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The heat transport in a laterally configured nano-spintronic device, including a magnetic multi-layered nanowire has been investigated by detecting
the second harmonic voltages. We show that the magnetic-field dependence of the second harmonic voltage in the multi-layered wire shows a
clear spin-valve-like effect with the magnitude larger than the electrical spin valve effect. The second harmonic signal with its probe configuration
dependence is found to be quantitatively explained by the spin-dependent Seebeck effect with a significant heat flow from the substrate. This
demonstration paves the way for the precise analysis of the heat flow in nano-structured electronic devices.
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enable the realization of functional electronic devices

with lateral dimensions down to nano-meter scale. In
the operation of such nano-sized devices, understanding and
controlling the heat transfer is an important issue because a
small cross section produces a significant Joule heating
effect. Since the characteristic lengths, such as the mean
free path and phase coherent length are comparable to the
device dimension, the heat transport in nano-structured
systems may be different from the bulk state and its
combination. On the other hand, utilizing the Joule heat
through the thermal energy conversion is also an attractive
and challenging issue from the viewpoint of energy har-
vesting."

In the field of spintronics, in addition to the intriguing spin-
dependent transports,” such as giant magnetoresistance
(GMR), tunnel magneto-resistance and the spin Hall effect
(SHE), various conversion phenomena between spin and heat
such as spin Seebeck,” spin Peltier,”” and spin Nernst
effects® have been recently reported, and a new research field
has emerged; this is known as spincaloritronics.”'* A key
quantity for the operation of the spintronic devices is a spin
current, which is the flow of spin angular momentum. 1319 1
order to generate a large spin current, a large current density
is required, leading to the large thermal energy dissipation.
Thermal spin injection driven by the temperature gradient is
also an attractive phenomenon for generating the spin
current.'”'® Thus, it is essential to deepen our understanding
of the heat transfer in nanospintronic devices for manipu-
lating the heat as well as for developing spincaloritronics. In
the present study, we develop an effective method for
characterizing the temperature distribution in nanospintronic
devices by using the magneto-Seebeck effect.'’>”

We have fabricated a laterally configured ferromagnetic/
nonmagnetic hybrid structure, consisting of a Co/Cu/NiFe
GMR wire and a Pt wire bridged by a Cu strip. Here, Pt is a
representative material used in spin Hall devices, and the Co/
Cu/NiFe trilayered wire is various applications such as
magnetic sensor and spin-torque oscillator. Figure 1 shows
a scanning electron microscope image of the fabricated
device together with its schematic illustration. The device
has been fabricated on a Si substrate whose surface was
thermally oxidized for the formation of 1 gm thick SiO,.
Here, the GMR wire consists of NiFe (10 nm)/Cu (10 nm)/Co
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(10 nm) trilayed structure, which show the electrical and
thermal spin valve effects. The thickness for the Pt wire and
the Cu strip are 10 nm and 100 nm, respectively. Prior to the
Cu deposition, the surfaces for the GMR and Pt wires were
well cleaned by the Ar ion milling. The electrical resistivities
for Co, NiFe, Pt and Cu are 19.3 uQQcm, 33.9 uQcm,
21.8 uQdcm and 2.98 uflcm at room temperature, respec-
tively. 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. Since the temperature
change due to the Joule heating is proportional to the current
square, we can effectively pick up the thermoelectric voltage
by using the second-harmonic detection technique based on
the Seebeck effect.”"

First, we evaluate the electrical transport property of the
GMR wire by measuring the magnetoresistance. Here, the
magnetic field is applied along the wire direction. Figure 2(a)
shows the GMR property measured at room temperature. The
magneto-resistance shows a clear spin valve effect where the
first positive resistance change and second negative one are
caused by the magnetization reversals for the NiFe and Co,
respectively. Here, the normalized resistance change defined
by (Rp—Rap)/Rap is approximately 0.4%. For a comparison,
in Fig. 2(b), we also show the magnetoresistance for another
side (lower part) of the GMR wire. The normalized resistance
change is also 0.4%, which is the same as that in Fig. 1(a).
This fact assures that the GMR wires on both sides have the
same electrical property.

Secondly, the heat transport properties under the Joule
heating of the Pt wire is evaluated. We flow an ac current
from the Pt wire to the Cu strip and measure the second-
harmonic voltage between the GMR wire and Cu strip. Here,
the second-harmonic signals is obtained by averaging it 30
times. From the viewpoint of the Seebeck voltage, we naively
expected that the detected voltage is proportional to the
temperature at the junction between the GMR wire and Cu
strip. Figure 3(a) shows the field dependence of the second-
harmonic signal with the bias current of 0.54 mA. When the
base voltage is negative and we see a clear spin valve effect,
where the parallel state provides a larger voltage than that for
the anti-parallel state. Figure 3(b) shows the bias current
dependence of the second-harmonic voltage for the parallel
and anti-parallel state. Clear parabolic behaviors have been
obtained, assuring that the signal is caused by the Joule
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(a)

