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1. Introduction

In highly integrated functional electronic devices with the lateral
dimension down to nanometer scale, the power dissipation is
one of the most serious obstacles owing to the significant
Joule heating effect.[1–3] Understanding heat transport in nano-
scale devices is a key for designing energy-efficient circuits as
well as for energy harvesting systems. As the computational anal-
ysis of the heat transport in such nanosized regime, where the
mean free path and phase coherent length are comparable to the
device dimension, remains uncertainty, the development of
the experimental characterization for the heat distribution is
indispensable.[4] Thermal imaging technique based on the
infrared radiation is attractive mean for visually understanding
the temperature distribution of the surface of the electric
devices.[5–8] However, the high reflection from the metallic elec-
trodes significantly prevents the precise analysis using the
conventional techniques. In addition, the limited spatial resolu-
tion is a serious issue for analyzing the nanoelectric devices.

On the other hand, there has been grow-
ing interest in energy conversion from the
heat andmanagement of the heat flow using
spin-dependent phenomena. This is known
as spincaloritronics, which is the branch
field of spintronics and could provide new
opportunities to expand the functionality
over conventional electron-based thermo-
electric effects.[9–15] In addition, renewed
interest in magneto-thermoelectric effects
has been attracted with the developments
of spintronics and spincaloritronics.
Especially, recent nanofabrication techni-
ques enable us to prepare an appropriate
platform for investigating the thermoelec-
tric effects. However, it is still a serious
milestone to develop the reliable method

for analyzing the thermoelectric phenomena in nanosized devi-
ces. Here, we carefully and systematically performed the experi-
ments on the magnetic field dependence of the thermoelectric
effects in laterally configured ferromagnetic/nonmagnetic hybrid
nanostructured devices. We show that the 3D temperature distri-
bution can be analyzed by the combination of the spin-dependent
and magneto-thermoelectric effects.

We have fabricated a laterally configured ferromagnetic/
nonmagnetic hybrid structure, consisting of a ferromagnetic
permalloy (Py) wire and a Pt wire bridged by a Cu strip.
Here, the Py is composed of 80% Ni and 20% Fe. Figure 1 shows
a scanning electron microscope image of the fabricated device
together with its schematic illustration. The device has been fab-
ricated on a Si substrate whose surface was thermally oxidized
for the formation of 1 μm-thick SiO2. The thicknesses for the
Py wire, Pt wire, and the Cu strip are 10, 10, and 100 nm, respec-
tively. Prior to the Cu deposition, the surfaces for the Py and Pt
wires were well cleaned by the low-voltage Ar ion milling. The
electrical resistivities for Py, Pt, and Cu are 33.9, 21.8, and
2.98 μΩ cm at room temperature, respectively. In the present
device, the Pt wire was used as an electrical heater. The generated
heat propagates through the Cu strip as well as the substrate. As
the temperature change due to the Joule heating is proportional
to the current square, we can effectively pick up the thermoelec-
tric voltage by using the second harmonic detection technique
based on the Seebeck effect.[16–18]

Before the evaluation of the magneto-thermoelectric effects,
we first measured the anisotropic magnetoresistance (AMR) of
the Py nanowire for various direction of the magnetic field.
Here, we measure the standard first harmonic lock-in technique
with a low excitation current whose magnitude of 1 μA with the
measurement configuration is shown in Figure 2a. The purpose
of this experiment is to evaluate the electrical property for the Py
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wire and to precisely estimate the direction of the magnetization
under the in-plane magnetic field. As can be seen in Figure 2c,
the ratio of resistance change due to the magnetization rotation
normalized by the base resistance is 1.1%, which is a typical
AMR ratio for the permalloy films. This assures the quality of
the present Py nanowire. It should be noted that when the mag-
netic field is not parallel to the easy axis, the direction of the mag-
netization ϕM is not fully aligned with the direction of the
magnetic field ϕH because of the large shape anisotropy of
the magnetic wire. By assuming the cos2ϕM angular dependence

of the magnetoresistance change due to AMR, ϕM can be simply
estimated as a function of ϕH. Although this problem can be
solved by increasing the magnitude of the external magnetic
field, the application of the strong magnetic field may
induce other extra effects such as the Lorentz and Hanle
magnetoresistances.[19–22] In addition, in realistic situations for
characterizing the temperature distribution of the practical
device, it is difficult to realize to apply the strong magnetic field.
Therefore, it is indispensable to develop the characterizing
method without using a strong magnetic field.

