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Introduction

VANs are nanocomposite systems made of nanowires (NWs) epitaxially coupled to a surrounding matrix (Figure 1a). While early work on these hybrid thin films already demonstrated the possibility to grow embedded metallic nanostructures 1 , most of the subsequent research focused essentially on all oxide VANs (oxide-oxide VANs). Especially the combination of perovskite and spinel oxides has attracted tremendous attention and led to major advances in the development of multiferroic nanocomposites [2][3][4][5][6][7] . In recent years however, the interest for hybrid VANs composed of an oxide matrix and embedded nanowires made of transition or noble metals (metal-oxide VANs) has grown considerably 8- 27 . These systems naturally offer some advantages that may lead to advances in a variety of fields such as nanomagnetism, or plasmonics.

Growth and structural properties of metal-oxide VANs

The growth of epitaxial metal-oxide VANs is based on self-assembly mechanisms driven by metal-oxide phase segregation during synthesis. Pulsed laser deposition is particularly suitable to obtain the desired metal-oxide structures, allowing for deposition at high temperature (>600°C) and under high vacuum conditions (<10 -5 mbar). VANs can be grown from a single target containing oxide components 1 or by using a multi-target approach based on the alternating deposition of the metallic and oxide species 12,14 . Such sequential growth schemes generally rely on the repetition of one basic sequence where submonolayer amounts of the materials are deposited. This offers precise control over the composition. CoNi-SrTiO3 VANs for example can be grown by shooting alternatively on CoO, NiO and SrTiO3 (STO) targets. The NW diameter and volume fraction in the epilayer can then be controlled by the ratio of the number 3 of shots on CoO-NiO targets and on the STO target 12,14 . The Co content in the NWs is tuned by the ratio of the shots on CoO and NiO. The epilayer thickness, thus the NW length, results from the total number of basic sequences. With this procedure, arrays of ultrathin (diameter < 5 nm) Co, Ni and CoNi alloy NWs with high densities (> 10 11 cm -2 ) have been obtained. VAN growth mechanisms are complex, as they involve simultaneous phase segregation, nucleation and coalescence phenomena in oxide and metallic phases. However, the initial stages of VAN self-assembly can be grasped by using appropriate computer simulation approaches. Ni-STO VAN thin film deposition was for example successfully described using a coarse-grained kinetic Monte-Carlo scheme 21 which allowed to identify the parameters affecting the final assembly. While low growth temperatures result in short, isolated Ni nanoinclusions in the matrix, increasing the deposition temperature beyond 820 K favors the growth of rods. Systematic increase of the Ni/STO ratio in a basic sequence yields larger average NW diameters, while the overall wire density remains constant. The relaxation time between deposition steps also constitutes a key parameter to accurately tune the NW size and density.

One central feature of VANs is the epitaxial NW/matrix coupling along the vertical interface resulting in strained NWs 28 , which permits to overcome the conventional critical thickness for strain relaxation in planar heterostructures, as discussed by MacManus-Driscoll et al. and Chen et al. in oxide-oxide VANs [29][30] .

In metal-oxide VANs, the dilation along the nanowire backbone can reach several percent when choosing appropriate metal/oxide combinations: In Ni-CeO2 VAN thin films 13 for example, an axial tensile strain of 1.5% was reported. In highly lattice-mismatched systems such as CoNi-(BaSr)TiO3 14 or CoNi-STO 27 , the latter can even reach up to 4%, as shown in Figure 2a and 2b, while the radial compressive strain remains negligible.

