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The magnetization state of one-dimensional magnetic nanoparticle chains plays a key role for a wide range of applications ranging from diagnosis and therapy in medicine to actuators, sensors and quantum recording media. The interplay between the exact particle orientation and the magnetic anisotropy is in turn crucial for controlling the overall magnetization state with high precision. Here, we report on a three-dimensional description of the magnetic structure of one-NP-wide chains. In this aim, we combined two complementary experimental techniques, magnetic force microscopy (MFM) and electronic holography (EH) which are sensitive to out-of-plane and in-plane magnetization components, respectively. We extended our approach to micromagnetic simulations which provided results in good agreement with MFM and EH. The findings are at variance with the known results on unidirectional nanoparticle assemblies, and show that magnetization is rarely strictly collinear to the chain axis. The magnetic structure of one-NP-wide chains can be interpreted as head-to-head magnetic domain structures with off-axis magnetization components, which is very sensitive to morphological defects in the chain structure such as minute size variation of NPs, tiny misalignment of NPs and/or crystal orientation with respect to easy magnetization axis.

Introduction

Unidirectional assemblies of nanoparticles (NPs) are driving a tremendous interest for a wide range of target applications ranging from diagnosis and therapy in medicine to actuators, sensors and quantum recording media. [1,2], [3] Indeed, highly anisotropic assemblies of nanoparticles are likely to play a significant role in the improvement of the efficiencies of devices. The low dimensionality of nanoparticle chains enhances magnetic anisotropy which favors specific properties such as heat generation efficiency in magnetic hyperthermia. [4,5] It is well known that the magnetic properties of nanoparticles are directly dependent of the interplay between magnetic anisotropy and dipolar interaction energies. [6] Each nanoparticle behaves as a magnet so that their spatial arrangement is key point in mastering their magnetic properties. Dipolar interactions are dramatically enhanced when reducing the distance between nanoparticles. However, the magnetic properties of nanoparticles being usually studied as powders which can be assimilated to 3D random assemblies, the shape of nanoparticles (usually 0D spherical or cubic) results in isotropic interactions which occur in nonselective direction, thus impeding the efficiency of the collective properties. Beside the 0D morphology of nanoparticles, it is possible to induce shape anisotropy by controlling carefully the formation of nanoparticle assemblies. [7] An attractive approach is to reduce the dimensionality of assemblies to control dipolar interactions in specific directions. For instance, 2D assemblies of nanoparticles were reported to exhibit enhanced magnetic anisotropy due to the selective orientation of magnetic moments in the plane of the monolayer. [8][9][10] Such a behavior was also demonstrated in multilayer assemblies by separating specifically each layer which were coupled in the antiferromagnetic configuration. [11] Another study showed that the local anisotropy resulting from chain-like assemblies as pieces of a 2D monolayer enhanced markedly the magnetic anisotropy of nanoparticles. [12] Therefore, enhancing shape anisotropy by decreasing the dimensionality to 1D chains results in much simpler magnetic anisotropic structures which enhanced collective properties. [13][14][15][16] Magnetic nanoparticles assembled as chains are usually believed to consist in collinear magnetic moments along the chain axis. [6] However, such ideal picture of the magnetic structure of unidirectional assemblies has not been directly observed yet. Indeed, the interplay between the intrinsic magnetic uniaxial anisotropy within NPs -which is related to the internal crystal structure and the precise configuration of the NPs in the chain -and the magnetic coupling arising within a linear configuration directly asks for local studies conducted on individual chains. For instance, helical superstructures of nanocubes driven by the interplay of weak and magnetic interactions were reported. [17] NPs incorporated in ant body parts also revealed the effective deviation of the easy magnetization axis with the unidirectional assembly. [18] However, the deep understanding of the magnetic structure and collective properties of highly anisotropic assemblies is hampered by the production of real 1D assemblies such as one-NP-wide chains. To date, individual linear chain-like arrangements have essentially been investigated into magnetotactic bacteria, [19], [START_REF] Pósfai | Magnetoreception and Magnetosomes in Bacteria[END_REF][START_REF] Proksch | [END_REF][22] Therefore, the preparation of the NP unidirectional assemblies (i.e. density of chains and their length) is challenging because it depends on several parameters such as the intrinsic magnetic properties of NPs, chemical interaction between ligands at both substrate and NP surfaces, kinetics of assembly reaction, and gradient orientation and strength of the magnetic field. Recently, we developed a preparation technique for one-NP-wide chains consisting in applying a magnetic field gradient while performing the assembly of the NPs on a surface through selective chemical interactions by using click chemistry. [23] The method is able to produce individual chains of NPs with a well-defined structure and spatial arrangement. Such one-dimensional chains became fascinating structures for investigations of local magnetization states. Beside demonstrating that the collective properties of single NP chains significantly differ from those of 2D monolayers or isolated nanoparticles, we showed that the magnetization of each nanoparticles was not collinear to the chain axis. It was ascribed to the interplay of dipolar interactions between NPs and between nanoparticle chains. However, it is now obvious that for sufficiently near chains there exists a first order intra-chain magnetic interaction and a second order inter-chain magnetic coupling. [23] The magnetic configuration of isolated 1D chains have been scarcely investigated. Mostly, it was deduced from the easy magnetization axis determined by high resolution transmission electron microscopy (HR-TEM), [22] but never directly by accurate magnetometry techniques.

