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The effective spin-mixing conductance (G↑↓
eff ) of a heavy-metal–ferromagnet (HM-FM) interface

characterizes the efficiency of the interfacial spin transport. Accurately determining G↑↓
eff is critical to

the quantitative understanding of measurements of direct and inverse spin Hall effects. G↑↓
eff is typically

ascertained from the inverse dependence of magnetic damping on the FM thickness under the assumption
that spin pumping is the dominant mechanism affecting this dependence. We report that this assumption
fails badly in many in-plane magnetized prototypical HM-FM systems in the nanometer-scale thickness
regime. Instead, the majority of the damping is from two-magnon scattering at the FM interface, while spin-
memory-loss scattering at the interface can also be significant. If these two effects are neglected, the results

will be an unphysical “giant” apparent G↑↓
eff and hence considerable underestimation of both the spin Hall

ratio and the spin Hall conductivity in inverse or direct spin Hall experiments.

DOI: 10.1103/PhysRevLett.123.057203

Interfacial spin transport is at the root of many spintronic
phenomena, e.g., spin-orbit torques (SOTs) [1,2], spin
magnetoresistance (SMR) [3,4], the spin Seebeck effect
(SSE) [5–7], and spin pumping [8–16] in heavy-metal–
ferromagnet (HM-FM) systems. The key factor determin-
ing the spin transmission and spin backflow (SBF) of a
HM-FM interface [17,18] is the effective spin-mixing
conductance [19]

G↑↓
eff ¼ G↑↓

HM-FM=ð1þ 2G↑↓
HM-FM=GHMÞ; ð1Þ

where G↑↓
HM-FM is the bare interfacial spin-mixing conduct-

ance, GHM ¼ 1=λsρxx, ρxx, and λs are the spin conductance,
the resistivity, and the spin diffusion length of the HM
layer, respectively. In inverse spin Hall effect (ISHE)
experiments where spin currents are generated by spin
pumping or the SEE, the measured voltage signals are
proportional to G↑↓

eff θSH [6–16]. Here θSH is the spin Hall
ratio of the HM. For SOT experiments [20–23], the drift-
diffusion analysis [4,17] predicts an interfacial spin trans-
parency [19]

T int ¼ 2G↑↓
eff =GHM ≤ 1 ð2Þ

when the HM thickness d ≫ λs and the interfacial spin-
orbit coupling (ISOC) is negligible. Therefore, the mea-
sured dampinglike SOT efficiency per unit applied electric
field is ξEDL ≈ 2 G↑↓

eff θSH=ρxxGHM. For SMR experiments,

the measured resistance signals are proportional to G↑↓
eff θ

2
SH

[3,4]. As a consequence, for all of these techniques, any
errors in the determination of G↑↓

eff will directly result in an

incorrect evaluation of θSH and the spin Hall conductivity
[σSH ≡ ðℏ=2eÞθSH=ρxx] of the HM; in general if G↑↓

eff is
overestimated, θSH and σSH will be underestimated.
In practice, G↑↓

eff , or equivalently g↑↓eff ¼ G↑↓
effh=e

2, for a
HM-FM system is typically determined by measuring
the FM thickness (tFM) dependence of the damping (α)
of in-plane magnetized bilayers based on the standard
model, where the tFM dependence is attributed only to
the enhancement of α by spin pumping into the HM layer
[7–12,24–28], i.e.,

α ¼ αint þG↑↓
eff;α

gμBh
4πMse2

t−1FM; ð3Þ

where αint is the thickness-independent “intrinsic” damping
of the FM layers, Ms the saturation magnetization of the
FM layers, g the g factor, μB the Bohr magnetron, and h
Planck’s constant, respectively. The apparent values of
G↑↓

eff;α obtained by this method have been widely used to
estimate θSH and σSH in many spin-pumping–ISHE, SEE-
ISHE, SMR, and SOT experiments [4,6,8–11,13–16,24].
In this Letter, we report that spin pumping is a relatively

minor contribution to α for the most commonly studied in-
plane magnetized HM-FM systems in the nanometer thick-
ness and gigahertz frequency regions that are of most
interest for spintronics. In contrast, two-magnon scattering
(TMS) [29,30] predominantly determines the tFM depend-
ence of α. When ISOC is sufficiently strong, the second
largest contribution can be spin memory loss (SML)
[12,31–35]. Neglecting TMS and SML, particularly the
former, when analyzing measurements of α in HM-FM
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systems gives unphysical “giant” estimates for G↑↓
eff , and

