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Structural and Magnetic Properties of a Drop-Cast C 54 H 34 Br 4 CuO 4 β-Diketonato Complexes Film on a Graphite Surface at 2 K

The structural and magnetic properties of a drop-cast film of flat C 54 H 34 Br 4 CuO 4 , a βdiketonato complex functionalized with bromine atoms, on a graphite surface are investigated using scanning tunneling microscopy and synchrotron X-ray absorption spectroscopy and Xray magnetic circular dichroism. Experimental measurements reveal that the Cu-complexes preferentially lay flat on the graphite surface. The magnetic hysteresis loops show that the 1 organic thin film remains paramagnetic at 2 K with an easy axis of magnetization perpendicular to the graphite surface and is therefore perpendicular to the plane of the Cu-complex skeleton.

Introduction

Magnetism in two-dimensional (2D) materials is the focus of recent research interest due to the exciting properties emerging at nanoscale and and the potential of these materials for applications ranging from spintronics, quantum computing to optical communications. [START_REF] Elahi | A review on Two-Dimensional (2D) Magnetic Materials and their Potential Applications in Spintronics and Spin-Caloritronic[END_REF][START_REF] Wang | The Magnetic Genome of Two-Dimensional van der Waals Materials[END_REF][START_REF] Jiang | Recent Progress on 2D Magnets: Fundamental Mechanism, Structural Design and Modification[END_REF][START_REF] López-Cabrelles | Chemical Design and Magnetic Ordering in Thin Layers of 2D Metal-Organic Frameworks (MOFs)[END_REF] Magnetic 2D organic materials can be engineered taking advantage of the self-assembly of molecular magnets. The magnetic properties of such 2D materials are expected to not only depend of the intrinsic magnetic properties of the individual building blocks but also their arrangement. Controlling the properties of self-assembled magnetic nanoarchitecture requires a precise assessment of self-assembly processes as well as a detailed characterization of the material structure combined with proper magnetic properties characterization.

Selective and directional intermolecular interactions allow controlling molecular assembly into specific arrangements. Large scale 2D self-assembled organic nanoarchitectures stabilised by hydrogen-bonds have thus been achieved. [START_REF] Yagai | Supramolecularly Engineered Functional π-Assemblies Based on Complementary Hydrogen-Bonding Interactions[END_REF][START_REF] Xu | Hydrogen-Bonding-Induced Polymorphous Phase Transitions in 2D Organic Nanostructures[END_REF][START_REF] Tanioku | Thermochromism and Structural Change in Polydiacetylenes Including Carboxy and 4-Carboxyphenyl Groups as the Intermolecular Hydrogen Bond Linkages in the Side Chain[END_REF][START_REF] Hu | STM Investigation of Structural Isomers: Alkyl Chain Position Induced Self-Assembly at the Liquid/Solid Interface[END_REF][START_REF] Priimagi | Efficient Surface-Relief Gratings in Hydrogen-Bonded Polymer-Azobenzene Complexes[END_REF][START_REF] Hu | Structural Transition Control Between Dipole-Dipole and Hydrogen Bonds Induced Chirality and Achirality[END_REF][START_REF] Hieulle | Localized Intermolecular Electronic Coupling in Two-Dimensional Self-Assembled 3,4,9,10-perylenetetracarboxylic Diimide Nanoarchitectures[END_REF][START_REF] Barth | Molecular Architectonic on Metal Surfaces[END_REF][START_REF] Uemura | Two-Dimensional Self-Assembled Structures of Melamine and Melem at the Aqueous Solution-Au(111) Interface[END_REF][START_REF] Silly | Two-Dimensional 1,3,5-Tris(4-carboxyphenyl)benzene Self-Assembly at the 1-Phenyloctane/Graphite Interface Revisited[END_REF][START_REF] Shen | Structure of Isophthalic Acid Based Monolayers and its Relation to the Initial Stages of Growth of Metal-Organic Coordination Layers[END_REF][START_REF] Temirov | A Novel Method Achieving Ultra-High Geometrical Resolution in Scanning Tunnelling Microscopy[END_REF][START_REF] Chen | Globally Homochiral Assembly of Two-Dimensional Molecular Networks Triggered by Co-Absorbers[END_REF][START_REF] Liang | Two-Dimensional Molecular Porous Networks Formed by Trimesic Acid and 4,4'Bis(4-pyridyl)biphenyl on Au(111) through Hierarchical Hydrogen Bonds: Structural Systematics and Control of Nanopore Size and Shape[END_REF][START_REF] Gardener | Intricate Hydrogen-Bonded Networks: Binary and Ternary Combinations of Uracil, PTCDI, and Melamine[END_REF][START_REF] Sun | Tailoring Two-Dimensional PTCDA-melamine Self-Assembled Architectures at Room Temperature by Tuning Molecular Ratio[END_REF][START_REF] Räisänen | Effects of Pore Modification on the Templating of Guest Molecules in a 2D Honeycomb Network[END_REF] In contrast self-assembled halogen-bonded 2D organic structures have only been recently investigated. In this paper we synthesise a flat β-diketonato copper complex with bromine substituent to trigger the formation of magnetic organic 2D material stabilized by halogen-bonds on a graphite surface. Molecular self-assembly is investigated using scanning tunneling microscopy and XNLD (X-ray Natural Linear Dichroism). The magnetic properties of the organic layer is assessed using the high sensitivity of XMCD (X-ray Magnetic Circular Dichroism). The chemical structure of the β-diketonato copper complex (Cu(II)(bbbpd ) 2 ) is presented in Figure 1. This 2-fold symmetry complex is a H-shaped complex. The closest coordination environment of the copper atom is formed by four oxygen atomes belonging to two acetylacetonate type ligands. Bromine atoms are located at the apex of the four complex arms. The Bromine atom separations are 21.1 Å and 15.3 Å.

