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The structural, electronic and magnetic properties of niobium and tantalum doped germanium clusters MGen (M = Nb, Ta and n = 1-19) are investigated by first principles calculations within the Density Functional Theory approach (DFT). The growth pattern behaviors, stabilities, and electronic properties are presented and discussed. Endohedral cagelike structures in which the metal atom is encapsulated are favored for n ≥ 10. The doping metal atom contributes largely to strengthen the stability of the germanium cage-like structures with the binding energy ordered as follows BE(Gen+1) < BE (VGen) < BE(NbGen) < BE(TaGen). Our results highlight the relative high stability of NbGe15, TaGe15 and VGe14.

Introduction

Atomic clusters containing few atoms have attracted much attention during the last decades due to their physical and chemical properties which are generally much different compared to bulk systems. The properties of these small clusters are very sensitive to the geometrical structure and they change dramatically with the composition and the number of atoms. Nanoclusters promise to be used as building blocks in advanced materials with specific properties for many applications in nanosciences and nanotechnologies [START_REF] Sattler | Handbook of Nanophysics clusters and Fullerenes[END_REF].

Germanium is an important element in the field of semiconductor materials. Small and medium-sized germanium clusters have been intensively studied in both theoretical and experimental fields [START_REF] Shvartsburg | Structures of Germanium Clusters: Where the Growth Patterns of Silicon and Germanium Clusters Diverge[END_REF][START_REF] Yoshida | Photoionization studies of germanium and tin clusters in the energy region of 5.0-8.8 eV: Ionization potentials for Gen (n = 2-57) and Snn (n = 2-41)[END_REF][START_REF] Bals | Atomic scale dynamics of ultrasmall germanium clusters[END_REF]. While pure semiconductor clusters are chemically active due to unsaturated dangling bonds, the doping with a foreign atom may lead to a significant enhancement of the stability, for example by encapsulating one or more atoms inside the cluster in order to saturate the dangling bonds [START_REF] Singh | Thorium Encapsulated Caged Clusters of Germanium: Th@Gen, n = 16, 18, and 20[END_REF].

During the last decades, many theoretical and experimental researches on germanium clusters Gen doped with different metal atoms have been reported . Most of these works prove that the doping with a metal atom contributes to stabilize germanium cage structures and induce novel magnetic properties or special semiconductor behaviors. Among early works, the geometries, stabilities, and electronic and magnetic properties of CuGen (n = 2-13) [START_REF] Wang | A Computational Investigation of Copper-Doped Germanium and Germanium Clusters by the Density-Functional Theory[END_REF], ThGen (n = [START_REF] Zhao | Geometries, Stabilities, and Magnetic Properties of MnGen (n = 2-16) Clusters: Density-Functional Theory Investigations[END_REF][START_REF] Bandyopadhyay | Density Functional Investigation of Structure and Stability of Gen and GenNi (n = 1-20) Clusters: Validity of the Electron Counting Rule[END_REF][START_REF] Kapila | Structural, Electronic and Magnetic Properties of Mn, Co, Ni in Gen for (n = 1-13)[END_REF] [START_REF] Singh | Thorium Encapsulated Caged Clusters of Germanium: Th@Gen, n = 16, 18, and 20[END_REF], NiGen (n = 1-13) [START_REF] Wang | A Theoretical Study on Growth Patterns of Ni-Doped Germanium Clusters[END_REF], WGen (n = 1-17) [START_REF] Wang | Geometries and Electronic Properties of the Tungsten-Doped Germanium Clusters: WGen (n = 1-17)[END_REF], CrGen (n = 1-5) [START_REF] Hou | Chromium-Doped Germanium Clusters CrGen (n = 1-5): Geometry, Electronic Structure, and Topology of Chemical Bonding[END_REF], GenSim (m + n = 5) [START_REF] Wielgus | Theoretical Studies on the Bonding and Thermodynamic Properties of GenSim (m + n = 5) Clusters: The Precursors of Germanium/Silicon Nanomaterials[END_REF], CoGen (n = 1 -13) [START_REF] Jing | No Quenching of Magnetic Moment for the GenCo (n = 1-13) Clusters: First Principles Calculations[END_REF], Mo2Gen (n = 9-15) [START_REF] Wang | Geometries, Stabilities, and Vibrational Properties of Bimetallic Mo2-Doped Gen (n = 9-15) Clusters: A Density Functional Investigation[END_REF], FeGen (n = 9-16) [START_REF] Zhao | Geometries, Stabilities, and Electronic Properties of FeGen (n = 9-16) Clusters: Density-Functional Theory Investigations[END_REF], Bi2Gen-2 (n = 3-8, 12) [START_REF] Zdetsis | Silicon-Bismuth and Germanium-Bismuth Clusters of High Stability[END_REF], FenGem (n + m ≤ 4) [START_REF] Sosa-Hernandez | Magnetic Properties of Stable Structures of Small Binary FenGem (n + m ≤ 4) Clusters[END_REF], MnGen (n = 2-16) [START_REF] Zhao | Geometries, Stabilities, and Magnetic Properties of MnGen (n = 2-16) Clusters: Density-Functional Theory Investigations[END_REF] clusters have been systematically investigated by using Density-Functional Theory (DFT) calculations. These studies concluded that the growth patterns depend on the nature of the doping metal atom. Particularly the charge-transfer mechanisms depend on the metal atom, and also on the size and the structure of the cluster. Most of the clusters prefer structures with a high-spin ground state and a large magnetic moment, for instance CrGen [START_REF] Hou | Chromium-Doped Germanium Clusters CrGen (n = 1-5): Geometry, Electronic Structure, and Topology of Chemical Bonding[END_REF]. The magnetic moment of the doped clusters mainly originates from the 3d unpaired electrons of the substituted doping atom [START_REF] Jing | No Quenching of Magnetic Moment for the GenCo (n = 1-13) Clusters: First Principles Calculations[END_REF][START_REF] Wang | Geometries, Stabilities, and Vibrational Properties of Bimetallic Mo2-Doped Gen (n = 9-15) Clusters: A Density Functional Investigation[END_REF][START_REF] Zhao | Geometries, Stabilities, and Electronic Properties of FeGen (n = 9-16) Clusters: Density-Functional Theory Investigations[END_REF]. No quenching of the magnetic moment of the doping transition metal atom has been found for Co, Fe and Mn doped small germanium clusters [START_REF] Jing | No Quenching of Magnetic Moment for the GenCo (n = 1-13) Clusters: First Principles Calculations[END_REF][START_REF] Zhao | Geometries, Stabilities, and Electronic Properties of FeGen (n = 9-16) Clusters: Density-Functional Theory Investigations[END_REF][START_REF] Zhao | Geometries, Stabilities, and Magnetic Properties of MnGen (n = 2-16) Clusters: Density-Functional Theory Investigations[END_REF]. The magnetic coupling between iron and germanium atoms is generally antiferromagnetic-like and the charge transfer mainly occurs from Fe to Ge atoms in FenGem clusters [START_REF] Sosa-Hernandez | Magnetic Properties of Stable Structures of Small Binary FenGem (n + m ≤ 4) Clusters[END_REF]. In the case of Mo2Gen clusters, the Mo2 dimer moves to the center of the cage and becomes completely encapsulated into the germanium clusters as the size increases [START_REF] Wang | Geometries, Stabilities, and Vibrational Properties of Bimetallic Mo2-Doped Gen (n = 9-15) Clusters: A Density Functional Investigation[END_REF].

