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Coherent-incoherent crossover of the intrinsic spin Hall effect in Pd
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We report the coherent-incoherent crossover of the spin Hall effect in Pd. By measuring spin-orbit torques
generated by oxygen-incorporated Pd films, we find two distinct regimes of the spin Hall effect; one in which the
spin Hall conductivity is insensitive to the electric conductivity, and the other in which the spin Hall conductivity
decreases with decreasing electric conductivity. The crossover between the two regimes is consistent with
the prediction of the coherent-incoherent crossover of the spin Hall effect, which is analogous to that of the
anomalous Hall effect. Unlike the anomalous Hall effect, for which the crossover has been observed for a wide
class of ferromagnets, the crossover of the spin Hall effect has been confirmed only for Pt and Pt-based alloys.
The observation of the crossover of the spin Hall effect for Pd supports the generality of this phenomenon,
illustrating an important correspondence between the spin Hall effect and the anomalous Hall effect.
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I. INTRODUCTION

Spin-orbit coupling is responsible for a variety of phe-
nomena in magnetism and spintronics [1]. One of intriguing
phenomena arising from the spin-orbit coupling is the spin
Hall effect, which was theoretically predicted about half a cen-
tury ago [2]. The spin Hall effect converts a charge current into
a spin current and vice versa, enabling electric generation and
detection of spin currents [3–10]. This effect has been central
in the recent discoveries of spin-orbit coupling phenomena in
spintronics [11].

The spin Hall effect originates from the extrinsic scattering
or the intrinsic Berry curvature mechanisms [11–14]. The
extrinsic contribution to the spin Hall effect is dominant only
in superclean systems because this contribution is strongly di-
minished by carrier scattering. In most heavy metals, the spin
Hall effect is dominated by the intrinsic mechanism, which
is robust against carrier scattering when the scattering time is
sufficiently long [11]. In this regime, the intrinsic spin Hall
conductivity is governed by interband excitations between
spin-orbit split bands [15], and the intrinsic spin Hall conduc-
tivity is insensitive to carrier scattering. By further decreasing
the carrier scattering time, the system enters the incoherent
regime. In this regime, the spin Hall conductivity decreases
with decreasing scattering time because the scattering limits
the interband excitation that governs the intrinsic spin Hall
effect [16]. The crossover between the coherent and incoher-
ent regimes has been observed for the anomalous Hall effect,
which shares the same mechanism as the spin Hall effect [17].
The observation of the crossover of the anomalous Hall effect
for a wide class of ferromagnets demonstrates the generality
of this phenomenon, providing important information for the
fundamental understanding of spin-transport physics.
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The crossover of the spin Hall effect has recently been
demonstrated experimentally [18–22]. This finding illustrates
an important correspondence between the spin and anoma-
lous Hall effects. However, unlike the anomalous Hall effect,
which has been investigated for a wide class of ferromagnets
[23–25], the crossover of the spin Hall effect has been con-
firmed only for Pt and Pt-based alloys. Despite the theoretical
prediction that the coherent-incoherent crossover of the spin
Hall effect is ubiquitous in many transition metals [16], ex-
perimental evidence of the generality of the crossover is still
lacking.

In this work, we demonstrate the coherent-incoherent
crossover of the spin Hall effect in Pd. We investigate the spin
Hall effect in Pd by measuring the spin-torque ferromagnetic
resonance (ST-FMR) for Ni81Fe19/Pd films, where the electric
conductivity of Pt films is varied by incorporating oxygen.
Recently, it has been shown that oxygen incorporation of-
fers an effective way to manipulate the effective spin Hall
conductivity of metals [26–32]. We find a rapid decay of
the spin Hall conductivity with decreasing conductivity for
oxygen-incorporated Pd films, where the oxygen atoms are
primarily dispersed in the Pd layer as intersite impurities.
The suppression of the spin Hall conductivity is consistent
with the prediction of the spin Hall effect in the dirty regime
where the carrier scattering limits the interband excitation that
governs the intrinsic spin Hall effect. This result demonstrates
the generality of the coherent-incoherent crossover of the spin
Hall effect.

