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The Ta/CoFeB/Pt/MgO/HfO, system is investigated, whose magnetic
anisotropy can be controlled through magneto-ionic gating, using both ionic

liquid and solid state gating, via a non-oxidative mechanism

combining reversible and irreversible gating effects. Analysis of X-ray
absorption spectroscopy at the Co and Fe edges reveals no indications of
oxidation after gating, while a reversible change at the oxygen K edge
suggests the involvement of oxygen species in the magneto-ionic process. In
addition, X-ray diffraction measurements reveal that gating can irreversibly
increase the crystalline volume of MgO, through an increase in the
MgO/Mg(OH), ratio. This is in line with measurements in solid state devices
showing that in a series of 150 gating cycles a reversible effect combines with
a progressive increase in the strength of the perpendicular magnetic
anisotropy contribution that saturates after extensive cycling.

Consequently, the observed gate-induced changes in magnetic anisotropy can
be attributed to the combined effects of Mg(OH), dehydration into MgO
(irreversible) and most likely a gentle reordering of oxygen species at the
CoFeB interface (reversible) leading to a non-oxidative magneto-ionic
mechanism. This study provides valuable insights into the underlying
mechanisms governing the complex magneto-ionic phenomena,

including the coexistence of both reversible and irreversible effects,

and a pathway to voltage-control of crystalline order in spintronics

materials.

1. Introduction

Magneto-ionics, the control of magnetic
properties by gate-voltage-induced ionic
motion, constitutes an attractive path to-
ward low-power spintronics applications,
such as magnetic memories and logic
devices. In this context, oxygen-based
magneto-ionics has emerged as a promis-
ing avenue for the non-volatile manipula-
tion and control of magnetic properties in
ferromagnet/oxide systems.['?] The pre-
vailing understanding in the field is that
the observed non-volatile voltage-induced
changes in magnetic anisotropy, typically
between in-plane anisotropy (IPA) and
perpendicular anisotropy (PMA), are
primarily due to a gate-voltage-controlled
oxidation/reduction at the metal/oxide
interface. Several studies have shown
evidence of gate-voltage-induced ox-
idation in a number of systems, in
particular where the magnetic material
is interfaced with HfO,,** which is
accompanied by a loss of magnetic mo-
ment. Therefore, when oxygen magneto-
ionics is at play, an oxidation/reduction
mechanism is commonly assumed.
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Figure 1. a) lllustration of the structure of the magneto-ionic device containing an ionic liquid gate. b) Anomalous Hall effect (AHE) hysteresis loops as
a function of pyH, for the as-grown DL layer and after exposure to a sequence of gate voltages. c) Hall resistance at 0 mT for the voltage cycles shown
in (b) (same colour code) and additional points measured for a +4 V/—3.5 V/+4 V gate voltage application sequence.

In this study, we demonstrate that oxygen magneto-ionics can
also operate without inducing oxidation of the magnetic atoms.
We investigate the Ta/CoFeB/Pt(dusting layer)/MgO/H{fO, sys-
tem, where the Pt dusting layer (DL) between CoFeB and MgO
largely suppresses the oxidation naturally happening at this in-
terface during growth. The presence of the dusting layer, in con-
sequence, weakens the magnetic anisotropy that builds at the
CoFeB/MgO interface, so that a spin-reorientation transition can
be induced using gate voltagesl®! in both ionic liquid gating and
solid state gating devices. The Pt dusting layer also favors the
crystallization of MgO during growth. Ionic-liquid gating has
been employed to show that no signs of oxidation are observed
across the gate-induced spin-reorientation transition in this sys-
tem, while changes in structural properties compatible with a
gate-induced conversion of Mg(OH), into MgO are observed. We
therefore propose an alternative mechanism for oxygen-based
magneto-ionics, that does not involve the oxidation of the mag-
netic atoms at the interface with the oxide, but rather a combined
effect of a reversible non-oxidative interaction between oxygen
and Fe/Co and an irreversible voltage-induced change in the crys-
talline and chemical structure within the MgO layer.

2. Results and Discussion

The magnetic stack used in this study, Ta(5 nm)/Co,,Fe,,B,,-
(1 nm)/Pt(0.09 nm)/MgO(2 nm)/HfO, (3 nm), is grown by mag-
netron sputtering, the magneto-ionic device containing an ionic
liquid gate is depicted in Figure 1a (see the Experimental Sec-
tion). It was shown in a previous study that in this material the
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MgO layer is textured before and after ionic-liquid gating.’! The
presence of Pt has been found to be crucial to the appearance of
crystalline order in the MgO layer, as layers without a Pt dust-
ing layer show an amorphous structure in transmission electron
microscopy measurements (TEM, see Supporting Information).