Herein, we present a study which focuses on the magnetization states of iron-oxide NP chains of widths corresponding to a single NP size. This strategy allows us to focus on the intra-chain interactions in isolated chains and reveals the dominant role played by minute deviations from an ideal linear configuration. The originality of our approach is that the magnetic structure of the same NP chain was experimentally investigated in three dimension by magnetic force microscopy (MFM) and electronic holography (EH). Furthermore, these experimental results were compared with micromagnetic simulations which precisely consider the shape and the crystal orientation; magnetization easy directions of each NP were determined by HR-TEM.

Results and discussion

NPs which are considered here, were synthesized by the thermal decomposition method which allow the fine control of size distribution, shape and high colloidal stability in aprotic solvents thanks to coating by oleic acid. [24,25] They belong to magnetite (Fe 3 O 4 ) although their surface is partially oxidized in maghemite (g-Fe 2 O 3 ), as usually reported. [24] They exhibit a narrow size distribution centered to 19.5 ± 1.8 nm and can be considered as truncated octahedrons (Fig. SI-1). They were allowed to selfassemble into one-NP-wide chain upon solvent evaporation under a magnetic field of 300 mT applied in the plane of a TEM grid after drop casting. To analyze the magnetization configuration of individual NP chains, we performed a detailed highresolution atomic force microscopy study while concomitantly recording the topography using atomic force microscopy (AFM) and the magnetic stray field gradient using magnetic force microscopy (MFM). Figure 1a shows a large-scale AFM image of well separated one-NP-wide chains. The image shows a large amount of chains of various lengths and configurations with different particulate arrangements and morphologies. The corresponding MFM signal (Fig. 1b) reveals a first intriguing property, namely that the intrinsic magnetization configuration, in a large majority of chains, adopts a complex manifold magnetic structure relying on chain length and proximity effects. In particular, it is interesting to see that the longest and regular chains show an elevated magnetic signal, in contrast with broken chains or individual NPs were the magnetic signal is either weak or absent. Furthermore, a closer look reveals a segment-like magnetic pattern with a mean domain size of about 125 nm. This value is first obtained from 2D-fast Fourier transform (FFT) maps of MFM images. As an example, the inset in Fig. 1c shows an FFT map of the MFM image from Fig. 1b. It discloses two equidistant lobes (white arrows) pointing as expected along the chains' axes. A line spectrum crossing the two lobes is shown in Fig. 1c, where the black arrows above the shoulders provide the smallest size of the magnetic structures. This information is also seen directly in MFM images, independently on lift heights, when imaging a particular chain (Fig. 1d). It is worth noting that such a three-dimensional magnetization structure presenting magnetic-like domains separated by abrupt domain walls is unexpected and remained unpredicted in isolated one-dimensional NP chains. These global observations led us to prepare additional samples which consist in well separated chains in order to perform a detailed study including MFM, EH and HR-TEM. From the practical point of view, EH was performed first to avoid any exposition to magnetic field generated by the MFM tip. Figure 2(a) shows an AFM image of an area comprising three NP chains which were labelled as N4, N8 and N9 corresponding to the numbers of NPs. At the beginning of the EH study, each chain was imaged by TEM in order to reveal the exact morphology and NP number (Fig. 2b for N9). Fig. 2c-e show individual AFM images of the same chains. The corresponding MFM images are shown in Figs. 2f-k. These images show that N8 and N9 chains display a significant variation of the magnetic signal in the middle (Fig. 2l) which is