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Low temperature magnetic force microscopy on single molecule magnet-based microarrays

The magnetic properties of some single molecule magnets (SMM) on surfaces can be strongly modified by the molecular packing in nanometric films/aggregates or by interactions with the substrate, which affect the molecular orientation and geometry. Detailed investigations of the magnetism of thin SMM films and nanostructures are necessary for the development of spin-

2 based molecular devices, however this task is challenged by the limited sensitivity of laboratory based magnetometric techniques and often requires access to synchrotron light sources to perform surface sensitive X-ray magnetic circular dichroism (XMCD) investigations. Here we show that low temperature magnetic force microscopy (LT-MFM) is an alternative powerful laboratory tool able to extract the field dependence of the magnetization and to identify areas of in-plane and perpendicular magnetic anisotropy in microarrays of the SMM Terbium(III) bisphthalocyaninato (TbPc 2 ) neutral complex grown as nanosized films on SiO 2 and Perylene-3,4,9,10-tetracarboxylic dianhydride (PTCDA), in agreement with data extracted from non-local XMCD measurements performed on homogeneous TbPc 2 /PTCDA films. KEYWORDS. Magnetic Force Microscopy; molecular magnetism; magnetic anisotropy; patterning; dipolar field ; Terbium double decker MAIN TEXT Single molecule magnets (SMM) are magnetic systems featuring slow relaxation of the magnetization at low temperature that gives rise to a dynamic hysteretic behavior; this effect is coupled with the occurrence of resonant quantum tunneling mechanism that widen the potential interest of those objects for the development of novel molecular spintronics devices. [1][2][3] Recent research efforts have been directed towards the organization of SMM units onto surfaces, [4][5][6] which represents a milestone for the realization of solid state devices. The interaction with the surface can affect molecular packing and orientation, significantly modifying the magnetic response of a molecular film. Magneto-optical techniques, 7,8 in particular X-ray magnetic circular dichroism (XMCD), 9,10 are the most employed techniques to characterize thin films, the 3 latter achieving sub-monolayer sensitivity but requiring the access to special facilities (synchrotron light sources). If spatial resolution is also required, such as in sub-micrometric devices, scanning probe techniques can be employed. Spin polarized STM [11][12][13] and inelastic electron tunneling spectroscopy (IETS) 14,15 have provided detailed information on magnetic properties of isolated magnetic molecules on surfaces but they require very demanding experimental conditions and instrumentation.

Magnetic force microscopy (MFM) is an affordable technique to probe the local magnetization of materials and can access information at nanometric length scales that are relevant for molecular spintronic devices, offering superior spatial resolution compared to scanning superconducting quantum interference device (SQUID) and scanning Hall probe microscopy. 16,17 MFM has been extensively used to study, as well as to manipulate, the domain structure of ferromagnetic inorganic films [18][19][20] and micro-or nano-structures, [21][22][23] or vortexes in superconductors. [24][25][26] The application of this technique to molecular magnetic materials is however largely unexplored and most of the studies in the literature are limited to room temperature and lack a systematic field dependent characterization at low temperature, [27][28][29][30] which is necessary to evaluate the magnetic properties of the material and rule out topographic or electrostatic spurious contributions to the MFM measurement.

Notable exceptions are the recent report of Lorusso et al. where MFM has been used to extract the low temperature magnetization curve of micrometric aggregates of a paramagnetic gadolinium acetate complex, 31 or that of Pinilla-Cienfuegos et al., who have investigated the magnetic switching of ferromagnetic (T c ≈ 40 K) Prussian blue analogue (PBA) nanoparticles of different sizes. 32,33 PBA nanoparticle patterns were also magnetically imaged at low temperature 4 using scanning hall probe microscopy by Ghirri et al. 34 To the best of our knowledge there are no reported examples of MFM characterization of a SMM system at low temperature.

