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Abstract

:

Magnetic nanowires are attractive materials because of their morphology-dependent remarkable properties suitable for various advanced technologies in sensing, data storage, spintronics, biomedicine and microwave devices, etc. The recent advances in synthetic strategies and approaches for the fabrication of complex structures, such as parallel arrays and 3D networks of one-dimensional nanostructures, including nanowires, nanotubes, and multilayers, are presented. The simple template-assisted electrodeposition method enables the fabrication of different nanowire-based architectures with excellent control over geometrical features, morphology and chemical composition, leading to tunable magnetic, magneto-transport and thermoelectric properties. This review article summarizing the work carried out at UCLouvain focuses on the magnetic and spin-dependent transport properties linked to the material and geometrical characteristics.
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1. Introduction


Over the last 25 years, the group at UCLouvain has developed a strong expertise in the template-assisted electrodeposition of elongated magnetic nanostructures such as homogeneous and multilayered nanowires (NWs) and nanotubes (NTs). Arrays of magnetic nanofibers with desired aspect ratio, composition, structure, morphologies and density were successfully synthesized by electrochemical deposition in nano-templates with well-defined pore architecture (see Figure 1). This template-assisted synthesis of nanowires has been demonstrated as a very powerful and versatile technique and has the merits of simplicity, high efficiency and low cost. These advantages are key elements compared to more complex and restrictive synthesis methods such as electron-beam lithography [1] and interference lithography [2,3]. Magnetic nanowires provide interesting physics and innovative ideas for fundamental studies in nanomagnetism and spintronics as well as for various device applications [4,5,6,7,8,9]. The group at UCLouvain has performed pioneering work on giant magnetoresistance (GMR) phenomena in magnetic multilayered NWs [5,10,11,12,13]. Extensive studies were realized on many ferromagnetic NW arrays using various experimental techniques for a deeper understanding of the magnetic properties and spin-dependent transport properties in relation with their nanoscopic dimensions [14,15,16,17,18,19,20,21,22,23,24,25,26,27,28,29,30,31,32,33,34,35,36,37,38,39,40,41,42,43,44,45]. The research activity at UCLouvain on magnetic NWs were also motivated by related applications in microwave devices [46,47,48,49,50,51,52,53,54] and multiferroic nanocomposites [55,56,57,58,59]. Recently, we demonstrated the suitability of three-dimensional (3D) nanoporous polymer templates to form dense interconnected magnetic NW networks with tunable geometrical parameters in terms of nanowire size, density, and orientation opens up the possibility for a controlled synthesis of a large variety of complex 3D networks of high aspect-ratio nanostructures with different geometries and materials [60,61,62,63,64,65,66,67]. Their unique architectures and high degree of nanowire interconnectivity facilitate the ability to perform magneto-transport measurements and to investigate the interplay between electronic and thermoelectric transport and magnetic properties.



The intent of this article is to provide a review of the most relevant results obtained by the group at UCLouvain on the fabrication, characterization and properties of ferromagnetic nanowires. The paper is organized as follows: first, the template-assisted electrodeposition methods which have successfully grown high quality parallel arrays and complex networks of nanowires, nanotubes and multilayers are briefly recalled in Section 2. The experimental investigations and analysis of the magnetic, magneto-transport and thermoelectric properties of single magnetic nanowires, nanowire arrays and nanowire networks are presented in Section 3. Finally, prospects of this field are outlined in Section 4.




2. Materials and Methods


Polymer membranes are made using the nuclear track-etch technology in which a film (typically 5–50  μ m thick) of polymer (polycarbonate, PET, polyimide, …) is bombarded by heavy ions of high energy [68]. The bombarded film is then irradiated with UV light to increase the track etching selectivity and finally etched in an adequate solution where tracks are revealed, leading to the formation of pores with a diameter defined by the etching time. Pore size and pore density can be controlled over wide ranges, between 15 nm and a few microns and in the range 10   5  –10   10   cm    − 2   , respectively. For such randomly distributed pores array, this implies that the mean separation distance between nanomaterials can be tuned between ∼100 nm up to several tens of microns, with a maximum porosity close to 30%. Porous alumina films formed by anodic oxidation of aluminum in an acidic solution have also been intensively used to fabricate nanostructured materials [69]. These templates contain cylindrical pores of uniform diameter oriented perpendicular to the surface and approximately arranged in a hexagonal array. The interpore distance and pore length increase in proportion to the applied anodization voltage and time, respectively. The pore diameter can be controllably increased by a pore widening treatment. Porous alumina with pore density as large as 10   12     cm  − 2    and pore diameters ranging from approximately 5 nm up to >300 nm can be produced. Typical porosities are in the range 10–65%. It has also been shown that a two-step anodization process can lead to highly ordered two-dimensional pores arrays with a hexagonal pattern over large areas [70]. Figure 2a,b show the Scanning Electron Microscopy (SEM) images of the surface of the two types of porous templates. Electrochemical deposition of a material within the pores of polymer and alumina membranes is done by coating one face of the membrane with a sufficiently thick metal film to cover the pores and serve as a cathode for electrodeposition [5,10]. The nanoporous membrane is then placed in a home-made Teflon-cell and exposed to the electrolyte (see Figure 2c,d). A standard three-electrode setup is employed to reduce ions in solution at the cathode and make the nanowires. When necessary, the pH values of the as-prepared electrolytes were adjusted to the desired pH by addition of a diluted HCl solution or by addition of NaOH. Different types of parallel NW arrays made from pure metals, alloys of controlled composition and multilayered nanowires were successfully grown by electrodeposition at room temperature (RT) [5,10,23].



Typical SEM images of metal nanowires obtained via the simple potentiostatic mode after dissolution of the host nanoporous media are shown in Figure 3a,b. Note that, after the template is filled with magnetic wires, the term packing factor is used instead of the membrane porosity, since interest is focused on the properties of nanowire networks.



The technique mostly used for the fabrication of multilayered nanowires (see Figure 3c) consists in a pulse-plating method in which two metals are deposited from a single solution (in which the nobler element is kept in dilute concentration) by switching between the deposition potentials of the two constituents. Following a procedure described elsewhere [5,10], the deposition rates of each metals were determined from the pore filling time. This single-bath method was successfully used to prepare various multilayered nanowires including Co/Cu, NiFe/Cu, CoNi/Cu and Ni/Cu. Transmission Electron Microscopy (TEM) images of permalloy (Py = Ni   80  Fe   20  )/Cu and Co/Cu multilayered nanowires are shown in Figure 3d,e. Over the last decade, several groups also reported on the electrochemical synthesis of parallel arrays of Ni nanotubes within nanopores of anodic alumina oxide and polymer templates [42,44,71,72]. In this method, core-shell Cu/Ni nanocables are first grown in porous templates at a constant deposition potential, followed by the selective electrochemical etching of the Cu-rich core at an oxidation potential (see Figure 3f).



Most of the magneto-transport measurements were performed by simply contacting a small number of nanowires parallel to each other embedded in the porous matrix. However, measurements on single nanowires were also realized in previous studies [17,21,30,41,73]. Various experimental approaches have been developed for this purpose. For polymer templates with low pore density, a self-contacting technique [17,72] has been used successfully for contacting a single wire. For anodic porous alumina supported on Si substrate, nanolithography-based contacting techniques have been developed to allow the electrical connection of one single nanowire in a large assembly of wires [30,41]. Another approach is based on the use of electron beam lithography to connect a single nanowire after dissolution of the matrix that contains the nanowires [21].



