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Sample growth and device structure

The magnetic materials used in this study are Si/SiOy/Pt (3 nm)/Co (0.6 nm)/HfO, (3
nm) films grown by magnetron sputtering. To incorporate the gate to the device, the IL
[EMI)[TFSI] (1-ethyl-3 methylimidazolium bis(trifluoromethanesulfonyl)imide) is added to
the surface of the film. A counter electrode, a glass substrate coated with indium tin oxide
(ITO) is then placed on top of the IL. The counter electrode and the magnetic sample
have been connected by using Ag paste and wires. The size of the E-field biased Co area

2. In all cases, after the application of the E-field, the

varies between 0.25 cm? and 1 cm
top electrode was removed and the IL wiped off to conduct measurements on the bare films
after the permanent E-field induced property modulations. The HfO, layers were deposited
in situ by magnetron sputtering from an HfO, target. Samples were always stored in air
and at room temperature before conducting the gating experiments.

The value of the E-field that is applied by the liquid gate is calculated by dividing the
applied voltage by a distance of 5 nm, which accounts for the 3 nm of HfO, and for an
effective 2 nm separation due to the presence of the IL. This last estimation is done taking

into account only the distance over which an electric double layer is formed at the side of

each one of the electrodes (1 nm) [18] and not the total thickness of the liquid layer.

XAS and XPS

XAS measurements were performed on BL 4.0.2 at the Advanced Light Source by sweep-
ing the X-ray energy through the Co-Ls 3, Hf-M;5, and O-K resonant edges. Measurements
were performed in total-electron yield mode with the X-rays applied in the plane of the film.
XPS measurements were taken using a PHI ESCA 5600 apparatus equipped with a
monochromatic Al Ka X-ray source (energy = 1486.6 eV) and a concentric hemispheri-
cal analyzer. The spectra were collected at a take-off angle of 45° and a band-pass energy of
58.70 eV. The spectra were aligned using the C 1s peak (284.6 eV) from adventitious carbon

as reference.



PNR and SLD

PNR measurements were performed at the NIST Center for Neutron Research using the
MAGIK reflectometer. Measurements were performed at room-temperature, using 5A neu-
trons, and with a saturating magnetic field of 600 mT applied in the plane of the film which
was reduced to 200 mT during the measurement. The model was fit to the data using the
Refl1D [46] software package. All of the models converged to x? < 3.

As mentioned in the main text, a broadening of the SiOy/Pt interface, and an increase in
the Pt thickness is observed. One alternative explanation of this observation could be the
injection of OH™ ions into the Pt and accumulation at the Pt interfaces. Specifically, the
injection of OH™ ions would swell the Pt lattice, increasing the apparent thickness. Cal-
culating the nuclear SLD, the OH™ ions possess a combined nuclear scattering length of
2.1 fm, compared to Pt at 9.6 fm or O~2 at 5.8 fm, thus as the film gets slightly thicker,
and these weaker scattering centers are incorporated, the overall SLD changes very little.
The nuclear SLD of the Co layer initially appears larger than the bulk value (2.26 x107°
A72) and decreases with increased E-field biasing time. The large initial SLD is partly an
artifact due to overlapping of the interfaces, but also could suggest a partial oxidation of the
as-grown (AG) film, while a decrease can be achieved by the injection of an element with
negative scattering length, which in this system could only be hydrogen, the removal of a
positive SLD element or a decrease in the atomic density. While a lattice expansion can
be achieved by oxygen or OH™ injection, this would increase the nuclear SLD contrary to
what is observed here, this is the reason that a proposed mechanism involving binding and

recombination of the inserted OH™ groups is proposed.

Reversibility measurements

Figure S1 presents Hall effect measurements of a sample that is initially in the AG state
(black symbols) and is subsequently biased for 1 min under a +3V gate voltage (red
symbols). The sample does not show an effect in the magnetic response while when the
same sample is subsequently biased for 1 min at a gate voltage of -3V a square hysteresis
loop is obtained indicating a spin reorientation transition (blue symbols). A positive gate

voltage has no effect either on the magnetic properties of the AG sample or on its potential
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FIG. S1: Effects of positive and negative gate voltages on an AG sample. Only the negative voltage

shows a significant effect.
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FIG. S2: No effects are observed by applying a +3V gate voltage on a previously negatively biased

sample (light blue) for either 1 min (dark blue) or 10 min (black).

to undergo a spin reorientation transition under the subsequent exposure to a negative gate
voltage. The normalised curves are shown on the right hand side panel.