As the NW/matrix interface energy scales with the NW diameter (~d) while the volume elastic energy scales with its sectional area (~d 2 ), the axial strain in NWs increases when the diameter decreases (Figure 2a). Calculations using a Frenkel-Kontorova toy model 13 indicate that the tensile strain state observed in NWs is metastable and that the sequential growth scheme, with progressive adaptation of NW atoms to local variations of the periodic matrix potential, plays an important role in stabilizing the large axial strains. However, the actual strain state is more complex than what can be predicted using this simplified 1D approach which only takes the horizontal (001) lattice planes into account. In fact, (101) and (111) dense planes also play an important role in imposing a lattice and orientation matching between segments of a NW and the matrix 22,27 . Beyond the mean axial strain observed, partially relaxed segments were identified in NWs, with (101) and (111) planes almost parallel to those of the matrix and further relaxed segments in Ni NWs, with a small rotation around [100]-type axis. Figure 2c shows a cross-sectional transmission electron microscopy image of a Ni-STO VAN, unraveling local tilts of 4°. Such a rotation leads to lattice matching along the NW/matrix vertical heterointerface for one set of (101) planes, but it also results in an increase of structural disorder 22 . In ultrathin wires, these complex structural rearrangements ultimately lead to an almost complete loss of crystalline structure 22 . Strain relaxation mechanisms in metal/oxide VANs thus differ from their all oxide counterparts, where substitutional defect formation, misfit dislocations and antiphase boundaries were often reported 31 .

Tailoring the magnetic anisotropy in metal-oxide VANs

The magnetic anisotropy K is a key property of nanomagnets because it determines the direction of easy magnetization and the temperature range of stability of the magnetization. VANs are ideal systems for tailoring the magnetic anisotropy. Indeed, as shown schematically in Figure 1, by tuning the growth parameters, and thus the final nanoarchitecture of the VANs, it is possible to control the distinct sources of K independently.

The shape of the embedded nanopillars offers direct control over the magnetostatic part of K, the so-called shape anisotropy Kms. This contribution scales with the square of the magnetization Ms and is given, in the case of nanowires with large aspect ratio, by: Kms =µ0Ms 2 /4.

(1)

Thus, using materials with a large value of Ms is a simple way to obtain a large uniaxial anisotropy. This has been shown for Fe nanopillars obtained by decomposition, as reported in the seminal work of Ref. 1. In such metal-oxide VANs, nanowires exhibited a robust ferromagnetic response at room temperature with a clear easy axis along their backbone and a large coercive field for aspect ratios larger than 5. More recently, the possibility to tune the shape of pillars, in particular their cross section, by adjusting the growth rate, was demonstrated for Fe-BaTiO3 VANs 32 resulting in a tunable magnetization and coercivity.

The epitaxial relationship determines the orientation of the embedded nanocrystal and thus, the easy magnetic directions favored by the magnetocrystalline anisotropy Kmc. For most metals studied so far, this contribution has only played a minor role 27 and it remains to be fully elucidated, whether more complex metallic nanoalloys such as CoPt and FePt, exhibiting hard magnetic phases as a result of chemical short-range ordering, can be integrated into VANs.

Finally, the large axial strain within the nanopillars is a lever that can be used to tune the magnetoelastic anisotropy Kme. For a cubic structure and [001] direction parallel to the longitudinal axis, it is given by:

Kme =3λ001 (c11-c12)(εzz-εrr)/2, ( 2 
)
λ001 is the magnetostriction coefficient, cij are elastic constants, εzz and εrr are the axial and radial strain in the nanowires, respectively. In the case of VANs containing alloy nanowires (such as CoxNi1-x), one benefits from an additional degree of freedom: the composition of the metallic inclusions, adjusted precisely via the growth sequence: In pure Ni, λ001 is negative. In CoxNi1-x alloys, λ001 increases with x, reaches 0 around x=18% and is positive above this composition.

Thus, by controlling both, the strain and the composition of CoxNi1-x nanowires, it becomes possible to obtain à-la-carte uniaxial magnetic anisotropies 12,14,24 .

In pure Ni nanowires, there is a threshold value, εcrit, for the axial strain that determines the transition from an easy magnetic axis along the axis of the wires to a hard axis. The value of εcrit is determined by the competition of the shape anisotropy (equation 1) and the magneto-elastic anisotropy (equation 2).

For Ni nanowires embedded epitaxially in a CeO2 matrix (grown on SrTiO3(001) substrate), the axial dilation is of the order of 1%, near εcrit, and the system is nearly isotropic from a magnetic point of view 12 . In a SrTiO3 matrix (grown on SrTiO3(001) substrate), the strain in Ni nanowires is much larger, as shown in Figure 2a and one can expect a reversal of the magnetic behavior: the axis of the wires switches from easy to hard. This is indeed what has been observed 24 , as demonstrated in Figure 3a-b. In Ni-STO VANs, the strain largely exceeds εcrit and the axis of the wires becomes the hard axis with a minimal value of the remanence, as shown in Figure 3b.