II. EXPERIMENTAL DETAILS

A. Sample characteristics

The devices used for the ST-FMR measurements are thin
films consisting of a 1-nm-thick TiO2 layer, followed by
a 10-nm-thick oxygen-incorporated Pd, Pd(O), layer, and a
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FIG. 1. (a) The Pd 3d5/2 XPS spectra for the Pd film with Q =
0% and Pd(O) films with Q = 2%, 3%, and 6%. The binding energy
of 3d5/2 is 335.3 ± 0.2 eV for Pd and 336.3 ± 0.2 eV for PdO [33].
(b) The XRD patterns from the Pd film with Q = 0% and Pd(O) films
with Q = 2% and 3%. (c) Q dependence of the electric resistivity ρ

of the Pd(O) films. (d) The temperature T dependence of the electric
resistivity ρ of the Pd film with Q = 0% and Pd(O) films with Q =
2% and 3%. For the resistivity measurements, 10-nm-thick Pd(O)
films were patterned into Hall bars with a width of 20 μm and a
length of 80 μm. The resistance was measured by the conventional
four-probe method.

8-nm-thick Ni81Fe19 layer, capped with a 3-nm-thick SiO2

layer. The films, except for the deposition of the Pd(O) layer,
were grown on thermally oxidized SiO2 substrates by radio
frequency (rf) magnetron sputtering by applying argon gas
with a flow rate of 10 standard cubic centimeters per minute
(sccm). The Pd(O) layer was sputtered in the mixture of argon
and oxygen gas. The ratio Q of the oxygen gas flow rate to
the total gas flow rate was varied from 0% to 3%, where the
total gas flow rate was fixed at 10 sccm. The base pressure in
the chamber before the deposition was better than 1 × 105 Pa
and the deposition pressure was 0.24 Pa. The thicknesses
of each layer were controlled by the deposition time with
precalibrated deposition rates.

For the Pd(O) films, the chemical profile was investigated
using x-ray photoelectron spectroscopy (XPS) with Mg Kα

radiation (1253.6 eV) and a hemispherical energy analyzer
(transit energy: 10 eV, resolution: 0.03 eV). Figure 1(a) shows
the Pd 3d5/2 XPS spectra for the Pd films fabricated with dif-
ferent Q. This result shows that only the Pd peak is observed
for the Pd film with Q = 0% and Pd(O) film with Q = 2%.

By further increasing Q, the PdO peak appears in addition to
the Pd peak. This result also shows that the ratio of PdO to Pd
increases with increasing Q.

To investigate the microstructure of the Pd(O) films, the
x-ray diffraction (XRD) was measured using Cu Kα (λ =
1.5405 Å) radiation by changing the irradiation angle from
10◦ to 70◦ in 0.01◦ steps, as shown in Fig. 1(b). For the Pd
film with Q = 0% and Pd(O) film with Q = 2%, we find the
XRD peaks at around 39.3◦ and 46.7◦. These peaks are at-
tributed to Pd(111) and Pd(200), respectively [34], indicating
that the crystallinity of the Pd film is unchanged by the oxygen
incorporation for Q � 2%. These XRD peaks disappear by
increasing Q; for the Pd(O) film with Q = 3%, we find the
XRD peak at around 33.9◦, which corresponds to PdO(101)
[35,36].

The XPS and XRD results suggest that, for Q � 2%, the
oxygen atoms are primarily dispersed in the Pd film as inter-
site impurities rather than being substituted into the Pd lattice.
The formation of PdO is non-negligible only for Q > 2%.
To confirm this, we also measured Q and temperature T de-
pendence of the electric resistivity ρ of the Pd(O) films. In
Fig. 1(c), we show the Q dependence of ρ. This result shows
that ρ increases with increasing Q, supporting that the oxygen
concentration in the Pd film is controlled by Q. In Fig. 1(d),
we show the T dependence of ρ. This result shows that, for
the Pd film with Q = 0% and the Pd(O) film with Q = 2%,
ρ decreases with decreasing T . This metallic behavior of the
resistivity supports the idea that the oxygen atoms are primar-
ily dispersed in the Pd as intersite impurities, and the essential
band structure of Pd is maintained. The T dependence of ρ

changes by increasing Q from 2% to 3%; ρ increases with
decreasing T for the Pd(O) film with Q = 3%, as shown in
Fig. 1(d). This semiconductor-like behavior of the resistivity
is consistent with the formation of PdO for Q = 3%. For the
ST-FMR study, we focus on the Pd and Pd(O) films with
Q � 2%, where the oxygen atoms are primarily dispersed
in the Pd film as intersite impurities, and the essential band
structure of Pd is maintained.

