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Abstract

NiFe alloy and NiFe/Cu multilayered nanowire (NW) networks were grown using a template-assisted electrochemical
synthesis method. The NiFe alloy NW networks exhibit large thermopower, which is largely preserved in the current
perpendicular-to-plane geometry of the multilayered NW structure. Giant magneto-thermopower (MTP) effects have
been demonstrated in multilayered NiFe/Cu NWs with a value of 25% at 300 K and reaching 60% around 100 K. A
large spin-dependent Seebeck coefficient of —12.3 uV/K was obtained at room temperature. The large MTP effects
demonstrate a magnetic approach to control thermoelectric properties of flexible devices based on NW networks.
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Introduction

Thermoelectric effects in spintronic materials are actively
studied in the emerging field of spin caloritronics due to
their unique physical properties including spin Seebeck
effects, thermally generated spin current and thermal-
assisted spin-transfer torque [1-7]. Also, the thermo-
electric analogs of the magnetoresistive effects in mag-
netic multilayers, spin valves, and tunneling junctions
such as the giant magneto-Seebeck and magneto-Peltier
effects are of special interest, as they could be used to
enable magnetic control of heat flow and thermoelectric
voltages for waste-heat recovery from electronic circuits
[3, 8—13]. The large spin-dependent thermoelectric effects
achieved by modifying appropriately the magnetization
configurations of the multilayer with an external mag-
netic field exploit the fact that the Seebeck coefficients
for spin-up and spin-down electrons are significantly dif-
ferent. This difference of Seebeck coefficients is ascribed
to the d-band exchange splitting in transition ferromag-
netic (FM) metals, as suggested from previous works
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performed on dilute magnetic alloys [14, 15]. When con-
sidering the Peltier effect, it means that different amount
of heat is carried by the spin-up and spin-down elec-
trons. It was recently demonstrated that interconnected
magnetic nanowire (NW) networks fabricated by electro-
chemical deposition in 3D nanoporous polymer host films
provide an attractive pathway to fabricate light, robust,
flexible, and shapeable spin caloritronic devices in ver-
satile formats that meet key requirements for electrical,
thermal, and mechanical stability [16, 17]. In addition,
electrochemical synthesis is a powerful method for fab-
ricating multicomponent nanowires with different metals
due to its engineering simplicity, versatility, and low-cost
[18-20]. In such centimeter-scale nanowire networks,
electrical connectivity is essential to allow charge flow
over the whole sample sizes. The nanowire-based sys-
tem overcomes the lack of reliability and reproducibility
of the results obtained in metallic nanopillars and mag-
netic tunnel junctions [3, 9, 10, 12], which can be mainly
attributed to the thermal contact resistance between the
nanoscale samples and the thermal baths which gen-
erate the temperature gradient. The 3D nanowire net-
works hold promise for flexible thermoelectric generators
exhibiting extremely large and magnetically modulated
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thermoelectric power factor. The conventional thermo-
electric modules consist of coupled n- and p-type thermo-
electric materials or legs. While initial work has focused
on n-type NW systems made of Co/Cu and CoNi/Cu
multilayers [16, 17], it was recently shown that dilute
NiCr alloys are promising for the fabrication of p-type
nanowire-based thermoelectric legs [21]. In the present
work, we report on experimental results obtained on other
n-type thermoelectric films based on interconnected Ni,
NiFe alloys, and NiggFezo/Cu multilayered NW networks.
Nickel-iron is an important soft magnetic material that is
widely used in magnetic data storage technologies. NiFe
alloys with optimized sample compositions also exhibit
large thermopower near room temperature. In addition,
NiFe/Cu multilayers are well-known giant magnetoresis-
tance (GMR) systems [22]. The physical origin of GMR
is the different conduction properties of the majority and
minority spin electrons in magnetic multilayers. Through
magneto-thermopower measurements and exploiting the
fact that the branched nanowire architecture of these
multilayer NW networks allows electrical measurements
in the current perpendicular to the plane (CPP) geom-
etry, a precise determination of spin-dependent Seebeck
coefficients in permalloy (NiggFego) is obtained.

