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ABSTRACT
Magnetoresistance and thermopower of crossed NiCr and CoCr nanowire networks have been measured as a function of temperature and
chromium content in dilute alloys. At low temperatures, it is found that the impurity effect leads to negative anisotropic magnetoresistance,
an observation that even persists until room temperature in diluted CoCr alloy nanowires. The addition of a small amount of Cr in nickel
nanowires also abruptly reverses the sign of the thermopower from 20 lV/K for pure Ni up to þ18 lV/K for the dilute alloys, implying the
switching from n- to p-type conduction. These results are consistent with pronounced changes in the density of states for the majority
spin electrons. The high room-temperature power factors of these magnetic nanowire networks (in the range of 1–10 mW/K2 m) provide
interesting perspectives for designing n- and p-type legs for ﬂexible spin thermoelectric devices.
Published under license by AIP Publishing. https://doi.org/10.1063/1.5130718

It has been found that the addition of transition metal impurities
in 3d ferromagnetic metals has a considerable impact on their spindependent electronic transport properties (for a review, see Ref. 1).
The effects can be understood in terms of matching/mismatching of
the d-electronic states between impurities and host metal.2 In particular, Cr impurities in Co, Fe, and Ni produce stronger scattering in the
majority-spin channel in a two-band model, which makes the spinasymmetry parameter a ¼ q# =q" , where q# (q" ) is the resistivity for
the majority (minority) spin electrons, less than unity and thus opposite to that in pure ferromagnetic metals. Phenomena such as negative
anisotropic magnetoresistance (AMR) effects have been reported in
diluted NiCr alloys at low temperature.3–5 In addition, ferromagnetic
metals may exhibit large Seebeck coefﬁcients S because of the pronounced structure of the d-band and the high-energy derivative of the
density of states (DOS) at the Fermi energy.6 Besides, the thermopower for spin up and spin down electrons is different due to the
exchange splitting of their bands and the signiﬁcant difference between
the majority-spin DOS and minority-spin DOS near the Fermi level,
as suggested from previous works performed on dilute magnetic
alloys.7,8 Also, the room-temperature (RT) Seebeck coefﬁcient has
been observed to change its sign in some dilute magnetic alloys, e.g., S
is negative for pure Ni (S ¼ 20 lV=K) and positive for NiCr alloys
with 2–3 at. % Cr (S  þ20 lV=K).8 These effects are also related to
the drastic change in the DOS at the Fermi level by the incorporation
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of Cr impurities in ferromagnetic metals. More recently, thermoelectric
effects in spintronic materials are actively studied in the emerging ﬁeld
of spin caloritronics, giving rise to interesting physical phenomena and
functionalities in the existing thermoelectric technology.9–12 In this
context, the thermoelectric analogs of the magnetoresistive effects in
magnetic multilayers and in magnetic tunnel junctions such as the
giant magneto-Seebeck and magneto-Peltier exploit the fact that the
Seebeck and Peltier coefﬁcients for spin-up and spin-down electrons
are signiﬁcantly different. A magnetic approach to control the thermoelectric properties is of great relevance to enable active modulation of
both heat ﬂow and thermoelectric voltages for waste-heat recovery
from electronic circuits.11,13–15 Also, there is a signiﬁcant challenge to
fabricate ﬂexible thermoelectric materials and generators that are
attractive for applications in thermal energy harvesting as a means to
power wireless sensors and portable wearable electronic devices.16–18
To this end, it was recently demonstrated that interconnected magnetic nanowire (NW) networks fabricated by electrochemical deposition
in 3D nanoporous polymer host ﬁlms provide an attractive pathway to
fabricate light, robust, ﬂexible, and shapable spin caloritronic devices in
versatile formats that meet key requirements for electrical, thermal, and
mechanical stability.19,20 In addition, electrochemical synthesis is a powerful method for fabricating multicomponent nanowires with different
metals due to its engineering simplicity, versatility, and low-cost.21,22
The conventional thermoelectric modules consist of coupled n- and
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p-type thermoelectric materials or legs. Recent research has focused
on the spin-dependent thermoelectric properties of n-type NW
systems.19,20,23 These magnetic nanowires were found to exhibit a very
high thermoelectric power (TEP) factor up to 7.5 mW/K2 m at room