B. Spin-torque ferromagnetic resonance

For the ST-FMR measurement, the Ni81Fe19/Pd(O) films
were patterned into 100 μm × 10 μm stripes using the pho-
tolithography and liftoff techniques. Figure 2(a) shows a
schematic illustration of the ST-FMR device, where a rf cur-
rent was applied along the longitudinal direction of the device,
and an in-plane magnetic field H was applied at an angle of
45◦ from the longitudinal direction. In the device, the resis-
tivity of the Pd(O) films with Q � 2% is comparable to that
of Ni81Fe19, 106 μ� cm [see also Fig. 1(c)]. The rf current
flowing in the Pd(O) layer generates spin-orbit torques, in-
cluding the damping-like (DL) torque and the field-like (FL)
torque. These torques, as well as the Oersted field, drive the
precession of the magnetization in the Ni81Fe19 layer. The
precessing magnetization results in an oscillation of the device
resistance due to the anisotropic magnetoresistance (AMR).
We measured a direct current (dc) voltage Vmix arising from
the mixing of the rf charge current and oscillating resistance
using a bias tee at room temperature.
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FIG. 2. (a) Schematic of the SiO2(2 nm)/Ni81Fe19(8
nm)/Pd(O)(10 nm)/Ti(1 nm) device structure. (b) The ST-FMR
spectra Vmix for the Ni81Fe19/Pd film with Q = 0% at the frequency
from 5.0 to 10 GHz. The applied microwave power is 24.7 dBm.

III. RESULTS AND DISCUSSION

Figure 2(b) shows the Vmix spectra for the Ni81Fe19/Pd film
with Q = 0% at frequencies f varied from 5.0 to 10 GHz. This
result shows that the Vmix signal changes with f , consistent
with the prediction of the voltage generation induced by the
ST-FMR. Here, the ST-FMR signal Vmix is expressed as [37]

Vmix = VS
W 2

(μ0H − μ0HR)2 + W 2

+ VA
W (μ0H − μ0HR)

(μ0H − μ0HR)2 + W 2
, (1)

where VS and VA are the magnitudes of the symmetric and
antisymmetric components, respectively. W is the linewidth,
and HR is the FMR field.

In Figs. 3(a) and 3(b), we show fitting results for the Vmix

spectra using Eq. (1) for the Ni81Fe19/Pd film with Q = 0%
and Ni81Fe19/Pd(O) film with Q = 2.0%. The fitting results in
Figs. 3(a) and 3(b) show that the symmetric component VS is
almost unchanged, while the antisymmetric component VA is
clearly suppressed by the oxygen incorporation. To character-
ize the change in VS and VA, we calculate the FMR spin-orbit
torque efficiency [37],

ξFMR = VS

VA

e

h̄
μ0MstFMdNM

√
1 + Meff

HR
, (2)

where e is the elementary charge and h̄ is the reduced
Planck constant. tFM and dNM represent the thicknesses of
the Ni81Fe19 and Pd(O) layers, respectively. The saturation
magnetization Ms and the effective demagnetization field
4πMeff can be determined from the relation between f

FIG. 3. The ST-FMR spectrum for the (a) Pd film with Q = 0%
and (b) Pd(O) film with Q = 2% at 7 GHz. The symmetric and
antisymmetric components of the fitting results are plotted corre-
spondingly. (c) The relation between the frequency f of the applied
current and the FMR field HR. The open circles in red (Q = 0%) and
black (Q = 2%) are the experimental data. The solid curves are the
fitting result using the Kittel formula. (d) The f dependence of the
FMR spin-orbit torque efficiency ξFMR for the Ni81Fe19/Pd film with
Q = 0% and Ni81Fe19/Pd(O) film with Q = 2.0%.

and HR, shown in Fig. 3(c), using the Kittel formula f =
γ

2π

√
μ0HR(μ0HR + μ0Meff ), where γ is the gyromagnetic

ratio. Using the extracted parameters, we plot the f depen-
dence of ξFMR in Fig. 3(d). This result demonstrates that
ξFMR is independent of f , which supports that the observed
Vmix signals are dominated by the ST-FMR; the inverse spin
Hall voltage induced by spin pumping and thermoelectric
effects are negligible in the measured signals [38,39]. We
also note that ξFMR is enhanced by the oxygen incorporation;
the average value of ξFMR is ξFMR = 0.0058 ± 0.0007 for the
Ni81Fe19/Pd film with Q = 0% and ξFMR = 0.0204 ± 0.0011
for the Ni81Fe19/Pd(O) film with Q = 2%. Here, ξFMR corre-
sponds to the effective spin Hall angle when the FL torque
is negligible [40], suggesting that the effective spin Hall
angle is enhanced by the oxygen incorporation. However,
the FL torque has been suggested to be non-negligible in
ferromagnetic-metal/Pd films [41], and thus it is necessary
to disentangle the Oersted field and FL effective field in the
Ni81Fe19/Pd and Ni81Fe19/Pd(O) films, as discussed below.

