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Supplementary Note 1. Sample fabrication procedure 

 Supplementary Figure 1 shows step-by-step fabrication procedure of the sample. The gate 

electrode was located directly on top of the gel and above the Pt channel. While the polymer inside 

the ionic gel and the copper wire connected to the gate using silver paste provide necessary 

mechanical support to carry weight of the gate electrode, this procedure does require extra care 

and high skill of the researcher preparing the sample, since it is easy to disrupt the ionic gel during 

the placement of the gate. Electrically insulating double-side adhesive tape on the sides of the Pt 

channel can be used to provide additional mechanical support for the gate electrode film (similar 

to piers in beam-type bridges) and to lock it in place at the same time, as illustrated in 

Supplementary Figure 1. Insulating tape also helps to prevent direct physical contact between 

silver paste for the drain-source contacts and the ionic gel, which—depending on the exact type 

and amount of the silver paste, ionic liquid, polymer and dissolvent used—may lead to slow 

deterioration of the electrical contacts made with silver paste after prolonged periods of time. 
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Supplementary Figure 1 | Sample fabrication procedure. a, Preparation of GGG/YIG substrate. 

b, Fabrication of Pt channel using sputtering. c, Evaporation of Ti/Au drain-source contact pads. 

d, Fabrication of drain-source contacts using Ag paste and Cu wires. e, Preparation of the 

mechanical support for the gate using insulating adhesive tape. f, Putting ionic gel on the sample. 

g, Fabrication of the top gate on the sample. h, Preparation of the gate contact using Ag paste and 

Cu wires. 
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Supplementary Note 2. Schematics of the measurement procedure 

 

 Supplementary Figure 2 | Measurement procedure. Schematics of the spin pumping and spin-

charge conversion measurement procedure. Purple dashed arrows indicate order in which 

measurements were carried out. 
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Supplementary Note 3. Thickness dependence of the resistivity for thin Pt films  

Figure 1 of the Main Text shows thickness dependence of the resistivity measured from 

the samples with dPt in the range 1.5 nm - 20 nm. Note that Eq. 23 from the literature1 is accurate 

in the limit dPt/mfp > 0.1. Thus, for Pt thickness close to 1 nm it may cause difference between the 

fitting curves and experimental data. Thin Pt layers can exhibit oscillations of the resistivity due 

to the quantum size effect. However, we can rule out such effects because of the thermal 

broadening at room temperature and root mean square surface roughness on the order of 0.3-0.4 

nm. Fischer et al. showed that quantum size effect can only be observed for the Pt samples with 

surface roughness below 0.3 nm.2 For samples with larger roughness it becomes comparable to or 

exceeds Fermi wavelength of the carriers, which averages out the quantum size effect of thickness.   
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Supplementary Note 4. Mechanism of the resistivity modulation using ionic gel 

Ionic liquid is basically a salt in liquid form: it consists of mixture of the positive and 

negative molecules. Under the applied gate voltage, molecules in the ionic liquid form charged 

layer at the channel interface that acts as a capacitor with very small separation distance. In our 

study, we used an ionic gel: mixture of the DEME-TFSI ionic liquid with the PS-PMMA-PS 

polymer. Polymer was introduced to increase the viscosity of the ionic liquid to help it retain shape 

under prolonged periods of time (up to days). While commonly it is assumed that carrier 

modulation is electrically induced through the capacitance of the ionic liquid, recent studies 

showed that electrochemical effects due to water molecules dissolved into H+ and O- ions can also 

provide significant contribution.3 One can separate capacitance-induced from electrochemically-

induced carrier modulation by controlling number of the water molecules present in the system.4,5 

We observe gate modulation of resistivity in both air and nitrogen atmosphere, which evidences 

against dominant influence of H+ and O- ions on carrier density. Additionally, we measured I-V 

curves at various gate voltages to reveal absence/presence of the oxidized Pt layer. Figures 4o-t of 

the Main Text show the measured drain source current IDS dependence on the drain-source voltage 

VDS measured at various gate voltages in 2 nm Pt layer (see Supplementary Note 9 for I-V curves 

at all measured gate voltages, and examples of I-V curves from other measured devices). Linear I-

V curves at both negative and positive gate voltage indicate that there is no large oxidation of Pt 

layer, since Pt-oxides (PtO, and - and -PtO2) are semiconductors with bandgap in the range 1.3-

1.8 eV 6–8 and exhibit nonlinear I-V characteristics.9–11 However, we note that linear I-V curve 

alone doesn’t completely rule out the possibility of some oxidation present: Abe et al. showed that 

transition to semiconducting from metallic behavior only happens for x > 0.6 in Pt1-xOx alloys.9 

Finally, the oxidation effect would be largest at negative gate voltage, when negatively charge 

oxygen ions accumulate at the Pt interface.3 In contrast, we observe resistivity modulation at both 

positive and negative gate voltage (Fig. 5a), thus, it cannot be only caused by the oxidation of the 

