
273D magnetic nanowire networks

Luc Pirauxa, Tristan da Câmara Santa Clara Gomesa,
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27.1 Introduction

The unique architectures and high degree of nanowire (NW) interconnectivity of

three-dimensional (3D) NW networks make them attractive nanodevice components

for a wide range of applications in energy harvesting/storage systems [1–3], electronic
sensing devices and actuators [4–6], catalysts [7], electrochromic elements [8], solar

cells [9], biosensors [10], and bioanalytical devices [11, 12]. However, the fabrication

of 3D nanoarchitectures is extremely complicated with conventional lithography tech-

niques and so far lacks the commercial viability. On the contrary, template-assisted

synthesis is a versatile bottom-up approach for low-cost, reliable, and large-scale fab-

rication of NW networks with controlled size, geometry, composition, and surface

morphology. Typically, these 3D networks are obtained by simple electrochemical

deposition within the hierarchical nanopores of a suitable template. So far, various

3D nanoporous templates have been used for this purpose, including silica templates

[13], diblock copolymers [8], 3D alumina nanoporous hosts [1, 14, 15], as well as

track-etched polymeric membranes [7, 16]. The latter approach is the most promising

as dense networks of crossed cylindrical nanopores can be obtained through sequential

polycarbonate (PC) film irradiation with energetic heavy ions at different incidence

angles, followed by selective chemical etching of the ion tracks within the polymer

film [17]. The suitability of such 3D nanoporous polymer templates to form dense

interconnected NW networks with tunable geometrical parameters in terms of NW

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 differ-

ent geometries and materials.

Besides, the interconnected crossed nanowires (CNWs) architecture facilitates the

ability to perform magneto-transport measurements and to investigate the interplay

between electronic transport and magnetic properties [18, 19], which is of paramount

importance for the development of magnetic sensors and for the storage and logic

operation of information carried and processed by domain walls flowing along them

[20]. Also, magnetic nanotubes (NTs) are interesting cylindrical nanostructures to be

arranged in a 3D morphological architecture because its magnetic and magneto-

transport behavior is different to that of solid NWs. The hollow core of the NTs pro-

vides an additional geometrical degree of freedom that is responsible of modifying
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magnetic states such as vortex-like structure, magnetization reversal mechanisms, and

magnetic parameters like the coercive field, remanence squareness, and dipolar cou-

pling [21–26].
On the other hand, innovative spin-based transport mechanisms are crucial steps in

developing the next generation of thermoelectric materials [27]. With this perspective,

coupling heat-driven transport with spintronics is at the heart of the rapidly emerging

field of spin caloritronics [28, 29]. Previous studies on nanoscale metal structures,

magnetic tunnel junctions, and magnetic insulators have led to the observation of var-

ious spin-enabled mechanisms that may differ significantly from conventional ther-

moelectrics effects such as spin Seebeck effects [30, 31], thermally driven spin

injection [32], and thermal-assisted spin-transfer torque [33, 34]. However, the low

conversion efficiency of the observed effects and the weak power output of the spin

caloritronic devices have limited the application as heat harvesters. Another issue is

the lack of established methods for reliable measurements of spin caloritronic material

parameters.

It was recently demonstrated that embedding interconnected NW networks within

porous polymer films provides a simple and cost-effective pathway to fabricate flex-

ible, macroscopic-scale spin caloritronic devices. The shapeable thermoelectric films

built from interconnected networks made of multilayered NWsmeet key requirements

for electrical, thermal, and mechanical stability and allow a precise extraction of spin-

dependent Seebeck and Peltier coefficients. Moreover, the NW-based spin

caloritronics devices overcome the insufficient power generation capability exhibited

by the custom-patterned nanoscale magnetic structures reported previously and con-

stitute promising candidates for heat management applications [35, 36].

In this chapter, we first briefly introduce in Section 27.2 the electrochemical

template-based synthesis that enable the fabrication of complex nano-architecture

based on crossed magnetic nanofiber networks with controlled size, geometry, com-

position, and morphology. We review in Section 27.3 the suitability and reliability of

using interconnected NWs and NTsmade of different magnetic materials of controlled

composition to obtain tunable magneto-resistive behavior. Then, we show in

Section 27.4 how magnetic NW networks can be used as flexible, macroscopic ther-

moelectric devices exploiting the spin degree of freedom. Finally, the main conclusion

and future perspectives are summarized in Section 27.5.
27.2 Template-assisted electrodeposition of 3D magnetic
NW and NT networks

The 3D nanoporous templates were obtained by performing a sequential multistep

exposure of energetic heavy ions, at various angles with respect to the normal of

PC film surface [7, 16]. Then, the latent tracks within the 20 μm thick polymer film

were chemically etched following a previously reported protocol to obtain membranes

with distinct porosities and pores sizes [17]. In the present study, the as-prepared poly-

mer membranes containing networks of interconnected cylindrical nanopores were

designed with pores of well-defined diameters between 40 and 230 nm and with
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different porosity characteristics (P¼ 3% and P¼ 20%, with P the void volume frac-

tion of the membrane).

In the last two decades, electrodeposition has been proved to be an excellent meth-

odology for filling host porous templates with metallic NWs with a very high degree

of replication of the nanopores. Recently, the same template-based strategy was used

for the synthesis of well-defined 3D architecture consisting of CNW and crossed

nanotube (CNT) networks [16, 18, 19, 26]. In addition, magnetic and nonmagnetic

layers were electrochemically stacked to make interconnected multilayered NWs

[35, 36]. 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 prop-

erties of NW networks. Fig. 27.1 illustrates the various 3D nanofiber architectures

which have so far been investigated.

Different types of CNW networks made from pure metals (Ni, Co) and alloys

(NiFe, CoNi) were grown by electrodeposition into 3D porous PC templates at room

temperature (RT) via the simple potentiostatic mode [16, 18, 19]. For the purpose of

preparing CNW networks, the PC templates were coated on one side with a metallic
(A)

(C) (D)

(B)

Fig. 27.1 (A) Schematics of the 3D nanoporous polymer template, (B) crossed nanowire

and (C) crossed nanotube networks, and (D) crossed nanowire network with alternating

magnetic and nonmagnetic layers.
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layer to serve as cathode during the electrochemical deposition. When necessary, the

pH values of the as-prepared electrolytes were adjusted to the desired pH in the range

2–6.4 by addition of a diluted H2SO4 or HCl solution or by addition of NaOH. After

electrodeposition, the complete dissolution of the PC template leads to an inter-

connected metallic self-standing structure, as the one observed for the 40 and

230 nm diameter Ni CNW network shown in Fig. 27.2A–C. The CNW network

exhibits the replicated complex NWs branching morphology of the porous template.

