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ABSTRACT 

We report the investigation of the spin Hall angle (SHA) of Rhodium (Rh) and the effective magnetic damping 

constant of Ni80Fe20 in Rh (10 nm)/Ni80Fe20 (10 nm) bilayer system using Spin Torque Ferromagnetic Resonance (STFMR) 

spectroscopy and density functional theory based analysis. The filtered DC output voltages from Rh (10 nm)/Ni80Fe20 (10 

nm) bilayer system at different input signal frequencies and powers for a complete 360º angle were measured. The average 

magnetic damping constant of Ni80Fe20 is found to be 0.017 and the angle-dependent study shows a 2-fold symmetry with 

the in-plane anisotropy field of 120 Oe. The SHA of Rh is found to be 0.2 %. The results agrees well with the calculations 

based on density functional theory where we found spin Hall conductivity (𝜎𝑥𝑦
𝑠𝑝𝑖𝑛𝑧

) at the charge-neutral Fermi level (EF) 

is positive and it’s magnitude is ~423 (
ℏ

𝑒
) (S/cm).  
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Introduction : 

A considerable research interest in the search of new spin Hall materials suitable for efficent spin-orbit torques (SOT)1,2 

is driven by applications in magnetization switching, and magnetization auto-oscilations for logic and memory devices3,4,5 

The conversion efficiency from the charge current to spin current is quantified by the figure of merit known as spin Hall 

angle (SHA)6,7,8. Recently, materials, particularly metals and alloys, with much larger SHAs have been observed which 

include Pt (5.7±1.4%)9, Pd(0.56 ± 0.07%)10, Ag(0.68±0.07%)11, Cu76Ir24(6.29 ± 0.19%)12, and Au (8.7 ± 2.5%)13,14. The 

SOTs induced by these materials are reported to be large enough to induce motion of magnetic domain walls15, excite spin 

waves16–18 and switch the direction of magnetization vector in a uniform thin magnetic layer19. Along with SOTs, magnetic 

anisotropy20,21, configurational anisotropy22, and Gilbert damping parameter15,23,24 become important which determine the 

critical operational characteristics of spintronic devices such as the threshold write current25,26, switching time27, and 

transition jitters28. Although the exact origins of the SOT are not fully understood, reported theories explained them as a 

combination of intrinsic mechanisms and extrinsic spin-dependent scattering inside the bulk of the materials29. Typically, 

extrinsic mechanisms are likely to dominate over the intrinsic mechanisms because of innate bulk disorder or impurities in 

the thin films30. Rhodium(Rh)31 is positioned very close to the elements, mentioned above which are extensively studied, in 

the periodic table but there are no reports of its SHA in the literature. In order to measure the SHA in Rh, we have used 

spin-torque ferromagnetic resonance (STFMR), which involves diffusion of spin current from heavy metal (HM) to adjacent 

FM layer that exerts significant spin torque on the magnetization vector of the ferromagnetic layer32,33,34. The increase in 

magnetic damping parameter of Ni80Fe20/Rh indicate the presence of spin relaxation in Rh. The lineshape analysis were 

employed and the SHA of Rh is obtained to be about 0.2 %. To understand the orgin of the obtained 0.2% SHA, the density 

functional theory (DFT) calcutaion were perfomed by constructing Wannier functions using Wannier90 package48. Our 

calculation shows the presence of positive charge-neutral Fermi level (EF) in the Rh supporting the observation of positive 

spin Hall angle of Rh and also suggest dominant intrinsic orgin of charge to spin conversion in Ni80Fe20/Rh. 

