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Recent advances in addressing and controlling the spin states of a surface-supported object -atom or molecule-have further accredited the prospect of quantum computing [START_REF] Gatteschi | Molecular Nanomagnets[END_REF][START_REF] Leuenberger | [END_REF][3] and of an ultimate data-storage capacity. 4 Information encoding requires that the object must possess stable magnetic states, in particular magnetic anisotropy to yield distinct spin-dependent states in the absence of a magnetic field together with long magnetic relaxation times. [5][6][7][8] Scanning probe techniques have shown that inelastic electron tunneling spectroscopy (IETS) within the junction of a scanning tunneling microscope (STM) is a good starting point to study the stability of these spin states. STM-IETS allows for an all-electrical characterization of these states by promoting and detecting spin-flip excitations within the object of interest. [9][10][11][12][13][14] It can also provide an electrical control over these states, 15 simplifying the information readout process. As spin excitations need however to be preserved from scattering events with itinerant electrons, single objects are usually placed on non-metallic surfaces such as thin-insulating layers 7,8,16,17 or superconductors. 18 is preserved in different environments and we explain the remarkably efficient spin-flip mechanism it exhibits. The chemical structure of nickelocene consists in a Ni atom sandwiched between two cyclopentadienyl rings (C 5 H 5 , Cp hereafter), endowing nickelocene with an electronic structure (a 1g ) 2 (e 2g ) 4 (e 1g ) 2 of spin S = 1 in the gas phase (Fig. 1a). 19 We prove that the molecular spin does not change upon adsorption on a metallic surface. In particular, by attaching a nickelocene to the tip apex of a STM, we show that two spin-flip excitations can be sequentially triggered, resulting in a large enhancement of the inelastic signal as illustrated by the IETS acquired above a surface-supported Nc. This unique situation can be achieved due to the chemical stability, the presence of magnetic anisotropy, the full preservation of the Nc spin on the tip apex, or more generally in a metallic environment, and the extremely efficient spin-flip excitation of this molecule.

To benchmark the electronic and magnetic properties of a Nc-terminated tip, we investigated first the nickelocene adsorption on a Cu(100) surface using a metal tip. The ring-shaped pattern visible in Fig. 1b indicates that individual nickelocene molecules bind to the surface through a Cp ring, while the other Cp ring is exposed to vacuum (see Methods for experimental details in the sample preparation). In particular, the Cp ring is centered on a hollow position of Cu(100) most likely adopting the D 5h symmetry (eclipsed configuration). 20 Figure 1c presents the differential conductance (dI/dV ) versus bias (V ) spectrum of an isolated Nc molecule by positioning the tip above the Cp ring, together with its numerical derivative. As shown, the dI/dV is small near zero bias (Fig. 1c) with symmetric steps (5±1) times higher in conductance at an energy of |3.2±0.1| meV (the uncertainty translates the tip-dependency observed). Since the vibrational excitations of nickelocene adsorbed on the surface can be a priori discarded in this energy range, 21 the differential conductance steps reveal the occurrence of spin-flip excitations within the molecule. In view of the spin 1 character predicted upon adsorption on Cu(100), 20 these excitations occur between the ground state (S=1, M =0) and the doubly-degenerated (S=1, M =±1) excited states of the (red circle) off-normal incidence under a 6.5 T field as a function of temperature. The dashed lines correspond to simulations (see supplementary material) for a S = 1 system with a magnetic anisotropy of D = 3.2 meV; the simulations are scaled to the data by a factor 0.8. Note that the magnetic field is parallel to the X-ray beam.

molecule. The threshold energy observed in IETS corresponds then to a direct measurement of the longitudinal magnetic anisotropy energy, D (see Supporting Information).