We determine the DL effective field HDL and the FL ef-
fective field HFL for the Ni81Fe19/Pd and Ni81Fe19/Pd(O)
films. In the ST-FMR spectra, the symmetric component VS

is proportional to HDL as [42]

VS = Irf	R

2
Asymμ0HDL sin θ, (3)
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FIG. 4. (a) The ST-FMR spectra for the Ni81Fe19/Pd(O) films
with different Q at 7 GHz. The open circles are the experimental
data, and the solid curves are the fitting result using Eq. (1). (b) The
ST-FMR spectrum for the SiO2/Ni81Fe19/SiO2-substrate device at
7 GHz. (c) The Q dependence of the rf current in the Pd(O) layer,
INM. (d) The Q dependence of the electric conductivity σ of the Pd(O)
films. (e) The Q dependence of the DL and FL torque efficiency, ξDL

and ξFL, for the Ni81Fe19/Pd(O) film. (f) The Pd(O)-layer conductiv-
ity σ dependence of ξDL and ξFL for the Ni81Fe19/Pd(O) film.

while the antisymmetric component VA is proportional to the
sum of HFL and the Oersted field hOe as

VA = Irf	R

2
Aantisym(μ0HFL + μ0hOe) cos θ, (4)

where 	R and θ are the AMR amplitude of the device
and the angle between the magnetization and the flow di-
rection of the rf current, respectively. Irf = IFM + INM is
the rf current flowing in the device, where IFM and INM

are the rf current in the Ni81Fe19 and Pd(O) layers, re-
spectively. Asym and Aantisym are coefficients described as
Asym = γ (HR + Meff )HR/[ωW (2HR + Meff )] and Aantisym =
(HR + Meff )/[W (2HR + Meff )], where ω = 2π f . We deter-
mined Irf by monitoring the resistance change due to the
Joule heating [42], and 	R by assuming a parallel resistor
model. The Oersted field hOe can be estimated using μ0hOe =
μ0INM/2(w + d ). w and d are the width and thickness of
the Pd(O) layer, respectively. In Fig. 4(a), we show typical
ST-FMR signals for the devices with different Q. We have
also confirmed that the ST-FMR signal is negligible in a
SiO2/Ni81Fe19 film, fabricated on a SiO2 substrate, as shown
in Fig. 4(b). This result supports the idea that the Vmix signals
observed for the Ni81Fe19/Pd(O) films are dominated by the
current-induced torques originating from the Pd(O) layer. Us-
ing the measured values of VS and VA with Eqs. (3) and (4),
we obtain the DL(FL) torque efficiencies [40],

ξDL(FL) = 2e

h̄
μ0MstFM

HDL(FL)

jNM
, (5)

where jNM is the current density in the Pd(O) layer. The Q
dependence of the rf current in the Pd(O) layer, INM, and
the electric conductivity σ of the Pd(O) films are shown in
Figs. 4(c) and 4(d), respectively. In Figs. 4(e) and 4(f), we plot
ξDL and ξFL with respect to Q and the electric conductivity σ

of the Pd(O) layer. Here, the DL and FL torque efficiencies
for the Ni81Fe19/Pd film with Q = 0% are ξDL = 0.0194 ±
0.0043 and ξFL = 0.0299 ± 0.0068, respectively. These val-
ues are consistent with a previous report [41].

Figure 4(e) shows that ξDL increases while ξFL decreases
with Q for Q < 0.5%. By further increasing Q, both ξDL

and ξFL decreases with Q. In particular, ξFL decays rapidly
with increasing Q or decreasing σ . In Ni81Fe19/Pd films,
the dominant mechanism for the DL-torque generation is the
spin Hall effect in the Pd layer but the DL torque originating
from the Ni81Fe19/Pd interface is also non-negligible [44,45].
The sizable FL torque for Q < 1% is consistent with the
non-negligible interfacial contribution because the interfacial
spin-orbit coupling is the primary source of the FL torque
in metallic systems [46]. The clear suppression of the FL
torque suggests that the interfacial contribution to the spin-
orbit torques decreases with the oxygen incorporation in the
Pd layer.