In this work we demonstrate that a carefully prepared nanostructure of Terbium(III) bisphthalocyaninato neutral complex (TbPc 2 hereafter) can be characterized using MFM, obtaining a local magnetization curve and an unprecedented lateral resolution of the dipolar field distribution of the molecular nanostructures. TbPc 2 (Figure 1a) is a single ion-based SMM with large total angular momentum, J=6, and a strong magnetic anisotropy with the easy axis of magnetization perpendicular to the planes of the phthalocyaninato ligands. Thanks to its stability it can be thermally sublimed to a variety of substrates, often maintaining the SMM behavior 9,35,36 or being influenced by specific magnetic substrates. 3,37 In this study we have also profited of the possibility to control the molecular orientation in the film by tuning the molecule-substrate interactions. Weakly interacting materials and amorphous or rough surfaces favor a standing orientation of the phthalocyaninato rings, where the easy axis lies parallel to the film. This characteristic would be disadvantageous for the realization of spintronic devices and it is not ideal for MFM measurements, since the easy axis is generally oriented in random directions in the plane of the film, suppressing the net magnetic moment of the sample and potentially reducing effects such as magnetoresistance. 38 In order to prepare an optimized sample for a LT-MFM characterization (see Supporting Information, SI hereafter, for details of samples preparation), we deposited the SMMs-on a templating agent 39 constituted by a thin film of Perylene-3,4,9,10-tetracarboxylic dianhydride (PTCDA, Figure 1b), which is known to induce a planar orientation of phthalocyanine molecules. This approach has been earlier adopted for TbPc 2 by the group of Salvan 40 that reported an enhancement at room temperature of the magnetic circular dichroism of this molecule when deposited on PTCDA 5 compared to SiO 2 /Si substrates. More recently, by combining Cantilever Torque Magnetometry (CTM) and X-Ray Natural Linear Dichroism (XNLD), some of us 41 showed that TbPc 2 films deposited on PTCDA are strongly ordered with the phthalocyanine (Pc) plane parallel to the surface resulting in out-of-plane magnetic anisotropy that is maintained in samples several tens of nm thick. the inset shows the smaller opening of the hysteresis at B=0 T compared to the film on PTCDA.

Prior to a local characterization of these samples, in order to allow a detailed comparison of the MFM features and the magnetic and hysteretic behavior of TbPc 2 at the nanoscale, we performed a characterization of the angular dependence of the magnetic hysteresis of TbPc 2 films on different substrates using circularly polarized X-ray synchrotron radiation at the ID32 beamline at ESRF synchrotron. 42 The upper part of Figure 1c shows the absorption spectra of circularly polarized X-rays measured at 7 K at the M 4,5 Tb edge in a 20 nm TbPc 2 film on a 20 nm PTCDA layer with a magnetic field of 3 Tesla oriented normal to the sample (θ=0°). The lower part of Figure 1c compares the normal incidence X-ray circular magnetic dichroism (XMCD) spectra of this sample with a thick TbPc 2 (100 nm) film on polycrystalline gold. The dichroism detected at normal incidence (θ=0°) on the topmost layers of a relatively thick film of TbPc 2 on PTCDA, expected with preferential orientation of the easy axis perpendicular to the film, is larger than then the dichroism of the thick film deposited on gold. Topmost layers of this deposit contain TbPc 2 molecules sitting in standing configuration analogously to thick films on aluminum foil. 35 These evidences are consistent with the results of our recent investigation of these materials by 7 CTM and XNLD. 41 The dichroic ratio is therefore strongly enhanced in the film grown on PTCDA, reaching a maximum at E=1240 eV close to 150% of the isotropic XAS. This result is comparable with the XMCD previously measured in TbPc 2 monolayers on gold 35 in which molecules are known to have a flat orientation of the phthalocyanine ring. 43 Following the XMCD experiments, we measured the magnetic hysteresis loops of the two samples at the two orientations by recording the field dependence of the XMCD at the energy of the maximum dichroism (1240 eV). The sample on PTCDA (Figure 1d) shows an open hysteresis loop with the characteristic butterfly shape of the TbPc 2 single molecule magnet, which is caused by the high spin relaxation rate at zero applied field due to resonant quantum tunneling. The hysteresis is remarkably wider that previously observed in monolayers on gold, 35 which is partly due to the different experimental conditions (temperature and field sweep rate that strongly alter the SMM behavior) but can also indicate a slower relaxation rate on PTCDA compared to the monolayer on gold, analogously to what has been recently found by Dreiser et al. on MgO. 44 At θ=45° the magnetic moment is reduced due to the Tb anisotropy. In the thick film on gold (Figure 1e), the hysteresis opening is greatly reduced at θ=45°, while in the hard direction (θ=0°), the magnetic moment is almost suppressed and the hysteresis is negligible.

The different molecular orientation and magnetic response of TbPc 2 molecules on different substrates was then exploited in a multiple shadow masking process to generate a superstructure of arrays of microdots with different (in-plane and out-of-plane) magnetic anisotropy. If patterning is a necessary step to create a topographic and magnetic profile easily detected in scanning force microscopy, the original superstructure we designed here further enhances the magnetic contrast by allowing a direct comparison between identical topographic structures with expected different magnetic signal. We deposited PTCDA by sublimation through a 2000 mesh 8

Cu TEM grid, with square holes 7.5 μm wide spaced by 5 μm, in contact with a silicon substrate.