ascribed to a domain-like magnetic structure and may originate from some deviation of NP sizes (Fig. 2b and SI-3). Nevertheless, the exact orientation of the magnetic moments is difficult to deduce at this stage. It is worth noting that the variation of the signal cannot be ascribed to scanning effect (Fig. SI-7). Anyway, a magnetic configuration comprising domains was not expected for such linear NP assemblies, as commonly admitted. [START_REF] Panissod | Magnetism: Molecules to Materials IV[END_REF] A magnetic configuration with all NP magnetic moments aligned along the chain axis is usually observed as in magnetotactic bacteria. [START_REF] Proksch | [END_REF] The size of the magnetic domains seems to be of about 4 -5 nanoparticles, i.e. a length of 80-100 nm. These mean values are slightly smaller than the periodicity calculated in Fig. 1 and can be correlated to the length of NP chains. In contrast, the homogenous signal recorded for a smaller chain of 4 NPs (Fig. 2h) agrees with the absence of a domain structure. In our case, these results are indicative of the existence of a minimum number of NPs required to constitute a unique domain structure. In order to understand the presence of such magnetic domais, we have investigated more deeply the chain structure (Fig. 3). AFM and TEM micrographs clearly show the presence of some defects such as NP of different sizes in chains N6 and N16, or additional NP located on the side of the N18 chain, indicated by white arrows in Fig. 3 (a,f). The MFM images indeed revealed that the morphological defects represent specific sites where the magnetization is inhomogeneous, generating higher stray field gradients. An interesting aspect is that magnetic contrast instabilities induced by line scanning can be observed, as labeled by in Fig. 3h. These are transitory instabilities of domain walls induced by the magnetic field of the tip, effect that can be eventually used to control the magnetization characteristics in devices based on magnetization propagation. [START_REF] Nakatani | [END_REF][28][29] Such instabilities are the signature of a domain wall jumping between metastable pinning positions, in a similar way as observed in magnetic continuous metallic structures. [30,31] It is also interesting to remark that all isolated NPs do not show any magnetic signal in MFM images, which is likely due to their superparamagnetic states at room temperature. [32], [23] Moreover, this absence of MFM signal above individual NPs also demonstrates that the stray field generated by the probes is not sufficient to keep the magnetization of these NPs in a fixed position, i.e. the energy barrier for flipping their magnetization is smaller than the magnetostatic energy provided by the tip-NP interaction. According to the MFM observations mentioned above, it is clear that morphological defects into the chain structure induce inhomogeneities in magnetization and domain wall-like pinning sites. However, because of the probe oscillation geometry, MFM signal is highly sensitive to out-ofplane magnetic stray fields only, [33][34][35] making difficult the prediction of a full 3D magnetization configuration. In order to gain more insights into the exact magnetic configuration of NP chains, we also performed electron holography (EH) which is a powerful technique to investigate the magnetic structure of nanoobjects and their assemblies. [36][37][38][39][40][41], [42] EH is sensitive to in-plane magnetic induction and represents, in the frame of our study, an ideal tool to combine with MFM in order to gain a full picture of magnetic moment directions, i.e. a 3D magnetic qualitative information. Indeed, the differentiation of the magnetic part of the phase shift of the electron beam gives access to M , the magnetization integrated along the electron trajectory (Figure 3o). The absolute magnetic moment of each NP is calculated by integrating M on its projected surface on the plane. The in-plane magnetic moments of the NPs are presented in Figure 3m (see SI for details of analysis and more images).