hence an incorrect quantification of spin-dependent trans-
port phenomena across HM-FM interfaces and large errors
in the determination of θSH and σSH.
For this Letter, we use six different series of sputter-

deposited in-plane magnetized Pt-FM samples as examples
(see Table I): (1) as-grown Pt=NiFeðNi81Fe19Þ; (2) as-
grown Pt=FeCoBðFe60Co20B20Þ; (3) as-grown Pt=Co;
(4) Pt=Co, annealed at 300 °C; (5) Pt=Co, annealed at
350 °C; and (6) Pt=Co, annealed at 450 °C. The Pt thickness
is 4 nm in all cases, while in each series tFM was varied over
a sufficient range to reveal the damping behavior. α was
determined by spin-torque ferromagnetic resonance [36].
See the Supplemental Material [37] for more information
on the samples and experimental methods.
In Figs. 1(a) and 1(b), we plot α as a function of t−1FM for

the as-grown and annealed sample series, respectively.
While α for the Pt=FeCoB samples varies quasilinearly
with t−1FM over the full tFM range, α for Pt=NiFe and Pt=Co
sample series deviates markedly from the linear t−1FM scaling
when tFM is small. Focusing first on the large tFM regime
where α can be fit phenomenologically by a linear t−1FM
dependence, as is typically done in the literature (i.e., tFM >
3.5 nm for Pt=NiFe and Pt=Co series; tFM > 2.2 nm for
Pt=FeCoB series), we determined G↑↓

eff;α [Fig. 1(c)] and

g↑↓eff;α for the different sample series from the fits of α to

Eq. (3). G↑↓
eff;α increases from 1.5 × 1015 Ω−1 m−2 for the

Pt=NiFe and Pt=FeCoB samples (series 1 and 2), to 1.8 ×
1015 Ω−1m−2 for as-grown Pt=Co samples (series 3), and
to 2.0 × 1016 Ω−1m−2 for Pt=Co annealed at 450 °C
(sample series 6). Corresponding values of g↑↓eff;α are 4.0 ×
1019 m−2 (series 1 and 2), 4.5 × 1019 m−2 (series 3), and
5.1 × 1020 m−2 (series 6). TheseG↑↓

eff;α (g
↑↓
eff;α) values for our

as-grown Pt-FM samples are comparable to those reported
from damping measurements on similar structures in the
literature [9,11,13,16,24,42]. However, all of these values

of G↑↓
eff;α are markedly larger than the expected value

G↑↓
eff ¼ 0.31 × 1015 Ω−1 m−2, as calculated with Eq. (1)

using the ab initio prediction G↑↓
Pt=Co¼0.59×1015Ω−1m−2

[18] and the experimentally determined GPt ¼
1.3 × 1015 Ω−1m−2 [20].
Moreover, while Eq. (1) requires thatG↑↓

eff ≤ GPt=2, all of
the values of G↑↓

eff;α we obtain using Eq. (3) are substantially

larger thanGPt=2, with the ratioG
↑↓
eff;α=ðGPt=2Þ as large as 30

for Pt=Co series annealed at 450 °C. When G↑↓
eff > GHM=2,

the value of G↑↓
HM-FM¼G↑↓

eff=ð1–2G↑↓
eff =GHMÞ will be neg-

ative, which is unphysical. Our group has also observed
values ofG↑↓

eff much larger thanGHM=2 fromdamping studies
of Pt=CoFe [32] and PtMn=ðFeCoB;CoÞ systems [28]. A
giantG↑↓

eff may be consistentwith the bound (G↑↓
eff < GHM=2)

in Eq. (1) only if λs is much shorter (e.g., <0.06 nm for
Pt=Co annealed at 450 °C) than determined by independent
measurements (∼2 nm) [11]. However, this is also unphys-
ical because it implies a value for G↑↓

HM-FM that is much
greater than the Sharvin conductance of Pt (GSh ¼
0.68 × 1015 Ω−1m−2) [43]. Note that the drift-diffusion
model [4,17] and Eq. (1) require G↑↓

eff < G↑↓
HM-FM ≤ GSh.