In the last decade, many new investigations on metal atom doped germanium clusters have been reported. Physical properties of TMGen (TM = Sc, Ti, V; n = 14-20) [START_REF] Bandyopadhyay | New Insights into Applicability of Electron-Counting Rules in Transition Metal Encapsulating Ge Cage Clusters[END_REF], NiGen (n = 1-20) [START_REF] Bandyopadhyay | Density Functional Investigation of Structure and Stability of Gen and GenNi (n = 1-20) Clusters: Validity of the Electron Counting Rule[END_REF] and CuGen (n = 1-20) clusters [START_REF] Bandyopadhyay | Architectures, Electronic Structures, and Stabilities of Cu-doped Gen Clusters: Density Functional Modeling[END_REF] have been investigated by bandyopadhyay and coworkers. They found that a relative high stability of TM (Sc, Ti, V) doped germanium clusters may be related to the formation of a filled shell free-electron gas inside the germanium cage or to the geometric effects [START_REF] Bandyopadhyay | New Insights into Applicability of Electron-Counting Rules in Transition Metal Encapsulating Ge Cage Clusters[END_REF]. The growth behavior, electronic and magnetic properties of TMGen (TM = Mn, Co, Ni, Cr; n = 1-13) [START_REF] Kapila | Structural, Electronic and Magnetic Properties of Mn, Co, Ni in Gen for (n = 1-13)[END_REF][START_REF] Kapila | First Principle Investigation into Structural Growth and Magnetic Properties in GenCr Clusters for n = 1-13[END_REF], (TM = Ti, Zr and Hf; n = 1-20) [START_REF] Kumar | Architecture, Electronic Structure and Stability of TM@Gen (TM = Ti, Zr and Hf; n = 1-20) Clusters: a Density Functional Modeling[END_REF], SnmGen (m + n ≤ 5) [START_REF] Samanta | Electronic Structure, Bonding, and Properties of SnmGen (m + n ≤ 5) Clusters: A DFT Study[END_REF], AlGen (n = 1-9) [START_REF] Shi | A Computational Investigation of Aluminum-Doped Germanium Clusters by Density Functional Theory Study[END_REF] clusters have been also investigated. It was found that the magnetic behavior of TMGen (TM = Mn, Co, Ni, Cr) clusters is due to TM doping atoms and the magnetic moment is mainly localized at the TM site and neighbouring Ge atoms [START_REF] Kapila | Structural, Electronic and Magnetic Properties of Mn, Co, Ni in Gen for (n = 1-13)[END_REF][START_REF] Kapila | First Principle Investigation into Structural Growth and Magnetic Properties in GenCr Clusters for n = 1-13[END_REF]. The Al atom does not enhance the binding energy of germanium clusters in AlGen [START_REF] Shi | A Computational Investigation of Aluminum-Doped Germanium Clusters by Density Functional Theory Study[END_REF]. The CoGen -(n = 2-11) [START_REF] Deng | Structural and Magnetic Properties of CoGen -(n = 2-11) Clusters: Photoelectron Spectroscopy and Density Functional Calculations[END_REF] and VGen -(n = 3-12) [START_REF] Deng | Photoelectron Spectroscopy and Density Functional Calculations of VGen -(n = 3-12) Clusters[END_REF] clusters were also investigated with anion photoelectron spectroscopy and density functional theory calculations. Both experiment and calculation show an electron transfer from the Gen framework to the metal atom and a minimization of the magnetic moment that is related to the structural evolution from exo-to endohedrals.

