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Resolving the structure of the striped Ge layer on Ag(111): Ag 2 Ge surface alloy with alternate fcc and hcp domains

Two-dimensional (2D) honeycomb lattices beyond graphene, such as germanene, promise new physical properties such as quantum spin Hall effect. While there have been many claims of growth of germanene, the lack of precise structural characterization of the epitaxial layers synthesized hinders further research. The striped layer formed by Ge deposition on Ag(111) has been recently ascribed as a stretched germanene layer. Using surface X-ray diffraction and density functional theory calculations, we demonstrate that it corresponds in fact to a Ag2Ge surface alloy with an atomic density 6.45% higher than the Ag(111) atomic density. The overall structure is formed by stripes associated with a face-centered cubic top-layer alignment, alternating with stripes associated with an hexagonal-close-packed top-layer alignment, in great analogy with the (22 × √3) Au(111) reconstruction.

Introduction

After the first experimental observation of the growth of Ge on Ag(111) in 1999 [START_REF] Oughaddou | Ge/Ag(111): SURFACE ALLOY OF A SEMICONDUCTOR ON A METAL[END_REF][START_REF] Oughaddou | Ge/Ag(111) Semiconductoron-Metal Growth: Formation of an Ag2Ge Surface Alloy[END_REF], the germanium/silver interface has been subject to a renewed interest since the discovery of germanene, the graphene-like allotrope for Ge atoms [START_REF] Cahangirov | Two-and One-Dimensional Honeycomb Structures of Silicon and Germanium[END_REF][START_REF] Derivaz | Continuous Germanene Layer on Al(111)[END_REF]. Ge structures formed upon deposition at room temperature on Ag(111) have been initially observed by low energy electron diffraction (LEED) and Auger electron spectroscopy (AES) [START_REF] Oughaddou | Ge/Ag(111): SURFACE ALLOY OF A SEMICONDUCTOR ON A METAL[END_REF]. Two ordered superstructures were found, corresponding to different Ge coverages. The first structure, corresponding to a �√3 × √3�𝑅𝑅30° reconstruction related to the Ag(111) surface (hereafter named as �√3 × √3�), was assigned to a Ge coverage Ge θ =1/3 ML, with respect to the atomic density of a Ag(111) plane. From core-level photoemission spectroscopy (XPS), a model of Ag2Ge surface alloy, where every three Ag atom is replaced with a Ge atom was proposed for the �√3 × √3� structure and confirmed from angle resolved photoemission spectroscopy (ARPES) [START_REF] Golias | Surface Electronic Bands of Submonolayer Ge on Ag(111)[END_REF]. The second structure, corresponding to a (7 × 7) reconstruction, was assumed to correspond to a complete Ge monolayer. This reconstruction was further recognized as a c�√3 × 7� reconstruction and a model of Ge tetramers on top of a Ag(111) plane was proposed for its structure, based on scanning tunneling microscopy (STM) [START_REF] Oughaddou | Germanium Adsorption on Ag(111): An AES-LEED and STM Study[END_REF]. In contradiction with this model, from real-time STM observations of the growth, we have recently proposed that this latter structure is also a surface alloy with a coverage of 0.6 ± 0.1 ML [START_REF] Zhang | Growth of Germanium-Silver Surface Alloys Followed by in Situ Scanning Tunneling Microscopy: Absence of Germanene Formation[END_REF].

The �√3 × √3�𝑅𝑅30° structure obtained after deposition at room temperature was found to evolve upon annealing at 473 K [START_REF] Wang | Broken Symmetry Induced Band Splitting in the Ag 2 Ge Surface Alloy on Ag(111)[END_REF]. A striped pattern, with ridges and valleys, appears in STM images, and LEED diffraction spots are split into satellite spots. Thus, this structure was shown to deviate from the simple Ag2Ge surface alloy and assigned to a �6√3 × √3�𝑅𝑅30° reconstruction. This structure can also be obtained by evaporating Ge at 600K [START_REF] Liu | Role of Atomic Interaction in Electronic Hybridization in Two-Dimensional Ag 2 Ge Nanosheets[END_REF]. The striped pattern has been attributed to the relaxation of the compression force induced by the difference in the radii between Ge atoms and Ag atoms after Ge insertion [START_REF] Liu | Role of Atomic Interaction in Electronic Hybridization in Two-Dimensional Ag 2 Ge Nanosheets[END_REF].