Notably, the failure of the assumption of spin pumping
dominating the FM thickness dependence of α and the
deduced unphysical, giant G↑↓

eff;α are not particular to
Pt-FM systems, but it is generally observed for other
HM-FM systems, including Pd0.25Pt0.75=ðCo; FeCoBÞ,
Au0.25Pt0.75=ðCo; FeCoBÞ, Pd=Co, and W=FeCoB [37].
Variations of ξEDL between the different Pt-FM series

provide another illustration of the danger of misinterpreting
these giant G↑↓

eff;α. Figure 1(d) plots ξEDL from harmonic
response measurements [19,20,44] on the representative
samples of each series (i.e., Pt 4=NiFe 1.8 for series 1,
Pt 4=FeCoB 2.8 for series 2, Pt 4=Co 3.2 for series 3–6) as a
function ofG↑↓

eff;α. For an ideal Pt-FM interface where T int is

set only by SBF, according to Eq. (2), a large G↑↓
eff should

favor a high ξEDL. However, we find experimentally that ξEDL
decreases substantially and monotonically with increasing
G↑↓

eff;α. Both the unphysically large G↑↓
eff;α=ðGPt=2Þ ratios

and the anticorrelation between ξEDL and G↑↓
eff;α provide

unambiguous evidence that the values of G↑↓
eff;α determined

from the standard spin-pumping model, Eq. (3), are not
accurate estimates of G↑↓

eff defined by Eq. (1).
It has been established that SML due to the ISOC at the

Pt-FM interfaces [12,31–35] provides an additional spin
sink that can increase α and degrade T int for the HM-FM
interface. However, we find that the giant G↑↓

eff;α values are
not due primarily to SML. First, spin pumping into the
SML interface should yield a t−1FM dependence for α and
cannot explain the strong deviation from a t−1FM dependence

TABLE I. Details of the Pt-FM sample series.Ta is the annealing
temperature. The estimates for αint labeled “no TMS” are obtained
from the intercepts of linear fits of α to t−1FM [Eq. (3)] that neglect
TMS [Figs. 1(a) and 1(b)]. The estimates labeled “with TMS” are
the results of full fits to Eq. (4) taking into account the TMS
contribution [Figs. 2(c)–2(e)].

Series FM Tað°CÞ
Ks

ðerg=cm2Þ
αint

No TMS With TMS

1 NiFe 0.31�0.09 0.006 0.011
2 FeCoB 0.84�0.06 0.003 0.006
3 Co 0.90�0.07 0.001 0.011�0.001
4 Co 300 1.62�0.02 0.003�0.003 0.010�0.002
5 Co 350 2.52�0.02 −0.014�0.007 0.008�0.002
6 Co 450 3.27�0.02 −0.030�0.011 0.010�0.006

PHYSICAL REVIEW LETTERS 123, 057203 (2019)

057203-2



that we find in the thin tFM regime [Figs. 1(a) and 1(b)].
Second, if the enhancement in G↑↓

eff;α by a factor of 20 from
sample series 1–6 [Fig. 1(d)] were due to SML, ξEDL should
be reduced by a similarly large factor, rather than being
reduced only by 25%. Finally, we find that G↑↓

eff;α scales
approximately as the square of the interfacial magnetic
anisotropy energy density (Ks) at the Pt-FM interfaces
[Fig. 1(e)] as determined by measuring the effective
demagnetization field Meff using ferromagnetic resonance
and fitting to a t−1FM dependence [37]. In contrast, theory
predicts that the contribution from SML should be linear in
the ISOC strength [14], and therefore in Ks [33].
A third possible contribution to enhanced damping that

has been seldom considered when analyzing interfacial
spin transport is TMS [29] due to magnetic defects (rough-
ness) at the interfaces (see Fig. S5 in the Supplemental
Material [37]). As we next discuss, TMS dominates the
enhancement of α in the Pt-FM heterostructures. A sig-
nature for the TMS contribution to the damping (αTMS) is
that, to the first approximation, it is a parabolic function of
the interfacial perpendicular magnetic anisotropy field
2Ks=MstFM [29,30]. If αTMS is significant, the total damp-
ing is given approximately by α ¼ αint þ αSP þ αTMS or