Recently, a study of the multicharged ruthenium-doped germanium clusters RuGen q (n = 2-12, q = -2, -3) has highlighted an inherent tendency of formation of endohedral cage [START_REF] Jin | Structural and Electronic Properties of Ruthenium-Doped Germanium Clusters[END_REF] and the decreasing of the transfer of negative charge from the Gen framework to the doping atom with the increasing ionization. A DFT investigation of the electronic and magnetic properties of medium-sized CrGen (15 ≤ n ≤ 29) [START_REF] Mahtout | Electronic and Magnetic Properties of CrGen (15 ≤ n ≤ 29) Clusters: A DFT Study[END_REF] has shown that the encapsulation of Cr atoms within Gen clusters leads to stable CrGen cages. The atomic and electronic structure of both neutral and negatively charged ZrGen (n = 1-21) and AuGen (n = 2-12) clusters have been studied using ab initio calculations and compared to the experimental photoelectron spectroscopy [START_REF] Jaiswal | Growth behavior and electronic structure of neutral and anion ZrGen (n = 1-21) clusters[END_REF][START_REF] Lu | Transition from exohedral to endohedral structures of AuGen (n = 2-12) clusters: photoelectron spectroscopy and ab initio calculations[END_REF]. For AuGen, the metal atom prefers the peripheral position for clusters for n < 11 and the endohedral one for larger n.

Very recently, extensive studies [START_REF] Siouani | Structure, Stability, and electronic and magnetic properties of VGen (n = 1-19) clusters[END_REF][START_REF] Mahtout | Growth Behavior and Electronic Structure of Noble Metal-Doped Germanium Clusters[END_REF] of the equilibrium geometries and electronic and magnetic properties of vanadium and coinage metal doped germanium clusters, MGen (M = V, Cu, Ag, Au; n = 1-19), have showed that the most stable clusters (which correspond to an endohedral cage-like structure for VGe14 and CuGe10, or a hollow cage for AgGe15 and AuGe15) present a peculiar electronic structure in which the valence electrons of the doping atom and Ge atoms are delocalized and exhibit a shell structure associated with the quasispherical geometry. Some properties of the very small clusters VGen -/0 (n = 1-7) and CoGen -/0 (n = 1-3) have been investigated with the DFT and multi-configurational CASSCF/CASPT2 methods [START_REF] Tran | A Computational Investigation of the Geometrical and Electronic Structures of VGen -/0 (n = 1-4) Clusters by Density Functional Theory and Multiconfigurational CASSCF/CASPT2 Method[END_REF][START_REF] Tran | The Electronic Structures of CoGen -/0 (n = 1-3) Clusters from Multiconfigurational CASSCF/CASPT2 and RASSCF/RASPT2 Calculations[END_REF][START_REF] Tran | Spin State Energetics of VGen -/0 (n = 5-7) Clusters and New Assignments of the Anion Photoelectron Spectra[END_REF]; calculated vertical and adiabatic detachment energies were in agreement with the experimental results. A joint photoelectron spectroscopy and DFT study [START_REF] Liang | Probing Structural, Electronic and Magnetic Properties of Iron-doped Semiconductor Clusters Fe2Gen -/0 (n = 3-12) via Joint Photoelectron Spectroscopy and Density-Functional Study[END_REF][START_REF] Liang | Structural Evolution and Magnetic Properties of Anionic Clusters Cr2Gen (n = 3-14): Photoelectron Spectroscopy and Density Functional Theory Computation[END_REF] of Fe2Gen -/0 (n = 3-12) and Cr2Gen -(n = 3-14) has suggested a high potential to change the magnetic behavior of germanium clusters by introducing transition-metal dopant atoms. The atomic structures of anionic clusters ZrGen -(n = 8-20) have been explored by DFT calculations and compared to the available experimental electronic spectra [START_REF] Borshch | Atomic Structure and Electronic Properties of Anionic Germanium-Zirconium Clusters[END_REF]; the doped anion clusters present an exohedral structure for smaller sizes while the formation of endohedral cages is favored for n ≥ 12.

Our previous work on VGen clusters [START_REF] Siouani | Structure, Stability, and electronic and magnetic properties of VGen (n = 1-19) clusters[END_REF] has enhanced the high stability of VGe14 with present an Oh symmetry structure and a high binding energy, high HOMO-LUMO gap, high ionization potential, small electron affinity, and large chemical hardness. That cluster presents a peculiar electronic structure in which the valence electrons of V and Ge atoms are delocalized and exhibit a shell structure associated with the quasi-spherical geometry (1S 1P 1D 2S 1F etc.). That shell model, which was well-known in metal clusters and explained by the jellium model, was not expected in metal-doped germanium clusters. In the present work we focus on NbGen and TaGen (n=1-19) clusters, since Ta, Nb, and V are in the same column of the periodic table, in order to see whether Ta and Nb-doped Gen clusters also present such peculiar electronic configurations. We aim to understand their structural, electronic and magnetic properties, and to characterize their evolution of the physicochemical properties as a function of the size, the shape and the composition. It is very important to determine the relation between the structural, electronic and magnetic properties since the magnetic properties depends on the electronic structure which in turn depends on the geometry. Therefore, a systematic study of these clusters is required to understand the physical and chemical properties. According to our knowledge, no investigation of the NbGen and TaGen clusters has been reported in the literature to date.

We think that this work would be useful to understand the different properties of these new systems and could provide powerful guidelines for other theoretical and experimental studies. In section 2 we give a brief description of the theoretical method and computational scheme used in this work. In Section 3, we present and compare the results and discussion of the obtained geometries, electronic and magnetic properties of the different MGen clusters. Finally, Section 4 summarizes the main conclusions of our results.