Pt layer. The slower resistivity modulation rate at large gate voltage (also observed in other 

studies12) signifies that formation of the electric double layer is finished, and electric field is 

saturated—meaning that larger gate voltage doesn’t alternate electric double layer at the channel 

interface, thus doesn’t lead to change in the induced carrier density. It also confirms that 

modulation of the resistivity with gate voltage sweep doesn’t originate from the chemical reaction, 

for which rate would increase together with the gate voltage. We conclude that in our samples the 

gate voltage effect on resistivity of Pt layer can be separated into the reversible and irreversible 

parts. The resistance modulation shown in Fig. 5a is generated by the carrier modulation in the 

channel via the ionic layer capacitance effect, with the possible contribution from the reversible 

accumulation of the H+ and O- ions. Additionally, in most cases we observe the small increase in 

resistivity of the sample between the measurements (typically ≤ 5%, see Supplementary Note 5), 

which is probably caused by the irreversible electrochemical reaction with oxygen ions at Pt 

surface. More precise separation between the carrier inducing mechanisms is an ongoing research 

topic in the field of ionic liquid gating, and beyond the scope of this paper. We stress, however, 

that the resistivity modulation (and the ISHE modulation described later in the paper) is reversible 

and reproducible both between different measurements of the same sample and measurements of 
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different samples. Moreover, we did not observe any deterioration in the resistivity modulation 

efficiency k in 15 consecutive gate voltage sweeps (Supplementary Note 5). 
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Supplementary Note 5. Ionic gel gate characteristics 

In the ionic liquids the possible asymmetry between negative and positive gate voltage can 

be present due to the sweep direction hysteresis effect in the ionic liquid. In the Main Text, we 

used only data from the positive direction of the gate voltage sweep (upsweep: from negative to 

positive values of gate voltage). Additional asymmetry between carrier modulation efficiency of 

the negative and positive gate voltage can originate from the difference in size of negatively and 

positively charge molecules in the ionic liquid, which leads to different spacing between charged 

ionic layer and channel. See Supplementary Note 10 for further discussion of the hysteresis effect 

on the measurements. 

As discussed in the Supplementary Note 4, the gate voltage effect on resistance of Pt layer 

can be separated into the reversible and irreversible parts. The resistance modulation shown in Fig. 

5a is generated by the carrier modulation in the channel via the ionic layer capacitance effect, with 

the possible contribution from the reversible accumulation of the H+ and O- ions. In most cases we 

also observe the small increase in resistivity of the sample between the separate gate voltage 

sweeps (typically ≤ 5%), which is probably caused by the irreversible electrochemical reaction 

with oxygen ions at Pt surface. Supplementary Figure 3 shows an example of the effect. After 

finishing the spin pumping and spin-charge conversion measurements in the range of gate voltages 

from -2.0 V to 2.0 V on 2.5 nm-thick Pt sample (data shown in Fig. 5c of the Main Text), we 

performed additional consecutive sweeps of gate voltage from -2.0 V to 2.0 V at room temperature 

in ambient conditions. The average increase of sample resistance at VG = -2.0 V between 

consecutive sweeps of gate voltage was 2.5%. We stress, however, that the resistance modulation 

(and the ISHE modulation described later in the Main Text) during the gate voltage sweep itself is 

reversible and reproducible. Supplementary Figure 4 shows the gate efficiency (resistance 

modulation factor k described in the Main Text) for different gate voltage sweeps. The gate 

continued to function, and sample resistance was repeatedly modulated through the all sweeps. 
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Supplementary Figure 3 | Sweep number dependence of the Pt resistance. Dependence of the 

sample resistance at VG = -2 V for the consecutive sweeps of the gate voltage from -2.0 V to 2.0 

V for the 2.5 nm-thick sample at room temperature in ambient conditions. Sweeps number 1-5 

were upsweeps, sweeps number 6-14 were downsweeps. The average increase of the sample 

resistance at VG = -2.0 V between consecutive sweeps of gate voltage was 2.5%. 

 

  

Supplementary Figure 4 | Sweep number dependence of the Pt resistivity modulation. 

Dependence of the sample resistance modulation by the gate for the consecutive sweeps of the 

gate voltage from -2.0 V to 2.0 V for the 2.5 nm-thick sample at room temperature in ambient 

conditions. Sweeps 1-5 were upsweeps, sweeps 6-14 were downsweeps. 
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Supplementary Note 6.  Extracting spin-dependent component from voltage 

measurements 

We extracted spin-dependent component of the electromotive force detected from the 

samples using reversal of the external magnetic field. Direction of the injected spins is reversed 

together with the direction of the external magnetic field H, which results in the sign change of 

the spin-charge conversion current: jc∝js. Supplementary Figure 5 shows the electromotive 

force generated in the sample with dPt = 10 nm under the ferromagnetic resonance conditions. Sign 

of the electromotive force was reversed between H = 0° (blue filled circles) and H = 180° (purple 

filled circles), showing that the generated voltage is dominated by the spin-charge conversion 

process. Subtracting electromotive force data for the opposite direction of the external magnetic 

field removes possible small contributions from the spurious effects independent of magnetic field 

(for example, Seebeck effect). Supplementary Figure 5 shows the electromotive force averaged 

over external magnetic field direction: (VH=0°-VH=180°)/2.  

 

 

Supplementary Figure 5 | Spin-charge conversion voltage generated by spin pumping. 