α ¼ αint þ ðG↑↓
eff þ GSMLÞ

gμBh
4πMse2

t−1FM þ βTMSt−2FM; ð4Þ

where the second term is the combined contribution from
spin pumping into the Pt layer and from SML at the
interface, which for convenience we parametrize as an
“effective SML conductance” GSML [16,27], and βTMS is a
coefficient that depends on both ðKs=MsÞ2 and the density
of magnetic defects at the FM surfaces [29,30]. (We
provide further justification for the t−2FM dependence of
the TMS term in the Supplemental Material [37]).
To properly fit the damping data to Eq. (4) and disen-

tangle the different contributions, we must first estimate
G↑↓

eff for the spin pumping into the Pt layer andGSML for the
spin pumping into the SML interface for the different
Pt-FM series. We note that the expected value of
G↑↓

eff ¼ 0.31 × 1015 Ω−1 m−2 for the Pt=Co interface
[Eq. (1)] is in reasonable agreement with the experimental
value of G↑↓

eff;α obtained in Pt-FM samples [32,42], where
the interfaces were engineered to reduce ISOC, and
thereby minimize SML and TMS. For example, the
damping measurements [Eq. (3)] have yielded G↑↓

eff;α ¼
0.38 × 1015 Ω−1m−2 for unannealed CoFe/Pt bilayers [32]
and G↑↓

eff;α ¼ 0.25 × 1015 Ω−1m−2 for Pt=FeCoB bilayers
where ISOC (TMS and SML) was diminished by inserting
a 0.5 nm Hf passivation spacer [37]. This indicates that
G↑↓

eff ¼ 0.31 × 1015 Ω−1 m−2 is a reasonable approximation
for all of the Pt-FM samples. To account for the SML
contribution, we identify the reduction in ξEDL with increas-
ing ISOC [Figs. 1(e) and 2(a)] as being due to SML and
assume that the fraction of spin current absorbed by SML at
the interface is the same for the spin-pumping (FM → HM)
and SOT (HM → FM) processes. Based on this approxi-
mation, we obtain

GSML ≈G↑↓
eff

ξEDLðno SMLÞ − ξEDL
ξEDL

: ð5Þ

Previous work [33] has established that ξEDL deceases
linearly with ISOC strength at the HM-FM interfaces
(KHM-FM

s ) due to SML. In Fig. 2(a), we determine the
baseline value of ξEDLðnoSMLÞ¼ð5.9�0.1Þ×105Ω−1m−1

as determined from the linear KPt=Co
s dependence of ξEDL for

Pt=Co bilayers. Using the measured ξEDL, Eq. (5) yields the
values of GSML shown in Fig. 2(b). We find that GSML is
negligible relative to G↑↓

eff for the unannealed samples, but
as a function of increasing annealing temperature, GSML

becomes comparable to and then larger than G↑↓
eff .

With the values of G↑↓
eff and GSML in Fig. 2(b), the

damping data for all of the Pt-FM series can be fit well by
Eq. (4) over the whole range of tFM studied, using the two
fitting parameters βTMS and αint [see Figs. 2(c)–2(e)]. As
shown in Figs. 2(c) and 2(d), αTMS ¼ βTMSt−2FM (red line) for
both the Pt=NiFe and Pt=FeCoB sample series is larger than
αSP (blue line) in the whole range of tFM. For the Pt=Co

FIG. 1. Dependence of α on t−1FM for (a) the as-grown Pt=NiFe,
Pt=FeCoB, and Pt=Co sample series and (b) the annealed Pt=Co
sample series. The straight lines represent linear fits in the thick
FM region [Eq. (3)]. (c) g↑↓eff;α and G↑↓

eff;α for the different Pt-FM
interfaces determined from the linear fits of α vs t−1FM [Eq. (3)].
The red dashed line represents GPt=2 ¼ 0.65 × 1015 Ω−1 m−2, an
upper bound for the true G↑↓

eff . (d) ξ
E
DL vs G↑↓

eff;α. (e) G
↑↓
eff;α vs Ks.

The numbers 1–6 in (d) and (e) label the sample series.
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samples (series 3–6), the dominant parabolic scaling of α
with t−1FM becomes increasingly stronger with increasing
annealing temperature (and therefore increasing Ks)
[Fig. 2(e)]. These observations demonstrate that TMS
constitutes the largest thickness-dependent contribution
to α for all of the Pt-FM systems we have examined,
even for Pt=FeCoB (Ks ¼ 0.84� 0.06 erg=cm2), where α
appears to vary quasilinearly with t−1FM [Fig. 1(a)]. We also
find that, for Pt=Co samples (series 3–6) with a similar
structural roughness at the interfaces, the TMS coefficient
βTMS determined from the best fits in Figs. 2(c)–2(e) scales
monotonically with ð2Ks=MsÞ2 [Fig. 2(f)], in good agree-
ment with the TMS mechanism [29,30]. βTMS for
Pt=FeCoB samples is ∼3 times smaller than that of the
as-grown Pt=Co and Pt=NiFe samples despite their similar
values of ð2Ks=MsÞ2, which indicates a smaller magnetic
roughness at the amorphous FeCoB surfaces than at the
polycrystalline NiFe and Co surfaces, where the last two
show columnar growth on top of Pt (see Fig. S5 in the

