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) surface. With 3 coordinated Al atoms, the lateral vibration modes of the Al 3 -aza-starphene molecule magnet are largely frozen. Using the Kondo states, this opens the observation of the in-phase Al vertical atom vibrations and out-of-phase central phenyl vibrations.

On-surface coordination chemistry uses various metals (Au, Ag, Cu, Fe, etc.) and ligands (cyano, isociano, pyridyl, carboxylic chemical groups) resulting in the formation of different coordination complexes as compared to solution chemistry. [START_REF] Stepanow | Surface-Assisted Assembly of 2D Metal-Organic Networks That Exhibit Unusual Threefold Coordination Symmetry[END_REF][START_REF] Elschenbroich | Organometallics, 3rd, Completely Revised and Extended Edition[END_REF][START_REF]The Chemistry of Metal-Organic Frameworks: Synthesis, Characterization, and Applications[END_REF] For example, a threefold coordination is typically encountered using a single Au ad-atom on a Au(111) metal surface, [START_REF] Nakanishi | On-Surface Coordination Chemistry of Mono-, Di-, Tri-, and Tetracoordinated Gold-Cyanoarene Complexes on a Au(111) Surface[END_REF] but not in solution. [START_REF] Stepanow | Surface-Assisted Assembly of 2D Metal-Organic Networks That Exhibit Unusual Threefold Coordination Symmetry[END_REF][START_REF] Henningsen | Site-Dependent Coordination Bonding in Self-Assembled Metal-Organic Networks[END_REF][START_REF] Kumar | Two-Dimensional Band Structure in Honeycomb Metal-Organic Frameworks[END_REF] For a light non-transition-metal atom like aluminum, we have recently demonstrated that its oxidation state on a Au(111) surface is between Al(I) and Al(II) leading to the on-surface formation of a magnetic molecule after coordinating two Al ad-atoms to a tetrabenzophenazine non-magnetic molecule. [START_REF] Soe | On-Surface Atom-by-Atom-Assembled Aluminum Binuclear Tetrabenzophenazine Organometallic Magnetic Complex[END_REF] Such light-atom single molecule magnet magnetic molecule is not accessible in solution yet. Going a step further in intramolecular spin frustration and ordering, a doublet-singlet-doublet magnetic transition is also observed in solution for only a few organometallic complexes when coordinating not two but three d-electron transition-metal atoms. [START_REF] Moilanen | Strong Exchange Coupling in a Trimetallic Radical-Bridged Cobalt(II)-Hexaazatrinaphthylene Complex[END_REF][START_REF] Lemes | Impact of Nuclearity and Topology on the Single Molecule Magnet Behaviour of Hexaazatrinaphthynene-Based Cobalt Complexes[END_REF] We demonstrate here that this doublet-singlet-doublet transition can now be observed step-by-step by coordinating 1, 2 and 3 Al ad-atoms to a 1,8,9,16,17,24-hexaazatrianthracene (C36N6H18; HATA) long aza-starphene molecule also on the Au(111) surface. Furthermore, the coordination of 3 Al ad-atoms to HATA on a surface is freezing its lateral surface vibrational mode. Using the Kondo phenomenon, the onsurface Al 3 -HATA magnetic moment renders observable some of its very specific vertical vibrational modes like the in-phase 3 Al atoms vertical vibrations in the complex.

The HATA molecules were sublimated on a Au(111) UHV cleaned surface with a 583 K of sublimation temperature. Then, the sample was directly UHV transferred on the sample stage of our LT-UHV 4-STM where each LT-STM is performing like a single LT-UHV-STM. [START_REF] Yang | Single Atom Contact and Single Atom Manipulations at Low Temperature Using the New ScientaOmicron LT-UHV-4 STM[END_REF] When thermalized at liquid helium temperature (about 5.3 K in our set-up [START_REF] Soe | Low Temperature Two STM Probes Measurements of a Floating Chemical Potential Pb(111) Surface[END_REF] ), single Al ad-atoms were evaporated through a small window opened in our cryostat in the UHV. This Al ad-atom source is simply a small ultrapure Al wire entwined in a tungsten filament coil. The tungsten filament is joule heated up to a yellow-color during 60 s and the produced Al atoms guided using a little tantalum tube towards the Au(111) surface.

The sublimated HATA molecules are stabilized not only at the herringbone kinks of the Au(111) reconstructed surface but also attached to surface impurities on the terrace area without clustering.

