
Research Papers

Impact of surface oxidation on gilbert damping and inverse spin hall effect 
in SiO2/Ta/NiFe multilayers

Pranita Sharma a, Seunghyun Lee b, Jonghyeon Choi b, Jung-Woo Yoo b, Krishna Begari a,*,  
CheolGi Kim a,*

a Department of Physics and Chemistry, DGIST, Daegu, South Korea
b Department of Materials Science and Engineering, UNIST, Ulsan, South Korea

A R T I C L E  I N F O

Keywords:
Spin pumping
Anti-damping
Non-equilibrium spin accumulation
Spin-to-charge conversion
Inverse spin hall effect
Magnetization dynamics

A B S T R A C T

Spin pumping in bilayer systems composed of ferromagnetic materials (FM) and heavy metals (HM) generates 
spin currents that can be detected by the inverse spin Hall effect (ISHE). Here, the reduction in Gilbert’s damping 
(α) during spin pumping and the ISHE in the SiO2/Ta (tnm)/NiFe (10nm) bilayer system was observed. The value 
of α for SiO2/NiFe (10 nm) was determined to be 0.0121 ± 0.0003. However, for SiO2/Ta (t nm)/NiFe (10 nm), a 
consistently lower damping across all Ta thicknesses was observed, which could be due to non-equilibrium spin 
accumulation at the interface. Additionally, high interfacial spin mixing conductance values of -1.83(±0.05) ×
1019 m-2 and a spin diffusion length (λSD) of 2.77±0.53 nm was obtained. Further high inverse spin Hall voltage 
was recorded and the spin Hall angle of -0.024 was calculated for the Ta 7 nm system.

1. Introduction

Spintronics devices have gained popularity due to their low power 
consumption and high speed, making them ideal for next-generation 
memory and sensing applications [1–4]. Pure spin current (Js) genera
tion and detection without charge current have attracted significant 
attention for meeting these requirements. To utilize pure spin current in 
modern technology, which mostly uses charge current, the conversion of 
spin current to charge current is essential. The spin-charge intercon
version can be achieved in nonmagnetic (NM) with high spin-orbit 
coupling (SOC) using the spin Hall effect (SHE) or the inverse spin 
Hall effect (ISHE) [1]. The conversion efficiency, typically characterized 
by the spin Hall angle (θSHA), is thus one of the key parameters for 
spintronics applications. The spin to charge conversion relation is given 
by: 

Jc
→

=

(
2e
ℏ

)

θSH Js
→

× σ→

Where σ→ is the spin-polarization direction of Js→. Heavy metals like Pt, 
Ta, and W, have high spin-orbit interaction (SOC) and low spin-diffusion 
length which makes them a promising candidate for spin-charge con
version via Inverse Spin Hall effect [1,2,5–9].

Spin pumping, which involves bilayer films consisting of ferromag
netic (FM) materials and nonmagnetic (NM) with high SOC, has 
emerged as an essential tool for generating spin current (spin accumu
lation) [1,2,5–7,9–11]. During resonance, the pure spin current from FM 
layer is transferred to the HM, creating a spin torque. This torque can be 
measured by spin orbit torque (SOT) efficiency, represented as: 

ξSH =

(
2e
ħ

)
Js

Jc 

The efficiency of this spin angular momentum transfer is governed by 
magnetization precession; therefore, Gilbert Damping and saturation 
magnetization play crucial roles in an efficient spin pumping mecha
nism. The impact of spin pumping on the Gilbert damping values of 
different FM/NM have been extensively studied in the last decade [1,2,
6–8,12–19].

In most cases, the damping constant is generally enhanced due to 
spin pumping [2,12,20]. However, for low-power applications, a lower 
damping constant is preferred. To accomplish this, direct current (DC) 
can be applied to the nonmagnetic layer, which induces an opposite 
torque through Rashba interaction [21–24]. In the presence of a DC 
magnetic field, the non-equilibrium spin density builds up at the inter
face of the ferromagnetic (FM) and non-magnetic (NM) materials due to 
the structural inversion asymmetry. This accumulated spin density 
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interacts with the magnetization of the FM layer through ferromagnetic 
exchange coupling. As a result, magnetization can be reversed at high 
current densities, a phenomenon known as the anti-damping of 
magnetization precession. This process effectively reduces the Gilbert 
damping constant (α) compared to a bare FM. However, it also di
minishes the device’s operational efficiency.