In all chains, the magnetic moments of NPs are not strictly parallel to the chain axis and deviates from the usually assumed model. [43], [START_REF] Panissod | Magnetism: Molecules to Materials IV[END_REF] In chain N9, x M and y M are rather constant which correspond to a ferromagnetic coupling of magnetic moments (see Fig. SI-14,15). Nevertheless, the NP #1 exhibits a magnetic moment which is perpendicular to the chain axis ( x M =0) which agree with extremity effect.

In addition, the magnetic moment of NP#5 is almost parallel ( y M ≈ 0) which is correlated to the signal variation measured by MFM (Fig. 2f). Such a behavior confirms the role of defects such as NP size deviation (Fig. SI3c) in the formation of domain wall above a critical number of NPs. A longer chain such as NP18 shows significant variations of x M while y M remains close to zero (Fig. 3o). In this case, the sign change of x M corresponds to a domain wall. However, the decrease of x M is not compensated by the increase of y M , which can be correlated to an out-of-plane magnetization component as observed in the MFM images (Fig. 3h). In addition, the presence of a supplementary NP on the chain side, nearby NP#10 and NP#11, seems to favor collinear magnetization to the chain axis (Fig. 3l,m). Their ferromagnetic coupling through dipolar interactions with a supplementary NP nearby the chain enhances locally magnetization as observed by the signal amplitude in this area measured by MFM (Fig. 3h). In contrast, a second NP, at about 40 nm from the chain, has no significant effect on magnetizations. The N30 chain also shows a domain-like structure; a domainwall is observed around NPs #7-8. Moreover, the curved part above NP#17 accounts from positioning defects which result in huge and irrational fluctuations of x M and y M (Fig. 4g,h and Fig. SI14b) among which antiferromagnetic coupling can be observed between NPs #19-20 and #28-29.

The magnetic properties of NP assemblies being directly related to the magnetocrystalline energy and dipolar energy, we investigated the orientation of the easy magnetization axis of each NP which correspond to the [111] crystallographic direction for magnetite. HRTEM micrographs successively recorded for 47 NPs of N18 (Fig. 3n) and N30 (Fig. 4i) chains showed that three different crystallographic orientations were observed in the direction parallel to the electron beam: [-211], [1-10], and [111] (Figure SI-8). We could assign the [-211] direction to 23 particles, the [1-10] direction to 19 particles, and the [111] direction to 5 particles which correspond to 49 %, 40 % and 11 %, respectively. Furthermore, 3D sketches that were calculated to correspond to 2D projections of NPs observed by TEM revealed that their shape is a truncated octahedron with large {111} facets (Fig. SI-8). NPs in the [-211] and [1-10] orientations, preferentially share {111}-type facets along the chain axis. This relative configuration is observed in 13 inter-particle planes over 17 in N18 and 16 over the 25 known in N30. As the easy magnetization axis of magnetite is perpendicular to these facets, the [-211] and [1-10] orientations favor the coupling of magnetic moments of most of NP through dipolar interactions.

The larger proportions of the [-211] and [1-10] orientations than the [111] orientation can be also explained by the self-assembly mechanism which is driven by interparticle interactions. The [111] planes are the largest facets of octahedrons. Therefore, they favor stronger Van-der-Waals interactions between the alkylene chains of oleic acid molecules grafted at the NP surface. [15] In contrast, NPs deposited on the TEM membrane on a {111} face favors Van der Waals interactions with the C-membrane. Therefore, these NPs face their neighbors with a [110]-type edge, which hampers the dipolar interactions between magnetic moments of NPs. The fact that they are not numerous shows that the self-assembly of NPs is not driven by kinetic control, i.e. solvent evaporation. [44] Otherwise, most of NPs would stand on their (111) face in order to optimize the interaction with the TEM membrane. Indeed, self-assembly mainly occurs in the solution.

