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In Ta/CoFeB/HfO2 stacks a gate voltage drives, in a nonvolatile way, the system from an un-
deroxidized state exhibiting in-plane anisotropy (IPA) to an optimum oxidation level resulting in
perpendicular anisotropy (PMA) and further into an overoxidized state with IPA. The IPA→PMA
regime is found to be significantly faster than the PMA→ IPA regime, while only the latter shows full
reversibility under the same gate voltages. The effective damping parameter also shows a marked
dependence with gate voltage in the IPA→PMA regime, going from 0.029 to 0.012, and only a
modest increase to 0.014 in the PMA→ IPA regime. The existence of two magneto-ionic regimes
has been linked to a difference in the chemical environment of the anchoring points of oxygen species
added to underoxidized or overoxidized layers. Our results show that multiple magneto-ionic regimes
can exist in a single device and that their characterization is of great importance for the design of
high performance spintronics devices.

I. INTRODUCTION

Controlling magnetic properties with electric (E) fields
is of great importance for spintronics applications due
to its potential for lowering power consumption in novel
memory prototypes. It has been shown that E-field
induced charge accumulation can lead to important
changes in magnetic anisotropy [1–4], which can be used
to reliably control domain wall (DW) pinning and veloci-
ties [5, 6], and assist the magnetization switching in mag-
netic tunnel junctions [7] in ferromagnetic (FM) metal-
lic films. More complex mechanisms like switching be-
tween ferromagnetic and skyrmionic states [8, 9] have
been also demonstrated, where the E-field control of the
Dzyaloshinskii-Moriya Interaction (DMI) [10, 11] is also
at play.
In addition to the effects of charge accumulation,
magneto-ionics can also provide nonvolatility and a more
extended effect over the entire magnetic layer, unlike
charge accumulation, limited by electrostatic screening
[12]. Large magneto-ionic effects in magnetic anisotropy
can be achieved, including a spin reorientation transi-
tion, which applied to DW motion can be used to create
nonvolatile and very efficient domain wall traps [13, 14].
In addition, magneto-ionic control of spin accumulation
[15] and DMI [16] have been demonstrated as well as DW
chirality switching in a controlled oxygen atmosphere
[17], which is of capital importance for implementing E-
field assisted spin-orbit torques in devices. In these ionic
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FIG. 1. Graphic representation of the magneto-ionic stack
covered with the ionic liquid [EMI]+[TFSI]− gate. The gate
voltage induces the motion of oxygen species in HfO2.

materials, the migration of oxygen [14, 18] or hydrogen
species [19] is at the heart of the ionic effects observed,
which have recently been shown to offer operation speeds
close to 1 ms [20].
The interest in nonvolatility for spintronics applications
goes hand in hand with magneto-ionic reversibility. Re-
cently, studies have focused on the magneto-ionic re-
versibility variations between oxides [21], pointing out
the importance of the differences in the mechanisms gov-
erning ionic conduction. A deep understanding of the
mechanisms of reversibility in magneto-ionics is therefore
needed to design high performing magneto-electric de-
vices. In this study, we unveil a higher degree of complex-
ity in HfO2 based devices, where two distinct magneto-
ionic regimes have been identified in a single structure.
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In addition, we also shine light on the magneto-ionic ef-
fects on the effective damping parameter αeff , largely
overlooked in the literature and of great importance for
fast magnetization dynamics. We show that αeff can be
significantly reduced by inducing ionic motion and that
its lowest value (0.012) coincides with the appearance of
PMA.
The magnetic materials used in this study are amor-
phous Ta(5 nm)/Co20Fe60B20(1 nm)/HfO2(3 nm) films
grown by magnetron sputtering, all samples investi-
gated here were cut from the same wafer. The ionic
liquid (IL) [EMI][TFSI] (1-Ethyl-3-methylimidazolium
bis(trifluoromethanesulfonyl)imide) is added to the sur-
face of the film to incorporate the IL gate, which can pro-
vide high E-fields that have been shown to induce ionic
motion in a variety of materials [22–24]. The thickness
of the IL is macroscopic, in the range of several hundreds
of µm. However, the effective IL thickness is estimated
taking into account only the distance over which an elec-
tric double layer is formed at the side of each one of
the electrodes, which is 1 nm [25]. A counter electrode,
a glass substrate coated with a 100 nm thick indium tin
oxide (ITO) layer is subsequently placed on top of the IL.
The size of the E-field biased area is of about 0.25 cm2.
Samples were stored in air and at room temperature be-
fore conducting the gating experiments if not indicated
otherwise. The hysteresis loops have been measured by
anomalous Hall effect using a bias current of 400 µA. All
magnetic states presented here are nonvolatile, all mea-
surements were conducted after switching off the gate
voltage. A graphic representation of the device geometry
is presented in Fig. 1.
In the initial state, before exposure to the gate volt-
age, the magnetic layers are underoxidized, exhibiting
in-plane magnetic anisotropy (IPA). Under the action of
a negative gate voltage applied to the top ITO electrode
a first regime (I) is identified, in which IPA transitions
into PMA, followed by a second regime (II) where further
oxidation drives PMA into IPA. This entire anisotropy
evolution is presented in Fig.2 with the corresponding
cumulative biasing times for each case, these values cor-
respond to the accumulated time of all previous oper-
ations. The gate voltage GV =-2 V was applied for a
total, accumulated time of t=1380 s. It is well known
that thin magnetic films can exhibit a window of oxida-
tion levels at the interface with an oxide which promotes
PMA, while under/over oxidation will result in IPA [26].
Oxygen species are also known to migrate from the HfO2

