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In this work we present the magneto-ionic response to ionic liquid gating in Ta/CoFeB/MgO/HfO 2 stacks, where heavy metal dusting layers of Ta, W and Pt are inserted at the Ta/CoFeB and CoFeB/MgO interfaces. Dusting layers of W inserted at the Ta/CoFeB interface increase perpendicular magnetic anisotropy (PMA) by more than 50% while no significant changes are seen for Pt. In these samples gating cannot break the PMA seeded at the CoFeB/MgO interface, only relatively small changes in the coercivity can be induced, about 20% for Ta and Pt and 6% for W. At the CoFeB/MgO interface, a significant quenching of the magnetisation is seen when W and Ta dusting layers are inserted, which remains unchanged after gating, suggesting a critical deterioration of the CoFeB. In contrast, Pt dusting layers result in an in-plane anisotropy that can be reversibly converted to PMA through magneto-ionic gating while preserving the polycrystalline structure of the MgO layer. This shows that dusting layers can be effectively used not only to engineer magnetic properties in multilayers, but also to strongly modify their magneto-ionic performance.

Electric field control of magnetism in nanostructured systems constitutes a solid route towards reducing power consumption in novel memory architectures. Both electrostatic and magneto-ionic effects have shown to greatly modify parameters like the magnetic anisotropy and the Dzyaloshinskii-Moriya interaction (DMI) leading to a very efficient control of domain wall dynamics and skyrmion motion [START_REF] Bernand-Mantel | Electricfield control of domain wall nucleation and pinning in a metallic ferromagnet[END_REF][START_REF] Liu | Electric field controlled domain wall dynamics and magnetic easy axis switching in liquid gated CoFeB/MgO films[END_REF][START_REF] Schott | The Skyrmion Switch: Turning Magnetic Skyrmion Bubbles on and off with an Electric Field[END_REF][START_REF] Srivastava | Large-Voltage Tuning of Dzyaloshinskii-Moriya Interactions: A Route toward Dynamic Control of Skyrmion Chirality[END_REF][START_REF] Herrera Diez | Nonvolatile Ionic Modification of the Dzyaloshinskii-Moriya Interaction[END_REF][START_REF] Pachat | Multiple Magnetoionic Regimes in Ta/Co20Fe60B20/HfO2[END_REF][START_REF] Pachat | Magneto-Ionics in Annealed W/CoFeB/HfO2 Thin Films[END_REF][START_REF] Fillion | Gate-controlled skyrmion and domain wall chirality[END_REF] . Magneto-ionics is particularly attractive for low-power applications since it provides non-volatile changes in the magnetic states unlike charge effects, which need the constant application of a gate voltage. Significant advances have been recently made in magneto-ionics not only in ferromagnetic systems, but also in ferrimagnets and synthetic antiferromagnets where large modulations of the magnetic compensation temperature and magnetic domain wall velocity have been observed [START_REF] Guan | Ionitronic manipulation of current-induced domain wall motion in synthetic antiferromagnets[END_REF][START_REF] Huang | Voltage control of ferrimagnetic order and voltage-assisted writing of ferrimagnetic spin textures[END_REF] . A key aspect in the development of magneto-ionic functionalities in spintronics devices is reaching a deep understanding of the ionic effects induced by the gate voltage. The choice of the oxide at the interface with the magnetic material has been shown to determine important aspects of the device performance such as the magnetic states that are accessible a) Electronic mail: liza.herrera-diez@c2n.upsaclay.fr (in-plane/perpendicular anisotropy), stability of the nonvolatile states and reversibility [START_REF] Fassatoui | Reversible and Irreversible Voltage Manipulation of Interfacial Magnetic Anisotropy in Pt / Co /Oxide Multilayers[END_REF] . Moreover, the degree of gate-voltage induced oxidation in the magnetic material can define different magneto-ionic regimes with marked differences in reversibility in the same device [START_REF] Pachat | Multiple Magnetoionic Regimes in Ta/Co20Fe60B20/HfO2[END_REF] . This shows the complexity of the magneto-ionic mechanisms and that interface engineering can play a key role in the design of optimised materials and devices for magneto-ionics. The insertion of dusting layers in nanostructured magnetic stacks is an efficient strategy used in spintronics materials development to fine tune properties such as tunneling magnetoresistance (TMR), perpendicular magnetic anisotropy (PMA) and DMI [START_REF] Guan | Increased Efficiency of Current-Induced Motion of Chiral Domain Walls by Interface Engineering[END_REF][START_REF] Almasi | Effect of Mo insertion layers on the magnetoresistance and perpendicular magnetic anisotropy in Ta/CoFeB/MgO junctions[END_REF][START_REF] Seng | Direct Imaging of Chiral Domain Walls and Néel-Type Skyrmionium in Ferrimagnetic Alloys[END_REF] . On the other hand, devices containing CoFeB/MgO interfaces are of great technological relevance, since MgO allows for high tunneling magneto-resistance and PMA [START_REF] Ikeda | A perpendicularanisotropy CoFeB-MgO magnetic tunnel junction[END_REF] . Therefore, it is of considerable interest to investigate the magneto-ionic behaviour in systems with tunable Ta/CoFeB and CoFeB/MgO interfaces. In this work, we study the impact of dusting layers of Pt, W and Ta inserted at the CoFeB/MgO and Ta/CoFeB interfaces in Ta/CoFeB/MgO/HfO 2 stacks on their magnetic and magnetoionic properties. We reveal a strong dependence of interfacial magnetic anisotropy and magnetisation on the composition and position of the dusting layers in the as-grown stacks, and in the magneto-ionic response which is also intimately related to the composition of the interfaces. Magnetic stacks with the configuration: Ta(5 nm)/(Y)/CoFeB(1 nm)/(X)/MgO(2 nm)/HfO 2 (3 nm) were deposited on thermally oxidized Si wafer substrates at room temperature. The inserted dusting layers of Pt, W, and Ta have a nominal thickness of 0.08 nm for W and Ta and 0.09 nm for Pt (see supplementary information). The metallic layers (CoFeB, Pt, W, Ta) were deposited by DC sputtering and MgO and HfO 2 were deposited by RF sputtering. The base pressure of the sputtering system was 1×10 -7 mbar and the Ar pressure was kept at 5×10 -3 mbar. The CoFeB composition is Co 40 Fe 40 B 20 . Ionic liquid (IL) gating is implemented by adding the ionic liquid 1-Ethyl-3-methylimidazolium bis(trifluoromethanesulfonyl)imide [EMI] + [TFSI] -to the surface of the magnetic stacks [START_REF] Ono | High-mobility, low-power, and