The Ge/Ag(111) system has been recently revisited and contradictory observations have been reported. On the one hand, the striped phase has been interpreted as a highly stretched pure germanene layer, with 23% and 12% stretch in the direction parallel and perpendicular to the stripes [START_REF] Lin | Single-Layer Dual Germanene Phases on Ag(111)[END_REF]. On the other hand, in a recent study, the LEED diagram corresponding to satellite spots around diffraction conditions of a �√3 × √3� reconstruction, and previously attributed to the striped phase, has been interpreted as a �19√3 × 19√3�𝑅𝑅30° reconstruction, corresponding to a Ag2Ge surface alloy contracted by 5% with respect to the Ag(111) surface [START_REF] Chiniwar | Substrate-Mediated Umklapp Scattering at the Incommensurate Interface of a Monatomic Alloy Layer[END_REF].

In any event, in spite of several studies devoted to Ge/Ag(111), the precise atomic structure of the reconstruction formed at low coverage and for deposition above room temperature or after annealing is unknown. In particular, there is no consensus about the formation of a layer of germanene or of a Ag-Ge alloy. Surface X-ray diffraction (SXRD) is very well adapted for elucidating the structure of ordered surface reconstructions, and we have recently used it to successfully determine the precise atomic positions for the various silicene epitaxial layers on Ag(111) [START_REF] Curcella | Determining the Atomic Structure of the ( 4 × 4 ) Silicene Layer on Ag(111) by Combined Grazing-Incidence x-Ray Diffraction Measurements and First-Principles Calculations[END_REF][START_REF] Curcella | Structure and Stability of Silicene on Ag(111) Reconstructions from Grazing Incidence x-Ray Diffraction and Density Functional Theory[END_REF].

In this paper, we present a SXRD study of the �√3 × √3� Ge/Ag reconstruction. We show that the ordered structure associated with the satellite spots around �√3 × √3� diffraction conditions can be precisely indexed as a c(31 × √3) reconstruction, and thus corresponds to the striped phase observed in STM images. Comparison with DFT calculations allows us to determine the precise atomic structure of the surface, which corresponds to a Ag2Ge surface alloy with an atomic density 6.45% higher than the Ag(111) atomic density. The overall structure is formed by stripes associated with a face-centered cubic (fcc) top-layer alignment, alternating with stripes associated with an hexagonal-close-packed (hcp) top-layer alignment, in great analogy with the (22 × √3) Au(111) reconstruction.