toward the CoFeB layer under gate voltages, as reported
for other HfO2 based devices [16, 27], therefore oxygen
migration is thought to be at the heart of the effects ob-
served here. In the following, we will describe in detail
the two magneto-ionic regimes and the impact of ionic
diffusion on the effective damping parameter αeff .

FIG. 2. A progressive oxidation is induced upon exposure to
a gate voltage GV =-2 V. Different exposure times t drive the
system from IPA (a, initial state) through regime I (b) into
PMA (c) and back to IPA through regime II (d).

II. MAGNETO-IONIC REGIMES I AND II

Fig.3 (a) shows the time dependence of the out-of-
plane remanence percentage, where 100% corresponds to
the Hall voltage at zero applied magnetic field in the
PMA state, for the entire anisotropy rang going from the
initial underoxidized IPA state through regime I (posi-
tive slope), PMA (the point of highest remanence), and
regime II (negative slope) to finish in an overoxidized IPA
state. As-grown samples have been investigated under
three different constant gate voltages of GV =-2.3 V (cir-
cles), GV =-2 V (squares), and GV =-1.7 V (triangles).
The speed of the entire process critically increases for
higher gate voltages, responding to a stronger driving
force for ionic motion. For all applied gate voltages, the
magneto-ionic process in regime I is significantly faster
than in regime II. This difference in the time evolution as
a function of gate voltage between regime I and II could
be linked to a difference in the chemical environment,
and thus of anchoring, of the oxygen species interacting
with the CoFeB layer in regimes I and II. In regime I, the
energy barrier associated with adding oxygen species to
the underoxidized CoFeB interface may be lower than in
regime II, where oxygen species have to be added to an
already optimally oxidized CoFeB interface.
Measurements were also conducted using underoxidized
samples that were annealed before applying a gate volt-
age of -2 V, these measurements are presented in Fig. 3
(b). An underoxidized sample was annealed at 180 ◦C
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FIG. 3. Remanence as a function of gating time in (a)
as-grown samples under GV =-2.3 V (circles), GV =-2 V
(squares), and GV =-1.7 V (triangles). (b) Samples annealed
at 180 C (half open squares) and 350 C (open squares) under
GV =-2 V.

(open squares) for one hour to reduce moisture without
inducing the crystallization of the CoFeB. Under GV =-2
V, the speed of the ionic process in both regimes I and II
was critically reduced, while still showing the same differ-
ence previously discussed between regimes I and II. This
has been linked to a contribution to the mobile oxygen
species coming from air humidity, a feature observed in
ionic systems based on hydrogen mobility [19]. A sample
annealed at 350 ◦C (half open squares) for one hour was
also investigated under GV =-2 V. These annealing con-
ditions are known to induce the formation of crystallized
grains in CoFeB/MgO stacks, where the MgO layer acts
as a crystallization template [28, 29], and the migration
of B towards the Ta substrate [30]. In CoFeB/HfO2, a
similar behaviour could be tentatively proposed, where
B diffusion [31] and the formation of crystalline grains
would have an impact in ionic mobility. Fig. 3 shows
that annealing has an impact in ionic dynamics in this
system, regime I is slower than in the as-grown sample
while regime II is significantly slower with respect to all
other samples investigated. As mentioned earlier, the
chemical environment of the mobile oxygen species at
their anchoring points in the CoFeB layer is likely to
be non equivalent in regimes I and II. An already slower
regime II further reducing its velocity in crystallized sam-
ples may be an indication that ions in this regime do not
only occupy binding sites at the already oxygen rich in-
terface but that they could also penetrate into the layer.
In this context, the crystalline structure of the CoFeB
grains could hinder the diffusion of ions inside the layer
with respect to the amorphous case, significantly reduc-
ing the speed and efficiency of the incorporation of oxy-
gen species. However, a detailed study of the impact of
annealing on the crystalline structure of Ta/CoFeB/HfO2