To further characterize the magnetic origin of the excitation, we performed X-ray magnetic circular dichroism (XMCD) measurements in a magnetic field of 6.5 T on a collection of individual Nc molecules on Cu(100) (see Methods and fig. S1). The top panel of Fig. 2a shows X-ray adsorption spectra (XAS) recorded at the L 2,3 edges of Ni for left and right circularly polarized light. The panel below presents the difference between them, the so-called XMCD spectrum. Having a clear dichroic signal is already an indication of the magnetic character of nickelocene on Cu(100). Figure 2b shows the evolution of the signal maximum at the Ni L 3 edge as a function of the temperature for grazing (red dots, θ = 60 • ) and normal (black dots, θ = 0 • ) incidence of the applied magnetic field. At low temperature, the signal shows a clear angular dependence revealing the existence of an easy magnetization direction, more specifically of an easy plane perpendicular to the molecular axis. For the sake of comparison, we have simulated in Fig. 2b the magnetization of a S = 1 system under an external field of 6.5 T and possessing a magnetic anisotropy of D = 3.2 meV as determined by STM (see details of the simulation in the Supporting Information). Based on the XMCD results, we can assert that D is positive, implying that M = 0 corresponds to the ground state of nickelocene and the M = ±1 to the excited state.

The magnetic properties of isolated nickelocene turn out to be robust against external perturbations, possibly owing this behavior to the cyclic π* orbital of the Cp rings sandwiching the Ni atom. This differentiates Nc from other systems reported so far 4,8,10,22 in which the local environment is a crucial factor determining the magnetic anisotropy and/or the spin. At higher coverages, for example, where Nc molecules self-assemble following a T-shaped geometry (Fig. 3b) typical for metallocenes, 20,23 no difference was observed in the IETS spectra of upstanding molecules within the layer (Fig. 3a). We have checked the impact of the surface symmetry by changing to Cu(111), also resulting in no difference for isolated or self-assembled nickelocene (Fig. 3a). Supporting these findings, we note that the spin 1 character and magnetic anisotropy are consistent with existing macroscopic measurements of Nc powder samples and crystallites 24,25 or matrix embedded samples 26 where D ranges from 3.17 meV to 4.16 meV; recent theoretical calculations for gas-phase Nc also predict D to be close to 5 meV. 27 In the following, we exploit such robustness to produce a portable source for spin-flip excitations by attaching a single nickelocene to the tip apex of the STM.

Similarly to previous works in which the STM tip was functionalized with atomic pointlike probe-particles [28][29][30][31][32][33][34][35] or larger organic molecules, 36,37 we can transfer a Nc to our monoatomic tip apex by approaching the tip to the target molecule at -1 mV and 50 pA. This condition corresponds to a molecule-tip distance of 1.3 Å closer than the usual distances in the tunneling conditions in which we acquire the spectrum (-30 mV and 100 pA) (Figs. 3c and3d). The tip functionalization is reversible, i.e., in the same way the molecule goes to the tip it can be released back to an atom on the surface (+1 mV), indicating that the molecule remains intact during the transfer process. Counter-images of the molecular tip acquired above a Cu atom (inset of Fig. 3d) confirm the presence of a nickelocene molecule. The half-moon shape that is observed can be easily assigned to a tilted Nc. 38 The nickelocene on the tip exhibits similar magnetic properties as previously seen for nickelocene on the surface (Figs. 3a and4a). IETS acquired with such a molecular tip above the bare surface reveals a larger magnetic anisotropy of D = (3.7 ± 0.3) meV and conductance steps up to (9±1) times higher compared to the elastic conductance alone. The large step height observed experimentally in the conductance reflects a highly efficient spin-flip excitation that can be explained using a multichannel T -matrix approach due to the interference of two spin-channels with different symmetries, an effect not seen in previous experiments where only one channel prevails (see Supporting Information). The conductance above the inelastic threshold can be almost one order of magnitude larger than the elastic conductance, with some dependence on the STM tip employed for the measurements.