Recently, 3D nanoporous templates were obtained by performing a sequential multi-step exposure of energetic heavy ions, at various angles with respect to the normal of polycarbonate film surface [60,74]. Then, the latent tracks within the polymer film were chemically etched following the previously reported protocol to obtain membranes with distinct porosities and pores sizes [68]. Hereafter, the as-prepared polymer membranes containing networks of interconnected cylindrical nanopores were designed with pores of well-defined diameters between 40 and 230 nm and with different porosity characteristics (  P =   3% and   P =   20%, with P the void volume fraction of the membrane). Next, the template-assisted electrodeposition method was used for the synthesis of well-defined 3D architecture consisting of crossed nanowire (CNW) and nanotube (CNT) networks [60,61,62,63,66]. In addition, magnetic and non-magnetic layers were electrochemically stacked to make interconnected multilayered nanowires [64,65,67]. Figure 4 illustrates the various 3D nanofiber architectures which have so far been investigated. After electrodeposition, the complete dissolution of the PC template leads to an interconnected metallic self-standing structure, as the one observed for the 40 nm and 230 nm diameter Ni CNW network shown in Figure 4e–g. The CNW network exhibits the replicated complex nanowires branching morphology of the porous template.



The feasibility of using the same electrochemical method to fabricate large-scale 3D Ni CNT networks from Cu/Ni-core/shell nanocables was recently demonstrated [63]. This process results in Ni CNT networks as the one shown by the SEM micrograph reported in Figure 4h after dissolution of the host PC membrane. In addition, since the geometrical features of the crossed core(Cu)/shell(Ni) nanocables can be carefully modified via the control over the reduction or deposition potential, Ni CNT networks with different wall thickness in the range 10–50 nm were obtained after carrying out the dealloying step of the Cu core [63]. In addition, CNWs with multilayer structure of FM/Cu, with FM = Co, CoNi and NiFe alloys were fabricated in the host 3D porous templates [64,65,67]. Interestingly, this fabrication method appears as a very convenient approach for large scale production of current-perpendicular to-plane (CPP) giant magnetoresistance (GMR) films based on CNW networks, as shown in Section 3.3 and Section 3.5.




3. Results


3.1. Magnetization Reversal Processes in Magnetic Nanowires


Anisotropic magnetoresistance (AMR) arising from the relativistic spin-orbit coupling is a powerful tool for studying the magnetization reversal in magnetic nanowires. AMR is related to the dependence of the resistance on the angle between the magnetization of the ferromagnet and the electrical current direction. The change in resistance between current parallel and perpendicular to magnetization is often less than a few percent. However, as a high accuracy in the electrical resistance measurement can be obtained, AMR was used to investigate the reversal of magnetization of magnetic nanowires at different temperatures [17,73] and quantitative analysis of the results was conducted using classical models describing magnetization reversal. The magnetoresistive curve   R ( H )   is related to the magnetization   M ( H )   by


  R  ( H )  =  R 0  +   ( Δ R )  max    M ( H )   M s   ,  



(1)




where   M  ( H )  =  M s  cos  [ φ  ( H )  ]    is uniform and measured along the wire axis,   M s   is the saturation magnetization and  φ  is the angle between the applied field and the current (which is along the wire axis). In Equation (1), the quantity     ( Δ R )  max  /  R 0    defines the AMR ratio. Figure 5a shows the magnetoresistive hysteresis loops obtained at room temperature on a single 75 nm Ni nanowire for the angles   φ =   10¼ and   φ =   75¼. Low density Ni nanowire arrays constitute an attractive model system in which the magnetization easy axis is simply determined by shape anisotropy.



As shown in Figure 5a, the AMR curves are composed of continuous variations of the resistance corresponding to a reversible rotation of the magnetization and of discontinuous jumps of resistivity at fields corresponding to magnetization reversal. It involves processes such as nucleation of small reversed domains at the end of the wire, before their possible expansion through domain-wall motion [14]. The jumps in AMR curves refer to successive pinning and depinning of the domain wall. The inset of Figure 5a shows a zoom in the region where the discontinuity occurs. Two resistance jumps appear for two field values that are close to each other. The first one refers to the nucleation of the magnetization reversal and propagation of a domain wall until it is trapped at a pinning center due to the presence of structural defects. The domain wall is evacuated when the external magnetic field reaches a higher field (giving rise to a second jump) where the magnetization of the wire is completely reversed. The nucleation field was measured on individual nanowires as a function of the angle between the applied field and the wire axis. The results were then compared with predictions of the micromagnetic theories. Figure 5b shows the dependence of the nucleation field Hn with the angle  φ  for the 75 nm-Ni nanowire. The angular dependence of the nucleation field is consistent with a process controlled by a curling rotational mode [14]. The results show that the magnetization switching is initiated by reversal inside some nucleation volume much smaller than the total volume of the nanowire [17,73]. For Ni nanowires, the measurements of the nucleation field as a function of temperature evidence an extra uniaxial anisotropy adding to shape anisotropy at low temperatures. By combining X-ray diffractometry, magnetization and ferromagnetic resonance measurements at different temperatures, this additional contribution was demonstrated to find its origin in magnetoelastic effects conjointly induced by the Ni and polycarbonate thermal-expansion coefficients mismatch and by the low volume fraction of Ni in the nanocomposite samples [16,31,40]. This additional magnetic anisotropy, whose magnitude is comparable to that of shape anisotropy, reinforces the wire axis as an easy axis for magnetization.




3.2. Tunable Magnetic Anisotropy of Magnetic Nanowire Arrays


The effective magnetic anisotropy in ensembles of parallel nanowires is determined by different contributions, namely shape anisotropy, dipolar interwire coupling, magnetocrystalline (MC) anisotropy and magnetoelastic terms. Magnetoelastic effects were found to be important only at low temperature in low porosity polymer membranes filled with Ni [16,40] and will be neglected hereafter. Consequently, the effective anisotropy field (  H EF  ) with a uniaxial symmetry parallel to the wire axis is given by:


   H EF  =  H S  −  H DIP  ±  H MC  ,  



(2)




which includes the shape anisotropy    H S  = 2 π  M S    for an infinite long cylinder, the dipolar coupling between the wires which lowers the magnetostatic energy and, in a mean field approximation, can be written as    H DIP  = 6 π  M S  P   [19] (with P the packing factor of the nanowire array), as well as the possible contribution of a magneto-crystalline anisotropy   H MC   that adds or competes with the shape anisotropy. Among the different approaches that have been used to investigate the static and dynamic properties of arrays of magnetic nanowires, ferromagnetic resonance (FMR) has proved to be a very powerful technique [19,23,24,29,32,34,35]. Indeed, at a given constant frequency f, the ferromagnetic resonance condition when the magnetic field is applied parallel to the wires is [19]:


   H R  =  f γ  −  H EF  ,  



(3)




where   H R   is the resonance field and  γ  the gyromagnetic ratio provides a direct and precise quantification of the effective field   H EF  . Figure 6a shows typical microwave absorption curves measured on an array of 100 nm Ni nanowires (  P ≈   27%) as a function of the intensity of the static field applied parallel to the wires [19]. From these results, it can be seen that the absorption curves present an intense absorption peak which varies in position and intensity as the amplitude of the magnetic field is varied. Using porous membranes, the inter-wire spacing can be controlled over a wide range. This allows to explore the properties and dipolar interactions between the wires from the limit of isolated towards the limit of almost touching wires [19]. In Figure 6b–d, we present the dispersion relation and the corresponding hysteresis loops, measured with the magnetic field applied parallel (closed symbols) and perpendicular to the wires (open symbols) for three different Ni samples having a diameter and packing density of (b) 180 nm and 4%, (c) 100 nm and 27% and (d) 115 nm and >35%. The data were compared to the calculated ones for isolated wires, shown as solid lines. For low packing densities, the measured resonance frequencies in the saturated states agree well with the values expected for an array of isolated wires, see Figure 6b. At higher wire density for both field directions, the measured frequencies are almost identical, as shown in Figure 6c. In addition, above a critical value of the packing (estimated around 33% for an ordered nanowire array), there is a tilt of the easy axis of magnetization between directions parallel to perpendicular to the wire axis, as shown in Figure 6d. Therefore, by increasing the density of the NW array, it is possible to modulate the effective magnetic anisotropy, from the case of isolated wires with the easy axis parallel to the wires to dense NW arrays in which the easy axis is perpendicular to the wires, passing through the particular case of quasi-isotropic magnetic systems. The observed deviations from the frequency-field dispersion curves calculated in weak field conditions are due to the fact that the system is no longer single-domain.



A control of the effective magnetic anisotropy can be achieved not only by changing the packing factor nanowire arrays but also by tailoring the magnetocrystalline anisotropy, as demonstrated for Co [24,29] and CoPt [28] nanowire systems. From our previous studies, the electrolytic bath acidity, or pH, was demonstrated to be a key parameter in determining the structure of electrodeposited cobalt nanowires. Indeed, it was found that face-centered cubic (fcc) Co is favored at low pH (typically less than 2.5) while hexagonal close-packed (hcp) Co is formed at pH larger than ∼3.5 [24,29]. Moreover, it was shown that an abrupt transition in crystallographic orientation takes place for pH in the range 4.0–6.5, with a preferred in plane orientation at low pH and a reorientation of the c-axis normal to the film at large pH. These structural changes have been attributed to the influence of evolution of hydrogen at the cathode, which are known to depend on the pH [75,76]. Another relevant parameter of the operative conditions in cobalt electrocrystallization is the current density.



Figure 7a shows the variation of the effective field for a 30 nm Co nanowires array as a function of the pH in the range 2.0–6.6 for two different plating current densities, around 50 mA·cm    − 2    and 5 mA·cm    − 2   , respectively. These data were extracted from FMR experiments [24,29]. Let’s first consider the results obtained at 50 mA·cm    − 2   . For reference, the effective field    H EF  = 2 π  M s   ( 1 − 3 P )  ≈   8 kOe expected when there is no contribution from the MC anisotropy is indicated by the dotted line in Figure 7a (  P ≈   3% is for the array samples in this study). This value agrees with that of the low-pH samples, for which only the shape anisotropy and dipolar coupling should be considered due to the lack of texture in the electrodeposited Co microstructure and possible presence of fcc phase. In contrast, for pH values of 3.8–4.0, it was found that the microstructure of the deposited Co nanowires contains a dominant fraction of large hcp grains with the c-axis oriented perpendicular to the wire. A similar result was observed for all the diameters considered in the range 30–120 nm [24,29]. For such samples, the effective anisotropy field is weaker than for the low-pH samples due to the competition between shape anisotropy and MC anisotropy (which has an upper bound of    H MC  =   6.4 kOe for bulk hcp Co). Moreover, a re-orientation of the hcp c-axis along the wire axis is also observed for pH values ≥ 6.0 [24], resulting in an additive MC contribution to the total anisotropy field.



For both low and high plating currents, the overall variation of the effective field with bath acidity is similar, see Figure 7a. However, the transition between the low and high effective fields takes place around different pH values depending on the plating current density. Therefore, for a limited pH range, it is possible to selectively obtain both structural phases (c-axis parallel and perpendicular to the wires) from the same electrolyte simply by changing the plating current (or deposition rate). These results are corroborated by TEM investigations as shown in Figure 7b,c [29]. In the case of low current density, the TEM bright field images and corresponding diffraction patterns clearly show an orientation of the c-axis parallel to the wire axis, while, in the case of high current density, the images clearly show a perpendicular orientation of the c-axis.



CoPt alloy nanowires constitute another system whose magnetic anisotropy can be changed drastically by appropriate annealing treatment after electrodeposition. These interesting properties of Co   x  Pt    1 − x    alloys are related to its ordered face centered tetragonal (fct) phase (L1   0  ) which exhibits very large magnetocrystalline anisotropy energy (up to 5 × 10   7   erg·cm    − 3    around the equiatomic region). For this purpose, we used a thin anodized aluminum oxide film template (1.5 μm thick) on a doped silicon wafer, which affords the thermal durability of the nanoholes for high temperature process after electrodeposition. The as-made electrodeposited 80 nm Co   47  Pt   53   nanowires were magnetically soft as shown by the hysteresis loops in Figure 8a. The large packing in the array (close to 50%) induces a strong interwire dipolar coupling that overcomes the shape anisotropy, thus resulting in an easy axis perpendicular to the wire axis. Appropriate thermal treatment at 700 ¼C has contributed to ordering the alloy nanowires. X-ray diffraction patterns have confirmed that the L1   0   ordered phase was successfully obtained in such CoPt nanowires [28]. Hysteresis loops of the annealed sample measured parallel and perpendicular to the wires are displayed in Figure 8b. Magnetic hardening is developed after annealing at 700 ¼C with coercive fields as large as 11 kOe at room temperature. No anisotropy exists between the two directions, although the length/diameter ratio of the wires is larger than 10. This is because the L1   0   CoPt has a strong MC anisotropy, much higher than the shape anisotropy. In addition, the nanowires are textured along the <111> direction which makes an angle of 55¼ with the (001) easy axis, resulting in an absence of anisotropy.




3.3. Spin Transport in Multilayered Nanowires


Multilayered nanowires are ideal structures to investigate the giant magnetoresistance (GMR) and its temperature dependence in the Current Perpendicular to the layer Plane (CPP) geometry. The first measurements were performed in 1994 on Co/Cu nanowires by Piraux et al. [10], Blondel et al. [77] and Liu et al. [78]. Nanowire systems have key advantages over conventional magnetic multilayers made by vacuum deposition. Firstly, the electrodeposition method into porous templates is much more convenient than vacuum deposition techniques for making multilayers with layer thicknesses close to the micron without degrading the quality of the interfaces. As a result, measurements on nanowires have been very useful to study the regime with layer thicknesses above the spin diffusion length (SDL), to test the theoretical predictions in this regime and to determine the SDL of various materials. Secondly, most of the measurements in CPP geometry on planar multilayers were performed with superconducting niobium contacts. Such measurements are therefore limited to the helium temperature range. On the other hand, measurements on nanowire systems can be carried out up to the ambient temperature, which has made it possible to study the temperature dependence of CPP-GMR [79]. Third, a high aspect ratio of the multilayered nanowires leads to large signals and precise measurements. Up to now, most measurements have been performed on Co/Cu, CoNi/Cu, Py/Cu systems and FeCoNi/Cu [10,11,77,78,79,80,81,82,83]. In Figure 9a, we show an example of CPP-GMR curves obtained for a Py/Cu multilayered nanowires sample. The MR ratio reaches 67% at 77 K and 71% at 4.2 K. Another example of experimental results for Co/Cu nanowires is also shown in Figure 9a. In both cases, the thickness of each FM/Cu bilayers is about 15 nm.



