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After 50 years of exponential increase in computing efficiency, the technology of today’s 9 

electronics is approaching its physical limits, with feature sizes smaller than 10 nm. New 10 

schemes must be devised to contain the ever-increasing power consumption of information 11 

and communication systems1,  which requires the introduction of non-traditional materials 12 

and new state variables. As recently highlighted2, the remanence associated with collective 13 

switching in ferroic systems is appealing to reduce power consumption. A particularly 14 

promising approach is spintronics, which relies on ferromagnets to provide non-volatility and 15 

to generate and detect spin currents3. However, magnetization reversal by spin transfer 16 

torques4 is a power consuming process. This is driving research on multiferroics to achieve a 17 

low-power electric-field control of magnetization5, but practical materials are scarce and 18 

magnetoelectric switching remains difficult to control. Here, we demonstrate an alternative 19 

strategy to achieve low-power spin detection, in a non-magnetic system. We harness the 20 

electric-field-induced ferroelectric-like state of SrTiO3
6–9 to manipulate the spin-orbit 21 

properties10 of a two-dimensional electron gas11, and efficiently convert spin currents into 22 

positive or negative charge currents, depending on the polarisation direction. This non-23 

volatile effect opens the way to the electric-field control of spin currents and to ultralow-24 

power spintronics, in which non-volatility would be provided by ferroelectricity rather than by 25 

ferromagnetism.  26 
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Spin-orbitronics12 exploits the interplay between charge and spin currents enabled by the 31 

spin-orbit coupling (SOC) in non-magnetic systems. It allows the generation of pure spin 32 

currents from charge currents and vice-versa, without resorting to ferromagnetic materials. The 33 

Edelstein effect13 allows charge-spin conversion14 with an efficiency comparable to or larger 34 

than that of the spin Hall effect15. It typically occurs at Rashba surfaces and interfaces16 where 35 

inversion symmetry breaking results in an out-of-plane electric field. In the presence of SOC, this 36 

leads to a locking of the momentum and spin degrees of freedom. The flow of an in-plane 37 

charge current in such a system produces a transverse spin density, which can diffuse as a spin 38 

current in an adjacent material13. Conversely, injecting a spin density results in the production 39 

of a net charge current by inverse Edelstein effect17. As such, Rashba systems can be used as 40 

spin generators and detectors, but with an efficiency inherently set by the electronic structure, 41 

without the possibility to switch it by an external stimulus. 42 

In comparison with ferromagnets, the order parameter of ferroelectrics (polarisation) can 43 

be switched by an electric field for energy costs typically 1000 times smaller2. Moreover, 44 

ferroelectrics can harbour intense electric fields, largely modifying the carrier densities in 45 

adjacent materials, and thereby tuning their properties in a non-volatile fashion. An exciting 46 

route towards low power electronics would thus be to combine the remanence of ferroelectrics 47 

with the ability to generate and manipulate spin currents by the direct and inverse Edelstein 48 

effects in Rashba systems. Beyond magnetoelectricity, ferroelectric Rashba architectures would 49 

therefore offer a new approach for the non-volatile control of spin currents by electric fields, 50 

with an ultralow-power operation.  51 

Most efforts to identify single-phase Rashba ferroelectrics18 have focused on GeTe19. 52 

However, because of high leakage ferroelectric properties are poor20 and spin-charge 53 

conversion experiments have yielded a moderate efficiency21. Here we show that beyond bulk 54 

materials, interface systems combining Rashba SOC and a switchable polarisation enable the 55 

non-volatile electrical control of a highly efficient spin-charge conversion. 56 

The general concept of ferroelectrically-controlled spin-charge conversion is described in 57 

Fig. 1. At the interface between a ferroelectric and an ultrathin SOC system (a heavy metal, a 58 

