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of an ideal thermal switch, characterized 
by almost no thermal current in the off 
state, remains a huge challenge. In this 
context, spin caloritronics, which exploits 
the coupling between spin and heat trans-
port in nanostructured materials, offers 
new perspectives for heat-assisted spin-
based logic, thermal energy conversion, 
and sensors applications.[15–20]

As recently suggested, the fabrication of 
magnetic multilayers with an appropriate 
composition of magnetic layers could in 
principle allow fine tuning of the thermo-
electric current with an external magnetic 
field.[21–25] The spin-dependent thermo-
electric effects exploit the fact that the 
Seebeck coefficients for spin-up and spin-

down electrons are significantly different because of the large 
exchange splitting of d-bands.[26,27] Achieving infinitely large 
magneto-Seebeck effects would allow for a perfect thermoelec-
tric switch triggered by a magnetic field. However, this imposes 
conditions on the spin asymmetry coefficients for the resistivity 
and Seebeck coefficient that are extremely difficult to fulfill in 
real magnetic nanosystems.[21–25]

Herein, we propose a new concept of flexible thermo-
electric switch triggered by a magnetic field. Thermoelectric 
switching is achieved using thermocouples composed of arrays 
of interconnected magnetic nanowires (NWs) embedded in 
a 3D  porous polymer film.[21,22,24,28] The two branches of the 
couple are formed by a multilayer structure and a homoge-
neous ferromagnetic material (FM), respectively.

The branch formed by permalloy (Py: Ni80Fe20)/Cu or 
Co50Ni50/Cu multilayers combines high room-temperature 
(RT) Seebeck coefficients (up to −25 μV/K) and giant 
magneto-Seebeck effects (up to −34%).[21,23] These giant 
magneto-transport phenomena are displayed in the current-
perpendicular-to-plane (CPP) configuration that are easily 
measurable along the macroscopic in-plane dimensions of 
the network films.[21,22,24,29] The other branch, consisting 
of homogeneous NWs, has Seebeck coefficients between 
−30 μV K−1 (pure Co) and −20 μV K−1 (pure Ni) and shows very 
weak magneto-Seebeck effects.[24] Therefore, by appropriately 
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 thermoelectric 
generator when the system is exposed to an external magnetic 
field. Interestingly, this newly developed flexible thermoelectric 
device is capable of switching from an “off state” (ΔV = 0, with 
ΔV the measured output voltage from the thermocouple) to an 
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1. Introduction

The possibility of harnessing waste heat to power new thermal 
or thermoelectric devices similar to their electronic counter-
parts is a promising solution for achieving sustainable devel-
opment goals. For example, there is a growing interest in the 
development of functional solid-state thermal devices,[1] such 
as thermal diodes,[2] thermal switches,[3] thermal transistors,[4–6] 
and logic devices[7,8] for improved thermal management and 
computing using thermal logic gates. However, one of the lim-
iting factors of these newly developed thermal technologies is 
their relatively low performance characteristics.[9]

In particular, several magnetic materials and structures, 
such as magnetic oxides and ferromagnets, were explored 
for switching from a low thermal conductivity state to a high 
thermal conductivity state using a magnetic field trigger.[1,3,10–14] 
However, the contributions of phonons, electrons, and mag-
nons to the thermal conductivity in these materials are not 
strongly modified by an external magnetic field. For example, 
the thermal conductivity of Ni nanowires[10] and Co/Cu multi-
layer nanostructures[11] was found to vary by a factor of 2–3 at 
most when a magnetic field was applied. Thus, the realization 
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“on state” (few tens of μV, easily measurable) at the saturation 
field of multilayer nanowires, or vice versa at zero field. In addi-
tion, reversible switching of the thermoelectric voltage sign 
under an external magnetic field can also be achieved, without 
any degradation due to successive cycles.