Most measurements on multilayered nanowires have been analyzed using the Valet–Fert model [84,85]. This model takes into account the important effects due to the spin accumulation occurring at the interfaces when the conduction in the ferromagnetic layers is spin dependent. In addition to the usual relaxation term for the momentum, the Boltzmann equation of the Valet–Fert model also includes a spin-lattice relaxation term describing the relaxation of spin accumulation by spin-flip scattering. In the case of multilayers with thick ferromagnetic layers, the GMR contribution from bulk scattering dominates that from interface scattering. For FM/Cu multilayers, if FM layers are thicker than the spin diffusion length in FM, and Cu layer much thinner than the one in Cu, the CPP-GMR ratio can be expressed as [5]:


    Δ R   R P   =   2 p  β 2   ℓ sf FM     ( 1 −  β 2  )   t FM     



(4)




with   Δ R =  R AP  −  R P    (  R AP   and   R P   are the corresponding resistances for antiparallel and parallel arrangements, respectively),  β  the bulk scattering spin asymmetry coefficient (  β =  (  ρ ↓  −  ρ ↑  )  /  (  ρ ↓  +  ρ ↑  )   ),   ℓ sf FM   the spin diffusion length in the FM material,   t FM   the thickness of the FM layers and p the proportion of antiparallel orientations of the magnetization in consecutive magnetic layers. The spin asymmetry coefficients are usually determined from analysis of the experimental results in the long SDL limit (   t FM  < <  ℓ sf FM   ,    t Cu  < <  ℓ sf Cu   ). Typical values are   β =   0.35–0.5 for Co and   β =   0.7–0.8 for Py. Equation (4) expresses that only a depth   ℓ sf FM   on both sides of a magnetic layer is “active” in this limit. The variation as   1 /  t FM    of Equation (4) is illustrated by the experimental results of Figure 9b for Co/Cu multilayers. Once p is determined by independent Magnetic Force Microscopy observations, the   1 /  t FM    variation of Figure 9b can be used to derive the SDL length in Co,    ℓ sf Co  =   59 nm at 77 K [5]. At room temperature,    ℓ sf Co  =   40 nm. In Figure 9c, we show another example of variation of the GMR as   1 /  t FM    for a collection of Py/Cu/Py trilayers [5]. The SDL in Py, 3.3 nm   <  ℓ sf Py  <   5.3 nm, has been derived from an analysis of these data with an expression similar to Equation (4). This value is in approximate agreement with that found for planar multilayers [86],    ℓ sf Py  ≈   5.5 nm.



Despite their complex nano-architecture, interconnected NW networks made of Co/Cu, CoNi/Cu and Py/Cu multilayers were found to exhibit very large CPP-GMR responses reaching values of 40% at RT and 86% at   T =   15 K for CoNi/Cu [64]. The same features were observed on the Co/Cu and Py/Cu CNW samples [65,67], as shown in Figure 10a–c.



The effects related to spin-transfer torque from a spin-polarized current in a nanosized ferromagnet have been studied in specially designed nanowires containing Py/Cu/Py and Co/Cu/Co pseudo spin-valves electrodeposited in anodic porous alumina supported on Si substrate (see Figure 11a). Single nanowire electrical connection techniques were developed for this purpose [30,36,41]. Switching phenomena driven by a spin-polarized current were clearly demonstrated in Py/Cu/Py trilayer nanowires [30].



In Figure 11b, we show the variation of the differential resistance d  V /  dI versus injected direct current at small magnetic field. Starting from the P state at zero current, the injected current is first decreased toward negative values. We first observed a sharp increase of the resistance at −2.5 mA due to the magnetization switching of the thin Py layer. The curve is hysteretic because the system remains in this high resistance state until the current is swept to a positive value. At a critical positive current of about +0.4 mA, the resistance flips back to the P state level. The system remains in this low resistance state at higher positive current. In addition, under specific magnetic field and injected current conditions, emission of microwave current was detected in Co/Cu/Co pseudo spin-valves with frequency in the GHz range and linewidth as low as 1.8 MHz [37,41,45]. Microwave signals have been obtained even at zero magnetic field and high frequency versus magnetic field tunability was demonstrated. From micromagnetic simulations, it appeared that the microwave emission is generated by the vortex gyrotropic motion which occurs in, at least, one of the two magnetic layers of our spin-valve structures. To stabilize the magnetic vortex state, a saturating perpendicular magnetic field is first applied to the sample before a decreasing ramp of magnetic field. The results reported in Figure 11c for the measured spin-transfer nano-oscillator containing a single spin-valve are related to the two-vortex state with vortices of opposite polarity present in both the magnetic layers of the spin-valve. The magnetic states responsible for the microwave emission were found to be consistent with micromagnetic simulations [37,41,45]. This bottom-up approach is promising for microwave device applications since it allows connection of dense arrays of stacked metallic spin valves in series and/or parallel, which could lead to high-quality coherent emission by synchronization.




3.4. Interplay between the Magnetic and Magneto-Transport Properties in Interconnected Nanowire Networks


In this section, we report on magneto-transport measurements performed on homogeneous CNW networks (40 nm diameter) made from CoNi alloys, while sweeping the magnetic field in the out-of-plane (OOP) and in-plane (IP) directions. In this system, the magnetic anisotropy has been found to be dependent on the alloying composition. The experimental setup for magneto-transport shown in Figure 12a is based on a two-probe system created at the surface of the filled template by local removing of the cathode by plasma etching. In this configuration, the current is directly injected to the branched CNW structure from unetched sections of the metallic cathode and goes through the network thanks to the high degree of electrical connectivity of the CNWs. Figure 12b,c show resistance curves measured at 290 K with the external field applied in the OOP and IP directions for interconnected NiCo CNW networks. As observed in Figure 12b, the maximum resistance in the Ni-rich Ni   75  Co   25   sample is reached near zero applied field for both directions, which is consistent with remanent magnetization states where the magnetization tends to be aligned along the nanowire axis, due to shape anisotropy. Conversely, the decrease of the resistance near zero field in the Co-rich Ni   32  Co   68   sample (see Figure 12c) is consistent with the decrease of the remanent magnetization as a result of the misalignment of the magnetization with respect to the NWs axis. Indeed, decreasing the Ni content below 45% leads to the appearance of a transverse hcp magnetocrystalline anisotropy contribution, which competes with the magnetostatic anisotropy contribution, since the c-axis is perpendicular to the nanowires axis, as revealed by XRD analysis [61,62].