Methods

SXRD experiments were performed at the SIXS beamline of SOLEIL synchrotron. The Ag(111) sample was prepared by repeated cycles of Ar+ sputtering and annealing at T=750 K. Ge was evaporated in the diffraction chamber from a crucible using a Knudsen cell with a sample kept at ∼ 420 K. The flux was estimated to 0.5 ML/h. The sample was analyzed with 18.46 keV X-rays at a grazing incidence angle of 0.2°. Scattered X-rays were detected with a X-ray Pixel chips with Adaptive Dynamics hybrid pixel detector [START_REF] Dawiec | Real-Time Control of the Beam Attenuation with XPAD Hybrid Pixel Detector[END_REF]. Diffracted intensity was measured by performing a series of rocking scans around diffraction. We used the "BINoculars" software to produce threedimensional (3D) intensity data in the reciprocal space from the raw data [START_REF] Roobol | BINoculars : Data Reduction and Analysis Software for Two-Dimensional Detectors in Surface X-Ray Diffraction[END_REF]. The intensity was further integrated along the direction parallel to the surface to obtain the structure factors. For this purpose, the data were fitted with the product of a lorentzian lineshape in one direction with a gaussian lineshape convolved with a door lineshape in the other direction, using a home-made software, and the fitted function has been analytically integrated. We finally obtained a set of 2493 Theoretical computations of the minimal energy configuration were done within the density functional theory (DFT). Calculations for the core electrons were performed using the projector augmented wave (PAW) method [START_REF] Blöchl | Projector Augmented-Wave Method[END_REF][START_REF] Kresse | From Ultrasoft Pseudopotentials to the Projector Augmented-Wave Method[END_REF], as implemented in the VASP code [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 Perdew-Burke-Ernzerhof functional [START_REF] Perdew | Generalized Gradient Approximation Made Simple[END_REF] was used to describe the exchange-correlation functional. The plane wave basis set was restricted to a cut-off of 300 eV. The Ag(111) substrate was modeled by a (31 × √3) nine-layer slab. Similar to the procedure adopted in ref. [START_REF] Golias | Surface Electronic Bands of Submonolayer Ge on Ag(111)[END_REF][START_REF] Curcella | Structure and Stability of Silicene on Ag(111) Reconstructions from Grazing Incidence x-Ray Diffraction and Density Functional Theory[END_REF], the bottom two layers were kept fixed at the equilibrium theoretical positions. The 10 th layer on top is modeled as a Ag2Ge surface alloy following the SXRD results. The vacuum region is 9 Å thick. The entire system, Ag2Ge alloy on silver, was fully relaxed by a conjugate gradient method until the forces acting on each atom were less than 0.01 eV/Å. The convergence criterion for self-consistent field calculations in energy was chosen of 10 -4 eV. A 1 × 8 × 1 k-point mesh was used to sample the Brillouin zone. Figure 1a shows the diffracted intensity for in-plane conditions (𝑙𝑙 = 0.12) after evaporation of Ge θ ≈1/3 ML at T = 420 K. Satellite spots appear around diffraction spots corresponding to the crystal truncation rods (CTR) of the substrate (integer values of ℎ and 𝑘𝑘 indices). Other sets of spots appear around fractional values of (ℎ, 𝑘𝑘), i.e. diffraction conditions corresponding to a
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(√3 × √3) reconstruction (for example, ℎ = 1 3 , 𝑘𝑘 = 1 3
). A detailed view of the diffracted intensity around ( 13 , 1 3 , 0.12) and (1, 0, 0.12) is shown in Fig. 1b and1c. 
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These spots are aligned along three directions, indicated by white dotted lines in Fig. 1b and1c.

These <110> directions are equivalent due to the p3m1 symmetry of the substrate surface. Thus, the reconstruction should correspond to the three possible orientations of a similar reconstruction.

We can exclude the fact that all spots belong to a single domain of trigonal or hexagonal symmetry since it would imply a large number of extinctions which are not observed in the present experiments.

A profile along the A-A' line shown in Fig. 1c is drawn in Fig. 2. The central spot corresponds to the CTR and 3 orders of diffraction from each side are visible for the satellite spots. The spacing between the spots is ∆𝑞𝑞 = 0.1412 ± 0.0002 Å -1 , indicating a periodicity of 44.5 Å, i.e, 15.4 times the Ag-Ag interatomic distance 𝑎𝑎 𝐴𝐴𝐴𝐴 = 2.889 Å. Thus, as expected from previous works [START_REF] Wang | Broken Symmetry Induced Band Splitting in the Ag 2 Ge Surface Alloy on Ag(111)[END_REF], the measured phase appears as a periodic modulation of a (√3 × √3) reconstruction, along the <110> directions. A precise analysis of the diffraction diagram show that the unit cell is a rectangular centered unit cell. As 15.4 is close to 31/2, it can be described as a rectangular c(31 × √3)

reconstruction. The value of 15.4𝑎𝑎 𝐴𝐴𝐴𝐴 is in good agreement with the periodicity of the striped pattern previously observed in STM images [START_REF] Lin | Single-Layer Dual Germanene Phases on Ag(111)[END_REF]. Thus, the diffraction pattern measured by SXRD corresponds to the striped pattern previously observed on STM images. On the contrary, we can exclude that this structure corresponds to a �19√3 × 19√3�𝑅𝑅30° reconstruction as proposed in ref. [START_REF] Chiniwar | Substrate-Mediated Umklapp Scattering at the Incommensurate Interface of a Monatomic Alloy Layer[END_REF].