2. Results and Discussion

2.1. Device Nanowire Architectures for Flexible Thermoelectrics

The flexible thermoelectric legs were fabricated by succes-
sive electrodeposition of arrays of crossed nanowires (CNWs) 

in a single 22 μm thick polycarbonate (PC) template from a 
sputtered Au cathode by adapting a previously developed 
method[21–23] (see Figure 1a and Experimental Section). Here, 
one branch of the thermoelectric module consists of FM/Cu 
multilayer CNWs while the other branch is made of mag-
netic CNWs of uniform composition. Next, the Au cathode 
is removed locally by plasma etching to create the multi-
electrode architecture. Thermoelectric measurements are 
made by placing the junction of the thermocouple in contact 
with the heat source while at the other extremity the two legs 
are thermally anchored to the heat sink (see Experimental 
Section). Typical dimensions of each leg are about 4 mm long 
and 1.5 mm wide. The legs are separated by about 2 mm. The 

Figure 1. Flexible thermoelectric device based on interconnected nanowire networks. a) Schematic of a thermoelectric device consisting of crossed 
magnetic nanowires obtained by direct electrodeposition within a 3D porous polycarbonate membrane. The two thermoelectric legs are composed of 
homogeneous magnetic nanowires and ferromagnetic/nonmagnetic multilayer nanowires, respectively. b) Schematic of a flexible thermoelectric device 
consisting of several nanowire-based thermocouples, connected electrically in series and thermally in parallel. c–e) Photographs of a thermoelectric 
device made by connecting in series three couples of interconnected nanowire networks embedded in a porous polymer film (c) and the bendable 
device placed on a cylindrical support (d) or held without support (e). f) Scanning electron microscopy image of self-supported interconnected mag-
netic nanowires with 80 nm diameter and 3% packing density showing the 50°-tilted view of the macroscopic nanowire network film. g) Schematic 
of a flexible thermoelectric module consisting of pairs of interconnected homogeneous and multilayer nanowires, as in (a), with a thermal gradient 
perpendicular to the film surface.
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size of the thermoelectric modules can however be adjusted 
without any real limitation. The device also takes advantage 
of the mechanical properties of the porous PC film allowing 
good flexibility and easy handling of the thermoelectric films.

Furthermore, this fabrication method allows for flexible 
thermoelectric films containing multiple thermocouples 
that can be easily cut to desired dimensions (Figure  1b). 
In these planar thermoelectric devices, the thermoelectric 
junctions are connected thermally in parallel and electri-
cally in series. We also fabricated thermoelectric device films 
(Figure 1c) with three thermocouples based on CNWs. These 
films are flexible, shapeable (Figure  1d,e), and can be easily 
manipulated without damaging the electrical properties of 
NW-based thermoelectric modules. The scanning electron 
microscopy image (see Figure  1f ) obtained after complete 
dissolution of the PC membrane of self-supporting CNWs 
with 80 nm diameter and 3% packing density reveals the 
interconnections between the NWs. It should be noted that 
the same fabrication technique can also be easily adapted to 
fabricate flexible thermoelectric modules exploiting tempera-
ture differences that occur along the film normal (Figure 1g). 
This alternative configuration allows the integration of a 
large number of thermocouples while limiting the lateral 
dimensions and the recovery of waste heat from complex 
shaped surfaces.

In this study, interconnected Co50Ni50/Cu and Py/Cu mul-
tilayer CNWs were selected as they have previously been 
shown to exhibit both high RT Seebeck coefficients (up to 
−25 μV/K) and giant magneto-thermopower effects (up to 
−34%).[21,23,24] Consequently, Seebeck coefficient changes of 
more than 5 μV K−1 are expected at RT between the mag-
netically saturated and zero-field states[21,23] (see Section A, 
Supporting Information for more details). The other branch 
consists of either pure Ni CNWs or homogeneous CoxNi1−x 
alloy CNWs of controlled composition. The CoNi alloy CNWs 
achieve Seebeck coefficients between −30 μV K−1 (pure Co) 
and −20 μV K−1 (pure Ni) at RT.[24] The choice of the combina-
tion of the Co50Ni50/Cu multilayer system and the CoxNi1−x  
alloy was motivated by the simultaneous achievement of 
a maximum variation of the Seebeck coefficient with an 
external magnetic field, as well as a similar Seebeck coeffi-
cient for both legs of the thermocouple in the magnetically 
saturated or in the zero-field state. The same arguments 
apply to the thermocouple made of Py/Cu multilayers and 
the CoxNi1−x alloy (see Section B, Supporting Information for 
details regarding the material selection).