temperature, which are larger values than the power factor of the widely
used thermoelectric material, bismuth telluride (in the range of
1–5 mW/K2 m).24 In this work, we demonstrate the fabrication of nanowire networks based on diluted NiCr and CoCr alloys by electrochemical deposition in 3D porous membranes. The inﬂuence of the impurity
concentration on the magnetoresistance (MR) and thermoelectric
power (TEP) is investigated. Both negative anisotropic magnetoresistance (AMR) at RT and tunable Seebeck coefﬁcients have been
observed. The results obtained on dilute NiCr alloys are promising for
the fabrication of ﬂexible p-type nanowire based thermoelectric legs.
Polycarbonate (PC) porous membranes with interconnected
pores have been fabricated by exposing a 22 lm-thick PC ﬁlm to a
two-step irradiation process.25,26 The topology of the membranes was
deﬁned by exposing the ﬁlm to a ﬁrst irradiation step at two ﬁxed
angles of 25 and þ25 with respect to the normal 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 protocol27 to obtain
3D porous membranes with pores of 80 nm diameter and a 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 a cathode during the electrochemical deposition. The NW
network partially ﬁlls the 3D porous PC membrane, typically in the
range of 30%–70% of the total pore volume. Pure Ni and Co NW networks were synthesized from electrolyte solutions composed of 1 M
NiSO4  6H2O þ 0.5 M H3BO3 and 0.85 M CoSO4  7H2O þ 0.5 M
H3BO3, respectively. The pH acidity of the Co-based solution was lowered to 2 to avoid any magnetocrystalline anisotropy.28 Deposition
potentials of 1.1 and 0.95 V were used for the electrodeposition of
Ni and Co NWs, respectively. Interconnected NiCr alloy NWs (Cr content  7 at. %) were obtained by adding between 1 and 5 mM of CrCl3
 6H2O into an electrolyte solution containing 60 mM of NiSO4  6H2O
and 0.5 M H3BO3. Dilute CoCr alloy NW networks with a Cr content
 5 at. % were grown by adding between 10 and 50 mM of CrCl3 
6H2O into an electrolyte solution containing 1 M CoSO4  7H2O and
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0.5 M H3BO3. The deposition potential was 1.2 V for both NiCr and
CoCr dilute alloy NWs. The interconnected NW structure embedded
into the PC template is schematically represented in Fig. 1(a). In order
to perform MR and TEP measurements, the cathode was locally
removed by plasma etching to form a two-probe electrode system, as
shown in Figs. 1(b)–1(d). For TEP measurements, heat ﬂow is generated by a resistive element and a thermoelectric voltage DV is created
by the temperature difference DT between the two metallic electrodes
that is measured by a thermocouple (see Ref. 19 for details). MR and
TEP were measured at temperatures from 10 to 300 K. For MR measurements, the external magnetic ﬁeld was applied along the out-ofplane (OOP) and in-plane (IP) directions of the NW network ﬁlms.
The interconnected NW structure was characterized using a ﬁeldemission scanning electron microscope (FE-SEM) after chemical dissolution of the PC template. The various interconnected NW networks
were found to be mechanically stable and self-supported, as illustrated
by the SEM image shown in Fig. 1(e). X-ray spectroscopy (EDX) has
provided the chemical composition of the NiCr and CoCr dilute alloy
NWs, expressed as atomic percentage in this work. We observed that
the Cr content increased almost linearly with respect to the concentration of CrCl3  6H2O added to the solution, which allows us to adjust
precisely the Cr content into the alloy NW networks. MR and TEP
measurements were performed on NiCr alloys with Cr 2–7 at. % and
CoCr alloys with Cr 1–5 at. %.
Figures 2(a)–2(c) show the RT resistance curves as a function of
the magnetic ﬁeld applied in the IP and OOP directions for Ni,
Ni98Cr2, and Ni96Cr4 NW networks. The results correspond well to
the AMR effect, which reﬂect resistivity variation as the angle between
the magnetization and current directions is modiﬁed. Here, the MR
ratio is deﬁned as MR ¼ ðROOP  RIP Þ=ROOP , with ROOP and
RIP being the resistance states in the OOP and IP directions at
H ¼ 10 kOe, respectively. Note that the MR ratio is smaller than the
AMR deﬁned as ðRk  R? Þ=R? , with Rk and R? being the theoretical
resistance states for the parallel and perpendicular conﬁgurations
between magnetization and current, respectively. Indeed, with the current ﬂow being restricted along the NW segments, the saturation magnetization in the OOP direction makes an average angle of 625 with
the current. Also, when the magnetization is saturated in the IP direction, the average angle between the magnetization and the current
ﬂow is 665 . In a previous work,28 an analytical model inherent to the

