small bias dependency. When topmost Si atoms are removed from the protruding Pd 12 Si 6 cages like in models 3 and 4 for example, the rounded bright spots become more square-like shapes tilted by 45 • with respect to the c axis and arising from 4 Pd1 atoms forming a square pattern of side 2.92 Å. The vacancy left by the missing Si atoms can be seen at V b =as a small depression at the center of the square motifs. Several models present a similar characteristic, with a more or less pronounced depression at the center of the bright features. Some models exhibit a totally different pattern, like models 7, 10 and 12, for which a dark contrast is observed at the node and at the center of the surface unit cell. For model 7, the bright features arise from the Pd atoms forming Pd 16 cages protruding at the surface. For model 10, the bright features arise from Ce atoms emerging at the surface by truncating the Pd 16 cages. Model 12 contains Ce, Si and Pd surface atoms and is strongly bias dependent. The surface energy diagram To further discriminate between the different models, theIR surface energies have been calculated as a function of the chemical potentials of two of the constituting elements, namely Si and Pd. Each model is represented by a plane in the chemical potentials space. Superimposing the 3D representations of the surface energies for each model allows to determine the surface phase diagram by considering the criterion of the minimum surface energy in every region of the allowed chemical potentials. The constrain on the chemical potential of Ce leads to a forbidden zone in the chemical potentials space as shown in Fig. 11. The diagram takes into account an uncertainty in surface energies of δγ = 10 mJ/m 2 to distinguish between energetically close models.

Figure 10 :

 10 Figure 10: Simulated STM images in constant current mode for the twelve considered models at +1 and -1 V bias voltage. The top surface unit cell of the corresponding model is superimposed on the top rows, where Ce, Pd and Si atoms are represented by black, gray and blue circles respectively.

Figure 11 :

 11 Figure 11: Calculated surface phase diagram for (100) surface. The most stable surface models are numbered in white. The dotted lines indicate the boundary between the most stable models in the chemical potential map.

Figure 12 :

 12 Figure 12: (a) Two-dimensional representation of the electron localization function calculated for the slab model 2 (left). The top part shows a cut through the (0,0,1/2) plane perpendicular to the surface and intercepting the protruding Si atoms and the Ce atoms occupying the Pd 12 Si 6 cluster centers. Numbers indicate the Bader charges of selected atoms. The bottom part is a cut parallel to the surface and intercepting the top Si atoms. The right part shows the corresponding structure models for the side view (top) and the top view (bottom). (b) Shape of the Bader volumes around each atom type. Ce, Pd and Si atoms are represented by black, gray and blue circles respectively.

  ). The charge transfers for Ce atoms are similar for surface or bulk atoms as can be seen from Tab. 4. The Bader charges of Si and Pd atoms vary significantly with the models. In particular, the charge on Si atoms located at the tip of the Pd 12 Si 6 cages in model 1 and 2 remains similar to the corresponding bulk value and the same is true for neighboring Pd atoms. However when these top Si atoms are removed (leading to model models 3 and 4), the Bader charges increase significantly (up to -0.93 e/at. for the top Pd atoms and up to +2.19 e/at. for neighboring Si atoms), that may contribute to surface destabilization. This is illustrated in Fig.S2showing two-dimensional representations of the ELF function together with the Bader charges for several surface models. The surface DOS are shown in Fig. S3 for model 2 for Pd1, Pd2 and Si atoms and are compared to the corresponding bulk-like contributions. It shows a metallic character as well as a reduction of the Pd d band width in relation with the reduced coordination number of Pd surface atoms.

  surface energies. It is consistent with the fact that these models are variations of model 2, obtained by removing some of the top Si (M4) plus some top Pd atoms (M6). The lowest surface energy values are found for model 10. However, model 10 as well as model 7 can be safely excluded on the basis of the STM analysis.Combining experimental data, simulated STM images and calculated surface energies allows to converge towards model 2 as the best model among all models considered here describing the (1x1) surface termination. In this model, the Pd 12 Si 6 cages are preserved and the protruding Si atoms have a Bader charge that is not modified compared to the corresponding bulk atoms. The surface is further stabilized by additional Pd2 atoms rendering the surface more compact. These additional Pd2 atoms have the shortest interatomic distances with the Si atoms (2.43 Å) and must therefore be strongly bonded. The fact that the surface preserves the Pd 12 Si 6 cages rather than the Pd 16 ones may also be related to stronger bonding between Si and Pd atoms as revealed by the ELF, stabilizing the cage framework. As mentioned in the Introduction, we reported recently a surface study of related intermetallic clathrate, the Ba 8 Au 5.25 Ge 40.75 phase.[START_REF] Anand | Charge balance controls the (100) surface structure of the Ba[END_REF][START_REF] Anand | A nano-caged surface electronically controlled by Barium and Gold adatoms[END_REF] Although they are both cage compounds, the two systems are quite different in terms of chemistry, one being a Ge-based compound while the other one is Pd-based. In case of Ba 8 Au 5.25 Ge 40.75 , the Au-doped Ge host cages are also preserved at the surface, but additional Ba surface atoms must also be present to stabilize the surface.Numerical simulations indicated that the surface is indeed electronically stabilized by these protruding Ba guest atoms through a charge transfer towards the Ge and Au atoms, saturating the dangling bonds formed at the surface. The charge transfer mechanism is different in the Ce 3 Pd 20 Si 6 , occurring from Si (and Ce) atoms towards more electronegative Pd atoms.