Therefore, both magnetic and chemical interactions act concomitantly to drive the self-assembly of NPs with magnetic moments along the chain axis before the evaporation of the solvent was completed. [15] However, it does not explain that magnetic moments are not aligned along the chain axis as it is usually reported. Indeed, the off-axis component of magnetic moments certainly accounts from the deviation of NP positions from the chain axis when chains enter in contact with the TEM membrane after evaporation. However, it does not result from the deposition of NPs on their larger {111} facet on the membrane because dipolar interactions between NPs already promote the selfassembly process in solution. Furthermore, as we also mentioned above, the size variation of NPs which result in the variation of magnetization also plays a significant role. To assess the role of morphological defect in the chain of self-assembled Fe 3 O 4 NPs, we conducted a systematic micromagnetic simulation study (Fig. 4l-n). By carefully analyzing the TEM micrographs corresponding the NPs #1 to #17 of the N30 chain, we first reproduced a three-dimensional model with the same shape, size, position, and crystal orientation of each NP (Fig. 4l and Fig. SI-5). The goal of preparing such a one-to-one correspondence between the experimentally observed structure and the simulation model is to improve the understanding of the interplay between the magnetization and the geometric assembly of the NPs. To simulate a situation corresponding to the experimental measurement, we assume an equilibrium state of the magnetization at zero field. In order to account for possible metastable states, we performed several tens of simulations with different, random initial starting configurations. [45] If the simulations are started with a homogeneous initial magnetic configuration, they practically always converged towards a single-domain magnetization state, irrespective of the orientation of the initial magnetization, with the final magnetization aligned along the axis of symmetry (Fig. 4n). However, relaxing the magnetization at zero field starting from random initial configurations yields more frequently an inhomogeneous state, with two or sometimes three domains aligned along the axis of the chain (Fig. 4m). The separation between these head-to-head or tail-to-tail domains does not resemble to a usual domain wall. The transition consists mainly of a single NP with magnetization direction perpendicular to the axis of the chain, strongly misaligned with it, in agreement with electronic holography.

In a next step, we investigated the extent to which the occurrence of such domain states is due to a degree of structural disorder of the chain. For this purpose, we prepared a model consisting of another, similar chain of 17 nanoparticles (Fig. SI-5). This model serves as a comparison to the realistic chain with a larger degree of disorder. In contrast to the previously described chain (Fig. 4m), which tried to capture every geometric feature of inter-particle spacing, particle size and crystal orientation, this chain is "ideal" in the sense that it consists of perfectly aligned, equally spaced nanocrystals of identical size and orientation. The interparticle spacing and the particle size are such that the resulting chain allows for an optimal comparison between the ordered and the irregular model reconstructed from the experiment. We performed numerous simulations of the magnetic structure in the ordered chain in which different random magnetic structures were used as initial configurations.

The results of these simulations yielded a correlation between the degree of order of the chain and the density of domain walls: The three-domain state was observed less frequently in the ordered chain than in the model of the real, imperfectly ordered chain. In total, we performed about 100 simulations to investigate the possible equilibrium structures of the magnetization in the ordered and in the realistic chain (Table 1). A significant increase of the two-domain state occurs in the realistic chain, indicating an increase of domain wall density with increasing disorder. These results corroborate the hypothesis that morphological defects play an important role in the occurrence of domains or domain walls in such chains of magnetic NPs. Remarkably, none of the simulations shows a state where the magnetization within a single NP is strongly inhomogeneous. This can be explained, of course, primarily by the small size of the NPs and therefore by the dominating influence of the exchange interactions between Fe cations. Nevertheless, a high-remanence state of individual NPs is also favored by the magnetostatic interaction, as it allows a favorable coupling to neighboring particles The precise magnetic properties of the NPs are difficult to establish. A critical input parameter of the simulations is the value of magnetic anisotropy, which in such nanocrystals is likely to differ from the bulk value, for instance due to surface anisotropy. However, since the specific material parameters of the NPs are unknown, we used the bulk values: first cubic magnetocrystalline anisotropy constant K c1 = -1.35•10 4 J/m 3 , saturation magnetization µ 0 M s =0.6 T (µ 0 is the vacuum permeability), and exchange constant A = 13 pJ/m. To test the impact of the anisotropy, we performed a few additional simulations using the opposite sign of K, in order to study a situation that differs diametrically from the previous calculations in terms of the magnetocrystalline anisotropy. To our surprise, the results of these simulations (not shown) do not display any qualitative difference compared to the other results. This indicates that the magnetostatic interaction between the NPs as well as the exchange interaction, which tends to preserve a homogeneous magnetization within each NP, are dominant for the result of the magnetic structure, i.e., that they play a far more important role than the magnetocrystalline anisotropy of the nanoparticles. These results agree with our previous study where we used the same code to highlight the impact of inter-particle magnetostatic coupling based on individual hysteresis loops of nanoparticles [46] Similar observations were also reported for metallic nanostructures studied by MFM. [47][48][49] and Fe 3 O 4 NP chains biosynthesized by magnetotactic bacteria for which the dipolar energy was almost one order of magnitude higher than magnetocrystalline energy. [43] 