Therefore, the magnetic anisotropy in OOP of Ni-rich networks is higher than that of Co-rich ones, as expected. Figure 12d shows the MC field   H MC   as a function of the Ni content (x), obtained by FMR measurements on several Ni   x  Co    1 − x    CNW networks. As expected,   H MC   is negative and increases toward the observed limiting value for pure Co networks with perpendicular c-axis as the Ni content is reduced. It is worth mentioning that the small negative anisotropy contribution observed for the Ni sample could be originated by residual stresses due to the reduced diameter of the nanowires, as recently suggested [87]. Figure 12e shows the anisotropic magnetoresistance ratio (AMR) vs. Ni content (x) at   T =   20, 150 and 290 K for the different Ni   x  Co    1 − x    CNW networks (See [61,62] for more details on the estimation of AMR ratio in such CNWs). The observed variation of the AMR ratio as a function of x is consistent with previous reports on electrodeposited films and metallurgically processed NiCo alloys [88,89,90], where the maximum at x ∼ 75% for both temperature values is attributed to a magnetostriction and MC constants close to zero and to a saturation magnetization of about one Bohr magneton per atom for that particular alloy composition [90].



It is interesting to note that a close relation between the CNWs magnetic and structural properties has also been found in Co CNWs networks (40 nm diameter) where the effective magnetic anisotropy can be strongly modified using well-known mechanisms to modify their microstructure, such as the electrolyte pH [61]. Overall, the results obtained in Co CNWs are in very good agreement with the previous results obtained in arrays of parallel Co NWs [24]—see Section 3.2.




3.5. Spin Caloritronics in Nanowire Networks


A current trend is pushing the development of the next generation of thermoelectric materials to exploit spin-based transport mechanisms [91]. In this context, the coupling of thermal transport with spintronics is at the heart of the emerging field of spin caloritronics [92,93]. Previous studies on metallic nanostructures, magnetic tunnel junctions and magnetic insulators have led to the observation of several novel physical phenomena that may differ strongly from conventional thermoelectric effects such as Seebeck spin effects [94,95], thermally controlled spin injection [96] and thermally assisted spin transfer torque [97,98]. However, the low conversion efficiency of the observed effects and the low power of spin caloritronic devices greatly limit the spectrum of applications. Another difficulty is the lack of experimental approaches for reliable measurements of spin caloritronic material parameters. It has recently been shown that arrays of interconnected nanowires embedded in porous polymer films provide a simple and cost-effective way to fabricate flexible spin caloritronic devices at the macroscopic scale [64,65].



The diffusion thermopower arises from a diffusion of charge carriers opposite to the temperature gradient. It is related to the energy dependent conductivity of the material   σ ( ϵ )   by Mott’s formula:


  S = − e  L 0  T    d ln  σ ( ϵ )    d ϵ     |  ϵ =  ϵ F    ,  



(5)




with    L 0  = 2.44 ×  10  − 8     V   2  K    − 2    the Lorenz number and e the electron charge (positive). According to Einstein’s relation for a metal or alloy with isotropic properties, the conductivity is proportional to the density of states   N ( ϵ )   and to the scattering time   τ ( ϵ )  , where both terms are to be evaluated at the Fermi level   ϵ F  . Because of the pronounced structure of the d-band and the high energy derivative of the density of states at the Fermi level in 3d ferromagnetic metals, large diffusion thermopowers are obtained (e.g.,   S ≈  −30  μ V/K in cobalt at RT). In addition, these magnetic metals exhibit significant magnon–drag contribution to the thermoelectric power within a wide temperature range [99,100]. Importantly, the largest RT thermoelectric power factor (PF   =  S 2  σ  , with  σ  the electrical conductivity), which is the physical parameter that relates to the output power density of a thermoelectric material, is achieved for Co (PF ≈ 15 mW/K   2  m) [101].



In multilayer stacks made of ferromagnetic (FM) metals and Cu, the Seebeck coefficient in a direction perpendicular to the layers can be calculated from the corresponding transport properties using Kirchhoff’s rules [102],


   S ⊥  =    S Cu   κ FM  + λ  S FM   κ Cu    λ  κ Cu  +  κ FM    ,  



(6)




where   S   FM ,   Cu    and   κ   FM ,   Cu    represent the thermopower and the thermal conductivity of the ferromagnetic material and Cu and   λ =  t FM  /  t Cu    the thickness ratio of FM and Cu layers. In metals, heat conductivity is primarily due to free electrons. Therefore, considering FM/Cu multilayers and using Wiedemann–Franz law (  κ ρ = L T   where L is the Lorenz ratio), Equation (6) simply reduces to


   S ⊥  =    S Cu   ρ Cu  + λ  S FM   ρ FM    λ  ρ FM  +  ρ Cu    ,  



(7)




with   ρ FM   and   ρ Cu   the corresponding electrical resistivities. According to Equation (7),   S ⊥   is mainly determined by the large thermopower of the FM metal in case the thickness ratio  λ  is not too small since    S FM   ρ FM  ≫  S Cu   ρ Cu   . The same conclusion is drawn when the FM layer is formed from alloys such as CoNi and NiFe because of highly contrasting thermal conductivity values between the alloy and Cu. In contrast, the Seebeck coefficient of a FM/Cu multilayer stack in the direction parallel to the layers is given by


   S ‖  =    S Cu   ρ FM  + λ  S FM   ρ Cu    λ  ρ Cu  +  ρ FM    ,  



(8)




showing that large thermopower can be obtained only in case the thickness ratio  λ  is very large. The contrasting behavior between layer parallel and perpendicular directions is illustrated in Figure 13a for Co/Cu multilayers using Equations (7) and (8) and the literature resistivity and thermopower values at RT. The device configuration to measure the Seebeck coefficient and the magnetothermoelectric effect is schematically represented in Figure 13b. In such centimeter-scale nanowire networks, electrical connectivity is essential to allow charge and heat transfer over the whole sample sizes. Heat flow is generated by a resistive element and a thermoelectric voltage   Δ V   is created by the temperature difference   Δ T   between the two metallic electrodes that is measured by a thermocouple (see [64] for details). For conducting thermoelectric and magnetoresistance measurements, the cathode was locally removed by plasma etching to create a two-probe design, with the flow of current restricted along the nanowire segments, thus perpendicularly to the plane of the layers in FM/Cu CNWs. As shown in Figure 13c,d, the resistance and thermopower of the low-packing density (  P =   3%) Co/Cu NW sample (80 nm in diameter) show the same magnetic field dependencies and similar relative changes of ∼25% at   H =   8 kOe at RT. The samples are nearly magnetically isotropic, as observed from the magneto-transport curves obtained with the applied magnetic field along the OOP and IP directions of the NW network films (see Figure 13c,d). This behavior corresponds to the one expected considering the CNW architecture and magneto-static arguments when using similar magnetic and non-magnetic layer thicknesses [32]. In the following, only the measurements obtained in the plane of the CNW network films are reported. Recent estimations of the thermoelectric power factor at RT for both Co/Cu and CoNi/Cu CNW networks lead to values around 5 mW/K   2  m in the saturated state [64,65], which are even larger than the PF of the widely used thermoelectric material, bismuth telluride (in the range 1–5 mW/K   2  m) [103]. In addition, the PF values obtained for FM/Cu NW networks embedded in polymer membranes are at least one order of magnitude larger than those of flexible thermoelectric films based on optimized conducting polymers, namely PEDOT-Tos films [104]. Very large magneto-power factor, reaching 100% at RT, was obtained for the Co/Cu CNWs. On the other hand, the efficiency of a material’s thermoelectric energy conversion is determined by its figure of merit   Z T =  S 2  σ T / κ  . Due to the very low thermal conductivity of polycarbonate (  κ =   0.2 W/m·K at RT), the contribution of the polymer matrix to heat transport is much smaller than that of the metallic nanowire network. In this case, the figure of merit is reduced to   Z T =  S 2  /  L 0   , thus leading to   Z T ≈   1.6 × 10    − 2    (  Z T ≈   1.9 × 10    − 2   ) for the Co/Cu (CoNi/Cu) NW network sample at RT [64,65]. Although the figure of merit is more than one order of magnitude smaller than those of state-of-the-art thermoelectric materials (  Z T ≈   1 in BiTe alloys), it is comparable to those of thermocouple alloys (  Z T ≈   6 × 10    − 2    and   Z T ≈   1.4 × 10    − 2    in constantan and chromel, respectively) and can be used in applications for devices with low energy requirements when the supply of heat essentially is free as with waste heat.