Over the last decade, several groups reported on the electrochemical synthesis of

parallel arrays of Ni NTs within nanopores of anodic alumina oxide and polymer tem-

plates [25, 37–39]. The feasibility of using the same electrochemical method to fab-

ricate large-scale 3D Ni CNT networks from Cu/Ni—core/shell nanocables was

recently demonstrated [26]. In this method, interconnected core-shell Cu/Ni

nanocables (ϕ ¼ 230 nm) were grown at a constant deposition potential in the range

from�0.8 to�1.1 V, followed by the selective electrochemical etching of the Cu-rich

core at an oxidation potential of +0.2 V. This process results in Ni CNT networks as
Fig. 27.2 SEM images of self-supported interconnected nanowire and nanotube networks

with different magnifications and diameters. (A) Low-magnification image showing the

50 degrees tilted view of a macroscopic nanowire network film with 230 nm diameter and

(B) SEM image at higher magnification showing the nanowire branched structure.

(C) Low-magnification image showing the top view of an NW network with 40 nm diameter.

(D) Close magnification view of Ni crossed nanotube network with 230 nm diameter, showing

the tubular structure and crossing zones of the nanotubes.
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the one shown by the SEM micrograph reported in Fig. 27.2D after dissolution of the

host PC membrane. Besides, since the geometrical features of the crossed

core(Cu)/shell(Ni) nanocables can be carefully modified via the control over the reduc-

tion 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 [26].

In addition, CNWs with multilayer structure of FM/Cu, with FM ¼ Co and

equiatomic CoNi alloy, were fabricated in the host 3D porous templates [35, 36].

The multilayered NW networks have been grown at RT by electrodeposition from

a single electrolyte using potentiostatic control and a pulsed electrodeposition tech-

nique [40]. To prepare the FM/Cu interconnected NW networks, the deposition poten-

tial alternatively switched between about �1 V to deposit the FM layer containing

approximately 5% Cu impurity, and�0.4 V to deposit almost pure Cu layers. Follow-

ing a procedure described elsewhere [41], the deposition rates of each metals were

determined from the pore filling time. The thickness of the bilayers was set as

15 nm with approximately the same thickness for the FM and Cu layers. Interestingly,

this fabrication method appears as a very convenient approach for large-scale produc-

tion of current-perpendicular-to-plane (CPP) giant magneto-resistance (GMR) films

based on CNW networks, as discussed in Section 27.4.
27.3 Interplay between the magnetic and magneto-
transport properties

27.3.1 Magnetic and magneto-transport properties of
interconnected homogenenous NW networks

The anisotropic magneto-resistance (AMR) effect depicts the influence of the magne-

tization direction on the electric transport in a ferromagnetic material, and allows the

local investigation of the magnetic properties. AMR is due to the anisotropy of spin-

orbit scattering in transition ferromagnetic metals and leads to changes in the

resistivity as the angle between the directions of the magnetization (M) and current

(I) is modified. Despite the fact that the relative change in resistivity between the

high-resistance state where the magnetization is parallel to the current (ρk) and the

low-resistance state where the magnetization is perpendicular (ρ?) is usually small

(a few percents or even less), AMR was used in previous works to study the magne-

tization reversal of magnetic NWs embedded within templates with parallel pores

[42–44] and the magnetic properties of CNW networks [18, 19, 45]. Magneto-

transport measurements were performed on homogenenous CNW networks made

from pure metals (Ni, Co) and alloys (NiFe, CoNi), in the temperature range from

20 K to RT, while sweeping a magnetic field between �10 kOe in the out-of-plane

(OOP) and in-plane (IP) directions. For all samples in Section 27.3.1, the average

NW diameters were 40 nm.

The experimental setup for magneto-transport shown in Fig. 27.3A is based on a

four/two-probe system created at the surface of the filled template by local removing

of the cathode by wet chemical etching using the iodine-based solution or by plasma
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(B)

Fig. 27.3 (A) Schematic representation of an electrode design for two-probe electrical

measurement of a CNW network that partially fills a 3D porous PC membrane. (B) Anisotropic

magneto-resistance curves for permalloy crossed nanowire networks measured at different

temperatures by applying the external field in the OOP (continuous lines) and IP (dashed lines)
directions.
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etching. In this configuration, the current is directly injected to the branched CNW

structure (about 1 cm long) from unetched sections of the metallic cathode, where

the electrical contacts are directly made by Ag paint, and goes through the network

thanks to the high degree of electrical connectivity of the CNWs. Moreover, the typ-

ical resistance values of the prepared specimens (in the range of few tens ofΩ) is usu-
ally much larger than the ones attributed to the corresponding leads and contacts to the

sample. For each sample, the input power is kept below 0.1 μW to avoid self-heating,

and the resistance was measured within its ohmic resistance range with a resolution of

one part in 105.

Fig. 27.3B shows resistance curves measured at different temperatures in the range

of 20–300 K with the external field applied in the OOP and IP directions for inter-

connected permalloy (Ni80Fe20) CNW networks, which have been found to display

dominant magnetostatic (MS) contribution to the magnetic anisotropy [18]. As seen,

the maximum resistance is reached near zero applied magnetic field for both direc-

tions and for all temperatures, which is consistent with remanent magnetization states

where magnetization tends to be aligned with the NWs axis due to the shape anisot-

ropy. Such a parallel configuration between current paths and local magnetization

within the NW network gives rise to a high-resistance state. In the saturated state

of either IP or OOP directions, the uniform distribution of NW orientations with

respect to the normal plane of the membrane leads to a uniform distribution of angles

between current paths and magnetization direction at saturation. In that case, resis-

tance measurements correspond to the average magneto-resistive value resulting from

the contributions of all the NWs with different orientations with respect to the applied

field direction. Therefore, the resistance states at saturation (ρIP and ρOOP) in both IP

and OOP directions reach values which are intermediate between ρk and ρ?, with ρIP
smaller than ρOOP given the characteristics of the membrane pore structure.
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To quantitatively analyze the magneto-transport properties of the CNW networks,

a model has been elaborated to account for each AMR contribution due to all the NW

orientations in the 3DCNWnetwork (see [18, 19, 45] for more info). Table 27.1 shows

the AMR ratio for various CNW networks determined using this model at tempera-

tures of 300, 150, and 20 K. The AMR ratio values for the different CNW networks

are consistent with those previously reported in parallel NW arrays [41–44] and the

high AMR ratio so obtained for permalloy and Ni75Co25 are consistent with previous

film studies [46]. The parallel configuration betweenM and I is identified by the max-

imum value, ρ/ρk ¼ 1, of the normalized resistance curve in the OOP or IP direction.

Due to the reduced diameter of the NWs, this configuration is likely to be reached at

H ¼ 0 in CNW networks with dominant MS contribution to the magnetic anisotropy.