Conclusion

The main objective of our study was to investigate the magnetic structure of individual NP chains in three-dimension and to correlate it to the spatial arrangement of each NP with respect to chain axis and crystal orientation. It is worth to note that one-NP-wide chains display permanent magnetization although isolated NPs of 20 nm are superparamagnetic. [23] EH and MFM being performed at room temperature with very small magnetic field (< 5 mT), it shows the dramatic effect of highly anisotropic assemblies on the magnetic anisotropy energy of NPs which is directly enhanced by dipolar interactions.

Nevertheless, MFM and EH which are out-of-plane and in-plane magnetic sensitive techniques, respectively, unambiguously corroborated the existence of off-axis component of magnetization for NP chains of lengths from 8 to 30 NPs. As shown by the crystal orientation of each NP measured by HRTEM, out-of-plane and in-plane magnetization components could not result from the misalignment of easy magnetization axes of NPs. Indeed, they were ascribed to morphological defects relying on NP synthesis (NP size distribution) and self-assembly process (deviation of NP position from chainaxis or supplementary NP nearby a chain). Besides the systematic presence of off-axis magnetization components, magnetic domains were observed above a critical chain length of 8 NPs which agree with energy minimization of the system. Micromagnetic simulations confirmed that magnetic domains exist in order to minimize the magnetostatic energy. Unusual domain walls with head-to-head configuration (no antiferromagnetic coupling) could be perfectly observed by EH and micromagnetic simulations. Such a domain structure was correlated to an off-axis magnetization component resulting from defects in the chain structure.

In comparison to other studies on unidirectional assemblies which consist in bundled NP chains, magnetization of one-NP-wide chains is highly sensitive to morphology defects. Indeed, the presence of supplementary NP nearby the chain favored the local in-axis orientation of magnetization through collective dipolar interactions as usually reported at larger extent in bundled NP chains. [22] Although dipolar energy (E d =1.6 10 -10 erg) is much larger than magnetic anisotropy energy (E a = 1.9. 10 -12 erg), as confirmed by MFM measurements and micromagnetic simulations, such deviations of magnetic moments can only be ascribed to morphology defects which predominate in one-NP-wide chains. Our findings are highly decisive for the development of future devices based on NP chains for application fields such as magneto-resistive sensors and biomedicine. Indeed, tuning the arrangement of NPs with only small defects open possibilities toward manipulating the magnetic behavior of such chains. Supporting information. Nanoparticles structural and magnetic characterizations. HRTEM micrographs and corresponding simulated sketches depicting crystal orientations, additional TEM and MFM micrographs, holography details, micromagnetic simulation images.
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Materials and methods

Synthesis of NP.

Iron oxide NPs were synthesized as we reported previously. [12] Iron stearate (1.38 g, 2.22 mmol) and oleic acid (1.24 g, 4.44 mmol) were added to 20 mL of docosene (b.p. 364 °C).

The mixture was first heated to 100 °C and kept under stirring for 1 h. The reaction medium was subsequently heated under air atmosphere to reflux for 2 h (heating rate of 5 °C min -1 ). The nanoparticles were then washed several times with a CHCl 3 / EtOH mixture by performing centrifugation in order to remove docosene, excess of oleic acid and side products. Finally, nanoparticles were obtained as a black and highly stable colloidal suspension after dispersion in THF.

