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D
o

Spin Hall angle (qSH) and spin diffusion length (lsd) are the key parameters in describing the spin-charge conversion,
which is an integral part of spintronics. Despite their importance and much effort devoted to quantifying them, signif-
icant inconsistencies in the reported values for the same given material exist. We report a self-consistent method to
quantify both qSH andlsd of nonmagneticmaterials by spinpumpingwith various ferromagnetic (FM) pumping sources.
We characterize the spin-charge conversion for Pt and Pd with various FM combinations using (i) effective spin-mixing
conductance, (ii) microwave photoresistance, and (iii) inverse spin Hall effect measurements and find that the pumped
spin current suffers an interfacial spin loss (ISL), whosemagnitude varies for different interfaces. By properly treating the
ISL effect, we obtained consistent values of qSH and lsd for both Pt and Pd regardless of the ferromagnet used.
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INTRODUCTION
Pure spin currents carry information with minimum power dissipa-
tion because they are not accompanied by net charge currents or stray
Oersted fields (1). Thus, the study of pure spin currents has recently
attracted great interest (2–9). For the application of novel low-power
devices using pure spin currents and their integration with present-
day charge-based technologies, an understanding of the interconversion
between spin and charge currents is of critical importance. To date, var-
ious approaches, including the spin Hall effect (SHE) (10), spin
pumping (5), and spin Seebeck effect (6), have been used to obtain pure
spin currents. For the detection of a pure spin current, the inverse SHE
(ISHE) is the most commonly used method. Overall, the interconver-
sion can be described by JS ¼ ħ

2e qSHJC�s (SHE) and JC ¼ 2e
ħ qSHJS �

s (ISHE), where JS(C) is the spin (charge) current, ħ is the reduced Planck’s
constant, e is the electron charge,s denotes the direction of spin index,
and qSH is the spin Hall angle, which quantifies the conversion effi-
ciency between charge and spin currents. Typically, the measurement
of qSH is entangled with another important material parameter, the
spin diffusion length (lsd), which quantifies the decay behavior of
the pure spin current along with its propagation. Both qSH and lsd
are critical parameters for spintronic applications, and they can be
measured via nonlocal magnetotransport (7), ferromagnetic reso-
nance (FMR)–based spin pumping (8, 11, 12), or spin-torque (ST)–
FMR (13, 14). However, significant inconsistencies in the reported
values of qSH and lsd exist (see section S1) even when the same tech-
nique is used. For example, for platinum (Pt), these values scatter by
more than one order of magnitude: qSH values range from 0.01 to 0.20,
and lsd values range from 1 to 10 nm. Recent studies point out that
pure spin currents can be depolarized at multilayer interfaces, affecting
the estimates of qSH andlsd (14–20). The existence of interfacial dissipa-
tion of a spin-polarized current was originally proposed and identified
as spinmemory loss (SML) in the study of current-perpendicular-to-plane
(CPP) giant magnetoresistance (21). Rojas-Sánchez et al. (15) combined
the SML model with spin pumping measurements and estimated qSH
and lsd for Pt as 0.056 ± 0.01 and 3.4 ± 0.4 nm, respectively. First-
principles calculations confirm that a considerable part of the pumped
spin current dissipates at the permalloy (Py)/Pt interface (16). Chen and
Zhang (17) revisited the spin pumping theory, including the spin-orbit
coupling (SOC) at the interface, and found a discontinuity in the spin cur-
rent at the interface. Amin and Stiles (19) used a generalizedmagnetoelec-
tronic circuit to investigate spin transport through the interface and
found a similar effect. Considering a parameter denoting the transpar-
ency of the interface, Zhang et al. (14) investigated Pt with ST-FMR and
reportedmuch larger qSH values (0.19 ± 0.04) and smaller lsd values (1.4 ±
0.2 nm). This small spin diffusion length is incompatible with the funda-
mental spin diffusion theory, in which the spin diffusion length must be
larger than the electronmean freepath lmf (22,23).Given a conductivity of
15 or 17microhm·cm for Pt reported in the two experiments (14, 15), lmf is
calculated as 5.2 or 4.6 nm (24), respectively. However, these values are
much larger, not smaller, than the reported lsd value. This reversed relation
suggests that accurate measurements of qSH and lsd still remain elusive.