A close relation between the CNWs magnetic and structural properties has also

been found in Co CNWs networks (ϕ ¼ 40 nm) where the effective magnetic anisot-

ropy and absorption frequency of Co CNW networks can be strongly modified using

well-known mechanisms to modify their microstructure, such as the electrolyte pH

[18, 47]. Indeed, the combination of MS effects and magnetocrystalline (MC) anisot-

ropy, together with the peculiar geometrical arrangements and suitable choice of

material composition, enables for the design of 3D CNW networks with tunable static

and dynamic magnetic properties. Fig. 27.4A shows the OOP hysteresis loops mea-

sured at RT on permalloy CNW network and Co CNW networks deposited at pH

2.0, 5.0, and 6.4, plotted as a function of the H/Hc ratio, with Hc their corresponding

coercive field. As seen, Co CNWs display different magnetic and structural properties

by an appropriate choice of pH. Considering the Co CNWs prepared at pH 2.0, the

effective anisotropy is found to be entirely MS as in the NiFe CNWs. Indeed, for

purely MS systems, the coercive field is proportional to the saturation magnetization

MS. Therefore, the ratioH/Hc is independent on the magnetic material of the NWs and

reflects the same structural factor for all CNW networks with dominant MS contribu-

tion to the magnetic anisotropy. Indeed, the very good agreement between the hyster-

esis loops for permalloy and Co pH 2.0 shows that their magnetic behaviors are the

same and thus ofMS origin. It has been found that Co CNWs grown in an electrolyte at

a pH value of 2.0 show no favorable structural texture, as revealed by X-ray diffraction
Table 27.1 Values of the AMR ratio for Ni, Ni80Fe20,

and Ni75Co25 CNWnetworks at different temperatures.

Sample T (K) AMR (%)

Ni 300 1.56

150 1.16

20 0.17

Ni80Fe20 300 2.87

150 4.60

20 5.48

Ni75Co25 300 4.00

150 6.29

20 9.07
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Fig. 27.4 (A) Comparison between the OOP hysteresis loops for the NiFe and electrodeposited

Co CNWnetworks (ϕ¼ 40 nm) using different electrolytic bath acidities of pH 2.0, 5.0, and 6.4,

plotted versus the field ratio H/Hc, where Hc is the corresponding coercive field. Magnetization

curves were obtained using an alternating gradient field magnetometer. (B) Schematic of a

stripline transmission line for FMRmeasurement fabricated using a 3D polymer membrane with

partially filled pores. (C) Variation of the anisotropy fields HEff and HMC versus pH of

electrolyte solution for Co CNW networks. Dotted lines are guides for the eye. (D) Room

temperature AMR curves for the Co CNW networks of (A).

808 Magnetic Nano- and Microwires
(XRD) analysis [18]. A very significant reduction of the magnetic anisotropy is found

for the Co CNWs prepared at pH value 5.0, where a preferential texture with the HCP

c-axis perpendicular to the NWs axis has been found by XRD analysis. This results in

a competition between MS and transverse MC anisotropies, leading to lower rema-

nence and coercivity in the OOP direction. In contrast, a very large increase in the

effective anisotropy is observed in the Co CNWs prepared at pH value 6.4, which

favors a HCP c-axis parallel to the NWs, as confirmed by XRD analysis, thus resulting

in an additive MC contribution to the total anisotropy field. In this case, the squareness

in the OOP direction is also strongly enhanced, which is consistent with the properties

expected for low diameter NWs with strong uniaxial magnetic anisotropy. For this

particular sample (pH 6.4), the field required to reach saturation magnetization in
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the IP direction is larger than 10 kOe. These relations between pH induced structural

changes in Co CNWs and their total magnetic anisotropy are in very good agreement

with previous results obtained in arrays of parallel Co NWs [47].

Ferromagnetic resonance (FMR) measurements provide further information about

the magnetic properties of the distinct CNW networks. As shown in Fig. 27.4B, a

500 μmwide and 500 nm thick microstrip line wave-guide was evaporated on the free

surface of the PC membrane after electrodeposition. FMR measurements were per-

formed at RT at a constant frequency in the range of 100 MHz to 50 GHz, by sweeping

the magnetic field applied in the OOP direction from 10 kOe down to zero field.

Fig. 27.4C shows the variation of the effective anisotropy fields HEff and the MC con-

tributions in the anisotropy field HMC in function of the solution pH for Co CNW net-

works obtained from the FMRmeasurement (see [18] for details). As seen, for Co (pH

2.0) CNW networks, only MS contributions are present in the anisotropy field

(HEff ¼ HMS ¼ 5.44 kOe, with HMS the MS contributions in the anisotropy field). In

contrast, for the case of Co CNW networks with MC contributions, HEff ¼ HMS �
HMC. For the case of the pH 3.4 and 5.0 samples, theHMC is negative and reaches a min-

imum of�4.20 kOe, whileHMC is positive for the pH 6.4 sample and reaches 4.35 kOe.

Particularly,HEff has the lowest value for the Co (pH 5.0) sample as it is nearly isotropic.

Fig. 27.4D shows the resistance curves measured at RTwith the external field in the

OOP (continuous lines) and IP (dashed lines) directions for interconnected Co CNW

networks deposited at pH 2.0, 5.0, and 6.4. For the FCC-like Co (pH 2) CNW network

that has only MS contributions, ρk ¼ ρ(H ¼ 0) by analogy with the permalloy CNW

network shown in Fig. 27.3A. For a pH value of 5.0, the reduced value of ρ/ρk atH¼ 0

is a clear signature of a significant magnetization components perpendicular to the

NWs in the remanent state due to the transverse MC anisotropy and is in agreement

with the hysteresis loops and the FMR results in Fig. 27.4A and C. Also in accordance

with the hysteresis loops in Fig. 27.4A, the Co CNW network obtained at pH 6.4 did

not reach magnetic saturation at the maximum applied field in the IP direction. In con-

trast, similar resistance state is reached at saturation in the IP and OOP direction for

interconnected Co CNW networks deposited at pH in the range 2.0–5.0, as the AMR

effect is independent of the bath acidity [18]. An AMR ratio of �1% has been found

for the Co CNW networks using the reported model inherent to the morphology of the

studied system [18].

Considering NiCo alloy CNW networks, the magnetic anisotropy has been found

dependent on the alloying composition. Fig. 27.5A shows the RT hysteresis loops

measured with the field applied in the OOP directions for NixCo1�x (0 � x � 1)

CNW networks, plotted as a function of the H/Hc ratio. As seen, Ni and Ni-rich (with

x > 45%) NiCo samples display fair square hysteresis loops in contrast to the case of

the Co (pH 5) and Co-rich NiCo. Decreasing the Ni content below 45% leads to the

appearance of a transverse HCPMC anisotropy contribution, which competes with the

MS anisotropy contribution, since the c-axis is perpendicular to the NWs axis, as rev-

ealed by XRD analysis [18, 19]. Therefore, the magnetic anisotropy in OOP of Ni-rich

networks is higher than that of Co-rich ones, as expected. Fig. 27.5B shows the MC

field HMC as a function of the Ni content (x), obtained by FMR measurements on sev-

eral NixCo1�x alloy CNW networks. As expected, HMC is negative and increases
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Fig. 27.5 (A) Comparison between the OOP hysteresis loops for various NixCo1�x CNW

networks, with 0 � x � 1, plotted versus the field ratio H/Hc, where Hc is the corresponding

coercive field. (B) Variation of the magnetocrystalline contributions in the anisotropy field

HMC as a function of the Ni content (x) for the NiCo CNW networks of (A). Dotted lines are
guides for the eye. (C–F) Room temperature AMR curves for the (C) Ni, (D) Ni75Co25,