Recently, non-equilibrium spin accumulation has been also observed 
during the process of spin pumping at the interface in the FM/NM sys
tem [25]. It becomes more prominent when the heavy metal thickness is 
smaller or comparable to its spin diffusion length. In this thickness 
regime, the non-equilibrium spin accumulation stimulates an extra 
torque on the FM spins, which results in the decrease of the damping 
parameter even in absence of external DC involvement. Thus, the spin 
pumping mechanism offers a direct approach to effectively utilize the 
interfacial Rashba effect thereby reducing the critical current require
ment without degrading the device efficiency [6,7,13,25].

In this study, reduced damping in SiO2/Ta (tnm)/NiFe (10nm) as 
compared to the Single layer SiO2/NiFe was analyzed by ferromagnetic 
resonance (FMR) measurements. This anti-damping in the bilayer 
caused by Rashba-like SOT was obtained without external DC field. 
Although this observation is similar to the anti-damping effect observed 
in β-Ta/Py/SiO2/Si(100) [6], it rules out the possibility of protecting the 
underlying NiFe layer due to Ta layer. Further high interfacial spin 
mixing conductance and spin current density were calculated. At reso
nance, the spin current transferred from NiFe into the Ta layer is con
verted into a charge current through the inverse spin Hall effect (ISHE). 
Further, the spin Hall angle of SiO2/Ta (7nm)/NiFe (10nm) sample can 
be estimated by measuring the voltage across the sample.

This study underscores the potential of Ta as a material for inducing 
Rashba-like torque leading to lower α. This characteristic of Ta could be 
instrumental in developing low power spintronics devices due to the 
absence of any DC-current [6].

2. Experiment techniques

SiO2/NiFe (10nm) and SiO2/Ta (tnm)/NiFe (10nm) samples were 
deposited on 5 mm x 5 mm SiO2/Si substrates using DC magnetron 
sputtering. Ni80Fe20 and Ta were deposited on the same chamber at 4.5 
mTorr argon pressure and 50 mA current. The base pressure was around 
1 × 10–7Torr, and deposition pressure was maintained at 4.3 × 10–3 

Torr. Before deposition, the substrates were thoroughly cleaned with 
Alconox, acetone, methanol, and deionized water in an ultrasonic water 
bath and the targets were pre-sputtered for 10 min. The Ta layer 
thickness ranges as 0, 1, 3, 5, 7, 9, 11 and 13 nm. The thickness of the 
samples was calculated using the premeasured deposition rate obtained 
through X-ray reflectivity (XRR).

Crystallographic properties of films were determined using X-ray 
diffraction (XRD) technique using a Panalytical/Empyrean diffractom
eter with Cu-Kα radiation (λ = 1.5406 Å) as the radiation source. 
Diffraction patterns of Ta samples with thickness 10 nm, 20 nm and 30 

nm were recorded using Grazing Incident angle mode at omega equal to 
0.5◦ to find the Ta phase in our samples. Sheet resistance of Ta (tnm) and 
NiFe were measured using a four-probe method.

Magnetization dynamics were studied using a ferromagnetic reso
nance (FMR) technique for excitation frequencies of 9–19 GHz at room 
temperature. A DC magnetic field (H), perpendicular to the radio fre
quency field (hrf), was applied using an electromagnet. The HM/NM 
bilayer was placed between the ground (G) and signal (S) lines of a 
coplanar waveguide as shown in Fig. 1(a,b) [10].

Additionally, X-ray photoelectron spectroscopy (XPS, Thermo Fisher 
Escalab 250Xi) using Al-Kα(1486.61 eV) as a radiation source was uti
lized for studying the depth profile of the samples.

To measure ISHE voltage a nanovoltmeter was connected to the FMR 
set-up to measure voltage transverse to the applied field. A 5 × 2 mm2 

Ta-Au contact was deposited over the sample using a shadow mask for 
connections.