Here, we systematically study the spin pumping–induced ISHE for a
series of FM/nonmagnetic material (NM) bilayer combinations (where
FM = Co, Py, or Co50Fe50 denoted as CoFe) as a function of NM layer
thicknesses (tN) via (i) effective spin-mixing conductance g↑↓eff, (ii)micro-
wave photoresistance, and (iii) ISHEvoltagemeasurements.We found that
the ISHE-generated charge current increases with increasing tN and satu-
rates at ~40 nm for all three FM/Pt systems. The measured g↑↓eff values
also increase with tN but saturate at a rather small thickness, tN ~ 2 nm,
similar to that reported previously (8, 12). However, marked differences
between the tN-dependent g

↑↓
eff values are found when tN < 1.5 nm for

different FM/Pt combinations. When it is assumed that there is a zero
spin loss at the interface, the values of qSH and lsd rely on the FM/Pt
combinations. This inconsistency indicates the importance of spin loss
at the interface, as qSH should be an intrinsic parameter of Pt irrelevant
of FM/Pt interfaces. Consistent values of qSH = 0.030 ± 0.002 and lsd =
8.0 ± 0.5 nm are obtained for Pt in the three bilayer systems when using
a slightly modified model given by Chen and Zhang (17, 18). With the
1 of 7
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same approach, consistent values of qSH≈ 0.0048 ± 0.0004 and lsd = 7.7 ±
0.5 nm are also obtained for Pd in the Py/Pd, Co/Pd, and CoFe/Pd sys-
tems. The expected relation of lsd > lmf is confirmed for both Pt and Pd,
consistent with the general understanding. Moreover, we also found
that both Co/Pd and Py/Pd interfaces are almost transparent to pure
spin currents. The finding of highly transparent interfaces has strong
potential for spintronic applications.
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RESULTS AND DISCUSSION
Concept of interface spin loss
Figure 1 presents a schematic of spin pumping and ISHEmeasurements
with an interfacial spin loss (ISL), where panels A and B show the three-
dimensional (3D) and cross-sectional views, respectively. Upon radio
frequency (rf) excitation, the magnetization of the FM layer precesses
and pumps a pure spin current JS at the FM side of the interface. JS is par-
tially absorbed at the interface due to the interfacial SOC and disorder
(17, 18). This results in a pure spin current with reduced amplitude, JSN,
which further diffuses in theNM layer and induces a charge current via the
ISHE.Thepure spin current absorbed at the interfacemayalso contribute a
charge current via the inverse Edelstein effect (25, 26), depending on the
strengthof the interfacial SOCanddisorder. Themodel is analogous to, but
different from, the SMLmodel used by Rojas-Sánchez et al. (15). The SML
model uses the external interface parameters estimated from theCPPmag-
netoresistance study of FM/NM multilayers. As will be shown below, the
ISL model self-consistently quantifies the spin loss at the interface via a
combination of tN-dependent g

↑↓
eff and VSP

ISHE measurements only.

Spin pumping–induced voltage, processing angle,
and effective spin-mixing conductance
Figure 2 presents typical measurements using Co (20 nm)/Pt (15 nm)
(to avoid redundancy, we skip the unit and denote it as Co20/Pt15
hereafter) as an example. We took these types of measurements for a
series of FM/NMbilayer combinations as functions of tN.Wemeasured
VSP
ISHEðHÞ for different frequencies (f ) at q = 90° and 270°, where the