The intensity and the shape of the spots in Fig. 1b and 1c are modulated by the elongated X-ray beam footprint on the sample, in the real space, and by the intrinsic width of the diffraction pattern, in the reciprocal space. For spots around CTRs, the intrinsic width is mainly given by the finite size of the striped domains and by the fluctuation of the striped phase periodicity. The first contribution is the same for all the spots whereas the second one increases linearly with the distance of the satellite spot to the substrate spot. The width of the satellite spots is measured to ∆𝑞𝑞 = 1.2 10 -3 + 6 10 -4 𝑛𝑛 Å -1 where n is the diffraction order. This shows that the periodicity is very well defined, and the lateral size of the domains is of the order of 0.5 µm. (see Fig. 1). This observation is in good agreement with a chemical ordering between Ag and Ge Figure 4 shows the configuration for the alloyed structure obtained after relaxation. The 𝑦𝑦(𝑥𝑥)

DFT computations

profile indicates that the atomic positions of surface atoms oscillate between fcc (at 𝑦𝑦 = 1/3) and hcp sites (at 𝑦𝑦 = 1/6). The 𝑧𝑧(𝑥𝑥) profiles in Fig. 4c shows that on average, Ge atoms are located around 0.1Å below the Ag atoms. The 𝑧𝑧(𝑥𝑥) profiles for Ge and Ag atoms display a periodic oscillation with a double frequency as compared with 𝑦𝑦(𝑥𝑥). Starting from 0, the odd and even minima for 𝑧𝑧 correspond to atoms in fcc and hcp positions respectively, whereas maxima correspond to atoms in bridge position. This gives rise to the periodic striped pattern observed in STM images [START_REF] Wang | Broken Symmetry Induced Band Splitting in the Ag 2 Ge Surface Alloy on Ag(111)[END_REF]. The calculations indeed indicate an apparent periodicity of 22.4 Å with to 5.5 Ge atoms per stripe, in good agreement with the 6√3 periodicity found by STM [START_REF] Wang | Broken Symmetry Induced Band Splitting in the Ag 2 Ge Surface Alloy on Ag(111)[END_REF]. The value of the buckling is 0.12Å, whereas the buckling measured by STM is approximately 0.2 Å [START_REF] Wang | Broken Symmetry Induced Band Splitting in the Ag 2 Ge Surface Alloy on Ag(111)[END_REF]. The Ge-Ag interatomic distances are slightly smaller for Ge atoms in bridge position (2.662 Å) than for Ge atoms in fcc position (2.722 Å). The value of the relaxed atomic positions is given in the Supplemental Material [START_REF]for Fitting Parameters and Comparison between Experimental and Simulated Structure Factors[END_REF]. This undulation of the atomic positions between the fcc sites and the hcp sites is strongly analogue to the (22 × √3) Au(111) reconstruction, for which the surface atomic density is 23/22 times higher than the one of a Au(111) bulk plane, and which displays also a similar striped structure [START_REF] Narasimhan | Elastic Stress Domains and the Herringbone Reconstruction on Au(111)[END_REF]. 

Comparison with SXRD and discussion

From this atomic configuration relaxed by DFT, we have computed the simulated structure factors where 𝑁𝑁 pts = 2493 is the number of experimental structure factors, 𝑁𝑁 par is the number of free parameters and 𝜎𝜎 exp is the experimental uncertainty, which takes into account the statistical uncertainty given by the number of counted photons and an overall 10% uncertainty estimated from the comparison of symmetryrelated structure factors.

Fig. 5 shows the comparison between the experimental and simulated structure factors 𝐹𝐹 for inplane measurements and along selected rods. Since 𝐹𝐹(𝐻𝐻, 𝐾𝐾, 0) = 𝐹𝐹(-𝐻𝐻, -𝐾𝐾, 0) and 𝐹𝐹(𝐻𝐻, 𝐾𝐾, 0) = 𝐹𝐹(-𝐻𝐻, 𝐾𝐾, 0) due to the mirror symmetry of the unit cell, only the quadrant corresponding to 𝐻𝐻 > 0, 𝐾𝐾 > 0 has been drawn. The complete comparison of 62 non-equivalent reconstruction rods is given in Fig. S1 and the Debye Waller parameters used for the fit are given in Table S1 [START_REF]for Fitting Parameters and Comparison between Experimental and Simulated Structure Factors[END_REF]. There is an outstanding agreement between experiments and simulations, corresponding to a small value 𝜒𝜒 2 = 1.90. As can be seen, the simulation reproduces very well both satellite rods near integer values of (ℎ, 𝑘𝑘) (Fig. 5b-e) and satellite rods near fractional values of (ℎ, 𝑘𝑘) (Fig. 5f-i). The first ones display intense variations at specific integer values of 𝐿𝐿, for example, near 𝐿𝐿 = 1 and near 𝐿𝐿 = 4 in Fig. 5b and5e, near 𝐿𝐿 = 2 in Fig. 5c, or near 𝐿𝐿 = 0 and near 𝐿𝐿 = 3 in Fig. 5d. These positions are close to the Bragg diffraction conditions of the Ag(111) crystal. These intense variations can be attributed to the periodic elastic relaxations that penetrate in the bulk [START_REF] Croset | Elastic Relaxations and Interactions for Vicinal and Self-Organized Surfaces: Role of Crystalline Anisotropy[END_REF][START_REF] Prévot | Direct Observation of Elastic Displacement Modes by Grazing-Incidence X-Ray Diffraction[END_REF].