Figure 1. a) Scanning electron microscope (SEM) image of the fabricated lateral structure consisting of two Py wires bridged by a Cu strip and b) its
schematic illustration with the device geometries.

Figure 2. a) Schematic illustration of the measurement probe configurations and coordinate systems for AMR measurement. b) Longitudinal and trans-
verse MR curves. The magnetic field is swept up to �0.2 T. The red and blue curves correspond to the forward and backward field sweeps, respectively.
c) Angular dependence of the MR change under the magnetic field of 0.2 T for ϕM. The solid red lines are corresponding to the fitted curves.
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We then evaluate the thermoelectric effect in the Py wire under
the transverse magnetic field. According to our previous study, in
order to induce the efficient Seebeck voltage, the ferromagnetic
voltage probe should be located to the far side from the Pt heater.
This is because the heat flow through the substrate plays a signifi-
cant role for inducing the efficient temperature difference between
the voltage terminals Vþ and V�. Figure 3b shows the second
harmonic voltage for various bias currents. The AMR-like field
dependence with the opposite sign is clearly confirmed by increas-
ing the bias current, indicating the clear observation of the aniso-
tropic magneto-Seebeck (AMS) effect. It also should be noted that
a small asymmetry is observed with respect to the reversal of the
external magnetic field along y axis. This is the unique signature of
the second harmonic voltage

In order to analyze the second harmonic voltage more quanti-
tatively, we have defined the background voltage VB, symmetric
voltage change VS, and asymmetric voltage changeVAS as follows.
VB ¼ V1, VS ¼ ðV2 þ V3 � 2V1Þ=2, and VAS ¼ ðV2 � V3Þ,
where V1, V2, and V3 are the voltage at H ¼ 0, that at
H ¼ þ0.2 T and that at �0.2 T, respectively. Figure 3b,c show
the bias current dependencies of VB, VS, and VAS. Parabolic
dependencies can be clearly seen, indicating the definite evidence
of the thermal nature of the second harmonic signals, VB, VS, and
VAS. The induced voltage due to the Seebeck effect is given by
ðSPy � SCuÞΔT , where ΔT is the temperature difference between
the junction for the Py wire and the Vþ Cu probe and that for the
Py wire and the V� Cu probe. The symmetric field dependence of
the second harmonic voltage is caused by the anisotropy of the
Seebeck coefficient for the Py wire.[23,24] Here, we estimate the

AMS ratio, which is defined by ðS⊥Py � SkPyÞ=SkPy, where SkPy and

S⊥Py are, respectively, the Seebeck coefficient for the case of the heat
current parallel to the magnetization and that of the heat current
perpendicular to the magnetization. According to the previous

studies, SkPy and SCu are given by �18.0 and 1.6 μVK�1, respec-

tively.[25] Using the relative relationship SkPy=SCu ¼ �11.25, we

obtain SkPyΔT as 50.5 μV. As ΔV2ω is given by
�
S⊥Py � SkPy

�
ΔT ,

the AMS ratio for the Py can be estimated as 0.6%, which is
approximately a half value of the AMR ratio. Although the esti-
mated value is consistent with the previous study, this small
AMS changemakes it difficult to analyze the magneto-thermoelec-
tric effect in magnetic nanostructures precisely.