To study the electronic structure of a bare HATA molecule near the Au(111) surface Fermi level energy, single molecules attached on impurities were detached one by one by STM tip mechanical manipulation i.e. reducing the STM tunneling junction resistance down to 15 MΩ. This STM manipulation protocol was also used to construct step-by-step the organometallic complexes with one HATA molecule and the deposited single Al adatoms. In this case, the STM tunneling junction resistance was below 50 MΩ in an STM "pushing" manipulation mode. [START_REF] Hla | Single-Atom Manipulation Mechanisms During a Quantum Corral Construction[END_REF] Figures 1a-1c are presenting a series STM images resulting from the step-by-step construction of Al x -HATA complexes up to x = 3 Al ad-atoms. During a single HATA STM tip molecular manipulation and reaching its first Al ad-atom, the HATA molecule systematically found a surface minimal potential energy location where this Al goes always in-between two HATA anthracene molecular branches, in-between the 2 nitrogens of the adjoining pyrazine molecular groups. Once the first Al is coordinated in-between those 2 nitrogens, HATA can be easily STM manipulated, carrying this Al. This structural stability permits us to further coordinate one and two more Al adatoms to HATA as presented in Figure 1. Following the number of Al ad-atoms coordinated to HATA, zero, 1, 2 and 3 protrusions are observed around the Al x -HATA complex center on the STM images. Furthermore, the STM contrast at its center is increasing according to the number of coordinated Al ad-atoms.

To better understand the on-surface conformation of those complexes, DFT electronic structure calculations with geometry optimization were performed using 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] PBE [START_REF] Perdew | Generalized Gradient Approximation Made Simple[END_REF] was used for the exchange and correlation functional and the core electrons were treated using the projector augmented method. [START_REF] Blöchl | Projector Augmented-Wave Method[END_REF] The wavefunctions were expanded using a planewave basis set with an energy cutoff of 400 eV. For the Au(111) surface adsorption, the missing van der Waals interactions were included using the Tkatchenko-Scheffler scheme. [START_REF] Tkatchenko | Accurate Molecular Van der Waals Interactions from Ground-State Electron Density and Free-Atom Reference Data[END_REF] The Au(111) surface was simulated using a slab of four layers in a 10 × 5√3 unit cell. The two upper layers, the molecule and the Al ad-atom positions were relaxed until all forces were smaller than 0.01 eV/Å. Relaxation was performed using the gamma-point sampling, while the properties of the electronic structure were calculated using a (3x3x1) k-point grid.

We 18 After constructing the Al x -HATA complexes one after the other, dI/dV tunneling spectroscopy measurements were performed on all those complexes including the bare HATA molecule. As presented in Figure 2, the STM tip apex was located where the dI/dV mapping is showing a large differential dI/dV conductance signal i.e. at the HATA center, at the end of one of its anthracene branches and at the Al coordination positions. For a voltage range above 500 mV (both polarities), dI/dV spectra of the bare HATA and of its Al x complexes correspond to the tunneling resonances of its low-lying valence electronic states as provided in the supporting information.

Zooming now around the Au(111) Fermi energy i.e. around zero bias voltage, dI/dV Kondo resonances were observed when positioning the STM tip apex at the center of the Al 1 -and Al 3complexes but not observed at the center of the bare HATA molecule nor at the center of its Al 2complex (Figure 2a). As already demonstrated on Au(111), even with no transition metal atom involved, the on-surface coordination of an aza-like aromatic molecule with Al ad-atoms is able to create non-integer spin states delocalized on the conjugated molecular core of this complex. [START_REF] Soe | On-Surface Atom-by-Atom-Assembled Aluminum Binuclear Tetrabenzophenazine Organometallic Magnetic Complex[END_REF] Here, we went a step further observing an on-surface doublet-singlet-doublet transition with no delectron transition metal atom involved. Such doublet-singlet-doublet transition is seldom observed in solution with organometallic transition metal complexes (see for example with hexaazatrinaphtynene (HAN)-based cobalt complexes [START_REF] Moilanen | Strong Exchange Coupling in a Trimetallic Radical-Bridged Cobalt(II)-Hexaazatrinaphthylene Complex[END_REF][START_REF] Lemes | Impact of Nuclearity and Topology on the Single Molecule Magnet Behaviour of Hexaazatrinaphthynene-Based Cobalt Complexes[END_REF] ) because of the structural flexibility of those complexes in solution that plays against spin ordering. 9,10 On-surface coordination chemistry is compensating this effect and gives access to other resonances as discussed below. With the dI/dV mapping around zero bias presented in Figure 2b, the spin-density distribution along the ligands can be unambiguously attributed to a Kondo-state. For example, the spin-density of the Al 1 -complex is distributed into specific molecular segments of the HATA molecule, i.e. at the center of the molecule and on the two anthracene branches enclosing this Al ad-atom, but nothing at the remaining anthracene molecular branch.