In the limit of no-spin relaxation, most of the CPP-GMR data can be understood using a simple two-current series-resistor model, in which the resistance of layers and interfaces simply add and where ’up’ and ’down’ charge carriers are propagating independently in two spin channels with large spin asymmetries of the electron’s scattering [105,106]. Similarly, significantly different Seebeck coefficients for spin-up and spin-down electrons,   S ↑   and   S ↓  , are expected because the d-band is exchange-split in these ferromagnets, as suggested from previous works performed on dilute magnetic alloys [107,108]. Assuming that the layers of the magnetic multilayers are thin compared to the spin-diffusion lengths and according to the usual rule when the currents split to flow along two parallel paths (see Figure 14a), the corresponding thermopowers   S AP   and   S P   in the high- and low-resistance states, respectively, are simply given by [109]:


   S AP  =    S ↑   ρ ↑  +  S ↓   ρ ↓     ρ ↑  +  ρ ↓     



(9)




and


   S P  =    S ↑   ρ ↓  +  S ↓   ρ ↑     ρ ↑  +  ρ ↓    ,  



(10)




where separate resistivities   ρ ↑   and   ρ ↓   and Seebeck coefficients   S ↑   and   S ↓   are defined for majority and minority spin channels. Therefore, the spin-dependent Seebeck coefficients can be expressed as follows:


   S ↑  =  1 2    S AP   1 −  β  − 1    +  S P   1 +  β  − 1     ,  



(11)






   S ↓  =  1 2    S AP   1 +  β  − 1    +  S P   1 −  β  − 1     ,  



(12)




where   β =  (  ρ ↓  −  ρ ↑  )  /  (  ρ ↓  +  ρ ↑  )    denotes the spin asymmetry coefficient for resistivity. From Equations (11) and (12), it can be easily deduced that    S ↑  =  S P    and    S ↓  =  S AP    in the limit of an extremely large MR ratio (  β →   1). Figure 14b shows the temperature evolutions of   S AP  ,   S P  ,   S ↑   and   S ↓   for CoNi/Cu CNWs using a rough estimate of   β =  MR  1 / 2    . Below RT, the various Seebeck coefficients decrease almost linearly with decreasing temperature, which is indicative of the dominance of diffusion thermopower. Similar results were obtained on Co/Cu CNWs (not shown in Figure 14). From the analysis, the estimated values for   Δ S =  S ↑  −  S ↓    of   − 8.5  μ  V/K and   − 10  μ  V/K for Co/Cu and CoNi/Cu CNWs, respectively, are much larger than the one of   − 1.8   μV/K extracted from measurements performed on Co/Cu/Co nanopillar spin valve using a 3D finite-element model [96,110].



Recently, we have demonstrated the fabrication of nanowire arrays based on diluted NiCr and CoCr alloys by electrodeposition in 3D porous membranes [66]. Measurements of magnetoresistance and thermoelectric power were performed as a function of temperature and chromium content in these diluted alloys. The changes in sign observed in the Seebeck coefficient and in the anisotropic magnetoresistance were related to significant changes in the density of the for the majority spin electrons. The evolution of the MR ratio with respect to the Cr content for NiCr NW networks is shown in Figure 15a at RT and   T =   100 K. For all samples, positive values are found at RT, showing a rapid decrease in MR with the increasing Cr concentration. In contrast, the negative MR ratio was measured at   T =   100 K for the NiCr sample with 4 and 7 at.% of Cr. The inset in Figure 15a shows that the MR ratio of the Ni   96  Cr   4   NW sample gradually increases from its negative value at low temperature to positive values for   T >   150 K. In contrast, CoCr alloy NWs display negative AMR at RT for a Cr concentration ≥ 3 at. %. Negative values are also obtained at   T =   100 K for all CoCr NW samples, and the absolute values for MR at low temperatures are almost independent of the alloy content even for a Cr concentration as small as ∼ 1at.%. The inset of Figure 15b shows the gradual change in the sign of MR(T) for the sample with the lower Cr concentration (Co   99  Cr   1  ). Overall, our experiments performed on both NiCr and CoCr alloy NW networks are in qualitatively good agreement with the model predictions of Campbell, Fert, and Jaoul [111,112]. In this simplified model, the sign of the AMR ratio has been tentatively linked to the value of the spin asymmetry coefficient   α =  ρ ↓  /  ρ ↑    in the alloy through a model based on a spin–orbit mechanism. The model predicts that at low temperatures, the AMR is proportional to the quantity   α − 1  , and so a negative AMR ratio is expected when electronic conduction is dominated by minority spin electrons, as expected for dilute NiCr and CoCr alloys. Moreover, the experimental results obtained at low temperature on CoCr NWs follow the prediction of MR being independent of the impurity concentration, as shown in Figure 15b. The influence of the impurity concentration on the thermoelectric power has been also investigated. Figure 15c,d show the variation of the Seebeck coefficient with the Cr content at some selected temperatures in the absence of any external magnetic field. As shown in Figure 15c, the thermopower of NiCr suddenly changes sign from negative to relatively large positive values with the addition of Cr impurities in Ni. The RT Seebeck coefficient goes from −20  μ V/K to about +17.5  μ V/K for the NiCr alloys with 7 at.% of Cr. Similar changes in thermopower sign have been reported in bulk NiCr alloys where minority spin dominates the electrical conduction [107,108,113]. The sign inversion of the Seebeck coefficient from negative to positive in dilute NiCr alloys could also be explained on the basis of a virtual bound state passing through the Fermi level in the spin up band [107,108]. In contrast, the sign of the Seebeck coefficient does not change for any value of Cr concentration for CoCr NW networks (see Figure 15d). The RT thermopower drops rapidly from   − 28  μ  V/K for pure Co to much smaller negative values approaching   − 5  μ  V/K for Co   95  Cr   5   NWs. The CoCr NW samples are found to exhibit the same features at lower temperatures, as also shown in Figure 15d. Finally, the high room-temperature power factors of these magnetic nanowire networks (estimated in the range of 1–10 mW/K   2  m [66]) provide interesting perspectives for designing n- and p-type legs for flexible spin thermoelectric devices.



