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We show that the difference in the Seebeck coefficients between two voltage probes produces an
additional electric signal in the local resistance measurement of the submicron-sized junction. This
is because the temperature increase at the junction induced by the Joule heating produces
unnegligible Seebeck voltage in addition to the Ohmic voltage. In nanostructured systems, since
the temperature variation becomes quite high under the high-bias current, the Seebeck voltage
dominates the detected electrical voltage. This provides a consistent description for unusual
bias-current dependences of the differential resistance in nano-sized metallic junction systems.
©2013 AIP Publishing LLC. [http://dx.doi.org/10.1063/1.4822330]

Electrical transport measurement is a powerful means
for understanding the physical properties of metallic and
semiconductor materials. Recent developments of nanofabri-
cations provide multi-terminal nano-sized electrical probes,
which enable to detect the transport properties in nano-
structured materials and nano-sized elements selectively and
sensitively.'™ In such systems, since the sample dimension
is comparable or less than the characteristic lengths such as
phase coherence length and spin-diffusion length, various in-
triguing phenomenon have been reported.®” Novel transport
properties such as spin-dependent and ballistic transports
have also reported recently.® " Indeed, the giant and tunnel
magneto resistance effects are widely utilized as high sensi-
tive magnetic sensor in the practical applications.'*'?

In nanostructured systems, thermally induced phenom-
enon becomes important in addition to the transport phenom-
enon because the temperature of the small element is easily
modified by extrinsic effects.'® Especially, the interaction
between the spin and heat currents, which is known as the
emerging field of spincaloritronics,'>'® is creating a renewed
interests because of possible application for spin manipula-
tions. Moreover, novel spin-related thermal properties, such as
spin and spin-dependent Seebeck and Peltier effects, have
been reported in unique spincaloritronic systems.'’ 2’
Therefore, thermal transports in ferromagnetic/nonmagnetic
hybrid structures have been intensively investigated very
recently.zl’23 However, there are still numerous controversial
issues and un-conventional phenomena in such nanostructured
thermoelectric effects.***> For proper understanding these
nontrivial thermal transport properties, first of all, the inter-
play between the charge and heat currents plays an important
role. Especially, relatively large Seebeck coefficients in the
ferromagnetic transition metals as well as their anisotropies
may induce a large undesired electrical signal in addition to
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the tiny spin-related signal.26 Indeed, the back ground signal
much larger than the spin related signal is found to be induced
in the nonlocal voltage probe under the electrical spin injec-
tion.””** Moreover, the structural changes due to the migra-
tion effects may have to be considered as the possible origin
for such unconventional phenomena.””~** Here, we focus on
the influence of the heat current in a ferromagnetic/nonmag-
netic junction. We show that the thermoelectric effect is domi-
nant contribution of the electrical voltage even in a local
configuration.

We have fabricated a laterally configured ferromagnetic/
nonmagnetic metal junction. Figure 1 shows a scanning elec-
tron microscope (SEM) image of the fabricated device to-
gether with its schematic illustration. Here, Permalloy (Py)
wires, 100nm in width and 40 nm in thickness, have been
fabricated by electron-beam lithography with a conventional
lift-off technique on a thermally oxidized Si substrate. Then,
a Cu strip, 300nm in width and 180nm in thickness, has
been fabricated by repeating the same lift-off process. Here,
in order to obtain highly transparent interface, the surface of
the Py was cleaned by low-voltage Ar ion milling prior to
the Cu deposition. The transparency and cleanliness have
been confirmed by the lateral spin transports, such as local
and nonlocal spin valve measurements.”® The representative
nonlocal spin signal of the present device measured at room
temperature is shown in Fig. 1(a). We have also fabricated a
simple Cu cross with the same lateral dimension, for a
comparison,

To study the thermo-electric effect induced by the cur-
rent, we mainly study the bias current dependence of the re-
sistance at the corner of the cross-shaped wire, whose probe
configuration is shown in Fig. 1(b). Here, the current is swept
from —1.5 mA to +1.5 mA. The maximum current densities
for the Py, Cu, and the Py/Cu junctions are 3.75 x 10'! A/m?,
2.78 x 10" A/m?, and 5.10 x 10" A/m?, respectively. So,
the current density becomes the highest value in the Py wire.