Experimental Methods : 

 In order to make the devices for the STFMR measurements, we spun coat the photoresist (AZ MIR 701) at 3500 rpm 

for 1 minute starting at acceleration of 2000 rpm/sec on the cleaned 10 mm × 10 mm Si/SiO2 substrate. After that we baked 

the samples at 90 ºC for 1 minute. The prepared sample was then placed inside a microwriter (Durham, UK) where it is 

exposed to ultraviolet light scanning through a loaded soft mask pattern. After that we developed the resist by placing it 

inside AZ 736 developer for 25 seconds with continuous mild stirring followed by post-bake at 110 ºC for 1 minute. The 

developed resist pattern was checked using an optical microscope. Then we placed the substrate with patterned resist 

subjected to stacked deposition of Rh(t1)/Ni80Fe20(t2) where t1 = 2,5,7,10 and 15 nm and t2 =10 nm done at Ar gas pressures 

of 3 mTorr and 40 Watt electrical power. Finally, lift off of the resist was performed to  obtained stripes of Rh/Ni80Fe20 

bilayer with dimension of 60 µm x 20 µm. In the second photolithography step, a copper co-planar waveguide (CPW) of 

300 nm thickness and 100 µm wide signal line and 200 µm wide ground lines with inter-line spacing of 30 µm was 

fabricated on top of the stripes so that the stripe bridges the central conducting line and ground line of the CPW35. The 

fabricated devices were then used for the magneto-transport measurements in STFMR set-up. We have completed the 



measurements in one go before the oxygen diffusion happened at the interface. A schematic of the Rh/Ni80Fe20 bilayer is 

shown in Figure 1(a). The sketch of the waveguide is shown in Figure 1(b). 

 The STFMR measurement set up33 is equiped with microwave signal generator (Agilent), Bias-T, Lock-in-amplifiers, 

3D vector magnets, and a high frequency probe station with nonmagnetic ground-source-ground (G-S-G) probes 

(picoprobes, GGB Industries). Signals in the radio frequency range (10 MHz to 20 GHz) with different powers (varying 

from -5dB to 20 dB) are typically sent to the CPW, which is grounded at the other end. The back reflected signal is collected 

by the same probe. The AC component of the collected signal is then filtered out by a bias-T and the DC component is 

collected by the lock in amplifier. The collected DC component of the signal is plotted with the external magnetic field. 

Then, symmetric and asymmetric Lorentz function is fitted with the signal to obtain different parameters such as resonance 

frequency, resonance line width, amplitude of the symmetric and asymmetric components. In this work, the STFMR spectra 

were recorded by sweeping the magnetic field (H= -1 kOe to 1 kOe) measurements for constant frequency. The 

measurements were also perfomed as a function of in-plane magnetic field angle  ( 0º to 360º at step of 10º). The geometric 

configuration of the applied field is shown in the Figure 1(a).  

 
Figure 1. (a) The design of Rh(t1)/Ni80Fe20(t2) bilayer of size 60 µm x 20 µm on SiO2 fabricated using photolithography. The applied 

magnetic field (H) direction (𝜃,𝜑) with respect to the length of the bilayer bar is shown inset. (b) 300 nm thick copper co-planner 

waveguide is made on top of the bilayer bar. (c) The microwave signal from the signal generator is sent to the device through GSG 

probes and the returned DC signal is collected to the lock in amplifiers after filtering out the AC component by a bias-T. 

 

Results and discussions : 

 First, the STFMR spectra of a Ni80Fe20 strip of size 30 µm × 10 µm and 10 nm thickness was measured at increasing 

and decreasing bias fields at = 45𝑜 to observe the anisotropic magnetoresistance (AMR) behaviour in Ni80Fe20 stripe. 

Subsequently, the Rh(t1)/Ni80Fe20(t2) bilayer samples were measured with field sweep at input frequencies and powers of 

3, 4, 5, 6, 7 GHz and 16 dB, respectively. The DC signal amplitude increases proportionally with the input power which 

indicates the induced precession is in the small angle regime (presented in the supplementary material). In general, such 

magnetization dynamics are described by the following equation35  

𝑑𝑚̂

𝑑𝑡
= 𝛾𝑚̂ × 𝐻⃗⃗ 𝑒𝑓𝑓 + 𝛼𝑚̂ ×

𝑑𝑚̂

𝑑𝑡
+

ℎ

4𝜋𝑒𝜇0𝑀𝑠𝑡
𝐽𝑠,𝑟𝑓(𝑚̂ × 𝜎̂ × 𝑚̂) − 𝛾(𝑚̂ × 𝐻⃗⃗ 𝑟𝑓)     (1) 