FIG. 1. 3D interconnected nanowire networks and experimental measurements setups. (a) Schematic of the 3D interconnected nanowire network ﬁlm grown by electrodeposition from a Au cathode into a polycarbonate template with crossed-nanopores. (b) Two-probe electrode design obtained by local etching of the Au cathode. [(c) and (d)] Device
conﬁguration for successive measurements of the magnetoresistance effect and the Seebeck coefﬁcient. Heat ﬂow in (d) is generated by a resistive element, and a thermoelectric voltage DV is created by the temperature difference DT that is measured by a thermocouple. (e) Low-magniﬁcation SEM image of the self-supported interconnected
Ni nanowire (NW) network showing the top view of the NW network with an 80 nm diameter and a 3% packing density.
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FIG. 2. Magnetoresistive curves of interconnected Ni and NiCr nanowire networks.
[(a)–(c)] Room-temperature magnetoresistive curves with the applied magnetic ﬁeld
along the out-of-plane (red) and in-plane (blue) directions for the Ni crossed nanowire network (a) and for NiCr crossed nanowire networks with Cr contents of 2%
(b) and 4% (c), respectively. (d) Magnetoresistive curves for the sample in (c) at
T ¼ 10 K.

topology of 3D nanowire networks has been proposed to extract the
AMR ratios from the measured resistance values at saturation ROOP and
RIP . However, the case ROOP > RIP unambiguously reﬂects a positive
AMR effect, which is usually observed in ferromagnetic metals and
alloys. In spite of the decrease in amplitude of AMR when adding the
Cr content, a similar behavior is observed at RT for the various NiCr
alloy NWs. In contrast, the sign of the AMR ratio changed from positive
to negative when the temperature is reduced, as illustrated in Fig. 2(d),
where resistance curves obtained at T ¼ 10 K are reported for the
Ni96Cr4 sample. Negative AMR at low temperature was also observed
on the other NiCr NW samples. These observations are in agreement
with previously reported measurements in bulk NiCr dilute alloys.3–5
Figures 3(a)–3(c) show the MR curves obtained for Co, Co99Cr1,
and Co95Cr5 NW networks at RT. As shown in Figs. 3(a) and 3(b),
the AMR is positive in both Co and Co99Cr1 NWs. In contrast,

FIG. 3. Magnetoresistive curves of interconnected Co and CoCr nanowire networks. [(a)–(c)] Room-temperature magnetoresistive curves with the applied magnetic ﬁeld along the out-of-plane (red) and in-plane (blue) directions for the Co
crossed nanowire network (a) and for CoCr crossed nanowire networks with Cr
contents of 1% (b) and 5% (c), respectively. (d) Magnetoresistive curves for the
sample in (c) at T ¼ 10 K.

Appl. Phys. Lett. 115, 242402 (2019); doi: 10.1063/1.5130718
Published under license by AIP Publishing