ISHE voltage has a maximum amplitude and the unwanted spin recti-
fication effect is minimized (12, 27). We also demonstrate that self-
pumping and thermal effect contribute negligibly to the measured
voltage, and the obtained signal is dominated by spin pumping–
induced ISHE (see section S2). In addition, we also performed control
experiments with CoFeB10/Ta5 and CoFeB10/Pt5. The measured
voltage with CoFeB10/Pt5 has the same sign as that with Co/Pt but
the opposite sign of that with CoFeB10/Ta5. This also proves that
Tao et al., Sci. Adv. 2018;4 : eaat1670 22 June 2018
the measured signals are dominant by spin pumping–induced ISHE
because Ta and Pt have opposite signs in the spin Hall angle. As shown
in Fig. 2A, the measured curves exhibit symmetric Lorentzian shape
and have an opposite sign whenH is reversed, as expected for the pure
spin pumping–induced ISHE signals. One may notice that the ampli-
tudes are different at different frequencies. The amplitude at 9 GHz is
about two times larger than that at 10 and 11 GHz. The spin pumping
theory (28), however, predicted that the spin pumping signal should be
proportional to f. In addition, the absolute values of the amplitudes are
also different at q = 90° and 270°. For example, at 9 GHz, the absolute
value is 12.4 mV at q = 90°, but 9.1 mV at q = 270°. We find that this is
due to the different actual power acting on the sample at different fre-
quencies and different q values, although the input power is the same. To
quantify the active microwave power on the sample, we measured the
in- and out-of-plane precession angles of the FM layer (a1 and b1, respec-
tively) during spin pumping via microwave photoresistance mea-
surements on the same sample and with the same input microwave
power (12). The measured H-dependent microwave photoresistance
DRF=N

MWðHÞ for Co20/Pt15 with f = 9 GHz at both q = 90° and 270°
are plotted in Fig. 2B. It shows different amplitudes, that is, different
a1 and b1 for q = 90° and 270°. Together with the anisotropic magne-
toresistance measurements, we calculated the product of both preces-
sing angles: a1b1, which is directly proportional to the microwave
power acting on the sample. We defined a normalized ISHE signal,
which is the ISHE voltage normalized by the precession angles,

~VSP
ISHEðHÞ ¼ VSP

ISHEðHÞ
a1b1

. We plotted the absolute value of the normalized

ISHE signal, ~VSP
ISHEðHÞ

��� ���, for q= 90° and 270° in Fig. 2C and found that

they almost fall into an identical curve, proving that the difference in
ISHE voltage is caused by the power difference acting on the sample.
To further minimize the residual spin rectification effect, we take the

average value of ~VSP
ISHEðHÞ

��� ��� for q = 90° and 270° as the amplitude of

the signal for the following discussions. After the same normalization
process, we also found that the normalized ISHE signals obtained at
the resonance field for different frequencies exhibit a linear depen-
dence with f (Fig. 2D), which is consistent with the spin pumping
theory (28). We emphasize that the precessing angles can change not
only with the reversal of the magnetic field and the variation of f
(Fig. 2A) but also with the film thickness, although the samemicrowave
input power is used (29). Therefore, normalizing the ISHE signals
with the precessing angles is a critical step in the quantitative study
of spin pumping–induced ISHE. This was also recently confirmed by
Gupta et al. (30) in an f-dependent study, where they compared dif-
ferent methods to determine the spin Hall angle and found that only
this method fulfills the f independence required by dc spin pumping.
We fitted the f-dependent resonancemagnetic fieldHr (Fig. 2E)with the
Kittel equation to obtain the effective magnetizationMeff. The fitting
yields 4pMeff = 16500, 8800, and 21500 Oe for Co, Py, and CoFe,
respectively. The obtained effective magnetization is similar to those
reported previously (13). Figure 2F shows DH ‐ f plots obtained via
H-dependent microwave transmission or VSP