The measured voltage of the nanowire-based thermocouple 
generated by a temperature gradient ΔT turns out to be
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where T0 is the heat-sink base temperature and SHM and 
SML are the Seebeck coefficients of the homogeneous 
CNWs and multilayer CNWs, respectively. Since the Seebeck 
coefficient of homogeneous CNWs shows a very small vari-
ation in magnetic field, the field dependence of the output 
voltage of thermocouples is mainly due to FM/Cu multilayer 
CNWs.[24]

2.2. Controlled Output Voltage of Thermocouples Made of 
Nanowire Networks

Figure  2a shows the thermoelectric voltage ΔV recorded on 
Co50Ni50/Cu-CoxNi1−x thermocouples at zero magnetic field 
and for an applied field H  = 7.5 kOe as a function of the Co 
content x. The heat sink keeps the cold side of thermoelectric 
module at RT and the resistive heater was used to create a 
temperature difference ΔT = 10 K. The larger absolute values 
of ΔV at H  = 0 (Figure  2a) obtained following the increase 
in Co content x are attributed to the corresponding increase 
in the negative thermopower of the homogeneous CoxNi1−x 
CNWs. In the saturated state (H  = 7.5 kOe), the curve shifts 
upward by about 40 μV, which is in agreement with the mag-
neto-thermoelectric effect of the Co50Ni50/Cu CNW networks 
reported previously (see Section A, Supporting Information). 
The thermoelectric voltages obtained at H  = 0 and 7.5 kOe 
across the thermocouple can be fine-tuned by controlling the 
alloy composition of the homogeneous CNW leg, as shown in 
Figure 2a. While the values of ΔV are always negative regard-
less of the composition of the alloy at zero field, and for Co 
contents higher than about 3% at H = 7.5 kOe, the thermoelec-
tric voltage at the saturation field changes sign and becomes 
positive for lower Co concentrations in the alloy. This is due 
to the reduction of the thermopower of CoNi alloys when the 
Co content is reduced, approaching the thermopower of pure 
Ni (around −20 μV/K). For a Co content of less than 3%, the 
thermopower of Co50Ni50/Cu multilayers becomes more neg-
ative than that of CoxNi1−x alloys, leading to an overall posi-
tive Seebeck coefficient for the thermocouple, as predicted by 
Equation (1). The Co50Ni50/Cu-Ni thermocouple also presents 
an interesting characteristic as the thermoelectric voltages 
obtained at zero field and at saturation field show the same 
magnitude voltage, but of opposite signs (Figure 2a). A quali-
tatively similar behavior is obtained for thermocouples com-
posed of Py/Cu multilayer CNWs and homogeneous CoxNi1−x  
CNWs (Figure 2b). As the negative Seebeck coefficients of Py/
Cu CNWs (S  =  −19.7 and −24.8 μV K−1 at zero applied field 
and saturation field, respectively) are significantly higher than 
those of Co50Ni50/Cu CNWs (S  =  −16.2 and −21.7 μV K−1 at 
zero applied field and saturation field, respectively),[24] the ΔV 
values reported in Figure 2b are shifted upward compared to 
those reported in Figure 2a.

Figure 2c,d compare the temperature evolution of the ther-
moelectric voltages (for ΔT = 10 K) of the Co50Ni50/Cu-CoxNi1−x  
and Py/Cu-CoxNi1−x thermocouples, respectively. As the first 
type of thermocouple is composed of magnetic alloys of a 
similar nature, the ΔV values obtained at zero field and at 
saturation field show, as expected, a relatively small varia-
tion over the whole considered temperature range, whatever 
the Co content of the CoxNi1−x alloy (Figure 2c). On the con-
trary, the temperature dependencies at H = 0 and H = 7.5 kOe 
are more pronounced for the Py/Cu-CoxNi1−x thermocouples 
(Figure 2d), due to the strong temperature variations in both 
the Seebeck coefficient and the magneto-Seebeck effect previ-
ously observed in Py/Cu CNWs[23,24] (see Sections A and B, 
Supporting Information). In addition, the deviation between 
the output values obtained at zero field and those obtained at 
saturation field increases with decreasing temperature, which 
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also reflects the strong enhancement of the magneto-Seebeck  
effect of Py/Cu CNWs at low temperature.[23,24] Overall, the 
deviations between the ΔV values at zero field and satura-
tion field are smaller for Py/Cu-CoxNi1−x thermocouples 
than for Co50Ni50/Cu-CoxNi1−x thermocouples, but the more 
pronounced temperature dependence of the former system 
allows for better control of the thermocouple output. In con-
trast, the Co50Ni50/Cu-CoxNi1−x thermocouples have increased 
temperature stability.