Electromotive force measured under the ferromagnetic resonance condition with the direction of 

the external magnetic field H = 0° (blue filled circles) and H = 180° (purple filled circles) in the 

sample with dPt = 10 nm (Fig. 5c the Main Text); VG = 0 V. b, Electromotive force generated in 

dPt = 10 nm sample at VG = 0 V averaged over opposite directions of the external magnetic field 

(H = 0° and H = 180°) to remove spurious contributions; B’=µ0(H-HCenter).    
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Supplementary Note 7.  Fitting of the detected electromotive force 

Electromotive force from the Pt channel during the sweeping of the external magnetic field 

through the ferromagnetic resonance condition of the underlying YIG layer was detected using 

KEITHLEY Nanovoltmeter 2182A. Supplementary Figures 6a and 7a (purple filled circles) show 

experimentally detected voltage averaged for the opposite directions of the external magnetic field 

(see Supplementary Note 6) for samples with dPt = 2 nm and dPt = 10 nm, correspondingly. Blue 

line shows fitting of the experimental data using the following fitting function: 

𝑉Fitting(𝐇) =
𝑉S1𝐺1
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(1) 

 

where µ0 is the magnetic constant (permeability of free space), VS1 is the dominant term that 

describes voltage contribution at the ferromagnetic resonance field HFMR; additional symmetric 

(with respect to the resonance field HRi) terms VS2, VS3 and asymmetrical term VA1 describe 

asymmetry in the spectrum caused by the magnetostatic surface and backward volume waves on 

the sides of the fundamental ferromagnetic resonance mode. Terms a and b describe contribution 

of the linear background. Note that the two additional symmetric peaks (VS2 and VS3 terms in the 

fitting function) on the sides of the main peak VS1 at HFMR are generally less than 10% of VS1 term. 

Supplementary Figures 6b and 7b show deconvolution of the fitting function into the contribution 

from individual terms. 

The ISHE voltage was calculated as value of the fitting function at the ferromagnetic 

resonance field HFMR with subtracted contribution from the background: 

𝑉ISHE = (𝑉Fitting − 𝑎𝜇0|𝐇 − 𝐇FMR| − 𝑏)|𝐇=𝐇FMR
=

= 𝑉S1 +
𝑉S2𝐺2
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2 
(2) 

 

For spectra with dominating symmetrical shape and less pronounced additional side peaks 

the VS2 and VS3 terms of fitting function were not used. We note that the extracted VISHE values do 

not change much depending on the fitting method, thus main conclusion of the paper holds true 

independent of the chosen method of data fitting. We confirmed that similar VISHE values are 

obtained using fitting function with only single symmetrical term, and also by simply measuring 

the maximum amplitude of the electromotive force generated during magnetic field sweep through 

the ferromagnetic resonance. However, the latter two methods have larger error due to the 

unprecise fitting and experimental noise in the voltage data, correspondingly.  
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Supplementary Figure 6 | Electromotive force fitting for 2 nm-thick Pt. Fitting of the 

electromotive force generated in the Device A (Figs. 4 and 5 in the Main Text) with dPt = 2 nm 

under the ferromagnetic resonance condition and VG = 0 V. a, Experimentally detected voltage 

averaged for the opposite directions of the external magnetic field (purple filled circles) and fitting 

of the experimental data (blue line). b, Deconvolution of the fitting function into the contributions 

from individual terms from Supplementary Equation 1: VFitting—solid purple line, VS1—blue 

dashed line, VS2—green dashed line, VS3—red dashed line, VA1—dashed black line, VBackground—

solid black line; B’=µ0(H-HCenter). 

 

 

Supplementary Figure 7 | Electromotive force fitting for 10 nm-thick Pt. Fitting of the 

electromotive force generated in the sample with dPt = 10 nm (Fig. 5c the Main Text) under the 

ferromagnetic resonance condition and VG = -2.0 V. a, Experimentally detected voltage averaged 

for the opposite directions of the external magnetic field (purple filled circles) and fitting of the 

experimental data (blue line). b, Deconvolution of the fitting function into the contributions from 

individual terms from Supplementary Equation 1: VFitting—solid purple line, VS1—blue dashed line, 

VS2—green dashed line, VS3—red dashed line, VA1—dashed black line, VBackground—solid black 

line; B’=µ0(H-HCenter).  



 

13 

 

Supplementary Note 8.  Microwave absorption spectra 

Microwave absorption spectra of the samples mounted in the TE011 cavity of the electron 

spin resonance system (JEOL JES-FA200) were measured under the sweep of the in-plane external 

magnetic field around the ferromagnetic resonance condition of YIG layer. The applied microwave 

power was set to 1 mW, and the microwave frequency to f = 9.12 GHz. Supplementary Figures 8 

and 9 show examples of the detected microwave absorption spectra from the samples with dPt = 2 

nm (purple filled circles). Gilbert damping of the samples was extracted using fitting that consists 

of the combination of the Lorentzian functions and background contribution (blue solid line in 

Supplementary Figures 8 and 9). Details of the fitting procedure for the microwave absorption 

spectrum and extraction of the Gilbert damping parameter are described elsewhere.13 

 

 

 

Supplementary Figure 8 | Fitting of the microwave absorption spectrum of the Device A. 