Subsequently, a pattern of TbPc 2 dots was created with a smaller TEM grid, consisting of Cu grids (200 mesh) covered by a carbon film perforated in a regular pattern of circular holes with 1.2 μm diameter and 1.3 μm separation. We notice that TbPc 2 is expected to maintain their orientation on both PTDA and Si independently to the thickness of the deposit. 41 The topography of the structures was checked with atomic force microscopy (AFM) at room temperature and during the MFM measurement at low temperature (Figure 2a) revealing an array of TbPc 2 dots with a truncated cone shape of average height of 24 nm and half-height diameter of 1.7 μm, distributed over PTCDA squares of 12 nm height.

The TbPc 2 /PTCDA structures were cooled down to a temperature of 10 K in a field of 4

Tesla and studied with MFM, configured with a phase locked loop (PLL) feedback on the cantilever oscillation and a dual pass measurement where each line of the image is scanned twice, the first time tapping the surface to record the topography and the second at a lift height of 85 nm from the sample and following the firstly acquired profile to isolate long range magnetic interactions from the morphology contribution. In the PLL mode, the magnetic contrast is measured as the shift f of the cantilever resonance frequency from a reference value; here f was set to 0 at the center of the dot on PTCDA. High coercivity MFM probes (ASYMFMHC, nominal H c 0.5 T/μ 0 at room temperature) were used in the experiment.

Figure 2b shows the MFM signal measured at 10 K applying an out-of-plane field of 4 T on a 12.6  12.6 μm 2 area containing both TbPc 2 dots on PTCDA and on bare silicon, as highlighted by the topography image in Figure 2a simultaneously acquired. The MFM image shows a sharp difference of the magnetic contrast between TbPc 2 structures grown on differently 9 treated substrate areas, which can also be appreciated in the frequency shift profiles presented at the bottom of Figure 2b. As expected, the dots on the templating agent show the largest magnetic contrast due to the perpendicular orientation of the TbPc 2 easy axis, while the dots on silicon exhibit much lower net magnetization due to the unfavorable in-plane orientation of the easy axis. The magnetic origin of the measured signal was confirmed by measurements in zero field, after performing a demagnetizing sequence, which showed negligible contrast (data in Figure S2 and Figure S4 in SI). Interestingly, MFM imaging of the dots grown across the boundaries of the PTCDA squares show the transition of the magnetic anisotropy from one orientation to the other within the same dot. This demonstrates the capability of the MFM measurement to perform a local magnetic characterization on a scale significantly smaller than the size of the dots.

Furthermore, it shows how neighboring film domains of different orientation are magnetically uncoupled, which is a consequence of the paramagnetic nature of TbPc 2 .

10 12 This distribution indicates that the magnetic moments of the sample and the tip are not collinear and, because of the perpendicular magnetization of TbPc 2 on PTCDA, 41 we conclude that it is due to the design of the microscope used in this study, where the MFM probe is mounted at a tilt angle of 15° with respect to the sample normal and the magnetic field direction, as schematically shown at the top of Figure 3c. This effect is probably reinforced by the strong anisotropy of the MFM tips used here (CoPt/FePt), which are likely to magnetize along the tip axis rather than the field direction, as well as by the relatively sharp edges of the truncated cone structures which result in a highly pronounced spatial dependence of the demagnetizing field. These distinctive features of our experiment may explain why this effect has not been observed in a similar study of Gd(ac) 2 microdots. 31 In support of this interpretation, we show at the bottom of Figure 3c a simulation of the magnetic force gradient, proportional to the MFM signal, calculated on a saturated TbPc 2 dot at an angle of 15° from the normal (details in the experimental section, see SI).The simulated image reproduces the crescent shaped features of the MFM image, although the magnetic point dipole tip model used in the calculation also predicts features that are likely averaged out by finite size of the probe used experimentally (nominal radius 32±7 nm). By using a more detailed model of the tip magnetization, or by calibrating the tip response, 45,46 one should be able to obtain a better qualitative agreement with the experimental image and, more importantly, to quantitatively assess the local magnetization distribution in the sample.

A simpler TbPc 2 microarray, containing dots 50 nm high grown on a continuous 20 nm PTCDA layer on silicon, has been prepared (see Figure S1 The field dependence of the MFM signal was studied at 5.9 K in these microarrays of TbPc 2 .

Crescent shaped features, analogous to those previously discussed, were observed with 3 T at a probe lift height of 71 nm (Figure 4a). In this second set of measurements performed again in dual pass mode, the lift height was further optimized and slightly decreased to further enhance the sensitivity to magnetic signal still minimizing the contribution due to short range interactions.