2.3. Magnetically Activated Thermoelectric Switches

A thermoelectric switch where the output power of the ther-
mocouple is cancelled when the external magnetic field 
saturates the magnetization of the multilayer is depicted in 
Figure  3a. Such a device operating at RT can be obtained 
from a thermocouple comprising two CNW networks made 
of Co3Ni97 alloy and Co50Ni50/Cu multilayers. From the vari-
ation of the electrical resistance of the thermocouple in an 
external in-plane magnetic field (red curve in Figure  3b), it 
appears that the magnetoresistance (MR) signal is mainly 
due to the giant magnetoresistance effect induced by the 
multilayer structure. Indeed, the MR ratio defined as MR = 
(R0 − Rsat)/R0, where R0 and Rsat are the resistances at H = 0 
and H = 7.5 kOe, respectively, reaches about 28% at RT. This 
value is only slightly lower than those previously recorded on 

Co50Ni50/Cu CNWs[21] (see Section C, Supporting Informa-
tion for further information).

In addition, the magnetic field variation of the thermoelectric 
voltage ΔV (blue curve in Figure 3b, for ΔT = 10 K) is very sim-
ilar to that of the MR signal, indicating that ΔV(H) is dominated 
by the magneto-Seebeck effect depending on the multilayer 
structure[21,24] (see Section A, Supporting Information for fur-
ther information). As found in previous works,[21–25,30] the large 
amplitude of the magneto-thermopower signal is assigned to 
the large spin-dependent Seebeck coefficients of 3d ferromag-
nets.[26,27] The thermoelectric voltage varies from ΔV0 ≈ −33 μV 
at H = 0 to ΔVsat ≈ 0 at H = 7.5 kOe. The voltage levels exhibited 
by the junction are easy measured and the use of such devices 
in a TTL or CMOS logic circuit is technically feasible. Several 
degrees of freedom can be combined, such as assembling junc-
tions in series, increasing temperature gradient and/or ampli-
fying the resulting signal to the required logic voltage levels. 
All these optimizations would drastically reduce the need for a 
high amplification.

The time traces of temperature and thermoelectric voltage 
ΔV (Figure  3c,d) illustrate the behavior of a thermoelec-
tric switch (for successive ΔT values of 1, 4, and 10 K) which 
leads to the cancellation of the thermocouple output power 
in the presence of an external magnetic field. The heater is 
switched on after 100 s, resulting in an increase in temperature 
at the thermocouple junction. After 700 s, a magnetic field of 
H  =  7.5  kOe is applied, leading to a vanishing output voltage. 

Figure 2. Device characterization as a function of composition and temperature. a,b) Variation of the thermoelectric voltage ΔV obtained at H = 0 and 
H = 7.5 kOe as a function of the Co content x in thermocouples formed by Co50Ni50/Cu-CoxNi1−x (a) and Py/Cu-CoxNi1−x (b) crossed nanowires. The heat 
sink keeps the cold side of thermoelectric module at room temperature and ΔT = 10 K. c,d) Temperature dependence of the thermoelectric voltage ΔV 
obtained at H = 0 and H = 7.5 kOe for ΔT = 10 K in thermocouples formed by interconnected nanowire networks made of Co50Ni50/Cu and CoxNi1−x  
with x = 0%, 3%, and 53% (c) and of Py/Cu and CoxNi1−x with x = 0%, 3%, and 53% (d). The error bars are smaller than the markers, reflecting the 
uncertainty of the voltage and temperature measurements and is set to two times the standard deviation, gathering 95% of the data variation (see 
Section D, Supporting Information for details).
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The fully realized transition from an on state and an off state of 
a thermoelectric switch occurs over a very short time interval, 
which is only limited by the field rise time. However, the mag-
netic field slope speed may be optimized using a more local-
ized magnetic field generator. Finally, the magnetic field and 
the heating are successively switched off in the time sequence 
shown in Figure 3c,d.