(E) Ni32Co68, and (F) Co CNW networks.
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toward the observed limiting value for Co networks with perpendicular c-axis as the
Ni content is reduced. It is worth mentioning that the small negative anisotropy con-

tribution observed for the Ni sample could be originated by residual stresses due to the

reduced diameter of the NWs, as suggested by de la Torre Medina et al. [48].
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Fig. 27.5C–F shows resistance curves measured at 290 K with the external field

applied in the OOP and IP directions for interconnected NiCo CNW networks. As

observed, the maximum resistance is reached near zero applied field for both

directions as the Ni content in the alloy dominates (see Fig. 27.5C and D), which

is consistent with remanent magnetization states where the magnetization tends

to be aligned along the NW axis, due to shape anisotropy, as suggested in

Fig. 27.5A. Conversely, the decrease of the resistance near zero field as the Co con-

tent in the alloy is dominant (see Fig. 27.5E and F) is consistent with the decrease of

the remanent magnetization (see Fig. 27.5A) as a result of the misalignment of the

magnetization with respect to the NWs axis, due to the competing MS and MC

anisotropies. The same magnetic behavior was found on the Co-rich NixCo1�x with

x < 45%. Besides, similar features are observed at temperatures down to 20 K.

Fig. 27.6 shows the AMR ratio versus Ni content (x) at T¼ 20, 150, and 290 K for

the different NixCo1�x CNW networks (see [19, 45] 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 [46, 49, 50], where the maximum at x � 75% for both temper-

ature values is attributed to a magnetostriction andMC constants close to zero and to a

saturation magnetization of about one Bohr magneton per atom for that particular

alloy composition [46]. At any temperature, the AMR ratio reported in Fig. 27.6

for Ni75Co25 is slightly smaller than the one reported in films and bulk alloy with

the same composition. This is due to the larger residual resistivity ρ0 due to scattering
by static lattice defects and surface roughness in CNW structures. Indeed, the residual

resistivity ratio (ρ290K/ρ20K) for the Ni75Co25 CNWs sample was only 2.45. Using

Matthiessen’s rule, ρ(T) ¼ ρ0 + ρe-ph(T) with ρe-ph the temperature-dependent

electron-phonon contribution to the resistivity value of approximately 8 μΩcm at

RT for this alloy composition [49], we estimated ρ0 to be around 5.5 μΩcm which

is about two times greater than the values for films and bulk alloy with the same com-

position [46, 49, 50]. It should be noticed that the measured electrical resistances of all

CNW networks are very stable with time.
T
T
T

Fig. 27.6 Variation of the AMR ratio

with respect to the Ni content (x) at
T¼ 20, 150, and 290 K for the NixCo1�x

CNW networks, with 0 � x � 1.
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27.3.2 Interconnected Ni NT networks with controlled structural
and magnetic properties

In this section, we discuss on the applicability of the electrochemical dealloying

method along with the use of track-etched PC membranes with interconnected cylin-

drical nanopores in order to obtain Ni CNT networks. By using this electrochemical

method, magnetic interconnected NT architectures with predefined sizes and shapes

and precise spatial control have been obtained. In the first stage of this method, Ni and

Cu are co-deposited following a typical chronoamperometric process, which corre-

sponds to the reduction curve displayed in Fig. 27.7A, for a specific potential

(E ¼ �1.0 V). This stage leads to a Cu/Ni—core/shell structure as the one displayed

schematically in the inset of Fig. 27.7A, showing the phase separation between the two

metallic elements. In the second stage of the dealloying method, the Cu cores in the

core/shell interconnected network are electrochemically etched by applying an oxida-

tion potential of +0.2 V, as seen in Fig. 27.7B. For this curve, the progressive decrease

toward zero of the negative electrical current is the consequence of the decrease of the

amount of Cu until its complete dissolution is achieved, leading as a result to a CNT

network as shown schematically in the inset of this figure. Besides, based on simple

phenomenological arguments, it is possible to propose and validate an expression that

states the linear increase for the wall thickness as a function of the diameter of the NTs

for a specific electrochemical conditions. The induced structural and morphological

changes in the CNTs result in tunable magnetic and magneto-transport properties

despite the complex crossed morphology of the networks. In one hand, two main fea-

tures of the NTs morphology from the control of the electrochemical conditions and
(A)

(B) (C)
d (nm)

t (
nm

)

Wang et al.
De la Torre Medina et al.
Liu et al.
Velazquez et al.
Antohe et al.

Fig. 27.7 (A) Reduction and (B) oxidation curves at the respective potentials of � 1.0

and + 0.2 V in order to obtain an initial core(Cu)/shell(Ni) nanocable network and the

successive CNT network into a PC membrane with crossed nanopores. The insets show
schematic representations of the both crossed nanocable and nanotube networks. (C) Plot of t
versus d for a Ni CNT network grown at E¼�1 V (lozenge) obtained with Eq. (27.1), which is

compared to the values reported in the different previous works on parallel NT networks

[25, 37–39]. The linear regression is carried out to the whole set of t versus d values with

a fitting accuracy of 96%.
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the host membrane were used for their growth. Specifically, their wall thickness

strongly depends on the reduction potential and it is related to their diameter through

a linear relationship, that is
t¼ 1

2
1� ffiffi

r
p� �

d, (27.1)

e r ¼ V /(V + V ), with V and V the respective Cu core and Ni shell
wher Cu Cu Ni Cu Ni

reduced volumes [26]. Eq. (27.1) is a good approximation of the NTs wall thickness

since no Ni material is removed during the oxidation stage of the dealloying process.

Using Eq. (27.1) with the Ni to Cu volume ratio r obtained from EDXmappings leads

to t-values that are in very good agreement with those obtained from the electrochem-

ical dealloying procedure. Previous works have also reported different t-values for
NTs of different outer diameters (d) in the range from 110 to 330 nm, but made at

the same reduction potential (E ¼ �1 V). Plotting the values of t versus d from these

different previous works and comparing them to the present result for the CNT net-

work fabricated at E¼�1 V, corroborates the linear relationship between t and d, and
the approximate phenomenological expression t � 0.183 � d is obtained for this

reduction potential, as shown in Fig. 27.7C.

On the other hand, the magnetic behavior is analyzed from recorded hysteresis

loops at RT with the external field applied in the OOP direction. Fig. 27.8A shows

hysteresis loops for four Ni CNT networks with t-values of 13, 19, 37, and 50 nm.

The observed changes in the shape of the hysteresis loops are in good agreement with

previous works on arrays of parallel Ni NTs [25, 37]. The decrease of the remanence

magnetization for thicker wall thicknesses is attributed to the decrease of the effective

magnetic anisotropy. In other words, larger dipolar fields are originated by increas-

ingly closer magnetic charges at the NTs inner surface, whereas lower demagnetizing

fields are originated by increasingly more distant magnetic charges in between the

NTs inner and outer surfaces. The competition between these fields leads to lower

effective magnetic anisotropies that are accompanied by lower remanence magneti-

zation values. This feature is the result of the more rapid increase with t of the dipolar
interaction to demagnetizing field ratio. For the case E¼�0.8 V, the magnetic behav-

ior is consistent with the systematic change in shape of the hysteresis loops in

Fig. 27.8A. As expected, the remanence increases and the coercive field has almost

the same value as those for the other samples. Although the granular feature of

NTs makes difficult to elucidate the exact wall thickness from SEM analysis [51],

the progressive increase of the remanence magnetization for thinner NTs walls shown

in Fig. 27.8A means that the NTs magnetization tends to align along their axis. This

feature is consistent with the reduction of the MS effects resulting from the smaller

effective packing fraction of the CNT networks [24, 25, 52].