© 2013 AIP Publishing LLC
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However, the value is lower the critical value for the migra-
tion in Py.>' When the cross consists of a polycrystalline ho-
mogeneous metal, the electrical voltage is mainly induced by
the Ohmic resistance because the mean free path of the poly-
crystalline metallic wire is a few ten nanometer, which is
much shorter than the lateral dimension of the device.> As
shown in Fig. 1(b), when the charge current flows from the
left to the bottom electrode, the positive voltage difference is
observed between the top and right electrodes because of the
Ohmic resistance. By increasing the bias current flowing in
the corner, the voltage linearly increases because of the
Ohm’s law. In addition, when the cross consists of a junction,
the interface resistance is additionally superimposed on the
Ohmic resistance. It should be noted that the sign of the volt-
age contribution from the interface resistance is opposite to
that from the Ohmic resistance, as shown in Fig. 1(b).
Moreover, the thermo-electric effects are also induced in the
vicinity of the junction and modified the electric resistance via
Joule heating and/or Peltier effect.

First, we evaluate the bias-current dependence of the
corner resistance for the homogeneous Cu cross. As seen in
Fig. 2(a), the voltage increases almost linearly with the dc
bias current because of the Ohm’s law. However, if we
carefully check the dependence, a small deviation from the
linear dependence is observed under the high bias current.
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FIG. 2. (a) Dependence voltage as a function of the DC bias current in the
homogeneous Cu cross. (b) DC bias current dependences of the differential
resistance defined by dV/dI.
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FIG. 1. (a) SEM image of the fabri-
cated sample consisting of laterally
configured ferromagnetic/nonmagnetic
junctions together with the representa-
tive nonlocal spin signal observed at
room temperature. (b) Definition of the
corner resistance and the expected cur-
rent distribution at the corner.

To show this nonlinear behavior more clearly, the resist-
ance defined by dV/dlI is plotted in Fig. 2(b). A parabolic
dependence is clearly observed, meaning that the tempera-
ture of the measured region is increased by the Joule
heating.*”

We then measure the bias-current dependence of the
corner resistance for the Cu/Py junction. As shown in Fig.
3(a), the bias-dependence of the voltage shows the quite
different features from that in the Cu cross. Especially, it is
surprising that the voltage becomes negative under the posi-
tive bias current above +1.4 mA. One of the possible ori-
gins is the increase of the interface resistance because the
contribution of the interface resistance is negative in the
present measurement configuration. However, it is impossi-
ble to explain the parabolic enhancement of the voltage
under the negative bias current. The possibilities of the
migration effects can also be excluded by the experimental
fact that the observed characteristics are reversible
changes.*”*°

In order to understand the parabolic increase of the volt-
age, we consider the Seebeck effect induced by the heating
at the junction. As mentioned in Fig. 1, under the high bias
current, the temperature at the junction increases because of
the Joule heating. When the temperature at the junction is
locally heated, the electrical voltage is induced by the
Seebeck voltage in the Py/Cu junction. The induced voltage
is given by the following equation:*’

V = (Spy — Scu)AT. (1)

Here, Spy and Sc, are the Seebeck coefficients for the Py and
Cu, respectively. By assuming that the temperature change
AT is proportional to /2, the parabolic dependence observed
in Fig. 3(a) is well reproduced. As another important feature
of the Seebeck voltage, we measure the probe configuration
dependence of the induced voltage. According to Eq. (1), the
sign of the induced voltage should be reversed by inter-
change V+ and V— terminals. Since the voltage due to the
Ohmic resistance should satisfy the reciprocal relationship,
we should interchange I+ and I— in another probe configura-
tion. Therefore, we measure the bias current dependence of
the corner resistance with the reversed probe configuration.
As shown in Fig. 3(b), we observe the reversed parabolic de-
pendence, supporting Eq. (1).