Experimental Methods

The polycarbonate (PC) porous membranes with inter-
connected pores have been fabricated by exposing a
22-um-thick PC film to a two-step irradiation process
[23, 24]. The topology of the membranes was defined
by exposing the film to a first irradiation step at two
fixed angles of —25° and +25° with respect to the nor-
mal axis of the film plane. After rotating the PC film, in
the plane by 90°, the second irradiation step took place
at the same fixed angular irradiation flux to finally form
a 3D nanochannel network. Then, the latent tracks were
chemically etched following a previously reported proto-
col [25] to obtain 3D porous membranes with pores of
80-nm diameter and volumetric porosity of 3%. Next, the
PC templates were coated on one side using an e-beam
evaporator with a metallic Cr (3 nm)/Au (400 nm) bilayer
to serve as cathode during the electrochemical deposition.
The NW network partially fills the 3D porous PC mem-
brane. NiFe alloy NWs of controlled composition with Fe
content below 40% were successfully grown at room tem-
perature using a sulfate bath and depositing at different
potentials [26]. In addition, electrodeposited Py (permal-
loy, NigoFez0)/Cu multilayered nanowires were made from
a single-sulfate bath containing Ni**, Fe?*, and Cu’*
ions by using a pulsed electrodeposition technique as
described in ref. [27]. Following a procedure described
elsewhere [18], the deposition rates of each metals were
determined from the pore filling time. The thickness of
the bilayers was set as 10 nm with approximately the same
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thickness for the Py and Cu layers. Cu impurity is incor-
porated only to a very limited content (less than 5%) in
permalloy, as evaluated by energy-dispersive X-ray analy-
sis (EDX). The microstructure of single NiFe and NiFe/Cu
nanowires grown by electrodeposition in nanopores was
previously investigated using X-ray diffraction and ana-
lytical transmission electron microscopy [28]. Figure la
illustrates the flexibility of the spin caloritronic device film
based on an interconnected nanowire network. The film
can be easily twisted without damaging its electrical prop-
erties. The chemical dissolution of the PC template using
dichloromethane leads to an interconnected metallic self-
standing structure (inset of Fig. 1a) that faithfully replicate
the 3D porous template. For conducting electrical and
thermoelectric transport measurements, the cathode was
locally removed by plasma etching to create a two-probe
design suitable for electric measurements as shown in
Fig. 1b, c [16, 29, 30]. In this configuration, the current is
directly injected to the branched CN'W structure (about
1-cm long) from unetched sections of the metallic cath-
ode, where the electrical contacts are directly made by Ag
paint, and goes through the 20-pum-thick NW network
thanks to the high degree of electrical connectivity of the
CNWs. Moreover, since the flow of electrical and ther-
mal currents is restricted along the nanowire segments,
the current flows perpendicular to the plane of the layers
in the case of a multilayered structure. The typical resis-
tance values of the prepared specimens are in the range of
few tens of ohms. For each sample, the input power is kept
below 0.1 W to avoid self-heating, and the resistance was
measured within its ohmic resistance range with a res-
olution of one part in 10°. Heat flow is generated by a
resistive element and a thermoelectric voltage AV is cre-
ated by the temperature difference AT between the two
metallic electrodes. The voltage leads were made of thin
Chromel P wires, and the contribution of the leads to the
measured thermoelectric power was subtracted out using
the recommended values for the absolute thermopower
of Chromel P in NIST ITS-90 Thermocouple Database.
The temperature gradient was monitored with a small-
diameter type E differential thermocouple. A typical tem-
perature difference of 1 K was used in the measurements.
For magnetoresistance (MR) and magneto-thermopower
(MTP) measurements, the external magnetic field was
applied along the out-of-plane (OOP) and in-plane (IP)
directions of the NW network films (for more details see
thermoelectric measurements and correction factor in the
Additional file 1).

Results and Discussions

The absolute thermoelectric power at room temperature
(RT) of pure Ni and NiFe alloy NW networks contain-
ing 20%, 30%, and 40% Fe is shown in Fig. 2a. The
thermopower increases continuously with increasing Fe
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Fig. 1 a Photograph of a flexible spin caloritronic device based on a nanowire network. The inset SEM image shows the nanowire branched
structure with diameter of ~80 nm. Schematic representation of an electrode design for electrical (b) and thermoelectric (c) measurements of an
interconnected NW network. The inset of Fig. 1b shows a schematic drawing of the Py/Cu multilayer structure. Red arrows represent the direction of
current flow. The color in e represents the generated temperature profile in the NW networks

content, reaching values between —20 ©V/K for pure Ni
to about —45 ' V/K for NiggFeso. The error bars in Fig. 2a
are due to uncertainties in the composition of the alloys
related to the electroplating process. These results are in
good agreement with the experimental data obtained on
bulk NiFe alloys [31]. Therefore, NiFe alloys with fine-tune
composition potentially yield significantly larger Seebeck
coefficients than pure ferromagnetic metals like Co and
thermocouple materials like constantan (CussNigs: S =~ -
38 uV/K). We also note that the measured value for Py
NWs (S =~ -37 uV/K) is very similar to the reported bulk
values in the literature [32, 33]. The panels b and c of
Fig. 2 show the RT magnetic field dependencies of the
resistance and thermopower of Ni and Py NW networks