On the other hand, information about the magnetic properties of the distinct CNT

networks disregarding magnetization reversal processes can be readily obtained from

FMR experiments, as they are carried out in the saturated state. In the present work,

only MS contributions are considered because of the polycrystalline nature of the

as-obtained NTs using the deposition/dealloying method [51]. This means that the
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Fig. 27.8 (A) Hysteresis loops measured with the magnetic field applied along the out-of-plane

(OOP) direction of the PC template for Ni CNT networks (ϕ ¼ 230 nm) with different wall

thicknesses. (B) Variation of HEff as a function of the NTs wall thickness t (circles) for Ni
CNT networks along with the value for a Ni solid CNW network (dash-dotted line). Error
bars are estimated from the standard deviation of the corresponding experimental FMR

dispersion relations. (C) Anisotropic magneto-resistance curves measured with the external

field applied in the OOP (continuous lines) and IP (dashed lines) directions to the plane of the

porous template for a CNW and a CNT network with outer diameter of 230 nm. (D) Zoom of the

AMR curves in the OOP direction at low fields. The arrows indicate the magnetic field

sweep direction from positive to negative or from negative to positive. The lozenges indicate

the resistance states at the corresponding coercive field for each network.
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magnetic anisotropy is controlled only by changes in the dipolar coupling of the net-

works via variations of the NTs wall thickness. Fig. 27.8B shows a monotonous

decrease of the effective anisotropy field (HEff) as the NTs wall thickness t increases.
This trend in HEff is consistent with the limiting value for a CNW network embedded

in the same porous template, which represents the lower bond for the expected values

for CNT networks (dash-dotted line in Fig. 27.8B).

This lower bond is the consequence of the larger competition between the

demagnetizing and the dipolar interaction field between NWs, which result from their

cylindrical surface charges. In the case of CNT networks, additional surface charges

appear at the inner hollow core of the NTs, which lead to a decrease of the dipolar field
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and then to an increase ofHEff. Indeed, it has been shown that the dipolar field depends

on the inner to outer radii ratio β¼ ri/re [25], such that it tends to zero as ri tends to the
value of re. Conversely, the dipolar field tends to the maximum value for an array of

NWs, as the hollow core disappears. This behavior fairly explains the variation of the

effective field with the NTs wall thickness, as observed in Fig. 27.8B. These results

are in good agreement with the observed behavior shown in Fig. 27.7C and they help

explaining the variation of the remanence magnetization as the NTs wall thickness is

modified.

Besides, magneto-transport measurements constitute another way to investigate

the magnetic behavior of CNT networks. In this work, AMR is used to obtain a better

insight of the magnetic behavior of 3D CNT networks and its key difference with 3D

CNW networks. Fig. 27.8C shows measured AMR curves for a CNW network and a

CNT network with NWs and NTs diameter of 230 nm and with a NTs inner diameter

of 37 nm. Measurements were carried out with the external field applied along the IP

(dashed lines) and OOP (continuous lines) directions. From these measurements,

AMR ratio of about 1.8% is obtained for both CNW and CNT networks. As expected,

these values are very close to each other because the AMR ratio is an intrinsic property

of magnetic materials. Moreover, these values are in good agreement with previously

reported AMR ratios in arrays of parallel NWs [43]. However, quite different

magneto-resistive behavior between CNWs and CNTs appears at low-magnetic fields,

as discussed hereafter.

We now turn to the discussion of magnetic states observed in Ni CNTs with the

magnetic field applied in the OOP and IP directions. The observed coincidence

between the AMR curve minimum in the OOP configuration (see Fig. 27.8D) and

the resistance at coercivity for the CNT network means that the total local magneti-

zation within NT segments is close to zero, which in this case coincides with the zero

effective magnetization of the entire CNT network observed at the coercive field

Hc ¼ 144 Oe in the hysteresis loop. According to the previous works, when the exter-

nal field is applied at low applied field angles with respect to the NTs axis, the mag-

netization reversal of NTs is dominated by the curling (vortex) reversal mode, where

magnetic moments rotate progressively via propagation of a large number of vortex

domain walls [21–23]. Since the AMR curve minimum shown in Fig. 27.8D lies

almost at the middle point between the IP and OOP curves, the micromagnetic con-

figuration of the CNTs during magnetization reversal account for a large portion of the

moments following the circumference of the NT, thus perpendicular to the current

flow, whereas the remaining lie at intermediate orientations between the parallel

and antiparallel to the NTs axis. Following the same argument, we attribute the reduc-

tion in the resistance curve around Hc in the IP configuration (Fig. 27.8C) to the cre-

ation of vortex domain walls, as previously suggested from AMR experiments carried

out on an individual Ni NT [53].

In contrast, the AMR curve minimum for the CNW network does not coincide with

the resistance at coercivity (shown as a lozenge). Indeed, starting from the saturated

positive state, the resistance minimum for the CNW network is observed at positive

field values, in contrast to what is observed in arrays of parallel NWs with only MS

contribution to the magnetic anisotropy. In that case, the resistance of the NWs
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reaches the minimum value when the direction of the magnetic field is reversed and

coincide with the coercive field [42–44]. This effect can be ascribed to the inter-

connected NW architecture and the presence of domain walls that are formed at

the magnetic junctions once the external field is reduced, thus giving rise at low field

to complex spin configurations formed by a series of domains in the axially saturate

states separated by domains walls at the segment intersections. As may be expected,

the junction volume has distinct effects on the domain wall configuration and the ini-

tial magnetic switching.
27.4 NW network-based spin caloritronics

27.4.1 Spin-dependent thermoelectric transport in multilayered
NW networks

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(E) by Mott’s formula:
S¼�eL0T
d lnσðEÞ

dE

� �����
E¼EF

, (27.2)

L ¼ 2.44� 10�8 V2 K�2 is the Lorenz number and e is the electron charge (pos-
with 0

itive). According to Einstein’s relation for a metal or alloy with isotropic properties,

the conductivity is proportional to the density of statesNðEÞ and to the scattering time

τ(E), where both terms in Eq. (27.2) are to be evaluated at the Fermi level EF. 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 μV K�1 in cobalt at RT). Also, these magnetic metals

exhibit significant magnon-drag contribution to the thermoelectric power within a

wide temperature range [54, 55]. Besides, the largest RT thermoelectric power factor

(PF ¼ S2σ, 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) [56].