As previously reported,®] a clear spin reorientation transition
from a dominant IPA to a dominant PMA is evidenced after ap-
plying negative gate voltages to the top ITO electrode of the gate,
and the PMA state that is obtained can be subsequently weak-
ened by applying positive gate voltages. This behavior is shown in
Figure 1b through anomalous Hall effect (AHE) measurements
conducted under a magnetic field perpendicular to the sample
plane (u,H,). Starting from an as-grown DL sample (containing
a Pt dusting layer) several subsequent cycles of gate voltage ap-
plications of negative and positive gate voltages reversibly drive a
spin-reorientation transition. A first application of —3 V for 180s
shows a relatively small increase in the PMA component, while
a subsequent application of —3.5 V for 360 s can stabilize a dom-
inant PMA component. A subsequent application of +4 V for
360 s reverts the system to a state dominated by IPA. Several sub-
sequent voltage applications are presented in Figure 1b, which
show the reversibility of the system. It is also shown that using
lower gate voltages than —3.5 V/+4 V leads to the stabilization of
non-volatile intermediate states between the IPA and PMA dom-
inated states, as seen for —3 V and +1 V, shown in Figure 1b by
dotted lines. Figure 1c shows the Hall resistance at remanence
(0 mT) for all the measurements presented in (b) as well as for
further voltage applications with the sequence +4 V/—3.5 V/+4 V.
Additional magnetometry measurements can be found in the
Supporting Information.

In order to gain insight into the effects of the magneto-ionic
gating on the oxidation state of Fe and Co atoms, XAS measure-
ments were conducted. Figure 2a and 2c display the XAS spectra
of Fe and Co for the DL as-grown sample, both before and after
applying a gate voltage of —3.5 V for 360 s, followed by a sub-
sequent application of +4 V for 360 s. The spectra are normal-
ized to the peak intensity of the L, K-edges. Although significant
changes in the magnetic anisotropy are observed under these gat-
ing conditions, as shown in Figure 1, no changes in the oxida-
tion state (see zoom-in of the L, edges in the insets) of neither
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Figure 2. Normalized XAS spectra of the (a) Fe and (b) Co K-edges measured for the DL as-grown sample before and after a gate voltage application of
—3.5V for 360 s, and a subsequent application of +4 V for 360 s. a) Fe and b) Co edges were also measured for samples No-DL and Pt-full. All insets
show a zoomed-in view of the L; edge. The cartoons on the right hand side depict the structures of samples DL, No-DL and Pt-full.

Fe nor Co are observed. In order to verify that interface oxidation
effects can be detected in these experiments, samples without a
Pt dusting layer (No-DL) and with a full 1 nm Pt layer (Pt-full)
between the CoFeB and MgO layers were investigated as refer-
ences for CoFeB layers containing a higher or lower degree of
oxidation with respect to the DL sample, respectively. Significant
changes are observed in the normalized XAS Fe and Co edges
of samples No-DL and Pt-full, as presented in Figure 2b,d, re-
spectively. The zoomed-in view of the L; edge of Fe shows a vis-
ible increase in the signal on the higher energy side of the peak
for the No-DL sample and a decrease in the signal for the Pt-full
sample with respect to the DL as-grown sample. This increase
in the signal in the No-DL sample can be attributed to the pres-
ence of higher oxidation states in Fel®®! whereas, the decrease in
the signal for the Pt-full sample may arise from the opposite ef-
fect, which is a reduced interaction between Fe and O due to the
presence of the 1 nm thick Pt layer separating CoFeB from MgO.
The Co edge shows a similar behavior between the DL and No-
DL samples, however, the spectrum of the Pt-full sample shows
a relatively large shift of more than 0.3 eV toward lower ener-
gies compared to both the DL and No-DL samples, which was
not observed in the Fe edge. This can also be in part attributed
to a reduced interaction with oxygen, however, it may also be
linked to a strong interaction between Pt and Co that could pro-
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vide Co atoms with an increased stability against oxidation.[®?]
This shift of the absorption edge toward lower energies has been
already observed in very thin layers of Co grown on Pt sub-
strates, which may be subjected to a strong interaction between
Co and Pt.[°]