Table 2 :

 2 Lattice parameters and corresponding cohesive energies for for α-Ce fcc, Pd fcc, Si diamond and Ce 3 Pd 20 Si 6 . This work (exp.) indicates that the cohesive energy has been calculated using the experimental lattice parameter. This work (relax.) indicates that the cohesive energy has been calculated using lattice parameter obtained after volume relaxation. 'Experimental' gives experimental values when available. Other lines report previously published values when available. Ref: a:, 60 b:, 61 c:, 62 d:, 58 e:, 63 f:, 64 g:,[START_REF] Okada | Precise determination of lattice parameter and thermal expansion coefficient of silicon between 300 and 1500 K[END_REF] h:, 66 i: 67 and j:5,7 

	Systems and methods	a ( Å)	E coh ( eV)
	α-Ce fcc		
	This work (exp.)	4.83	4.61
	This work (relax.)	4.52	4.33
	Experimental	4.83 a , 4.85 b	4.32 c
	LDA	4.52 b , 4.60 d	5.84 d
	GGA-PBE	4.74 b , 4.68 d	4.93 d
	Pd fcc		
	This work (exp.)	3.89	3.75
	This work (relax.)	3.94	3.77
	Experimental	3.89 e	3.90 e , 3.89 c
	LDA	3.84 f	-
	GGA-PBE	3.95 e , 3.94 f	3.71 e
	Si diamond		
	This work (exp.)	5.43	4.56
	This work (relax.)	5.47	4.57
	Experimental	5.43 g ,5.41 e 4.63 c , 4.62 h
	LDA	5.40 e , 5.43 h	5.26 h
	GGA-PBE	5.47 e,i , 5.49 h 4.50 h , 4.56 i
	Ce 3 Pd 20 Si 6		
	This work (exp.)	12.28 j	4.80
	This work (relax.)	12.39	4.800

Table 3 :

 3 Atomic composition of the various surface models and corresponding atomic density ρ given in at/nm 3 . These are calculated by counting all atoms per surface unit cell within a 3 Å thick flat strip intercepting the topmost surface atoms.

	Model P or F N Ce N P d N Si N total ρ
	M1	P	5	20	17	42	82.5
	M2	P	5	28	17	50	98.2
	M3	P	5	23	12	40	78.5
	M4	P	5	29	12	46	90.3
	M5	F	9	28	19	56	109.9
	M6	P	5	24	14	43	84.4
	M7	P	5	28	8	41	80.5
	M8	P	5	38	6	49	96.2
	M9	P	5	32	6	43	84.4
	M10	P	9	20	6	35	68.7
	M11	P	9	26	17	52	102.1
	M12	P	9	26	21	57	111.9

Table 4 :

 4 Surface Bader charge analysis. The numbers correspond to charge differences ∆Q X =Q X isol -Q X slab with Q X isol being the number of electrons for an isolated atom X and Q X slab the number of electrons for an atom X at the surface of the slab or in the first subsurface plane where it is present otherwise. The first line gives the average Bader charge for bulk atoms.

	Model Pd1 Pd2	Si	Ce1	Ce2
	Bulk -0.45 -0.38	+0.64	+1.59 +1.51
	M1	-0.38	-	+0.68	+1.52	-
	M2	-0.41 -0.28	+0.56	+1.56	-
	M3	-0.93	-	+1.25	+1.51	-
	M4	-0.75 -1.22	+2.19	+1.52	-
	M5	-0.55	-	+0.50	+1.60	-
	M6	-0.53 -0.32	+0.66	+ 1.55	-
	M7	-0.21 -0.28	+0.51	-	+1.55
	M8	-0.31 -0.38 +0.76/+0.59 1	-	+1.53
	M9	-	-0.47 +0.88/+0.47	-	+1.52
	M10 -0.62 -0.36	+0.62	-	+1.41
	M11 -0.60 -0.37	+0.25	-	+1.43
	M12 -0.61 -0.61 +0.23/+0.28	-	+1.49
	respectively 72,73					
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complemented by either dynamical LEED or surface X-ray diffraction experiments. It would also be interesting also to extend such surface studies of intermetallic cage compounds as these self nano-structured surfaces might also have interesting chemical properties, either in the field of catalysis or potentially as hydrogen storage materials. (5) Takeda, N.; Kitagawa, J.; Ishikawa, M. New heavy-electron system Ce 3 Pd 20 Si 6 . J. Phys. 

Supporting Information

TOC Graphic