with the field applied in the IP and OOP directions. The
resistance and thermopower of the Py and Ni NW sam-
ples show the same magnetic field dependencies along
the two directions. The R(H) curves correspond well to
the anisotropic magnetoresistance effect, which is due
to the anisotropy of spin-orbit scattering in transition
ferromagnetic metals. This effect leads to a decrease in
resistivity as the angle between the magnetization and
current directions is increased. Indeed, the current flow
being restricted along the NW segments, the saturation
magnetization in the IP direction makes an average angle
of £ 65° with the current. In contrast, when the magneti-
zation is saturated in the OOP direction, the average angle
between the magnetization and the current flow is much
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Fig. 2 a Variation of the Seebeck coefficient vs Ni content in NiFe NW networks (80-nm diameter) at room temperature. Recommended values for
bulk alloys [38] are also reported. b, € Room temperature variation of the electrical resistance and Seebeck coefficient of Ni (b) and Py (c) NW
samples obtained with the applied field in-plane (IP) and out-of-plane (OOP) of the NW network film. d MR and MTP ratios as a function of Ni

smaller (£25°). Therefore, the decrease of resistance in
an externally applied magnetic field is enhanced when the
field is applied in the IP direction. Obviously, the lower
resistance state expected for the perpendicular configu-
ration between magnetization and current could not be
achieved in such NW networks. The observation that the
absolute value of the thermopower increases with increas-
ing transverse magnetic field in both Ni and NiFe alloy
NW networks is also in good agreement with previous
studies performed on single NWs [34]. Figure 2d shows
the magnitude of the magnetoresistance and magneto-
thermopower evaluated at RT in the IP direction for pure
Ni and NiFe alloy NW networks. Here, the MR and MTP
ratios are defined as MR = (R(H = 0) — R(Hsat))/R(H =
0) and MTP = (S(H = 0) — S(Hs))/S(H = 0), with
R(Hsyt) and S(Hgyt) the resistance and thermopower at
H = 10 kOe, respectively. For the NiFe alloy samples,
the magnitude MTP ratio is either comparable or smaller
(Py) to the MR ratio. Such smaller value of the MTP ratio
with respect to the corresponding MR ratio for the Py
NW network is in agreement with measurements per-
formed on Py thin films [35]. In contrast, the Ni NW
network exhibits a MTP effect of —5% much larger than
the MR ratio of 1.5%. This result is in good agreement with
previous measurements performed on single Ni NWs,
showing the same enhancement of the MTP effect [34]. It

is interesting to note that for Ni thin films, the observed
anisotropy of the Seebeck coefficient has approximately
the same magnitude than the anisotropic MR ( ~1.5%)
[35]. Further studies are needed to understand this unex-
pected enhanced MTP for Ni NWs.

In FM/Cu multilayers, the Seebeck coefficient in the
direction perpendicular to the layers can be calcu-
lated from the corresponding transport properties using
Kirchhoff’s rules [36],

_ Scukem + ASEMKCu
AKCu + KEM

Sy (1)
where Spy cu and kpn cy represent the thermopower and
the thermal conductivity of the ferromagnetic material
and Cu and A = fgp/fcy the thickness ratio of FM and Cu
layers. According to Eq. 1, S| is mainly determined by the
large thermopower of the FM metal in case the thickness
ratio X is not too small since Sppvkcy >> ScukEM-

In contrast, the Seebeck coefficient of a FM/Cu multi-
layer stack in the direction parallel to the layers is given by

S + AS
S|| — CuPFM FMPCu, )
Apcu + PEM
with ppm and pcy as the corresponding electrical resis-

tivities. In this case, large thermopower can be obtained
only in case the thickness ratio A is very large. The con-
trasting behavior between layer parallel and perpendicular
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directions is illustrated in Fig. 3a for Py/Cu multilay-
ers using Eqs. 1 and 2, and the literature resistivity and
thermopower values for bulk permalloy [32, 33, 37, 38]
(ppy ~ 25 uQcem, Spy = -35 wV/K) and copper (ocy =
1.6 uQcm, Scy = 1.7 uV/K), as well as the thermal
conductivities estimated from the Wiedemann-Franz law
(ko = LT, where T is the temperature and L is the
Lorenz ratio). For bulk Py single crystal, the relatively
small lattice contribution to the thermal conductivity is
expected to change slightly the estimated value. Although
the electrical resistivity and thermal conductivity values
of multilayer nanowires may vary considerably from their
respective bulk constituents, the same contrasting behav-
ior between the parallel and perpendicular directions of
the layers remains. So, multilayered NWs with alternate
stacks of dissimilar materials such as Py and Cu (see
Fig. 3a) are promising candidates for good thermoelectric
materials.