The non-reversibility of the magnetic state achieved by the application of -3V for 1 min
(light blue symbols) is shown in Fig. S2. A gate voltage of +3V is applied to this sample for
1 min (dark blue symbols) and subsequently for 10 min (black symbols) without obtaining
any changes in the magnetic response. The right hand panel shows the normalised curves.
Positive voltages well outside of the electrochemical window of the IL have also been applied

and are shown in Fig. S3. Even in this unreliable and highly reactive regime, no effects
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FIG. S3: No significant effects are observed even when applying gate voltages well outside of the
electrochemical window, +10V (red) and +15V (dark red), to a previously negatively biased sample
(light red).

were observed in the magnetic response of the previously negatively biased film (light red)
under +10V for 6min (red), only a very small variation in the squareness of the loop is seen
after a subsequent +15V gate voltage exposure for 15min (dark red).

Reversibility has also been tested for smaller effects induced by a negative gate voltage.
Fig.S4 shows an AG sample before (black) and after (red) applying a gate voltage of +3V
for 10 min, which does not induce any significant changes. Subsequently a voltage ramp
to -3V is performed (or a duration of about 50s, as in every other experiments) and once
reaching -3V the voltage is removed immediately. After this procedure the sample shows
to have a more significant alignment with the perpendicular direction (blue) without being
fully in the PMA state. This sample was subsequently exposed to a gate voltage of +3V for
6min (dark blue). The magnetic response seems to move towards the initial state (weaker

PMA), however the effects are very small.
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FIG. S4: An AG sample (black) is initially exposed to +3V for 10 min (red). Subsequently, the

sample is exposed only to a gate voltage ramp to -3V (blue) and to a +3V gate voltage for 6 min

(dark blue). A very small recovery of the initial magnetic properties is observed.
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FIG. S5: Domain wall velocity curves under an in-plane field for samples biased for 2min
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Domain wall motion experiments

and

The additional domain wall velocity curves as a function of an in-plane magnetic field used

to determine the value of DMI that complete the full data set presented in the main text

are shown in Fig.S5. The out of plane fields used for the 2 min and 12 min samples are

112 mT and 0.17 mT, respectively. The high nucleation rate in the 12 min sample did not

allow us to conduct velocity measurements outside of the creep regime.

Domain wall motion experiments under only a perpendicular field have also been conducted



FIG. S6: Domain expansion in a film exposed to the E-field for 22 minutes. The red circles mark

the 90° crossing of E-field induced pinning lines.

in samples biased for 22 minutes, where a clear ferromagnetic order is still present in the
Co layer (see Fig.S6). However, a large number of structural defects can be observed
in the domain pattern. Interestingly, the defects in the films biased for 22 minutes can
be found to be extremely regular in some parts, as shown in Fig.S6, where pinning
lines can be found to cross at 90°. This could be compatible with a strain related effect

at the interface with the SiO, substrate due to ionic anchoring, as discussed in the main text.
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FIG. S7: BLS spectra and Lorentzian fitting for samples biased for 15s, 30s, 2 min and 4 min. The

asymmetry between the peaks reduces for high biasing times.
Brillouin light scattering spectroscopy (BLS)

BLS in Damon-Eshbach geometry has been used to record the spin wave spectra, after
counting photons up to 12 hours, as a function of the in-plane applied magnetic field and
for various wave vector values. The sample was illuminated with a laser with wavelength A
= 532 nm.

The additional BLS spectra that complete the full data set presented in the main text are
shown in Fig.S7. The linewidth is seen to increase with biasing time that could be linked
to an increasing inhomogeneity of magnetic anisotropy and/or an increase in the damping

parameter « at high biasing times.



Micromagnetic simulations

The value of the Gilbert damping parameter o has been chosen to be 0.5 for the 1 minute
sample, a value consistent with those found in the literature for Pt/Co films [25], while it
has been fixed to 0.8 and 1 for the samples biased for 2 minutes and 4 minutes, respectively.
For longer biasing times we have increased the value of a based on the structural changes
observed. We have concluded that in this regime a significant E-field induced disorder at
the Pt/Co interface could lead to a higher degree of alloying of Co with a high spin orbit
coupling material (Pt) which can certainly lead to an increase in damping.

When all experimental values of Keg, Ms, D (DW motion values) and A (including an
extrapolation for the sample biased for 2 minutes) are introduced in the simulations a
good correspondence between the simulations and the experimental DW velocity curves is
obtained only in the lower field region, appearing before the velocity plateaux, which is
more sensitive to the values of a as will be shown later. However, the velocity plateaux
can not be reproduced using the experimental D values obtained either by BLS or by
DW motion and are weakly dependent on « as reported in the literature [? ]. A higher
value of D lifts the plateaux to higher velocity values for all curves and allows for a better
correspondence with the experimental data confirming the high sensitivity of the velocity
plateau to the value of D and that the E-field induced decrease observed can be directly
linked to the reported reduction in D.