Alternatively, we also have fabricated a thermoelectric 
switch for which an output signal requires the application of 
an external magnetic field (Figure 4a). This particular device 
was obtained using a thermocouple consisting of two legs 
made of Py/Cu and Co3Ni97 CNWs. The thermoelectric voltage 
and electrical resistance of the thermocouple display very sim-
ilar field dependencies (Figure  4b). The MR ratio is close to 
10% at RT which is ≈40% lower than that previously recorded 
on Py/Cu interconnected CNWs[23] (see Section C, Supporting 
Information for further information). The output voltage of 
the thermocouple is close to zero at H = 0 and reaches about 
+21 μV in the saturated state (Figure 4b). Following the same 
time sequence of heating/magnetic field activation and deac-
tivation as defined in Figure 3c,d, the time traces of tempera-
ture and thermoelectric voltage ΔV (Figure  4c,d) determined 
for successive runs (with ΔT  = 1, 4, and 10 K) illustrate the 
behavior of a thermoelectric switch that gives no output 
voltage at zero field and requires the application of an external 
magnetic field to generate thermoelectric power. Although 
this is a second order effect, small peaks appear in the 

thermocouple voltage when the hot source is turned off. This 
can be interpreted by different thermal relaxation dynamics of 
the two thermoelectric legs.

Interestingly, such NW-based thermocouples can be used 
for achieving control of the thermoelectric voltage polarity 
(Figure  5a). In this case, magnetic saturation of the multi-
layer system leads to a change in sign of the thermoelectric 
voltage. Such a device can be obtained in particular by choosing 
Co50Ni50/Cu and Ni CNWs as thermoelements of the thermo-
couple. For this thermocouple, the MR ratio at RT reaches 
about 28%. The field evolution of ΔV (Figure  5b) shows that 
the thermoelectric voltage can be controlled in a range between 
−20 μV (at zero field) and +18 μV (at H = 7.5 kOe) for a tempera-
ture difference of ΔT = 10 K. Furthermore, the thermoelectric 
voltage can be switched between three distinct states (−1, 0, and 
+1) achieved at H = 0, 3, and 7.5 kOe, respectively. The tunability 
of the magnitude and sign of the thermoelectric voltage sup-
plied by the Co50Ni50/Cu-Ni CNWs thermocouple is clearly seen 
in the thermoelectric voltage time traces (Figure 5c,d) obtained 
for ΔT = 1, 4, and 10 K.

It should be noted that other combinations of materials 
can be used to obtain magnetic thermoelectric switches trig-
gered by a magnetic field with the same functionality as illus-
trated in Figures  3–5. In addition, the material composition 
of the thermoelectric legs can be adjusted to allow the device 
to operate at the desired temperature, using the data reported 
in Figure  2c,d. Furthermore, our devices are robust, that is, 

Figure 3. Switching with magnetic field—the “off” state at saturation field. a) Schematic of a thermoelectric switch between the “on” state (at zero 
field) and the “off” state (at saturation field). b) Magnetic field dependence of the thermoelectric voltage ΔV for a temperature difference ΔT = 10 K 
and of the electrical resistance R of a thermocouple composed of a leg of Co3Ni97 crossed nanowires and a leg of Co50Ni50/Cu crossed nanowires at 
room temperature. c,d) Time dependence of the hot side temperature (c) and thermoelectric voltage ΔV (d) for a thermocouple made of Co3Ni97 and 
Co50Ni50/Cu crossed nanowires. The heater is switched on after 100 s. The grey area indicates the presence of an external magnetic field of 7.5 kOe.  
Error bars in (b) are smaller than the markers, reflecting the uncertainty of the voltage and temperature measurements and set to two times the 
standard deviation, gathering 95% of the data variation (see Section D, Supporting Information for details).
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capable of switching their thermoelectric output voltage 
on demand without any limitation on the number of cycles 
associated with the magnetic field change and without cycles-
induced deviation of the thermoelectric outputs at zero and 
saturation field.