Where 𝛾 is the free electron gyromagnetic ratio, 𝑚̂, 𝜎̂, are unit vector of magnetization, electrical connductivity, respectively 

and 𝐽𝑠,𝑟𝑓 𝑎𝑛𝑑 𝐻𝑟𝑓 represents the oscillating spin current density injected into Py and the Oersted field generated by the rf 

current. Whereas the acquired mixed signal can be fitted with the following equations35,36,37 

𝑉𝑚𝑖𝑥 = −
1

4

𝑑𝑅

𝑑𝜃

𝛾𝐼𝑟𝑓𝑐𝑜𝑠𝜃

β2𝜋(𝑑𝑓 𝑑𝐻)⁄ 𝐻𝑒𝑥𝑡=𝐻0

[𝑆𝐹𝑆(𝐻𝑒𝑥𝑡) + 𝐴𝐹𝐴(𝐻𝑒𝑥𝑡)]       (2) 

where, 



𝐹𝑆(𝐻𝑒𝑥𝑡) =
𝛽2

[𝛽2+(𝐻𝑒𝑥𝑡−𝐻0)2]
 , 

 𝐹𝐴(𝐻𝑒𝑥𝑡) =
𝛽(𝐻𝑒𝑥𝑡−𝐻0)

[𝛽2+(𝐻𝑒𝑥𝑡−𝐻0)2]
 , 

𝑆 =
ℏ𝐽𝑆,𝑟𝑓

2𝑒𝜇0𝑀𝑠𝑡
 and 𝐴 = 𝐻𝑟𝑓 [1 +

4𝜋𝑀𝑒𝑓𝑓

𝐻𝑒𝑥𝑡
]
1

2⁄
  (3) 

Where 𝛽 represents the linewidth of the signal. 

  The obtained resonance linewidths are used for the calculation of effective damping constant (𝛼𝑒𝑓𝑓) of Ni80Fe20 and 

Ni80Fe20 interfacing Rh layer. The STFMR spectra for Rh/Ni80Fe20 bilayer stripes with different thicknesses of Rh and 

Ni80Fe20 layers were measured and the corresponding plots are shown in Figure 2(a).  

 

Figure 2 (a) The STFMR signal from the Rh(10)/Ni80Fe20(10) bilayer at 3, 4, 5, 6 and 7 GHz frequencies are shown. (b) The 

ferromagnetic resonance (FMR) fields, linewidths and signal amplitudes were extracted by fitting the Lorentzian functions and the 

symmetric and asymmetric components of the fitting function are plotted, together. (c) The dependence of FMR field on applied 

frequencies is shown which follows Kittel equation. The magnetic parameters of Ni80Fe20 has been extracted from the fitting. (d) Angular 

variation of applied magnetic field reflects two-fold shape anisotropy of the rectangular Ni80Fe20 stripe. The anisotropy field of 

Rh/Ni80Fe20 stripe has been found to be 120 Oe.   

 A typical fitting of Lorentz function on the signal spectrum has been done and the symmetric and asymmetric 

components of the fitting curve are plotted together in Figure 2(b). Resonance field as a function of the RF excitation 

frequency was fitted with Kittel’s formula (refer to equation 4)38 and shown in Figure 2(c), and material parameters such 

as saturation magnetization, and anisotropy field are extracted.  

