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Abstract 

We show that an optimized growth of magnetic layer / non-magnetic layer stacks allows 
for the improvement of the spin-to-charge conversion efficiency. From the analysis of the 
voltage signal generated in spin pumping experiments due to the inverse spin Hall effect 
(ISHE) on YIG/Bi stacks, we have determined values for the spin Hall angle and the spin-
diffusion length in Bi of 0.0068(8) and 17.8(9) nm, respectively. Based on these results, 
we have also studied the influence of aging on the spin-to-charge conversion efficiency 
by performing spin pumping experiments on YIG/Bi stacks after exposing the samples 
to ambient conditions for several days, up to 150 days. We have found that in YIG/Bi 
samples with Bi thicknesses around or below the spin-diffusion length, the ISHE voltage 
signal is still above 80% of its initial value after 100 days.  
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1. Introduction 

The design of spintronic devices is driven by the ever-increasing demands for high data 
processing speed, large data storage capability and low power consumption [1–3]. An 
efficient mutual conversion between spin and charge currents is a key ingredient for the 
reduction of power consumption in spintronic devices. Spin Hall effect (SHE) has shown 
its potential for the generation and manipulation of spin-polarized electrical currents [4]. 
In the inverse SHE (ISHE), a pure spin current is converted into a transversal charge 
current in a material with large spin-orbit coupling.  ISHE has been widely used to 
electrically detect spin currents since the pioneering works of Saitoh [5] and Valenzuela 
[6], which indicates the relevance of ISHE for its application in spintronic devices. 
Experimental studies on spin-to-charge conversion in bismuth, which is one of the most 
extensively studied elements in solid-state physics due to its very special electronic 
properties, have shown its feasibility for the efficient conversion of spin currents into 
charge currents via ISHE [7–10].  



Regarding the generation of pure spin currents in spin pumping experiments, Y3Fe5O12 
(YIG) is an ideal candidate due to the combination of electric insulating properties with 
low dielectric losses and a very narrow ferromagnetic resonance (FMR) linewidth related 
to a small Gilbert damping [11,12]. We report here on the optimization of the growth of 
YIG/Bi stacks and the study of their spin-to-charge conversion efficiency. YIG thin films 
have been grown by pulsed laser deposition (PLD) and the characterization of their 
magnetization dynamics has been performed by means of broadband FMR 
measurements and subsequent spin pumping experiments [13], once a bismuth layer 
has been added on top, to be used as an ISHE detector.  

Furthermore, the influence of aging on the spin-to-charge conversion efficiency of YIG/Bi 
stacks is studied. To our knowledge, there is no previous study on the time evolution of 
the ISHE voltage signal in magnetic / non-magnetic stacks while storing the samples in 
ambient conditions, as it would occur in a practical implementation of these stacks. This 
phenomenon is important, given that aging could be the cause of the wide discrepancy 
of spin-to-charge conversion results found in literature for nominally the same materials 
[14–16].  With this aim in mind, after presenting the frequency dependence of the ISHE 
voltage signal in YIG/Bi stacks and studying the dependence of the ISHE voltage signal 
on the Bi thickness, which enables us to extract all the relevant parameters 
characterizing the spin-to-charge conversion in these stacks, we have investigated the 
evolution of the ISHE voltage signal with time. 

 

2. Methods 

In order to study the spin-to-charge conversion efficiency in YIG/Bi stacks, pure spin 
currents are injected using the FMR-induced spin pumping from an 85-nm-thick YIG 
layer epitaxially grown on gadolinium gallium garnet (GGG) substrates of 7 mm by 2 mm 
in size by pulsed laser deposition. YIG thin films were grown at a temperature of 750ºC 
in a PLD system using a KrF excimer laser (248 nm) at 10 Hz repetition rate in a 400 
mTorr oxygen pressure atmosphere. A stoichiometric polycrystalline YIG target has been 
used. Samples were then taken to air and introduced into an electron-beam evaporation 
system, where bismuth layers were grown in vacuum at a base pressure of 10-7 Torr. 
Structural characterization by x-ray diffraction (XRD) and ultrahigh-resolution 
transmission electron microscopy (HRTEM) of Bi thin films fabricated in the same 
laboratory and under the same experimental conditions has been previously reported 
[17], indicating that Bi films are polycrystalline but strongly textured along the trigonal 
axis [001] and both, the polycrystalline nature and the texture, remain unmodified when 
grown on different substrates [18]. Six different YIG/Bi stacks were grown and studied in 
which the thickness of the Bi layer, determined by x-ray reflectivity (XRR), was 9.5, 14.1, 
16.9, 18.5, 28.8 and 47.1 nm. 