Preparation of NP chains. Isolated NP chains with different length were prepared by controlling the slow evaporation of a highly diluted colloidal suspension after drop cast onto a TEM grid. A magnet placed below (magnetic field of 300 mT) the TEM grid before performing drop cast allowed to form NP chains upon THF evaporation at room temperature. The low concentration of NPs in the suspension allowed us to obtain chain lengths ranging from 4 to 30 nanoparticles.

Electron holography studies of the magnetic configuration of nanoparticle chains have been done by using an off-axis electron holography [50][51][52] on an JEOL 2100F microscope equipped with an electrostatic biprism. The sample containing these chains was not subject to any external field after the deposition on the TEM carbon membrane and before the end of the holography process. Therefore, these measurements were performed before MFM experiments in order to avoid any manipulation of NPs with the magnetic tip. The residual field of the objective lens has been compensated with an inverse current (field during hologram images smaller than 1 mT). The holograms have been registered with a 30-40 kX magnification by applying a potential (100-150 V) to the biprism. The phase change of the electron wave due to the sample crossing is deduced using the GPA software. It contains an electric term due to the electron distribution and a magnetic term containing information on the magnetization distribution. It has been corrected from instrumental background by subtracting the phase of a reference hologram where both beams cross a hole or an empty membrane.

The chains, deposited on a labeled grid covered with a very thin carbon membrane (2 nm thick, prepared in the lab), were imaged both before and after reversal of the sample. The magnetic phase was deduced from the phase difference between both positions. The magnetic phase is related to the integral of the z-component of the magnetic potential A z along the electrons' path: High resolution TEM micrographs were recorded with a 2100 JEOL microscope on chains deposited on a very thin carbon membrane for holography. This study was performed after the holography measurements because it induces a high field applied to the sample (around 2T).

MFM images were acquired with a Bruker AFM operating with a Nanoscope V controller. All magnetic force microscopy (MFM) images were obtained in lift mode while working in air at atmospheric pressures. The topographic signals were recorded in soft tapping mode with probe amplitude oscillations around 15 nm. We used cantilevers with a normal stiffness of the order of 3 N/m resulting in a first normal-resonant mode of about 75 kHz. All AFM tips had apex radii around 5 nm with an upper conical shape of about 25°. These geometrical parameters kept to a minimum the tip convolution effects. Under these experimental conditions, all probes have provided equivalent results. The electrostatic force gradients due to tip-sample work function difference have been evaluated one order of magnitude smaller than the magnetostatic force gradient used for MFM images.

Micromagnetic simulations: Using a GPU-accelerated [53] custom-developed finite-element algorithm (TetraMag [START_REF] Hertel | Handbook of Magnetism and Advanced Magnetic Materials[END_REF] ), we solve the Landau-Lifshitz-Gilbert equation [START_REF] Landau | [END_REF]56] for an ensemble of 17 magnetic nanoparticles corresponding to the #1-#17 segment of NP30 chain. The nanoparticles are magnetostatically coupled. The simulations are based on micromagnetic theory. [START_REF] Brown | Micromagnetics[END_REF][START_REF] Kronmüller | Micromagnetism and the Microstructure of Ferromagnetic Solids[END_REF] Although the results show that the individual nanoparticles are sufficiently small to be considered as magnetic single-domain particles, [START_REF] Yamasaki | [END_REF] we do not rely on any simplifying assumption regarding the magnetic structure such as, e.g., a macrospin model. To calculate the long-range magnetostatic interaction we employ a hybrid finite-element / boundary element algorithm, [60] improved by a hierarchical matrix algorithm, [61] which allows us to overcome the memory limits connected with classical BEM methods (see SI). We used truncated octahedra as a model for the geometric form of the nanoparticles. The discretization cells used in the simulations are significantly smaller than the nanoparticle itself, as each nanoparticle is subdivided into irregular tetrahedral finite elements with a size of about 1.2 nm. The magnetization is calculated at the nodes of the cells, and it is interpolated linearly within each finite element. The magnetization is calculated at the nodes of the cells, and it is interpolated linearly within each finite element. We solve the Landau-Lifshitz-Gilbert equation at zero applied field to find stable configurations of the magnetization. We assume cubic anisotropy of the particles, with negative anisotropy constant. In each nanocrystal, the direction of the hard axes is along the six permutations of its (100) direction.