𝑓 =
𝛾

2𝜋√(𝐻 + 𝐻𝐾𝑒𝑓𝑓
)(𝐻 + 𝐻𝐾𝑒𝑓𝑓

+ 4𝜋𝑀𝑠)  (4) 

 From the fitting, we obtain saturation magnetization 𝑀𝑠= 760 emu/cc and effective anisotropy field 𝐻𝐾𝑒𝑓𝑓
= 3.8 Oe 

for Rh(10)/Ni80Fe20(10) bilayer. Values of 𝐻𝐾𝑒𝑓𝑓
 are extracted for different thicknesses of the Rh layers, which show an 

increment with decreament of t1 and can be seen in the supplementary information. The extracted resonance fields were 

fitted with 𝐴 𝑐𝑜𝑠(2𝜃) that helped us to obtain the value of A as 120 Oe which is shown in Figure 2(d). This indicates a 2-

fold configurational anisotropy because of the geometrical shape of the Ni80Fe20 sample. 

 

 Increase in 𝑀𝑠  were observed as reflected by changes in 𝐻𝐾𝑒𝑓𝑓
 as we varied the Rh thickness20–22. In most of the cases, 

𝐻𝐾𝑒𝑓𝑓
 is negative and increases as t1 decreases to a maximum value of -35 Oe. We have done a linear fittting on the 

frequency versus extracted linewidths data for samples with varying Rh thicknesses. We have calculated damping 

parameter of Rh using the following relation39, 



∆𝐻 = ∆𝐻0 + 1.16 ×
2𝜋𝑓

𝛾
𝛼𝑒𝑓𝑓     (5) 

 where ∆𝐻0 is the y-axis intercept of frequency vs linewidth curve, in Figure 3(a). In this case ∆𝐻0=0.48 Oe. 𝛾 =

1.76 × 1011 𝑟𝑎𝑑

𝑠.𝑇
 is the gyromagnetic ratio of free electron. The change in value of ∆𝐻0 and slope of the lines in Figure 

3(a) indicate the change in homogeneity of magnetization within the sample caused by interface roughness whiich depends 

on the Rh layer thicknesses24,40–42. The measured signnals for Rh layer thicknesses of 1 nm, 2 nm, 7 nm and 15 nm are 

shown in the supplementary file. We have calculated 𝛼𝑒𝑓𝑓  at different frequencies for different thicknesses of Rh and 

plotted and averaged out in Figure 3(b). 

 

Figure 3 (a) The signal linewidths at varying frequencies for different thicknesses of Rh are fitted with a straight line which intercepts 

the y-axis at 0.48 Oe. (b) The effective damping constant 𝛼𝑒𝑓𝑓 for Rh(t1)/Ni80Fe20(10) where t1= 2, 5, 7, 10 and 15 nm are plotted against 

t1 and a straight line is drawn to guide the eyes. (c) The amplitudes of the symmetric and asymmmtric signals are plotted against all 

different applied field angles which follows the 𝐴𝑐𝑜𝑠𝜃𝑠𝑖𝑛2𝜃 curve as shown. (d) Extracted SHA has been plotted for different Rh 

thicknesses. 

 

 

The averaged 𝛼𝑒𝑓𝑓  has been found to be 0.017 which is higher than the damping factor of pure permalloy (0.008)43 and less 

than the value (0.025) obtained by doping (20 atomic percentage) of Rh into Ni80Fe20 
44

. This nullify the effect of unwanted 

doping. The higher value of 𝛼𝑒𝑓𝑓  can be due to the spin pumping effect45,46 caused by strong SOC of HM and orbital 

hybridization with the 3d orbitals in the transition metal FM47,48,49. 

 The angle dependence nature of the symmetric and assymmetric component of the mixed signal are fitted with 

cosθsin2θ function and shown in Figure 3(c). For the calculation of spin Hall angle, the values of the symmetric (S) and 

asymmetric (A) components are extracted which are found to be maximum at applied field direction at multiples of 45º to 

the stripe length. The symmetric component is proportional to the damping like torque and asymmetric component 

corresponds to the sum of the Oersted field and field-like effective torques.35,50 The SHA is calculated by taking the ratio of 

amplitudes of symmetric and  asymmetric components of the Lorentz fitting at 45º. We expect symmetric Lorentzian peak 

to be proportional to 𝐽𝑆,𝑟𝑓 and an asymmetric peak proportional to 𝐻𝑟𝑓. Thus, the following equation is used to calculate the 