Solutions of the complexes in 1-phenyloctane (Aldrich) were prepared. A droplet of the solutions was then deposited on a graphite substrate. STM imaging of the samples was performed at the liquid-solid interface using a Pico-SPM (Molecular Imaging, Agilent Technology) scanning tunneling microscope. Cut Pt/Ir tips were used to obtain constant current images at room temperature with a bias voltage applied to the sample. Scanning Tunneling Microscopy (STM) images were processed and analyzed using the application FabViewer. [START_REF] Silly | A Robust Method For Processing Scanning Probe Microscopy Images and Determining Nanoobject Position and Dimensions[END_REF] The chemical selected magnetization loops, the XMCD and the XNLD have been measured on the DEIMOS beamline at SOLEIL Synchrotron. [START_REF] Ohresser | A Beamline Dedicated to Dichroism Measurements in the 350-2500 eV Energy Range[END_REF][START_REF] Joly | Fast Continuous Energy Scan with Dynamic Coupling of the Monochromator and Undulator at the DEIMOS Beamline[END_REF] All the X-ray Absorption Spectroscopy (XAS) measurement presented in this paper have been performed at a low temperature of 2 K in a cryomagnet with a base pressure of 1.10 -10 mbar. The photon flux has been reduced at the low-est (typically 6.10 9 ph/s) to avoid any possible beam damage. The typical edge jumps are around few percent of the background and to obtain a good statistic a typical dichroism measurement (XMCD or XNLD) is obtained by taking thirty two XAS spectra recorded with opposite orientation of the magnetic field (for the case of XMCD) and flipping the helicity of the light. XAS has been measured for horizontal and vertical linear polarizations at grazing incidence to determine the adsorption geometry of the molecules on the surface. The XMCD spectrum corresponds to the difference of the XAS spectra measured with left and right helicity of the light while XNLD is obtained using vertical and horizontal linear polarized light. For the sake of simplicity, we will call µ + , µ -, µ H and µ V the absorption coefficient of respectively left-, right-circular, horizontal and vertical linear polarized light.

Results

Scanning Tunneling Microscopy (STM)

The STM image in Figure 2 shows the graphite surface after deposition of a droplet of the Cucomplex in 1 -phenyloctane. Molecules self-assemble into a large-scale 2D organic porous nanoarchitecture at the interface with the graphite surface. The organic network is composed of parallel rows of molecules. Neighboring rows are shifted along their axis by half a complex-length. The model of the molecular arrangement is superimposed to the experimental STM image in Figure 2.

The network unit, containing one molecule, is represented by dashed purple lines. The unit cell of this porous structure is a parallelogram with 2.5 ± 0.1 nm and 2.6 ± 0.1 nm unit cell constants 

X-ray Natural Linear Dichroism (XNLD)
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The sample is then introduced into the UHV chamber, achieving solvent evaporation in order to perform XAS measurements. The orientation of the molecules adsorbed on the surface is now investigated using XAS spectroscopy, [START_REF] Willey | Electronic Structure Differences Between H2-, Fe-, Co-, and Cu-phthalocyanine Highly Oriented Thin Films Observed using NEXAFS Spectroscopy[END_REF][START_REF] Baby | Phthalocyanine Reactivity and Interaction on the 6H-SiC(0001)-(3 × 3) Surface Investigated by Core-Level Experiments and Simulations[END_REF] Figure 3. The electronic anisotropy of the sample structure at a temperature of 2 K is assessed by linear polarization at a grazing incidence of θ = 45 • , Figure 3. The µ V and µ H polarizations are probing the in-plane and out-of plane electronic configuration, respectively. The XNLD curve in blue corresponds to the difference between the µ Hµ V spectra.

