
Singh et al. NPG Asia Materials (2021) 13:9
https://doi.org/10.1038/s41427-020-00268-7 NPG Asia Materials

ART ICLE Open Ac ce s s

High spin mixing conductance and spin interface
transparency at the interface of a Co2Fe0.4Mn0.6Si
Heusler alloy and Pt
Braj Bhusan Singh1, Koustuv Roy1, Pushpendra Gupta1, Takeshi Seki2,3, Koki Takanashi2,3,4 and Subhankar Bedanta 1

Abstract
Ferromagnetic materials exhibiting low magnetic damping (α) and moderately high-saturation magnetization are
required from the viewpoints of generation, transmission, and detection of spin waves. Since spin-to-charge
conversion efficiency is another important parameter, high spin mixing conductance ðg"#r Þ is the key for efficient spin-
to-charge conversion. Full Heusler alloys, e.g., Co2Fe0.4Mn0.6Si (CFMS), which are predicted to be 100% spin-polarized,
exhibit low α. However, g"#r at the interface between CFMS and a paramagnet is not fully understood. Here, we report
investigations of spin pumping and the inverse spin Hall effect in CFMS/Pt bilayers. Damping analysis indicates the
presence of significant spin pumping at the interface of CFMS and Pt, which is also confirmed by the detection of an
inverse spin Hall voltage. We show that in CFMS/Pt, g"#r (1.70 × 1020 m−2) and the interface transparency (83%) are
higher than the values reported for other ferromagnetic/heavy metal systems. We observed a spin Hall angle of ~0.026
for the CFMS/Pt bilayer system.

Introduction
Spin transport across interfaces in ferromagnetic (FM)/

heavy metal (HM) systems is important to develop future
spintronic devices1,2. Spin orbital torque3, spin-transfer
torque1,2, the spin pumping/inverse spin Hall effect4,5,
spin Seebeck effects6, etc. are major phenomena that are
predominantly affected by interface spin transport in FM/
HM systems. Spin pumping is an efficient method to
produce pure spin current ( Js

!
), which is the flow of spin

angular momentum, and investigate spin propagation
across FM/HM interfaces. The efficiency of spin transport
at FM/HM interfaces is characterized by a factor known
as the spin mixing conductance (g"#r ), which is related to

Js
!

by the expression2

Js
!¼ �h

4π
g"#r m̂ ´

dm̂
dt

; ð1Þ

where m̂ is the unit vector of magnetization. Js
!

can be
converted into the transverse voltage (VISHE) by the
inverse spin Hall effect (ISHE)7:

VISHE / θSH Js
!

´~σ
��� ���; ð2Þ

where θSH is the spin Hall angle, which defines the
conversion efficiency between the charge current ( Jc

!
) and

Js
!
, and~σ contains the spin matrices governed by the spin-

polarization direction. Therefore, in order to obtain high
VISHE and hence g"#r in an FM/HM heterostructure, θSH of
the HM needs to be large. The value of θSH depends
mostly on the spin–orbit interaction (SOI) and conduc-
tivity of the HM2,8. Efficient interfacial spin transport
critically depends on the type of interfaces and its
associated FM and HM materials, and FM materials with
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low magnetic damping (α) are important to generate large
spin currents and hence high g"#r

2. In this context, various
low-damping materials, such as NiFe, CoFeB, and
Y3Fe5O12, have been studied. Further, there is another
class of half-metallic materials, e.g., Heusler alloys, which
have been established as low-damping systems. It is also
noted here that spin pumping and the resultant spin
current can be described as an accumulation of up and
down spins9. Therefore, it is expected that the spin
pumping efficiency is larger in Heusler alloys than in
other alloys due to the presence of only one type of spin at
the Fermi level. In addition, low magnetic damping and
expected high spin pumping make Heusler alloys suitable
for interface spin transport studies and pure spin current-
based spin-torque nano-oscillators10. There have been
intense studies of spin dynamics with low-damping
materials, e.g., NiFe and CoFeB with various HMs11–15.
However, there are only a few reports on the spin
dynamics of Heusler alloys with HMs9,16. Co2Fe0.4Mn0.6Si
(CFMS) is a Heusler alloy that shows low damping and
100% spin polarization17. Figure 1a shows a typical
schematic for the density of states for a half-metallic
material. However, g"#r in CFMS/HM systems has so far
not been evaluated, which would help to understand their
use for applications. Here, we report on a spin pumping
study in a CFMS/Pt system with varying Pt thickness via