Supplemental Material [37]). Because αSP ≪ αTMS for
most FM thicknesses (particularly in the small tFM range),
our conclusions are not sensitive to the details of the fitting
procedure. As shown in Fig. 2(f), the fits of α to Eq. (4) give
essentially the same βTMS values for the different Pt-FM
series whether we assume G↑↓

Pt-FM ¼ 0; 0.59 × 1015 (theory
[17]) or 1.18 × 1015 Ω−1 m−2. Since αTMS dominates α, the
accuracy of the above conclusions are robust against any
potential limitations of the drift-diffusion analysis [17,18].
For the HM–yttrium iron garnet (YIG) (e.g., HM ¼ Pt,

Ta, W, Cu) bilayers [45], we find both conditions of Eq. (1)
(i.e., G↑↓

eff < GHM=2 and G↑↓
eff < G↑↓

HM-FM ≤ GSh) may be
satisfied only when the real GHM values are much smaller
than used in the literature [45] (see the Supplemental
Material [37]). This most likely suggests that the TMS
is weak in those HM-YIG bilayers where the YIG layers are
very thick (>20 nm [45]), but that the λs values of the HMs
were considerably overestimated, and thus the θSH
values were underestimated in those spin-pumping–ISHE
experiments.
In a damping analysis for HM-FM bilayers where only

spin pumping is considered, the tFM-independent contri-
bution, the intercept of the linear t−1FM fit of α using Eq. (3),
is typically ascribed to the intrinsic αint of the FM layer.
However, the apparent αint obtained from such linear t−1FM
fits of α is often unphysically small or even negative; e.g., it
is negative for Pt=Co and Pt=NiFe in Ref. [32]. As revealed
by our numerical simulation [37], this is because αTMS
always contributes to a negative intercept in the fit of α to
Eq. (3) in the thick FM region. As we summarize in Table I,
for our samples, we observe similar fitting behaviors, and
the linear t−1FM fits of total damping α in the thick FM region
yield very small αint for the as-grown Pt-FM sample sets
[Fig. 1(a)] and negative αint for annealed Pt=Co sample sets
(Fig. S4 in the Supplemental Material [37]). Including the
effects of TMS on α [Figs. 2(c)–2(e)] resolves this problem
and yields reasonable αint values (∼0.011 for NiFe, ∼0.006
for FeCoB, and ∼0.010 for Co), which are in accord with
the literature values for freestanding thin films of these
materials [46,47]. We observe similar effects in many other
HM-FM sample series [see the Supplemental Material [37]
for more examples on ðPd0.25Pt0.75;Au0.25Pt0.75; PdÞ=Co
and ðPd0.25Pt0.75;Au0.25Pt0.75;WÞ=FeCoB sample series].
This finding therefore indicates that TMS must be taken
into account when estimating αint of a FM from its
thickness dependence.
The understanding that our analysis provides about the

relative strength of TMS, SML, and spin pumping, and
how these processes depend on the ISOC strength, has
wide-ranging implications for correctly understanding
spin current transport at HM-FM interfaces. As aforemen-
tioned, ξEDL can vary inversely with G↑↓

eff;α even though,
according to Eq. (2), it should increase with increases in
true G↑↓

eff . Similarly, voltage signals in spin-pumping–ISHE

FIG. 2. (a) Reduction of ξEDL for Pt 4=Co 3.2 bilayers with
increasing KPt=Co

s , indicating an extrapolated value of ξEDL ¼
5.9 × 105 Ω−1 m−1 for zero SML (and zero ISOC) at the Pt=Co
interface. (b) GSML, G