FMR and spin pumping measurements were carried out at room temperature on YIG 
and YIG/Bi samples flipped upside down on a shorted microstrip line placed between the 
poles of an electromagnet that provides static magnetic fields up to 1 T in the plane of 
the samples and perpendicular to the rf field. Excitation frequencies of the rf magnetic 
field in the range from 2 to 15 GHz at a power of 10 dBm have been selected using a 
Keysight N5173B rf generator. The ISHE voltage signal is measured by a lock-in 



technique with an amplitude modulation at a few kHz, as well as the reflected microwave 
signal, through an rf circulator and a second lock-in amplifier. A sketch of the 
experimental configuration used for spin pumping experiments is shown in figure 1. 

 

Figure 1. Sketch of the experimental configuration for spin pumping measurements 
showing the relative orientations of magnetization (parallel to the dc magnetic field), the 
rf magnetic field and the direction of the spin current injected into the Bi layer from the 
YIG layer.  

 

3. Results and discussion 

YIG/Bi stacks were first characterized by XRD. In these experiments, presented in the 
figure 2(a), an epitaxial growth of the YIG layers is obtained. Indeed, we have observed 
Laue oscillations, which indicate that YIG films exhibit high crystalline quality and nearly 
perfect interfaces. The interface quality is a critical parameter to ensure a high efficiency 
in the transfer of spin-angular momentum across it. To quantitatively determine the 
thickness of each layer composing the YIG/Bi stacks, XRR has been performed on them. 
Numerical analysis of the XRR data by means of the commercial software Leptos 
provided by Bruker allows for the quantitative determination of the thickness of each 
layer, as illustrated in figure 2(b). 

 

 



 

Figure 2. (a) XRD pattern of a YIG thin film grown by PLD on a GGG(111) substrate 
around the (444) Bragg peak of GGG and YIG. (b) XRR measurement of a YIG (84.3 
nm) / Bi (28.8 nm) stack. Black solid line is the numerical analysis of the XRR data by 
means of the commercial software Leptos provided by Bruker, which allows us to obtain 
the thickness of each layer. 

 

We started the study of the magnetization dynamic properties by performing FMR on 
GGG // YIG thin films at different excitation frequencies. Fitting the dependence of the 
resonance magnetic field on the frequency to the Kittel equation (see figure 3(a)), the 
gyromagnetic ratio and the saturation magnetization of the YIG thin films are found to be 
𝛾𝛾𝑌𝑌𝑌𝑌𝑌𝑌 = 1.80 × 1011 𝑟𝑟𝑟𝑟𝑟𝑟

𝑠𝑠·𝑇𝑇
 and 𝑀𝑀𝑆𝑆, 𝑌𝑌𝑌𝑌𝑌𝑌 = 1.577 × 105 𝐴𝐴

𝑚𝑚
= 157.7 𝑒𝑒𝑒𝑒𝑢𝑢 𝑐𝑐𝑒𝑒3⁄ , very close to the 

bulk YIG values (𝛾𝛾𝑏𝑏𝑏𝑏𝑏𝑏𝑏𝑏 𝑌𝑌𝑌𝑌𝑌𝑌 = 1.76 × 1011 𝑟𝑟𝑟𝑟𝑟𝑟
𝑠𝑠·𝑇𝑇

 and 𝑀𝑀𝑆𝑆,  bulk 𝑌𝑌𝑌𝑌𝑌𝑌 = 140 𝑒𝑒𝑒𝑒𝑢𝑢 𝑐𝑐𝑒𝑒3⁄ ) [19]. 
Regarding the linewidth of the FMR peaks, if we analyze its dependence on the excitation 
frequency we can obtain the Gilbert damping parameter [20]. We obtain, by fitting to a 
linear dependence the variation of the linewidth with the excitation frequency shown in 
figure 3(b), a value of 𝛼𝛼𝑌𝑌𝑌𝑌𝑌𝑌 = 2.4(2) × 10−3, that is within the values reported for YIG 
films grown by PLD [20–24], confirming the suitability of the YIG thin films we have 
deposited for spin pumping experiments. 