(1) measurement of the ISHE, (2) evaluation of g"#r and (3)
and characterization of the spin interface transparency.

Materials and methods
The bilayer samples viz. S1♯ CFMS(20 nm)/Pt(3 nm),

S2♯ CFMS(20 nm)/Pt(5 nm), S3♯ CFMS(20 nm)/Pt(7 nm),
S4♯ CFMS(20 nm)/Pt(10 nm), S5♯ CFMS(20 nm)/Pt
(20 nm), and S6♯ CFMS(20 nm) were prepared on MgO
(100) substrates using dc magnetron sputtering in a
vacuum system with a base pressure of ~1 × 10−9 mbar18.
The composition of CFMS was Co2Fe0.4Mn0.6Si. This
composition was chosen due to the observation of the
lowest α at 60% Mn concentration in a recent study by
Pan et al.19. The prepared CFMS thin films were annealed
in situ at 600 °C/1 h to improve their crystallinity and
surface quality. Reflection high-energy electron diffraction
(RHEED) patterns were acquired to characterize the
surface and crystalline quality of the CFMS layers. After
the preparation of the CFMS layer, the Pt layer was
deposited at room temperature by dc magnetron sput-
tering. The thickness and interface roughness of the films
were evaluated using X-ray reflectivity (XRR) as measured
by an X-ray diffractometer (Rigaku Smartlab). Ferro-
magnetic resonance (FMR) measurements have been
performed in the frequency range of 5–17 GHz on a
coplanar waveguide in the flip-chip manner20,21.

Fig. 1 Structural quality of CFMS and measurement geometry for inverse spin Hall effect. a A schematic of the density of states (D(E)) for an
ideal half metal alloy. b, c are the RHEED patterns for samples S4 and S5, respectively, on the MgO (100) substrate along the [100] and [110] azimuths.
d Schematic of the setup for ISHE measurement, where hrf is the rf magnetic field generated in a coplanar waveguide (CPW) perpendicular to the
applied magnetic field (H).
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ISHE measurements were performed by connecting a
nanovoltmeter over two ends of the sample (sample size:
3 × 2mm). The details of the ISHE setup can be found
elsewhere22.

Results and discussion
Crystalline quality
Figure 1b, c shows the RHEED patterns for samples S4

and S5, respectively, observed along the MgO[100] and
MgO[110] azimuths. From the streaks and spots of the
RHEED patterns, it is confirmed that a CFMS layer with a
(001) crystalline orientation was epitaxially grown on the
MgO (001) substrate. The streak lines that are elongated
spots in the vertical direction in the RHEED pattern imply
the improvement of flatness at the CFMS surface. Sup-
plementary Fig. A1 in the Supplementary Information
shows the XRR data and the corresponding best fits. From
the best fits, the values of interface roughness at the
CFMS-Pt interface are found to be 0.9 ± 0.02, 1.0 ± 0.02,
1.4 ± 0.03, 1.4 ± 0.03, 1.4 ± 0.03, and 1.5 ± 0.02 nm for
samples S1–S5. Figure 1d shows the sample structure and
ISHE measurement geometry, which are discussed in the
next section.