Such relaxations are induced by the 6.45% misfit between the outermost surface layer and the substrate. Thus, the fact that they are nicely reproduced indicates that DFT simulations give a very accurate description of the interaction between the surface layer and the substrate, even if the number of layers free to relax has been limited to 7 in the DFT calculations.

In order to estimate the uncertainties related to the atomic positions, we have let all atomic positions free to move in the first two planes, starting from the values obtained by DFT. This leads to a huge number of free parameters (𝑁𝑁 par =111) and to a reduction of 𝜒𝜒 2 down to 0.9. The atomic positions are not strongly modified. Displacements from the initial positions are less than 0.2 Å for Ag and Ge atoms in the first layer and less than 0.1 Å for atoms in the second layer, with rms displacements of 0.08 Å, 0.08 Å and 0.05 Å in the first layer along the x, y, and z directions respectively. Similar values are 0.03 Å, 0.03 Å, 0.06 Å for atoms in the second plane.

For the sake of completeness, we have also compared the experimental structure factors to the simulated structure factors obtained within a model of a germanene epitaxial layer. For that purpose, a model with 22 Ge hexagons along the long side of the mesh has been used, so that the Ge atomic density is twice the one of the alloyed model. The atomic positions obtained after relaxation by DFT are drawn in Fig. S2. As previously, we have set identical DW factors for all Ge atoms, for all Ag atoms of the second plane and for all other Ag atoms. We find a strong deviation between experiments and simulations as 𝜒𝜒 2 = 26.5. Therefore, the germanene layer cannot account the experimental observation and this model must clearly be rejected.

We have also computed the adsorption energy for Ge atoms in the two models:

𝐸𝐸 ad = (𝐸𝐸 Ge-Ag -𝐸𝐸 Ag -∆𝑁𝑁 Ag 𝐸𝐸 Ag bulk )/𝑁𝑁 Ge Where 𝐸𝐸 Ge-Ag is the total energy of the considered model, 𝐸𝐸 Ag is the energy of a slab of same lateral size without Ge, 𝐸𝐸 Ag bulk = -2.72 eV is the bulk cohesive energy of Ag atoms, 𝑁𝑁 Ge the number of Ge atoms in the slab, and ∆𝑁𝑁 Ag is the difference of number of Ag atoms between the considered Ge/Ag model and the bare Ag slab.

𝐸𝐸 ad is lower for the Ag2Ge surface alloy (-4.56 eV) than for the germanene layer (-4.41 eV).

Taking as a reference the Ge bulk cohesive energy (-4.45 eV), the germanene layer is less stable than the Ge bulk whereas the Ag2Ge surface alloy is more stable. This indicates that, from a thermodynamic point of view, wetting of the Ag surface with a Ag2Ge alloy is favored, whereas whereas a germanene layer would be unstable and should dewet to form 3D Ge crystallistes. Thus, there is a better thermodynamic stability for the Ag2Ge surface alloy than for the germanene layer.