Weyl semi-metal, a two-dimensional electron gas − 2DEG −, etc.), electrons are accumulated or 59 
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depleted depending on the polarisation direction (Fig. 1a). This modifies the electric field in the 60 

interface region, and in the ideal case changes its sign. If a Rashba state is present in the SOC 61 

system at the interface with the ferroelectric, reversing the sign of the local electric field 62 

reverses the chirality of the spin textures in both split Fermi contours (Fig. 1b). Through the 63 

inverse Edelstein effect13, the injection of a spin current into the Rashba state will produce a 64 

charge current Jc whose sign will depend on the ferroelectric polarisation state (Fig. 1c). This 65 

mechanism offers the possibility to design a wealth of devices such as the bipolar memory 66 

proposed in Fig. 1. It can also be the basis of logic devices22 akin to the magnetoelectric spin-67 

orbit (MESO) device proposed by Intel23, but without resorting to a multiferroic to switch the 68 

ferromagnet. 69 

To experimentally demonstrate the non-volatile electrical control of the spin-charge 70 

conversion, we use SrTiO3 (STO) 2DEGs, generated by the deposition of a film of Al onto a STO 71 

single crystal24,25. Indeed, STO 2DEGs exhibit a sizeable Rashba SOC10 with a very high 72 

conversion efficiency25,26. In addition, STO is a quantum paraelectric that develops an electric-73 

field-induced switchable polarisation at low temperature7–9.  74 

The spin-to-charge conversion was measured using spin pumping by ferromagnetic 75 

resonance on a NiFe(20 nm)/Al(0.9 nm)//STO sample (cf. sketch in the inset of Fig. 2a). The 76 

nominally 500 µm thick SrTiO3 (STO) substrate was thinned down to 250±20 µm using 77 

mechanical polishing, allowing the application of high electric fields (E). A static magnetic field 78 

was applied along the y direction. At the ferromagnetic resonance, a pure spin current is 79 

injected into the 2DEG along the -z direction, with spins oriented along y27. The measurement of 80 

the extra damping due to this relaxation channel allows calculating the injected spin current26,27. 81 

In the 2DEG, this spin current is then converted into a charge current oriented along x by the 82 

inverse Edelstein effect. Since the sample is in open circuit, at the resonance field this results in 83 

a voltage drop along the sample, in the x direction26.  84 

In the pristine, ungated state, the voltage drop obtained at resonance corresponds to the 85 

production of a positive normalized current of 1.2 A.mT-².m-1 (top left panel of Fig. 2b). At low 86 

temperature, STO is known to undergo a phase transition at high electric field7–9:  Once a large 87 

electric field has been applied, the material develops a switchable, remanent polarisation. This 88 
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phenomenon is often referred to as a field-induced ferroelectric order or a field-induced 89 

ferroelectric-like state. We applied voltages up to ±200 V, corresponding to E up to ±8 kV/cm, 90 

high enough to achieve this phase transition7,9. After a first initialization cycle [+200 V; -200 V; 91 

+200 V], the gate voltage dependence of the spin pumping signal shows a hysteretic behaviour 92 

(Fig. 2a). The charge currents produced at ferromagnetic resonance have opposite signs for 93 

+200 V and -200 V gate voltages, as seen in points B, F and D of Fig. 2a and 2b. After applying 94 

the maximum voltage, the normalized current reaches a very high amplitude (± 8.8 A.mT-².m-1), 95 

beyond the record values obtained previously in LAO/STO and Al/STO samples (around 5 A.mT-96 

².m-1)26. The spin-charge conversion efficiency is quantified by the inverse Edelstein length λIEE, 97 

equal to the ratio of the produced 2D charge current density by the injected 3D spin current, 98 

i.e., ߣூாா = ୡ݆ଶୈ ୱ݆ଷୈ⁄  (Ref. 17), cf. Methods. Here, we estimate λIEE≈±60 nm, a value one to two 99 

orders of magnitude larger than in metallic Rashba interfaces17 or topological insulators28. 100 