As shown in Fig. 3b, the resistance and thermopower
of the Py/Cu NW network show the same magnetic field
dependencies along the OOP and IP directions of the
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NW network film. The easy axis is pointing along the
OOQOP direction, with a saturation magnetic field of about
1.8 kOe. The sample was found to exhibit large GMR
responses (using the current definition of the GMR ratio
in which the MR effect is normalized to the lower resis-
tance state Rp, i.e., GMR = Rap/Rp — 1, with Rpp and
Rp as the corresponding resistances in the high- and
low-resistance states) reaching RT values of 20.5% and
19% along the IP and OOP directions, respectively. The
small difference is ascribed to the anisotropic magne-
toresistance contribution. As expected, the measured RT
thermopower on the CPP-GMR Py/Cu NW network in
the saturated state (S ~ -25 uV/K along the IP direc-
tion) is only slightly smaller than the value found in
the homogeneous Py sample. In contrast, the RT See-
beck coefficients reported for NiFe/Cu multilayers in the
CIP geometry (~-10 ©V/K) are much smaller [39]. Here-
after, only the measurements obtained in the plane of the
NW network films are reported. As shown in Fig. 3c,
the absolute value of the magneto-thermopower MTP
= (Sap — Sp)/Sap, with Sap and Sp the corresponding

60
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Fig. 3 a Calculated thermopower for Py/Cu multilayers in the layer parallel (dashed line) and perpendicular (solid line) directions vs thickness ratio
A = tpy/tcy using Egs. 1 and 2 and bulk values for transport coefficients. The gray dashed line shows the values for A = 1; the inset shows a FM/Cu
multilayer stack. b Room temperature variation of the electrical resistance and Seebeck coefficient of a Py/Cu NW network in magnetic fields
applied in the IP and OOP directions. € MR ratio and MTP as a function of temperature with the field applied in the plane of the NW network films. d
Measured Seebeck coefficients at zero applied field Sap (blue full circles) and at saturating magnetic field Sp (red open circles), along with the
corresponding calculated Sy (orange triangles) and S, (violet triangles) from Egs. 5 and 6 (see text). The data obtained on a Py NW network (80-nm
diameter) are also reported (green squares). 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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diffusion thermopowers in the high- and low-resistance
states, respectively, increases monotonically with decreas-
ing temperature in a similar manner as the MR ratio
(defined as MR = (Rap — Rp)/Rap). However, while the
magnitude of the effects are similar near RT, the MTP
exhibits a pronounced reinforcement in the low temper-
ature range. This behavior is in contrast with what has
been observed on Co/Cu and CoNi/Cu NW networks,
which exhibit a marked drop in their MTP at low tem-
peratures [16, 17]. Around 7" = 50 K, the MTP reaches
about 70% for the Py/Cu sample, which is found to be 2
to 3 times larger than that of Co/Cu and CoNi/Cu NW
networks. The GMR ratio at low temperatures (~60%) is
only slightly smaller than the ones previously reported on
arrays of parallel Py/Cu NWs [27, 40], thus demonstrat-
ing that high-performance CPP-GMR flexible films based
on NW networks can be fabricated by this simple and
inexpensive bottom-up method.

Using a simple consideration of the parallel current
paths of spin-up and spin-down electrons [41], the cor-
responding thermopowers in the high and low resistance
states, Sap and Sp, are simply given by:

Sror +S81p0
Spp = APL TR 3)
pr + Py
and:
Srpy +S1p0
SPZM, (4)
pr T+ P}

where separate resistivities o4 and p; and Seebeck coef-
ficients Sy and S are defined for majority and minority
spin channels. Therefore, the spin-dependent Seebeck
coefficients, S4 and S| can be expressed as follows [16]:

Sy = %[SAp(l — B+ S(1+87Y)] (5)

S, = %[SAP(I-HWI) +Sp(1-871)] (6)

