
Supplementary Note

S1 Theory of ST-FMR measurement

Figure S1a illustrates the principle of ST-FMR measurement along with the chosen coordinate system. An
alternating current jrf is applied to the NM/FM strip along the x-axis followed by a direct current (DC) voltage
measurement along the x-axis as a function of the external DC field B. The component of jrf that flows within the
NM produces an alternating Oersted field hOe along the y-axis, as well as a spin current js via SHE. An electron
spin in js is polarised along the y-axis. Both hOe and js produce an alternating torque on the magnetisation of
the FM, which temporarily alters the electrical resistance of the FM through an anisotropic magnetoresistance
(AMR) effect. Simultaneously, the hrf produces an alternating current in the FM via electromagnetic induction.
A DC voltage is subsequently produced in the FM by a rectification between the induced alternating current
and the temporally varying electrical resistance. The spectrum of the rectified voltage with respect to B consists
of symmetric and antisymmetric components that are described by Lorentzian and anti-Lorentzian functions,
respectively. The amplitude of the Lorentzian function Vs is proportional to the damping-like torque τDL, while
the amplitude of the anti-Lorentzian function Va is proportional to both the field-like torque τFL and an additional
torque caused by hOe. The spin-torque efficiency ξFMR, which is generally used as an approximate estimate of
τDL, is given by [1]
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where Br is the resonance field of the FM. When τFL is negligible, the value of ξFMR is consistent with the
amount of spin current generated per unit of electric current (i.e. the spin Hall angle θSH). The magnitude of
the spin-torque is inversely proportional to Ms, while that of the Oersted field torque is directly propotional
to Ms. We can improve the value of Vs/Va in Eq. (S1) by using a FM with a small Ms, which is the reason
for using Ni95Cu5 in ST-FMR measurements. The Gilbert damping constant α is suppressed by increasing the
proportion of Cu in the Ni-Cu alloy. A larger α leads to a smaller FMR signal, which makes it difficult to detect
the ST-FMR. The atomic composition of Cu in the Ni-Cu alloy was, therefore, chosen as 5 at% to satisfy this
competitive demand. The values of Ms and α for Ni95Cu5 can be evaluated from the resonant frequency and
linewidth as shown in Supplementary note S2.

S2 FMR frequency and linewidth of Ni95Cu5 film

Figure S2 shows the frequency dependence of the magnetic field in which FMR is excited in the Ni95Cu5 film.
As shown in Fig. S2, the resonant field as a function of the microwave frequency f can be well fitted by the Kittel

formula, Br = µ0

(
−Ms +

√
M2

s + (4πf/γ)2
)
/2, which describes the condition for ferromagnetic resonance in

a thin film with Ms and a gyromagnetic ratio of γ. The value of µ0Ms obtained from the best fit to the Kittel
formula is 0.60 T, which is consistent with the value expected for Ni95Cu5 in the Slater-Pauling’s curve. The
Gilbert damping constant for Ni95Cu5 was evaluated as 0.03 from the frequency variation in the linewidth of the
ST-FMR spectrum.
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S3 Analytical method to evaluate DL and FL torques

To determine the magnitude of the ratio ξFL/ξDL for the Si/Al/Ni95Cu5 trilayer film, we measured ξFMR as
a function of the ferromagnetic Ni95Cu5 layer thickness dFM, according to the following equation [2]:
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where dNM is the thickness of NM. Figure S3 shows ξ−1
FMR as a function of (µ0MsdFM)−1 measured for samples

with ti = 1.0 nm. The dashed line in Fig. S3 indicates the best-fit result for Eq. (S2). We evaluated ξDL and
ξFL as 0.19 and 0.60, respectively, from the slope and the y-intersect of the fitted equation.