 

 

 



 

Figure 3. (a) Frequency as a function of resonance magnetic field for a GGG // YIG (84.3 
nm) thin film. Solid line is a fitted curve to the Kittel equation. (b) Full FMR linewidth as a 
function of resonance frequency for a GGG // YIG (84.3 nm) thin film. Solid line is the 
linear fitting of the data. 

 

When measuring the magnetization dynamic properties of YIG/Bi stacks, the excitation 
of the FMR of the YIG layer will inject a spin current from the ferromagnetic YIG layer 
into the Bi layer due to spin pumping.  This spin current will be converted into a dc voltage 
signal by ISHE. The frequency dependence of the ISHE voltage signal measured for a 
YIG/Bi(t) stack with a thickness of the Bi layer t = 14.1 nm is shown in figure 4(a). The 
dependence of the frequency on the static resonance magnetic field is presented in 
figure 4(b), where the solid line is the fitted curve to the Kittel equation. 

 

 

 



 

Figure 4. (a) Inverse spin Hall voltage as a function of magnetic field using an rf power 
of 10 dBm for a GGG // YIG / Bi (14.1 nm) stack at different frequencies between 2 and 
6 GHz. (b) Frequency as a function of resonance magnetic field for a GGG // YIG / Bi 
(14.1 nm) stack. Solid line is a fitted curve to the Kittel equation. (c) Full FMR linewidth 
as a function of resonance frequency for a GGG // YIG / Bi (14.1 nm) stack. Solid line is 
the linear fitting of the data. 

 

As we have previously discussed for YIG thin films, we can study, both the position and 
the linewidth of the ISHE voltage signal as a function of frequency and obtain the 
magnetic properties of YIG and also the damping of the YIG / Bi samples. In figure 4(c) 
the frequency dependence of the full FMR linewidth for a YIG / Bi(t) stack with t = 14.1 
nm is displayed. By fitting this dependence to a linear relation, we obtain a Gilbert 
damping parameter that is enhanced with respect to the value found in YIG thin films: 
𝜶𝜶𝒀𝒀𝒀𝒀𝑮𝑮 𝑩𝑩⁄ 𝒊𝒊(14.1 𝒏𝒏𝒏𝒏) = 6.7(2) × 10−3. Damping is enhanced in thin magnetic films with non-
magnetic adjacent layers by the spin-pumping effect through the interface. The pumping 
of spins by the magnetic layer into the adjacent non-magnetic layer, slows down the 
precession of the magnetization and this corresponds to an enhanced Gilbert damping 
constant [25]. From the magnitude of this damping enhancement we can calculate the 
spin mixing conductance of the YIG / Bi interface and we obtain a value:  



𝑔𝑔𝑒𝑒𝑒𝑒𝑒𝑒↑↓ =
�𝛼𝛼𝑌𝑌𝑌𝑌𝑌𝑌

𝐵𝐵𝐵𝐵
− 𝛼𝛼𝑌𝑌𝑌𝑌𝑌𝑌�

𝑔𝑔 𝜇𝜇𝐵𝐵
4 𝜋𝜋 𝑀𝑀𝑆𝑆 𝑡𝑡𝑌𝑌𝑌𝑌𝑌𝑌 = 4.0(3) × 1018 𝑒𝑒−2                                                (1) 