Figure 1 .

 1 Figure 1. Magnetization imaging of nanoparticle chains. a, Nanoparticle chains casted on a silica substrate and imaged by atomic force microscopy. b, Magnetic response of the same area, obtained by magnetic force microscopy in phase contrast mode. c, Fast Fourier transform profile along the direction joining the spots marked by arrows in the inset. Black arrows indicate the same spectral positions as white arrows in the inset. Red curve is a smooth line through the data while neglecting the central peak. Inset: Full 2D Fast Fourier transform image of the magnetic signal mapped in d. Highresolution topography and corresponding magnetic images for the chain enclosed by the white rectangle in a. The side labeling indicates the heights above the chain (in nm) at which the magnetic signal has been measured.

Figure 2

 2 Figure 2 Effect of chain length on magnetization states. a, Large AFM topography of three non-interacting nanoparticle chains containing eight (N8), nine (N9), and four (N4) nanoparticles. b, Transmission electron microscopy of N9 chain with a small defocus to visualize the NPs. The image shows an example on how information about size distribution, arrangement and particle faceting within the chains is obtained (also see SI). c -e, AFM topographies of N8, N9, and N4 chains. f -k, Magnetic signal at various heights (in nm) above the chains N8, N9, and N4. The heights are indicated on each image. l, Magnetic signal profiles at 60 nm height along the chains. The profiles were vertically shifted for sake of clarity.

Figure 3

 3 Figure 3 Role of the defects. a, AFM topography of two chains containing 6 (N6) and 16 (N16) nanoparticles, respectively. White arrows show local defects (NP of different size or additional NP). b-e, Corresponding MFM magnetic images acquired at various heights. The heights (in nm) are indicated on each image. Red arrows point out domain transitions in the proximity of defects. f, AFM topography of a chain containing 18 nanoparticles (N18). g, TEM image of N18 chain. h, Magnetic image of N18 at 100-nm height revealing domain wall-like instabilities (contrasts parallel to the scanning direction: the horizontal border of the image). k, Examples of magnetic profiles along instable domain walls. Profiles and are acquired along the same domain wall marked by the bracket in h, in two different images taken in the same conditions. Profiles to correspond to the domain wall shown by green arrows in Fig. SI-7 from supplementary materials. l-o, Magnetic configuration of NP18 chain calculated from holograms. l, Vector map of the in-plane components of the magnetic induction (the direction of the measured magnetic induction in the NPs is shown by a color wheel with a 15 T.nm integrated magnetization at the outer edge). The white rectangle indicates the range used to calculate the background and the error bar on the magnetization (average and standard deviation of the magnetic fluctuations). m, Schematic moments of the NPs. The pink bullets show the particles positions and the black arrows show the orientation and amplitude of the moments. The red rectangles show the error bars on the

Figure 4 .

 4 Figure 4. The case of long chains. a, Large AFM topography of N30, a long chain containing 30 nanoparticles. b, Deflection image revealing details on nanoparticles' number and arrangement (see also Fig. SI-3). c -f, Magnetic signal at different distances (in nm) above the chain. Red arrows indicate positions where the signal changes by more than 30%. gh, Electronic holography performed on NP30. The different representations are shifted for clarity. g: Combination of
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  The derivation of the magnetic phase provides the magnetization integrated along the electron beam trajectory (see SI for details) using:

Table 1 .

 1 Frequency of the resulting equilibrium magnetization states for the irregular chain and for the ideally ordered chain, starting from random initial configurations.

		Irregular chain	Ordered chain
	Single-domain	30%	32%
	One domain wall	47%	57%
	Two domain walls	23%	10%