Computational methodology

First-principles calculations using the generalized gradient approximation (GGA) with the Perdew-Burke-Ernzerhof (PBE) density functional [START_REF] Perdew | Generalized Gradient Approximation Made simple[END_REF] were performed by using the Siesta simulation package [START_REF] Soler | The SIESTA Method for Ab Initio Order-N Materials Simulation[END_REF]. They have been performed by using the method of normconserving Troullier-Martins nonlocal pseudo-potentials [START_REF] Troullier | Efficient Pseudopotentials for Plane-Wave Calculations[END_REF][START_REF] Kleinman | Efficacious Form for Model Pseudopotentials[END_REF]. We used a double zeta (DZ) basis set for Ge atoms and double zeta basis plus polarization orbitals (DZP) for Nb and Ta atoms. A large cubic cell of 40 Å edge length, with the periodic boundary conditions, was taken in order to avoid the interaction between the neighboring clusters. The k grid integration has been carried using the Γ point approximation. The atomic positions have been optimized without any symmetry constraints and until the residual forces are smaller than 10 -3 eV/Å. A complete exploration of geometrical configurations is impossible. In the present work, a considerable number of possible initial structures (about 5-6 for very small clusters and about 50 for larger ones) were considered for each size. All isomeric structures obtained by substituting one Ge atom with a metal atom on different sites of the lowest-energy configuration of pure Gen+1 clusters [START_REF] Siouani | Structure, Stability, and electronic and magnetic properties of VGen (n = 1-19) clusters[END_REF] have been considered. We have also tested structures already published for MGen (M=V, Ag, Cu, Au, Ni, Co, Cr, etc.) [START_REF] Bandyopadhyay | Density Functional Investigation of Structure and Stability of Gen and GenNi (n = 1-20) Clusters: Validity of the Electron Counting Rule[END_REF][START_REF] Kapila | Structural, Electronic and Magnetic Properties of Mn, Co, Ni in Gen for (n = 1-13)[END_REF][START_REF] Kapila | First Principle Investigation into Structural Growth and Magnetic Properties in GenCr Clusters for n = 1-13[END_REF][START_REF] Shi | A Computational Investigation of Aluminum-Doped Germanium Clusters by Density Functional Theory Study[END_REF][START_REF] Siouani | Structure, Stability, and electronic and magnetic properties of VGen (n = 1-19) clusters[END_REF][START_REF] Mahtout | Growth Behavior and Electronic Structure of Noble Metal-Doped Germanium Clusters[END_REF], and try to build MGen by adding one Ge atom to MGen-1. Several spin-multiplicity states were tested.

The stability of Nb and Ta doped germanium clusters can be studied by the calculation of the binding energy, the energy difference between the Highest Occupied Molecular Orbital (HOMO) and the Lowest Unoccupied Molecular Orbital (LUMO), and the second-order energy difference. The binding energies per atom of MGen (M=Nb, Ta) are defined by the following formula:

Eb(MGen)(eV/atom)= (n E(Ge) + E (M) -E(MGen))/(n+1) (1)
where E(Ge) is the total energy of free Ge atom, E(M) is the total energy of free M atom and E(MGen) is the total energy of the MGen cluster. The HOMO-LUMO gap is calculated from the energy of the orbitals:

∆E (eV) = E(LUMO)-E(HOMO).

(

The second-order energy difference for the ground-state MGen (M=Nb, Ta) clusters can be calculated by:

∆2E = E(MGen+1) + E(MGen-1) -2 E(MGen) ( 3 
)
where E is the total energy of the most stable structure for each species.

At the present level of calculation, the bond lengths of Ge2 was found to be 2.450 Å, in good agreement with the estimated experimental data of 2.44 Å [START_REF] Gadiyak | Electron Density Functional Method for Molecular System Calculations[END_REF]. The binding energy per atom, calculated to be 1.44 eV which is also in good agreement with both theoretical [START_REF] Wang | A Computational Investigation of Copper-Doped Germanium and Germanium Clusters by the Density-Functional Theory[END_REF][START_REF] Hou | Chromium-Doped Germanium Clusters CrGen (n = 1-5): Geometry, Electronic Structure, and Topology of Chemical Bonding[END_REF][START_REF] Kapila | First Principle Investigation into Structural Growth and Magnetic Properties in GenCr Clusters for n = 1-13[END_REF] and experimental (~1.35 eV) [START_REF] Kingcade | Electronic structure and bonding of the molecule Ge2 from all-electron ab initio calculations and equilibrium measurements[END_REF] data.

Results and discussions

3-1. Structural properties

Using the computation scheme described above, we have explored a number of isomers and determined the putative lowest-energy structure of all MGen (M= Nb, Ta and n=1-19) clusters. The lowest-energy structure and some of their representative low-lying isomers are shown in Figures 1 and2 for NbGen and TaGen respectively. The symmetry group, binding energy Eb (eV/atom), HOMO-LUMO gap ΔE (eV), the total spin magnetic moment, the vertical ionization potential VIP (eV), the vertical electron affinity VEA (eV), the chemical hardness η (eV) and the average Ge-Ge and M-Ge bond lengths are summarized in Table 1 and Table 2 for all NbGen and TaGen clusters respectively. The most stable structures of NbGen clusters are generally similar to those of TaGen clusters. In the detailed description below, we compare the present results to those recently obtained for V-doped Gen [START_REF] Siouani | Structure, Stability, and electronic and magnetic properties of VGen (n = 1-19) clusters[END_REF].