As VAS is also confirmed to be the thermal nature, we should
take into account the anomalous Nernst effect (ANE), which is
another representative magneto-thermoelectric effect in ferroma-
gentic metals.[16] To confirm that the origin of the asymmetric
field dependence of the thermoelectric voltage is related to the
ANE, we measure the angular dependence of the second har-
monic voltage atH ¼ 0.2 T. According to the ANE, the transverse
electric voltage along x axis can be induced by the heat current
along z direction in association with the magnetization of y com-
ponent. Here, the heat current along the z direction can be
understood by the heat diffusion into the substrate. Therefore,
the ANE voltage should show sinϕM dependence. Figure 3e
shows the angular dependence of the second harmonic voltage.
Although the angular dependence mainly shows � cos 2ϕM

dependence originating from the AMS, a small sinϕM depen-
dence can be confirmed. In order to analyze the experimental
results more quantitatively, we fit the obtained curve by using
the following equation.

Figure 3. a) Transverse field (Hy) dependence of the second harmonic voltages for the various AC bias currents under the Joule heating of the Pt wire. Bias
current dependence of b) the background voltage VB ¼ ðV1 þ V2 þ V3Þ=3, c) the symmetric voltage VS ¼ ðV2 þ V3 � 2V1Þ=2, and the asymmetric field
dependence of the second harmonic voltage VAS ¼ ðV2 � V3Þ, together with the solid line of the parabolic fitted curves. d) Schematic illustration of the
measurement configuration for the anisotropic magneto-Seebeck effect. e) Angular dependence of the second harmonic voltage under the magnetic field
of 0.2 T. The black solid dots curves are the experimental data. The solid red lines correspond to the fitted curves using Equation (1). The green and cyan
lines correspond to the thermospin voltage of VAMS and VANE, respectively.
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V2ωðϕMÞ ¼ V0 þ ΔVAMS cos 2ϕM þ ΔVANE sinϕM (1)

Here, V0 is the background voltage;ΔVAMS andΔVANE are the
voltage change due to the AMS and that due to the ANE.
The fitting curve with V0 ¼ 56.85 μV, ΔVAMS ¼ 0.14 μV, and
ΔVANE ¼ �0.018 μV well reproduces the experimental angular
dependence, assuring that VAS is caused by the ANE.

To obtain more definite evidence, we have performed the sim-
ilar systematic measurements with the different probe configu-
ration, where Vþ terminal is located to the near side of the Pt
heater, as shown in Figure 4a. According to our previous study,
in this probe configuration, owing to the significant heat flow
from the substrate the temperature difference ΔT dramatically
decreases. As a result, the second harmonic voltage due to the
Seebeck effect is reduced. On the other hand, owing to the
increase of the heat flow through the substrate, the enhancement
of VAS due to the ANE is expected. Figure 4b shows the second
harmonic signal using the near-side Vþ voltage probe as a
function of the magnetic field along y direction. Although the
reduction of the background voltage is clearly observed, the field
dependence of the second harmonic voltage shows a dramatically
different feature. In addition, the magnitude of Vasy does not
increase so much and reverses the sign. This implies that the
heat current along z axis in the near-side Py wire is reversed from
that in the far-side Py wire.

First, we consider the sign change of the VAS between two
configurations. In the far-side Py wire, the heat mainly comes
from the Cu wire. Therefore, the heat in the Py wire propagates
along the wire (x direction) with the diffusion into the substrate.
As a result, the heat current along the z axis becomes negative in
a far-side Py wire. On the other hand, in the near-side Py wire,
the heat flow from the substrate overcomes the heat flow from
the Cu wire, resulting in the positive heat current along z axis.
Thus, the sign change of VAS without a significant increase of the
magnitude can be understood by the sign reversal of the heat
current for z component.

We then discuss about the unconventional field dependence of
the second harmonic voltage. In order to find out the mechanism
of the unexpected field dependence, we have measured the

angular dependence of the second harmonic voltage at
H ¼ 0.2 T.
As can be seen in Figure 4c, the angular dependence of V2ω

seems to show sin 2ϕM with a small deviation. Here, a small devi-
ation should be caused by the AMS and ANE. To analyze the
result more quantitatively, we fit the curve by using the following
modified equation with taking into account the unknown term
given by ΔVun sin 2ϕM.