is needed to fully understand the changes observed in the
magneto-ionic behaviour.
Regimes I and II do not only show two distinct speeds
of the magneto-ionic process but they also show differ-
ent reversibility behaviors. The reversibility of the effects
of a gate voltage of -2 V has been tested with positive
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FIG. 4. (a) Suppressed reversibility of the IPA→PMA tran-
sition under GV =+4 V in regime I. (b) Hysteresis loops for
the reversible PMA→ IPA cycles 1 (solid line) and 10 (dot-
ted line) in regime II. (c) Remanence as a function of the
reversibility cycle number in regime II.

gate voltages going up to +4 V in regimes I and II of as-
grown samples. Higher voltages have not been applied
due to the electrochemical limitations of the ionic liq-
uid [32]. The effects of the application of +4 V for 10
minutes and up to one hour to a magnetic state close to
PMA in regime I are shown in Fig.4 (a), where only mi-
nor changes are induced in the magnetic state. The same
effect is found for other intermediate states in regime I
and also for the fully perpendicular state, positive gate
voltages up to +4 V and long exposures can not induce
a recovery of the initial under oxidized state. Regime II
shows an entirely different behaviour; a fully reversible
transition between IPA and PMA can be observed. Fig.
4(b) shows the Hall voltage hysteresis loops correspond-
ing to reversibility cycles number 1 and 10, while Fig.
4(c) shows the remanence variation of the entire series.
The ten cycles show a switching of the remanence be-
tween nearly 0 % (IPA) and 100 % (PMA) under gate
voltages of -2 V and +4V, respectively. It is interesting to
notice that in the first cycle, the PMA→ IPA transition
is induced by the application of -2 V for 1200 s, while for
all subsequent cycles a shorter time of 240 s is required for
this transition to occur. For the IPA→PMA transition
an exposure time of 600 s has been found to be sufficient
for all cycles. This shows that the magneto-ionic process
most likely undergoes a first ’activation’ phase in which
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the first diffusion of ions involves an additional energy
barrier. This could be related to the energy cost of a
first detachment of the ions from their original anchor-
ing points as well as to the formation of ionic conduction
channels in the CoFeB layer, after which the ions can be
moved reversibly by using significantly lower exposure
times.
Regime I is therefore showing a relatively faster dynam-
ics than in regime II under GV =-2 V and a highly sup-
pressed reversibility at GV =+4 V, while in regime II, a
slower dynamics and full reversibility are observed. This
may be linked to a high degree of stability of the final
position of the ions within regime I, which would create
a high energy barrier for the inverse process, suppressing
reversibility under a gate voltage of +4 V. In regime II,
although the energy barrier remains asymmetric between
the PMA→ IPA and PMA←IPA transitions, a gate volt-
age of +4 V is sufficient to revert the effects of a gate volt-
age of -2 V. This could be linked to a weaker anchoring
of the mobile oxygen species in regime II.