Remarkably, the produced current − and thus the spin-charge conversion rate −  is 101 

remanent at Vgate=0 V, as seen in C and E. Similar hysteretic behaviors have been obtained on 102 

several thinned-down samples but not on a 500 µm-thick STO substrate, which indicates the 103 

existence of a critical electric field for the hysteresis to appear. The non-volatile control of the 104 

spin-charge conversion is further evidenced by Fig. 2c, which displays the produced normalized 105 

charge current at 0 V after the application of 500 ms pulses of ±200 V gate voltage. Fig. 2d 106 

shows the temperature dependence of the difference ΔIC in the produced current obtained at 107 

remanence after applying pulses of +200 V and -200 V at 7 K. ΔIC is large below 30 K and 108 

vanishes above 45-50 K, suggesting a transition of STO into the paraelectric phase7–9. Extended 109 

Data Figures 1 and 4 show that the effect is reproducible and stable in time for at least several 110 

hours. 111 

We have also performed electric polarisation measurements on a Al(1.8 nm)//STO 2DEG 112 

sample with a STO thickness of 200±20 µm. As visible in Fig. 3a, the application of an electric 113 

field up to 2.5 kV/cm (green curve) yields a linear dependence of the polarisation with E, as 114 

expected for a dielectric. However, when the voltage exceeds ∼7 kV/cm, a hysteresis develops, 115 

associated with switching current peaks in the I vs E data (Fig. 3a, inset). The saturation 116 

polarisation is about 4 µC/cm², in agreement with earlier reports7. Upon increasing the 117 
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temperature (Fig. 3c), the loop progressively closes, indicating a Curie temperature close to 50 K 118 

(Fig. 3d). This almost coincides with the temperature at which the remanent spin-charge 119 

conversion effect vanishes (Fig. 2d), strongly suggesting that the switchable polarisation is at the 120 

origin of the hysteretic inverse Edelstein effect. At low temperature, reducing E to below the 121 

critical value still yields hysteretic polarisation loops, albeit with a lower remanent polarisation 122 

(Fig. 4a).  123 

One of the hallmark features of STO 2DEGs is the strong gate voltage dependence of the 124 

sheet resistance Rs
29. In thick STO samples the gate dependence of Rs is usually non hysteretic30, 125 

in line with the paraelectric nature of STO at low electric fields. Here, as seen in Fig. 4b, Rs varies 126 

as the carrier density varies, but this dependence also exhibits a clear hysteresis, allowing the 127 

non-volatile electrical control of the 2DEG electronic properties. Remarkably, the hysteresis 128 

amplitude increases upon increasing the maximum E, so that the Rs vs. E loops mimic the 129 

polarisation loops of Fig. 4a. Hall measurements made in the two remanent states yield a 130 

difference in carrier densities Δns = 5.45×1012 cm-2, only two times smaller than the theoretical 131 

value Δns = 2Pr/e = 1.13×1013 cm-2 (using Pr = 0.9 µC/cm²), thus corresponding to a remarkable 132 

efficiency compared to the literature31,32. Note that we have also performed Rs vs. E loops on 133 

spin-pumping samples, which possess a NiFe layer, showing that the obtained loops are very 134 

similar to the JC vs. E loops (cf. Extended Data Figure 1 and Methods).  135 

Several mechanisms may be invoked to explain our observation of a hysteretic inverse 136 

Edelstein effect. One can be related to the description of Fig. 1a, namely a local inversion of the 137 

electric field in the SOC material (here the 2DEG) promoting polarisation-direction-dependent 138 

Rashba SOC and spin-charge conversion. Additionally, electronic structure effects may be at 139 

play, since the multiorbital band structure of STO 2DEGs is known to produce effective Rashba 140 

effects with opposite signs, depending on the orbitals involved25,26. Moreover, the presence of a 141 

switchable polarisation with associated polar displacements of cations and anions should 142 

significantly modify the band structure compared to the paraelectric case. This may generate 143 

additional (avoided) band crossings, possibly with non-trivial topology25, leading to super-144 

efficient spin-charge conversion.  145 
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Our results constitute the basis of a new type of spintronics, in which non-volatility would 146 