Current flow in high-packing density NW networks (P = 20%) results in Joule heating as well as a Peltier heat current at the junctions between the NW network and the gold electrode, as recently demonstrated [65]. These heat flows were evaluated from the temperature changes for different current intensities and polarities, as well as for various applied magnetic fields (see Figure 16a). In the case when the DC current flows from the NWs (with the higher Peltier coefficient) to the gold electrode (with the lower one), we found that the Peltier heat is released from the junction, i.e. net cooling happens. As expected, the situation is reversed when the current flows in the opposite direction. In our experiments [65], the Peltier cooling ability of Co/Cu CNW network was estimated to be around 8.5 K/A.



As shown in Figure 16b, the magneto-Peltier effect has been quantified by recording the temperature change   Δ  T H    during the magnetic field sweeps. The field dependence of   Δ  T H    resembles that of MR. Since currents up to few hundreds mA are able to pass through the densely packed NW films without damaging the network structure, we estimated that a magnetic field can switch a heat flow as large as 1 mW.





4. Discussion


The research activity developed at UCLouvain over the last 25 years on magnetic nanowires opens up the possibility for a controlled template-assisted synthesis of complex nanowire-based architectures with excellent control over geometrical features, morphology and chemical composition, leading to tunable magnetic, magneto-transport and thermoelectric properties. Due to their relative ease of fabrication, magnetic nanowires are promising materials for a variety of applications, ranging from magnetic, high frequency and electronic devices to sensing and bio-applications. On the road towards the size reduction of microwave devices, ferromagnetic nanowires embedded into porous templates have also proven to be an interesting alternative route to ferrite based materials. The main advantages of magnetic nanowired substrates compared to classical ferrites are a higher operation frequency and a microwave absorption without application of an external magnetic field as these NWs behave as strong uniaxial nanomagnets. In contrast, standard ferrite devices such as non-reciprocal devices need to be biased by a magnetic field provided by a permanent magnet to operate. In close collaboration with Prof. I. Huynen at UCLouvain, we have successfully prepared a variety of FM nanowire based substrates and demonstrated the ability to build planar reciprocal and non-reciprocal devices for very high frequencies, such as phase shifters, isolators or circulator [46,47,48,49,50,51,52,53,54] (see Figure 17). More recently, we also demonstrated the operation of fully integrated and miniaturized waveguides based on ferromagnetic nanowires used as microwave isolators. Nanowires of various heights were selectively grown at dedicated areas into nanoporous alumina template in order to create the shielding walls of a Substrate Integrated Waveguide (SIW) topology and the ferromagnetic slab supporting a circularly polarized nonreciprocal propagation [52]. Tremendous advantages can be expected in terms of ease of integration and power consumption.



Spin-valve nanopillars such as Co/Cu/Co and NiFe/Cu/NiFe are also ideal devices to achieve high injection current densities and are very promising for applications as spin transfer nano-oscillators (STNOs). The sustained gyrotropic mode of vortex magnetization in these segmented nanopillars provides improved spectral quality microwave signals without any static bias magnetic field. Lithography techniques allow you to connect a single or a desired number of spin-torque vortex oscillators from the dense forest-like structure of nanowires embedded in nanoporous alumina templates integrated onto Si wafers, with better compatibility to the standard CMOS processes. The prospect of obtaining the synchronization of a large number of STNOs, either along the same wire or in neighboring wires, is interesting in order to achieve the required power for applications. Magnetic nanowires embedded in a polymer membrane could also be used to develop various light weight and flexible magnetic sensors, spintronic devices and permanent magnets. The nanowires can be easily released into suspension by dissolving the membrane. Suspensions of magnetic nanowires offer diverse opportunities for applications in biomedicine and biotechnology [114,115,116,117,118,119]. Single wires could also be used as probes for high resolution magnetic force microscopy.



