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Thickness dependence of anomalous Hall and Nernst effects in Ni-Fe thin films
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We systematically investigate the Ni-Fe layer thickness () dependence of the anomalous Hall effect (AHE)
and anomalous Nernst effect (ANE). The AHE and ANE show different behavior in the r dependence; the sign of
the anomalous Hall resistivity changes around ¢+ = 9 nm, whereas the anomalous Nernst coefficient (Syng) keeps
almost constant regardless of ¢, namely, no sign change of Sang With . We analyze Sang and separate it into
the contribution coming from the transverse thermoelectric conductivity (o) and the AHE contribution coming
from the Seebeck effect. The detailed analysis for Sang concludes that the AHE contribution is negligibly small
and a,,, which is related to the anomalous Hall conductivity (oy,) via the Mott relation, is also independent of
t. To gain insight into the difference in the ¢ dependence of o,, and «,,, we clarify the origin of sign reversal in
the AHE. The sign reversal in the AHE is attributed to the competing contribution of the different sources of the
AHE: the extrinsic and intrinsic mechanisms. The present experimental finding of the difference between the ¢
dependence on oy, and o, suggests that the relative degree between the extrinsic and intrinsic processes for the
AHE is quite different from that for the ANE in the case of Ni-Fe.
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I. INTRODUCTION

The anomalous Hall effect (AHE) [1] is one of the anoma-
lous transport properties of a magnetic material, in which an
applied electric current induces a transverse voltage depend-
ing on the direction of spontaneous magnetization. The origin
of the AHE is the spin-orbit coupling, which brings the two
types of mechanisms for the AHE: intrinsic and extrinsic.
The former was proposed by Karplus and Luttinger [2] and
recently explained using the Berry curvature of the Bloch
wave [3]. The latter describes the asymmetric scattering for
spin-up and spin-down electrons and is clarified to the two
types: skew scattering [4,5] and side jump [6]. The AHE has
been investigated both experimentally and theoretically in a
variety of materials and plays a significant role for device
applications [7-9].

The anomalous Nernst effect (ANE) is the thermoelectric
counterpart of the AHE. The ANE refers to the generation of a
transverse voltage in the cross-product direction of an applied
temperature gradient and magnetization [10-12]. Since the
ANE can achieve transverse thermoelectric generation, which
has several advantages for thermoelectric applications, it has
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recently attracted broad attention as a promising energy har-
vesting technology [13-16]. To apply the ANE to practical
thermoelectric devices, materials exhibiting the large anoma-
lous Nernst coefficient Sang are required. Considering the
resistivity tensor, SAng is expressed as

SANE = Pxxlxy — PyxClyx, (D

where pyr, Oyx, Oxr, and oy, refer to the longitudinal resis-
tivity, anomalous Hall resistivity, longitudinal thermoelectric
conductivity, and transverse thermoelectric conductivity, re-
spectively [17]. Since ay, is connected to the anomalous Hall
conductivity oy, via the Mott relation, the relationship be-
tween the AHE and ANE is usually investigated for exploring
materials with large Sang [17-23].

The Ni-Fe alloy known as permalloy (Py) is a representa-
tive material for spintronic devices [24-27]. A Py thin film
shows a unique property for the AHE: the sign reversal of
Pyx depending on its thickness [28-30]. Nevertheless, clear
understanding of the reason behind the sign change of p,, is
still lacking. Although Chuang et al. [31] reported the thick-
ness dependence of the ANE in Py thin film, the relationship
between the thickness dependence of the AHE and ANE has
not been discussed yet.

In this paper, we systematically investigate the thickness
dependence of the AHE and ANE in Py thin films with dif-
ferent thicknesses. By exploiting a high-throughput screening
technique, the anomalous Ettingshausen effect (AEE) [12,32—
34], which is the reciprocal phenomenon of the ANE, is
visualized for a Py film with a thickness gradient, showing that
the anomalous thermoelectric property changes moderately

©2022 American Physical Society
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FIG. 1. Schematic illustrations of (a) the permalloy (Py) wedged
film, (b) microfabricated pattern of Hall bars aligned in a wedged film
for the electrical transport measurements, and (c) rectangular-shaped
sample for the anomalous Ettingshausen effect (AEE) measurement
using lock-in thermography (LIT). Schematic illustrations of (d) the
Hall device structure and measurement setup and (e) the sample for
the anomalous Nernst effect (ANE) and Seebeck effect (SE) mea-
surements. H, J., and VT denote the magnetic field, charge current,
and temperature gradient, respectively.
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with varying the thickness. The detailed analysis reveals that
a,y is almost independent of the thickness, which is differ-
ent from the thickness-dependent behavior of the AHE. In
addition, we clarify the origin of the sign reversal observed
for the AHE by systematically investigating its temperature
dependence.