not originate from ferromagnetism but from ferroelectricity. They could be extended to room 147 

temperature by designing 2DEGs on strained STO thin films33 or BaTiO3
24 for instance. This could 148 

open the way to a whole new class of ultralow-power spin-orbitronic devices (memories, spin 149 

field-effect transistors, spin Hall transistors or MESO-like logic devices). In the future, the 150 

demonstration of a non-volatile electric control of the direct Edelstein effect could additionally 151 

lead to reconfigurable spin-orbit torque memories and logic gates, benefit to skyrmions or 152 

domain walls manipulation, and allow the development of agile THz emitters and spin-wave 153 

logic architectures.  154 
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 246 

MAIN FIGURE CAPTIONS 247 

Fig.1. Concept of ferroelectrically-controlled spin-charge conversion. (a) Sketch of a 248 

ferroelectric Rashba architecture combining a ferroelectric material (green) and a material with 249 

spin-orbit coupling (purple). Upon switching polarisation, electrons are accumulated (left) or 250 

depleted (right) in the SOC material (e.g. a 2DEG), creating an electric field whose sign depends 251 

on the polarisation direction. (b) Corresponding Rashba-split chiral Fermi contours with spin-252 

momentum locking. The chirality of the contours switches upon switching the ferroelectric 253 

polarisation. (c) Inverse Edelstein effect in a Rashba interface. When a spin current is injected 254 

(e.g. by spin pumping) with a spin polarisation along the y axis, the spin population is altered, 255 

causing a displacement of the two inequivalent Fermi surfaces (red and blue lines) by ±Δk in 256 

momentum space. This results in a net charge current generated perpendicularly to the spin 257 

current and to its spin polarisation. The sign of the generated current depends on the chirality 258 
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of the Fermi contours and is thus reversed upon switching ferroelectric polarisation. (d) Non-259 

volatile device operated by ferroelectricity and Rashba SOC. Through the inverse Edelstein 260 

effect a charge current JC is generated by the conversion of a spin current JS injected from the 261 

ferromagnet. The sign of JC changes with the direction of the ferroelectric polarisation. 262 

 263 

Fig. 2. Electric-field controlled spin-charge conversion with electrical remanence. (a) Gate 264 

voltage dependence of the normalized current produced by the inverse Edelstein effect. The 265 

inset shows a sketch of the heterostructure. (b) Dependence of the normalized current 266 

produced with the magnetic field in spin pumping experiments, for different voltage values (cf. 267 

panel (a)). (c) Produced normalized charge current at electrical remanence after applying 268 

positive or negative voltage pulses of ±200 V. All data have been measured at 7 K. (d) 269 

Temperature dependence of the difference between the remanent normalized currents after 270 

the application of a large positive or negative voltage. 271 

 272 

Fig. 3. Electric polarisation measurements. (a) Polarisation vs voltage curves measured on a 273 

Al(1.8 nm)//STO sample. The green curve corresponds to the polarisation loop measured with a 274 

maximum field of 2 kV/cm. Inset: Corresponding current vs voltage curve. (b) Temperature 275 

dependence of the remanent polarisation PR. (c) Polarisation loops at different temperatures.  276 

 277 

Fig. 4. Field effect experiments. (a) Polarisation loops at 7 K measured in the field-induced state 278 

for different increasing maximum electric fields. The curves are shifted by 2 µC/cm² for clarity. 279 

(b) Gate dependence of the 2DEG sheet resistance for different maximum electric fields at 2 K. 280 