S4 Angular dependence of ST-FMR signals

Here, we discuss the angular dependence of symmetric- and antisymmetric-Lorentzian components in ST-
FMR measurements. When both the polarisation σs of a spin current and the RF field hrf generated by jrf
are parallel to the y-axis, i.e. transverse to the NM/FM strip, the amplitudes of both the symmetric- and
antisymmetric-Lorentzian components, Vs and Va, are known to be proportional to sin(2φ) cosφ [3–5], where the
sin(2φ) component is attributed to a change in the AMR effect, while the cosφ component describes the angular
dependence of the torque amplitude exerted on magnetisation. If σs and hrf contain x- and z-components, the
functions for the angular dependence of Vs and Va are mixed with additional components of sin(2φ) sinφ and
sin(2φ), respectively. Consequently, the angular dependences of Vs and Va are given by

Vs(a) = V y
s(a) sin(2φ) cosφ+ V z

s(a) sin(2φ) + V x
s(a) sin(2φ) sinφ, (S3)

where V y
s(a), V

z
s(a), and V x

s(a) are the amplitudes of three different angular dependences. Table S1 summarises the

correlation between the origin of the torque on magnetisation and the angular dependence of Vs(a). Previous
studies predicted that angular dependences other than sin(2φ) cosφ in Eq.(S3) appeared in the presence of the
Rashba-type spin-orbit field, which leads to anisotropic spin relaxation. Moreover, a non-uniform distribution
of jrf also leads to full angular dependence, as shown in Eq. (S3). Figure S4 shows the angular dependence of
Vs and Va for the sample with ti = 0.5 nm, which exhibited the largest spin-torque efficiency. The thick solid
curves in Fig. S4 indicate the best-fit result with Eq.(S3). From the curve fitting, we find that the sin(2φ) cosφ
component is dominant in both Vs and Va. Namely, σs and hrf are parallel to the y-axis. In other words, the
polarisation of the spin current generated in the Si/Al gradient material is similar to that of the general spin
Hall effect caused by a bulk SOI.

S5 Rough estimate of spin-torque efficiency enhancement according
to SVC theory

To validate the compositional Si/Al gradient as the origin of augmented ξDL, the amplitude of SC via SVC
was numerically evaluated according to the theory for SVC. According to the SVC theory [6], the magnitude of
the SC source produced by an electric current vorticity is proportional to (l/L)2, where l is the volume-averaged
mean free path of a free electron in the Si/Al gradient material. In general, the mean free path of free electrons
is proportional to the electric conductivity. Because Si and Al are an atomic combination in non-solid solution,
the electrical resistivity of the two-phase Si and Al mixture varies monotonously with respect to the mixing ratio.
Local values of electric conductivity and the electron mean free path in the compositional gradient from Si to
Al, therefore, vary in the same manner as the cross-sectional composition profile, as shown in Fig. 2 in the main
text. The volume-averaged electron mean free path of the Si/Al gradient material was reduced to half of the
value for Al and is independent of the transition width L. As a consequence, the magnitude of the SC source
produced by the electric current vorticity is inversely proportional to L2. Figure 3d in the main text shows that
ξDL increased from 0.027 to 0.20 when ti was decreased from 2.0 to 1.0 nm, which corresponded to a decrease of
the thickness of the compositional gradient from 2.4 to 1.3 nm. The increasing rate of ξDL of 7.4 is on the same
order of magnitude as the value of (2.4 nm/1.3 nm)2 ∼ 3.4 expected from SVC theory. To precisely evaluate the
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spin-torque produced by the Si/Al gradient material, we need to refine the numerical model so that in addition to
SVC, other effects associated with inversion symmetry breaking and interfacial SOI can be accurately determined
for the compositional gradient.