The magnetic properties of the molecular tip are computed by fully-relaxing a single nickelocene atop a Cu atom adsorbed on Cu(100). In Figs. 3e-g, the spin density of Nc in Finally, to exemplify the effect of having a functionalized Nc tip we acquired IETS spectra above of a Nc molecule adsorbed on the surface using a molecular tip (see Fig. 4a-c). In this case, along with the conductance steps at ∆ = |3.4 ± 0.2| meV, a new set of prominent steps appears at |6.9 ± 0.4| meV, which are the signature of a double spin-excitation process sequentially involving the nickelocene on the tip and on the surface, or vice versa. These inelastic processes can be directly detected in the I(V ) curve shown in Fig. 4d. To explain the origin of these steps, we suppose first, for simplicity, that the molecules on the tip and on the surface have the same threshold energy ∆. When a tunneling electron has an energy below ∆ (region 1) only elastic tunneling processes can take place (Fig. 4e). Above that threshold but below 2∆ (region 2), one of the molecular spins, either the one on the tip or the one on the surface, can be excited (Fig. 4f). Above 2∆ (region 3) a tunneling electron has sufficient energy to excite inelastically both molecules (Fig. 4g). Taking now into account the slightly different threshold energies as evidenced above for Nc on the tip (3.7 meV) and on the surface (3.2 meV), we find that their sum nicely matches the threshold energy found for a double excitation. In principle, in region 2 two additional steps (at 3.2 meV and 3.7 meV) rather than one (3.4 meV) should be observed, but their detection is beyond our energy resolution.

The most prominent effect associated to the double spin excitation is the drastic enhancement of the conduction step height observed at 2∆ (a factor 43 with respect the elastic signal in the spectrum of Fig. 4b) that we explain as follows. Let us suppose that the conductance is proportional to the probability of taking one electron from one electrode (tip) into the other electrode (surface), in other words that the conductance is proportional to the T -matrix modulus squared (see Supporting Information). Since the T -matrix has now spin degrees of freedom in the tip and on the sample, we denote the new matrix elements as T n,m where n is the number of excitations of the tip and m the number of excitations of the sample. Then, the conductance will be proportional to

∑ n,m |T n,m | 2
, with a sum on the excitations since the channels are supposed independent. In this case, T 0,0 corresponds to the elastic transmission of an electron from the tip to the surface or vice versa (region 1). T 1,0 and T 0,1 correspond to the case in which there is only one inelastic event during the process, i.e., in the molecule on the tip, or on the surface. Finally, T 1,1 is related to the probability of an electron being transmitted inelastically between the electrodes exciting both molecules. Hence, if the applied bias is high enough to open the first excitation channel for the molecules on the tip and on the sample (region 3), we obtain that the conductance

is proportional to |T 0,0 | 2 + |T 1,0 | 2 + |T 0,1 | 2 + |T 1,1 | 2 .
The observed inelastic versus elastic ratios show tip dependency. Considering the maximum step height values we observed, we have for the Nc on the tip that (|T 1,0 | 2 + |T 0,0 | 2 )/|T 0,0 | 2 ≈ 9 and for the Nc on the surface

(|T 0,1 | 2 + |T 0,0 | 2 )/|T 0,0 | 2 ≈ 6.
Since the excitations of the molecule on the tip and on the sample are independent, the relative transmission probability of a double spin-flip excitation

to occur is approximately |T 1,0 | 2 |T 0,1 | 2 /|T 0,0 | 4 = |T 1,1 | 2 /|T 0,0 | 2 ≈ 8 • 5 = 40. The conductance is then in region 3, (|T 0,0 | 2 + |T 1,0 | 2 + |T 0,1 | 2 + |T 1,1 | 2 )/|T 0,0 | 2 =1+6+9+40
, this is 56 times higher than the elastic conductance alone (region 1).

To summarize, we have shown how the spin of a nickelocene molecule is preserved in different situations; isolated, self-assembled on a metallic surface or even in the tip apex.

The remarkably efficient inelastic spin-flip mechanism exhibited by the molecule has been explained using a T -matrix approach due to the interference effect of the two spin-channel symmetries. The tip-functionalization has been used to trigger a double molecular spin-flip excitation leading to an enhancement of the inelastic signal in spin-flip spectroscopy. On a more fundamental note, the portability of the spin-flip excitations, whether of nickelocene or eventually of other molecules, could serve as a spin-sensitive probe (with or without magnetic field) and thereby provide quantitative spin-dependent STM data.