Several peaks are observed in the XAS spectra, Figure 3,top. Kuterasinskiet al. showed that the copper oxidation state (Cu + and Cu 2+ ) of Cu-complexes are revealed by the XAS spectroscopy. [START_REF] Kuterasiński | Reduction and Oxidation of Cu Species in Cu-Faujasites Studied by IR Spectroscopy[END_REF] Comparison of the peaks in Figure 3 with those observed in the litterature displays that the main peaks observed in Figure 3 at the Cu-L 2,3 edges (red and black curves for µ H and µ V polarisations) corresponds to the signature of the Cu 2+ species. The smaller contribution visible at higher energy corresponds to the Cu + lower oxidation state. [START_REF] Kuterasiński | Reduction and Oxidation of Cu Species in Cu-Faujasites Studied by IR Spectroscopy[END_REF][START_REF] Jiang | Experimental and Theoretical Investigation of the Electronic Structure of Cu 2 O and CuO Thin Films on Cu(110) using X-ray Photoelectron and Absorption Spectroscopy[END_REF][START_REF] Davó-Quiñonero | Insights into the Oxygen Vacancy Filling Mechanism in CuO/CeO 2 Catalysts: A Key Step Toward High Selectivity in Preferential CO Oxidation[END_REF] The XAS spectra in Figure 3,top establishes that the presence of Cu + species is drastically smaller than the one of the Cu 2+ species.

An XNLD signal is observed for the L 2,3 edges of Cu 2+ but not for the Cu + contribution. This observation first confirms that planar conformation of the Cu 2+ β-Diketonato complexes (Figure 1) on HOPG, as observed by STM (Figure 2). The flat Cu 2+ β-diketonato copper complex possesses in it center a Cu 2+ ion with in-plane d x 2 -y 2 orbitals. As the dichroism in the XAS spectra is maximal for the electric field (E) parallel the surface plane and minimal for E oriented out of plane, this indicated that the complex planar skeleton preferentially lies parallel to the plane of the HOPG surface.

No XNLD signal is observed for Cu + β-Diketonato complexes. This observation confirms that the Cu + complexes have a non-planar molecular conformation, as previously observed. 55

X-ray Magnetic Circular Dichroism (XMCD)
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Cu-L edges The magnetic properties of the Cu-complex thin film on HOPG are now investigated using XAS with circularly polarized light to determine the XMCD signal, Figure 4,top. The XAS spectra at the Cu L 2,3 edges are recorded at the normal (θ = 0 • ) and grazing (θ = 45 • ) and a temperature of 2 K and under a magnetic field B = 3 T. Significant circular dichroism is visible in the XAS spectra for the Cu 2+ state of the Cu-complex, Figure 4,bottom. This indicates that the organic film has a nonzero magnetization under an applied field of 3 T. The resulting XMCD spectra (difference between the absorption of µ -and µ + circular polarized light), recorded at normal incidence (θ = 0 • ) and grazing incidence (θ = 45 • ) show a larger contribution for the normal geometry , with a value of ∼30% at the Cu-L 3 edge at normal incidence and 25% at the θ = 45 • grazing incidence.
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Figure 5: Magnetic hysteresis loops measured at 2 K on the copper β-Diketonato complex film on HOPG at the normal incidence (θ = 0 • , red curve) and the grazing incidence (θ = 45 • , blue curve). The measurements have been normalized in intensity to the corresponding XMCD signal (see Figure 4.)

Figure 5 shows the magnetization curves of the Copper β-Diketonato complex film on HOPG at a normal incidence (θ = 0 • ) and at a grazing incidence (θ = 45 • ) at 2 K. These curves are obtained by recording the variation of the maximum Cu-L 3 XMCD intensity with the applied magnetic field.

Figure 5 reveals that the magnetization curves are not saturated at 2 K for 5 T with a paramagnetic shape for both geometries. This shows that the molecular film has a paramagnetic behaviour with a small anisotropy favouring out-of-plane geometry.

Discussion

A solution of β-Diketonato complexes with bromine substituents (Figure 1) has been deposited onto a HOPG surface. STM at the solid-liquid interface reveals that the molecules self-assembled into a porous nanoarchitecture stabilized by halogen-bonds and van der Waals interactions, Fig- A signal of ∼20% is observed in the XNLD spectrum at the Cu-L 3 edge at grazing incidence.