In VANs incorporating CoxNi1-x nanowires, the axial strain is still large (see Figure 2b). Based on the above considerations, for x close to 18%, only the shape anisotropy is present in the system. This could indeed be verified by quantitative measurements of the magnetic anisotropy in Co0.2Ni0.8-(BaSr)TiO3

VANs through a combination of cyclic magnetometry (figure 3c) and ferromagnetic resonance measurements 14 . For higher Co contents, the magnetoelastic contribution should lead to an enhancement of the uniaxial anisotropy. This was confirmed in CoxNi1-x-CeO2 VANs: Figure 3d shows magnetic hysteresis cycles recorded at room temperature for a Co0.63Ni0.37-CeO2

VAN exhibiting a ferromagnetic response with strongly anisotropic behavior.

Extraction of the values of the effective uniaxial anisotropy, Keff, of the system shows that it indeed exceeds the shape anisotropy contribution at high Co content (Figure 3e).

The strain engineering approach thus enables to boost K and to push the superparamagnetic limit far beyond room temperature, even for NWs with diameters smaller than 5 nm. This is an exciting perspective for future data storage applications and might be a key step towards controlling anisotropic transport properties in VAN-based nano-devices 18 .

Towards axial structuration and hybrid nanowires

Metal-oxide VANs with two distinct embedded metallic phases can yield additional appealing functionalities. Figure 4a illustrates some hypothetical nanoarchitectures, reminiscent of the multiple configurations adopted by bimetallic nanoparticles 33,[START_REF] Ferrando | Structure and Properties of Nanoalloys[END_REF] . To what extent can these structures be predicted in real-world VANs? Simulation approaches have been developed during the last two decades and turned into powerful tools used to analyze bi-and trimetallic particle structures [START_REF] Ferrando | [END_REF] . However, the integration of metal-oxide interactions into the calculations 36 remains a great challenge. So far, the theoretical analysis of phase separation tendencies in bimetallic VANs has remained limited to basic thermodynamic considerations 23 .

Embedded structures with core-shell (CS) or multishell architecture provide an in-plane modulation of the wire properties. In freestanding NWs, such configurations have been extensively studied and result from sequential growth approaches, where the core of the NW is obtained first, then covered by the shell material. This is hardly compatible with VAN growth, where the wire and matrix assemble simultaneously. The growth of core-shell VANs is thus challenging.

Most alternative approaches developed so far, such as post-growth annealing, yielded limited success. Partial interdiffusion at the NW/matrix vertical interface has been observed in oxide-oxide VANs 37 giving rise to a "diffuse" CS configuration. Spontaneous decomposition and segregation processes, occurring during growth, have been shown to lead to CS configurations (Cu core-SrO shell 38 and TiO core-MgO shell 39 ) but, to the best of our knowledge, this has not been achieved with two embedded metallic phases.

With regard to their magnetic and charge/spin transport properties, backbone-concentration modulated magnetic NWs appear even more appealing than their CS counterparts. Combining for example soft and hard magnetic materials would allow the growth of self-organized spin-valves with unprecedented small diameters. At first sight, these structures seem less challenging to synthesize. One might for example expect to obtain multilayered NWs (Figure 4a) upon sequential deposition of different metallic species.

Unfortunately, the rather high growth temperatures required to achieve metal/oxide phase separation concomitantly induce pronounced vertical atom mobility. Working with miscible metals requires finding a compromise between in-plane 40 and out-of-plane diffusion 21 , in order to avoid creation of a bimetallic solid solution. Mixing of the components can be avoided by choosing appropriate material combinations. Au-Co or Ag-Co for example remain fully immiscible in the solid phase, even in nanoscale structures. However, the equilibrium VAN configurations resulting from co-deposition of these metals are also strongly influenced by differences in their surface energy. Co-growth of Au-Co-STO and Ag-Co-TiO2 produced bilayered NWs, with the component with lower surface energy located at the NW top 23,41,42 : Au and Ag act as metallic surfactants, pushing incoming Co atoms to the bottom of the NW (Figure 4b), which additionally minimizes the interface between the two immiscible metallic phases.