Methods

Tip and sample preparation

The Cu(100) and Cu(111) samples were cleaned by repeated Ar + ion bombardment and annealing at 810 K. The nickelocene (Nc) molecules were deposited onto the copper surfaces by sublimating a nickelocene powder purchased from Sigma-Aldrich. Given the low vapor pressure of nickelocene, 40 the powder sublimation occurs at room temperature in vacuum.

The nickelocene powder was first purified for 5 hours at a pressure close to 10 -6 mbar; nickelocene deposition was carried out at room temperature in ultra-high vacuum through a gate valve onto the copper surfaces kept at temperatures ranging from 70 to 150 K. The pressure during deposition was 7•10 -10 mbar, while the deposition rate was 0.025 monolayer/min. The copper samples were subsequently cooled down to the working temperature.

Inelastic electron tunneling spectroscopy (IETS)

The tunneling spectra were acquired with an ultra-high vacuum scanning tunneling microscope operated at 2.4 K at a base pressure below 10 -10 mbar. Electrochemically etched W tips were cleaned by Ar-ion sputtering and indented in vacuo into the pristine copper surfaces to ensure a flat electronic structure in the bias range of interest. The differential conductance, dI/dV , was measured by means of a lock-in amplifier using a modulation of 150 µV rms at 722 Hz. In order to precisely extract the threshold energy of the spin-flip excitation, we fitted the IETS spectra with the expression of Ref. 41 The d 2 I/dV 2 versus V spectra were obtained by numerically deriving the dI/dV spectra.

X-ray magnetic circular dichroism (XMCD)

The XMCD measurements were carried out at the DEIMOS beamline of synchrotron SOLEIL (Saint-Aubin, France) by using circularly polarized light at a temperature ranging from 3.4 to 85 K with a maximum magnetic field of 6.5 T. The samples were prepared following the same procedure used for the STM measurements, using a low coverage within the isolated molecule regime. In our XMCD measurements the applied static magnetic field is parallel to the photon beam direction (fig. S1), which impinges on the sample surface with an angle θ. The angle θ = 0 • defines the normal incidence, and θ = 60 • the grazing incidence. Since isolated nickelocene molecules adsorb with the molecular axis perpendicular to the surface, for simplicity we define the z-axis along the molecular axis. The magnetic field is then in the (x, z) plane.

DFT

Our calculations were done in the framework of Density Functional Theory (DFT) as implemented in the Vienna ab-initio Simulation Package (VASP) 42,43 using the projectoraugmented wave (PAW) 44 formalism. We adopted the exchange correlation functional with the spin-polarized generalized gradient approximation (GGA) 45 with the PBE 46 form. The wave plane expansion has a kinetic energy cut-off of 800 eV. Partial occupancies were determined by the Methfessel-Paxton scheme considering a smearing of 0.2 eV. The Cu(100) surface was modeled using a supercell built up of five Cu atomic layers and additional vacuum in the Z direction (19 Å), large enough to avoid residual interactions with periodic images.

The nickelocene molecule was placed in a 6 × 6 surface unit cell of Cu(100) with the longer axis perpendicular to the surface, i.e., in a vertical position. The adsorbed Cu atom was placed in a hollow adsorption site according to a previous geometric optimization. 20 The two topmost copper layers, the molecule and the adsorbed Cu atom were allowed to relax until the forces on the individual atoms were less than 0.01 eV Å-1 together with an electronic convergence criterion of 10 -7 eV Å-1 . All calculations were performed for the Γ k-point in the first Brillouin zone of the supercell.