3. Results and discussion

Fig. 2(a) shows the XRD patterns of single layer Ta thin film of 
thickness 10 nm, 20 nm and 30 nm obtained using glancing angle of 
incidence of 0.5◦ Due to low thickness, the observation of significant 
peaks for thickness below 10 nm was not noticed. A broad peak at 38◦

can be seen for 30 nm which gradually shifts to 37.2◦ for 10 nm. It is 
difficult to distinguish if the XRD peak is of α-(110) or β-(202) as the 
spectrum is quite broad and the calculated d-spacing of 0.23 Å is com
mon for both phases. Given that the 2θ value is much lower than that of 
α-(110) which occurs at 38.47◦, especially for 10 nm, this peak can 
assigned to (202) lattice planes of the tetragonal β-Ta crystal (JCPDS 
25–1280) [26]. The absence of the isolated α-Ta (200) peak at 56.0◦ and 
presence of the peak at 67◦ corresponding to (004) peak of β-Ta further 
confirms the presence of β-Ta [26].

In addition to XRD, resistivity measurement was conduction to 
support the β-Ta formation. The resistivity was estimated using the four- 
probe method by fitting the measured sheet resistance of different Ta 
thickness (Fig.:2(b)) using the equation: 

R =
ρTa

tTa
+ C Ω 

The resistivity(ρTa) value of ~317.34 (±12.0) μΩ⋅cm extracted from 
the above equation is in good agreement with the published results [27,
28], which additionally confirms the desired β-phase Ta thin films 
growth rather than the α-phase of lower resistivity (15–60 μΩ⋅cm) [1,29,
30]. Even though there is a sharp decrease in the resistivity with 
thickness, the values for thicker films used in this work still falls in the 
range for resistivity of β-Ta. The resistivity of NiFe (10 nm) ~ 77.49 μΩ⋅ 
cm was directly calculated from sheet resistance using four-probe.

The FMR spectra of the SiO2/NiFe (10nm), and SiO2/Ta (tTa)/NiFe 
(10nm) were acquired across a frequency (f) range of 9–19 GHz with 
measurements taken every 2 GHz, using a microwave power of 30 dBm. 

Fig. 1. (a,b) Ferromagnetic Resonance Measurement using Co-planner Waveguide.
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Fig. 3(a) shows the mechanism of the FMR-ISHE measurement. For 
determining the resonance field Hres and linewidth ΔH at different fre
quencies, the observed FMR spectra were fitted with the derivative of 
the Lorentzian function given by equation (1) [2,6] 

dI
dH

= k1
4ΔH(H − Hres)

(
ΔH2 + 4(H − Hres)

2)2 + k2
ΔH2 − 4(H − Hres)

2

(
ΔH2 + 4(H − Hres)

2)2 (1) 

FMR spectra of single layer NiFe sample, frequency versus Hres and 
ΔH versus frequency is shown in Fig. 3 (b, c & d), respectively.

The saturation magnetization (MS) of the samples can be calculated 

by fitting the frequency vs Hres plot to the Kittel equation [2,6,15]: 

fr =
γ

2π
̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅
(Hres + Hk)(Hres + Hk + 4πMs)

√
(2) 

Here, Hk is the uniaxial anisotropy, and γ is the gyromagnetic ratio. The 
values of the saturation magnetization 4πMS of 7852.11 Oe were 
extracted for a single layer NiFe sample.

Gilbert’s damping parameter (α) of 0.0121 ± 0.0003 was estimated 
for NiFe film by fitting the frequency versus linewidth (ΔH) plot using 
the following relation [2,6]: 

Fig. 2. (a) X-ray diffraction of Ta and (b) Resistance as a function of Ta thickness.

Fig. 3. (a) FMR- ISHE mechanism and voltage measurement schematics, (b) FMR spectra of single layer NiFe sample, (c) frequency versus Hres and (d) ΔH 
versus frequency.
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ΔH = ΔHo +
4παf

γ
(3) 

Here, ΔHo is the line broadening due to extrinsic contributions. This 
value of 4πMS and α for single-layer NiFe film is comparable to the 
previous reports [14,31].