The spin-mixing conductance is directly related to the transparency of the YIG/Bi 
interface for transfer of spin angular momentum across it. The value we have obtained 
for 𝑔𝑔𝑒𝑒𝑒𝑒𝑒𝑒↑↓ , 4.0(3) × 1018 𝑒𝑒−2, is about three times higher than the value reported previously 
for the YIG/Bi interface (see supplementary material in ref. [26]). Based on the spin-
mixing conductance we can calculate the spin mixing conductivity, 𝐺𝐺𝑒𝑒𝑒𝑒𝑒𝑒↑↓  , by multiplying 
by the von Klitzing conductance as 𝐺𝐺𝑒𝑒𝑒𝑒𝑒𝑒↑↓ = (𝑒𝑒2/ℎ) 𝑔𝑔𝑒𝑒𝑒𝑒𝑒𝑒↑↓  [27], and we obtain a value of 
𝐺𝐺𝑒𝑒𝑒𝑒𝑒𝑒↑↓ = 1.6(1) × 1014 Ω−1 𝑒𝑒−2, similar to the values reported for YIG/Al [28], YIG/Ta and 
YIG/Pt interfaces [29]. 

We have also performed ISHE voltage measurements on YIG/Bi stacks containing 
different bismuth thicknesses in the range between 10 and 50 nanometers. The ISHE 
voltage peaks measured at a frequency of 2.5 GHz are displayed in figure 5(a). 

By fitting these peaks to Lorentzian profiles, we obtain the height of the ISHE voltage as 
a function of bismuth thickness, which is shown in figure 5(b). The ISHE voltage signal 
increases almost linearly until it reaches its maximum for a bismuth thickness around 25 
nm followed by a decrease for larger thicknesses.  

 

Figure 5. (a) ISHE voltage measured in GGG//YIG (85 nm)/Bi stacks with different Bi 
thicknesses. Excitation frequency and power are 2.502 GHz and 10 dBm, respectively. 
(b) Dependence of the ISHE voltage signal on Bi thickness for a microwave frequency 
of 2.502 GHz. Solid line is the fitting curve derived from equation (2) (using as input 



parameters f = 2.502 GHz, L = 1 mm, P = 1.157 and θ = 0.93 deg), for ΘSH = 0.0068(8) 
and λsd = 17.8(9) nm. 

 

This dependence of the ISHE voltage signal on the non-magnetic material thickness is 
the expected one when considering the spin-diffusion equation with the appropriate 
experimental boundary conditions [29,30]: 

𝑉𝑉𝑌𝑌𝑆𝑆𝐼𝐼 = 𝛩𝛩𝑆𝑆𝐼𝐼
𝐺𝐺𝑒𝑒𝑒𝑒𝑒𝑒↑↓

𝐺𝐺𝑒𝑒𝑒𝑒𝑒𝑒↑↓ + 𝜎𝜎
𝜆𝜆𝑠𝑠𝑟𝑟

1 − 𝑒𝑒𝑒𝑒𝑒𝑒(−2𝑡𝑡𝐵𝐵𝐵𝐵/𝜆𝜆𝑠𝑠𝑟𝑟)
1 + 𝑒𝑒𝑒𝑒𝑒𝑒(−2𝑡𝑡𝐵𝐵𝐵𝐵/𝜆𝜆𝑠𝑠𝑟𝑟)

ℎ 𝐿𝐿 𝑃𝑃 𝑓𝑓 𝑠𝑠𝑠𝑠𝑠𝑠2𝜃𝜃
2 𝑒𝑒 𝑡𝑡𝐵𝐵𝐵𝐵  

[1 − 𝑒𝑒𝑒𝑒𝑒𝑒(−𝑡𝑡𝐵𝐵𝐵𝐵/𝜆𝜆𝑠𝑠𝑟𝑟)]2

1 + 𝑒𝑒𝑒𝑒𝑒𝑒(−2𝑡𝑡𝐵𝐵𝐵𝐵/𝜆𝜆𝑠𝑠𝑟𝑟)         (2) 

Where Θ𝑆𝑆𝐼𝐼 is the spin Hall angle, characterizing the efficiency of the spin to charge 
conversion in the bismuth layer, 𝜎𝜎 is the conductivity of the bismuth layer and 𝑡𝑡𝐵𝐵𝐵𝐵 is its 
thickness, 𝜆𝜆𝑠𝑠𝑟𝑟 is the spin-diffusion length in bismuth, which characterizes the decay of 
the injected spin current in the Bi layer, 𝐿𝐿 is the length of the YIG/Bi stack being excited 
by the microwave field (1 𝑒𝑒𝑒𝑒) at a frequency 𝑓𝑓, 𝜃𝜃 is the angle of magnetization 
precession in the YIG layer and 𝑃𝑃 is the ellipticity correction factor [31].  