Experimentally measured microwave absorption spectrum of the Device A (Figs. 4 and 5 in the 

Main Text) with dPt = 2 nm and VG = 0 V for the direction of the external magnetic field H = 0° 

(purple filled circles). Blue line shows fitting of the experimental data used to extract Gilbert 

damping parameter. B’=µ0(H-HCenter). 
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Supplementary Figure 9 | Fitting of the microwave absorption spectrum of the Device B. 

Experimentally measured microwave absorption spectrum of the Device B (Fig. 5 in the Main 

Text) with dPt = 2 nm and VG = -2 V for the direction of the external magnetic field H = 0° (purple 

filled circles). Blue line shows fitting of the experimental data used to extract Gilbert damping 

parameter. B’=µ0(H-HCenter). 
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Supplementary Note 9.  I-V characteristics of thin Pt layers under gate voltage 

application 

This section provides compilation of I-V curves measured for the samples with Pt channel 

thickness dPt = 2 nm, 2.5 nm and 10 nm under application of gate voltage. Resistance modulation 

efficiency (change in the slope of I-V curve) increased with decreasing thickness of the Pt channel. 

 

 
Supplementary Figure 10 | Gate dependence of I-V characteristic of the device A. Drain-

source current IDS dependence on the applied drain-source voltage VDS at various gate voltages for 

the Device A with dPt = 2 nm (Fig. 5 of the Main Text) measured at 250 K.  

 

 
Supplementary Figure 11 | Gate dependence of I-V characteristic of the device B. Drain-

source current IDS dependence on the applied drain-source voltage VDS at various gate voltages for 

the Device B with dPt = 2 nm (Fig. 5c of the Main Text) measured at 250 K.  
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Supplementary Figure 12 | Gate dependence of I-V characteristic of 2.5 nm-thick Pt. Drain-

source current IDS dependence on the applied drain-source voltage VDS at various gate voltages for 

the device with dPt = 2.5 nm (Fig. 5d of the Main Text) measured at 250 K. 

 

 
Supplementary Figure 13 | Gate dependence of I-V characteristic of 10 nm-thick Pt. Drain-

source current IDS dependence on the applied drain-source voltage VDS at various gate voltages for 

the device with dPt = 10 nm (Fig. 5d of the Main Text) measured at 250 K.  
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Supplementary Note 10.  Summary of the data for the sample dPt = 2 nm different from 

the one described in the Main Text. 

For comparison purposes, we provide summary of the data for the dPt = 2 nm sample 

(Device B in Fig. 5c), different from the one described in the Main Text (Device A in Fig. 5c). 

Also, see I-V curves for this sample in Supplementary Figure 11.  

Jump in the resistance of the sample between measurements at VG = 0 V and VG = 0.2 V 

(Supplementary Figure 14) is due to the stop of the nitrogen flow supply (refilling of the liquid 

nitrogen vessel). Thus, sample and ionic gel condition was changed to an extent between these two 

gate voltage values.  

Asymmetry between negative and positive gate voltage originates from the sweep direction 

hysteresis effect in the ionic liquid. The development of the electric double layer in the ionic liquid 

for the voltage upsweep (from negative to positive VG) and downsweep (from positive to negative 

VG) has hysteresis due to the presence of the energy barriers during reorganization of the electric 

double layer structure14–16 (similar to the hysteresis in magnetization curves of ferromagnets under 

the sweeping of a magnetic field). This hysteresis results in the shift between the up and down 

voltage sweeps in the gate voltage value at which the out-of-plane electric field induced at the Pt 

interface by the ionic gel gate changes direction. In the Main Text, we used only data from the 

upsweep direction of the gate voltage sweep (from negative to positive values of gate voltage). For 

example, most of the resistance modulation for the sample in Supplementary Figure 14 happens 

between -0.5 V and 2.0 V. Thus, actual switching of the direction of the electric field induced by 

the gate at the interface happens at VG ~ 0.8 V. 

 

Supplementary Figure 14 | Gate dependence of the Device B resistance. Resistance modulation 

under application of the gate voltage VG for the sample with Pt channel thickness dPt = 2 nm 

(Device B in Fig. 5c). Jump in the resistance of the sample between measurements between VG = 

0 V and VG = 0.2 V is caused by the change in the condition of the ionic gel due to the stop of the 

temperature control to refill the liquid nitrogen vessel. 
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Supplementary Figure 15 | Gate dependence of the Device B electromotive force. Amplitude 

of the generated ISHE voltage VISHE dependence on the applied gate voltage VG for the sample 

with Pt channel thickness dPt = 2 nm (Device B in Fig. 5c). 

 

 

 

Supplementary Figure 16 | Gate dependence of the Device B spin-charge conversion current. 

Amplitude of the generated via the ISHE spin-charge conversion current IISHE = VISHE/R for the 

sample with Pt channel thickness dPt = 2 nm (Device B in Fig. 5c). 
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Supplementary Note 11.  Atomic force microscopy 

Supplementary Figure 17 shows representative atomic force microscopy images (top view) 

of sample with 2 nm-thick Pt channel. Supplementary Figure 18 shows profile cuts along the white 

lines shown in Supplementary Figure 17a-c. Difference in height of Pt film is below 1 nm, which 

confirms continuous character of Pt films even down to 2 nm thickness. The root mean square 

roughness of the samples was usually in the range 0.3-0.4 nm. It is possible to further optimize 

fabrication procedure by controlling the evaporation rate, and preparing even thinner devices. 