ARTICLE

scitation.org/journal/apl

interconnected Co95Cr5 NW networks exhibit the opposite behavior
where RIP > ROOP , as shown in Fig. 3(c). A similar behavior
was found for the interconnected Co97Cr3 NW network (not shown in
Fig. 3). While negative AMR at RT was previously observed in CoIr,29
such an effect has not been reported before in dilute CoCr alloys. A
similar negative AMR effect is observed at low temperature for the
Co95Cr5 NW network, as shown in Fig. 3(d). Even if the interpretation
is still controversial,29 the sign of the AMR ratio has been tentatively
linked to the value of the spin asymmetry coefﬁcient a ¼ q# =q" in the
alloy through a model based on a spin–orbit mechanism.4,30 The
model proposed by Campbell, Fert, and Jaoul predicts that at low temperatures, the AMR is proportional to the quantity ða  1Þ, and so a
negative AMR ratio is expected when electronic conduction is dominated by minority spin electrons, i.e., a < 1. In this simpliﬁed model,
the value of a is ﬁxed for a given impurity and independent of the concentration. However, at higher temperatures, additional terms must be
added in the resistivity due to electron–phonon and electron–magnon
scattering processes and the values of the AMR ratio for dilute alloys
should tend to that of the pure metal, converging faster as their concentrations are lower.30 These results on dilute NiCr and CoCr NW
networks are consistent with a spin asymmetry coefﬁcient a < 1, as
predicted theoretically.1,31
The evolution of the MR ratio with respect to the Cr content for
NiCr NW networks is shown in Fig. 4(a) at RT and T ¼ 100 K. For all
samples, positive values are found at RT, showing a rapid decrease in
MR with the increasing Cr concentration. In contrast, the negative MR
ratio was measured at T ¼ 100 K for the NiCr sample with 4 and 7 at.
% of Cr. The inset in Fig. 4(a) shows the temperature variation of the
MR ratio for the interconnected Ni96Cr4 NW network. As observed,
the MR ratio gradually increases from its negative value at low