fast-switching organic field-effect transistors with ionic liquids[END_REF] . A glass plate coated with Indium Tin Oxide (ITO) is used as a counter electrode, which is placed on top of the IL. Fig. 1 shows a detailed depiction of the IL gating device. The size of the area exposed to electric fields is about 0.25 cm 2 , all measurements are conducted at room temperature and all anomalous Hall effect (AHE) hysteresis loops were measured at zero gate voltage, exploiting the non-volatility of the magneto-ionic effects. Fig. 2 shows vibrating sample magnetometery (VSM) measurements with magnetic fields (a) in the plane of the sample and along its (b) out-of-plane direction at 300 K, for all the as-grown samples in this study. The values of the saturation magnetisation (M s ) and the effective magnetic anisotropy constant (K e f f ) extracted from these measurements are plotted in Fig. 2 (c) as a function of the interface composition. The ferromagnetic nature of the CoFeB layers is verified in all samples except for those where W is present at the CoFeB/MgO interface (X = W and X,Y = W), where magnetisation is reduced to values below the sensitivity limit of the VSM, indicating a critical degradation of the CoFeB. Reports in the literature show that sputtering W using Ar-gas can result in a higher degree of intermixing of W and CoFeB leading to larger stress and more defects in CoFeB [START_REF] Honjo | Impact of Tungsten Sputtering Condition on Magnetic and Transport Properties of Double-MgO Magnetic Tunneling Junction With CoFeB/W/CoFeB Free Layer[END_REF] , which can be at the origin of the severe degradation of magnetisation in our samples. A significant magnetisation quenching is also observed for the samples where Ta is present at the CoFeB/MgO interface (X,Y = Ta), however, the sample still remains ferromagnetic. Intermixing between the dusting layer and CoFeB may be also at play for X = Ta. Studies in the literature have reported the presence of a 0.5 nm thick magnetic dead layer in MgO/CoFeB/Ta and no signature of a dead layer for Ta/CoFeB/MgO [START_REF] Ikeda | A perpendicularanisotropy CoFeB-MgO magnetic tunnel junction[END_REF] which is in agreement with our results and shows the importance of interface engineering. For samples where Y = W, the effective perpendicular anisotropy increases by more than 50% with respect to samples where Y = Ta (no dusting layer), going from K e f f = 1.6x10 5 Jm -3 to 2.5x10 5 Jm -3 . Intercalating W layers at the Ta/CoFeB interface has shown to increase PMA after annealing [START_REF] Li | Interface effect of ultrathin W layer on spin-orbit torque in Ta/W/CoFeB multilayers[END_REF] , our observations show that it can also be the case in non annealed systems and using only dusting layers of 0.08 nm. K e f f in samples where Y = Pt, shows no significant difference with respect to samples where Y = Ta. However, when Pt dusting layers are in positions X and X,Y, the magnetic anisotropy is in-plane (negative K e f f ), although samples where X = Pt are significantly closer to the spin-reorientation transition. The magneto-ionic response measured by AHE hysteresis loops for samples where Y = Ta, W or Pt is shown in Fig. 3 (a) to (c), while (i) shows a drawing of the AHE measurement geometry. Gate voltages of -3.5 V and +4 V were applied for 600 s and 180 s, respectively, to all three samples. Only a modest and reversible variation of the coercivity can be obtained through gating, about 20 % for Y = Ta and Pt and about 6 % for Y = W (see supplementary information). The reduced performance of the sample where Y = W is attributed to its higher anisotropy. The SRT from PMA to IPA cannot be observed within the gate voltage range available, neither by moving towards the underoxidised regime, which is compatible with the irreversible effects seen in Co/MgO/ZrO 2 [START_REF] Fassatoui | Reversible and Irreversible Voltage Manipulation of Interfacial Magnetic Anisotropy in Pt / Co /Oxide Multilayers[END_REF] , nor to the overoxidised regime. This shows that the dominant PMA contribution coming from the CoFeB/MgO cannot be suppressed by gating in these samples, since the as-grown K e f f values are relatively far from the SRT. It is worth noting that the coercivity values for Y = W and Pt are significantly lower than in the Y = Ta sample. As K e f f does not decrease, a reduction in coercivity could be attributed to a higher degree of disorder at the Ta/CoFeB interface when dusting layers are present, which could promote the nucleation of reverse domains at lower fields. Decoupling the CoFeB/MgO interface through dusting layers can be a strategy to approach the SRT in the as-grown state and achieve an efficient magneto-ionic performance showing both a SRT and reversibility. Fig. 3 (d) to (f) show AHE hysteresis loops for X = Ta, W and Pt, respectively. As previously discussed, all samples exhibit a loss of PMA, however, the samples where X = Ta, W show a serious deterioration in their magnetic properties, and gating does not induce any effects (the same applies to Fig. 3 (g)). In contrast, the sample where X = Pt shows a relatively high magnetic moment and an in-plane anisotropy close to the SRT. In this sample, the conditions are given for magneto-ionic gating to reversibly induce a SRT, as can be seen in Fig. 3 (f), obtaining also good cyclability (see supplementary information). It was shown in Fig. 2 (c) that for samples where X,Y = Pt, in-plane anisotropy is significantly farther away from the SRT than the X = Pt sample. This can limit the effects of magneto-ionic gating in the gate voltage range allowed in our devices, which is verified in the measurements presented in Fig. 3 (h). However, the significant increase of the in-plane K e f f in the X,Y = Pt sample compared to the X = Pt sample is intuitively unexpected, considering that the Y = Pt sample has a relatively high PMA and that the X = Pt sample is close to the SRT. A possible interpretation could be made considering the potential diffusion of the atoms of the bottom Pt buffer layer into the CoFeB layer and up to the CoFeB/MgO interface, which already containing a Pt dusting layer may contribute to making conditions harder for the development of PMA, for example by blocking the interaction between oxygen species and Co and Fe atoms. This consideration is made after observing that applying gate voltages to a sample of Ta/CoFeB/Pt/MgO where the Pt layer is 1 nm thick (see supplementary information), no magneto-ionic effects are observed due to an excess of Pt atoms at the interface.