In the No-DL sample, the observed signs of oxidation are ac-
companied by a reduction of the magnetic moment per unit area
and a corresponding reduction in the CoFeB layer thickness, de-
termined by X-ray reflectivity measurements (see Supporting In-
formation), going from 0.99 nm for the DL sample to 0.64 nm for
the No-DL sample. Most importantly, the No-DL sample, unlike
the DL sample, shows PMA in the as-grown state. These obser-
vations can be directly correlated with the well-known oxidative
mechanism giving rise to PMA at the CoFeB/MgO interface. In
contrast, the DL sample after gating does not only show PMA
without signs of oxidation but also shows no significant changes
in the magnetic moment, and a relatively small thickness varia-
tion going from 0.99 nm in the as-grown state to 0.866 nm af-
ter gating under a negative gate voltage, which can be attributed
to a gate induced reordering of atoms at the CoFeB(Pt)/MgO in-
terface. The observation of these two mechanisms in two simi-
lar samples shows that both mechanisms could potentially coex-
ist, however, the non-oxidative effects could be shadowed in the
presence of an oxidative mechanism. This is confirmed by the
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Figure 3. Normalized XAS spectra of the oxygen K-edge measured for (a) the DL as-grown sample before and after a gate voltage application of
—3.5 V for 360 s, subsequent application of +4 V for 360 s, subsequent one day evolution in vacuum, and subsequent one day evolution exposed
to the atmosphere. b) Oxygen K-edge in the DL as-grown, No-DL and Pt-full samples. All insets show a zoomed-in view of the spectra for energies

between 534-538 eV.

estimation of the effective magnetic anisotropy (K,) of the No-
DL sample and the DL sample after exposure to a negative volt-
age (see Supporting Information) which are 3.2 x 107 Jm™
and 1.3 x 10~ Jm™3, respectively. Intefacial oxidation gives rise
to a perpendicular K,; that is more than one order of magni-
tude larger than that of the non-oxidative mechanism presented
here, which confirms the potentiality for larger amplitudes of the
magneto-ionic effects on PMA through an oxidative mechanism.

The oxygen K-edge signal was also analyzed, however, un-
like that of Co and Fe edges, it contains a complex convolu-
tion of different contributions coming from multiple layers in
the stack such as Fe and Co oxides,['%!] MgO and HfO, and
it may also contain a contribution from H,O and products
of its dissociation such as OH- groups,”!?l which can be ex-
pected when magneto-ionic gating is involved.['3] Peaks at rel-
atively high energies starting from about 534 eV can be at-
tributed to O-Hf hybridization!'*!>] and to O-Mg hybridization,
as well as to changes in the crystalline structure of MgO during
annealing.”1] Pre-edge structures can also be observed between
528 eV and 534 eV and can be typically linked to the hybridiza-
tion between O and Fe orbitals.[”1®17] Pre-edge features have also
been detected in MgO thin films and substrates, which was cor-
related to the crystalline structure.l'®] HfO, films can also present
pre-edge features related to the presence of oxygen vacancies.!'’]
This makes the analysis of the Oxygen K-edge structure in this
system a very complex task. However, a qualitative comparison
between the spectra from the DL gated samples and the No-DL
and Pt-full samples can bring additional information to the anal-
ysis.

The normalized oxygen K-edge XAS spectra of the DL sample
as-grown, after voltage application, and after time evolution, are
shown in Figure 3a, while the spectra for samples DL as-grown,
No-DL and Pt-full are shown in Figure 3b. The most prominent
feature seen in the sample series DL, No-DL and Pt-full has peaks
at approximately 535 and 540 eV as shown in Figure 3b. A fitting
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of the spectrum of the as-grown DL sample using reference data
of Oxygen K-edge signals of MgO!*# and HfO, 2! provides a good
qualitative agreement, suggesting that the spectra of the DL, No-
DL and Pt-full samples are mainly dominated by these two contri-
butions (see Supporting Information). The DL and Pt-full sam-
ples show a very similar profile across the whole energy range,
while the No-DL sample shows a decrease in intensity of the peak
centerd at ~ 535.5 eV. Similar features in this energy range have
been attributed to O-Mg interactions,?!] while in Fe/MgO, an in-
crease in intensity in the energy range between 535 and 540 eV
has been related to an increase in crystallinity of the MgO layer
after annealing.”] Therefore, in the present case, the reduced in-
tensity in the No-DL sample may be related not only to the effects
of oxidation at the CoFeB/MgO interface but also to a lower de-
gree of crystalline order in the MgO layer, due to the absence of
the Pt dusting layer.