In FM/Cu multilayered NWs (see Fig. 27.9A), the Seebeck coefficient along the

axial direction (perpendicular direction to the layers) can be calculated from the

corresponding transport properties using Kirchhoff’s rules [57]
S? ¼ SCuκFM + λSFMκCu
λκCu + κFM

(27.3)

S and κ represent the thermopower and the thermal conductivity of the
Here FM,Cu FM,Cu

FM and Cu metals and λ¼ tFM/tCu the thickness ratio of FM and Cu layers. In metals,

heat conductivity is primarily due to free electrons. The Wiedemann-Franz law states

that the ratio of thermal conductivity and electrical conductivity σ for metals fairly
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Fig. 27.9 (A) Calculated thermopower for Co/Cu multilayers in the layer parallel (dash-dotted
line) and perpendicular (solid line) directions versus thickness ratio λ ¼ tFM/tCu using
Eqs. (27.4), (27.5) and bulk values for SCo, ρCo, SCu, and ρCu. The gray-dashed line shows the
values for λ ¼ 1. The inset shows an FM/Cu multilayer stack. (B) Experimental set-up for

Seebeck coefficient and the magneto-thermoelectric effect measurements. Device dimensions

are 15 mm long, 5 mm wide, and 22 μm thick and the color represents the generated
temperature profile in the NW networks. The gold electrodes are 2 mm wide. (C and D)

Electrical resistance (C) and Seebeck coefficient (D) of a Co/Cu NWnetwork 80 nm in diameter

and 3% packing density showing similar magnetic field dependence corresponding to

MR¼ 24.7% and MTP¼�22.3% at room temperature. The curves in (C and D) were obtained

with the applied field in-plane (IP—in blue) and out-of-plane (OOP—in red) of the NW
network film.
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accurately obeys κ/σ¼ LT, where T is the temperature and L is the Lorenz ratio. There-
fore, considering multilayer stacks made of Cu and ferromagnetic metals, Eq. (27.3)

simply reduces to
S? ¼ SCuρCu + λSFMρFM
λρFM + ρCu

(27.4)

ρ and ρ the corresponding electrical resistivities. According to Eq. (27.4),
with FM Cu

SFM/Cu is mainly determined by the large thermopower of the FM metal in case the

thickness ratio λ is not too small since SFMρFM ≫ SCuρCu. 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 planar FM/Cu multilayer stack in the direction parallel to

the layers is given by
Sk ¼ SCuρFM + λSFMρCu
λρCu + ρFM

(27.5)



818 Magnetic Nano- and Microwires
showing that large thermopower can be obtained only if the thickness ratio λ is very
large. The contrasting behavior between layer parallel and perpendicular directions is

illustrated in Fig. 27.9A for Co/Cu multilayers from the bulk resistivity and the-

rmopower values at RTe. So, these multilayered NW networks with alternate stacks

of dissimilar materials such as a ferromagnetic metal or alloy and a noble metal are

promising candidates for good thermoelectric materials.

In this section, we report on experimental results obtained in custom-fabricated

spin caloritronic devices based on FM/Cu CNWs with FM ¼ Co or equiatomic CoNi

alloy. In such centimeter-scale NW networks, electrical connectivity is essential to

allow charge flow over the whole sample sizes. Besides, the branched NW architec-

ture enables electrical measurement in the CPP geometry. For conducting magneto-

transport measurements, the cathode was locally removed by plasma etching to create

a two-probe design suitable for electric measurements, with the flow of current

restricted along the NW segments, thus perpendicularly to the plane of the layers.

The device configuration to measure the Seebeck coefficient and the magneto-

thermoelectric effect is schematically represented in Fig. 27.9B. Heat flow is

generated by a resistive element and a thermoelectric voltage ΔV is created by the

temperature difference ΔT between the two metallic electrodes that is measured by

a thermocouple (see [35] for details).

As shown in Fig. 27.9C and D, the resistance and thermopower of the low-packing

density (P¼ 3%) Co/Cu NW sample show the same magnetic field dependencies and

similar relative changes of �25% at H ¼ 8 kOe at RT. The samples are nearly mag-

netically 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

Fig. 27.9C and D). This behavior corresponds to the one expected considering the

CNW architecture and MS arguments when using similar magnetic and nonmagnetic

layer thicknesses [58]. In the following, only the measurements obtained in the plane

of the CNW network films are reported. The crossed Co/Cu NW networks were found

to exhibit very large GMR responses (defined as GMR¼ RAP/RP� 1, with RAP and RP

the corresponding resistances in the high- and low-resistance states, respectively)

reaching values of 33% at RT and 58% at T ¼ 10 K in the present study. The same

features were observed on the CoNi/Cu CNW samples in which GMR effects up to

86% were obtained at low temperatures. Besides, the measured RT thermopower

on the Co/Cu NW network in the saturated state (S ��25.5 μV K�1) is only slightly

smaller than the value found in pure cobalt material.

The absolute value of the magnetothermopower, MTP ¼ (SAP � SP)/SAP, with SAP
and SP the corresponding thermopowers in the high- and low-resistance states, respec-

tively, shows a similar increase with decreasing temperature as the MR ratio (defined

as MR ¼ (RAP � RP)/RAP) in the temperature range near RT (see Fig. 27.10A). How-

ever, in the low-temperature range, the MTP exhibits a less pronounced effect. Recent

estimations of the thermoelectric PF at RT for both Co/Cu and CoNi/Cu CNW net-

works lead to values around 7.5 mW K�2 m in the saturated state [35, 36], which

are larger than the PF of the widely used thermoelectric material, bismuth telluride

(in the range 1–5 mW K�2 m) [59]. Besides, the PF values obtained for FM/Cu

NW networks embedded in polymer membranes are at least one order of magnitude
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Fig. 27.10 (A) MR ratio and MTP as a function of temperature with the field applied

in the plane of the Co/Cu (full circles) and CoNi/Cu (empty squares) NW network films.

(B) Magneto-power factor as a function of temperature obtained using the MR and MTP data in

(A). The error bars in (A) and (B) reflect the uncertainty of the electrical and temperature

measurements and is set to two times the standard deviation, gathering 95% of the data variation.
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larger than those of flexible thermoelectric films based on optimized conducting

polymers, namely PEDOT-Tos films [60]. The magneto-power factor (MPF ¼
(PFP �PFAP)/PFAP) can be expressed as MPF ¼ (1�MTP)2/(1 �MR) � 1. For the

Co/Cu CNWs, the values reach�100% at RT and show a weak temperature variation

down to T � 50 K (see Fig. 27.10B). In contrast, the MPF for the CoNi/Cu CNWs

increases with decreasing temperature and exceeds 200% at T¼ 150 K, as also shown

in Fig. 27.10B. The efficiency of a material’s thermoelectric energy conversion is

determined by its figure of merit ZT ¼ S2σT/κ, with κ the thermal conductivity. In

a previous work, Ou et al. [61] have measured the thermal conductivity of a suspended

nickel NW for T ¼ 15�300 K. While the Lorenz ratio L ¼ κ/σT departs from the

Sommerfeld value (L0 ¼ 2.45 � 10�8 V2 K�2) at low temperatures, L was found to

be equal to L0 with a 5% margin of error above T¼ 50 K. Due to the very low thermal

conductivity of PC (κ ¼ 0.2 W m�1 K at RT), the contribution of the polymer matrix

to heat transport is much smaller than that of the metallic NW network. Indeed, assum-

ing that the Wiedemann-Franz law holds for Co/Cu (CoNi/Cu) NWs, an estimate of

the RT electronic thermal conductivity gives κE ¼ 63 W m�1 K (κE ¼ 50 W m�1 K)

for an AP configuration and κE ¼ 84 W m�1 K (κE ¼ 72 W m�1 K) for a

P configuration. In this case, the figure of merit is reduced to ZT¼ S2/L0, thus leading
to ZT� 2.5� 10�2 (ZT� 3.1� 10�2) for the Co/Cu (CoNi/Cu) NW network sample

at RT [35, 36]. Although the figure of merit is more than one order of magnitude

smaller than those of state-of-the-art thermoelectric materials (ZT� 1 in BiTe alloys),

it is comparable to those of thermocouple alloys (ZT� 6� 10�2 and ZT� 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. Furthermore, considering the energy conversion from heat to electric power, the