S6 Evaluation of non-reciprocity in inter-conversion of charge and
spin

Figures S5a-c show the inverse spin Hall voltage spectra V ISHE measured for Si/Al/Ni95Cu5 trilayer films with
ti = 2.0, 0.5 and 0 nm, respectively, at various angles of the external magnetic field. The microwave frequency
used for the spin pumping was fixed at 5 GHz. As shown in Fig. S5d, a similar measurement was conducted
for a Pt(10 nm)/Ni95Cu5(10 nm) bilayer film where a large inverse SHE is expected due to the strong SOI in
the Pt. Figures S5e-h show the angular dependence of the amplitude of the symmetric Lorentzian component
of V ISHE for each ti; when an alternating current (AC) magnetic field is applied along the y-axis to a NM/FM
bilayer film, a magnetisation precession appears in the FM followed by spin pumping in the adjacent NM. The
spin polarisation of the pumped SC is parallel to the precession axis, which is consistent with the direction of
the external DC magnetic field. An inverse SHE in the NM leads to a DC Hall voltage V ISHE produced by
the SC. The magnitude of V ISHE is proportional to cos3 φ [3], where φ is the angle of the external DC field
from the x-axis. An applied AC magnetic field also produces an AC electric current in the metallic FM via
electromagnetic induction. Moreover, the magnetisation precession leads to a temporal change in the electrical
resistance of the FM via the AMR effect. Consequently, a rectified DC photovoltage appears in the FM. Harder
et al. reported that AC magnetic fields applied along the y- and z-axes produce DC photovoltages that are
propotional to sin 2φ cosφ and sin 2φ, respectively [3]. Since these photovoltages are produced in the FM, the
angular dependence of the Lorentzian component of the inverse spin Hall voltage, V ISHE

s , is given by

V ISHE
s = A0 cos

3 φ+A1 sin 2φ cosφ+A2 sin 2φ, (S4)

where A0 is a coefficient that corresponds to the conversion efficiency from the SC to the charge current in the
NM, whereas A1 and A2 are associated with the rectified voltages in the FM. Indeed, as shown by the solid
curves in Fig. S5e-h, the dependence of V ISHE

s is well fitted by Eq. (S4). From the best-fit results with Eq. (S4),
we obtained values of A0 as 3.24, 0.63, and 4.80 µV for ti = 2.0, 0.5, and 0 nm, respectively, and 39.4 µV for
the Pt. The conversion efficiency θjs→jc from SC to charge current can be evaluated from these values using the
following equation [7–9]:

A0 =
wθjs→jcλNM tanh(dNM/2λNM)

σNMdNM + σFMdFM

(
2e

ℏ

)
jNM
s , (S5)

where w is the sample width. λNM (λFM) and σNM (σFM) are the spin diffusion length and the electric conductivity
of NM (FM), respectively. jNM

s is the SC density at the NM/Ni95Cu5 interface, whose magnitude is proportional
to the real part of the spin-mixing conductance g↑↓r at the interface. As shown in Supplementary note S7, this
g↑↓r can be evaluated from the increase in the Gilbert damping constant when the FM is attached to the NM.
In the bilayer film with NM = Pt, the direct and inverse conversion efficiencies between the charge current and
SC are expected to be identical, namely, θjs→jc = θjc→js . In the ST-FMR experiment, ξFMR has already been
evaluated for the Pt/Ni95Cu5 bilayer film. The FL torque is known to be negligible at the interface between
Pt and ferromagnetic metals; namely, ξDL ≃ ξFMR. The magnitude of jNM

s in the Pt/Ni95Cu5 bilayer film can
be evaluated from A0 by substituting θjs→jc in Eq. (S5) by ξFMR. The magnitude of jNM

s in the compositional
gradient materials can be expected from the jNM

s value with NM=Pt because jNM
s is generally proportional to

g↑↓r as follows [7]:
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)
(S6)
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[
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√
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]
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. (S7)

Finally, as shown in Fig. 4a in the main text, the magnitude of θjs→jc as a function of ξDL in the composition
gradient materials can be evaluated from the jNM

s value.
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S7 Evaluation of spin-mixing conductance for an Al/Ni95Cu5 inter-
face

In the main text, we demonstrate a strong non-reciprocity in the conversion efficiencies between the SC
and charge current. The conversion efficiency from the SC to charge current θjs→jc can be evaluated from the
angular dependence of the inverse spin Hall voltage caused by spin pumping as shown in Supplementary note
S6. To obtain the value of θjs→jc from the inverse spin Hall voltage, we need to determine the real part of the
spin-mixing conductance g↑↓r , which is associated with spin transport efficiency at the NM/FM interface. Here,
we explain the method for evaluating g↑↓r from the linewidth broadening of the ST-FMR spectrum. First, we
measure the effective damping constants for both the Pt/Ni95Cu5 bilayer and the Si/Al/Ni95Cu5 trilayer films
from the frequency dependence of the FMR linewidth. The effective damping is generally given by the following
equation:

αeff
NM/Ni95Cu5

=
γ∆

2πµ0f
, (S8)

where γ and ∆ are the gyromagnetic ratio and the field-domain FMR linewidth, respectively. The g↑↓r is evaluated
from the αeff

NM/Ni95Cu5
by the following equation [7–9]:

g↑↓r,NM/Ni95Cu5
=

µ0MsdFM
gµB

(αeff
NM/Ni95Cu5

− αeff
Ni95Cu5

), (S9)

where g and µB are the g-factor and Bohr magneton, respectively. αeff
Ni95Cu5

is the effective damping constant for

the Ni95Cu5 monolayer film. Finally, we obtained a g↑↓r value for the Pt/Ni95Cu5 bilayer film of (6.0 ± 1.7) ×
1018 m−2. In the case of Si/Al/Ni95Cu5 trilayer films, the values of g↑↓r are estimated to be (2.0±0.5)×1018 m−2,
(−3± 3)× 1017 m−2, and (2.3± 0.7)× 1018 m−2 for ti = 2.0, 0.5, and 0 nm, respectively.

S8 Electric conductivity of Si/Al composition gradient materials vs.
thickness of the interfacial Al/Si insertion

Figure S6 shows the electric conductivity σe for Si/Al/Ni95Cu5 trilayer films as a function of ti. A thicker
compositional gradient from Si to Al leads to a smaller σe. This result suggests that electron scattering at the
Si/Al interface is enhanced by the compositional gradient and affects the electrical conductivity of the entite
film.
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Table S1 | Summary of relationships between the origin of the torque on magnetisation and the
angular dependence of Vs and Va.

Angular-dep. Vs Va

sin 2φ cosφ DL(σy) FL(σy), hrf,y

sin 2φ FL(σz), hrf,z DL(σz)

sin 2φ sinφ DL(σx) FL(σx), hrf,x

Fig. S1 | Spin-torque evaluation by a ST-FMR experiment. a, Schematic principle of ST-FMR, in which
a ferromagnetic resonance in FM is excited by a spin-transfer torque from an electrical current-induced spin
current in NM. b, Schematic configuration of the ST-FMR measurement, including the coordinate system used
in this article.
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Fig. S2 | Resonant field as a function of microwave frequency.

Fig. S3 | FM layer thickness dependence of ξFMR. ξ−1
FMR as a function of (µ0MsdFM)−1, from which the

gradient and y-axis intersect indicate the damping-like and field-like torque efficiencies, ξDL and ξFL, respectively.
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Fig. S4 | Angular dependence of ST-FMR spectrum amplitudes. a,b Angular dependence of amplitudes
in symmetric and antisymmetric Lorentzian components, (a) Vs and (b) Va, measured for Si/Al composition
gradient materials with ti = 0.5 nm, which shows a largest spin-torque efficiency. φ is the angle of the applied
external field from the x-axis.

Fig. S5 | Characteristics of conversion from spin to charge currents. a,b Inverse spin Hall voltage
spectra measured at various angles of the applied external field for Si/Al/Ni95Cu5 trilayer films with (a) 2.0 nm-
and (b) 0.5 nm-thick Al/Si insertion at the Si/Al interface. The microwave frequency used for spin pumping was
fixed at 5 GHz. e,f Angular dependence of the amplitude of the Lorentzian component of the inverse spin Hall
voltage spectrum, V ISHE

s , for each thickness. For comparison, similar data measured for Si/Al/Ni95Cu5 trilayer
films without interfacial Al/Si insertion are shown in (c) and (g). Moreover, the data measured for a Pt/Ni95Cu5
bilayer film are also shown in (d) and (h).
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Fig. S6 | Electric conductivity of Si/Al/Ni95Cu5 trilayer films as a function of ti.
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