Magnetic damping
Figure 2a, b shows the plots of resonance frequency (f)

versus resonance field (Hr) and linewidth (ΔH) versus f,
respectively. Here, the values of Hr and ΔH were evaluated
using FMR spectra (see Supplementary Fig. A2a, b for
samples S1 and S5, respectively, in the Supplementary
Information). To evaluate the gyromagnetic ratio (γ) and
effective demagnetization (4πMeff), Fig. 2a was fitted to
Kittel’s equation23 as:

f ¼ γ

2π

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
HK þ Hrð Þ HK þ Hr þ 4πMeff

� �q
; ð3Þ

where

4πMeff ¼ 4πMs þ 2Ks

MstFM
ð4Þ

and HK, KS, Ms, and tFM are the anisotropy field,
perpendicular surface magnetic anisotropy constant,
saturation magnetization, and thickness of the FM layer,
respectively. Here, α was evaluated by fitting the data of
Fig. 2b using the following expression24:

ΔH ¼ ΔH0 þ 4παf
γ

; ð5Þ

where ΔH0 is the inhomogeneous broadening of the
linewidth, which depends on the homogeneity of the
sample. There are various other effects, such as interface

effects, impurities, and magnetic proximity effects
(MPEs), which can also enhance the value of α of the
system. Hence, the total α can be written as:

α ¼ αint þ αimpurity þ αMPE þ αsp; ð6Þ

where αint is the intrinsic damping. Further αimpurity, αMPE,
and αsp are the contributions from impurities, MPE, and
spin pumping to α, respectively25.
The linear behavior of the ΔH vs f plots implies good

homogeneity in our samples. It is observed from Table 1
that Sample S2 shows the lowest value of ΔH0, which
indicates better homogeneity in the sample. Further,
S2 shows the highest spin pumping voltage among all
samples, which is discussed later. However, sample
S3 shows the highest value of ΔH0 among all samples,
which indicates a more disordered structure in S3. We
also observed a negative sign of HK for samples S1 and S5.
This may be due to the orientation of the sample with
respect to the magnetic field direction in the FMR setup.

Fig. 2 Evaluation of damping constant. a f vs Hr and b ΔH vs f plots
for samples S1 (open squares) and S5 (open circles). The solid lines are
the best fits obtained from Eq. (3) and (5).
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We have observed this change in sign while performing
in-plane angle-dependent damping measurements; the
sign changes from −ve to +ve after 180° rotation.
From Table 2, it is observed that the values of α for the

bilayer samples (S1–S5) are larger than the value for a
single layer of CFMS (S6). See Supplementary Fig. A3 a, b
in the Supplementary Information showing the
frequency-dependent resonance and linewidth, respec-
tively. The best fit to Supplementary Fig. A3b yields an α
value for sample S6 of ~0.0048 ± 0.0001, which is con-
sistent with the reported value in the literature18. This
enhancement in the values of α is an indication of spin
pumping. However, we cannot rule out other effects, e.g.,
MPE, and any impurities that may contribute to enhan-
cing the value of α (see Eq. (6)). To investigate the MPE or
magnetic dead layer formation at the interface, we mea-
sured the Ms for all the samples by a SQUID magnet-
ometer (data not shown). The measured values of Ms for
all the samples were found to be 861 emu/cc (S1), 842
emu/cc (S2), 792 emu/cc (S3), 845 emu/cc (S4), and 807
emu/cc (S5).

Inverse spin Hall effect measurement
To confirm the spin pumping in our system, we per-

formed ISHE measurements on all the samples, as shown
in schematic Fig. 1d. The measurements are carried out
at +15 dBm power and 7 GHz frequency.
The angle φ denotes the angle between the measured

voltage direction and the perpendicular direction of the

applied DC magnetic field (H). Angle-dependent mea-
surements of the voltage were conducted to identify and
remove spin rectification effects, e.g., anisotropic magne-
toresistance (AMR) and the anomalous Hall effect (AHE).
Figure 3 shows the measured voltage (Vmeas) (open blue
symbol) versus H along with the FMR signal (open black
symbol) for sample S1 at angles φ= 0° (a), 30° (b), 90° (c),
and 180° (d). It should be noted that φ= 0° means that the
field was applied along the easy-magnetization axis of the
sample. There was a very weak signal observed at φ= 90°
(Fig. 3b). This is due to the negligible amount of spin
accumulation parallel to the applied magnetic field. It is
evident from Fig. 3a, d that the sign of Vmeas is reversed
when φ moves from 0° to 180°. This indicates that the
voltage is produced primarily by spin pumping. It is well-
known that if the sign of Vmeas does not reverse with the
angle, then the contribution comes solely from different
spin rectification effects.
Figure 4 shows a Vmeas versus H plot for sample S5