Looking at the electronic structure of the Alx-HATA complexes, we find that the Al1-and Al3complexes are spin polarized, as it can be observed on the DFT calculated projected densities of states (PDOS) (Figure 2c). This spin polarization can be understood by considering that each Al atom donates around two electrons, one to the molecule and one to the surface, such that each Al atom is in an oxidation state between Al(I) and Al(II) on the Au(111) surface. [START_REF] Soe | On-Surface Atom-by-Atom-Assembled Aluminum Binuclear Tetrabenzophenazine Organometallic Magnetic Complex[END_REF] When the number of Al atoms is odd, the molecule gets an odd number of electrons, which gives rise to an unpaired electron and therefore to spin polarization. We have also plotted the spin density maps (Figure 2d) which nicely agree with the experimental dI/dV maps around zero bias voltage presented in Figure 2b. In particular, we observe that for the Al1 complex there is no spin density on the anthracene arm opposite to the coordinated Al atom. (See in the supporting information, how the spin density is distributed around Al atoms).

For an Al 1 -complex and as presented in Figures 3c and3d, the shape of Kondo-Fano resonance recorded on the HATA molecular core and at the Al location is clearly different. Symmetric peaks are observed on the core and asymmetric ones at the Al location (Figure 3c). Furthermore, when an asymmetric resonance is observed on the molecular core, symmetric ones are detected at the Al (Figure 3d). Calculated Fano asymmetry q parameters 18 in Figure 3c are 40 and -3 on the core and at Al locations respectively but 2 and 40 in Figure 3d. Those q values are characteristics of the coupling strength between the magnetic states and the metallic continuum (here the Fermi sea of the gold surface). Since the Kondo effect is a screening effect of a magnetic impurity by conduction electrons, it includes a phase shift of the scattering process. [START_REF] Takada | Transmission Phase in the Kondo Regime Revealed in a Two-Path Interferometer[END_REF] The observed STM dI/dV Kondo resonances result from a coupling between tunneling electrons and this scattering electron cloud, whose character reflects the magnetic property of the impurity but also how it is adsorbed on the surface. Depending on the STM tip location, this large q difference is coming from the phase modulation of the tunneling electrons through the discrete Kondo state path. [START_REF] Kim | Effects of Broken Time-Reversal Symmetry on Transmission Zeros in the Aharonov-Bohm Interferometer[END_REF] As observed, q is changing drastically even after a small modification of the adsorption conformation or site by STM manipulation of the Al 1 -complex along the Au(111) surface (Figure 3a).

In the on-surface assembled Al 3 -complex, the HATA molecular core has no freedom to adopt different lateral surface conformations because as compared for example to the Al 1 -complex, it is laterally rigidified by its three Al coordinated atoms. As a consequence, symmetric Kondo-Fano resonances are recorded around the central core of the molecule. In addition, two pairs of satellite peaks can also be observed as presented in Figure 4a. They are associated with the opening of inelastic tunneling channels coming from molecular vibrational modes. [START_REF] Choi | A Single Molecule Kondo Switch: Multistability of Tetracyanoethylene on Cu(111)[END_REF] Generally, the opening of an inelastic tunneling channel is creating a step function in the first derivative (dI/dV) of its tunnel junction I-V characteristics i.e. a Lorentzian like d 2 I/dV 2 second derivative. Here for the Al 3 -complex, the intensity of the dI/dV characteristics rises abruptly while increasing the bias voltage but goes down gradually instead of remaining of high intensity according to a step function.