Fischer et al. reported inverse dependence between the sputtering rate and surface roughness2, 

though high rate comes at a cost of higher energy of sputtered atoms, which can damage YIG 

surface and decrease spin mixing conductance at the YIG/Pt interface. 

 

 

Supplementary Figure 17 | Atomic force microscopy of the surface of 2 nm-thick Pt. 

Representative atomic force microscopy images (top view) of sample with 2 nm-thick Pt channel. 
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Supplementary Figure 18 | Atomic force microscopy profiles of 2 nm-thick Pt. Profile cuts of 

the atomic force microscopy images of sample with 2 nm-thick Pt channel denoted by the white 

lines in Supplementary Figure 17: purple filled circles – Supplementary Figure S17a, red filled 

circles – Supplementary Figure S17b, blue filled circles – Supplementary Figure S17c. Curves are 

shown with the offset along the y-axis for clarity. 
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Supplementary Note 12.  Hall effect and magnetoresistance measurements 

Hall effect and magnetoresistance measurements were performed on 2 nm-thick Pt sample 

using Physical Property Measurement System (PPMS - Quantum Design, USA). Supplementary 

Figure 19 shows in-plane electromotive force Vxy measured in the direction perpendicular to the 

drain-source current IDS = Ixx = 100 µA under the upsweep (from negative to positive values, where 

positive field enters Pt from the YIG layer) of out-of-plane external magnetic field. We observed 

clear non-linear component that can be attributed to the anomalous Hall effect only at 10 K. 

Moreover, the negative magnetoresistance in Pt was also attributed to the emergence of the 

magnetic moments.4 Supplementary Figure 20 shows temperature dependence of the in-plane 

electromotive force Vxx measured in the direction of the applied the drain-source current (IDS = Ixx 

= 100 µA) under the upsweep of out-of-plane external magnetic field.. We observe switching from 

the positive to the negative magnetoresistance only at 10 K. Thus, magnetic effects appear in our 

system at much lower temperature than the 250 K at which spin pumping and spin-charge 

conversion experiments were performed. Spike-like noise near the zero magnetic field is probably 

caused by the stray magnetic fields, and will be investigated in detail elsewhere. 

 

 

 

Supplementary Figure 19 | Temperature dependence of Hall voltage of 2 nm-thick Pt. Hall 

voltage measured from the sample with 2 nm-thick Pt channel in the temperature range 10 K – 300 

K under the upsweep of out-of-plane magnetic field. 
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Supplementary Figure 20 | Temperature dependence of magnetoresistance voltage of 2 nm-

thick Pt. Magnetoresistance voltage measured from the sample with 2 nm-thick Pt channel in the 

temperature range 10 K – 300 K under the upsweep of out-of-plane magnetic field. 
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Supplementary Note 13.  Gate dependence of the Gilbert damping parameter 

Supplementary Figure 21 shows the Gilbert damping parameter dependence on the gate 

voltage application for 2 nm-thick Pt (Device A in Fig. 4 and 5 of the Main Text). Each filled circle 

corresponds to the distinct value of the applied VG, and the x-axis shows the resistivity of the 

sample measured at the applied VG. y-axis shows the Gilbert damping parameter extracted from 

the microwave absorption spectrum (Supplementary Note 8) for the direction of the external 

magnetic field H = 0° (purple filled circles) and H = 180° (blue filled circles). The dependence 

of the Gilbert damping parameter on the resistivity of the underlying layer is given by17 

𝛼 = 𝛼0 + 𝛼sp = 𝛼0 + 𝑔↑↓
𝑔𝜇B

4π|𝐌|𝑑YIG
(1 + 𝑔↑↓𝜌Pt

2e2𝜆s
ℎ tanh(𝑑Pt 𝜆s⁄ )

)

−1

, (3) 

 

where α0 is the Gilbert damping parameter of YIG film without spin pumping contribution, αsp—

spin pumping contribution to the Gilbert damping, g↑↓—real part of the spin-mixing conductance, 

g = 2.046—g-factor of the YIG layer,18 μB—Bohr magneton, 4π|M| = 1830 G—effective 

magnetization of the YIG layer determined from the experimentally measured ferromagnetic 

resonance using Kittel equation, dYIG = 1300 nm—thickness of the YIG layer, dPt = 2 nm—

thickness of the Pt layer, ρPt—resistivity of the Pt layer, e—elementary charge, λs—spin diffusion 

length, h—Planck constant. The coefficient  that links the spin diffusion length to conductivity 

in Pt (λs = σPt) due to the Elliott-Yafet spin relaxation mechanism was reported to be in the range 

 = (0.7±0.1)10-15  m2.19–22 That gives the value of the spin diffusion length λs = 0.5±0.1 nm for 

dPt = 2 nm sample. Red line in Supplementary Figure 21 shows fitting of the experimentally 

measured Gilbert damping dependence on the resistivity (gate voltage application) using 

Supplementary Equation 3 and parameters above. The value of the spin mixing conductance 

obtained from the fitting g↑↓ = (2.3±0.8)1019 m-2 is comparable to the values reported in the 

literature.23 This is an effective value of the spin-mixing conductance, which can be affected by 

the spin flipping at the YIG/Pt interface.19,24–26 We note that this estimation should be taken with 

care and only as an order of magnitude estimate: as one can see from the Supplementary Figure 