III. EFFECTIVE DAMPING PARAMETER

In this section, we will discuss the impact of magneto-
ionics on the effective damping parameter αeff . A series
of samples, exposed to gate voltages -2 V and -1.5 V,
has been investigated by Brillouin light scattering (BLS)
in the Damon-Eshbach geometry after removal of the IL
gate. The in-plane magnetic field dependence of the aver-
age frequency of the Stokes and anti-Stokes spin-wave fre-
quencies was measured at a wavenumber k=8.08 µm−1.
Fig. 5(a) shows this dependence for the as-grown sam-
ple (black circles) and for samples exposed to GV =-2 V
for 45 s (underoxidized, green circles), 360 s (PMA, red
circles) and 2700 s (overoxidized, cyan circles). A theo-
retical modelling of this dependence has been performed
according to [33] resulting in the fitting lines shown in
Fig. 5(a). From this fitting, the values of the effec-
tive magnetisation Meff = Ms −Hk have been obtained,
where Ms and Hk are the saturation magnetisation and
the anisotropy field, respectively. Fig. 5(b) shows the
corresponding plots of the BLS frequency full linewidth
(∆F ) as a function of the magnetic field applied in the
plane of the sample and the corresponding fitting lines to:
∆F = 2αeff(γ/2π)H + ∆F0, where αeff can be extracted
from the slope. The dependence of αeff on exposure time
to a gate voltage of -2 V (black squares) and -1.5 V (yel-
low squares) is presented in Fig. 5(c), where the inset
shows also the dependence on µ0Meff

. In regime I, the value of αeff rapidly decreases from
0.029 for the as-grown sample to 0.012 for the PMA state.
As shown earlier, the change from GV =-2 V to GV =-1.5
V critically decreases the speed of the process. In regime
II, a relatively small increase in αeff to 0.014 is observed,
however, it does not show to have a marked dependence
on the exposure time. This difference between regimes
I and II is also expressed in the αeff vs. µ0Meff depen-

FIG. 5. (a) BLS average frequency and (b) linewidth as a
function of magnetic field for an as-grown (black circles) sam-
ple, and for samples exposed to GV =-2 V for 45 s (green
circles), 350 s (red circles) and 2700 s (cyan circles), and the
corresponding fitting lines. (c) αeff dependence on exposure
time to GV =-2 V (black squares) and GV =-1.5 V (yellow
squares) and on µ0Meff (inset). Lines are a guide to the eye.

dence, where a monotonic decrease is seen in regime I, in
contrast with the much less pronounced increase seen for
regime II in a similar µ0Meff range.
It is important to mention that the values of αeff obtained
from the slopes of the data points in Fig. 5(b) contain not
only the intrinsic contribution from the Gilbert damping
parameter but also an extrinsic contribution. This ex-
trinsic contribution can be associated with a variety of
sources including spin pumping [34–36], due to the prox-
imity with a heavy metal with high spin-orbit coupling,
two-magnon scattering [37] or the existence of sample in-
homogeneities such as a distribution of anisotropy values
across the sample [38, 39]. The extrinsic contribution can
add a relatively small factor to the value of the Gilbert
damping or in more extreme cases it can dominate the
∆F vs H dependence resulting in the loss of linearity
[38, 39].
The damping parameter in CoFeB has been shown to
depend on the oxidation level at the interface. In
CoFeB/Gd/MgO stacks, the thin Gd layer serving as
an oxygen sink has been shown to modulate the level
of oxidation of an overoxidized CoFeB. In this system,
αeff shows a non-monotonic dependence on the thick-
ness of the Gd layer where a minimum is reached for
0.6 nm [40]. However, this has been linked mostly to
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changes in the degree of homogeneity and quality of the
interface. As mentioned, the proximity and quality of
the interface with a high spin orbit coupling material
has been shown to induce a spin-pumping contribution
to the effective damping which shows as an inverse pro-
portionality between αeff and the thickness of the mag-
netic film [41, 42]. This additional damping contribu-
tion has been quantified for Ta by comparing symmetric
MgO/CoFeB/MgO and Ta/CoFeB/Ta stacks to asym-
metric Ta/CoFeB/MgO, where the Ta contribution dom-
inates over the MgO contribution [43]. This has also been
shown in the case of Hf/CoFeB/MgO stacks, which show
for a CoFeB thickness of 1.08 nm, αeff values that are
higher than in MgO/CoFeB/MgO stacks by about a fac-
tor of five [44].
Taking into account these considerations, it can be con-

cluded that in the present case the underoxidized samples
could have a significantly larger contact surface with Hf
in HfO2 than in the optimally oxidised case. A progres-
sion in regime I toward PMA could therefore decrease
the contact surface with Hf and significantly reduce the
associated spin pumping contribution to αeff . Interest-
ingly, the changes in αeff are minor in regime II, which
supports the idea mentioned earlier that in this regime
oxygen species may migrate mostly into the layer rather
than binding at the already optimally oxidized interface
reached after regime I. This is considered as the main
contribution to the observed variations in αeff , however,
a reordering of the interface structure throughout regime
I is also a likely scenario. A sharper interface may be
reached at the end of regime I, also leading to the highest
PMA state, which could also play a role in the observed
reduction of αeff .