Previous studies have shown that in Co/HfO 2 , a negative gate voltage applied to the ITO electrode induces oxidation in the Co layer, which leads to a SRT from in-plane anisotropy to PMA [START_REF] Herrera Diez | Nonvolatile Ionic Modification of the Dzyaloshinskii-Moriya Interaction[END_REF] . This has been attributed to the migration of oxygen species from the HfO 2 towards the ferromagnetic layer under the action of the applied voltage. A voltage controlled oxidation and SRT upon negative gate voltage exposure has also been observed in Fe rich CoFeB alloys (Co 20 Fe 60 B 20 /HfO 2 ) [START_REF] Pachat | Multiple Magnetoionic Regimes in Ta/Co20Fe60B20/HfO2[END_REF] . In these two systems, the transition from under-oxidised with in-plane anisotropy to optimum oxidation with PMA was found to be irreversible. Studies have also reported that applying a negative voltage to the top electrode in a Co/MgO/ZrO 2 based device enhances PMA also in a non-volatile but irreversible way [START_REF] Fassatoui | Reversible and Irreversible Voltage Manipulation of Interfacial Magnetic Anisotropy in Pt / Co /Oxide Multilayers[END_REF] . In this last case, the MgO layer is created by the natural oxidation of a sub-nm layer of Mg inserted at the interface, which may not present an optimum interfacial oxidation before the application of the voltage, and a first oxidation through gating may induce an irreversible transition to PMA, as observed in Co/HfO 2 5 and CoFeB/HfO 2 [START_REF] Pachat | Multiple Magnetoionic Regimes in Ta/Co20Fe60B20/HfO2[END_REF] . In the present study, the MgO layer is 2nm thick and is sputtered in-situ from an MgO target onto the CoFeB layer. Fig. 4 shows bright-field scanning transmission electron microscopy (TEM) images of an X = Pt sample (a) before and (b) after gate voltage application. The as-grown sample, as shown earlier, has in-plane magnetic anisotropy, while the sample from Fig. 4 (b) experienced seven cycles of application of -3.5 V/+4 V, before being set to a final PMA FIG. 5.