As mentioned in the main text, a distribution of 20% in the parameters M, K, (the
uniaxial anisotropy constant), ugx (the direction of the easy axis) and D with respect to
the experimentally determined values was introduced for the calculations shown in the left
side panel of Fig.S8. In the right side panel only M, K, and ug are allowed to show a
distribution of values. For these two cases the Gilbert damping parameter o has been fixed
to 0.5. It can be observed that the two set of curves do not change significantly upon the
introduction of a distribution in the D values, only a small increase in the DW velocity
plateau appearing in the range ~150-250 mT is observed upon fixing the value of D. Most
importantly the profile of the velocity curves at high fields is far smaller than the values
observed experimentally in both cases.

The effects of varying the Gilbert damping parameter « are presented in Fig. S9. As

mentioned earlier, the values of o seem to predominantly have an impact on the velocity
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FIG. S8: Mumax simulations showing the effects of allowing a distribution of D values. No

significant changes are observed by introducing a distribution in the value of D.

curves between the exponential regime and the velocity plateau while the maximum velocity
does not seem to be greatly influenced. The values that give the best correspondence with
the experimental data (excluding the high field velocity plateau) seem to have the tendency
to increase with the E-field bias time. This is in agreement with the BLS spectra which
show a broadening of the peaks as the E-field bias time increases. This broadening can be
related to an increase in o but it can also contain a component related to the increase in
inhomogeneity of the sample’s properties. A more detail analysis of both effects is required
to be able to extract quantitative information on « from the BLS data.

Finally, as the velocity plateau does not seem to be greatly influenced by including a
distribution of D values nor by the value of a;, D was allowed to change in order to evaluate
the existence of a better correspondence between the experimental and simulated velocity
curves. As presented in the main text, a good correspondence is achieved by using higher

values of D that those obtained experimentally.
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FIG. S9: Mumax simulations showing the effects of changing the value of the Gilbert damping

parameter « for the three data sets corresponding to the samples biased for 1 min, 2 min and 4

min.

X-Ray Photoelectron Spectroscopy

Figure S10 shows the Hf 4f and O 1s XPS peaks for the as grown and 4 min biased samples

that complete the dataset presented in the main article. There is no significant effect of the

electric field.
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FIG. S10: Hf 4f and O 1s XPS peaks for the as grown and 4 min biased samples. No significant

changes are observed upon E-field application.
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FIG. S11: Magnetic moment dependence on T°/2 for the AG sample and those biased for 1 min

and 4 min. The linear fits used to extract A are shown as solid lines.

Extraction of the exchange stiffness constant A

The extraction of the value of A is based on [23], which uses the Bloch-T%? law describing
the magnetization decrease associated with thermally excited magnons to analyse the
temperature dependence of the magnetic moment. The curve of magnetic moment vs. 7%/
for the AG sample and those biased for 1min and 4 min are presented in Fig. S11. The data
is plotted together with their corresponding linear fitting lines. The prefactor n needed to
calculate A using the Bloch law has been approximated to 0.7 by extrapolating the values

calculated in [23] for a 0.6 nm thick film.
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as in the main text. Small variations in the values are observed in the case of a thickness modulation

and the trends are conserved in both cases.

Considerations on a potential E-field induced variation of the thickness of the Co

films

In this section we want to discuss the potential impact of a variation in the thickness of
the Co layer (t¢,) induced by the E-field in the calculated parameters.
The values of D extracted from BLS depend on the value of t¢, through their dependence on
M;. In order to analise a potential variation in to, caused by the E-field treatment we have
calculated D using a constant Mg value corresponding to the pristine film for all samples.
By doing this we are evaluating the results of the extreme scenario where the full measured
variation in the magnetic moment is only due to a change in thickness and not to a variation
of M. If we compare these values to the calculation presented in the main text (using the
measured values of M considering a constant t¢,) the differences in the value of D between
the two methods are within the error bar, which assures the validity of our results beyond
a potential variation in to,. This comparison is shown in Fig.S12 (a).
A potential tg, variation could also impact the extraction of the value of K.g. However, as
in the case of the D values obtained by BLS we have calculated the values of K¢ using both
a constant tc, and a constant M, as shown in Fig.S12 (b). The values present the largest

variations in the order of 25%, however, the trend is conserved.
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A potential variation could also be expected for the values of A since they are based on the
temperature variation of M,, however, for this we also expect a similar variation as the one
calculated for K. and D. In addition, a potential variation of t¢s, should affect more the
intercept of the M, vs. T curve than the slope, which is the parameter used to extract A,
minimising a potential variation.

It is worth noting that the extraction of the D values by BLS does not depend on the
accuracy of the measured values of K. g or A, which is the case for the values derived by
domain wall motion. This could be a source of discrepancy between the two data sets as

mentioned in the main text.
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