IV. DISCUSSION

The proposed magneto-ionic mechanisms involved in
regimes I and II are depicted in Fig. 6. For GV <
0, mobile oxygen species inside HfO2, represented as
green dots, migrate toward the CoFeB layer and af-
ter GV is switched off (b), they remain bound to the
CoFeB, achieving an optimum surface coverage and com-
pleting the IPA→PMA transition at the end of regime
I. If GV < 0 continues to be applied, the magneto-ionic
mechanism will move into regime II. After the voltage
is switched off (c), the incorporated oxygen species will
contribute to the PMA→ IPA transition. As the start-
ing point of regime II is an optimally oxidized CoFeB
surface, oxygen species incorporated in regime II will be
less likely to bind at the same binding sites available in
regime I and can potentially penetrate further into the
layer (light green dots).
Under high enough positive gate voltages, mobile oxygen
species are expected to migrate back to the top electrode
(d). However, for the same applied GV > 0, reversibility
is highly suppressed for oxygen species incorporated in
regime I ((b) and (e)), while full reversibility is achieved

in regime II ((c) and (f)). This discrepancy in the degree
of reversibility of regimes I and II is attributed to the
differences in the binding sites, and the associated an-
choring strength, of the oxygen species incorporated in
each regime. The difference in chemical environment for
these two types of binding sites is proposed as the origin
of magneto-ionic regimes I and II.
A preferential occupation of a limited number of bind-
ing sites at the CoFeB/HfO2 interface in regime I could
also explain the observed larger impact of ionic migra-
tion on the value of αeff with respect to regime II. As
mentioned, the effects observed may be due to a decou-
pling of the CoFeB surface from the Hf atoms in HfO2,
mostly linked to ion incorporation at the surface of an
underoxidized CoFeB rather than to ionic migration into
the layer in regime II. This is valid in a scenario where
ionic migration into the layer is limited to the vicinity
of the CoFeB/HfO2 interface and does not extend up to
the Ta/CoFeB interface as seen in other systems where
higher gate voltages are applied [16]. It could be antici-
pated that ionic migration up to the Ta/CoFeB interface
could induce a significant decoupling from the Ta layer,
an effect observed in Pt/Co reflected as a reduction of
the DMI [16], resulting in a further reduction of αeff .
Another important indication supporting the proposed
mechanism is found in the measurements done on crys-
tallized samples. In this case, the time evolution of mag-
netic anisotropy under a negative gate voltage is strik-
ingly reduced in regime II compared to regime I. This
could be due to an increased difficulty of ionic diffusion
into a crystallized CoFeB layer in regime II, compared to
ionic incorporation at the surface in regime I.
Surface and bulk components to the magneto-ionic effect
have already been introduced in the literature, in partic-
ular, in Pd/Co/GdOx and Pt/Co/HfO2 films, where ion
migration deep down into the magnetic layer and beyond
can cause partial or total irreversibility [16, 18]. As men-
tioned, in the present case the bulk component is thought
to be limited only to the vicinity of the CoFeB/HfO2 in-
terface. The observed suppressed reversibility seen in
regime I happens at low oxygen content, ruling out the
anchoring of the oxygen species deep into the layer as a
potential source of irreversibility. This is also well sup-
ported by the subsequent observation of regime II, ex-
hibiting full reversibility, in the overoxidized state.
In this context, studies in the literature addressing the
incorporation of oxygen species from the gas phase into
crystalline Co and Fe systems provide an interesting per-
spective. In Co, the profile of the oxygen intake as a
function of oxygen pressure has a distinct change in slope
that is related to a two stage oxidation process. The first
step involves the formation of CoO up to a defined surface
coverage threshold, after which a higher oxygen and high
temperature exposure leads to the formation of Co3O4

[45]. In Fe crystals, a similar behaviour has been observed
at room temperature. The oxygen sticking coefficient as
a function of surface coverage is seen to decrease drasti-
cally up to a coverage of 0.5, where an inflection point
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t = 0