This inelastic tunneling feature is known as phonons induced processes assisted by the Kondo state instead of coming from the metal substrate bulk band. [START_REF] Chen | Phonon-Assisted Kondo Effect in a Single-Molecule Transistor out of Equilibrium[END_REF][START_REF] Fernández-Torrente | Vibrational Kondo Effect in Pure Organic Charge-Transfer Assemblies[END_REF] Since both inelastic tunneling phenomena occur due to the interactions of the molecular vibrations with the molecular complex manipulations we have on-surface constructed step by step a single molecule magnet where this doublet-singlet-doublet transition can be followed step-by-step using the Kondo effect on a Au(111) surface. With 3 coordinated Al atoms, we have also beneficiated from this structural freezing to record the inelastic signature of the in-phase Al vertical atom vibrations and of the outof-phase central phenyl vibrations in the Al 3 -molecular complex.
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The Supporting Information is available free of charge on the ACS Publications website. center of Al1-complex before and after the STM manipulation of this complex. ① Asymmetric shape with a peak at the negative energy side (Fano asymmetry parameter q = -5) just after the construction of the complex. ② After STM manipulating this complex laterally on the surface, the resonance becomes almost symmetrical (q = 40). ③ Further lateral manipulations resulted in an asymmetrical shape with a resonance peak on the positive energy side (q = 2). After the change by those lateral manipulation of resonance peak shape, the dI/dV spectra were recorded at different Each molecular vibration mode is collective motion here illustrated only with the corresponding core atoms. (d) a large series of spectra along the central line of the Al3-HATA complex. The low energy phonon peak can be followed along from -0.7 nm to 0.7 nm relative to the center of the molecule (blue painted). The high energy ones can be followed from -0.4 nm to 0.4 nm (purple).

  have explored different geometries of the HATA molecule on the surface by varying the adsorption site and considering the anthracene arms oriented along [101] and [112] directions. The most stable configuration has the center of the molecule on top of an Au atom with the arms along the [112] direction. The closest configuration is almost degenerated with an energy difference of just 8 meV. In this configuration, the center of the molecule is in a hollow position of the Au(111) surface and the anthracene arms are oriented along the [101] direction. Experimentally, the molecule is mainly found along this direction, so we will use this geometry in the discussion below. Following the experimental results, we have added 1, 2 and 3 Al atoms to the molecule in between the anthracene arms and we have relaxed the atomic positions. The optimized structures are shown in Figure 1d. The Al atoms stay at hollow positions of the surface and are coordinated to the N atoms of the molecule. The corresponding Figure 1c STM images were simulated using the STMpw code.
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 1 Figure 1. (a) From left to right, the one by one construction of the aluminum organometallic
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 2 Figure 2: (a) The dI/dV tunneling spectra around the Au(111) surface Fermi level recorded by
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 3 Figure 3: (a) the change of the dI/dV tunneling spectral shape (Kondo-Fano resonance) at the

  tip locations indicated in (b). The Kondo character of the resonances measured at the center of molecule (black colored) and at the end of the anthracene branch (blue colored) is the same in (c) and (d). However, the peak shape recorded on the Al sites (red colored) is different because of the change of the Al atom position. All smooth dotted lines are the Kondo fitting based on the Fano theory.[START_REF] Fano | Effects of Configuration Interaction in Intensities and Phase Shifts[END_REF] 
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 4 Figure 4: (a) The dI/dV spectrum exactly recorded at the center of the Al3-HATA molecular
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To open both channels, the molecular vibration eigenmodes must be well defined. This is not the case for the Al 1 -complex because its vibration modes are fuzzy due the lateral motion of the HATA molecule stabilized laterally on the Au(111) surface only by one Al ad-atom. As presented in Figure 4d, both vibration eigenmodes resonances are located around the HATA phenyl central core because their resonance tail overlaps with the central electronic Kondo resonance. At the inelastic peak positions, differential conductance maps were also recorded. They are strongly perturbed by the Kondo resonance as presented in Figure 4b. [START_REF] Soe | Direct Observation of Molecular Orbitals of Pentacene Physisorbed on Au(111) by Scanning Tunneling Microscope[END_REF] However, it is still possible to observe the difference between the low and high energy vibrational eigenmodes, i.e. whether or not the Al ad-atom mechanical oscillations are deeply entangled with the HATA molecular vibrations. From the vibration eigenmode analysis using DFT calculations, the low energy eigenmodes correspond to the Al ad-atoms and the phenyl central core oscillating perpendicular to the surface in opposite phase. (A detailed analysis is provided in the supporting information).

The high energy eigenmode is corresponding to the phenyl ν 14 mechanical mode. [START_REF] Wang | Intrinsic Molecular Vibration and Rigorous Vibrational Assignment of Benzene by First-Principle Molecular Dynamics[END_REF] Going from one to three coordinated transition metal atoms in solution, observing a doublesinglet-doublet magnetic transition in a organo-metallic molecular complex is generally difficult.

The main reason is that spin ordering is generally overshadowed by the deformation of the molecular structure due to spin frustrations. On a surface, such a molecular structure flexibility is largely frozen. As a consequence, and using LT-UHV STM single atom and molecule
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