measured at φ= 0° (a), 30° (b), 90° (c), 180° (d). A similar
kind of ISHE signal was observed for all the samples (data
not shown). It is observed that the strength of Vmeas for
sample S5 (20-nm-thick Pt) is three times smaller than
that of sample S1 (3-nm-thick Pt). This is consistent with
the fact that the ISHE voltage is inversely proportional to
the conductivity and thickness of the HM layer26.
For the separation of the spin pumping contribution

from Vmeas by excluding other spurious effects, Vmeas

versus H plots for samples S1 (Fig. 3) and S5 (Fig. 4) were
fitted with the Lorentzian equation27, which is given by:

Vmeas ¼ Vsym
ΔHð Þ2

H �Hrð Þ2þ ΔHð Þ2 þ Vasym
2ΔH H �Hrð Þ

H � Hrð Þ2þ ΔHð Þ2 ;

ð7Þ
where Vsym and Vasym are the symmetric and antisym-
metric components, respectively. Solid lines are the fits to
the experimental data. Vsym contains a major contribution
from spin pumping and minor contributions from the
AHE and AMR effects. The AHE contribution is zero here
if the rf field and H are perpendicular to each other, which
is the case in our measurement. The AHE and AMR are
the major contributions in the Vasym component. Figures
3 and 4 also show the plots of Vsym (dashed line) and
Vasym (dotted line) separately for samples S1 and S5,
respectively.
In-plane angle-dependent measurements of Vmeas were

performed at intervals of 2° to quantify spin pumping and
other spin rectification contributions (Fig. 5a, b for sample
S1 and Fig. 5c, d for sample S5). This is a well-established
method to decouple the individual components from the
measured voltage25,28,29. The model given by Harder
et al.30 considered the rectification effects, i.e., parallel
AMR (VAMR k

asym=sym) and perpendicular AMR (VAMR?
asym=sym), to

Table 1 Parameters extracted by fitting the experimental
data to Eqs (3) and (5) of the main text.

Sample γ (GHz/Oe) 4πMeff (Oe) HK (Oe) ΔH0 (Oe)

S1 0.0185 12206 ± 8 −110 ± 1 9.7 ± 0.3

S2 0.0185 11181 ± 32 122 ± 2 2.9 ± 0.2

S3 0.0185 11181 ± 69 78 ± 1 17.8 ± 2.0

S4 0.0185 11323 ± 28 118 ± 2 3.0 ± 0.8

S5 0.0185 11180 ± 24 −146 ± 2 3.5 ± 0.2

S6 0.0185 12336 ± 18 −105 ± 2 15.3 ± 0.7

Table 2 The values of α for samples S1–S6.

S1 0.0066 ± 0.0001

S2 0.0063 ± 0.0001

S3 0.0070 ± 0.0001

S4 0.0085 ± 0.0001

S5 0.0087 ± 0.0001

S6 0.0048 ± 0.0001
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the applied rf field and the AHE contribution due to the
FM layer. The relation between the measured voltage and
those rectification effects is as follows28:

Vasym ¼ VAHEcos φþ φ0ð Þsin; þ VAMR?
asym cos2 φþ φ0ð Þ

cos φþ φ0ð Þ þ VAMR k
asym sin2 φþ φ0ð Þcos φþ φ0ð Þ;

ð8Þ

Vsym ¼ Vspcos3 φþ φ0ð Þ þ VAHEcos φþ φ0ð Þcos;
þVAMR?

sym cos2 φþ φ0ð Þcos φþ φ0ð Þ
þVAMR k

sym sin2 φþ φ0ð Þcos φþ φ0ð Þ
:

ð9Þ

VAHE and Vsp correspond to the AHE voltage and the
spin pumping contributions, respectively. In addition, ;
is the angle between the applied H and the rf magnetic
field, which is always perpendicular in the present
measurement. The extra factor φ0 is taken to incorpo-
rate the misalignment of sample positioning in defining
the ; value during the measurement. The detailed fits

with and without incorporation of a small offset in the ;
value are shown in Supplementary Figs. A4 and A5 in
the Supplementary Information. Further, the AMR
contribution can also be quantified by the following
formula28:

VAMR ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
VAMR?;k

Asym

� �2
þ VAMR?;k

sym

� �2r
: ð10Þ

Here, VAMR?;k
Asym and VAMR?;k

sym are evaluated from the in-
plane angle-dependent Vmeas measurements by fitting
those values by Eqs (8) and (9), respectively. The extracted
values of the various components are listed in Table 3.
It is observed that Vsp dominates over other unwanted

spin rectification effects in all the samples (see Supple-
mentary Fig. A6 in Supplementary Information). How-
ever, the magnitude of the AHE is comparable to that of
spin pumping, which is decreased by one order of magni-
tude for thicker Pt samples. This may be due to the increase
in conduction of the Pt layer caused by the increase in its
thickness. It is well-known that the AHE depends primarily
on the magnetization of the sample due to the Berry

Fig. 3 Inverse spin Hall effect voltage measurements and FMR spectra for sample S1. Voltage (Vmeas) measured across the sample with an
applied magnetic field along with the FMR signal for sample S1 at φ values of (a) 0°, (b) 30°, (c) 90°, and (d) 180°. Open symbols show the
experimental data. Solid lines are the fits to the experimental data using Eq. (7). Short dashed and dotted lines show the symmetric (Vsym) and
antisymmetric (Vasym) components of the voltage, respectively.
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curvature of the FM31. The AHE contribution is an
intrinsic property of the FM layer. Co-based FM materials
are always a potential candidate for AHE phenomena32,33.
The saturation magnetization measurements of all the
samples indicated the presence of MPE in the Pt (see
Supplementary Fig. A7 and description in Supplementary
Information) or dead layer formation at the interface,
which may result in a decrease in the VAHE contribution
as the Pt thickness increases from 3 to 20 nm. However,
the AMR values are of a similar order in all the samples.
The finite AMR contribution indicates that the samples
are anisotropic in nature. A positive value of Vsp indicates
a positive spin Hall angle in Pt, which is consistent with
the literature26.
The lowest α in S2 shows the maximum spin

pumping voltage (Vsp) because of the smooth interface
between CFMS/Pt. Vsp is dominated by the con-
ductivity of Pt for thicker Pt samples. Thus, Vsp

decreases with increasing tPt.
Figure 6a shows the relationship between effective spin

mixing conductance g"#eff and Pt thickness, while Fig. 6b
represents the Pt thickness dependence of the spin Hall

angle. Here, g"#eff was calculated by the following expres-
sion using a damping constant2:

g"#eff ¼
Δα4πMStCFMS

gμB
; ð11Þ

where Δα; tCFMS, μB, and g are the changes in α due to spin
pumping, the thickness of the CFMS layer, the Bohr
magneton, and the Lande g-factor (2.1), respectively. To
calculate g"#r , we considered two models based on spin
memory loss (SML) and spin backflow (SBF). The value of
g"#r is found to be negative using the SBF model, which is
unphysical. This is discussed in detail later. SML is due
mainly to interfacial roughness and disorder34. In this
model, the effective spin mixing conductance is given by
the following equation34:

g"#eff ¼ g"#r
rsIcosh δð Þ þ r1sNcoth

tPt
λPt

� �
sinh δð Þ

rsI 1þ 0:5
ffiffi
3
ε

q
coth tPt

λPt

� �h i
cosh δð Þ þ r1sNcoth

tPt
λPt

� �
þ 0:5 r2sI

r1sN

ffiffi
3
ε

q
sinh δð Þ

;