where 8 = (o, — p1)/(py + py) denotes the spin asym-
metry coefficient for resistivity. A rough estimate of 8 =
0.6 at low temperatures using 8 = MR!/? is in reason-
able agreement with previous results from the CPP-GMR
experiments performed on Py/Cu multilayers [42]. From
Egs. 5 and 6, it can be easily deduced that Sy = Sp and
S, = Sap in the limit of an extremely large MR ratio
(B — 1). Figure 3d shows the temperature evolutions
of Sap, Sp, Sy, and S,. Below RT, the various Seebeck
coefficients decrease almost linearly with decreasing tem-
perature, which is indicative of the dominance of diffusion
thermopower. The data obtained on a homogeneous Py
NW network are also shown in Fig. 3d for comparison. For
permalloy NWs, the magnitude of the Seebeck coefficient
is close to that estimated for Sy, as expected from Eq. 4.
The RT value for the spin-dependent Seebeck coefficient
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AS = §4 — S, of -12.3 uV/K in the Py/Cu NW network
is larger than the ones previously obtained for Co/Cu and
CoNi/Cu NWs [16, 17]. It is also much larger than the
ones indirectly estimated from measurements performed
on Py/Cu/Py nanopillar and lateral spin devices valve
using a 3D finite-element model [3, 11]. In these previ-
ous experiments on Py/Cu nanostructures, it was difficult
to determine and/or eliminate the contact thermal resis-
tance, a major source of error, and simulations were often
necessary to estimate the temperature gradient over the
multilayer stacks. The room temperature spin-dependent
Seebeck coefficients of different magnetic multilayer sys-
tems are summarized in Table 1. In a previous work, it
was suggested that infinitely large MTP is expected when
the product 87 tends to —1 [16]. From the above analysis,
the product 87 near RT for Py/Cu nanowires is estimated
near —0.1, thus giving rise to similar magnitude of MTP
and MR, as shown in Fig. 3d.

Conclusion

In summary, large scale synthesis of uniform Ni, NiFe
alloy, and Py/Cu multilayered nanowire networks was
made by electrodeposition into 3D porous polymer tem-
plates. We found an unexpected high value of 5% for the
MTP of Ni NWs compared with that of the MR (~ 1.5%).
The NiFe alloy nanowire networks display large ther-
mopower, up to about — 45 uV/K for NiggFesp at room
temperature. The Py/Cu N'Ws exhibit giant magnetoresis-
tance and magneto-thermoelectric effects in the current
perpendicular-to-plane geometry, which exceeds 50% at
low temperatures. We also found a large spin-dependent
Seebeck coefficient of —12.3 ©V/K at room temperature,
which is larger than previously reported values on metal-
lic magnetic multilayers. Thanks to the ease to fabricate
geometrically engineered magnetic nanowires and multi-
layers by electrodeposition, and their excellent electrical
and thermoelectric properties, these 3D N'W networks
exhibit great potential for use as extremely light and
flexible spin caloritronic devices. Such effects could be
applied, for example, by using and converting the energy
of waste heat occurring in electronic devices or conversely
to provide active cooling solutions for electronic devices.

Table 1 Room temperature spin-dependent Seebeck
coefficients of different magnetic multilayer systems

Magnetic multilayer system AS (uV/K)
Py/Cu/Py nanopillar 3] -38
Py/Cu/Py lateral spin devices [11] -4.5

Co lateral spin devices [11] -1.8
Co/Cu nanowire network [17] -85
CoNi/Cu nanowire network [16] -10.0
Py/Cu (this work) -12.3




Marchal et al. Nanoscale Research Letters (2020) 15:137

Supplementary information
Supplementary information accompanies this paper at
https://doi.org/10.1186/511671-020-03343-8.

[ Additional file 1: Thermoelectric measurements and correction factor. }

Acknowledgements

Financial support was provided by Wallonia/Brussels Community (ARC
18/23-093) and the Belgian Fund for Scientific Research (FNRS). N.M.
acknowledges the Research Science Foundation of Belgium (FRS-FNRS) for
financial support (FRIA grant). T. daC.S.C.G. is a Research Fellow of the FNRS.
F.AA.is a Postdoctoral Researcher of the FNRS. The authors would like to thank
Dr. E. Ferain and the it4ip Company for supplying polycarbonate membranes.

Authors’ Contributions

NM performed most experiments and analyzed the data. TdSCG analyzed the
data and contributed to the writing of the manuscript. FAA analyzed the data
and contributed to the writing of the manuscript. LP contributed to the initial
ideas, analyzed the data, and contributed to the writing of the manuscript. The
authors read and approved the final manuscript.

Availability of Data and Materials
The datasets used and/or analyzed during the current study are available from
the corresponding author on reasonable request.

Competing Interests
The authors declare that they have no competing interests.