The curves are shifted by 3 kΩ  for clarity. 281 

 282 

 283 

METHODS  284 

Sample preparation. NiFe and Al films were deposited at room temperature by dc magnetron 285 

sputtering on TiO2-terminated (001)-oriented STO substrates (from CrysTec GmbH). TiO2-286 
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termination was achieved through a chemical treatment, where the substrate was submerged 287 

in a buffered hydrofluoric acid (NH4F-HF 7:1) for 30 s and annealed under a rich oxygen 288 

environment at 1000 °C for 3 h. Before deposition, the STO substrates were additionally 289 

annealed at 730 °C for 2 h under a partial oxygen pressure of 400 mbar. The deposition of the 290 

metallic layers was performed under an Ar partial pressure of 4.5 x 10-4 mbar and a substrate-291 

to-target distance of 7 cm.  The samples including NiFe were additionally capped with a 2.5 nm 292 

layer of Al, which becomes oxidized when exposed to air. Samples were mechanically polished 293 

on diamond pads under deionized water flow.  294 

Spin pumping. The spin-pumping experiments were carried out using a Bruker ESP300E X-band 295 

CW spectrometer at 9.68 GHz, with a loop-gap Bruker ER 4118X-MS5 cavity, and using a 296 

microwave power of 5 mW or less to remain in the linear regime. The generated DC voltage was 297 

measured using a Keithley 2182A nanovoltmeter. The gate voltage was applied using a Keithley 298 

2400 sourcemeter. The measured signals were observed to be linear with the rf power up to 5 299 

mW. 300 

Measurement of the produced charge current and calculation of the inverse Edelstein length. 301 

The inverse Edelstein length ߣூாா is the figure of merit quantifying the efficiency of the spin to 302 

charge current conversion. It has the dimension of a length, as the 3D spin current ܬ௦ଷ஽ (in A/m2) 303 

is converted into a 2D charge current ܬ௖ଶ஽ (in A/m): 304 ߣூாா = ௃೎మವ௃ೞయವ           (1) 305 

Both ܬ௦ଷ஽ and ܬ௖ଶ஽ need to be evaluated to calculate the Inverse Edelstein length. Here we use 306 

the method already described in previous works (for example on LAO/STO26 or HgTe28). 307 

The produced charge current is simply extracted from the symmetric component of the 308 

measured spin signal ௦ܸ௬௠: 309 ܬ௖ଶ஽ = ௏ೞ೤೘ோ௪            (2) 310 

where ܴ is the resistance of the sample (measured independently), and	ݓ is the sample width 311 

(400 µm).  312 

Note that here, the produced current	ܬ௖ଶ஽ is used to give the amplitude of the spin signal, as it 313 

can be considered as a raw data. In order to have values comparable from measurement to 314 
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measurement, especially with experiments found in the literature, and as the spin signal varies 315 

linearly with the square of the excitation field μ଴ℎ௥௙, the current production has to be 316 

normalized. Thus, the produced current given in the main text is actually ܬ௖ଶ஽/(μ଴ℎ௥௙)ଶ, in 317 ܣ.݉ܶିଶ݉ିଵ. The radiofrequency field for a given measurement is measured using the cavity 318 

conversion factor. 319 

The spin current is extracted using the spin pumping theory firstly developed by Tserkovnyak, 320 

Brataas27,34 and coworkers, and then by several other groups35,36. The spin current injected at 321 

the ferromagnetic resonance can be obtained by measuring some of the magnetic properties of 322 

the ferromagnetic layer, and by calculating the effective spin mixing conductance:  323 ܩ௘௙௙↑↓ = 	 ସగெೞ௧ಷಾ௚ఓಳ ߙ) −  ௥௘௙)         (3) 324ߙ

where ߤ஻ is the Bohr magneton, ݐிெ the thickness of the ferromagnetic material (20 nm here), 325 

Ms the saturation magnetization of the Permalloy thin film, g its g-factor,  ߙ its Gilbert damping, 326 

and ߙ௥௘௙ the Gilbert damping of a Permalloy thin film without spin-sink (here Permalloy on 327 

native Si). All these values are extracted from independent FMR measurements, using either 328 

broadband-FMR or out-of-plane angular dependence measurements. 329 

Then, using the expression of the spin mixing conductance we can obtain the injected spin 330 

current: 331 ܬ௦ଷ஽ = 	 ீ೐೑೑↑↓ ఊమℏஜబ௛ೝ೑మ଼గఈమ ൤ସగெೞఊା	ඥ(ସగெೞఊ)మାସఠమ(ସగெೞఊ)మାସఠమ ൨ ଶ௘ℏ       (4) 332 