AHE hysteresis loops recorded for a Ta/CoFeB/Pt(0.09)/MgO/HfO 2 sample over a span of 8 days, to examine the stability of (a) the PMA state and (b) the in-plane anisotropy state after applying gate voltages of -3.5 V for 600 s and +4 V for 360 s, respectively. state (see supplementary information). In both cases, the MgO barrier shows a high degree of crystallinity that is not affected by the application of the gate voltage, while the HfO 2 layer remains amorphous. This means that oxygen species coming from the HfO 2 layer can reversibly diffuse across 2 nm of MgO without interacting strongly with the Mg atoms, most likely using the grain boundaries of the polycrystalline MgO layer as ion conduction channels, a concept already proposed for other magneto-ionic systems [START_REF] Gilbert | Structural and magnetic depth profiles of magnetoionic heterostructures beyond the interface limit[END_REF] . The structural order observed in MgO in our samples may be a determining factor in the magneto-ionic reversibility observed in this system, compared to the irreversible effects seen for MgO layers obtained by natural oxidation [START_REF] Fassatoui | Reversible and Irreversible Voltage Manipulation of Interfacial Magnetic Anisotropy in Pt / Co /Oxide Multilayers[END_REF] , potentially containing a higher degree of disorder. In the case of X = Pt samples, the presence of Pt atoms at the CoFeB/MgO interface may also regulate the flow of oxygen species beyond the interface and into the CoFeB, which could serve as a means to control the ion penetration, and in turn contribute to avoiding irreversible effects. The stability of the PMA and in-plane anisotropy states obtained after gate voltage application for X= Pt samples was also examined. AHE hysteresis loops were recorded right after the application of a gate voltage of either -3.5 V for 600 s or +4 V for 360 s (day 1) and everyday for the following seven days as shown in Fig. 5 (a) and (b), respectively. It is observed that the PMA induced through magneto-ionic gating is conserved throughout the test period, while the gateinduced in-plane anisotropy state evolves significantly within the same time period. This effect is thought to be associated to a spontaneous re-absorption of oxygen species coming from the atmosphere after gating with positive voltages. Interestingly, the as-grown samples are very stable in air, they do not develop PMA spontaneously. This evolution happens only in samples that have been switched first to a PMA state and subsequently reverted back to an in-plane state by the action of a positive gate voltage. This suggests that during the first application of negative gate voltages, ionic conduction channels are formed, which may allow for oxygen species to re-enter the sample after the positive voltage is switched off, slowly driving the magnetic state back to PMA.