Received: 27 February 2020 Accepted: 6 May 2020
Published online: 29 June 2020

References

1. Hatami M, Bauer GEW, Zhang Q, Kelly PJ (2007) Thermal spin-transfer
torque in magnetoelectronic devices. Phys Rev Lett 99:066603. https://
doi.org/10.1103/PhysRevLett.99.066603

2. Uchida K, Xiao J, Adachi H, Ohe J, Takahashi S, leda J, Ota T, Kajiwara Y,
Umezawa H, Kawai H, Bauer GEW, Maekawa S, Saitoh E (2010) Spin
Seebeck insulator. Nat Mater 9:394

3. Slachter A, Bakker FL, Adam J-P, van Wees BJ (2010) Thermally driven spin
injection from a ferromagnet into a non-magnetic metal. Nat Phys 6:879

4. Bauer GEW, Saitoh E, van Wees BJ (2012) Spin caloritronics. Nat Mater
11:391

5. Boona SR, Myers RC, Heremans JP (2014) Spin caloritronics. Energy
Environ Sci 7:885-910. https://doi.org/10.1039/C3EE43299H

6. Pushp A, Phung T, Rettner C, Hughes BP, Yang S-H, Parkin SSP (2015)
Giant thermal spin-torque-assisted magnetic tunnel junction switching.
Proc Natl Acad Sci 112(21):6585-6590. https://doi.org/10.1073/pnas.
1507084112 http://www.pnas.org/content/112/21/6585 full pdf

7. He J, Tritt TM (2017) Advances in thermoelectric materials research:
looking back and moving forward. Science 357(6358)

8. Gravier L, Serrano-Guisan S, Reuse Fmc, Ansermet J-P (2006)
Spin-dependent Peltier effect of perpendicular currents in multilayered
nanowires. Phys Rev B 73:052410. https://doi.org/10.1103/PhysRevB.73.
052410

9. Liebing N, Serrano-Guisan S, Rott K, Reiss G, Langer J, Ocker B,
Schumacher HW (2011) Tunneling magnetothermopower in magnetic
tunnel junction nanopillars. Phys Rev Lett 107:177201. https://doi.org/10.
1103/PhysRevLett.107.177201

10. Walter M, Walowski J, Zbarsky V, Miinzenberg M, Schafers M, Ebke D, Reiss
G, Thomas A, Peretzki P, Seibt M, Moodera JS, Czerner M, Bachmann M,
Heiliger C (2011) Seebeck effect in magnetic tunnel junctions. Nat Mater
10:742

11. Dejene FK, Flipse J, van Wees BJ (2012) Spin-dependent Seebeck
coefficients of NiggFeap and Co in nanopillar spin valves. Phys Rev B
86:024436. https://doi.org/10.1103/PhysRevB.86.024436

12. Flipse J, Bakker FL, Slachter A, Dejene FK, van Wees BJ (2012) Direct
observation of the spin-dependent Peltier effect. Nat Nanotechnol 7:166

13. ShanJ, Dejene FK, Leutenantsmeyer JC, Flipse J, Miinzenberg M,
van Wees BJ (2015) Comparison of the magneto-Peltier and

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31

32.

33.

Page 7 of 8

magneto-Seebeck effects in magnetic tunnel junctions. Phys Rev B
92:020414. https://doi.org/10.1103/PhysRevB.92.020414

Farrell T, Greig D (1970) The thermoelectric power of nickel and its alloys.
J Phys C Solid State Phys 3(1):138

Cadeville MC, Roussel J (1971) Thermoelectric power and electronic
structure of dilute alloys of nickel and cobalt with d transition elements. J
Phys F Metal Phys 1(5):686

da Camara Santa Clara Gomes T, Abreu Araujo F, Piraux L (2019) Making
flexible spin caloritronic devices with interconnected nanowire networks.
Sci Adv 5(3):2782. https://doi.org/10.1126/sciadv.aav2782

Abreu Araujo F, da Cadmara Santa Clara Gomes T, Piraux L (2019) Magnetic
control of flexible thermoelectric devices based on macroscopic 3D
interconnected nanowire networks. Adv Electron Mater 0(0):1800819.
https://doi.org/10.1002/aelm.201800819.
https://onlinelibrary.wiley.com/doi/pdf/10.1002/aelm.201800819

Fert A, Piraux L (1999) Magnetic nanowires. J Magn Magn Mater
200(1):338-358. https://doi.org/10.1016/50304-8853(99)00375-3

Stano M, Fruchar O (2018) Chapter 3 - magnetic nanowires and
nanotubes. Handbook of Magnetic Materials, vol. 27. Elsevier. https://doi.
0rg/10.1016/bs.hmm.2018.08.002

He H, Tao NJ (2003) Electrochemical fabrication of metal nanowires.
Encycl Nanosci Nanotechnol 2:755-772

da Camara Santa Clara Gomes T, Marchal N, Abreu Araujo F, Piraux L
(2019) Tunable magnetoresistance and thermopower in interconnected
NiCr and CoCr nanowire networks. Appl Phys Lett 115(24):242402. https://
doi.org/10.1063/1.5130718

Bass J, Pratt WP (1999) Current-perpendicular (CPP) magnetoresistance in
magnetic metallic multilayers. J Magn Magn Mater 200(1):274-289.
https://doi.org/10.1016/5S0304-8853(99)00316-9