ð12Þ
where ε is the ratio of the spin conserved to spin-flip
relaxation times. Based on ref. 33, we set ε= 0.1 for the

Fig. 4 Inverse spin Hall effect voltage measurements and FMR spectra for sample S5. Vmeas versus H and FMR signal for sample S5 at the φ

values of (a) 0°, (b) 30°, (c) 90°, and (d) 180°. Open symbols represent the measured voltage. Experimental data are fitted (solid lines) using Eq. (7).
Dashed and dotted lines show the symmetric (Vsym) and antisymmetric (Vasym) voltage components fitted to Eq. (7), respectively.
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Fig. 5 Angle dependent measurements of ISHE. Angle-dependent (φ) Vsym and Vasym measurements for samples S1 (a and b) and S5 (c and d),
respectively.

Fig. 6 Extraction of spin mixing conductance and spin Hall angle. a g"#eff and b spin Hall angle as a function of Pt thickness. The solid line in (a) is
the best fit using Eq. (12).
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present Pt. In addition, rsI, r1sN , δ, and λPt are the interfacial
spin resistance, Pt spin resistance, spin-flip parameter for
the CFMS/Pt interface, and spin diffusion length in Pt,
respectively. Figure 6a shows the fitting (solid line) of the
data of g"#eff using Eq. (12). The fitting gives the values of
λPt= 7.5 ± 0.5 nm, g"#r = 1.70 ± 0.03 × 1020 m−2, and δ=
0.1. It is noted here that due to the interdependency of the
parameters, we changed each parameter one by one to
reach the convergence of the fit. We have varied different
values of g"#r in order to obtain the best fit (see
Supplementary Fig. A8 in Supplementary Information).
We observed that only for g"#r = 1.7 × 1020 m−2 does the
best fit pass through three data points, while the other fits
are far from the data points. Therefore, we concluded that
this is the best fit.
The values of rsI and r1sN are 0.85 fΩm2 and 0.58 fΩm2,

respectively, which are similar to the reported values for
Co/Pt systems34. In the CFMS/Pt system, the SML prob-
ability (½1� exp �δð Þ� ´ 100) is found to be 9.5%. This
implies that the disorder at the interfaces is small since
spin depolarization is caused mainly by disorder at the
interfaces. The rsI is given by rb

δ , where rb is the interface
resistance. This indicates that most of the spin current
flows through the interface compared to the bulk SOC of
the Pt if the SML probability is large. However, in our case,
the SML probability is very small (9.5%), which means that
most of the spin current is dissipated through the bulk
SOC of the Pt, which produces a charge current and hence
creates VISHE. It is mentioned here that such high values of
g"#r and g"#eff can be due to (1) higher interface spin mixing
conductance than Sharvin conductance of Pt, (2) SML at
the interface and alloying at the interface of the FM/Pt
layer, (3) SBF, and (4) overestimation due to two-magnon
scattering (TMS). The spin mixing conductance cannot be
higher than the Sharvin conductance of Pt. Further, it is
observed that the SML probability is very small (9.5%),
which normally comes from interface disorder or alloying.
Therefore, SML cannot be the primary reason for obser-
ving such a high value of g"#r and g"#eff . To understand the

role of SBF, we considered the SBF model to evaluate spin
mixing conductance using the following equation2:

g"#r ¼
g"#eff

2ρPtλPt

h
2e2ρPtλPt

� g"#eff coth
tPt
λPt

� � ; ð13Þ

where ρPt is the resistivity of the Pt layer, which is 2.3 ×
10−7Ωm. The evaluated values of g"#r are found to be
negative, which is unphysical. Therefore, it can be
concluded that the SBF model is not applicable in our
samples and cannot be the reason for the high spin mixing
conductance. Further, in order to separate the contribution
of TMS in our samples, we performed angle-dependent
damping constant measurements in the range of 0 to 180°
at intervals of 10° for samples S5 and S6. TMS generally
comes from the defects and imperfections present in thin
films. If thin films are well ordered, the scattering intensity
should follow the symmetry present in the thin films.
Because our CFMS thin films are epitaxial and have cubic
magnetic anisotropy, the damping constant is symmetric
with respect to crystallographic directions. Due to the
epitaxial nature of our CFMS thin films, angle-dependent
damping analysis gives the opportunity to separate TMS
contributions. Conca et al.35 used this methodology with
epitaxial Fe/Al, Fe/Pt, and Fe/MgO layers. We chose sample
S5 since the interface roughness is highest among the
samples; if there is any interface contribution, it is expected
to be higher in sample S5. Figure 7a, b shows the angle-
dependent damping constant for samples S6 and S5,
respectively, revealing the anisotropy in the damping
constant. We followed the model given by Arias et al.36,
which was also used by Conca et al.35. It can be written as

α2M ¼
X
xi

Γxi f φ� φxi
� �

; ð14Þ

where Γxi is the contribution of TMS along the in-plane
crystallographic direction xi. The function f ðφ� φxiÞ is

Fig. 7 Angle-dependence of damping constant (α) for samples S6 and S5. Solid symbols and solid lines show the experimental data and best fit
to Eq. (16), respectively.
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the ansatz and can be written as:

f φ� φxi
� � ¼ cos2 4φ� φ 100½ �

� �
: ð15Þ

Therefore, the effective damping can be written as

α ¼ αiso þ α2M ¼ αiso þ Γ2Mcos
2 4φ� φ 100½ �
� �

; ð16Þ

where αiso is the total damping due to Gilbert damping,
spin pumping, and magnetic proximity effect. Γ2M
represents the strength of the TMS contribution.
We fitted the experimental data (solid symbols) to Eq.

(16) (solid line), as shown in Fig. 7a, b, for samples S6 and
S5, respectively. The fitting parameters are listed in Table 4.
The values of Γ2M are found to be 0.00170 ± 0.00057 and
0.00165 ± 0.00035 for samples S6 and S5, respectively. It is
inferred that the strength of the TMS contribution is
similar in the single CFMS film (S6) and the bilayer
CFMS/Pt sample (S5). Because g"#eff is directly proportional
to Δα, it does not affect the calculations of g"#eff or g

"#
r For

example, the value of Δα is evaluated to be 0.00382 after
removing the TMS contribution compared to 0.00386
considering the TMS contribution. The values of g"#eff are
4.1 × 1019 m−2 and 4.3 × 1019 m−2 for sample S5 without
and with TMS contributions, respectively. Hence, we
concluded that the TMS contribution comes from the
CFMS layer, not from the interface of the CFMS/Pt layer.
This means that TMS is not the reason for observing such
a high value of spin mixing conductance. Therefore, the
effective value of α, as mentioned in Eq. (6), may have
TMS but it cannot have any effect on the evaluation of g"#eff

after subtraction of α from a single CFMS layer. From the
above, one may infer that the low damping, epitaxial
nature, and high spin polarization of the CFMS layer
could be the primary sources for observing this high value
of g"#eff .
Further, we compared the g"#r and g"#eff values evaluated

in this work to the literature for various FM/HM systems
in Table 5. It can be observed that the values of g"#r and
g"#eff are higher than the available literature values for
systems with Pt. In addition, it should be noted here that
the values of g"#r and g"#eff are large compared to those of
other reported low-damping systems, viz. Y3Fe5O12/Pt,
CoFeB/Pt, and Co2MnSi/Pt37,38. Therefore, the CFMS/Pt
system can be a potential system for spin-transfer torque
and logic devices. In addition to g"#r , spin interface
transparency (T) is another parameter that is useful for
spin–orbit torque-based devices. The value of T is affec-
ted by the electronic structure matching of the FM and
HM layers. We used the following expression to calculate
T39:

T ¼
g"#r tanh tPt

2λPt

� �
g"#r coth tPt

λPt

� �
þ hσPt

2e2λPt

; ð17Þ

where σPt is the conductivity of Pt layer. For tPt= 20 nm,
T is calculated to be 0.83 ± 0.02 by Eq. (17), which is much
higher than the values reported in the literature for NiFe/
Pt and Co/Pt systems39. Further, it is also higher than the
recently developed low-damping Co2FeAl/Ta layer system
(68%)40. We also calculated θSH for Pt using the following
expression2:

j Js! j� g"#eff �h

8π

 !
μ0hrf γ

α

� 	2

´
μ0MSγ þ

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
μ0MSγð Þ2þ16 πfð Þ2

q
μ0MSγð Þ2þ16 πfð Þ2

2
4

3
5 2e

�h

� 	
;

ð18Þ

VISHE ¼ wy

σFMtFM þ σPttPt

� 	
´ θSHλPt tanh

tPt
2λPt

� 	
Js
!��� ���:
ð19Þ

The resistivity (ρ) of the samples was measured using
the four-probe technique, and ρPt and ρCFMS were found
to be 2.3 × 10−7

Ω-m and 1.7 × 10−6
Ω-m, respectively.

Table 4 Fitting parameters of angle-dependent damping constant data to Eq. (16) for samples S5 and S6.

Sample αiso × 10−3 Γ2M × 10−3 Δα × 10−3 with TMS Δα × 10−3 without TMS

S6 3.14 ± 0.34 1.70 ± 0.57 – –

S5 6.96 ± 0.21 1.65 ± 0.35 3.82 ± 0.55 3.86 ± 0.2

Table 3 Fitted parameters from φ-dependent voltage
measurements for all five samples.

Sample Vsp (V) ×

10−6

VAHE (V) ×

10−6

V?
AMR (V) ×

10−6

V jj
AMR (V) ×

10−6

S1 3.93 ± 0.05 −1.14 ± 0.03 2.97 ± 0.06 0.16 ± 0.03

S2 5.41 ± 0.16 −1.28 ± 0.04 3.14 ± 0.18 0.14 ± 0.04

S3 2.88 ± 0.06 −0.78 ± 0.02 1.54 ± 0.07 0.09 ± 0.02

S4 3.26 ± 0.05 −0.67 ± 0.05 2.28 ± 0.06 0.14 ± 0.03

S5 0.89 ± 0.02 −0.64 ± 0.01 0.67 ± 0.02 0.05 ± 0.01
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Here, σ corresponds to the conductivity of the individual
layers.
The rf field (μ0hrf) and CPW transmission linewidth (wy)

for our setup are 0.5 Oe (at +15 dBm rf power) and
200 μm, respectively. The obtained values of θSH are
plotted in Fig. 6b. The values of θSH are comparable to the
literature values41. In our case, we observe a higher SHA
value for sample S1 than for sample S5. This may be due
to the higher resistivity of the 3-nm Pt layers, which is
consistent with the results obtained by Liu et al.42.
Further, we also determined the power dependence of

the VISHE measurements (Supplementary Fig. A9, Sup-
plementary Information). We observed a linear depen-
dence of VISHE, which confirmed spin pumping at the
CFMS/Pt interface.

Conclusion
We observed a strong dependency of the spin pumping

voltage on the thickness of Pt. The spin pumping voltage
was decreased when the thickness of Pt was increased,
which may be due to the increase in conductivity of Pt with
increasing thickness. The presence of substantial spin
pumping maintains the damping constant values on the
order of ~10−3. The g"#r was obtained to be 1.70 × 1020m−2,
higher than those for the other reported FM/Pt systems. We
also performed angle-dependent damping constant mea-
surements to quantify TMS contributions. We found that
TMS in CFMS/Pt is not significant and does not affect the
obtained high value of g"#r . In addition, we observed the
highest spin interface transparency (83%) of any FM/Pt
system. Low magnetic damping and a large value of g"#r with
high interface transparency make the CFMS/Pt system a
potential candidate for spintronic applications.
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