The electronic ground state of NbGe and TaGe dimers is a sextet with a bond length of 2.592 and 2.603 Å respectively. The binding energy (per atom) calculated to be 1.230 and 1.358 eV for NbGe and TaGe respectively, is smaller than that of Ge2 dimer (1.446 eV) [START_REF] Siouani | Structure, Stability, and electronic and magnetic properties of VGen (n = 1-19) clusters[END_REF]. The binding energy of TaGe is 0.160 and 0.128 eV larger than that of VGe and NbGe. For the trimers NbGe2 and TaGe2, the triangular structure with C2v symmetry is found to be the lowest-energy structure. This ground-state structure was also obtained in the case of Ge3 and VGe2 trimers. NbGe3 is a quartet and its structure is a C3v pyramid similar to that reported for VGe3, but the lowest-energy of TaGe3 is a doublet and presents only a Cs symmetry since Ge3 triangle is no longer equilateral but becomes isosceles with two Ge-Ge bonds are enlarged from 2.72 to 2.90 Å. The planar structure with C2v symmetry which is reported as the ground state structure for Ge4 is found to be less stable. The global minimum structure of the pentamers NbGe4 and TaGe4 is found to be a distorted rhombus with Cs symmetry which is in agreement with the ground state structure of VGe4. The Ta-Ge average bond distance is respectively 0.070 and 0.081 Å higher than Nb-Ge and V-Ge average bond lengths. For the hexamers NbGe5 and TaGe5, the square bipyramidal geometry with C4v symmetry is found to be the lowest-energy structure. The obtained ground state structure is more regular than that obtained for VGe5 which has only a C2v symmetry [START_REF] Siouani | Structure, Stability, and electronic and magnetic properties of VGen (n = 1-19) clusters[END_REF]. The Nb-Ge and Ta-Ge bond lengths are 2.631 Å and 2.658 Å respectively. The most stable isomer of the heptamers NbGe6 and TaGe6 is a bicapped pentagonal geometry with Cs symmetry. The similar structure is found for the most stable isomers Ge7 and VGe6 with D5h and C2v point group symmetry respectively. For NbGe7 and TaGe7 clusters, the capped pentagonal bipyramid structure with Cs symmetry is found to be the ground state structure, similar to the ground state of Ge8 and VGe7. The lowest-energy structure of the NbGe8 and TaGe8 clusters is a tricapped trigonal prism geometry with a C2v symmetry. The same symmetry is obtained in the case of VGe8 with the binding energy of 2.966 eV/atom [START_REF] Siouani | Structure, Stability, and electronic and magnetic properties of VGen (n = 1-19) clusters[END_REF]. In the case of NbGe9 and TaGe9 clusters, the lowest-energy structure can be viewed as a pentagonal bipyramid face-capped by three Ge atoms, it is much different from VGe9 which is formed by two distorted hexagonal prims and a Cs symmetry. We can note that the binding energies of NbGe9 and TaGe9 are respectively 0.044 and 0.055 eV/atom smaller comparatively to the ground state structure of NbGe8 and TaGe8 clusters which may be related to the loss of symmetry. For NbGe10 and TaGe10 clusters, the metal atom is partially encapsulated in an opened cage with C2 symmetry. This structure has been already found as the most stable isomer for VGe10 cluster [START_REF] Siouani | Structure, Stability, and electronic and magnetic properties of VGen (n = 1-19) clusters[END_REF]. The average Ge-Ge and Ta-Ge bond lengths are 0.005 Å and 0.109 Å larger than Nb-Ge and V-Ge average bond lengths respectively. For the size n = 11, the optimized ground state structure of Nbdoped Gen clusters differ slightly from that of Ta-doped Gen. A distorted superposition of two rhombic structures with C2 symmetry is found to be the lowest-energy isomer of TaGe11 which is consistent with the ground structure of VGe11. The Nb atom occupies a more central position and tends to form more bonds with germanium atoms, therefore NbGe11 seems to be more an opened cage with ten Nb-Ge bonding. Its binding energy is 0.015 eV/atom smaller than that of NbGe10.

Starting from n = 12, the endohedral structures where the Nb or Ta metal atom is highly coordinated and totally encapsulated inside a germanium cage appear, while the exohedral structures lie much higher than the endohedrals. Similar to VGe12 clusters, a perfect hexagonal prism isomer having a D3d symmetry with the Nb or Ta doping atom encapsulated into a caged Ge12 framework is found to be the ground-state isomer in NbGe12 and TaGe12 clusters. These ground-state isomers have the shortest Ge-Ge bond lengths of 2.593 and 2.594 Å, respectively. However, a second isomer, labeled NbGe12-b and TaGe12-b respectively, with Cs symmetry lies only 0.003 and 0.004 eV/atom above the D3d-symmetry isomer at the present level of calculation. Then isomers are quasi-degenerate. The second structures is somewhat similar to the lowest-energy one but one Ge atom comes to cap a hexagonal face Ge6 and thus closing the cage on one side. In NbGe13 and TaGe13 clusters, the lowest-energy isomer is a hexagonal prism capped bowl kind of structure with Nb and Ta metal atoms inside the cage with C3v symmetry. In the case of VGe13, the most stable structure is also a capped hexagonal prism but with the high C6v symmetry. The average Nb-Ge and Ta-Ge bond lengths are 0.192 Å and 0.193 Å larger than the average Ge-Ge bond length. The most stable isomer of TaGe13 is less stable than TaGe12 by only 0.002 eV/atom. The lowestenergy structures of NbGe14 and TaGe14 are the perfect sealed cage structures with C2 symmetry, the metal doping atom is highly coordinated and located at the center of the cage. The endohedral structures NbGe14-b and TaGe14-b with high Oh symmetry, which have been reported as the ground state structure in VGe14 [START_REF] Siouani | Structure, Stability, and electronic and magnetic properties of VGen (n = 1-19) clusters[END_REF], are found at 0.069 and 0.017 eV/atom respectively above the lowest-energy isomer. They do not compete for the ground state, but they are metastable since all frequencies are calculated to be positive.