In case of the bilayer layer system, due to spin accumulation the FMR 
conditions and therefore values of MS and α are manipulated. Frequency 
versus Hres plot and the extracted values of MS for different Ta thick
nesses are presented in Fig. 4(a & b). The MS values for the bilayer 
system ranges from 7914.43 Oe to 9638.85 Oe and within estimation 
error, these 4πMS values for the bilayers are clearly larger than that of 
the single layer NiFe layer. This enhancement in 4πMS, could be due to 
extra spin density from spin accumulation in the heavy metal layer, 
which is theoretically linked to the strong local spin-orbit coupling at the 
interface because of magnetic proximity effect in NiFe due to the adja
cent Ta layer [6,13]. VSM measurement was performed to verify the 
effect, Figure S1 shows the MS values measured in VSM for Bilayer are 
more than that of Single Layer NiFe which confirms the existence of 
proximity effect observed in FMR measurement [32–34].

Linewidth (ΔH) vs Frequency plot for NiFe and bilayer samples with 
varying Ta thickness is plotted in Fig. 4(c). As the relation is linear, we 
can estimate the damping paraments of individual samples from the 
slope of the line. It can be observed that the slope of the line is lower for 
bilayer samples showing narrowing of the linewidth compared to the 
single-layer NiFe. Narrowing of the linewidth indicates a decrease in the 
whole relaxation of the magnetization dynamics. The reduction in the 
Gilbert damping coefficient calculated using Eq. (3) for the SiO2/Ta 
(tnm)/NiFe (10nm) bilayer sample confirms that the reduction in line
width is due to a decrease in the relaxation processes that characterize 
the magnetic system [35].

The observed enhancement in 4πMS, together with the relaxation of 
magnetization dynamics observed in FMR, supports the presence of a 
strong spin-orbit torque (SOT) leading to anti-damping. The observed 

anti-damping can be due to the back flow of spin current into the NiFe 
layer or spin accumulation at the interface which generates an addi
tional SOT on the in-plane magnetization of the NiFe layer. This spin 
accumulation is highly influenced on spin diffusion length λSD of the Ta 
layer. Fig. 4(d) shows the relation of αeff with Ta thickness, where 
αeff =

(
αTa/Py − αPy

)
is the difference between the damping constant of 

bilayer and single layer system samples. A sharp decrease in αeff till 5 nm 
was observed after which it was almost constant, which is very similar to 
the results reported by Panigrahi but contrasting to Behera where after a 
certain thickness around 2-times spin depth, the alpha effect increased. 
In either case, the effective damping was negative for all thicknesses of 
Ta.

According to the theoretical model for αeff versus tTa proposed by 
Tserkovnyak et al. [16,17],the pure spin current JS injected from the FM 
layer accumulates at the interface of the NM layer resulting in the 
non-equilibrium spin density causing a backflow of spin angular mo
mentum to the FM layer, which opposes the enhancement of αeff. Similar 
anti-damping behavior was reported in NiFe/ β-Ta bilayer samples by 
Behera et al. [6] and CoFe/Ta structure studied by Panigrahi et al. [36]. 
The reduction in damping value for SiO2/Ta (tnm)/NiFe (10nm) can be 
linked to Inverse Rashba spin-orbit interaction at the interface due to 
non-equilibrium spin accumulation at the interface [7,36].

The values of spin diffusion length (λSD) and Re
(
geff

↑↓
)
; the real part of 

interfacial effective spin mixing conductance of the system can be 
extracted from the Eq. (4) [12,16]. 

αeff =
gμBRe

(
geff

↑↓
)

4πMstFM

⎛

⎜
⎝1 − e−

2tTa
λsd

⎞

⎟
⎠ (4) 

where g = 2.1, µB = 9 274 × 10–21 ergs/Oe is the Bohr magneton. A 
higher value of geff

↑↓ is indicative of a stronger spin current in the NM 

layer. For our system, λSD ~ 2.77±0.53 nm and geff
↑↓ was calculated to be 

Fig. 4. (a) Frequency vs Hres, (b) Saturation magnetization (c) ΔH vs Frequency and (d) Effective damping constant, for different Ta thickness.
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− 1.83 (±0.05) E + 19 m-2. The negative sign indicates a net flow of 
angular momentum into the ferromagnetic layer and is a characteristic 
of anti-damping [30]. The effective spin mixing conductance (geff

↑↓ ) 
characterizes the efficiency of spin transport across interfaces in mag
netic multilayer systems and therefore considers both the initial spin 
pumping and the inward and outward back flow(net flow) [1]. These 
values are higher than many previous reports and comparable to 
CoFeAl/beta-Ta films studied by Serkan Akansel et al. [12].