21 change in the Gilbert damping parameter with application of gate voltage is comparable to the 

scatter in the experimental data. Spin pumping contribution to the Gilbert damping parameter is 

inversely proportional to the thickness of the YIG film.27,28 Such dependence originates from the 

fact that total magnetic moment of the ferromagnet is proportional to its thickness, thus thin 

samples are more sensitive to the transfer of the angular momentum at the interface during the spin 

pumping. For example, enhancement of the Gilbert damping parameter due to the spin pumping 

in Pt was measured to be αsp = 2.110-3 and αsp = 3.610-3 for 20 nm-thick YIG,23,29 but only αsp = 

310-4 for 96 nm-thick YIG.30 Thus, for our YIG/Pt system with 1300 nm-thick YIG spin pumping 

contribution to the Gilbert damping parameter is expected to be αsp ~ 210-5 - 510-5, which is the 

same order of magnitude as the scatter in the experimentally measured data in Supplementary 

Figure 21. We stress that this difficulty has fundamental origin in the large thickness of the YIG 

film, and the achieved precision of the measurement setup is already remarkably good. If one takes 

measurement error of the Gilbert damping parameter as α = 210-5 (see Supplementary Figure 
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21), it corresponds to the |B| = 0.007 mT error in the magnetic field measurement. Ferromagnetic 

resonance magnetic field of YIG in our setup (microwave frequency f = 9.12 GHz, in-plane 

external magnetic field geometry) is |BFMR| ~ 240 mT. Thus, combined error of the electromagnet 

power source and Hall sensor for magnetic field measurement is only ~0.003%. 

 

 

Supplementary Figure 21 | Dependence of the Gilbert damping parameter on Pt resistivity. 

Gilbert damping parameter dependence on the resistivity of the Pt film tuned by gate voltage 

application for 2 nm-thick Pt (Device A in Figs. 4 and 5 of the Main Text). Filled circles show 

experimentally measured Gilbert damping parameter extracted from the microwave absorption 

spectrum (Supplementary Note 8) for the direction of the external magnetic field H = 0° (purple 

filled circles) and H = 180° (blue filled circles). Red line shows fitting using Supplementary 

Equation 3.   
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Supplementary Note 14.  Room temperature measurements of the ISHE modulation 

Here, we comment on the possibility to exploit reported effect at room temperature. While 

we modulated ISHE at 250 K, it was due to the use of the ionic gel: the ionic leak current prevents 

accurate measurements at room temperature. The ISHE is known to be robust at room temperature, 

and in our devices without gate voltage application, we detected ISHE at both room and low 

temperatures. Thus, we believe that gate modulation of the ISHE in Pt can be successfully achieved 

at room temperature, with the room temperature-operational electric gate. 
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Supplementary Note 15.  Gate modulation of the resistance and spin-charge conversion in 

the presence of the charge screening. 

Any system with large carrier density has a short charge screening length, which limits the 

gate modulated region in the studied Pt samples to a few angstroms-thick layer. However, it does 

not prevent resistance of the sample being modulated by the gate. The calculated number of carriers 

and their effect on the resistance modulation of the samples (Fig. 3 of the main text) does not 

depend on the uniformity of the induced carriers, i.e. the resistance of the gated sample does not 

depend on the penetration depth of the electric field. The reason is that such system is equivalent 

to the combination of resistors connected in parallel. The top layer of Pt that is modulated by the 

gate application acts as a first resistor, while the rest of the channel—unaffected by the gate—acts 

as a second resistor. Since the two resistors are connected in parallel, gate modulation of the 

resistance of the first resistor affects the total resistance of the system. The total resistance of the 

sample would be determined by the number of the injected carries, and not by the screening length 

in the material. Thus, the resistance modulation can be observed for metallic film of any thickness, 

but the effect is very small for thick films: the resistance modulation under application of a specific 

gate voltage is controlled by the NG/N0 (the ratio of the injected number of carriers to number of 

carriers present in the sample), which is inversely proportional to the sample thickness d due to 

the relation N0=n0wld (where l, w and n0 are the length, width, and the internal carrier density in 

the channel, respectively). Such scaling of the resistance modulation described by the parallel 

resistors model was experimentally showed for Au, Ag, and Cu films with thicknesses up to 50 

nm.31,32 

 Another important question is how the control over the top part of the 2 nm-thick Pt layer 

allows to effectively control the spin-charge conversion in the whole Pt layer. Due to the screening 

effect the electric field induced by the gate cannot reach the YIG/Pt interface, where the spin 

injection of the pure spin current happens. Hence, application of the gate voltage should not 

influence the spin pumping into the Pt from YIG. The important distinction here is that the spin 

injection via the spin pumping at YIG/Pt interface and the spin-charge conversion via the inverse 

spin Hall effect (ISHE) in Pt are two separate processes. While the first process cannot be 

controlled by the gate, the second process can be controlled. The spin-charge conversion happens 

on the characteristic scale of the spin diffusion length λs. The λs value in Pt can be estimated using 

the coefficient  that links the spin diffusion length to conductivity (λs = σPt) due to the Elliott-