The most stable structures for the sizes n = 15, 16 and 17 obviously derive from the ground-state for n = 14 by adding one Ge atom, two Ge atoms and three Ge atoms, respectively. The lowest-energy structure of the NbGe15 and TaGe15 clusters has a C2v symmetry with Nb-Ge and Ta-Ge bond-lengths of 2.987 and 2.990 Å, respectively. This endohedral structure has already been found as the lowest-energy isomer in the case of VGe15. The ground state geometries obtained from n = 16 to 18 for each species are all less stable than the corresponding TaGe15 and NbGe15 clusters. The lowest-energy structure of NbGe16 is NbGe16-a with C1 point group symmetry and the lowest-energy isomer of TaGe16 is TaGe16-a with Cs symmetry and the largest Ta-Ge average bond length of 3.019 Å. However, the NbGe16-b cluster with Cs symmetry which has the largest Nb-Ge average bond length of 3.016 Å is found to lie only 0.002 eV/atom above the lowest-energy isomer of NbGe16. The lowest-energy isomer of VGe16 is an irregular cage-like structure with C1 symmetry. The endohedral ground state geometries for n = 17 belong the C1 symmetry group with average Nb-Ge and Ta-Ge bond distances of 2.948 Å and 2.961 Å respectively. A prolate structure has been previously predicted to be the ground state for VGe17 clusters. The lowest-energy structures of NbGe18 and TaGe18 are the irregular cage-like with respectively Cs and C1 symmetry and the doping atom completely encapsulated at the center of the cage. A prolatelike cage symmetry structure with C1 was obtained as the lowest-energy isomer of VGe18 clusters. For NbGe19, two structures (NbGe19-a and NbGe19-b) compete for the lowest-energy isomer. In the lowest-energy isomer (NbGe19-a), the Ge-Ge average bond length is much larger (2.806 vs 2.730 Å) and the Nb-Ge average bond length is much shorter (2.950 vs 2.978 Å). The lowest-energy isomer for TaGe19 cluster has the shortest Ge-Ge and the largest Ta-Ge average bond lengths of 2.696 and 3.009 Å respectively. The binding energies of NbGe19 and TaGe19 are respectively 0.010 and 0.029 eV/atom larger comparatively to the ground state structures of NbGe18 and TaGe18 clusters.

3-2. Electronic properties

Binding energy

By using the formula (1), we calculate the binding energies for all the MGen (M= Nb, Ta and n=1-19) clusters. The obtained results are listed in Table 1 and 2 and their evolution with the cluster size are plotted in Figure 3. The size dependence shows an increasing of the binding energies for all pure and M-doped (M= V, Nb, Ta) germanium clusters: a dramatic increasing of the binding energy is observed for the very small size (n<8), then the binding energy increases more smoothly. We also observe that the binding energy of TaGen clusters are generally the largest comparatively to the other species followed by the binding energies of NbGen, then the binding energy of VGen and finally the binding energy of pure corresponding germanium clusters Gen+1. Doping with Nb (resp. V) enhances the stability of Gen clusters for n ≥ 7 (resp. 8), while doping with Ta has always a stabilizing character. The nature of bonding between the M atom and neighboring Ge atoms can explained this difference in the evolution of binding energy as a function of the doping atom species. Ta presents a stronger covalent character than Nb which in turn is more covalent than the vanadium. Thus the binding energy of the dimer TaGe, NbGe, VGe is calculated at 1.358, 1.230, 1.198 eV/atom respectively. Additionally, the average binding energy curve presents a local maximum value at n = 8 and 15 for both Nb-and Ta-doped Gen implying that the clusters are relatively more stable than their neighbors. Actually, the local maximum for n=8 is due to the relative low stability of metal doped Ge9, likely related to the loss of symmetry and a relatively low coordination of the metal atom. Then, the largest value of binding energy is observed in the case of TaGe15 and NbGe15.

Another parameter which can reflect the stability of the small clusters is the secondorder energy difference (∆2E) defined by the relation [START_REF] Yoshida | Photoionization studies of germanium and tin clusters in the energy region of 5.0-8.8 eV: Ionization potentials for Gen (n = 2-57) and Snn (n = 2-41)[END_REF]. It is physically related to the experimental relative abundance of the corresponding element in the mass spectroscopy experiments. The calculated second-order energy difference of the lowest-energy isomers of different species studied in this work are shown in Figure 4. As we can see, the pronounced positive values of ∆2E are observed for Nb-TaGe8 and V-Nb-TaGe10,12,15 indicating that these clusters may have special stabilities.

Nb-and Ta-doped Ge15 present a relative high stability, while the most stable structure for V-doped Gen was obtained for the size n=14 for which a perfect Oh-symmetry cage was obtained [START_REF] Siouani | Structure, Stability, and electronic and magnetic properties of VGen (n = 1-19) clusters[END_REF]. The atomic radius of Nb and Ta being slightly higher than that of V, it was probable that the optimal cage would be obtained for n slightly greater than 14. The high stability of VGe14 was associated to a peculiar electronic structure since the valence electrons of both Ge and V were found to be delocalized and exhibit a shell structure associated to the quasi-spherical geometry, with the following occupation: 1S 2 1P 6 1D 10 2S 2 1F 14 3S 2 2P 6 1G 15 2D 4 [START_REF] Siouani | Structure, Stability, and electronic and magnetic properties of VGen (n = 1-19) clusters[END_REF]. In Figure 5, we show the density of states (DOS) and the Kohn-Sham orbitals calculated at PBE/cc-pvtz level with the software Gaussian09 [START_REF] Frisch | Gaussian09, Revision D.01[END_REF] in the case of TaGe15. The 3s and 3p valence electrons of Ge and the five s and d valence electrons of Ta exhibit a shell structure associated to the somewhat spherical structure. We can easily distinguish the character of the orbitals, though there are some little deviations from a perfect sphere due to explicit location of atoms and the C2v symmetry instead of Kh (the symmetry of the atom). The 65 valence electrons of the cluster are organized with the following occupations: 1S 2 1P 6 1D 10 1F 14 2S 2 2P 6 1G 18 2D 6 1H 1 . The number of electrons does not exactly fit with shell closings numbers, but the pooling of electrons and the organization in shell contributes to the high stability of the cluster. Similar results are found for NbGe15.