ISHEðHÞ for Co20 and
Co20/Pt15 samples at different frequencies, where the linear slope yields
the damping constants aF/N and aF. The effective spin-mixing con-
ductance g↑↓eff can then be calculated from the enhanced Gilbert damp-

ing, g↑↓eff ¼ 4pMstF
gmB

ðaF=N � aFÞ, where g is the Landé factor and mB is
the Bohr magneton. We performed the abovementioned measurements
A B

Fig. 1. Schematic of spin pumping and ISHE measurements with the ISL. Upon
microwave excitation, the magnetization of the FM layer precesses and pumps a pure
spin current into the NM layer and induces a charge current via ISHE. Because of the
interfacial spin orbit coupling, the pumped spin current JS is partially depolarized at the
interface, and only part of the spin current JSN propagates in the NM layer. (A) 3D view.
(B) Cross-sectional view.
2 of 7
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as functions of tN for different FM/NM combinations. Because the
spin Hall angle and spin diffusion length are the intrinsic properties
of theNM layer, they should be independent of the FMmaterial that is
used in the spin pumping measurements.

Extraction of qSH and lsd of Pt
Figure 3 (A to C) shows the Pt thickness–dependent g↑↓eff for three FM
pumping sources: Co20, Py20, and CoFe13. We find that g↑↓eff satu-
rates at about 2 nm in all three systems, although the saturation value
of Co/Pt is about half of that for the other two, which is consistent
with previous results (14–16). However, we find marked differences
when tN < 1.5 nm, as shown in the inserted amplified view. g↑↓eff shows
Tao et al., Sci. Adv. 2018;4 : eaat1670 22 June 2018
a progressive increase with tN for Co/Pt (Fig. 3A), in contrast to the
Py/Pt case, where we find a marked jump to an almost saturation value
at tN ~ 0.3 nm (Fig. 3B). For CoFe/Pt (Fig. 3C), g↑↓eff shows a behavior in
between the abovementioned two cases. The finding of strong differ-
ences of tN-dependent g

↑↓
eff also suggests that this dependence alone is

not the ideal method to extrapolate lsd because the estimated values are
different for different FM/NM combinations, while lsd should be the in-
trinsic property of Pt and independent with the used FM.

Figure 3 (D to F) shows the normalized ISHE signal divided by

RN few, namely,
VSP
ISHE

a1b1RNfew
, as the function of the Pt thickness tN, where

RN is the resistance of the NM layer and w is the width of the bilayer
 on June 12, 20
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A C

D E F

B

Fig. 2. Detection of spin pumping–induced voltage and characterization of FM/NM interface. (A) Representative ISHE voltagesVSP
ISHE for Co20/Pt15 as a function of

H obtained at different frequencies in GHz and at q = 90° and q = 270°. (B) H-dependent microwave photoresistanceDRF=NMW under the same input microwave power used for the
spin pumpingmeasurement (f = 9 GHz). (C) The absolute value of the spin pumping voltage normalized by the product of two cone angles, ~VSP

ISHEðHÞ ¼ VSP
ISHEðHÞ=ða1b1Þ, at q =

90° and q = 270°. (D) f-dependent ~VSP
ISHEðHÞ at resonance fields for two representative samples, Co20/Pt15 and Co20/Pt45. Symbols are experimental data, and the lines are

linear fits. (E) f-dependent Hr. Symbols are experimental data, and the line is a fit with Kittel equation. (F) Line width (half width at half maximum) of the resonance peak as a
function of f for Co20 and Co20/Pt15. The linear fits are overlaid.
20
A B C

D E F

Fig. 3. Extraction of spin Hall angle and spin diffusion length of Pt from different FM/Pt combinations. Pt thickness–dependent g↑↓eff and
VSP
ISHE

a1b1RN few
for Co20/Pt(tN),

Py20/Pt(tN), and CoFe13/Pt(tN). The insets in (A) to (C) expand g↑↓eff for Pt in the 0- to 3-nm range. Solid lines are fits using Eqs. 1 and 2.
3 of 7
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stripe. We note that, in the literature, there is debate about the relation
betweenVSP