We can estimate the angle of magnetization precession in the YIG layer by taking into 
account the geometry of the shorted rf line and the full FMR linewidth of the YIG films 
(figure 3(b)). When exciting with a microwave output power of 10 dBm the calculated 
microwave field is 0.099 Oe and the corresponding angle of magnetization precession 
at a frequency of 2.5 GHz is 0.93 deg. Therefore, we can fit the Bi thickness dependence 
of the ISHE voltage signal to the expression provided by equation (2) with only two free 
parameters, the spin hall angle, Θ𝑆𝑆𝐼𝐼 and the spin-diffusion length, 𝜆𝜆𝑠𝑠𝑟𝑟. We obtain a spin 
Hall angle of 0.0068(8), which implies an efficiency of 0.68% for spin-to-charge 
conversion in bismuth, which is comparable to the values reported in several high spin-
orbit coupling materials such as bismuth [7–9], platinum [15] or tantalum [29]. In addition, 
the spin-diffusion length obtained from the fitting described above is 17.8(9) nm, which 
is very similar to the value found for bismuth thin films grown in the same laboratory [9], 
and larger than most of values reported for platinum [15]. 

 

Finally, we have investigated the evolution of the ISHE voltage signal with the aging of 
YIG / Bi samples, which is of immediate relevance when considering a practical 
implementation in spintronic devices. For this purpose, we have stored the samples at 
ambient conditions and we have measured their ISHE voltage signal during the following 
days (up to 150 days) to track the time evolution of the ISHE voltage signal. We have 
obtained a continuous decrease in magnitude and a slight broadening of the ISHE 
voltage peaks as a consequence of exposing the samples to ambient conditions. As can 
be seen in figure 6, we have found that for Bi thicknesses lower or similar to the spin-
diffusion length in bismuth of about 18 nm, the ISHE voltage signal is still above 80% of 
its initial value after 100 days. On the contrary, in samples with Bi thicknesses well above 
the spin-diffusion length, the voltage signal is already below 80% of its initial value after 
50 days. Our results indicate that bismuth thicknesses around or below the spin-diffusion 
length should be used in practical implementation of YIG / Bi samples to limit the impact 
of sample degradation on the spin-to-charge conversion efficiency. Otherwise, we 



suggest encapsulating the samples to minimize the effects of the exposure to ambient 
conditions. 

 

 

 

Figure 6. (a) ISHE voltage measured in a GGG // YIG / Bi (16.9 nm) stack after being 
stored at ambient conditions for different time periods. (b) ISHE voltage measured in a 
GGG // YIG / Bi (28.8 nm) stack after being stored at ambient conditions for different time 
periods.  (c) Ratio of the ISHE voltage signal for GGG // YIG / Bi stacks over the initial 
signal, as a function of the time for the samples (stored at ambient conditions). Dashed 
line represents the 80% value. Solid lines are guide to the eyes. Excitation frequency 
and power are 2.502 GHz and 10 dBm, respectively.  



 

4. Conclusion 

In summary, we have optimized the growth of GGG // YIG / Bi stacks and determined, 
from measurements of the ISHE voltage signal in spin pumping experiments, the values 
for the spin Hall angle and the spin-diffusion length in bismuth, Θ𝑆𝑆𝐼𝐼 = 0.0068(8) and 
𝜆𝜆𝑠𝑠𝑟𝑟 = 17.8(9) 𝑠𝑠𝑒𝑒, in good agreement with previous reports of spin-to-charge conversion 
in Bi [7–9]. We have also studied the influence of aging on the ISHE voltage signal, 
finding that in samples with Bi thicknesses around or below the spin-diffusion length the 
voltage signal is still above 80% of its initial value after storing the samples in ambient 
conditions for 100 days. The optimization of the growth of YIG / Bi stacks and the study 
of the influence of aging on the spin-to-charge conversion efficiency reported in this work 
lay the foundations for the design of spintronic devices that mitigate the influence of aging 
on the ISHE voltage signal by choosing the proper thickness of the non-magnetic layer.  
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