HOMO-LUMO gaps

The HOMO-LUMO gap is one important parameter that characterizes the chemical stability of the small clusters. A small value of HOMO-LUMO energy gap corresponds to a high chemical reactivity while a large value is related to an enhanced chemical stability. The size dependence of the calculated HOMO-LUMO gaps for all the ground-state structures is shown in Figure 6. An oscillating behavior is observed in the evolution of HOMO-LUMO gaps as the size increases. The HOMO-LUMO gaps of metal doped germanium clusters are generally smaller than that of the corresponding pure germanium cluster which means the doping metal atom enhances the reactivity of relevant clusters and favors the apparition of the metallic behavior, especially for smallest clusters where the metal is located at an exohedral position. For the cage-like structures, VGe12-14 present clearly a higher gap than Nb-and Tadoped clusters, indicating that these clusters may have a relative low reactivity.

VIP, VEA and η

The vertical ionization potential (VIP) and the vertical electron affinity (VEA) are two important parameters which can determine the chemical stability behavior of the small clusters. The VIP is defined by the energy difference between the cationic E(MGen) + and neutral clusters calculated at the equilibrium geometry of the neutral MGen cluster, the VEA is the energy difference between the neutral E (MGen) and the anionic clusters calculated at the geometry of the neutral cluster, as given in the following equations:

VIP = E(MGen) + -E (MGen)

(4)

VEA = E(MGen) -E(MGen) - (5) 
Results are reported in Tables 1 and2 for NbGen and TaGen clusters and their evolution as a function of the cluster size are plotted in Figures 7 and8 respectively. VIP values are between 6 and 7.3 eV. An oscillating behavior is observed in the evolution of VIP for Nb and Ta doped germanium clusters. Local maxima are found for n = 10, 12, and 14. The effect of the doping is clearly visible for very small n and for n > 15 where the metal atom induces a significant decrease of the VIP, but for n = 10-15 the effect of the dopant is weak because the metal is highly coordinated in a compact cage.

In Figure 8 we see that the VEA is sensitive to the size and shows an increasing evolution with the increasing cluster size which indicates that the clusters with large size will capture an electron more easily. The metal doped Gen have a stronger VEA than the corresponding Gen+1 cluster, except for n=14.

The chemical hardness (η) is defined as the difference between the vertical ionization potential and electronic affinity as:

η = VIP-VEA (6) 
It is considered as a good parameter to understand the chemical stability of small clusters. The clusters with high values of hardness are less reactive [START_REF] Parr | Density Functional Theory of Atoms and Molecules[END_REF]. The size dependence of the chemical hardness for all MGen clusters are shown in Figure 9. The value of η presents a roughly decreasing evolution with increasing size for both NbGen and TaGen without peculiar values, except a local minima for n=11, already visible for Gen+1. In contrast the size dependence of η for V-doped Gen clusters highlights the size n = 14 which presents the highest stability.

3-3. Magnetic properties

The magnetic properties of the small Nb-Ta-Gen clusters is discussed on the basis of the total spin magnetic moment (TSMM) as the difference between the total Mulliken charge populations in spin up and spin down electrons. The calculated TSMM for all isomers are reported in Tables 1 and2. As we can see, the TSMM is generally equal to 1 µB except for the very small clusters where µ= 5µB for NbGe and 3µB for NbGe2,3. For TaGen clusters the TSMM is 5 and 3 µB for TaGe and TaGe2 respectively. Partial densities of states in Figure 10 in order to examine the contribution of different valence orbitals (s, p and d) of the components. The spin up densities is plotted as positive and the spin down as negative. For NbGe1 which have the high value of 5 µB, the TSMM is due to the contribution of two species by 4s and 4p orbitals of Ge and the 4d orbital of Nb atom. However, in the NbGe2 and NbGe3 clusters, the TSMM is mainly due to the 4d orbitals of Niobium atom. In the case of TaGen clusters all of the valence orbitals participate to the TSMM with a large contribution of the 5d orbital of the Tantalum atom. In all of other clusters the TSMM of the doping atom is quenched, it should be due to orbital hybridizations and charge transfers between M and surrounding Ge atoms.

Conclusion

First-principles DFT calculations have been performed to study the structures, stabilities, electronic and magnetic properties of Nb and Ta atoms doped germanium clusters, MGen (M= Nb, Ta and n=1-19). The growth pattern for MGen (M= Nb, Ta) shows that the M atom occupies a peripheral position for very small clusters (n < 10), while for n ≥ 10 the endohedral structures in which the germanium cage encapsulates the metal atom are strongly favored. The binding energy increases with the increasing cluster size for all MGen (M= Nb, Ta) clusters and the M atoms enhances the stabilities of doped clusters comparatively to that of the corresponding pure germanium cluster. This stability is related to the pooling of valence electrons from both germanium and metal atoms. TaGen clusters present the highest stabilities. TaGe15 and NbGe15 are predicted to present a relative high stability. All of the isomers of Nb and Ta doped germanium clusters have the total spin magnetic moment equal to 1 µB except for the very small size (n ≤ 3 for NbGen and n ≤ 2 for TaGen). PDOS analysis reveals the high total spin magnetic moment for the very small clusters is due to the contribution of the different valence orbitals with a large domination of 4d orbitals of Nb and 5d orbitals of Ta atoms. Finally, we hope that these results might be helpful for further theoretical and experimental investigations on future nano-sized materials.