The maximization of ξDL, shown in Figs. 4(e) and 4(f),
can be attributed to a nonmonotonic variation of the spin Hall
conductivity σSH of the Pd layer with respect to the oxygen
incorporation. We assume that the DL torque efficiency is ex-
pressed as ξDL = TintσSH/σ , since the dominant contribution
to the DL torque is the bulk spin Hall effect in Ni81Fe19/Pd
films [41]. For the bilayer, the spin transparency at the inter-
face, Tint, is expressed as [47]

Tint = G↑↓ tanh
( dNM

2λNM

)
G↑↓ coth

( dNM
λNM

) + GNM
2

, (6)

where GNM = σ/λNM, dNM, and λNM are the spin conduc-
tance, the thickness, and the spin relaxation length of the
Pd(O) layer, respectively [48]. The spin mixing conduc-
tance at the interface G↑↓ can be determined by measuring
the Ni81Fe19-layer thickness tFM dependence of the mag-
netic damping constant α = γ h̄g↑↓

eff/(4πMst eff
FM) + α0, for the

Ni81Fe19/Pd(O) films using

G↑↓ =
GNM

2
e2

h g↑↓
eff

GNM
2 − e2

h g↑↓
eff coth

( dNM
λNM

) , (7)

where g↑↓
eff is the effective spin-mixing conductance, α0 is the

intrinsic damping of the Ni81Fe19 layer, and h is the Planck
constant. Assuming that the spin relaxation in the Pd(O) layer
is dominated by the Elliott-Yafet mechanism, we estimate the
spin diffusion length λNM for the Pt(O) layers with different
Q from the conductivity σ using λNM/σ = 1.0 × 10−15 � m2

[48]. Using measured values of g↑↓
eff with the estimated λNM,

we determined Tint for the films with different Q. Figure 5(a)
shows the relation between the electric conductivity σ and
the spin Hall conductivity σSH for the Pd(O) films, obtained
under the above assumption. This result shows that σSH is
almost constant for σ > 2 × 104 �−1 cm−1, whereas σSH de-
creases with decreasing σ for σ < 2 × 104 �−1 cm−1. The
distinct difference in the variation of σSH between the different
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FIG. 5. (a) The relation between the electric conductivity σ and
the spin Hall conductivity σSH for the oxygen-incorporated Pd films
(red circles). The dashed line represents 2 × 104 �−1 cm−1, where
the transition of the coherent to the incoherent regime is expected.
For comparison, σSH of Pt and Pt alloys are also plotted (open
triangles); PtN films [20]; PtxMgO1−x films [19]; AuPt films [43];
Pt films [18,21]. σSH ∝ σ 1.6 and σSH ∝ σ 2 are suggested by theories
of the anomalous and spin Hall effects [16,17]. (b) The dependence
of ξFL/ξDL on σ for the Ni81Fe19/Pd(O) films.

conductivity regimes gives rise to the maximization of ξDL

around σ = 2 × 104 �−1 cm−1.
The variation of the spin Hall conductivity shown in

Fig. 5(a) is consistent with the prediction of the coherent-
incoherent crossover of the intrinsic spin Hall effect in the
Pd layer. In the conductivity range in Fig. 5(a), the spin Hall
effect is dominated by the intrinsic mechanism. In the intrinsic
mechanism, the spin Hall conductivity is insensitive to scat-
tering, i.e., impurities and disorder, in the moderately dirty
regime where the carrier scattering time is sufficiently long.
The reason for this is that, when the carrier scattering time τ

is sufficiently long, the intrinsic spin Hall conductivity is gov-
erned by the lifetime of the interband excitation, τb = h̄/	,
where 	 is the band splitting width [16,25]. The observation
that the intrinsic spin Hall conductivity is almost independent
of σ for σ > 2 × 104 �−1 cm−1 is consistent with this sce-
nario. This situation changes when τ is shorter than h̄/	. In
this dirty regime, the spin Hall conductivity decreases with
decreasing τ , or σ , since the carrier scattering limits the in-
terband excitation that governs the intrinsic spin Hall effect
[16]. For transition metals, such as Pd, h̄/	 corresponds to
around [16] σ = 2 × 104 �−1 cm−1, suggesting that observed
variation of σSH for the oxygen-incorporated Pd films is con-
sistent with the crossover between the coherent and incoherent
regimes of the spin Hall effect. Here, the spin Hall conductiv-
ity for Q = 0% is larger than σSH = 3.5 × 104 �−1 m−1 for
Pd obtained from ab initio calculations [49]. This suggests
that, although the dominant mechanism of the DL torque is
the spin Hall effect, a DL torque originating from the inter-