Since the sample does not have a capping layer, the NiFe layer might 
have oxide formation at the surface. The presence of oxide introduces 
structural inversion asymmetry in the NiFe, leading to non-equilibrium 
spin accumulation and an inverse Rashba-like spin-orbit interaction in 
the system [13]. The XPS depth profile measurements were conducted to 
support the proposed explanation for the decrease in effective damping 
behavior. The variation in the XPS signal of Ni-2p, Fe-2p and O-1 s for 
single layer NiFe is shown in Fig. 5(a, b, and c) Ni-2p and Fe-2p spectrum 
has 3 significant peaks located at 852.5, 854.8, and 860.8 eV, which 
corresponds to the metallic Ni, NiO, and satellite phases and 706.4, 
711.7 and 721.8 eV corresponding to metallic Fe, Fe2O3 and satellite 
peak respectively. The XPS spectra of O-1 s can be deconvoluted into 
three peaks at 529.4, 531.1, and 532.75 eV The 529.4 eV peak can be 
ascribed to lattice oxygen in polycrystalline NiO, further confirming the 
existence of NiO.

The peak features positioned at 530.5 and 531.3 eV can be attributed 
to oxide and hydroxy groups of the NiFe alloy, respectively [37–40]. 
Fig. 5d shows XPS spectra of Ta-4f obtained after 90 s etch time. Two 
prominent metallic peaks at 21.65 eV and 23.45 eV and corresponding 
satellite peaks were observed [41–43].

From the XPS spectra, the formation of a thin oxide layer at the 
surface is confirmed, which could facilitate Rashba like interaction in 
the system [13,44]. Further, the consistency and independence of the 

oxide layer thickness, regardless of the underlying Ta layer thickness, 
support the observation that the reduction in damping occurs irre
spective of the Ta layer thickness. Similar behavior was reported by 
many groups for thin Ta and Al capped layers for both current driven as 
well as spin pumped systems [13,44].

Under ferromagnetic resonance conditions, the accumulated spin 
current in the Ta layer is converted into charge current through the 
Inverse Spin Hall Effect, as depicted in Fig. 3(a). Voltage measurements 
were carried out for Ta (tnm)/NiFe (10nm) at all frequency ranges used 
for FMR measurement. The FMR spectra and its corresponding voltage 
measured for Ta (7nm)/NiFe (10nm) sample at 9 GHz frequency is 
shown in Fig 6(b & c) in order. It is observed that the voltage peak and 
the zero-crossing point of the derivative FMR spectrum coincide at the 
same resonance field. This phenomenon suggests the occurrence of spin 
pumping-induced Inverse Spin Hall Effect (ISHE). The voltage signal V 
(H) consists of symmetric and asymmetric components that can be 
represented by a Lorentzian expression, given by [7,8], 

V(H) =
VsymΔH2

ΔH2 + (H − Hres)
2 +

Vasym(H)ΔH(H − Hres)

ΔH2 + (H − Hres)
2 (5) 

Where Vsym and Vasym refer to the symmetric and asymmetric component 
of the measured voltage. The symmetric part represents the contribution 
from ISHE, and the asymmetric part represents the contributions from 
other spin rectification effects [2,18].

The fitting indicates that the significant contribution to the voltage is 
primarily from the symmetric component. To rule out the possibility of 
other contributions in the symmetric voltage, voltage was measured by 
changing the polarity of magnetic field. The reversal of the external 
magnetic field causes a sign change in the polarization of the pumped 
spin current and thus leads to a change of the sign of the spin pumping 

Fig. 5. XPS spectra of SiO2/Ta (7nm)/NiFe (10nm) corresponding to (a) Ni-2p (b) Fe-2p (c) O-1 s and (d)Ta-4f.
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voltage. Fig. 7(a) depicts the measured voltage signal of Ta (7nm)/NiFe 
(10nm) sample for both negative and positive applied field. The polarity 
of the symmetric voltage changes which is a signature of ISHE while the 
asymmetric part remains the same, and the magnitude of Voltage is 
comparable for both polarities which indicates that the voltage is from 
ISHE as predicted theoretically [45–47].