Table 1. Symmetry group, binding energy Eb (eV/atom), HOMO-LUMO gap ΔE (eV), vertical ionization potential VIP (eV), vertical electron affinity VEA (eV), chemical hardness η (eV) and average bond length aGe-Ge and aGe-Nb (Å) for NbGen clusters. Data for the lowestenergy isomer are in bold. 
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 123 Figure 1. Lowest-energy structures and their corresponding isomers of NbGen (n=1-19) clusters. For each size, the lowest-energy isomer is indicated in bold.
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 4 Figure 4. Second-order energy differences ∆2E (eV) of the lowest-energy structures of MGen (M= V [31], Nb, Ta) (n=1-19) clusters.

Figure 5 .Figure 6 .

 56 Figure 5. Density of states (DOS) of TaGe15 for alpha spin electrons. For beta spin electrons, the 1H orbital is empty (doublet state). For each band, the Kohn-Sham orbitals are plotted. DOS for NbGe15 is very similar.

Figure 7 .

 7 Figure 7. Vertical ionization potential VIP (eV) of the lowest-energy structures of MGen (M= V [31], Nb, Ta) (n=1-19) clusters.
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 8 Figure 8. Vertical electron affinity VEA (eV) of the lowest-energy structures of MGen (M= V [31], Nb, Ta) (n=1-19) clusters.

Figure 9 .

 9 Figure 9. Chemical hardness (eV) of the lowest-energy structures of MGen (M= V [31], Nb, Ta) (n=1-19) clusters.

  

  

Table 2 .

 2 Symmetry group, binding energy Eb (eV/atom), HOMO-LUMO gap ΔE (eV), vertical ionization potential VIP (eV), vertical electron affinity VEA (eV), chemical hardness η (eV) and average bond length aGe-Ge and aGe-Ta (Å) for TaGen clusters. Data for the lowestenergy isomer are in bold.

	1 a-C∞v	1.230	0.704	5	6.645	0.697	5.948	-	2.592
	2 a-C2v	2.198	1.060	3	7.083	0.881	6.202	2.432	2.596
	b-D∞h	1.375	1.177	9	6.712	1.925	4.787	-	2.728
	3 a-C3v	2.370	0.406	3	6.242	1.551	4.691	2.682	2.695
	b-C2v	2.357	0.468	3	6.551	1.599	4.952	2.425	2.731
	c-Cs	2.024	0.261	5	6.902	2.057	4.845	2.466	2.627
	4 a-Cs	2.613	0.424	1	6.786	1.930	4.856	2.813	2.611
	b-C2	2.573	0.295	3	6.556	1.776	4.780	2.660	2.794
	c-C2	2.500	0. 507	3	6.386	1.600	4.786	2.548	2.598
	d-C2v	2.483	0.200	3	6. 660	2.276	4.384	2.486	2.725
	e-D2h	2.300	0.401	1	6.932	2.356	4.576	2.593	2.553
	5 a-C4v	2.829	0.901	1	7.269	2.262	5.007	2.770	2.631
	b-C1	2.750	0.721	3	6.658	2.073	4.585	2.703	2.685
	c-C1	2.687	0.527	1	6.896	2.144	4.752	2.680	2.649
	6 a-Cs	2.941	1.014	1	7.236	2.231	5.005	2.737	2.774
	b-Cs	2.856	0.366	3	6.273	1.802	4.471	2.749	2.812
	c-C1	2.796	0.630	3	6.397	1.695	4.702	2.744	2.804
	d-Cs	2.754	0.929	3	6.764	2.396	4.367	2.705	2.757
	e-C2v	2.704	0.334	3	6.849	2.557	4.292	2.759	2.661
	7 a-Cs	3.026	0.497	1	6.956	2.634	4.322	2.728	2.803
	b-Cs	2.992	0.837	1	6.711	1.773	4.938	2.724	2.752
	c-Cs	2.986	0.732	1	6.885	2.382	4.503	2.746	2.705
	d-C2v	2.924	0.737	3	6.356	1.899	4.457	2.740	2.641
	e-C1	2.846	0.602	1	6.554	2.442	4.112	2.657	2.811
	f-Cs	2.805	0.607	1	6.304	2.081	4.223	2.682	2.626
	8 a-C2v	3.113	0.852	1	6.811	2.582	4.229	2.759	2.834
	b-C1	3.022	0.908	3	6.890	2.495	4.395	2.648	2.805
	c-Cs	3.008	0.627	1	6.454	2.294	4.160	2.737	2.767
	d-C1	2.902	0.357	1	6.344	2.279	4.065	2.714	2.832
	e-Oh	2.776	0.460	3	7.041	2.854	4.187	3.001	2.599
	9 a-C1	3.069	0.551	1	6.770	2.535	4.235	2.745	2.860
	b-C1	3.043	0.884	1	6.739	2.328	4.411	2.718	2.773
	c-C2	3.027	0.446	1	6.975	2.954	4.021	2.700	2.770
	d-C2v	3.018	0.418	1	6.266	2.105	4.161	2.747	2.811
	e-Cs	2.977	0.476	1	6.573	2.455	4.118	2.757	2.755
	f-C1	2.971	0.723	1	6.401	2.113	4.288	2.762	2.784
	g-Cs	2.931	0.620	3	6.535	2.610	3.925	2.739	2.773
	10 a-C2	3.164	0.529	1	7.016	2.874	4.142	2.846	2.870
	b-C1	3.105	0.517	1	6.603	2.554	4.049	2.774	2.820
	c-Cs	3.042	0.663	1	6.550	2.364	4.186	2.796	2.725
	d-C1	2.964	0.540	3	6.136	2.299	3.837	2.810	2.846
	11 a-C2v	3.149	0.463	1	6.950	3.012	3.938	2.805	2.806
	b-Cs	3.112	0.595	1	6.745	2.779	3.966	2.754	2.865
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Graphical Abstract

TaGe 15 (C 2v ) Figure 10. Projected densities of states of NbGe1,2,3 and TaGe1,2 clusters. The Fermi level has been taken as the origin of the energy.