ZT of the proposed device is much larger than that of a spin Seebeck power generator
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(ZT� 10�4) based on a device using a two-step conversion process and the inverse spin

Hall effect to convert spin current to charge current in nonmagnetic materials [62].

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 scat-

tering [63, 64]. 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 [65, 66]. Assuming that the layers of the magnetic multilayers are thin com-

pared to the spin-diffusion lengths and according to the usual rule when the currents

split to flow along two parallel paths (see Fig. 27.11A), the corresponding the-

rmopowers SAP and SP are simply given by [67]
SAP ¼
S"ρ" + S#ρ#
ρ" + ρ#

(27.6)
and
SP ¼
S"ρ# + S#ρ"
ρ" + ρ#

, (27.7)

re separate resistivities ρ and ρ and Seebeck coefficients S and S are defined
whe " # " #
for majority and minority spin channels. Therefore, the spin-dependent Seebeck coef-

ficients, S" and S#, can be expressed as follows:
S" ¼ 1

2
SAP 1�β�1

� �
+ SP 1 + β�1

� �� 	
, (27.8)
1 �1
� � �1

� �� 	

S# ¼

2
SAP 1 + β + SP 1�β , (27.9)

re β ¼ (ρ � ρ )/(ρ + ρ ) denotes the spin asymmetry coefficient for resistivity.
whe # " # "
From Eqs. (27.8), (27.9), it can be easily deduced that S" ¼ SP and S# ¼ SAP in the limit

of an extremely largeMR ratio (β! 1). The temperature evolutions of SAP, SP, S", and
S# are shown in Fig. 27.11B and C.

For both Co/Cu and CoNi/Cu CNWs, the Seebeck coefficients decrease almost lin-

early with decreasing temperature, which is indicative of the dominance of diffusion

thermopower. The estimated values at RT of MR, MTP, PFP, MPF, S", and S# are

reported in Table 27.2, using β ¼MR1/2 in Eqs. (27.8), (27.9). The values of S" and
S# for Co/Cu CNWs are similar to those previously reported in bulk Co

(S" ¼ �30 μV K�1 and S# ¼ �12 μV K�1) [66]. Also, the value of β so obtained

for Co/Cu CNWs (β � 0.5) is in agreement with previous estimates from the CPP-

GMR experiments carried out on Co/Cu multilayers [64]. In contrast, our value for

ΔS ¼ S"� S# of �9.4 μV K�1 and �11.5 μV K�1 for Co/Cu and CoNi/Cu CNWs,
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Fig. 27.11 (A) The two-current model for the resistivity and the thermopower considering both

parallel (P) and antiparallel (AP) magnetic configurations. (B, C) Measured Seebeck

coefficients at zero applied field SAP (orange circles) and at saturating magnetic field SP (violet
circles) of (B) a Co/Cu and (C) a CoNi/Cu NW network 80 nm in diameter and 3% packing

density, along with the corresponding calculated S" (blue circles) and S# (red circles) from
Eqs. (27.8), (27.9) (see text). The error bars reflect the uncertainty of the electrical and

temperature measurements and is set to two times the standard deviation, gathering 95% of the

data variation.
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respectively, are much larger than the one of �1.8 μV K�1 extracted from measure-

ments performed on Co/Cu/Co nanopillar spin valve using a 3D finite-element model

[32, 68].

Since the magnetothermopower can also be expressed as MTP ¼ 2βη/(1 + βη),
where η ¼ (S#� S")/(S# + S") denotes the spin asymmetry for Seebeck coefficients,

infinitely large MTP and MPF effects are expected when the product βη tends

to� 1. In previous works performed using ferromagnetic dilute alloys with the occur-

rence of a virtual bound state at the Fermi level [65, 66], S" and S# were found to have
an opposite sign, which corresponds to jηj > 1. Therefore, the fabrication of
Table 27.2 Room temperature data of the Co/Cu and CoNi/Cu nanowire networks.

MR

(%)

MTP

(%)

PFP

(mW K
22

m)

MPF

(%)

S"
(μV K

21
)

S#
(μV K

21
)

Co/

Cu

24.7 �22.3 7.5 99 �28.0 �18.5

CoNi/

Cu

30.2 �29.3 7.5 135 �30.2 �18.7
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multilayered NWs with appropriate magnetic layer composition should make it pos-

sible to fine-tune the PF of thermoelectric energy conversion with an external

magnetic field.

Further evidence that the thermopower is dominated by electron diffusion over the

whole temperature range investigated is presented in Fig. 27.12A and B. Defining the

diffusion thermopower S(H) ¼ eL0Tρ0(H)/ρ(H) by Mott’s formula (Eq. 27.2) with

ρ0ðHÞ¼ ðdρðHÞ=dEÞE¼EF the derivative of the electrical resistivity with respect to

the energy, evaluated at the Fermi level, one can write SAP ¼ eL0Tρ0AP=ρAP and

SP ¼ eL0Tρ0P=ρP. Then, the following expression describing the inverse relationship

between the field-dependent thermopower and electrical resistance can be easily

obtained:
SðHÞ¼A+
B

RðHÞ , (27.10)

re A¼ (S R � S R )/(R � R ) and B¼ (R R (S � S ))/(R � R ). This
whe P P AP AP P AP P AP AP P P AP

expression corresponds to an equivalent form of the Gorter-Nordheim relation for dif-

fusion thermopower in metals and alloys [54] and has been observed at different tem-

peratures in the interconnected network made of Co/Cu and CoNi/Cu NWs, as shown

in Fig. 27.12A and B.
27.4.2 Magnetic control in heat management

Current flow in the high-packing density Co/Cu NW sample (P ¼ 20%) results in

Joule heating as well as a Peltier heat current at the junctions between the NW network

and the gold electrode, as shown in Fig. 27.13A. These heat flows were monitored

continuously from the temperature changes using a highly sensitive Cernox thermom-

eter (<3 mg, 1 mm2; Cernox-1010, Lake Shore Cryotronics Inc., OH, United States)

with respect to the operating temperatures for different current intensities and polar-

ities, as well as for various applied magnetic fields. Net cooling occurs at low currents

when the direction of the Peltier heat current flow is such thatΠI< 0 at the considered

junction (with Π, the Peltier coefficient) and dominates over the Joule heating effect