↑↓
eff , and the sum of the two. Damping for

(c) Pt=NiFe, (d) Pt=FeCoB, and (e) Pt=Co plotted as a function of
t−1FM. In (c) and (d), the black lines represent best fits of the data to
Eq. (4) including the TMS contribution; the solid red and the
dashed blue lines indicate, respectively, the TMS contribution
and the total contribution of spin pumping into the Pt and the
SML layer. In (e), the solid lines represent best fits of the data to
Eq. (4). The intercepts in (c)–(e) indicate the intrinsic damping of
the FM layer (the values in Table I labeled “with TMS”). (f) βTMS

vs ð2Ks=MsÞ2 as determined by fits to Eq. (4) assuming different
values of G↑↓

Pt-FM∶0; 0.59 × 1015, and 1.18 × 1015 Ω−1 m−2. The
red numbers 1–6 in (f) label the sample series.
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measurements in Pt-FM samples can vary inversely with
G↑↓

eff;α [48] even though they are expected to scale∝G
↑↓
eff θSH.

These puzzles are resolved if the dominant contribution to
G↑↓

eff;α is TMS, which does not affect spin transport across
the interface. In addition, previous observations of an
increase of G↑↓

eff;α with the FM roughness [49], and scaling

of G↑↓
eff;α at HM-CoFeB interfaces with the interfacial

Dzyaloshinskii-Moriya interaction constant (a factor that
is proportional to the ISOC strength) [50] can be natural
consequences of TMS. We note that α has been reported to
be much larger in some HM-FM structures (e.g., Pt=CoFe
[19] or PtMn=FeCoB [28]) than in the corresponding
reversed order structures (i.e., FM-HM) despite their
similar SOT strengths. This is consistent with a stronger
αTMS due to a larger magnetic roughness when the FM is
grown on top of the HM. The dominant role of TMS in
determining α in the thin HM-FM systems also explains
observations that the reduction of ISOC at the HM-FM
interface by a Hf atomic layer insertion can dramatically
reduce α in Pt=Co, Pt=FeCoB, and W=FeCoB systems
without materially decreasing T int for the diffusion of spins
from the HM layer into the FM layer [33,37,51].
Our results also indicate an critical need to reevaluate all

measurements of θSH and σSH that utilize G↑↓
eff;α from

damping measurements to estimate the true G↑↓
eff . Given

that the measured signal strengths scale as ∝G↑↓
eff θSH in

spin-pumping–ISHE and SSE-ISHE measurements and
∝G↑↓

eff θ
2
SH in SMR measurements, the common use of

G↑↓
eff;α as a proxy for G↑↓

eff means that most values of θSH
in the literature determined by these techniques signifi-
cantly underestimate the correct values. SOTmeasurements
are often quoted as providing only a lower bound on θSH or
σSH, assuming only that T int ≤ 1. While these lower bounds
remain accurate, the improved understanding of G↑↓

eff from
our analysis allows a more-confident quantification of T int,
so as to provide accurate measurements of θSH or σSH using
SOT experiments. By the analysis associated with Fig. 2,
the values of T int for our Pt 4–FM sample series vary with
the strength of ISOC such that T int ≈ 0.38 for samples
series 1–3, 0.30 for series 4, 0.23 for series 5, and 0.16 for
series 6. In all cases, our data are consistent with σSH ≈
1.5 × 106ðℏ=2eÞ Ω−1m−1 or θSH ¼ 0.64within Pt given an
average resistivity of ρxx ¼ 40 μΩ cm: These values are
consistent with previous estimates in Ref. [33].
In conclusion, two-magnon scattering rather than spin

pumping is the dominant contribution to the FM-thickness
dependence of α for in-plane-magnetized HM-FM systems
in the nanometer thickness and gigahertz frequency regions
important for spintronics. SML at the interface can also
play an important role in affecting both α and T int when
ISOC is strong. Neglecting the influence of TMS and
SML, particularly the former, can lead to unphysical giant

estimates for G↑↓
eff . A correct calculation of θSH and σSH

therefore requires careful determination of the strength of
both TMS and SML. Our findings also indicate that ISOC
and magnetic roughness should be minimized in techno-
logical applications that benefit from low α.
Note that our analysis has employed the simplifying

assumption that G↑↓
eff , and hence the degree of SBF, is

approximately independent of the strength of SML, which
is supported by the observed linear relationship between
ξEDL and KPt=Co

s . A theoretical modeling of the possible
interplay of G↑↓

eff and SML is worthy of future efforts but is
beyond the scope of this Letter.
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