ISHE and Jc. Some useVSP
ISHE ¼ JcRN (8, 11, 12), and others use

VSP
ISHE ¼ JcRF/N (31, 32), where RF/N is the shunting resistance of both

FMandNM layers.We find that our data can be better described by the

former relationship because the tN-dependent
VSP
ISHE

a1b1RNfew
can be de-

scribed as a hyperbolic tangent function (solid lines), as predicted by
the spin pumping theory (28). It can be found that they all have a fast
increase when tN<20nmand almost reach their saturation values at tN~
40 nm. In addition, they share a very similar characteristic length despite
the fact that the saturation values are different. This suggests that these de-
pendences can serve better for the estimation of the spin diffusion length.

To analyze our data, we first assume a zero ISL, as we did previously
(12), but found that different values of qSH were obtained for the Co/Pt
and Py/Pt systems. The value for Co/Pt is 0.017, which is ~1.5 times
larger than that obtained for Py/Pt, suggesting that the ISL needs to
be taken into account to quantify qSH. We then analyzed our data with
the SML model used by Rojas-Sánchez et al. (15) and found that the
model failed to explain our data (see section S3). We also attempted
to interpret our data with the interface transparency model proposed
by Zhang et al. (14), but again failed (see section S4). We therefore con-
tinue our data analysis with the ISL model proposed by Chen and
Zhang’s formalism (17, 18). Because our experimental data show that
the measured spin pumping–induced charge voltage is proportional to
RN instead of RF/N, we also replace RF/N with RN. In the model, the pre-
cession of the FM layer pumps a pure spin current at the FM side of the
interface, JS, as sketched in Fig. 1.When the spin current crosses the FM/
NM interface, it is assumed to lose its amplitude by a factor of d, and
only (1 − d)Js crosses the interface, where d is the parameter character-
izing the ISL and is in between 0 (no loss) and 1 (complete loss). By
taking into account both the spin back flow and ISL, it can be estimated
that JS ¼ ħ

2G
↑↓½1� ð1� dÞ2e� fa1b1, where e is the spin back flow and

G↑↓ is the spin-mixing conductance. Therefore, the effective spin-
mixing conductance at the FM side, which is also g↑↓eff that we measured,
can be written as

g↑↓eff ¼ G↑↓½1� ð1� dÞ2e�; with

e ¼ G↑↓

�
G↑↓ þ 2

3
k2F

lmf

lsd
tanh

tN
lsd

� �� �
ð1Þ
Tao et al., Sci. Adv. 2018;4 : eaat1670 22 June 2018
where lmf and kF are the mean free path and Fermi wave vector of the
NMmaterial, respectively. Similarly, we can estimate the actual spin
current that flows into Pt as JSN ¼ ħ

2G
↑↓ð1� dÞð1� eÞfa1b1 . The

pure spin current can induce a charge voltage, while the lost spin
current at the interface could also contribute an additional electric
voltage via the inverse Edelstein effect (25, 26). Therefore, the total
voltage is composed of the contributions of three parts, originating
from the FM layer, the interface, and NM layer. Because Pt is an al-
most perfect spin sink, we neglected the voltage generated at the
FM layer. Then, the measured spin pumping voltage normalized by
a1b1RN few can be simplified as