Rauber M, Alber |, Muller S, Neumann R, Picht O, Roth C, Schokel A,
Toimil-Molares ME, Ensinger W (2011) Highly-ordered supportless
three-dimensional nanowire networks with tunable complexity and
interwire connectivity for device integration. Nano Lett 11(6):2304-2310.
https://doi.org/10.1021/nl2005516

Araujo E, Encinas A, Velazquez-Galvan Y, Martinez-Huerta JM, Hamoir G,
Ferain E, Piraux L (2015) Artificially modified magnetic anisotropy in
interconnected nanowire networks. Nanoscale 7:1485-1490. https://doi.
0rg/10.1039/C4NR04800H

Ferain E, Legras R (2003) Track-etch templates designed for micro- and
nanofabrication. Nucl Instrum Methods Phys Res Sect B Beam Interact
Mater Atoms 208:115-122. https://doi.org/10.1016/S0168-
583X(03)00637-2

Piraux L, Encinas A, Vila L, Matéfi-Tempfli S, Matéfi-Tempfli M, Darques M,
Elhoussine F, Michotte S (2005) Magnetic and superconducting
nanowires. J Nanosci Nanotechnol 5(3):372-389. https://doi.org/10.1166/
jnn.2005.062

Dubois S, Marchal C, Beuken JM, Piraux L, Duvail JL, Fert A, George JM,
Maurice JL (1997) Perpendicular giant magnetoresistance of NiFe/Cu
multilayered nanowires. Appl Phys Lett 70(3):396-398. https://doi.org/10.
1063/1.118385

Maurice J-L, Imhoff D, Etienne P, Durand O, Dubois S, Piraux L, George J-M,
Galtier P, Fert A (1998) Microstructure of magnetic metallic superlattices
grown by electrodeposition in membrane nanopores. J Magn Magn
Mater 184(1):1-18. https://doi.org/10.1016/50304-8853(97)01104-9

da Camara Santa Clara Gomes T, De La Torre Medina J, Veldzquez-Galvan
YG, Martinez-Huerta JM, Encinas A, Piraux L (2016) Interplay between the
magnetic and magneto-transport properties of 3D interconnected
nanowire networks. J Appl Phys 120(4):043904. https://doi.org/10.1063/1.
4959249

da Camara Santa Clara Gomes T, De La Torre Medina J, Lemaitre M, Piraux
L (2016) Magnetic and magnetoresistive properties of 3D interconnected
NiCo nanowire networks. Nanoscale Res Lett 11(1):466. https://doi.org/10.
1186/511671-016-1679-z

Ho CY, Bogaard RH, Chi TC, Havill TN, James HM (1993) Thermoelectric
power of selected metals and binary alloy systems. Thermochim Acta
218:29-56. https://doi.org/10.1016/0040-6031(93)80410-C

Basargin QV, Zarkhov (1974) Thermal e.m.f. of iron-nickel alloys with an
f.c.c. lattice. Fiz Metal Metalloved 37(4):891-894

Tanji Y, Moriya H, Nakagawa Y (1978) Anomalous concentration
dependence of thermoelectric power of Fe-Ni (fcc) alloys at high
temperatures. J Phys Soc Jpn 45(4):1244-1248. https://doi.org/10.1143/
JPSJ45.1244


https://doi.org/10.1186/s11671-020-03343-8
https://doi.org/10.1103/PhysRevLett.99.066603
https://doi.org/10.1103/PhysRevLett.99.066603
https://doi.org/10.1039/C3EE43299H
https://doi.org/10.1073/pnas.1507084112
https://doi.org/10.1073/pnas.1507084112
http://arxiv.org/abs/http://www.pnas.org/content/112/21/6585.full.pdf
https://doi.org/10.1103/PhysRevB.73.052410
https://doi.org/10.1103/PhysRevB.73.052410
https://doi.org/10.1103/PhysRevLett.107.177201
https://doi.org/10.1103/PhysRevLett.107.177201
https://doi.org/10.1103/PhysRevB.86.024436
https://doi.org/10.1103/PhysRevB.92.020414
https://doi.org/10.1126/sciadv.aav2782
https://doi.org/10.1002/aelm.201800819
http://arxiv.org/abs/https://onlinelibrary.wiley.com/doi/pdf/10.1002/aelm.201800819
https://doi.org/10.1016/S0304-8853(99)00375-3
https://doi.org/10.1016/bs.hmm.2018.08.002
https://doi.org/10.1016/bs.hmm.2018.08.002
https://doi.org/10.1063/1.5130718
https://doi.org/10.1063/1.5130718
https://doi.org/10.1016/S0304-8853(99)00316-9
https://doi.org/10.1021/nl2005516
https://doi.org/10.1039/C4NR04800H
https://doi.org/10.1039/C4NR04800H
https://doi.org/10.1016/S0168-583X(03)00637-2
https://doi.org/10.1016/S0168-583X(03)00637-2
https://doi.org/10.1166/jnn.2005.062
https://doi.org/10.1166/jnn.2005.062
https://doi.org/10.1063/1.118385
https://doi.org/10.1063/1.118385
https://doi.org/10.1016/S0304-8853(97)01104-9
https://doi.org/10.1063/1.4959249
https://doi.org/10.1063/1.4959249
https://doi.org/10.1186/s11671-016-1679-z
https://doi.org/10.1186/s11671-016-1679-z
https://doi.org/10.1016/0040-6031(93)80410-C
https://doi.org/10.1143/JPSJ.45.1244
https://doi.org/10.1143/JPSJ.45.1244