Similar processes have also been observed in three-phase metal/oxide/oxide composites 43 .

While this impedes the growth of multilayer NWs, the aforementioned noble metals -ferromagnetic bilayer configurations can still be considered highly promising for a variety of applications, especially with regard to their plasmonic functionalities. The potential of self-assembly to yield embedded metallic columns with tunable optical resonances has been recognized early on 44,45 and was recently renewed for VANs 16,46 . Coupling of these plasmonic features with magnetic properties might turn VANs into a beautiful playground for magnetophotonic studies at the nanoscale 47 , especially in an ultrafast regime 48 , where fascinating non-equilibrium phenomena such as sub-ps demagnetization 49 and all optical switching 50 can be triggered by optical fs-pulses.

Summary and outlook

Metal-oxide VANs constitute a novel class of hybrid thin films of special interest in the field of nanomagnetism, providing the opportunity to obtain à-la-carte magnetic anisotropies. Among the challenges ahead, the successful growth of 
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 1 Figure 1. Schematic illustration of a VAN and of the possibilities of magnetic anisotropy control.

Figure 2 .

 2 Figure 2. (a) Axial strain <εzz> as a function of NW diameter in Ni-CeO2 VANs (disks, adapted from Ref. 13 by permission from Springer Nature Customer Service Centre GmbH: Springer Nature, Nano Research, Huge metastable axial strain in ultrathin heteroepitaxial vertically aligned nanowires, V. Schuler, F. J. Bonilla, D. Demaille, A. Coati, A. Vlad, Y. Garreau, M. Sauvage-Simkin, A. Novikova, E. Fonda, S. Hidki, V. Etgens, F. Vidal, Y. Zheng, © 2015) and Ni-STO VANs (triangles, adapted from Ref. 22 with permission). (b) Out-of-plane lattice parameters az of CoxNi1-x-STO VANs, with the cyan line as guide to the eye and the red line representing the bulk CoNi alloy reference [Ref. 27] -Reproduced by permission of The Royal Society of Chemistry. (c) Cross section transmission electron microscopy image of Ni nanowires in SrTiO3 matrix; insets: Fast Fourier Transform of selected areas delimited by light squares. The inset at the top evidences the local misorientation α of the Ni lattice with respect to the SrTiO3 lattice (reproduced from Ref. 22 with permission).

Figure 3 .

 3 Figure 3. (a-c) Magnetic hysteresis cycles at 10 K in Ni-STO (a), in Ni-CeO2 (b) and in Co0.2Ni0.8-(BaSr)TiO3 (c). (d) Magnetic hysteresis cycles at 300 K in a Co0.63Ni0.37-CeO2 VAN. (e) Black line: Magnetostatic anisotropy at low temperature as a function of the Co content in CoxNi1-x alloy. Black triangle: magnetic anisotropy of Ni wires in Ni-CeO2 VAN. Keff, magnetic anisotropy extracted from magnetometry, of Co0.32Ni0.68 (green plain square, T = 10 K; open square, T = 300 K) and Co0.63Ni0.37 (dark red disk, T = 10 K; circle, T = 300 K) nanowires assemblies embedded in CeO2. (a) adapted from Ref. 24 with

Figure 4 .

 4 Figure 4. (a) VANs with nanowires exhibiting core-shell (CS) multilayer, and bilayer segregation patterns. (b) Hybrid Au-Co-SrTiO3 VAN: STEM-HAADF and EDX chemical mapping of Co and Au in cross-sectional view. Reproduced from Ref. 23 with permission.

  

  

modulated multi-metallic VANs structures, combining distinct physical properties, will be of utmost interest in the emerging field of magnetoplasmonics. Bimetallic VANs would be an ideal playground to study novel synergy effects on ultrashort timescales, thereby paving the way for an improved photon-based control of magnetic properties in ferromagnetic nanomaterials.