Where ߛ is the gyromagnetic ratio, ߱ the angular frequency, ݁ the elementary charge and ℏ the 333 

reduced Planck constant. The inverse Edelstein length can then be obtained by combining 334 

equations (1), (2) and (4).  335 

Reproducibility of the gate voltage dependence of the spin-charge conversion. We have 336 

performed spin pumping measurements on different samples of NiFe(20nm)/Al(0.9nm)//STO at 337 

7 K, cf. Extended Data Figure 1. Sample 1 is taken from a first batch, whereas samples 2 and 3 338 

are two different samples of the same second batch. The results shown in the main text have 339 

been measured on Sample 3. After thin film deposition on STO substrates the samples were all 340 

thinned down to the same thickness (250±20 µm). As can be seen on the Extended Data Figure 341 

1, for these three samples similar gate voltage dependences have been obtained, with a 342 
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hysteretic behavior, a positive or negative remanent spin-signal at Vgate = 0 V, and large 343 

conversion efficiencies. The obtained inverse Edelstein lengths λIEE are above 40 nm in all three 344 

cases, and up to 60 nm in the case of sample 3. The error bars are mostly due to the uncertainty 345 

on the effective spin mixing conductance. The main results presented in the text are thus 346 

reproducible, even though the samples have been thinned down using mechanical polishing. 347 

We have also performed several cool-downs on the same sample. After performing a first cool-348 

down and some gate dependence measurements at low temperature, it is possible to recover 349 

the initial state by heating up the sample at room temperature. As can be seen in Extended Data 350 

Figure 2 (measured on sample 2), the remanent ferroelectric state is lost after heating, but 351 

when going back to 7 K the sample recovers the initial state, with a lower and positive spin 352 

signal. This is consistent with our observation of a voltage-induced ferroelectricity at low 353 

temperature. After heating at room temperature, an initialization loop [+200 V; -200 V; +200 V] 354 

performed at low temperature allows retrieving the hysteretic behavior and the remanence of 355 

the polarisation. 356 

Time stability of the remanent state. In the main text we show that a ±200 V gate voltage 357 

application at 7 K allows controlling the spin-charge conversion in a remanent way. To 358 

demonstrate the non-volatility associated to this remanence, we performed spin pumping 359 

measurements hours after applying a gate voltage of either +200 V or -200 V during 500 ms. As 360 

seen in Extended Data Figure 3, the produced normalized current is preserved, remaining 361 

unmodified after several hours.  362 

Electric polarisation measurements. In these experiments, a triangular waveform was applied 363 

at a frequency of 1 kHz across the STO, between the 2DEG and a bottom electrode of Ti/Au, and 364 

the current I was measured in real time. Integrating the current with time and normalizing by 365 

the sample area yields the polarisation.  366 

Magnetotransport. Low temperature electrical transport measurements were performed on 367 

the thinned samples bonded by Al wires in the van der Pauw configuration using a standard AC 368 

lock-in technique (IAC = 200 nA, fAC = 77.03 Hz) in a Quantum Design Dynacool cryostat at a 369 

temperature of 2 K and magnetic fields between -9 T and 9 T for the Hall resistance study. Prior 370 

to any back-gate voltage data was recorded, the samples were subjected to a so-called forming 371 
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step30 at 2 K, where the back-gate voltage were cycled several times (>2) between the gate 372 

voltage extremes of the particular gate-voltage interval to ensure no irreversible changes would 373 

occur in the interface system upon application of the back-gate voltage in the actual 374 

experiment. Note that this low temperature forming step was repeated following all occasions 375 

the sample was brought above 105 K. Moreover, at each new cooldown, the samples were 376 

always cooled with the back-gate electrostatically grounded. 377 

R-V loops measured on NiFe/Al/SrTiO3 samples. Extended Data Figure 3 shows R-V loops 378 