The atomic structure of the striped phase presents a great analogy with the (22 × √3) Au(111)

reconstruction. This reconstruction corresponds to a surface atomic density 23/22 times higher than the one of a Au(111) bulk plane [START_REF] Narasimhan | Elastic Stress Domains and the Herringbone Reconstruction on Au(111)[END_REF]. For the Au surface atoms which are less coordinated than the bulk ones, the strength of the bonds is higher than in the bulk. Their equilibrium interatomic distance would thus be lower than in the bulk. This results in a large tensile stress for surface atoms. For Au(111), the system relaxes in order to reduce the interatomic distances for surface atoms, i.e., by increasing the surface atomic density. The energy gain due to the decay of the interatomic distances at the surface exceeds the energy cost of the regions where atoms occupy bridge positions instead of three-fold coordinated hcp or fcc positions. Unlike Au(111), Ag(111)

does not spontaneously reconstruct. However, when a Ge atom replaces an Ag atom of the surface, this increases the absolute value of the tensile surface stress since the atomic radius of Ge (1.25 Å) is less than the one of Ag (1.60 Å). Above a critical coverage, the system relaxes in a configuration where the interatomic distances are decreased, at the cost of the creation of Shockley partial dislocations, i.e., discommensuration lines separating regions where atoms occupy fcc positions, from regions where atoms occupy hcp positions. Other systems have been reported to show a similar behavior such as Cu, Ag, Au films on Ru(0001) [START_REF] Pötschke | Interface Structure and Misfit Dislocations in Thin Cu Films on Ru[END_REF][START_REF] Ling | Herringbone and Triangular Patterns of Dislocations in Ag, Au, and AgAu Alloy Films on Ru[END_REF].

Conclusion

Using GIXD, we have unambiguously determined the structure of the striped pattern observed upon Ge deposition on Ag(111) at 420 K, which was controversially attributed to a pure germanene layer or to a Ge-Ag alloy. From a careful analysis of the Patterson map, leading to an initial structural model of the system, we obtained the model of the Ag2Ge surface alloy with an atomic density 6.45% higher than the one of Ag(111). The computed theoretical structure factors obtained from this model, relaxed by DFT, show an outstanding agreement with the experimental ones, demonstrating that this striped phase is actually a Ag2Ge surface alloy. The observed stripes correspond to Shockley partial dislocations that separate alternating fcc and hcp domains, presenting a strong analogy with the Au (22 × √3) reconstruction. A model of germanene can be ruled out since it does not fit the experiments and since it is thermodynamically less stable.

It has to be noted that such a determination was possible thanks to the very large set of acquired structure factors, which can now easily be done within a relatively short time thanks to 2D detectors. This shows how powerful DFT associated with GIXD can be for the analysis of complex surface structures. In particular, since DFT is shown here to give a very accurate description of the atomic relaxations, the comparison between GIXD and DFT is a criterium of choice for determining the validity of an atomic model of a surface structure.
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 311 Fig. 3. Experimental Patterson map of the c(31 × √3) structure. As it is centered, only half of the unit cell has been drawn along 𝑥𝑥. (size of the Patterson map is 44.78 × 5.00 Å 2 ).
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  and compared them to the experimental ones. Only two scale factors (one for the in-plane set and one for the rods) and Debye-Waller (DW) factors along the three directions were used as free parameters. For simplicity, we have set identical DW factors for all Ge atoms, for all Ag surface atoms, for all Ag atoms of the second plane and for all other Ag atoms. Thus only 14 free parameters were used to fit the data. The agreement between experimental and simulated (𝐹𝐹 th ) structure factors is estimated by the value of 𝜒𝜒 2 = 1 𝑁𝑁 pts -𝑁𝑁 par ∑ � 𝐹𝐹 th -𝐹𝐹 exp 𝜎𝜎 exp � 𝑁𝑁 Pts 2
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atoms. Indeed, if one third of the surface atoms are Ge atoms, the intensity associated with (√3 × √3) satellites should roughly scale as �𝑍𝑍 Ge + 2𝑍𝑍 Ag cos � From these observations, we propose that the striped phase has a density 33/31 times higher than the Ag(111) atomic density, and that the atomic positions undulate between the fcc sites and the hcp sites. Such structure would thus display a great analogy with the (22 × √3) Au(111) reconstruction for which the surface atomic density is 23/22 times higher than the one of a Au(111) bulk plane [START_REF] Narasimhan | Elastic Stress Domains and the Herringbone Reconstruction on Au(111)[END_REF]. Consequently, starting from this Ag2Ge alloy surface model, we have relaxed