II. EXPERIMENTAL DETAIL

The samples used in this paper were prepared using the
following experimental procedure. Py thin films were grown
on a glass substrate at room temperature using a RF mag-
netron sputtering with a base pressure of < 1.0 x 107> Pa
and a process Ar gas pressure of 0.4 Pa. The composition
of the sputtering target is Nig;Fej9. Two types of Py films
were used for evaluating the thickness dependence of the
AHE, ANE, Seebeck effect (SE), and AEE: wedged thin films
with a thickness gradient and nonwedged thin films with a
uniform thickness. The thicknesses of uniform films were set
to be 5, &8, 10, and 12 nm. On the other hand, the thickness
of wedged thin films was in the range of 2—12 nm over a
length of 7.0 mm [see Fig. 1(a)]. Wedged thin films were
fabricated by using a linear shutter that was moving at a
constant speed of 0.18 mm/s during deposition. The Py layers
were capped with the Al(1.5 nm)/Al-O(3.5 nm) layers for the
AHE, ANE, and SE samples and with the Al(2 nm) layer
for the AEE sample to prevent oxidation. The Al-O(3.5 nm)
layers for the AHE, ANE, and SE samples were deposited by

ion beam sputtering after breaking the vacuum. To investigate
the thickness dependence of the AHE, the wedged sample was
patterned into 14 aligned Hall bars with width of 9.7 um and
length of 50 pm through photolithography and Ar ion milling
processes [see Figs. 1(b) and 1(d)]. Note that the thickness of
a Hall bar is regarded as uniform due to the negligibly small
thickness variation over its length. For the ANE and SE mea-
surements, uniform thickness films were patterned into a Hall
bar with the width of w = 2.2 mm and length of / = 5.0 mm
through photolithography and Ar ion milling processes, as
shown in Fig. 1(e). After etching, two Cr(10 nm)/Pt(150 nm)
on-chip thermometers with their distance of / were fabricated
by a lift-off process and ion beam sputtering. For the AEE
measurement, as shown in Fig. 1(c), the wedged thin film
was patterned into a rectangular shape with the width of
1.0 mm using a metallic shadow mask during the sputtering
process.

Longitudinal and transverse electric and thermoelectric
transport properties were evaluated using the Py films with
various thicknesses. The longitudinal and transverse voltages
were measured with the wedged Hall bar devices in the
temperature range of 5-300 K using the physical properties
measurement system (PPMS, Quantum Design, Inc.). In the
AHE measurements, by applying an out-of-plane magnetic
field H and a charge current in the longitudinal direction of the
Hall bar, a transverse resistance R,, was detected. The ANE
measurements were performed using a homemade holder em-
bedded in the PPMS. The transverse thermoelectric voltage
V, was measured by applying an out-of-plane magnetic field
H and a temperature gradient VT in the longitudinal direc-
tion of the Hall bar, with a set temperature of 300 K. The
actual device temperature is of a few Kelvins higher than
the set temperature due to the sample heating. Subsequently,
the temperature difference AT between the on-chip ther-
mometers and VT (= AT/l) were carefully evaluated (see
Appendix A for details). In this configuration, by measuring
the longitudinal thermoelectric voltage V., the Seebeck coef-
ficient Ssg was also obtained simultaneously. Note that the
measured Ssg may include the contribution of the absolute
Seebeck coefficient of the Al-1%Si bonding wire for electrical
connection. To double check the thickness-dependent behav-
ior of the SE, Ssg was also investigated by employing the
Seebeck coefficient/electric resistance measurement system
(ZEM-3, ADVANCE , Inc.) with the uniform-thickness Py
films capped with the 2-nm-thick Al layer on 3 x 10 mm-
sized glass substrates. The Ssg measurement using ZEM-3
was corrected considering the absolute Seebeck coefficient of
the voltage probes.