VSP
ISHE

a1b1RNfew
¼ G↑↓ð1� eÞð1� dÞqSHlsd tanh tN

2lsdþ lIEEG
↑↓dð1þ e� deÞ ð2Þ

where lIEE is the inverse Edelstein length. We used the experimentally
obtained lmf (see section S5) and kF = 5.7 × 1010 m−1 (33) of Pt to per-
form the fitting with Eqs. 1 and 2 for the data of all three systems shown
in Fig. 3. With the parameters listed in Table 1, the fitted curves (solid
lines in Fig. 3) reproduce the data for all three systems. The fitted values of
qSH and lsd agree with each other within the experimental error margin,
evidencing the role of the ISL. By averaging these values, we obtained
qSH = 0.030 ± 0.002 and lsd = 8.0 ± 0.5 nm for Pt. The measured lsd is
longer than the lmf estimated from the resistivitymeasurements, consistent
with the general understanding. Note that the values of qSH and lsd of Pt
are in agreement with those obtained by first-principles calculations
(34), although the predicted giant interface SHE is not observed. The
fitted lIEE value is almost zero (<0.001) in all three systems, which is
not too surprising, aslIEE is not only scaledwith theRashba SOCstrength
but also influenced by the interface disorder (17). Because our bilayers are
fabricated by sputtering, interfacial disorder is expected, and the inverse
Edelstein effect could be strongly suppressed, resulting in the negligible
value of lIEE. Thismay also explain whywe did not observe the predicted
giant interfacial SHE (34). One may notice that the fitted G↑↓ is close to
the saturation value ofg↑↓eff obtained at large thickness. This can be under-
stood because Pt is an almost perfect spin sink, and the spin backflow is
almost 0 at large Pt thickness, resulting in g↑↓eff ≈ G↑↓ at large thickness
(see Eq. 1).We can also catch a glimpse of the amplitude of interface spin
loss from the thickness-dependent g↑↓eff at thin thickness (Fig. 3, A to C,
Table 1. Summary of parameters for Pt and Pd obtained by fitting the data in Figs. 3 and 4 and the experimentally measured resistivity (with ex-
perimental errors in parentheses).
Parameter
(unit)
G↑↓ (1019 m−2)
 d (10−2)
 qSH (10−3)
 lsd (nm)
 lIEE (10−4 nm)
 r(microhm ⋅ cm)
 qSH/r(milliohm ⋅ cm)−1
Co/Pt
 1.42 (0.01)
 39 (1)
 29 (1)
 8.0 (0.4)
 5.0 (0.6)
 19.6 (0.3)
 1.47
Py/Pt
 2.53 (0.02)
 63 (5)
 32 (4)
 8.4 (0.6)
 1.0 (0.2)
 21.3 (0.8)
 1.50
CoFe/Pt
 2.65 (0.08)
 53 (2)
 30 (2)
 7.6 (0.5)
 8.0 (0.9)
 18.8 (0.5)
 1.59
Co/Pd
 13.0 (1.4)
 0.3 (0.1)
 5.0 (0.4)
 7.3 (0.4)
 3.5 (0.4)
 18.7 (0.4)
 0.25
Py/Pd
 12.9 (2.7)
 1.7 (0.9)
 5.3 (0.2)
 8.0 (0.5)
 2.1 (0.8)
 21.3 (0.5)
 0.27
CoFe/Pd
 1.21 (0.03)
 30 (5)
 4.1 (0.5)
 7.5 (0.4)
 −41 (5)
 15.8 (0.3)
 0.26
4 of 7
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insets). From Eq. 1, we can easily find that g↑↓eff would be constant and
independent with tN if the spin current were completely lost at the in-
terface (d = 1). On the contrary, when there is no interface spin loss,
that is, d = 0, g↑↓eff will show progressive increase with tN. Thus, from Fig.
3, we can readily find that d is the largest in the Py/Pt system and is the
smallest in the Co/Pt system, and is consistent with the fitted results
(see Table 1).

Extraction of qSH and lsd of Pd
To further demonstrate the validity of our approach, we also investi-
gated Pd using the same method of analysis as that used for Pt. Figure 4
shows the measured Pd thickness–dependent effective spin-mixing

conductance g↑↓eff and
VSP
ISHE

a1b1RNfew
for Co16/Pd, Py16/Pd, and CoFe16/

Pd systems. For Co/Pd and Py/Pd, g↑↓eff increases with increasing Pd
thickness and saturates at ~15 nm for both systems, similar to the
one reported previously (35). This behavior is quite different from
FM/Pt systems, where a fast saturation at ~2 nm was found, suggesting