measured on the NiFe/Al/STO sample used for spin-pumping. The R-V and Jc-V loops have rather 379 

similar shapes, indicating a similar origin for both hysteresis. The observed two-probe resistance 380 

variation of ∼0.27 Ω in this 0.4 mm × 2.4 mm NiFe(20 nm)/AlOx//STO sample is compatible with 381 

the R-V for an AlOx//STO sample shown in Fig. 4b. The room-temperature sheet resistance of 382 

the NiFe(20 nm)/AlOx//STO sample is roughly that of the NiFe layer, and equal to 9 Ω. In Fig. 4, 383 

gating results in a change of the 2DEG sheet resistance from about 1.7 kΩ to 23.5 kΩ. In a 384 

simple parallel model of the NiFe(20 nm)/AlOx//STO sample (in which current flows in parallel in 385 

the NiFe and the 2DEG ), gating should thus result in a sheet resistance change of 386 Δܴ = ቆ ܴௌଶ஽ாீܴௌே௜ி௘ܴௌଶ஽ாீ+ܴௌே௜ி௘ቇ௏ீି − ቆ ܴௌଶ஽ாீܴௌே௜ி௘ܴௌଶ஽ாீ+ܴௌே௜ி௘ቇ௏ீା = 23500 × 923500 + 9 − 1700 × 91700 + 9 = 0.044	Ω 

corresponding to an expected two-probe resistance change of 0.26 Ω, in excellent with the 387 

observed change of 0.27 Ω.  388 

The shape of the P-V and R-V loops of Fig. 4 is different from that of the JC-V and R-V data of 389 

Extended Data Fig. 3. One reason is that the spin-pumping experiments were performed on a 390 

Al//STO sample covered with a NiFe layer to perform the spin injection whereas the R-E and P-E 391 

loops were performed on Al//STO samples without NiFe thus different electrostatic geometry. 392 

Additionally, the sample dimensions are also different for the two sets of experiments. In the 393 

SP-FMR experiments, the STO thickness is 250 µm, and the lateral size is 0.4 mm × 2.4 mm. For 394 

the R-E and P-E loop experiments, the STO thickness is 200 µm and the lateral size is of 5 mm × 395 

5 mm. Finally, the SP-FMR samples are cut from plain samples, which could induce defects 396 

modifying the coercivity. We believe the observed discrepancy between loops to arise primarily 397 

from these abovementioned differences. 398 
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DATA AND MATERIALS AVAILABILITY  409 

The data that support the findings of this study are available from the corresponding authors 410 

upon reasonable request.  411 

 412 
EXTENDED DATA FIGURE CAPTIONS 413 

 414 
Extended Data Figure 1. Gate voltage dependence of the inverse Edelstein length in three 415 

different samples of NiFe(20 nm)/Al(0.9 nm)//STO. The error bars are due to the small extra 416 

damping measured in this system. The estimated effective spin mixing conductance ܩ௘௙௙↑↓  417 

is  ranging from 1.2 nm-2 to 3.2 nm-2 with a mean value of 2.2 nm-2, leading to an injected spin 418 

current ܬ௦ଷ஽ ranging from 100 to 240 MA.m-2.mT-2, with a mean value of 160 MA.m-2.mT-2 (see 419 

Supplementary Information). 420 

Extended Data Figure 2. Spin pumping signals obtained at 7K on sample 2, for three different 421 

cooldowns from room temperature. After each cooldown, the signal was measured before any 422 

gate voltage application. 423 

Extended Data Figure 3: Two-probe resistance of a NiFe/Al/STO sample, measured in the spin 424 

pumping setup as a function of the back-gate voltage (in black), and normalized charge current 425 

production measured by spin pumping (in red).  426 
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Extended Data Figure 4. Dependence of the produced current with the time spent after 427 

application of a positive (black) or negative (red) gate voltage. The measurements were 428 

performed at 7K on sample 1.  429 

 430 
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