To carry out the continuous investigation of the thickness
dependence of anomalous thermoelectric properties, we em-
ployed the AEE measurement using lock-in thermography
(LIT) [32,35-37] with the wedged thin film. In the AEE
measurement, thermal images were obtained when a square-
wave-modulated AC charge current with an amplitude of
4 mA, zero offset, and frequency of 5 Hz was applied along
the x axis and an external magnetic field of 9 kOe was applied
along the z axis [see Fig. 1(c)]. The pure AEE contribution
was extracted from the raw LIT images using the procedure
described in Refs. [38,39]. The sample surface was coated
with insulating black ink to enhance the infrared emissivity.
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FIG. 2. Thickness ¢ dependence of (a) the longitudinal resistivity
pxx and (b) the anomalous Hall resistivity p,, in the Py thin film
measured at 300 K. The inset of (b) shows the magnetic field H
dependence of the transverse resistance Ry, for # = 12 nm.

The LIT measurement was performed at room temperature
and atmospheric pressure.

III. RESULTS AND DISCUSSION

Figure 2 shows the Py layer thickness ¢ dependence of
Pxx and py, measured at 300 K. As shown in Fig. 2(a), poxx
increases with decreasing ¢, indicating that the finite size
effect [40]. The inset of Fig. 2(b) shows the magnetic field H
dependence of Ry, for t = 12nm. The value of py, is derived
from the relation p,, = (R} — R} )/2, where R;;(_) are
extrapolated from positive (negative) high magnetic field to
zero magnetic field. Note that the large valley in the low-H
region is attributed to the planar Hall effect [28,30,41]. As
shown in Fig. 2(b), oy, monotonically decreases with decreas-
ing ¢, and the sign of p,, is reversed from positive to negative
around # = 9nm. This sign change was reported in previous
papers, but its origin has not fully been understood yet
[28-30].

The measurement results of the SE and ANE are summa-
rized in Fig. 3. Figure 3(b) shows the r dependence of Ssg with

t =5, 8, 10, and 12 nm. The blue (gray) plots in Fig. 3(b)
denote Ssg of the microfabricated devices measured using
the PPMS (the unpatterned blanket films measured using the
ZEM-3). The values of Sgg of the microfabricated devices
are derived from the slope of linear fit of V, as a function
of AT [also see Fig. 3(a)]. As shown in Fig. 3(b), the two
different measurement techniques give almost the same val-
ues. It suggests that the contribution of the absolute Seebeck
coefficient of the bonding wire is negligibly small in the Ssg
measurement using the PPMS. Furthermore, Ssg measured by
the two different techniques exhibits the same 7-dependent
behavior; the magnitude of Ssg monotonically decreases with
decreasing ¢. This behavior is consistent with the effective
mean free path model, in which the scattering at the surface
and grain boundaries mostly determines the # dependence of
Ssg [42]. Figure 3(c) presents Vj, as a function of the magnetic
field H for t = 12 nm. Since V, saturates around H = 9kOe,
the dominant contribution of V;, is the ANE related to the mag-
netization of the Py film [43], whereas the contribution of the
ordinary Nernst effect is negligibly small. The ANE-induced
transverse electric field Exng is given by Eang = Vane/w,
where Vang corresponds to the intercept of linear fit to V, in
the positive H region where the Py magnetization saturates.
Then the value of Sang is evaluated from the slope of the
linear fit to Eang as a function of VT [shown in the inset
of Fig. 3(c)]. Figure 3(d) shows the ¢ dependence of Sang,
where the error bars represent the standard deviation of the
linear fitting. As seen in Fig. 3(d), Sang is independent of ¢
and keeps almost a constant value (~0.57 uV K~1), which
is close to the result of the 10-nm-thick Nig;Fe9 film in a
previous study [44].