SHA of Rh35, 

θSH =
JS,rf

JC,rf
=

S

A

eμ0Mstd

ℏ
[1 +

4πMeff

Hext
]
1

2⁄
  (6) 

 



 Meff is calculated from the sum of HKeff
 and 4πMs. The SHA calculated for Rh(t1)/Ni80Fe20(10) at t1 varying from 2 

nm to 15 nm are plotted in Figure 3(d) and a line drawn at the maximum value of SHA of 0.2% as a guide to the eyes. 

Rhodium shows a positive SHA in our study similar to the theoretical report.51 

 

Experimentally observed spin Hall effect (SHE) may arise from either intrinsic contribution or extrinsic contribution. 

Therefore, we have studied the electronic density of states (DOS) and spin Hall conductivity (SHC)52 using first-principle 

density functional theory (DFT) and Wannier90 based tight-binding model. In the Figure 4(a), the nonmagnetic electronic 

DOS without spin-orbit coupling shows that the Fermi level is dominated by Rh d orbital with a nonmagnetic ground state. 

The Rh s orbital is totally empty and placed at ~15 eV with respect to the Fermi level. The electronic band structure plotted 

along the high- 

 

Figure 4 (a) PBE+SOC DOS with various orbital contributions from Rh atom. (b) The BZ of the bulk Rh with high-symmetry direction 

in green line. (c) The PBE+SOC electronic band structure plotted along the high-symmetry direction. (d) The Variation of SHC (𝜎𝑥𝑦
𝑠𝑝𝑖𝑛𝑧

) 

with Fermi level position. 

symmetry direction (shown in Figure 4(b) with the BZ) with spin-orbit coupling shows highly entangled bands (Figure 4(c)) 

crossing Fermi level. A few band Hamiltonian is obtained from all band Hamiltonian corresponding to the ground state as 

calculated using DFT, by constructing Wannier functions using Wannier90 package53. From the real space low energy 

Hamiltonian, obtained from Wannier90, a spin Berry curvature (SBC) like function was calculated as implemented in the 

Wannier90 package. Then the SBC is integrated over entire Brillouin Zone to calculate the SHC 𝜎𝑥𝑦
𝑠𝑝𝑖𝑛𝑧

 by summing over 

occupied bands. The variation of SHC with Fermi level position is plotted in the Figure 4(d). It is evident that the 𝜎𝑥𝑦
𝑠𝑝𝑖𝑛𝑧

 at 

the charge-neutral Fermi level (EF) is positive and the magnitude is ~423 (
ℏ

𝑒
) (S/cm). The equivalent spin Hall angle 

caluclated using the following formula54 

𝜃𝑆𝐻 =
𝜎𝑥𝑦

𝑠𝑝𝑖𝑛𝑧
𝑒

𝜎𝑥𝑥
𝑐 ℏ

                                                                (7), 

where 𝜎𝑥𝑥
𝑐  is electtrical conducttivity of Rh =  2.0 x 105 S/cm measured from a Rh film deposited at the same condition. We 

obtained 𝜃𝑆𝐻 = 0.211 % which is very close to the experimentally measured value of spin Hall angle . 

Conclusion : 



 In summary, the spin-torque ferromagnetic resonance measurements on stripes of Rh(t1)/Ni80Fe20(10) 

bilayers have been performed. We have found that the effective Gilbert damping constant of Ni80Fe20 is 0.017, 

The resonance field shows 2-fold symmetry with 120 Oe anisotropy field due to the shape anisotropy of the 

rectangular stripes. Experimetally obtained SHA of Rh is 0.2 % and spin conductivity calculated using DFT 

proves it’s origin as intrisic. The findings will pave the way in material selection for future research on spin orbit 

torque based spintronics applications. 
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