Fig. 1. (Color online) (a) Scanning electron microscope image and (b)
schematic illustration of the fabricated device, consisting of a Co/Cu/NiFe
GMR wire and a Pt wire bridged by a nonmagnetic Cu strip. The magnetic
field is applied along the GMR wire direction.
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Fig. 2. (Color online) Field dependence of the electrical resistance for the

upper (a) and lower GMR wire (b). The probe configurations are shown in
the inset of each figure. The blue and red curves correspond to forward and
backward field sweeps, respectively.
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Fig. 3. (Color online) (a) Field dependence of second harmonic signal for
the GMR wire under Joule heating of the Pt wire to the Cu strip. The inset
shows the probe configuration for the measurement. (b) Bias current
dependence of the second harmonic signal at the parallel state and the voltage
change between the parallel and anti-parallel state. The solid line corresponds
to the fitted curve with a parabolic dependence.
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heating.'® Here, the negative background voltage is qualita-
tively understood by relatively large negative Seebeck
coefficients for the ferromagnetic metals.”>>* Interestingly,
the normalized voltage change defined by (Vp—Vap)/Vap is
1.3%, which is more than three times the electrical GMR
ratio. This means that the spin polarization for the Seebeck
coefficient is larger than that for the electrical conductivity
and indicates a high potential application of the giant-
magneto Seebeck effect for the energy conversion and heat
control in nano-structured devices.

We then study the probe configuration dependence of the
second-harmonic signal. Since the upper-side and lower-side
GMR wires show the same electrical transport properties, we
naively expect that a similar second-harmonic voltage is
observed by using the left-hand-side GMR wire as a V,
terminal. Figure 4(a) shows the field dependence of second-
harmonic signal with the probe configuration shown in the
inset. Surprisingly, the base voltage was much smaller than
that with the previous configuration. In addition, the inverse
thermal spin valve signal has been observed. To understand
this discrepancy more clearly, we have changed 7, terminal
from the upper-side to the lower-side Pt wire as schematically
shown in the inset of Fig. 4(b). Interestingly, we were able to
observe a large second-harmonic voltage with the clear
thermal spin valve effect, similarly in Fig. 3(a). As a further
experiment, we have also measured the second-harmonic
signal with the probe configuration shown in the inset of
Fig. 4(c) and observed a small voltage signal similarly to
Fig. 4(a). These results clearly indicate that the location of the
heating area plays a significant role in the second-harmonic
voltage.

In order to understand these unexpected behaviors, we
have performed a COMSOL numerical simulation with
carefully taking into account the heat conduction from the
substrate. In the simulation, the heat conductivities for the
metallic wires were simply estimated from Wiedemann—
Franz law with their actual electrical conductivities.”” On
the other hand, we adopt the bulk heat conductivities for Si
and SiO, layers, which are 147.62WmK ' and
1.38 WmK ™. Figure 5(a) shows the simulation result for
the temperature distribution around the junction under the
Joule heating of the Pt wire. Here, we label the average
temperature around upper, center and lower Cu/GMR junc-
tions as Ty, T, and T3, respectively. In the present condition,
since the heat mainly flows through the metallic wire, the
temperature in the GMR wire takes a maximum value at the
center junction with the Cu strip, namely 7, To understand
the temperature distribution in the GMR wire, we have
prepared the line profile of the temperature along the GMR
wire, as shown in Fig. 5(c). It should be noted that 7y, which
is located in the same side of the Pt heater, is higher than T3,
meaning 7, > T| > T3. However, the temperature difference
between 7, and T; is much smaller than the difference
between T, and T5. This means that the heat flow from the
substrate is non-negligible. Since the output voltage in the
second-harmonic detection is proportional to the temperature
difference between the center and edge position, this in-
dicates that a small Seebeck voltage is induced in the probe
configuration for the inset of Figs. 4(a) and 4(c). However, as
seen in Figs. 4(a) and 4(c), the negative Seebeck voltage and
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(Color online) Field dependence of thermal spin valve signal with various probe configurations are shown in (a), (b) and (c). Here, the voltage is

detected at the same probes in (a) and (b), only 7, terminal has changed from the upper-side to the lower-side Pt wire in (b). /, and /_ terminals are in the same
position in (b) and (c) where V. terminal has changed from the upper-side to lower-side GMR wire in (c).
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(Color online) Numerically obtained temperature distribution around the GMR wire under a bias current of 0.55mA in the Pt simulated with the bulk

heat conductivity of SiO, (a) and the enhanced heat conductivity of SiO, with the factor of 2.5 (b). T, T, and T3 are the average temperature around upper,
center and lower Cu/GMR junctions of the device. (c) Line profile of the temperature distribution along the GMR wire for the bulk heat conductivity and

enhanced heat conductivity for SiO,

inverse voltage change cannot be explain by the present
numerical results.

Based on this simulated result, we increased the heat
conductivity of the SiO, layer with the factor of 2.5.
Figure 5(b) shows the temperature distribution around the
junction under the revised condition. Importantly, we are able
to reproduce the sign reversal of the Seebeck voltage, as
shown in Figs. 5(b) and 5(c), meaning the relation
T, > T, > T5. Here, temperature Ty, T, and T; are 294.243
K, 294.231 K and 293.255 K, respectively. We emphasize
that the ratio between T,—T, and T3—T, is approximately 80,
which is the same as the ratio of the Seebeck voltage for two
probe configurations. This indicates that the simulated results
with the modified heat conductivity represents a more
realistic situation. We believe that the large heat conductivity

The second harmonic voltage in the GMR wire shows a clear
thermal spin valve effect whose magnitude is three times
larger than the electrical GMR effect. From the probe
configuration dependence of the second harmonic signal,
we find that the heat flow from the substrate is more
significant than the expected. The combination between the
thermoelectric effect and spin-dependent transport provides
an effective analysis of the heat transport in nanospintronic
devices.
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