Although we have roughly investigated the ¢ dependence of
Sang from Fig. 3(d), a further comprehensive investigation of
anomalous thermoelectric properties is needed for the detailed
comparison with the AHE. The AEE measurement for the
wedged layer using LIT allows us to carry out a comprehen-
sive study because the AEE is the reciprocal phenomenon
of the ANE. In the perpendicularly magnetized configura-
tion, the heat loss flowing from the Py film to the substrate
affects the AEE-induced temperature change [32]. However,
since the heat loss to the substrate is constant in the whole
region of the Py film, the ¢ dependence of the AEE can be
obtained as the relative information. Hence, the visualization
of the AEE-induced temperature change can be used to clar-
ify the continuous information of the  dependence of SaNg.
In previous papers [39,45,46], the LIT imaging enabled the
high-throughput screening of the composition dependence of
spin-caloritronic effects using the composition-spread films
fabricated by the combinatorial sputtering technique. In this
paper, the LIT-based high-throughput screening was applied
to the ¢ dependence measurement of the AEE. Figures 4(a)
and 4(b) display the lock-in amplitude Aagg and phase ¢agg
images of the temperature modulation due to the AEE at
H = 9kOe, respectively. Note that the magnetic field of 9 kOe
is similar or larger than the saturation field along the out-
of-plane direction for the Py thin films at t = 2—12nm [43].
These images were taken for the wedged Py layer with the
rectangular shape, as illustrated in Fig. 1(c), in which 7 is
continuously varied from 2 nm (left side) to 12 nm (right side).
Black (white) dashed lines in Fig. 4(a) [Fig. 4(b)] indicate the
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FIG. 3. (a) Longitudinal thermoelectric voltage V, as a function of temperature difference AT for the 5-, 8-, 10-, and 12-nm-thick Py thin
film measured at ~ 300 K. (b) Thickness ¢ dependence of the Seebeck coefficient Ssg measured at ~ 300 K. Blue and gray plots denote Ssg
measured for the microfabricated devices and the unpatterned blanket films, respectively. (c) Transverse thermoelectric voltage V; as a function
of magnetic field H for the 12-nm-thick Py thin film measured at ~ 300 K. The applied temperature gradient VT was set at 1.5 K mm™~!. The
inset of (c) shows the VT dependence of the anomalous Nernst effect (ANE)-induced transverse electric field Eong for the 12-nm-thick Py
thin film. (d) # dependence of the anomalous Nernst coefficient Sang measured at ~ 300 K.

edge of the rectangular film. The A5gg signal appears around
the edge of the rectangular film, and the ¢agg difference
between the upper edge and lower edge is ~ 180°. These be-
haviors indicate that heat generation (absorption) emerges at
one (the other) edge of the film due to the in-plane heat current
flowing edge to edge in the Py film, which is consistent with
the symmetry of the AEE in the perpendicularly magnetized
ferromagnetic metal [32]. Figure 4(c) plots the Axgg signal
as a function of . The numerical values of the Aagg signal
were obtained by averaging the y-directional profile around
the upper edge in Fig. 4(a), where the averaging width was
defined as a full width at half maximum. While Asgg shows
almost a constant value in the range of 4nm <t < 12nm,
it gradually decays with decreasing ¢ for t < 4nm. The ¢-
dependent behavior for 4nm < ¢t < 12nm is qualitatively in
agreement with the r dependence of Sang taken from Fig. 3(d).
The 7-dependent behavior for + < 4 nm may be attributed to
the change of the magnetic characteristic of the Py film [43].
Importantly, the Axgg imaging indicates that Sang shows no
drastic change around r = 9nm, where the sign of p,, is
reversed. This is a clear experimental fact that the anomalous
thermoelectric properties exhibit a totally different # depen-
dence from that of the AHE.

To further clarify the #-dependent behavior of Sang, we
analyze the ANE by separating the different origins of
the transverse voltages due to the temperature gradients.
As shown in Eq. (1), the heat-to-charge current conversion