3. Conclusion

In this article, we propose 3D arrays of interconnected mag-
netic nanowires embedded in a polymer film as a unique plat-
form for designing flexible thermoelectric devices with added 
functionalities. The fabrication technique is fast, cheap, ver-
satile and reliable, with no limitations on device size. These 
results demonstrate a new concept of thermoelectric mag-
netic switch, obtained from a thermocouple film whose legs 
are formed of homogeneous CoxNi1−x nanowire arrays and 
multilayer nanowire arrays (Co50Ni50/Cu or Py/Cu), the latter 
showing giant magneto-Seebeck effects. By adjusting the com-
position of the magnetic thermoelectric legs, a switching of 
the thermoelectric voltage between zero and a few tens of μV 
can be achieved when the external magnetic field is turned on 
or off, without any degradation due to successive cycles. Fur-
thermore, the Co50Ni50/Cu-Ni crossed nanowire thermocouple 
exhibits a controlled sign change of the thermoelectric voltage 
depending on whether it is subjected to an external magnetic 

field or not. Such reversible switching of the thermoelectric 
voltage sign has only recently been demonstrated in fragile 
gold atomic wire junctions by varying the mechanical stress 
applied to the junction.[31]

From a practical point of view, the magnetic control of the 
magnitude and sign of the thermopower, opens the route 
toward to the development of thermally activated sensors and 
logic devices exploiting the residual thermal energy from hot 
surfaces with complex geometries, or even from the human 
body. In addition, Onsager reciprocity between Peltier and See-
beck effects implies that a switchable Seebeck voltage results in 
a switchable Peltier heat flow. In a recent work, Adams et al.[32] 
showed that a Peltier module can be seen as an active thermal 
switch that opens and closes under an activation current. 
Furthermore, we have recently demonstrated that multilayer 
nanowire arrays can magnetically control the Peltier thermal 
flux.[21,22] Therefore, the flexible thermoelectric modules devel-
oped here can be used as thermal switches, offering future 
prospects for precise thermal management. Besides, as ferro-
magnets have recently been shown to be particularly suitable 
for active cooling applications,[33] interconnected metal nano-
wire networks offer good application prospects in this field. On 
this basis, the present work also contributes to the emergence 
of flexible thermoelectric materials and devices to address the 
rapid development of miniature, lightweight, and functional 
portable electronic devices.[34]

Figure 4. Switching with magnetic field—the “off” state at zero field. a) Schematic of a thermoelectric switch between the “off” state (at zero field) 
and the “on” state (at saturation field). b) Magnetic field dependence of the thermoelectric voltage ΔV for a temperature difference ΔT = 10 K and of 
the electrical resistance R of a thermocouple composed of a leg of Co3Ni97 crossed nanowires and a leg of Py/Cu crossed nanowires at room tem-
perature. c,d) Time dependence of the hot side temperature (c) and thermoelectric voltage ΔV (d) for a thermocouple made of Co3Ni97 and Py/Cu 
crossed nanowires. The heater is switched on after 100 s. The grey area indicates the presence of an external magnetic field of 7.5 kOe. Error bars in 
(b) are smaller than the markers, reflecting the uncertainty of the voltage and temperature measurements and set to two times the standard deviation, 
gathering 95% of the data variation (see Section D, Supporting Information for details).
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4. Experimental Section
Device Fabrication: The fabrication technique of 3D CNW 

networks[21–23] was adapted to fabricate thermoelectric junction made 
of two CNW legs embedded into a single flexible polymer film. The 
NW-based thermocouples were fabricated by two successive direct 
electrodeposition into a single 22 μm thick track-etched PC template 
with crossed nanochannel networks. The PC films were exposed to heavy 
ions (Ar9 +) along four direction making an angle of about 20–25° with 
respect to the PC film normal and along four in-plane directions making 
90° with each other. The tracks generated were then revealed using a 
NaOH aqueous solution at 70 °C during a controlled time to obtain a 3D 
network of cylindrical nanopores with well defined diameters of 80 nm. 
The template porosity (void fraction) was about 3%.