V2ωðϕMÞ ¼ V0 þ ΔVAMS cos 2ϕM þ ΔVANE sinϕM

þ ΔVun sin 2ϕM

(2)

The fitting curve with V0 ¼ �15.15 μV, ΔVAMS ¼ 0.06 μV,
ΔVANE ¼ 0.03 μV, and ΔVun ¼ 0.32 μV well reproduces the
experimental angular dependence. Thus, sin 2ϕM dependence
is a dominant contribution of the second harmonic voltage with
the probe configuration using the near-side Py voltage terminal.

As the origin of sin 2ϕM dependence, we consider the influ-
ence of the heat current along y axis. This is because the
AMS and ANE are caused by the heat flow along the x axis
and that along z axis, respectively. Similarly, in the AMR and pla-
nar Hall effect in the electrical measurements, the magnetization
induces not only the longitudinal Seebeck voltage but also the
transverse one with respect to the direction of the heat flow.
This transverse Seebeck effect could contribute to the main field
dependence in the second harmonic voltage in the near-side Py
wire, namely, transverse magneto-Seebeck effect or planar
Nernst effect.[26,27] Similarly, in the electrical magnetoresistance
measurement, the transverse magneto-Seebeck voltage provides
the consistent description for sin 2ϕM dependence in the second
harmonic voltage. We emphasize that the amplitude of the trans-
verse Seebeck effect is approximately two times larger than
the longitudinal Seebeck effect in the cross configuration.
This means that the heat current along the y axis is effective
for the efficient generation of the thermoelectric voltage.

To obtain more definite evidence, we also performed the sim-
ilar experiment by using another ferromagnetic wire located in
the opposite side of the Pt heater. In this configuration, the heat
current along the y direction is reversed from the previous

Figure 4. a) Schematic presentation of the measurement configuration using the near-side ferromagentic voltage probe. b) Transverse field (Hy) depen-
dence of the second harmonic voltage. The forward and backward field sweep is represented by red and blue curves. c) Angular dependence of the second
harmonic voltage under the magnetic field of 0.2 T. The solid red lines correspond to the fitted curves using Equation (2). The green, blue, and cyan lines
correspond to the three thermospin voltage of VAMS, Vun, and VANE, respectively.
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configuration while those for x and z axes are maintained with
the same direction. Figure 5b shows the angular dependence of
the second harmonic voltage with the probe configuration shown
in Figure 5a. As we expected, the result is well reproduced by the
fitting curve with the opposite sign for ΔVun. Thus, the output
thermoelectric voltage is understood by the combination of lon-
gitudinal and transeverse Seebeck and ANE. We emphasize that
a small temperature change along y direction produces the sig-
nificant thermoelectric voltage. This kind of the thermoelectric
voltage due to the undesired heat flow should be taking into
account in variety of spintronic devices especially in a heavy
metal/ferromagnet bilayer, which is a typical device structure
using spin Hall effect.[28,29]

In summary, we have systemically investigated the magneto-
thermoelectric effects in the Py nanowire under the various direc-
tion of the in-plane magnetic field. The second harmonic voltage
detection enables us to observe a clear AMS effect whose magni-
tude is two times smaller than the electrical AMR. From the sys-
tematic probe configuration dependence with its the angular
dependence, the magneto-thermoelectric voltage is found to be
caused by not only the longitudinal heat current but also the trans-
verse heat current. Especially, in a certain probe configuration, the
voltage change due to the planar Nernst effect becomes a much
larger than that for the AMS, indicating the possibility for the effi-
cient generation of the thermoelectric voltage. Our demonstration
will pave the way to develop nanoheat sensors using the magneto-
thermoelectric effect in ferromagnetic metal nanowires.
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