process for the ANE includes two contributions: the direct
conversion of a temperature gradient to a transverse charge
current via a,, and the SE-driven transverse charge current
through the AHE [17]. In the following, for simplicity, we
denote the first and second terms of the right-hand side of
Eq. (1) as 81 (= puyy) and Sy (= — pyc0ixy), TESpECtively,
where a,, (= Ssg/pxx) is the longitudinal thermoelectric con-
ductivity. Figure 5(a) shows the t dependence of Sy and Sy;. To
determine the p,, and p,, values for calculating S; and Sy, we
used the linear interpolation for the data points of Figs. 2(a)
and 2(b), respectively. As shown in Fig. 5(a), the Sy contribu-
tion is dominant for the Py films and almost independent of ¢
in the range of 5-12 nm. Although the sign of Sy is reversed
around ¢ = 9 nm due to the sign change of p,, [see the inset of
Fig. 5(a)], it does not affect the ¢+ dependence of Sang because
the Sy contribution is negligibly small. As shown in Fig. 5(b),
o,y is independent of ¢ and shows almost a constant value
(~1.4Am~"'K™"). This result suggests that the finite size
effect does not appear in oy, of the Py film in contrast with
the other electric and thermoelectric transport properties (i.e.,
Pxxs Pyxs and SSE)

Let us discuss the difference in the #-dependent behavior of
a,y and p,,. Here, oy, and oy (~ oy, / pﬁx [47]) are correlated
with each other via the Mott relation [22]:

7?2 kéT 00,y @)
dy=——7—| =) -
! 3 e de Jp
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FIG. 4. (a) Lock-in amplitude Asgs and (b) phase ¢papr images
of the anomalous Ettingshausen effect (AEE)-induced temperature
modulation. These images were taken for the wedged Py layer with
the rectangular shape, in which the thickness ¢ is continuously varied
from 2 nm (left side) to 12 nm (right side). The black (white) dashed
lines in (a) [(b)] denote the edges of the rectangular-shaped Py thin
film. (c) t dependence of Aagr and the anomalous Nernst coefficient
Sane- The numerical values of Agg are obtained by averaging the y-
directional profile around the upper edge in (a), where the averaging
width was defined as a full width at half maximum.

where kg is the Boltzmann constant, and e is the elementary
charge of electron. Here, (9o, /d¢);,_is the energy derivative
of oy, at the Fermi level Eg. Also, py, (i.e., oy,) shows a
sign reversal around ¢t = 9nm, whereas o, does not show a
drastic change even with varying 7. Considering these facts,
elucidating the mechanism of sign change in p,, is a way to
understand the different ¢ dependence between ay, and py,.
Then we clarify the origin of the sign change of oy, in Py
thin films by investigating the scaling relation between p,, and
Pyx-
' The scaling relation for the AHE has been generally in-
vestigated to separate three mechanisms of the AHE: skew
scattering, side jump, and intrinsic contributions [1]. In this
paper, we introduced the scaling relation proposed by Hou
et al. [48]:

Py = AP0 + PoPig + ¥ Pr0ouer + Bion, ()

where p,,0 is the residual resistivity due to static impurities
and grain boundaries at low temperature (5 K in this paper),
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FIG. 5. Thickness ¢ dependence of (a) Sy and Sy terms of the
anomalous Nernst effect, which are denoted by orange circles and
gray diamonds, respectively, and (b) the transverse thermoelectric
conductivity a,,. The inset of (a) shows the ¢ dependence of Sy; term.

and pur (=P — Pxx0) 1S the resistivity due to phonons.
While « is the skew scattering angle due to static scattering
sources including impurities and grain boundaries, the scaling
parameters of By, y, and B; are related to both side jump
contributions due to static and dynamic (phonons) scattering
sources and the intrinsic contribution. Thus, determining the
four scaling parameters «, By, ¥, and 81 helps us to understand
the mechanism of the AHE. Figure 6 shows the 7" dependence
of pyc and p,, in the range of 5-300 K for the devices with dif-
ferent t. Here, py, around # = 9nm (i.e., the thickness where
the sign of py, is reversed) is independent of T [see Fig. 6(c)].
For better analysis, we introduce the scaling relation of oy,
the longitudinal conductivity oy, (~ 1/px, [47]), and residual
longitudinal conductivity o, (~ 1/pxx0), Which is obtained
by rewriting Eq. (3) into

- 2
Owy = a0 000, + (Bo+ Bi — ¥)(060u)
+ (= 281)000k + - @

First, we determine the scaling parameter « related to the skew
scattering. In the case of T = 5K, i.e., oy ~ 0x0, Eq. (4)
reduces to oy, = a0y, + Bo so that one can obtain « by using
the experimental data of oy, and o.,g. Figure 7(a) shows oy, at
5 K as a function of o,9. The value of o, decreases with de-
creasing o,y in the range of # > 3.1 nm and starts to increase
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FIG. 6. Temperature T dependence of (a) the longitudinal re-
sistivity p.y, (b) the anomalous Hall resistivity p,, for the various
thicknesses, and (c) oy, with# = 8.2,9.1, and 9.9 nm.

