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Figure S1. XRD G-2 @scan of the deposited films. Lines correspond to simulation of Laue fringes. The peak visible near
30° corresponds to the position of the (111) reflection of o-phase. The peak visible near 34° corresponds to the

position of the (002) reflection of the monoclinic phase. The less significative presence of non-ferroelectric monoclinic
phase is confirmed by the TEM characterization.
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Figure S2. Leakage current obtained using 1s integration time. Low leakage current can be inferred from this
experiment.
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Figure S3. Polarization integrated during the application of the pulse shown in Figure 1a of the main text.

S2



=
o

T T
[=——V,=+8V,
1,=25us
—— After
negative
saturation

Kerr signal (mdeg) &

.
ObdhNMONDO®
e

-200  -100 0 100 200

b Applied Field (Oe)
10 T T T
~ gl Vu=-8V.
(o)) -
o 6l T,=25pus (7
°© —— After
é 4r positive
= 2+ saturation
5 o
a2 2|
= -4t
-8 A
-10

200 100 0 100 200
Applied Field (Oe)
Figure $4. a,b. Kerr magnetic loops after saturation and subsequent V,, = +8, -8 V voltage pulses of ., = 2.5 us,
respectively. The data were collected using the same procedure as for Figure 1c,d. The close resemblance of the
results indicates their good reproducibility.
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Figure S5. PFM a, amplitude and b, phase im of the La:HZO surface after poling with indicated voltage and in the
as-grown state. It can be observed that the contrast of the as grown state is similar that after application of +8 V,
indicating that the as-grown state is mainly downwards.
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Figure S6. XMCD-PEEM images in after application of a. V., =-8 Vand b. V,, = +8 V with 7, = 2.5 us in devices different
to those shown in Figure 2 of the main text.
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Figure S7. a,c. XAS spectra of the regions shown in the panels b,d, respectively, and b,d. XAS images at 531 eV . e.
Contrast profile along the arrows shown in panels b,d after indicated polarity. The similar contrast of images b,d, as
clearly shown in panel e, indicates absence of important change of oxygen state/amount.
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Figure S8. a,b. XAS spectra near Co L; edge for indicated voltage polarity and as grown (AG). The absence of any
important variation at the right of the peak (near 777 eV) for different polarity indicate that Co has not been
significantly oxidized/reduced upon the application of the different voltages.
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Figure S9. XAS spectra near Co Ls edge for as grown (AG) and after electrical cycling of 10° cycles at 8 V. The absence
of any important variation at the right of the peak (near 777 eV) for different polarity indicate that Co has not been

significantly oxidized/reduced upon the application of the electrical cycling.
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Figure S10. Representative high magnification image STEM image of Figure 3e together with simulations of the
expected contrast for the indicated phases and orientations, which served for phase identification in each grain.
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Figure S11. STEM-EDS analysis of the HZO-Co interface. a. HAADF-STEM image with an inset of the EDS chemical map
in color (Hf+Zr in yellow, oxygen in red, cobalt in blue, platinum in green). b. Cross sectional chemical line profile
obtained by integrating approximately 10 nm of the region mapped in a, with the same color code.
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Figure S12. Dependence of AM on Polarization extracted from data in Figure 4c,d. The good correlation between
magnetization and polarization indicates the coupling between these two magnitudes.
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Figure S13. a,b. Polarization and coercive electric field retention data, respectively, at room temperature and 85°C.
¢,d. Polarization (P) and current (I) during the PUND reading in the retention experiments at room temperature. e,f.
Polarization (P) and current (1) during the PUND reading in the retention experiments at 85°C. The similarity of the
reading P and I indicates the good retention of the films. Data in panels c-f is obtained after electric poling and delay
time indicated in the legend.
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Figure S14. a. Endurance data for indicated cycling voltage at cycling frequency of 1 MHz. b,c,d. Polarization (P) and

ef,g current (1) loops after leakage compensation for 6, 7 and 8 V cycling voltage amplitude, respectively. Note that

polarization values in the pristine loops are slightly lower to those shown in Figure 3,4 due to leakage compensation.
The data indicates sizable polarization even after the application of 107 cycles.
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Figure S15. Simulated structure.
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Table S1. Summary of representative results of the literature. TMR: Tunnel magnetoresistance. Hc: Coercive Magnetic Field. EB: Exchange Bias. VSM: Vibrating-sample
magnetometer. BTO: BaTiOs. HZO: HfosZ0.5rO,. BFO: BiFeOs. Empty cells indicate that information is not provided. Reference number corresponds to the reference list of the
main text. It can be inferred that representative examples of systems where changes in magnetization are mediated by magnetoionic effects, the sign of the change of
magnetization is always negative. In the case of systems based on ferroelectric materials, the sign of the change of magnetization, if defined, show dispersive results, which
indicates the coexistence of several mechanism. The positive sign, regarding the change of magnetization with voltage, and the fast response time found in our systems,
indicate the absence of ionic migration effects in the results of the present work. ND: Not defined. NR: Not reported.

Detection ]
. . Response | Multi- .
Type Structure AM/M (%) | technique / Sign time level Mechanism Ref.
Magnitude
» Pt/Co/GdOy 100% MOKE negative* 10 ms Y magnetoionic 1
3] 8 Pt/Co/MoOx/ZrO, 100% MOKE negative 10 ms N magnetoionic 2
€ 35
2T Co/Pd/YSZ 100% MOKE negative 10 ms Y magnetoionic 3
o
© Pt/Co/GdOy 100% Hall/MOKE negative 100 ms Y magnetoionic 4
- Fe/BTO 25% Hc ND NR Y strain 5
o § BFO/LSMO ND EB sign not defined NR N AFM-FM transition 6
E :; Ta/Co/BFO 60% Hc negative 100 ns Y redox 7
§ § Pt/Co/P(VDF-TrFE) 30% Hc negative NR Y conventional/charge doping* 8-9
& g CoFe/BFO ND MFM ND NR N AFM/FM magnetic coupling 10
e FeRh/PMN-PT 34% VSM/XMCD | symmetric 1 Y strain 11-15
. . conventional/
Ni/HfO, 25% theory positive NR N . 16-17
charge doping
Q i 2 b theory negative redox -
k Ni/HfO 25% h i NR N d 16-17
(5]
-? Ni/HZO 0.2 XAS ND NR N redox 18
é Co/Al:HfO, negligible Hall positive NR Y conventional/charge doping 19
;5 Co/HZO negligible TMR ND NR N conventional/charge doping 20
"g TMR
g Co/HZO reversed TMR ND NR N redox 20
E" sign
MOKE/ . . . Present
Co/La:HZO 5% positive <500 ns Y conventional/charge doping
XMCD work
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Video S1. In-plane projection of polarization vector of the La:HZO taking considering the different in-plane variants of
the orthorhombic (111) oriented crystallites. In the video the vectors of the 4 in-plane crystalline variants with the
three possible polarization orientation are plotted. Time resolved it is plotted the projection of these 12 possible in-
plane polarization directions at the given angle. The angular dependence of the projected polarization is also plotted.
It can be observed that the in-plane anisotropy is small, and therefore no in-plane preferential directions should exist.
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