To obtain the magnetic anisotropy energy (MAE) within the DFT framework we included the Spin Orbit Coupling (labelled SOC) as implemented in VASP by Kresse and Lebacq. [START_REF] Kresse | VASP manual[END_REF] The Magnetic Anisotropy Energy (labelled MAE) is defined as

M AE = E SOC || -E SOC ⊥ , ( 1 
)
where E SOC || and E SOC ⊥ correspond to the energy obtained including the spin orbit interaction while considering the spin axis respectively parallel and perpendicular to the metallic surface.

Both energies were calculated from a previous relaxed magnetic ground state, with no further relaxation. According to the MAE sign one can distinguish two possible cases. When MAE is positive (negative), the E SOC ⊥ (E SOC

||

) is more stable yielding a magnetic easy axis along the perpendicular (parallel) direction with respect to the surface. As the order of magnitude of the MAE value is several times lower than the total energy of the system, the accuracy determining each energy value is crucial. For that reason different calculation parameters such as the energy cut-off, smearing width, and convergence thresholds were thoroughly checked in order to obtain a good compromise between precision and computational effort.
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 12 Figure 1: Spin-flip excitations of a single Nc molecule. (a) Energy diagram of the zero-field splitting for Nc. The ground state is S=1, M =0 and the degenerate excited states correspond to S=1, M =±1. (b) STM topography (14.5 × 14.5 nm 2 , -15 mV, 20 pA) of Nc molecules adsorbed on a Cu(100) surface. Inset: Nc structure calculated by DFT. White, grey and green atoms correspond to H, C and Ni atoms. (c) Differential conductance spectrum and its derivative measured at 2.4 K acquired at 50 pA and -15 mV. The spectrum was measured by means of a lock-in amplifier using a modulation of 150 µV rms at 722 Hz. The d 2 I/dV 2 versus V spectrum was obtained by numerically differentiating the dI/dV spectrum.

Figure 3 :

 3 Figure 3: Nc molecule in different environments. (a) Second derivative of the differential conductance measured for three different environments: isolated Nc adsorbed on Cu(111) (in blue), Nc within the molecular self-assembled monolayer on Cu(100) (in green) and Nc adsorbed on the tip (in red). The spectra were taken with different feedback parameters and overlaid to highlight the different bias thresholds. (b) STM topography of the self-assembled Nc molecules forming a compact arrangement on Cu(100). Images (c) before and (d) after the transfer of Nc to the tip. The protrusion on the left corresponds to a Cu atom. With the Nc-terminated tip, the Cu atom exhibits a molecular pattern as visible in the inset of panel (d). (e-g) Calculated spin density (majority spin in red, negligible minority spin) and total electron density (grey transparent) of gas phase Nc with MAE= -1.54 meV (e), adsorbed Nc on Cu(100) with MAE= -1.27 meV (f) and adsorbed Cu-Nc on Cu(100) with MAE= -1.49 meV (g). A negative MAE corresponds to an easy plane, in other words to a positive value of D. The isosurface of the spin (total electron) density is 0.02 (1.3) electron per Å3 . Vertical heights are given in Å. Image parameters: (b) 18 × 18 nm 2 , -20 mV, 20 pA, (c) and (d) 3.5 × 3.5 nm 2 (Inset of panel d: 1.5 × 1.5 nm 2 ).

Figure 4 :

 4 Figure 4: Double spin-flip excitation. (a) dI/dV spectrum of a Nc-terminated tip above Cu(100). Panel (b) and (c) show the dI/dV spectrum of a Nc molecule measured with a Nc-terminated tip and its derivative. Three tunneling regimes are highlighted (see text) indicated by regions 1, 2 and 3. To record the spectra the feedback loop was opened at 100 pA and -40 mV. Note that the different elastic background observed in (a) and (b) is due to a larger tip-surface distance in (b). Panel (d) presents the I(V ) curve showing the opening of the inelastic channels. Panels (e) to (g) present a sketch of the different tunneling mechanisms: (e) there is only elastic tunneling of electrons; (f) the spin of just one of the molecules is excited. In this case the excitation of the molecule on the tip from M = 0 to M = +1 is shown, (g) both molecules undergo spin-flip excitations.
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