This shows that the molecules laying parallel to the plane of the HOPG surface. The central Cu 2+

ion surrounded by for oxygen atom in the flat β-Diketonato skeleton has an in-plane d x 2 y 2 orbital geometry. The Cu 2+ ion surrounded by four nitrogen atoms in the square-planar phthalocyanine skeleton also has d x 2 y 2 electronic structure. [START_REF] Willey | Electronic Structure Differences Between H2-, Fe-, Co-, and Cu-phthalocyanine Highly Oriented Thin Films Observed using NEXAFS Spectroscopy[END_REF] For such compound, the XNLD signal at θ = 70 • reaches ∼90%, when isolated Cu 2+ -phthalocyanines are lying flat on Ag(111). [START_REF] Stepanow | Giant Spin and Orbital Moment Anisotropies of a Cu-Phthalocyanine Monolayer[END_REF] The different geometry (θ = 45 • use in Figure 3 leads to smaller XNLD but it can be estimated that the drop cast film of β-Diketonato complexes is nevertheless roughly two time more disordered than nearly defect-free isolated Cu-phthalocyanines molecules. The drop-cast β-Diketonato complex film cannot be considered as a homogeneous material composed multilayers of parallel molecules, but the flat molecular orientation is in average well preserved.

A stronger XMCD signal is observed at normal incidence. This shows that the magnetic anisotropy of the Cu 2+ -complex thin film has an easy axis of magnetization perpendicular to the HOPG surface. The magnetic anisotropy is therefore perpendicular to the plane of the Cu 2+complex skeleton. The magnetisation curves of the Cu-complex thin film also reveal that the organic film on HOPG remains paramagnetic at 2 K. Lower temperatures are required to observe possible ferromagnetism in the organic layer.

A small amount of Cu + -complexes is detected by the X-ray spectroscopy. Magnetic measurements reveals that this species is non-magnetic, in constrast with the Cu 2+ species.

Conclusion

To summarize, we have engineered a drop-cast film of flat β-diketonato complexes on a nonmagnetic graphite surface. Scanning tunneling microscopy and synchrotron radiation spectroscopies show that the molecules are forming halogen-bonds and are preferentially laying flat on the graphite surface. The organic Cu 2+ -complex thin film remains paramagnetic at 2 K, but its the magnetic anisotropy appears to have an easy axis of magnetization perpendicular to the molecular plane. These observations open up new opportunities for engineering magnetic halogen-bonded nanoarchitectures through drop-casting. Optimizing the film structure and modifying molecular arrangement, by the wise selection of molecular halogen substituents, is expected to improve the magnetic properties of the organic film.

Figure 1 :

 1 Figure 1: Scheme of the β-diketonato copper complex, C 54 H 34 Br 4 CuO 4 in square-planar complex [Cu(II)(bbbpd ) 2 ] 0 conformation in front and side views (a,b). Carbon atoms are gray, bromine atoms are light blue, hydrogen atoms are white, oxygen atoms are red and copper atom is green, respectively.

Figure 2 :

 2 Figure 2: STM image of the Cu-complex self-assembled porous network at the 1phenyloctane/graphite interface, (a) 17×17 nm 2 , V s = 0.95 V, I t = 9 pA. Model of the molecular assembly is superimposed to the STM image. The parallelogram unit cell is represented by dashed-purple lines.

Figure 3 :

 3 Figure3: Experimental XAS (black and black curves, top) and XNLD (blue curve, bottom) spectra of the copper β-Diketonato complex film on HOPG, recorded for the Cu L 2,3 edges at temperature of 2 K, an applied external magnetic field of 1 T and an incidence angle of 45 • . The XNLD spectra (µ Vµ H ) have been normalized to the L 3 edge jump of the corresponding XAS spectra ((µ V + µ H )/2)

Figure 4 :

 4 Figure4: (top) Polarization dependent XAS spectra of the Cu-complexes on HOPG recorded at the Cu L 2,3 edges at normal (θ = 0 • ) incidence (right) as a function of circular polarization (µ + , red spectrum, and µ -, black spectrum). (Bottom) XMCD spectra (µ + ,µ -) derived from the XAS spectra recorded at normal (θ = 0 • , green spectrum) and grazing (θ = 45 • , purple spectrum) incidences. The XMCD spectra have been normalized to the L 3 edge jump of the corresponding XAS spectra ((µ + + µ -)/2). The All the measurements have been performed at a temperature of 2 K, an applied external magnetic field B = 3 T

ure 2 .

 2 The molecules adsorb flat on the HOPG surface. This local STM observation is further confirm at a macroscopic scale by XNLD, after The sample is then transferred to the UHV chamber.
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