In conclusion, we have systematically studied the influ-ence of interface engineering on magnetic anisotropy and magneto-ionics through the insertion of dusting layers of Ta, W and Pt in Ta/CoFeB/MgO/HfO 2 layers at the Ta/CoFeB and CoFeB/MgO interfaces. We observed an important degradation of the magnetic properties in samples where X = Ta or W (including X,Y = W), and no dependence on the gate voltage. In samples where Y = Ta, W and Pt, PMA is observed in all cases, highlighting the dominant contribution from the CoFeB/MgO interface to PMA. In these samples only a relatively small modulation of the coercivity was observed, as the SRT was out of the range of the gate voltages applied. The sample where X = Pt presents optimum properties for magneto-ionics, as it has an in-plane anisotropy that can be driven across the SRT into a non-volatile PMA state using a gate voltage. The gating effects are reversible and coexist with a high quality polycrystalline MgO layer. We also showed that while the gate-voltage induced PMA state is conserved over eight days after the application of the gate voltage, the in-plane anisotropy state achieved by applying positive gate voltages evolves significantly, reverting back towards the PMA state. These results show the importance of interface engineering for the design of efficient magneto-ionic materials for spintronics.

SUPPLEMENTARY MATERIAL

This section contains a discussion on the difference in the thickness of the dusting layers used in this work, and AHE plots for Y = Pt and W in a smaller scale (+/-2mT) to better see the changes in coercivity. We also include for Ta/CoFeB/Pt(0.09)/MgO/HfO 2 : remanence reversibility cycles, AHE plots showing the behaviour under gate voltages down to -1V and the AHE plots corresponding to the samples measured by TEM. We also show the magneto-ionic response of a stack with a 1nm thick Pt layer at position X.

FIG. 1 .

 1 FIG. 1. Schematics of a magneto-ionic device containing an ionic liquid gate. Dusting layers are inserted at the Ta/CoFeB and CoFeB/MgO interfaces, indicated as Y and X, respectively.

FIG. 2 .

 2 FIG. 2. (a) In-plane and (b) out-of-plane VSM measurements of asgrown samples. (c) Variation in saturation magnetisation (M s ) and in the effective anisotropy constant (K e f f ) as function of interface composition.

FIG. 3 .

 3 FIG.3. AHE hysteresis loops for Ta/Y/CoFeB/MgO/HfO 2 stacks with (a) Y= Ta (no dusting layer, directly grown on Ta), (b) Y= W and (c) Y= Pt; and Ta/CoFeB/X/MgO/HfO 2 stacks with (d) X= Ta, (e) X= W and (f) X= Pt. Panels (g) and (h) show hysteresis loops for the case when both X and Y = W; and X and Y = Pt, respectively. In all configurations Ta is used as a buffer layer. A schematics of the device used for AHE experiments is shown in (i).

FIG. 4 .

 4 FIG. 4.Bright-field scanning TEM images of Ta/CoFeB/Pt(0.09)/MgO/HfO 2 stacks (a) as-grown and (b) after seven cycles of application of -3.5 V/+4 V gate voltages. The final magnetic anisotropy state of the sample is PMA.
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