below ¢ = 3.1 nm, indicating that « drastically changes for
ultrathin film. In the following, we focus on the experimen-
tal data in the range of ¢ > 3.1 nm, in which « is regarded
as the constant value. If the linear relation holds between
Oxy and oy, for ¢ > 3.1 nm, we obtained o = 0.36 £ 0.05%,
which is in good agreement with the value of the previous re-
port (¢ = 0.32 £ 0.1%) [30]. Subsequently, we determine the
other scaling parameters of By, y, and 8. Figure 7(b) plots o,
as a function of o, at various T and for various ¢. Note that the
skew scattering term (ao (02 ) is subtracted from o, using
the obtained «. The solid lines in Fig. 7(b) represent the fitting
curves with Eq. (4), and all the curves fit the experimental
data well. Figure 7(c) shows the ¢ dependence of Sy, y, and
B1. While By and B; keep almost constant regardless of z, y
gradually decreases with increasing ¢. Moreover, the values
of y and B; are clearly smaller than Sy, and By is dominant
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FIG. 7. (a) Anomalous Hall conductivity o,, as a function of
residual longitudinal conductivity o,, measured at 5 K. The blue line
is the linear fit for > 3.1 nm. (b) oy, — aa);(')a)gc as a function of o,
for the Py thin films with + = 3.1, 6.5, 9.1, and 12.0 nm. The solid
lines are the fitted curves using Eq. (4). (c¢) Thickness ¢ dependence
of scaling parameters Sy, v, and B;.

in most thickness regions for ¢ > 5nm. This result suggests
that the side jump contribution due to phonons is quite small
compared with that of static scattering sources for ¢ > 5nm.
Based on these facts, we focus on the scaling relation without
phonon contributions. Then the original scaling of Eq. (3)
becomes a simple form at 5 K, i.e., py,y = 0:

&)

The first term on the right-hand side of Eq. (5) means the
skew scattering contribution, and the second term means
the sum of the side jump contribution due to static scatter-
ing sources and the intrinsic contribution. In the following,

Pyx = A Pxx0 + ﬂopfxo-
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FIG. 8. Thickness ¢ dependence of the anomalous Hall resistivity
Py Pys and p3H" at 5 K. The inset shows the 7 dependence of the
absolute values of p} and o™

we denote the first and second terms of the right-hand

side of Eq. (5) as pf (=apwo) and oy " (= Pople).
respectively. Using py for various 7, we obtained py

j+int . . .
2" as a function of ¢. Figure 8 summarizes the ¢

and pyx
dependence of pyy, o33, and o™ at 5 K. The ¢ dependence

of py, at 5 K shows almost the same as that at 300 K [see
Fig. 2(b)]. As shown in Fig. 8, p}3 and o™ exhibit signs
opposite to each other. In addition, the magnitude of each
monotonically decreases with increasing ¢ and approaches a
constant value. These facts indicate that the sign change of py,
around r = 9 nm originates from the competing contributions
of p% and py, ™ with opposite signs; the contribution of
p_f&“m overcomes that of p}; with decreasing ¢ (see the inset
of Fig. 8). We also show the result of the analysis for py, at
300 K in Appendix B, which is based on Eq. (3). The analysis
suggests that the sign change of p,, is due to the a- and
Bo-related terms even at 300 K, and the contributions of the
B1- and y-related terms are quite small, which is consistent
with the above discussion.

Finally, we refer to the roles of extrinsic and intrinsic
contributions for the AHE and ANE of the present Py thin
films. Earlier studies [49,50] suggested that the ANE also had
different mechanisms like the AHE: the extrinsic contribu-
tions, i.e., skew scattering and side jump, and the intrinsic
contribution. As discussed above, the extrinsic and intrinsic
contributions are comparable in the AHE of Py, which causes
the sign reversal of p,, with ¢. On the other hand, the Sy term
related to oy, is dominant in the ANE of Py, and o, is almost
independent of 7. Although the amount of each contribution is
unknown, these results suggest that the extrinsic and intrinsic
contributions to oy, are completely different from those to py,.
It remains a challenge for future research to experimentally
separate these contributions to oy, and to clarify the strategy
to enhance the ANE.