facial spin-orbit coupling cannot be completely neglected in
the measured values of ξDL. The small variation of σSH for
σ > 2 × 104 �−1 cm−1 in Fig. 5(a) can be attributed to the
variation of the interface contribution. Because of the non-
negligible interfacial contribution, g↑↓

eff can also be affected by
the spin memory loss, suggesting that the estimated Tint is the
lower bound.

In contrast, the interface contribution can be negligible
for σ < 2 × 104 �−1 cm−1, which is suggested by the neg-
ligible ξFL/ξDL, as shown in Fig. 5(b); the bulk spin Hall
effect mainly generates the DL torque, while the interfa-
cial spin-orbit coupling mainly generates the FL torque [46],
suggesting that the FL torque is much weaker than the DL
torque in a system with a negligible interfacial contribution.
This supports the idea that the suppression of σSH for σ <

2 × 104 �−1 cm−1 is induced by the suppression of the spin
Hall conductivity with decreasing σ .

Here, the observed variation of the spin Hall conductivity
cannot be attributed to a change of the extrinsic contribution
to the spin Hall effect induced by the oxygen incorpora-
tion. The reason for this is that the extrinsic contribution
can be significant only when the conductivity is higher than
around 6 × 104 �−1 cm−1 because the extrinsic contribution
increases with increasing the conductivity, while the intrinsic
contribution is insensitive to the conductivity in the coherent
regime [18]. The conductivity of the Pd(O) films used in
the present study is lower than 4 × 104 �−1 cm−1, showing
that the dominant mechanism of the spin Hall effect is the
intrinsic mechanism. The dominant role of the intrinsic spin
Hall effect in the Pd(O) layer is supported by the idea that the
spin Hall conductivity is insensitive to the conductivity when
the conductivity is varied from 2 × 104 to 4 × 104 �−1 cm−1.
Since the intrinsic mechanism dominates the spin Hall effect
in the Pd(O) film, a possible suppression of the extrinsic
contribution due to the oxygen incorporation can be neglected,
compared with the larger intrinsic contribution.

IV. CONCLUSIONS

In summary, we have investigated the spin-orbit torques
generated by oxygen-incorporated Pd, Pd(O). We found that
the FL torque is strongly suppressed by the oxygen incor-
poration, which can be attributed to the suppression of the
spin-orbit torque originating from the Ni81Fe19/Pd interface.
Contrary to the FL torque, the DL torque survives in the
Ni81Fe19/Pd(O). We observed that the spin Hall conductiv-
ity, determined from the DL torque, is almost unchanged
in the devices where the electric conductivity σ is higher
than 2 × 104 �−1 cm−1. By further decreasing the conduc-
tivity through the oxygen incorporation, we found that the
spin Hall conductivity decreases with decreasing the con-
ductivity. The clear difference in the variation of the spin
Hall conductivity can be attributed to the coherent-incoherent
crossover of the spin Hall effect. In the Pd(O) films with
σ > 2 × 104 �−1 cm−1, the spin Hall conductivity is gov-
erned by the interband excitation. In contrast, in the Pd(O)
films with σ < 2 × 104 �−1 cm−1, the spin Hall conductivity
is suppressed by the disorder since the carrier scattering limits
the interband excitation that governs the intrinsic spin Hall
effect. Although the coherent-incoherent crossover of the spin
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Hall effect is predicted to be universal in many transition
metals [16], it has been observed only for Pt and Pt-based
alloys. The observation of the crossover of the spin Hall effect
for Pd supports the generality of this phenomenon, illustrating
an important correspondence between the spin Hall effect and
the anomalous Hall effect.

For a fundamental understanding of the spin Hall effect,
systematic experimental studies on the scaling in various
materials are indispensable. In fact, the microscopic un-
derstanding of the anomalous Hall effect has been derived
from the discovery of the unified experimental scaling of the
anomalous Hall conductivity in a diverse set of materials.

Thus, our result provides important information for a better
understanding of the spin Hall effect.
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