The magnetic contrast showed a marked field dependence which is highlighted by the series of images shown in Figure 4c, measured between 3 T and -3 T. At fields above the coercivity of the tip both the tip and the sample are magnetized in the same direction, giving rise to MFM contrast insensitive to the field sign. An inversion of the contrast is expected when only one of the two interacting elements, the tip and the sample, has inverted its magnetization; however, this was not evident in our measurement due to the weakness of the signal at low field. Contrary to previous data, a small residual signal was detected in zero magnetic field (figure 4d-1), which may have a topographic origin, due to the shorter tip sample distance used in this measurement, or may be caused by an inhomogeneous surface potential 47 or an incomplete demagnetization of the magnet.

With the aim of extracting the magnetization curve of a single dot from MFM images, we developed an original method to analyze the MFM data, based on the partition of the image into three regions. These correspond to the areas where the tip experiences: (A) the strongest attractive forces (red colored crescent in the left half of the dot), (B) moderate attractive interaction (the yellow-green zone inside the dot), and (C) the strongest repulsive forces (purple colored crescent outside the right half of the dot). A set of three data-masks named A, B and C 14 (Figure 4b), defining the three regions, has been created with an algorithm (see experimental section in SI for details) starting from the image measured at 3 T, which has the strongest magnetic signal. When an external field is applied along an easy direction, as in the case of the TbPc 2 dots on PTCDA, the stray field of the sample should not change its spatial distribution but only its magnitude, hence it is legitimate to use the data-masks obtained at 3 T on images acquired at different fields. MFM images were aligned with the one at 3 T using the respective topography as reference. Then, on each image, the distribution of the resonance frequency shift values f respect to the initial one (f 0 ) in each of the three regions of the image was fitted with a Gaussian peak, obtaining a triad of peak positions (f A , f B , f C ) and widths (σ A ,σ B , σ C ), representing respectively the characteristic frequency shift and the spread of values in each of the three regions. The distance between any pair of peaks i, j (Δf i,j = f i -f j ) measures the variation of the force gradient between the regions i and j, which is proportional to the magnetization of the dot, while the sum of the widths of the peaks in the selected pair (σ i +σ j ) was used to evaluate the uncertainty in the measurement, which depends both on the experimental noise and the choice of the masks. The f C and f A components, which correspond to the regions of maximum repulsive and attractive interaction, provided the lowest relative error and were used to construct the single dot magnetization curve shown in Figure 4e, to be compared to the hysteresis loop measured by XMCD. Both curves were normalized to the value measured at saturation (B=3T). The values obtained by MFM are shown as black spheres, numbered to express the measurement sequence.

Since the tip magnetization follows the sign of the field above its coercivity, the MFM values measured at negative field have been multiplied by -1 for a better comparison with the XMCD data; the original values are also shown in blue color. with the butterfly hysteretic behavior detected by XMCD, the MFM detected bistability will require future additional investigations, being the differences small when compared to the error bars and, in the low field region, convoluted with the tip hysteretic behavior. Furthermore, the timescale of an MFM-detected magnetization measurement, which takes place in hours, is significantly longer than the one employed in synchrotron experiments that have been carried out at T=7 K. The lower temperature used in MFM test is expected to slightly increase the opening of the hysteresis cycle thus suggesting that lower temperature experiments should to be performed in the future even if the effect of resonant quantum tunneling occurring in TbPc 2 systems can limit this strategy.

In conclusion, our parallel investigation based on synchrotron radiation and magnetic force microscopy showed that the single molecule magnet properties of thin films of TbPc 2 can be greatly improved when the orientation of the anisotropy axis is controlled via a templating 17 layer of PTCDA. The hysteresis loop of the templated film shows in the XMCD measurement a wider opening than previously observed in monolayers deposited on Au(111) 35 and HOPG, 9 which exhibit a molecular orientation similar to the films on PTCDA considered here. This result is in line with the recent reports 36 showing that the addition of an insulating decoupling layer between TbPc 2 and a metallic substrate improves the spin relaxation times. PTCDA is not insulating and exhibits a n-type semiconductor behavior, 48 however its interaction with the SMM is expected to be much weaker than in the case of a metallic substrate, hence the reduction of the spin relaxation rate and the widening of the hysteresis. 25
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The local magnetic anisotropy and the field dependence of the magnetization of a specifically designed multilayered microarray structure including the Tb-double decker Single Molecule Magnet has been studied by low temperature magnetic force microscopy (LT-MFM) and results

have been compared with X-ray magnetic circular dichroism data. An MFM-image analysis protocol for the extraction of magnetic information has been developed and proposed as a valuable tool for in line analysis of molecular or inorganic nanostructures.
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  in SI). On this sample an extra characterization has been performed by Time of Flight Secondary Ion mass spectrometry (ToF-SIMS) in order to carefully evaluate the chemical distribution of the two species and the 13 13 presence of intact SMM; the spatial distribution of the detected molecular peak of TbPc 2 and PTCDA in the sample, reported in Figure S1, further confirmed the quality of the sample.
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