a different spin loss at the interface. The measured
VSP
ISHE

a1b1RNfew
also in-

creases with increasing Pd thickness and is saturated at ~30 nm for both

systems. The saturation thickness for
VSP
ISHE

a1b1RN few is about twice that of the

thickness for g↑↓eff saturation, suggesting that the pure spin current passes
through the FM/Pd interface with only a small ISL. For CoFe/Pd, the sit-
uation is, however, different with Co/Pd and Py/Pd. g↑↓eff saturates at a
thinner thickness, namely, ~10 nm, and the value obtained at 3 nm is
already close to its saturation, suggesting a noticeable ISL in that system.
To obtain the quantitative information, we also fitted our experimental
data for different FM/Pd combinations using Eqs. 1 and 2. Similarly, we
also used the experimentally determined mean free path (see section S5)
and the reported kF = 9.6 × 109 m−1 of Pd (35) in our fitting. With the
parameters listed in Table 1, the fitted curves (solid lines) reproduce the
experimental data very well in all three cases. In Py/Pd and Co/Pd
systems, we foundmatched results for spin Hall angle and spin diffusion
length (qSH = 0.0051 ± 0.0003 and lsd = 7.7 ± 0.5 nm) within the exper-
imental error margin. A slightly smaller spin Hall angle (qSH = 0.0041 ±
0.0005) is obtained for the CoFe/Pd system. To check the reliability of the
Tao et al., Sci. Adv. 2018;4 : eaat1670 22 June 2018
fitting, we also released the restriction of kF and used it as a fitting
parameter. The best fitting shows that kF values are similar in all three
cases and they are within the 15% difference with respect to the value of
kF = 9.6 × 109 m−1 that we cited from the literature. The fact that the
value of qSH in the CoFe/Pd system is smaller than in the Co/Pd and
Py/Pd systems could be understood with the observed different resistiv-
ities (see section S5). The resistivity of Pd in CoFe/Pd is smaller than
those in Co/Pd and Py/Pd, which may originate from the relatively
smaller latticemismatchbetweenCoFe andPd.Wang et al. (34) predicted
that qSH is linearly dependent on r for Pt due to the dominant intrinsic
mechanism of SHE. This was also recently confirmed experimentally by
Sagasta et al. (36).We followed the procedure used byWang et al. and
performed the calculation for Pd and found that the linear dependence
of qSH versus r is also valid for Pd (see section S6). Thus, we would
expect a constant of qSH/r similar to the behavior of Pt.We calculated
this ratio for the investigated three systems and found that they are
essentially the same within the error margin (Table 1, last column).
This suggests that the intrinsic contribution of SHE is also dominant
in pure Pd. We note that our lsd value matches those reported pre-
viously (35, 37). The finding of similar qSH and lsd for Pd in three
different FM/Pd combinations again illustrates the validity of the ISL
model we used for the data analysis. In the CoFe/Pd interface, we also
found a noticeable value of lIEE. In general, lIEE depends on the spin-
orbit interaction and themomentum relaxation time lIEE =at/ℏ, where
a is the Rashba-type spin-orbit strength which depends on the potential
change at the interface, and t is the momentum relaxation time (26, 38).
The smaller lattice mismatch may also yield a sharper interface in CoFe/
Pd, a longer t, and consequently a larger lIEE. Note that the fitted d values
are very small for both Co/Pd and Py/Pd systems, showing that the two
interfaces are almost transparent to pure spin currents. The finding of
highly transparent interfaces could be useful for potential applications,
such as spin transfer torque–basedmagnetization switching spintronic de-
vices. For instance, a recent study reports that the switching current den-
sities are similar in Co/Pd and Co/Pt despite their large difference in the
spin Hall angle (39). The finding of different ISL values for different inter-
faces could be understood as follows.As discussed byLiu et al. (16), the ISL
results mainly from scattering of the conduction electrons at the abrupt
potential change of the interface. Therefore, two factors are essential: the
, 2020
A B C