M

FIG. 6. Proposed magneto-ionic mechanisms for regimes I and II. (a) For GV < 0 oxygen species migrate toward the CoFeB
layer achieving an optimum surface coverage and PMA at the end of regime I (b). If GV < 0 continues to be applied, oxygen
species will continue to be incorporated into the CoFeB layer in regime II (c) resulting in IPA. Under GV > 0 mobile oxygen
species can migrate back to the top electrode (d). For the same applied GV , there is no reversibility in regime I ((b) and (e)),
while full reversibility is achieved in regime II ((c) and (f)).

occurs followed by a less pronounced decrease. The ini-
tial phase of rapid decrease has been linked to the filling
of preferential empty binding sites, while additional oxy-
gen incorporation leads to the inflection point identified
as the onset of oxide growth. The oxygen incorporation
is proposed to entail a progression from initially adsorbed
oxygen species to the nucleation and expansion of a two
dimensional layer of FeO at the sticking coefficient in-
flection point, where it remains fairly constant until the
completion of the FeO layer formation. Further oxygen
incorporation happens in the presence of FeO, which is
responsible for the observation of a reduction in the stick-
ing coefficient after the inflection point. This last process
ultimately leads to the formation of Fe2O3/ Fe304 to-
gether with the appearance of a three dimensional oxide
structure [46, 47].
In amorphous systems, the distinction between the well
defined oxide phases present in crystalline systems could
be less evident, however, a distinction between purely
surface incorporation and a subsequent oxygen intake
more extended into the magnetic layer could be evi-
denced. The films used in this study are Fe rich, with
a composition of Co20Fe60B20, where variations of the Fe
content at the interface with an oxide have been shown
to drive large PMA variations [48]. It is therefore worth
considering a scenario where the formation of different Fe

oxide types is at the origin of regimes I and II. Regime I is
likely to reflect the initial oxygen adsorption and forma-
tion of FeO, which involves a change in valence from Fe0

to Fe2+. A significantly high energy barrier is therefore
introduced for the inverse process which would largely
suppress reversibility under a low energy stimulus. On
the other hand, the full completion of a two dimensional
FeO layer could well lead to an optimum and homoge-
neous oxidation at the interface, allowing for the highest
PMA values observable in this system. As mentioned,
further oxygen incorporation in the presence of FeO be-
comes less favourable, which is in line with the observed
slower dynamics seen in regime II. The Fe2O3/ Fe3O4

oxide phase involves a mixture of Fe2+ and Fe3+ states,
therefore it can be proposed that the path toward a Fe2+

→ Fe3+ transition involves the progressive addition of
oxygen species to the chemical environment of the Fe2+

centres. This phase is thought to describe regime II,
where a relatively low energy barrier is involved in the
inverse process due to the conservation of the Fe2+ va-
lence state. An ultimate change to Fe3+ would also be
expected to introduce a large energy barrier for the in-
verse process and hinder reversibility, as seen in regime
I. This is well in line with the observed behaviour under
GV = -3 V (120 s exposure time), where the system enters
an irreversible IPA overoxidized state.
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V. CONCLUSION

In conclusion, we have shown the existence of
two distinct nonvolatile magneto-ionic regimes in
Ta/CoFeB/HfO2 stacks where oxygen species migrate
under negative/positive gate voltages toward/away from
the CoFeB layer. This voltage driven ionic motion in-
duces first an IPA→PMA transition in regime I, cor-
responding to a transition from an underoxidized to an
optimally oxidized state. In regime II, a PMA→ IPA
transition occurs and it is correlated to a transition from
an optimally oxidized to an overoxidized state. Regime
I shows a much faster dynamics and highly suppressed
reversibility for positive gate voltages with respect to
regime II. In addition, it also shows a marked decrease of
the effective damping parameter from 0.029 to 0.012 com-
pared to the relatively small increase to 0.014 observed in
regime II. The existence of regimes I and II is proposed
to be the result of a difference in the binding strength
of the migrated oxygen species, that can be correlated
with different binding sites on the surface and inside the

CoFeB layer, respectively.
The results presented here reveal the complexity of
magneto-ionics and the importance of a deep understand-
ing of the ionic mechanisms involved in order to design
robust and reliable devices for spintronics applications.
This system could be easily transferred to a solid state
device where the two regimes could be probed at higher
gate voltages in order to re-evaluate reversibility and ex-
plore fast operation times. This will allow to choose an
IPA to PMA transition, either in regime I or II, that
best fits the requirements for practical applications and
to design strategies to favour operation in one of the two
magneto-ionic regimes.
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