To confirm our expectation more clearly, we define
the average voltage V,, and the voltage difference Vs as
follows:

Va+ Vg

Vavg - D) 5

@)



132408-3 Mu et al. Appl. Phys. Lett. 103, 132408 (2013)
T T T T T T T T T
50 - (a ) ' 1 OO.- ( b ) .
FIG. 3. (a) Induced voltage at the cor-
S\ 0 50r T ner as a function of the DC bias current
= i 1 i in the submicron-scale Cu/Py junction
~— .50} 0 when the current flows from Cu to Py
>3 (configuration A). (b) Induced voltage
at the corner as a function of the DC
-100r -50F bias current when the current flows
from Py to Cu (configuration B). The
-150} -100F insets show the probe configuration for
> .1 5 > -1 each corner resistance measurement.
li (MA)
100 T T T T T 100 T T T T
L 1 — ! I 1 |
(a) 1 Vavg_( VitVe)/2 (b) 1 a=(Vi=V3)/2
. 501 1 1 50 1 .
> | | |
2 ! |
s or—= -1 Of-—=—=—=—===—f=—="==== -
> : 1 - /_:-\ 1 FIG. 4. DC bias current dependences
50F I ] | ! | of (a) Vayg and (b) Vpjs. DC bias cur-
B -50 ! rent dependences of (c) the differential
E 1 I 1 3 1 ! 1 R resistance defined by dVayg /dI and (d)
. 2 -1 0 1 2 .2 -1 0 1 2 that defined by dVp;s /dI.
G [ T T T ] d T T T
£ 30[ + 50F (d) ! ]
3 20 H 1 Of~~=="""""—=== Y TTTTTT TS ]
T L ]
s 10 (O i . Ko Jos0f . i Ras 1
-2 -1 0 1 2 -2 -1 0 1 2
lgc (MA) l4c (MA)
v Va—Vg 3) indicating that the V,, is produced by the Ohmic resistance
dif = — -

Here, V5 and Vj are the observed voltages in the configura-
tion of Figs. 3(a) and 3(b), respectively. As mentioned
before, the sign of the Seebeck voltage depends on the probe
configuration while that of the Ohmic voltage does not
depend on the probe configuration. Therefore, Vay, and Vg
give the Ohmic and Seebeck voltages, respectively. Figures
4(a) and 4(b) show, respectively, V,y, and Vg as a function
of the dc bias current. V,,, behaves similarly to Fig. 2,

of the corner. In Fig. 4(b), we also confirm a perfect para-
bolic dependence without any background. This clearly sup-
ports that the voltage is induced by the Seebeck effect
combined with the Joule heating. The differential resistances
Raye and Rgi defined by dV,y,/dl and dVis/dl, respectively,
are also plotted in Figs. 4(c) and 4(d). dVyy, /dI shows the
reversed parabolic dependence due to the negative contribu-
tion of the interface resistance. A small linear component,
which produces the horizontal shift of the parabolic curve, is
explained by the Peltier effect in the Py/Cu junction.
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dVygir/dI increases almost linearly, but includes a slight devi-
ation from the linear dependence. This may be because the
Seebeck coefficient under the high bias current is slightly
modified by the Joule heating.

Finally, in order to show the reliability of our scenario
more quantitatively, we have numerically calculated the spa-
tial distributions of the current and the temperature in the vi-
cinity of the Py/Cu junction. Figures 5(a) and 5(b) show the
three dimensional color plots for the calculated current den-
sity and the temperature, respectively. Here, 1.5 mA dc cur-
rent flows from the Py wire into the Cu wire. As shown in
Fig. 5(a), the current distribution around the junction is quite
inhomogeneous because of the large conductivity of the Cu
wire with the bias electric field. On the other hand, the tem-
perature distribution is homogeneous around the junction.
This means that one dimensional model can be applied for
the analysis of the thermoelectric effect. From Fig. 5(b), we
can evaluate the temperature increase AT at the junction is
approximately 2.5 K under the bias current of 1.5 mA. Since
the Seebeck coefficients for the Cu and Py are 1.6 uV/K and
—20 uV/K,'"'® the observed voltage —45 uV is quantita-
tively explained by the present scenario.

Thus, the Seebeck effect in the voltage probe produces a
significant measurable electrical voltage. Surprisingly, we
showed that, in the nano-sized Py/Cu junction, it is much larger
than the Ohmic voltage produced by the local current flow. A
similar situation occurs in a current-perpendicular-to-plane
giant magnetoresistive structure with a nano-sized metallic
junction.33 Therefore, unusual behaviors of the bias-current de-
pendence of the electrical resistance®**> may be explained by
taking into account the Seebeck voltage in the voltage probe.
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