D E F

Fig. 4. Extraction of spin Hall angle and spin diffusion length of Pd from different FM/Pd combinations. Pd thickness–dependentg↑↓eff and
VSP
ISHE

a1b1RN few
for Co16/Pd(tN), Py16/

Pd(tN), and CoFe16/Pd(tN). Solid lines are fits using Eqs. 1 and 2.
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strength of the spin-orbit interaction and the potential gradient at the
interface. Because of the strong SOC, the interface spin loss in FM/Pt
systems is expected to be strong. In the CoFe/Pd bilayer, although
the SOC is relatively weak, the sharp interface allows the conduction
electrons to experience a large potential gradient, and thus leads to
significant spin loss. Nevertheless, in the Co/Pd and Py/Pd bilayers,
the interfaces are not as sharp as those in the CoFe/Pd bilayer. Instead,
the interface roughness or the intermixing of atoms near the interface
may kill the abrupt potential change, and conduction electrons across
the Co/Pd or Py/Pd interface are less scattered, resulting in small
interface spin loss.

In the above, we discussed that great care should be taken to estimate
qSH and lsd becausemany factors can subtly influence the interpretation
of the experimental results. In the following, we also briefly compare the
results obtained from spin pumpingwith those obtained fromST-FMR,
where amuchhigherqSHwas achieved. Experimentally, we repeated the
ST-FMRmeasurements reported by Liu et al. (13) and obtained simi-
lar data. Our analysis, however, shows that the symmetrical component
of the measured signal is strongly contaminated by the spin pumping–
induced ISHE signal. With careful subtraction of the spurious signal, a
similar value in qSH, as compared to the one estimated by spin pumping,
is obtained (40).

In summary, using a systematic spin pumping–induced ISHE study
of different NM/FM bilayer combinations (NM = Pt and Pd, and FM=
Co, Py, and CoFe), we resolve the controversy concerning the quanti-
fication of qSH and lsd. Marked differences in the tN-dependent g

↑↓
eff

values are found when tN < 1.5 nm for different FM/Pt combinations,

while the normalized ISHE signals
VSP
ISHE

a1b1RNfew
show similar tN depen-

dences. We attribute the difference in tN-dependent g
↑↓
eff values to differ-

ent ISL values at different FM/Pt interfaces.With a slightlymodified ISL
model proposed by Chen and Zhang, both the tN-dependent g

↑↓
eff and

VSP
ISHE

a1b1RNfew
can be described with consistent values for Pt (qSH = 0.03,

lsd = 8.0 nm) and Pd (qSH = 0.0048, lsd = 7.7 nm), regardless of which
FM pumping source is used. The obtained lsd value is larger than lmf

for both Pt and Pd, consistent with the general understanding. Our
findings clarify the proper approach to quantify qSH and lsd. The ap-
proach is demonstrated for Pt and Pd but should also be applicable
to other materials. Moreover, we found that both Co/Pd and Py/Pd
interfaces are almost transparent to pure spin currents. The finding of
highly transparent interfaces has potential for spintronic applications.
MATERIALS AND METHODS
The FM/NM bilayers were deposited sequentially onto GaAs(001)
substrates at room temperature by dc magnetron sputtering. They
were patterned into stripes of width w = 20 mm and length L = 2.2 mm
using photolithography and liftoff techniques. Coplanar wave-
guides were patterned with FM/NM stripes placed in the middle
of the slots between the signal and ground lines. In such a geometry,
the precession of the magnetization was excited with an out-of-plane
rf magnetic field of frequency f (7 to 14 GHz). An external magnetic
field (H = 0 to 1.7 kOe) was applied within the sample plane at an
angle q with respect to the direction of the FM/NM bilayer stripe.
The details of the sample fabrication and experimental setup can be
found in the studies of Feng et al. (12) and Tao et al. (29). We used
the model proposed by Chen and Zhang (17, 18) to account for the
ISL in our analysis.
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