Marchal et al. Nanoscale Research Letters

34

35.

36.

37.

38.

39.

40.

41.

42.

(2020) 15:137

Boéhnert T, Vega V, Michel A-K, Prida VM, Nielsch K (2013) Magneto-
thermopower and magnetoresistance of single Co-Ni alloy nanowires.
Appl Phys Lett 103(9):092407. https://doi.org/10.1063/1.4819949

Avery AD, Pufall MR, Zink BL (2012) Determining the planar Nernst effect
from magnetic-field-dependent thermopower and resistance in nickel
and permalloy thin films. Phys Rev B 86:184408. https://doi.org/10.1103/
PhysRevB.86.184408

MacDonald DKC (1962) Thermoelectricity: an introduction to the
principles. Wiley, New-York

Mayadas AF, Janak JF, Gangulee A (1974) Resistivity of permalloy thin
films. J Appl Phys 45(6):2780-2781. https://doi.org/10.1063/1.1663668.
https://doi.org/10.1063/1.1663668

Ho CY, Chi TC, Bogaard RH, Havill TN, James HM (1981) Thermoelectric
power of selected metals and binary alloy systems. In: Thermal
Conductivity 17. Proceedings of the 17th International thermal
conductivity conference, Gaithersburg, Maryland, 1981. Plenum Press,
New York. pp 195-205

Sato H, Miya S, Kobayashi Y, Aoki Y, Yamamoto H, Nakada M (1998)
Magnetoresistance, Hall effect, and thermoelectric power in spin valves. J
Appl Phys 83(11):5927-5932. https://doi.org/10.1063/1.367457.
https://doi.org/10.1063/1.367457

Dubois S, Piraux L, George JM, Ounadjela K, Duvail JL, Fert A (1999)
Evidence for a short spin diffusion length in permalloy from the giant
magnetoresistance of multilayered nanowires. Phys Rev B 60:477-484.
https://doi.org/10.1103/PhysRevB.60.477

Shi J, Parkin SSP, Xing L, Salamon MB (1993) Giant magnetoresistance and
magnetothermopower in Co/Cu multilayers. J Magn Magn Mater
125(3):251-256. https://doi.org/10.1016/0304-8853(93)90094-1

Holody P, Chiang WC, Loloee R, Bass J, Pratt WP, Schroeder PA (1998)
Giant magnetoresistance of copper/permalloy multilayers. Phys Rev B
58:12230-12236. https://doi.org/10.1103/PhysRevB.58.12230

Publisher’s Note
Springer Nature remains neutral with regard to jurisdictional claims in
published maps and institutional affiliations.

Page 8 of 8

Submit your manuscript to a SpringerOpen®
journal and benefit from:

» Convenient online submission

» Rigorous peer review

» Open access: articles freely available online
» High visibility within the field

» Retaining the copyright to your article

Submit your next manuscript at » springeropen.com



https://doi.org/10.1063/1.4819949
https://doi.org/10.1103/PhysRevB.86.184408
https://doi.org/10.1103/PhysRevB.86.184408
https://doi.org/10.1063/1.1663668
http://arxiv.org/abs/https://doi.org/10.1063/1.1663668
https://doi.org/10.1063/1.367457
http://arxiv.org/abs/https://doi.org/10.1063/1.367457
https://doi.org/10.1103/PhysRevB.60.477
https://doi.org/10.1016/0304-8853(93)90094-I
https://doi.org/10.1103/PhysRevB.58.12230

	Abstract
	Keywords

	Introduction
	Experimental Methods
	Results and Discussions
	Conclusion
	Supplementary informationSupplementary information accompanies this paper at https://doi.org/10.1186/s11671-020-03343-8.
	Additional file 1

	Acknowledgements
	Authors' Contributions
	Availability of Data and Materials
	Competing Interests
	References
	Publisher's Note