(RI2), as shown in Fig. 27.13B. In this case, when the DC current flows from the NWs

(with the higher Peltier coefficient) to the gold electrode (with the lower one), the

Peltier heat is released from the junction, that is, net cooling happens (see

Fig. 27.13B). As expected, the situation is reversed when the current flows in the

opposite direction. For higher currents, the Joule heating dominates over the Peltier

cooling, as shown in the inset of Fig. 27.13C by temperature versus time traces for

I¼�50 mA. Unlike the Peltier effect that leads to a cooling or a heating of the system

depending on the direction of current flow, the Joule effect does not depend on the

current polarity. It is thus possible to separate the two effects linearly [36]. From

the inset of Fig. 27.13C, one can estimate the Peltier cooling ability of Co/Cu

CNW network of �8.5 K A�1.
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Fig. 27.12 Linear variation of ΔS(H) versus Δ(1/R(H)) at different measured temperatures illustrating the Gorter-Nordheim

characteristics for (A) a Co/Cu and (B) a CoNi/Cu NW network 80 nm in diameter and 3% packing density. The solid lines
correspond to the theoretical relation shown in Eq. (27.10) (see text).
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Fig. 27.13 (A) Schematics of a set-up for direct observation of Peltier and magneto-Peltier

effects. (B) Temperature versus time traces of the sum of the Joule and Peltier heats relative to a

working temperature of 300 K. The direct currents are switched on after 100 s as shown by the

vertical dashed lines and are applied both forward and reverse in the interconnected Co/Cu

nanowires of 105 nm in diameter and with a packing density of 22% (R ¼ 3.3 Ω, MR ¼ 12%).

(C)Measured temperature changesΔTH at the Peltier junction during themagnetic field sweep for

a DC current of �50 and +50 mA. Here, the contribution from the Peltier heating has been

estimated using a procedure described elsewhere [35, 36]. The Peltier term leads to heating and

cooling at the saturation field of 9.5 kOe and depends on current flow direction. The inset shows
the same as in (B) but for higher current intensities for which the Peltier effect becomes dominated

by the Joule heating. (D) Measured total temperature changes ΔTHsat
at the Peltier junction

between the zero field (TH0
) and saturated states (THsat

) versus current intensity applied both

forward and reverse. The error bars in (C) and (D) reflect the uncertainty of the temperature

measurements and is set to two times the standard deviation, gathering 95% of the data variation.
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As shown in Fig. 27.13C, the magneto-Peltier effect has been quantified by record-

ing the temperature change ΔTH during the magnetic field sweeps. The field depen-

dence of ΔTH resembles to that of MR. The same measurements were performed for

different currents, as shown in Fig. 27.13D where the total temperature change

(ΔTHsat
¼ TH0

�THsat
) between the zero field (TH0

) and saturation (THsat
) states is

reported. As expected, the magneto-Peltier effect increases linearly with the driving

current. From these results, one can obtain the guideline for the magnitude of the mag-

netically controlled cooling and heating ability of a macroscopic electronic
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component against the injected current. Using the values of S" and S# from Fig. 27.11B

and the Onsager relation which relates the two thermoelectric coefficientsΠ¼ ST, one
may estimate the maximum difference between the Peltier coefficients in the AP and

P states for an infinite MR ratio as Π"�Π#, which correspond to �2.8 mV at RT for

Co/Cu NWs. Since currents up to few hundreds mA are able to pass through the

densely packed NW films without damaging the network structure, we may anticipate

that a magnetic field can switch a heat flow as large as 1 mW.
27.5 Conclusion and future perspectives

The present 3D networks of magnetic NWs and NTs are of special interest due to their

potential for memory devices, computing architectures, sensing, and biomedical

applications. Among the advantages of the interconnected NW architecture are its

mechanically stable and self-supporting feature after chemical dissolution of the poly-

mer membrane, as well as the ease of carrying out magneto-transport measurements.

In this chapter, we have explored the interplay between the magnetic and magneto-

transport properties of 3D NW networks made of various magnetic metals and alloys.

The close relationship between their magnetic and structural properties has a direct

impact on their magneto-transport behavior. Control of the electrodeposition condi-

tions, in particular, the electrolytic bath acidity made possible to modify the

crystallographic structure of Co CNW networks, which strongly influenced its mag-

netic anisotropy, microwave absorption, and anisotropic magneto-resistance. The

feasibility to obtain considerable AMR signals, being stable overtime, in CoNi

CNW networks made them very interesting structures for their use as magnetic sen-

sors. In addition, we explored the fabrication and the corresponding magnetic and

magneto-transport behavior of a complex nano-architecture based on CNT networks.

We have shown that Ni CNT networks with controlled wall thickness (in the range

10–100 nm) can be obtained using appropriate reduction or deposition potential of

the crossed core(Cu)/shell(Ni) nanocables. Again, the excellent control over geomet-

rical parameters and morphological features of the Ni CNT networks leads to tunable

magnetic and magneto-transport properties. Particularly, the low field magneto-

transport behavior is consistent with the expected vortex-like states formed in differ-

ent segments of the NT scaffold.

On the other hand, embedded NW networks in porous polymer films are also per-

spective materials for spin caloritronics 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 and the lack of established methods for reliable mea-

surements of spin caloritronic material parameters. In this chapter, the fabrication of

centimeter-scale interconnected network films made of multilayered NWs showing

GMR and giant magneto-thermoelectric effects are reported. The 3D NW networks

provide promise for flexible thermogenerators that cannot be considered with con-

ducting polymers because of their relatively poor thermoelectric performance and

with widely used inorganic thermoelectric semiconductors such as bismuth telluride
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(Bi2Te3)-based alloys, as they are both brittle and expensive. In contrast, this work has

allowed us to demonstrate extremely large and magnetically modulated thermoelec-

tric PF up to 7.5 mW K�2, which is a factor of 2–5 larger than that of (Bi2Te3)-based

alloys and at least one order of magnitude larger than those of optimized conducting

polymers. These macroscopic NW networks have enabled us to obtain 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.

Our work provides a simple and cost-effective pathway to fabricate highly efficient

and large-scale NW-based thermoelectric films meeting key requirements for electri-

cal, thermal, and mechanical stability. In addition, since there is no sample size lim-

itation, this fabrication method is expandable into network films with much larger

dimensions. A practical thermoelectric cooler made of flexible and shapeable thermo-

electric modules consisting of stacked NW network films that are connected electri-

cally 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 excit-

ing and a promising pathway for the next generation of flexible and light weight ther-

moelectric devices exploiting the spin degree of freedom and the realization of

magnetic thermal switch for heat management. Besides, our flexible thermoelectric

films based on macroscopic 3D interconnected NW networks can also be used in

applications for devices with low energy requirements when the supply of heat essen-

tially is free as with waste heat.

To sum up, this chapter opens up the possibility for a controlled template-assisted

synthesis of complex NW-based architectures with an excellent control over geomet-

rical features, morphology, and chemical composition, leading to tunable magnetic,

magneto-transport, and thermoelectric properties.
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