IV. CONCLUSIONS

This paper reported a comprehensive study on the ¢ de-
pendence of the longitudinal and transverse electric and
thermoelectric properties in the Py thin films. While p,, grad-
ually decreases with decreasing ¢ and its sign changed around
t = 9nm, Sang shows almost a constant value regardless of
t. The LIT measurement of the AEE in the wedged film
confirmed that Saong changes moderately even in the thickness
region around £ = 9 nm. In Py thin films, the Sy contribution is
dominant, whereas the Sy contribution is negligibly small in
the thickness range of 5-12 nm. «,, is almost independent of ¢,
indicating that the finite size effect does not appear remarkable
in the ¢ dependence of a,. To clarify the difference in the
t-dependent behavior of p,, and a,,, the origin of the sign
reversal in p,, with varying ¢t was investigated. The scaling
relation between p,, and py, led to the fact that the sign
change in p,, is due to the competing contribution of the skew
scattering term and the sum of the side jump and intrinsic
terms. These results suggest that the extrinsic and intrinsic
contributions to oy, and py, are apparently different in the Py
film. Our results provide useful knowledge about the anoma-
lous transport and thermoelectric properties for Py, which is
a representative ferromagnetic material for many spintronic
devices.
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APPENDIX A: TEMPERATURE CALIBRATION FOR THE
MEASUREMENT OF THE SE AND ANE

The measurement setup for the SE and ANE is shown in
Fig. 9 [51]. The sample was fixed on two Cu blocks with
thermal grease. A temperature gradient along the x direction
was applied by heating one side of the Cu block using the chip
heater, where the other side of the Cu block worked as the heat
sink. We quantitatively evaluated the temperature difference
AT and temperature gradient VT by the following procedure.
When the thermoelectric voltage was measured, an AC charge
current was also applied to the on-chip thermometers con-
nected in series, and AC voltages of two thermometers (V)
and V,) were measured. By using the temperature coefficient
of resistance for each on-chip thermometer, V| and V, were
converted to the temperatures at the positions of thermome-
ters 71 and T,, respectively. As a result, AT (=T, —T})
between the on-chip thermometers and VT (= AT/l) were
obtained.
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On-chip thermometer

hip heater,

Bakelite

FIG. 9. Measurement setup for the Seebeck effect and anoma-
lous Nernst effect. H and VT denote the magnetic field and
temperature gradient, respectively.

APPENDIX B: ANALYSIS OF THE THICKNESS
DEPENDENCE OF THE ANOMALOUS HALL
RESISTIVITY AT 300 K

We calculate the contributions of all scaling parameters
to pye at 300 K. In a manner like Eq. (5), we denote
the second, third_, and fourth terms of phe right-hand side
of Eq. (3) as o™ (= Bopde)s o™ (=¥ Peropst),
and pJ™"" (= B1p2 ), respectively. While piit ™" is the
sum of the side jump contribution due to static scattering
sources and the intrinsic contribution, py; " and pyHnA
include the phonon-induced side jump contribution. Fig-

i-pint, il
ure 10 shows the ¢ dependence of py,, pys)s(’ p)Sgcﬂn ﬂg’ ;gjm 2
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0.6} _ ﬂ g
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FIG. 10. Thickness ¢ dependence of the anomalous Hall resistiv-
ity pyes O35, TP, pIHYY and p P at 300 K. The inset shows

t dependence of the absolute values of Oy pﬂ“m*ﬂ% pSHinty - and
Sj-Hint, B ’
Py

and pIt™# at 300 K. The inset of Fig. 10 shows the

ss sj+int, By sj+int,y
dependence of the absolute values of Pyxs Pyx > Pyx ,

and "™ Comparing with o3 and o3k, the contribu-

tions of p"™7 and "™ are negligibly small. This result

indicates that the sign change of p,, is mainly determined by
the magnitude of «- and By-related terms even at 300 K, and
the B;- and y-related terms hardly affect the sign change of

Pyx-
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