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Flexible thermoelectrics based on 3D interconnected magnetic
nanowire networks
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3D networks of ferromagnetic (FM) nanowires fabricated by direct electrodeposition into the crossed nanopores of polymer templates
are effective thermoelectric materials. The interconnected nanowire networks are formed from pure metals, alloys, and FM/Cu
multilayers. Giant magneto-Seebeck effects in multilayer nanowires allow the determination of key parameters in spin caloritronics such
as spin-dependent Seebeck coefficients and can be exploited to design flexible thermoelectric switches with optimal magnetic field-
induced control of the sign and magnitude of the thermoelectric power output. Homogeneous nanowire arrays exhibit extremely high
thermoelectric power factors that make them effective materials as flexible active Peltier coolers for thermal management of hot spots.

Index Terms— active Peltier cooling, magnetic nanowire network, spin-caloritronics, thermoelectric switch

I. INTRODUCTION

Flexible and lightweight thermoelectric (TE) materials and
devices based on the Seebeck and/or Peltier effect offer inno-
vative perspectives in a sustainable development context [1]-
[2]-[3]. Flexible TE generators should make it possible to re-
spond to the rapid development of miniature, lightweight and
functional portable electronic devices for nomadic products (In-
ternet of Things) and medical sensors. On the other hand, spin
caloritronics, which exploits the coupling between spin and heat
transport in nanostructured materials, offers new perspectives
for heat-assisted spin-based logic, thermal energy conversion,
and sensors applications [4]-[5]. In this context, template-as-
sisted electrodeposition of crossed nanowire (CNW) networks
revealed to be a promising technique to develop flexible mac-
roscopic spin caloritronic devices [6]-[7]. The 3D nanowire net-
works are fabricated by direct electrodeposition in track-etched
polymer templates with crossed nano-channels. This technique
allows the fabrication of interconnected NWs consisting of both
homogeneous ferromagnetic (FM) metals and FM/Cu multi-
layer stack with controlled morphology and material composi-
tion (see Fig. 1). The 3D NW network allows to apply thermal
and electrical currents in the macroscopic in-plane direction,
while the current is locally restricted along the NW segments
(see Fig. 1c). Homogeneous CNWs have high thermoelectric
power factors (PF = §%/p, with S, the Seebeck coefficient and p
the electrical resistivity), almost as high as their bulk constitu-
ents, and allow for positive and negative Seebeck coefficient
values [8]. These high PFs are essentially maintained in multi-
layer CNWs which also exhibit giant magnetoresistance and
magneto-thermopower (MTP) effects [6]-[8], displayed in the
current perpendicular-to-plane (CPP) configuration that are
easily measurable along the macroscopic in-plane dimensions
of the network films. The MTP effects result from the very con-
trasting spin-dependent Seebeck coefficients S; and S, that
have been experimentally extracted for several ferromagnetic
metals and alloys [1-3]. At room temperature, typical values for
AS =5S; - S, are in the range of -8 to -13 pV/K for Co/Cu,
Cos0Niso/Cu and NigoFe2o/Cu NWs, although AS may exceed -
20pV/K in Nig7Fes/Cu NWs [8]-[9].

Fig. 1. (a) SEM image of a self-supported interconnected NW network film; (b)
Schematic of the multilayered NW network embedded within the 3D nanopo-
rous polymer template; (c) Device configuration for measurement of the See-
beck coefticient of interconnected NW network film.

II. MAGNETICALLY ACTIVATED THERMOELECTRIC SWITCH

A concept of flexible thermoelectric switch triggered by a
magnetic field is shown in Fig. 2a [10]. The two legs of the
thermocouple, one formed by homogeneous NWs and the other
by multilayer NWs, are connected electrically in series and
thermally in parallel. The branch formed by NisoFe2/Cu or
Cos0Niso/Cu multilayers combines high room-temperature See-
beck coefficients (up to —25 pV/K) and giant magneto-Seebeck
effects (up to —34%) [8]. The other branch, consisting of homo-
geneous NWs (pure metals or alloys), has Seebeck coefficients
between —30 pV/K (pure Co) and —20 uV/K (pure Ni) and
shows very weak magneto-Seebeck effects. Therefore, by ap-
propriately selecting the magnetic materials and multilayers
that make up the two legs of the thermocouple, we achieve high
variability in the output power of the nanowire-based thermoe-
lectric generator when the system is exposed to an external
magnetic field. Indeed, this thermoelectric device can switch
from an “on state” (with output voltage AV of several tens of
uV for AT ~ 10K) to an “off state” (AV = 0) at the saturation
field of multilayer nanowires (see Fig. 2b), or vice versa at zero
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field. In addition, reversible switching of the thermoelectric
voltage sign under an external magnetic field can also be
achieved, without any degradation after successive cycles.
From a practical point of view, the magnetic control of the mag-
nitude and sign of the thermopower, opens the route toward the
development of thermally activated sensors and logic devices
exploiting the residual thermal energy. In addition, Onsager
reciprocity between Peltier and Seebeck effects implies that a
switchable Seebeck voltage results in a switchable Peltier heat
flow, so that these NWs based thermoelectric modules can be
used as thermal switches, offering prospects for precise thermal
management.
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Fig. 2. Magnetically activated thermoelectric switch. (a) The thermocouple
consists of two legs made from homogeneous NWs and multilayered NWs con-
nected electrically in series and thermally in parallel. (b) Ideal TE switch where
the “on” and “off” state are reached at zero and saturation magnetic field [10].
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III. FLEXIBLE ACTIVE PELTIER COOLER

Very recently, we demonstrated that 3D networks of inter-
connected ferromagnetic nanowires embedded in a polymer
film are effective materials as active Peltier coolers [11]. The
increasing development of electronic products requires that
conventional cooling systems (by conduction) be combined
with dynamic thermal management (by thermoelectric cooling)
to quickly dissipate heat peaks that disrupt the operation of de-
vices. In this regime, called active cooling, the Peltier heat flow
carried by the electric current is added to the natural flow of
heat from the hot to the cold side (see inset of Fig.3). As re-
cently demonstrated, suitable materials for thermal manage-
ment of electronic hot spots must not only have a high thermo-
electric PF, but also high thermal conductivity [12]-[13]. There-
fore, conventional Peltier TE modules are not suitable for this
application due to the low thermal conductivity of their semi-
conductor components. On the contrary, some transition metals
such as Co and Fe, are excellent candidates as thermoelectric
material for active cooling. Indeed, cobalt combines the highest
room temperature power factor among known materials, with a
value around 15 mW/K?m, and a large thermal conductivity. At
T = 300K, these two physical characteristics for Co are about a
factor of 10 and 100 higher than that of bismuth tellurium, re-
spectively. Besides, thermocouples based on Co-Fe NWs ex-
hibit much higher PF and thermal conductivities than other ex-
isting flexible thermoelectric systems (see Fig.3). We recently

demonstrated [11] that the effective thermal conductance of our
lightweight flexible NW-based device can be strongly and rap-
idly increased by the Peltier effect, especially for small temper-
ature differences, thus offering great potential for thermal man-
agement of hot spots on complex surfaces.
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Fig. 3. Power factor vs. thermal conductivity for flexible thermoelectric sys-
tems made of magnetic NW networks, conductive polymers, organic/inorganic
hybrids and continuous inorganic films. The inset shows that in the active cool-
ing mode, Peltier heat flows from the hot side to the cold side, increasing Fou-
rier heat conduction (contrary to the usual Peltier refrigeration mode) [11].
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