Fig. 7(b) shows voltage for a wide range of excitation frequencies 
(9–19 GHz) with a field sweep from ±4000 Oe The ISHE peak shift is 
consistent with FMR resonant modes for NiFe [8]. Further, Ta 
thickness-dependent voltage measurement was conducted to see the 
dependence of voltage due to ISHE as a function of Ta thickness (Fig 8(a 
& b)). The Voltage initially increases till around 6 nm and then gradually 
decreases. This is again significant ISHE behavior as the effect is 
prominent till tnm < 2λsd.

To quantify the efficiency of this spin-to-charge conversion, the in
tensity of the spin can be calculated from the vertical spin current 
density, JS written as [8,15] 

JS =
G↑↓γ2ℏh2

rf

8πα2
(Ta/NiFe)

[
4πMsγ +

̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅

(4πMsγ)2
+ 4ω2

√

(4πMsγ)2
+ 4ω2

]
2e
ℏ

(6) 

where hrf is the rf magnetic field which is 0.84 Oe for our setup, The 
factor 2e

ℏ in Eq. (6) converts the unit of spin current from J/m2 to A/m2, 
which is equivalent to a three-dimensional current density [15]

The spin current density described in Eq. (6) is converted into an 
electromotive force VISHE due to the ISHE in the Ta layer induced by the 
spin pumping as per the following relation: 

VISHE

w
=

jsθSHλSDtanh
(

tN
2λSD

)

σNiFetFNiFe + σTatTa
(7) 

where ρNiFe and ρTa are the resistivities of the NiFe and Ta thin films, 
respectively. The parameters w = 0.42 mm, tNiFe, tTa are the width of the 
signal line of cpw, and the thickness of the NiFe and Ta layer, respec
tively [7,8,13].

Using Eq. (7) the value of |JS| and θSHA for Ta (7nm)/NiFe (10nm) 
sample was calculated to be 7825.635 MA/m2 and − 0.024, respectively.

4. Conclusion

FMR-ISHE measurements of SiO2/Ta (tnm)/NiFe (10nm) sample 
revealed a lower Gilbert damping parameter of 0.008 for the SiO2/Ta 
(tnm)/NiFe (10 nm) sample, compared to a parameter of 0.012 observed 
in the bare NiFe sample. This reduction in damping is notable since an 
increase in the effective damping constant (αeff) was anticipated due to 
spin pumping effects. The observed trend in Gilbert damping, particu
larly in the absence of an external DC applied to the non-magnetic (NM) 
layer, could be due to oxidation at the surface of NiFe leading to a 
structural inversion asymmetry on the Py layer, resulting in non- 
equilibrium spin accumulation and an Inverse Rashba-like spin-orbit 
interaction within the system.

Additionally, high interfacial spin mixing conductance values of 
− 1.83 (±0.05) × 1019 m-2 and a spin diffusion length (λSD) of 2.77±0.53 
nm was extracted from thickness dependent effective damping; 
αeff =

(
αTa/Py − αPy

)
relation. The transverse voltage recorded during 

spin pumping had a polarity-dependent high symmetric Lorentzian 
contribution showing dominance of the inverse spin Hall effect over 
other spin rectification effects. The VISHE increases with Ta thickness till 
~7 nm (2λSD) after which it decreases. From the voltage measurements, 
spin current density |JS| of 7825.635 MA/m2 and spin hall angle θSHA of 
− 0.024 was calculated for the SiO2/Ta (7nm)/NiFe (10nm) sample.

The tunability of effective damping constant along with ISHE high
lights the prospective application of the SiO2/Ta/NiFe system for the 
development of low power spintronics devices for various memory and 
sensing applications.

Fig. 6. (a) FMR spectra and (b) corresponding voltage measured for Ta (7nm)/ 
NiFe (10nm) sample at 9 GHz frequency.

Fig. 7. (a) The DC voltage measured for Ta(7nm)/NiFe(10) sample when negative and positive field is applied and (b) Voltage measured at different excitation 
frequencies (9–19 GHz).
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