On the other hand, the 3D networks of magnetic nanowires and nanotubes are of special interest due to their potential for memory devices, computing architectures, sensing applications and spin caloritronics devices. Among the advantages of the interconnected nanowire architecture are its mechanically stable and self-supporting feature after chemical dissolution of the polymer membrane, as well as the ease of carrying out magneto-transport measurements. The close relationship between the magnetic and structural properties of homogeneous and multilayered nanowire networks has a direct impact on their magneto-transport behavior. The feasibility to obtain considerable magnetoresistance signals, being stable over time, in CNW networks made them very interesting structures for their use as magnetic sensors. In addition, embedded nanowire networks in porous polymer films are also perspective materials for spin caloritronics and heat management applications. So far, major experimental issues are the insufficient power generation capability in magnetic nanostructures (such as spin valve nanopillars and magnetic tunnel junctions) given the sub-micrometer lateral dimensions. The template synthesis method provides a simple and cost-effective pathway to fabricate flexible, macroscopic-scale interconnected network films made of multilayered nanowires showing giant magneto-resistance and giant magneto-thermoelectric effects. The 3D nanowire networks provide promise for flexible thermogenerators that cannot be considered with conducting polymers because of their relatively poor thermoelectric performance and with widely used inorganic thermoelectric semiconductors such as bismuth telluride-based alloys, as they are both brittle and expensive. In addition, our recent work has allowed us to demonstrate extremely large and magnetically modulated thermoelectric power factor up to 2–5 larger than that of (Bi   2  Te   3  )-based alloys and at least one order of magnitude larger than those of optimized conducting polymers. Experiments performed on multilayered nanowire networks have enabled us to demonstrate the magnetic field control of Peltier cooling of macroscopic electronic components and to directly extract key material parameters for spin caloritronics such as spin-dependent Seebeck and Peltier coefficients. A practical thermoelectric cooler made of flexible and shapeable thermoelectric modules consisting of stacked nanowire network films that are connected electrically in series and thermally in parallel can be easily obtained. With this, we radically change the background of the burgeoning field of spin caloritronics and open an exciting and a promising pathway for the next generation of flexible and light weight thermoelectric devices exploiting the spin degree of freedom and the realization of magnetic thermal switch for heat management. In addition, our flexible thermoelectric films based on macroscopic 3D interconnected nanowire networks can also be used in applications for devices with low energy requirements when the supply of heat essentially is free as with waste heat.
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Figure 1. Illustration of the versatility of the template-assisted synthesis of nanowires. 
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Figure 2. SEM images of (a) track-etch polycarbonate membrane and (b) porous alumina; (c) photograph and (d) schematic of the electrodeposition cell used to grow nanowire arrays. 
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Figure 3. (a,b) SEM images of metal nanowires; (c) schematic of Co/Cu nanowires embedded in a polymer template; (d,e) TEM image of Ni80Fe20/Cu and Co/Cu multilayered nanowires; (f) SEM image of Ni nanotubes. 
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Figure 4. (a) schematics of 3D nanoporous polymer template, (b) crossed nanowire and (c) crossed nanotube networks, and (d) crossed multilayered nanowire network; (e–h) SEM images of self-supported interconnected nanowire and nanotube networks; (e,f) Ni NW network film with 230 nm diameter; (g) Ni NW network film with 40 nm diameter; (h) Ni crossed nanotube network with 230 nm diameter. 
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Figure 5. (a) AMR characteristics at 300 K of a single 75 nm Ni nanowire for 2 angles between the wire axis and magnetic field direction. Inset: zoom of R(T) at low fields (from [17]); (b) nucleation field   H n   at 300 K vs. the angle between wire axis and field direction for a single 75 nm Ni wire (from [17]). Dashed line: expected nucleation field for an infinite cylinder 75 nm in diameter (curling reversal mode). Solid line: expected nucleation field for a volume of aspect ratio 4.3:1 (curling reversal mode). Figure adapted from ref. [17] with permission of the author. 
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Figure 6. (a) microwave absorption spectra as a function of the applied field parallel to the wires of an array of Ni nanowires of diameter 100 nm and packing density of 27%. Continuous lines correspond to measurements made with the applied field value indicated by the numbers; (b–d) dispersion relations and the corresponding hysteresis loops measured in arrays of Ni nanowires with the field applied parallel (closed symbols) and perpendicular (open symbols) to the wires. The wire diameter and packing density are (b) 180 nm, 4%, (c) 100 nm, 27%, and (d) 115 nm, >35% (from [19]). 
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Figure 7. (a) effective field as a function of the pH for 30 nm Co nanowires electrodeposited at current densities of 5 mA/cm   2   (squares) and 50 mA/cm   2   (circles). The dashed line shows the expected value of   H EF   for an array of Co nanowires (  P ≈   3.5%) assuming no contribution from magnetocrystalline anisotropy; (b,c) TEM images and corresponding diffraction patterns of two 30 nm Co nanowires electrodeposited at pH 5.2 at current densities of (b) 5 mA/cm   2   and (c) 50 mA/cm   2   (from [29]). Figure adapted from ref. [29] with permission of the author. 
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Figure 8. Hysteresis loops measured at 300 K in arrays of Co   47  Pt   53   nanowires with the field applied parallel (solid line) and perpendicular (dashed line) to the wires. (a) As-deposited sample and (b) annealed sample at 700 ¼C. Note the different magnetic field scales in (a) and (b) (from [28]). Figure adapted from ref. [28] with permission of the author. 
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Figure 9. (a) CPP-GMR versus applied field parallel to the layers at 77 K for Py/Cu (full line) and Co/Cu (dashed line) multilayered nanowires; (b,c) GMR versus   t FM   at   T =   77 K (b) for Co(  t Co  )/Cu(8 nm) multilayered nanowires and (c) for nanowires composed of [Py(  t Py  )/Cu(10 nm)/Py(  t Py  )] trilayers separated by 100 nm of Cu (open circles) or 500 nm of Cu (filled squares). The solid lines in (b) and (c) represent a variation as   1 /  t FM    (adapted from [5]). figure adapted from ref. [5] with permission of the author. 
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Figure 10. (a) CPP-GMR versus magnetic field applied in the plane of the crossed NW networks at   T =   15 K and   T =   300 K for (a) Co/Cu, (b) CoNi/Cu and (c) Py/Cu multilayered nanowires (adapted from [64,65,67]). Figure adapted from ref. [65] with permission of the author. 
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Figure 11. (a) illustration of the spin transfer torque device with spin valves stacked in each nanowire electrodeposited in a nanoporous alumina template; (b) differential resistance as a function of bias direct current at   H = −  50 Oe for a Py(30 nm)/Cu(10 nm)/Py(6 nm) spin valve nanowire with the magnetic field in the plane of the layer. Arrows mark the scan direction; (c) evolution of the emitted signal frequency by injecting a positive dc current of 6.0 mA as a function of the perpendicular applied magnetic field for the two magnetization configurations    V down  /  V up    (in blue) and    V up  /  V down    (in red) (adapted from [30,41]). Figure adapted from ref. [41] with permission of the author. 
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Figure 12. (a) schematic representation of an electrode design for electrical measurement of CNW network embedded in 3D porous PC membrane; (b,c) magnetoresistance curves for (b) Ni   75  Co   25   and (c) Ni   32  Co   68   CNW networks measured at room temperature by applying the external field in the OOP (continuous lines) and IP (dashed lines) directions; (d) variation of the magnetocrystalline anisotropy field   H MC   with respect to the Ni content (x) for the Ni   x  Co    1 − x    CNW networks; (e) variation of the AMR ratio with respect to the alloy composition at   T =   20 K, 150 K, and 290 K. 
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Figure 13. (a) calculated thermopower for Co/Cu multilayers in the layer parallel (dash-dotted line) and perpendicular (solid line) directions vs thickness ratio   λ =   t   FM  /t   Cu   using Equations (7) and (8), and bulk values for   S Co  ,   ρ Co  ,   S Cu   and   ρ Cu  . The grey dashed line shows the values for   λ =   1. The inset shows a FM/Cu multilayer stack; (b) experimental set-up for Seebeck coefficient and the magneto-thermoelectric effect measurements. The color represents the generated temperature profile in the NW networks; (c,d) Electrical resistance (c) and Seebeck coefficient (d) of a Co/Cu NW network (80 nm in diameter and 3% packing density) at room temperature. The curves in (c,d) were obtained with the applied field in-plane (IP—in blue) and out-of-plane (OOP—in red) of the NW network film (adapted from [65]). Figure adapted from ref. [65] with permission of the author. 
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Figure 14. (a) the two-current model for the resistivity and the thermopower considering both parallel (P) and antiparallel (AP) magnetic configurations; (b) measured Seebeck coefficients at zero applied field   S AP   (blue circles) and at saturating magnetic field   S P   (red circles) of a CoNi/Cu NW network 80 nm in diameter and 3% packing density, along with the corresponding calculated   S ↑   (orange circles) and   S ↓   (violet circles) from Equations (11) and (12) (from [64]). 
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Figure 15. (a) anisotropic magnetoresistance and Seebeck coefficient of NiCr and CoCr CNW vs. Cr content at different temperatures. (a,b) MR ratio vs. the Cr content for NiCr (a) and CoCr (b) samples at RT (blue) and   T =   100 K (red). The insets in (a) and (b) show the MR ratio of the Ni   96  Cr   4   and Co   99  Cr   1   samples in function of temperature, respectively. The grey areas in (a,b) indicate negative AMR. (c,d) Seebeck coefficient vs. Cr content for NiCr (c) and CoCr (d) samples at RT (blue),   T =   200 K (yellow) and   T =   100 K (red) (from [66]). Figure adapted from ref. [66] with permission of the author. 
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Figure 16. (a) schematics of a set-up for direct observation of Peltier and magneto-Peltier effects; a Cernox thermometer is used to monitor the temperature changes at the junction between the NWs and the electrode; (b) measured temperature changes   Δ  T H    at the Peltier junction in the Co/Cu CNWs (105 nm in diameter and packing density of 22%) during the magnetic field sweep for a DC current of −50 mA and +50 mA. The magneto-Peltier effect leads to heating and cooling at the saturation field depending on current flow direction (from [65]). figure adapted from ref. [65] with permission of the author. 
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Figure 17. (a) sketch of a microwave circulator based on an unbiased ferromagnetic nanowires array embedded in a porous anodic alumina membrane; (b) measured (red) and predicted (blue squares) results for a circulator based on a ferromagnetic NiFe NW array (adapted from [51]); (c) photograph of a substrate integrated waveguide (SIW) resonance isolator device using ferromagnetic NW grown in nanoporous alumina; (d) isolation, defined as the ratio expressed in dB between forward |S21|and reverse |S12| transmissions of signal (  I = 20  log 10   ( |   S 21   | / |   S 12   | ) )   , predicted by Comsol simulator (dashed line) and observed experimentally (solid line) are shown; the positive value of isolation confirms that transmission is favored from port 1 to port 2 (adapted from [52]). Figure adapted from refs [51,52] with permission of the author. 
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