Yafet spin relaxation mechanism, where  = (0.7±0.1) fm2 (value from the combined values 

reported in the literature:  = (0.61±0.02) f m2 ,19  = (0.63±0.02) fm2,20  = (0.61±0.02) f 

m2,21  = (0.77±0.08) f m2 22).The estimated spin diffusion length λs = 0.5±0.1 nm for dPt = 2 nm 

sample. In our case, the 1 nm-thick Pt samples are not conductive, which is probably due to the 

surface roughness of the sample (difference in height of the Pt layer can be up to 1 nm as shown 

in AFM images in Supplementary Note 11), and additionally due to the thin oxidized/dead layer 

that might be present at the surface of the Pt film. Hence, the actual thickness dPt might be even 

smaller than the nominal value of 2 nm. It makes the spin diffusion length and thickness of the Pt 

film comparable in 2 nm-thick sample, and allows the injected spin current to reach the top Pt 

surface, where the gate is effective. Still, in such case, one might expect considerable part of the 

spin current converted into a charge current before it reaches the gate-controlled part of Pt. That 
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would be true for thick Pt films, however, this is not the case in ultrathin films. The reason is the 

domination of the surface and grain boundaries scattering over the bulk scattering in thin films. As 

can be seen from the sharp increase in the resistance of Pt with decreasing thickness (Fig. 1 in the 

Main Text), the scattering in such thin films is controlled by the surface and grain boundary 

scattering events. The scaling for the spin diffusion length mentioned above (λs = σPt) provides 

the effective spin diffusion length: as if all the scattering events are evenly distributed through the 

Pt. The increase in the resistance due to the increased spatial density of the scattering events leads 

to the carrier experiencing the same number of the spin scattering events over the shorter path: 

leading to the shorter spin diffusion length. However, in ultrathin films most of the scattering 

events occur at the surface and grain boundaries: carrier needs to reach them to experience the spin 

scattering event. Since the grain size is roughly equal to the thickness in ultrathin films, after the 

injection of the pure out-of-plane spin current at YIG/Pt interface, the first grain boundary that 

carrier reaches is at the surface of the Pt film. Thus, the majority of the scattering events that govern 

the inverse spin Hall effect in ultrathin films occurs in the top part of the Pt layer, which is 

controlled by the gate. The resistance modulation, while small, can be observed even in thick Pt 

samples—the injected carriers affect Pt resistance at all thicknesses due to the parallel conduction 

channels. However, for the spin-charge conversion to be effectively controlled by the gate, the 

spin scattering events should mostly occur in the top Pt layer, which happens only in ultrathin Pt 

films, as explained above. Fig. 1 shows that contribution of the surface and grain boundaries 

scattering rapidly increases for dPt < 5 nm. That is why we cannot observe any modulation of the 

spin-charge conversion current in dPt = 10 nm samples (bulk scattering dominates), but we achieve 

complete control over the spin-charge conversion current in ultrathin dPt = 2 nm samples (surface 

and grain boundaries scattering dominates), as shown in Fig. 5c in the Main Text. Additionally, 

the smaller the thickness of the sample—the larger the part of the sample controlled by the gate—

the easier it is for carriers to reach it without prior scattering. 
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Supplementary Note 16.  Temperature dependence of the resistivity in ultrathin Pt films. 

 In this section we present data on the temperature dependence of the resistivity in 

ultrathin Pt films. Several mechanisms can contribute to the scattering (i.e. the resistivity) in the 

thin metallic films, however, they have very distinct temperature-dependent behaviors. The 

characteristic metallic behavior consists of the scattering due to the electron-phonon contribution 

and the residual resistivity due to the scattering by impurities, grain boundaries and surfaces. The 

electron-phonon term of the resistivity—described by the Bloch-Gruneisen theory—is linearly 

proportional to the temperature: el-ph∝T, and switches to the el-ph∝T5 dependence only below the 

Debye temperature.33–36 The residual resistivity term (scattering by impurities, grain boundaries 

and surfaces) increases with the decreasing film thickness, but is independent of temperature res 

= const, and basically acts as a baseline for the other terms contributing to resistivity.36–40 In 

contrast, the resistivity due to the grain hopping exhibits opposite temperature behavior (resistivity 

increases with the decreasing temperature) with hp∝exp(1/T1/4) 36,41 or hp∝exp(1/T1/2).42,43  

Additionally, at very low temperatures electron-electron scattering contribution to the resistivity 

el-el∝T2 44,45 and localization effects like Kondo effect with loc∝ln(a/T) start to play a role.46 

Supplementary Figure 22 shows the measured temperature dependence of the resistivity of the 2 

nm-thick YIG/Pt sample. At 250 K (temperature of the spin-charge conversion measurements) the 

resistivity exhibits metallic behavior. The resistivity in the range 100 K – 300 K exhibits pure 

linear behavior, and, hence, is dominated by the  = el-ph + res = aT + res, where a and  res are 

constants (red line fitting in Supplementary Figure 22). From the fitting, the contributions to the 

resistivity of the sample at 250 K are estimated to be el-ph = 13 µ cm and res = 133 µ cm. 