FIG. 4. Anisotropic magnetoresistance and Seebeck coefﬁcient of NiCr and CoCr
NW networks vs Cr content at different temperatures. [(a) and (b)] MR ratio vs
the Cr content for NiCr (a) and CoCr (b) samples at room-temperature (blue) and
T ¼ 100 K (red). The inset in (a) shows the MR ratio of the NiCr sample with 4%
of Cr as a function of temperature, while the inset in (b) shows the MR ratio of the
CoCr sample with 1% of Cr as a function of temperature. The gray areas in (a) and
(b) indicate negative AMR. (c) and (d) Seebeck coefﬁcient vs Cr content of NiCr
(c) and CoCr (d) samples at room temperature (blue), T ¼ 200 K (yellow), and
T ¼ 100 K (red). The data were obtained at zero magnetic ﬁeld. The star symbols
correspond to the recommended values for chromel (Ni90Co10) The green and gray
areas in (c) and (d) indicate p- and n-type thermoelectric effects, respectively. The
symbol size encompasses the experimental error bars.
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temperature to positive values for T > 150 K. In contrast, CoCr alloy
NWs display negative AMR at RT for a Cr concentration  3 at. %.
Negative values are also obtained at T ¼ 100 K for all CoCr NW samples, and the absolute values for MR at low temperatures are almost
independent of the alloy content even for a Cr concentration as small
as 1 at. %. The inset of Fig. 4(b) shows the gradual change in the sign
of MR(T) for the sample with the lower Cr concentration (Co99Cr1).
The MR changes from negative to positive values at T ¼ 175 K.
Overall, the model predictions of Campbell et al.4,30 are in qualitatively
good agreement with the experiments performed on both NiCr and
CoCr alloy NW networks. In particular, the experimental results
obtained at low temperature on CoCr NWs follow the prediction of
MR being independent of the impurity concentration. The change of
sign at RT favored for the lowest Cr concentrations constitutes another
experimental evidence. However, the fact that the negative MR in
Co97Cr3 and Co95Cr5 NW networks remains almost unchanged
between T ¼ 100 K and RT is unexpected since scattering of conduction electrons at RT should signiﬁcantly weaken the effect, a problem
already pointed out in earlier studies performed on bulk CoIr alloys.29
Figures 4(c) and 4(d) show the variation of the Seebeck coefﬁcient with the Cr content at some selected temperatures in the absence
of any external magnetic ﬁeld for the interconnected NiCr and CoCr
NW networks. As shown in Fig. 4(c), the thermopower of NiCr suddenly changes sign from negative to relatively large positive values
with the addition of Cr impurities in Ni. The RT Seebeck coefﬁcient
goes from 20 lV/K to about þ17.5 lV/K for the NiCr alloys with
7 at. % of Cr. Similar changes in thermopower sign have been reported
in bulk NiCr alloys where minority spin dominates the electrical conduction.1,7,8 The sign inversion of the Seebeck coefﬁcient from negative to positive in dilute NiCr alloys could be explained on the basis of
a virtual bound state passing through the Fermi level in the spin up
band.7,8 For comparison, the tabulated data for the thermocouple
material Chromel P (Ni90Cr10) are also included in Fig. 4(c). These
results are in very reasonable agreement with our own values. In addition, extremely small magnetothermopower effects were found in our
samples (typically less than 1%). Using the residual resistivity ratio
(R290 K =R10 K ) and reported RT resistivity for the thermally excited
scatterings (phonons and magnons) for the NiCr alloys,32 the RT
power factors (PF ¼ S2 =q, with q being the electrical resistivity) have
been estimated to be 4.2 and 0.9 mW/K2 m for the Ni and Ni96Cr4
NW networks, respectively. Since the power factor of Ni96Cr4 NW
networks is similar to that of widely used thermoelectric material bismuth–telluride (in the range of 1–5 mW/K2 m) and only slightly lower
than the largest room-temperature PF value for p-type thermoelectric
materials (PF  9 mW/K2 m for CePd333), such electrodeposited
NiCr NW networks are suitable as p-type thermoelectric materials.
Because of the very low thermal conductivity of polycarbonate
(j ¼ 0:2W=m  K at RT), the contribution of the polymer matrix to
heat transport is much smaller than that of the metallic NW network.
For metallic NWs, heat transport is dominated by the electron heat
conduction ﬂux, and so assuming that the Wiedemann–Franz law
holds the ﬁgure of merit is reduced to ZT ¼ S2 =L0 , with L0 being the
Lorenz number. Using this approximation, we obtain ZT ¼
1:6 102 and ZT ¼ 1:3 102 at RT for the Ni and Ni96Cr4 NW
networks, respectively. Although the ZT values in these NW networks
are almost two orders of magnitude smaller than those in BiTe alloys,
they are comparable to those of thermocouple alloys (ZT ¼ 6 102
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and ZT ¼ 1:4 102 in constantan and chromel, respectively). In
contrast, the sign of the Seebeck coefﬁcient does not change for any
value of Cr concentration for CoCr NW networks [see Fig. 4(d)]. The
RT thermopower drops rapidly from 28 lV/K for pure Co to much
smaller negative values approaching 5 lV/K for Co95Cr5 NWs. The
CoCr NW samples are found to exhibit the same features at lower
temperatures, as also shown in Fig. 4(d). Although the thermopower
of bulk CoCr alloys was not reported as far as we know, the results
obtained on CoCr NWs are consistent with the data previously
obtained on dilute Co-based alloys such as CoV, CoMo, and CoRe
alloys,6 in which a < 1 is expected. The sudden drop of S caused by
1%–5% Cr addition to Co NWs should also be related to pronounced
changes in the density of states for the majority spin electrons. Besides,
the Co NW networks have been found to exhibit large PF at a RT of
about 11.0 mW/K2 m, which is close to the largest RT power factor
achieved in bulk Co (PF  15 mW/K2 m),14 making them suitable for
n-type thermoelectric legs.
In conclusion, interconnected NiCr and CoCr nanowire networks were synthesized on a large scale by direct electrodeposition in
polymer membranes with crossed cylindrical nanopores allowing ﬁnetuning of the alloy composition. The magnetoresistance and thermopower properties have been investigated as a function of temperature
for various alloy compositions in the range of 1–7 at. % Cr. Negative
anisotropic magnetoresistance was observed at low temperatures in
both NiCr and CoCr NW networks. The magnetoresistance remains
negative at room temperature for CoCr alloy NWs with a Cr concentration  3 at. %. The observed negative magnetoresistance characteristics denote expected behavior for an electrical conduction dominated
by minority spin electrons. The possibility to change the Seebeck coefﬁcient sign has also been evidenced in NiCr NW networks. The room
temperature thermopower changes abruptly from negative (20 lV/K)
to relatively large positive values (up to  þ18 lV/K) when Cr (2 to
7 at. %) is incorporated into Ni NWs. A pronounced drop of the
thermopower with the impurity concentration was found in CoCr
NW networks. Large thermoelectric power factors (in the range of
1–10 mW/K2 m) were estimated on these magnetic NW networks,
which holds promise for n- and p-type legs of ﬂexible spin thermoelectric devices. The observed sign changes of the Seebeck coefﬁcient
and anisotropic magnetoresistance in NiCr and CoCr NW networks
should be related to pronounced changes in the density of states for
the majority spin electrons.
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