Then, a Cr/Au bilayer was sputtered on one side of the template to 
serve as cathode during the electrochemical deposition. The adhesive 
layer of Cr was set to 3 nm and the Au layer was set to 700 nm which 
ensured a complete coverage of the pores. A rectangular rubber mask 
was used to deposit the CNWs at selected locations within the porous 
membrane. The thermoelectric junctions were fabricated by depositing 
two nearby parallel rectangular CNW networks, as schematically depicted 
in Figure  1a, one CNW network consisting of homogeneous CoxNi1−x 
CNWs with controlled alloying composition, the other consisting of FM/
Cu multilayer CNWs (FM = Co50Ni50 or Py).

CoxNi1−x CNWs were deposited by direct electrodeposition at  
constant potential of −1 V from home-made electrolyte solutions 
containing the Ni2 + and Co2 + cations, as described elsewhere.[29,35,36] 
The alloying composition was controlled by modifying the Co2 + cation 
concentration from 5 to 170 mM within the electrolyte solutions 
containing 1 M of Ni2 +, which allowed for a Co content x from ≈3% up 
to ≈53%. For such alloy compositions, it has been shown from XRD 

measurements that CoxNi1−x CNWs exhibited an FCC structure.[35] For 
Py/Cu multilayer nanowires, a FCC phase was also found.[37] Pure Ni 
CNWs were deposited from electrolyte solution containing 1 M of Ni at 
a potential of −1.1 V. For the FM/Cu multilayered structure, FM and Cu 
layers were stacked along the CNW axis using a pulsed electrodeposition 
technique from single home-made electrolyte containing the FM and 
Cu2 + cations. The Co50Ni50/Cu or Py/Cu CNWs were deposited following 
the procedure described elsewhere[21] and,[23] respectively. All deposition 
were made in the potentiostatic mode at RT. Then, the Cr/Au cathode 
was locally removed by a plasma etching process to create a multi-
electrode design, as reported elsewhere.[21,22]

Device Measurement: The electrical resistance of each thermocouple 
circuit was measured by injecting a DC current through the 
thermoelectric CNW legs and measuring the voltage drop. A magnetic 
field up to ±7.5 kOe, enough to saturate the multilayer CNW system, 
was applied in the plane of the CNW network device. For the 
magnetoresistance measurements, the field was swept from +7.5 to 
−7.5 kOe, back and forth.

For measuring the thermoelectric modules, a resistive heat source 
was used to induce a heat current through the two thermoelectric CNW 
legs and create a temperature differential ΔT, while the heat sinks were 
maintained at the desired temperature T0, as illustrated in Figure  1a. 
This created a temperature differential ΔT at the edges of the two CNW 
network legs. The temperature at the junction electrode and of the heat 
sinks were recorded by Cernox sensors. The current in the resistive 
heater was set to induce ΔT of 1, 4, and 10 K between the heat source and 
heat sinks. Meanwhile, the hot junction generated a voltage difference 
ΔV across the CNW legs. The external magnetic field was either directly 
applied at +7.5 kOe in the plane of the CNW network to saturate the 
multilayer CNW system, or it was swept from +7.5 to −7.5  kOe. All 
thermoelectric measurements were performed under vacuum.

Figure 5. Magnetic field induced polarity reversal of thermoelectric voltage. a) Schematic of the thermoelectric voltage generation device with polarity 
reversal induced by an external magnetic field. b) Magnetic field dependence of the thermoelectric voltage ΔV for a temperature difference ΔT = 10 K 
and of the electrical resistance R of a thermocouple composed of a leg of Ni crossed nanowires and a leg of Co50Ni50/Cu crossed nanowires at room 
temperature. c,d) Time dependence of the hot side temperature (c) and thermoelectric voltage ΔV (d) for a thermocouple made of Ni and Co50Ni50/
Cu crossed nanowires. The heater is switched on after 100 s. The grey area indicates the presence of an external magnetic field of 7.5 kOe. Error bars in 
(b) are smaller than the markers, reflecting the uncertainty of the voltage and temperature measurements and set to two times the standard deviation, 
gathering 95% of the data variation (see Section D, Supporting Information for details).
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