Thus, the grain boundaries and surface scattering term res provides the dominant contribution 

(91%) to the resistivity of the 2 nm-thick samples at the temperature of the spin-charge conversion 

measurements. This result is consistent with the previous studies37–40 and measured in our study 

thickness dependence of the resistivity (Fig. 1 of the Main Text) that show large increase in the 

surface and grain scattering with decrease in the film thickness. At low temperatures we observed 

the minimum in the resistance at T = 27 K. The grain hopping mechanism and the Kondo effect 

could lead to the observed increase in the resistivity with the decreasing temperature. We fitted the 

resistivity in the 2 K – 40 K range—where the upturn and minimum in the resistivity was 

observed—using the fitting functions below. 

Fitting function that includes resistivity term due to the grain hopping hp∝exp(1/T1/4): 

1
hop =hp1 + res + el-el + el-ph = aexp(1/T1/4) + res + bT2 + cT5, (4) 

where a, res, b, c are fitting parameters independent of temperature. 

Fitting function that includes resistivity term due to the grain hopping hp∝exp(1/T1/2): 

2
hop =hp2 + res + el-el + el-ph = aexp(1/T1/2) + res + bT2 + cT5, (5) 

where (a, res, b, c are fitting parameters independent of temperature); 

Fitting function that includes resistivity term due to the Kondo effect loc∝ln(a/T): 
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3
Kondo =loc + res + el-el + el-ph = a1ln(a2/T) + res + bT2 + cT5 = a1ln(a2) - a1ln(T) 

+ res + bT2 + cT5 =-a1ln(T) + res` + bT2 + cT5, 
(6) 

where a1, res`, b, c are fitting parameters independent of temperature, and res` = a1ln(a2) + res. 

The fitting results are shown in Supplementary Figure 23. While based on the present data it is 

preliminary to attribute upturn in the resistivity to any single mechanism (Even taking into account 

that all samples exhibited linear I-V curves at all temperatures and applied gate voltages (see 

Supplementary Figures 10-13 and Supplementary Figure 24), which largely limits the extent to 

which any tunneling or hopping effects can be present in the samples. Also, as a side note, we 

observe the same minimum in the resistivity of the 2 nm-thick Pt films grown on top of the 

paramagnetic GGG substrates. Thus, it cannot originate from the Kondo effect due to possibly 

present at low temperatures magnetic moments in the YIG/Pt system discussed in Supplementary 

Note 12), we can estimate the upper bounds of these contributions at the spin-charge conversion 

measurements temperature of 250 K. When the rise in the resistance at low temperatures is 

attributed solely to the grain hopping effect, its contribution given by models hp1∝exp(1/T1/4 ) 

(black line in Supplementary Figure 23) and hp2∝exp(1/T1/2) (green line in Supplementary Figure 

23) at 250 K is 5 and 4 µ cm, respectively, which is ≤ 3% of the total resistivity of the sample 

(146 µ cm). Thus, the upper bound of the decrease in the sample resistance due the gate control 

over the grain hopping mechanism (i.e. under the assumption that one can completely remove the 

resistivity contribution due to the grain hopping by the gate voltage application) is 3%. 

Experimentally, we observe decrease in the resistivity up to 53% in the 2 nm-thick samples at T = 

250 K. Hence, change in the sample resistance under the gate voltage application cannot be 

attributed to the gate effect on the grain hopping scattering. In contrast, the estimation of the 

resistance modulation of Pt thin films due to the gate-induced carriers reproduces well the 

resistance change experimentally observed in our study. Finally, all samples exhibited linear I-V 

curves at all temperatures and applied gate voltages (see Supplementary Figures 10-13 and 

Supplementary Figure 24), which also indicates absence of any tunneling or hopping effects in our 

samples. 
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Supplementary Figure 22 | Temperature dependence of the resistivity of 2 nm-thick Pt. Blue 

filled circles—experimental data; red line shows fitting applied in the range from 120 K to 300 K 

using function  = el-ph + res = aT + res, where a and  res are fitting parameters independent of 

temperature.  

 

 

 

Supplementary Figure 23 | Temperature dependence of the resistivity of 2 nm-thick Pt. Blue 

filled circles—experimental data, fitting using 1
hop with grain hopping term—black line, fitting 

using 2
hop with grain hopping term—green line, fitting using 3

Kondo with Kondo effect term—red 

line. 
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Supplementary Figure 24 | Temperature dependence of I-V characteristic of 2-nm thick Pt. 

Drain-source current IDS dependence on the applied drain-source voltage VDS at various 

temperatures for the 2 nm-thick Pt sample.  

  



 

32 

 

Supplementary Note 17.  Amount of the impurities present in the Pt sputtering source.  

 Table 1 shows the amount of the impurities present in the Pt sputtering source, information 

is provided by the manufacturer (Tanaka Kikinzoku Kogyo Co., Ltd., Japan). 

 

Element Au Ag Pd Rh Ir Ru Os Al B Bi Ca Cd Co 

Count (ppm) ND ND 10 20 12 6 ND ND 4 ND 2 ND ND 

              

Element Cr Cu Fe Mg Mn Ni Sb Si Sn Ti Zn W As 

Count (ppm) 2 ND 11 ND 1 ND ND ND ND 1 ND ND ND 

Supplementary Table 1 | Impurity content of Pt sputtering source. Amount of the impurities 

present in the sputtering source that was used to grow Pt films. ND stands for “not detected”. 
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