Applying a gate voltage of —3.5 V for 360 s to the DL sample
induces drastic changes in the Oxygen K-edge profile as seen in
Figure 3a. The double peak feature seen in the as-grown DL sam-
ple shows a larger separation between the peaks, and new fea-
tures appear at energies above 540 eV. Pre-edge features are also
observed after gating, which can typically be assigned to oxida-
tion of Fe and Co,’! but are absent in the No-DL sample, and
are also not accompanied by oxidation features in the Fe and Co
edges. These large differences in the oxygen K-edge signals ob-
tained for the gated DL sample under negative voltages and the
No-DL sample behavior can therefore not be directly correlated
to the surface oxidation present in the No-DL sample. Figure 3a
shows that a positive gate voltage induces the recovery of the sig-
nal profile of the DL as-grown sample, which corresponds well
with the observed reversibility of the gating effects on the mag-
netic properties presented in Figure 1. A reduction of the inten-
sity of the signal at the peak center located at ~ 535.5 eV is ob-
served after gating with positive voltage, however, unlike the sig-
nal of the No-DL sample, this difference is significantly smaller
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Figure 4. a) X-ray diffraction measurement geometry and b) in-plane X-ray diffraction maps as a function of A. The maps were recorded in DL as-grown
and gated samples at different grazing incidence angles 6: 0.4577°, lower than the critical angle of total reflection (LA), 0.7780°, at the critical angle
(CA), and 1.3730°, higher than the critical angle (HA). The relevant bulk indexed peaks of MgO, MgO(OH),, HfO, and Si are indicated by vertical lines.

¢) Zoom-in of peaks A and B.

and it is lost after letting the sample evolve for one day in vac-
uum. In addition, this feature is seen after the application of a
positive voltage to the top electrode, which is highly unfavorable
to oxidation at the surface of the CoFeB and it is also not accom-
panied by changes in the Fe and Co edges, unlike the case of the
No-DL sample. The time evolution of the oxygen K-edge after pos-
itive voltage application can be correlated to the reported time
evolution of the IPA state achieved after the application of posi-
tive gate voltages. The IPA state achieved after the application of
positive gate voltages evolves toward a state with increased PMA
over the following days.[®! In the present case, as the gate-induced
changes in magnetic properties occur via a non-oxidative process,
a relatively weak interaction between mobile oxygen species and
the magnetic atoms is expected, which could naturally lead to the
time evolution effects observed. The analysis of the Oxygen K-
edge reveals that the reversible gating effects seen in the mag-
netic anisotropy are well reflected in the chemical environment
of the oxygen atoms in the layer, despite the absence of any fea-
tures in the Co and Fe edges, confirming a mechanism that is
oxygen-based but non-oxidative in nature.

Despite the great complexity of the oxygen K-edge in this
system and of the changes observed after gating under nega-
tive voltages, strong similarities are seen between the signal af-
ter negative-voltage gating and the reported signature of unco-
ordinated OH- groups in water.”!?] In addition, Pt based ma-
terials are extensively used as very efficient catalysts mostly
for hydrogen gas production through water splitting.??] Not
only Ptrich surfaces, but even surfaces with dispersed sin-
gle Pt atoms have been reported to show a very high catalytic
performance,[?*?*] including systems where the Pt is supported
by Fe oxide nanocrystallites.[**] Therefore, the presence of a dust-
ing layer of Pt at the interface between CoFeB and MgO, could

Adv. Mater. Interfaces 2024, 11, 2300955 2300955 (5 of 10)

have an impact on the formation and splitting of water molecules
at the interface, and could be at the origin of the large differ-
ences in the oxygen K-edge signal after negative-voltage gating.
The presence of water and water-splitting products at the MgO
interface could facilitate a potential gate-driven hydration of the
MgO layer to form Mg(OH),, and vice-versa. Hydration (ther-
mal dehydration) of MgO (Mg(OH),) is well documented in the
literaturel?6-3!l and in particular, the dehydration of Mg(OH),
into MgO has been discussed in the context of the development
of strategies to improve interface quality in CoFeB/MgO based
stacks and magnetic tunnel junctions.l”:32-34]

A potential hydration/dehydration process of the
MgO/Mg(OH), can have a large impact on the crystalline
order of the system, as MgO hydration can lead to the forma-
tion of Mg(OH), with brucite-like crystalline structure.l”2831]
Therefore, the evaluation of a potential gate-induced MgO hy-
dration/dehydration mechanism requires an investigation of the
effects of gating on the crystalline structure of the MgO layer.
To this end, in-plane X-ray diffraction maps were conducted
at different grazing incidence angles 6: (I) 0.4577°, lower than
the critical angle of total reflection (LA), (II) 0.7780°, at the
critical angle (CA), and (III) 1.3730°, higher than the critical
angle (HA). LA has a very low penetration depth, thus only the
top part of the film is visible, then for CA and HA, the beam
probes progressively deeper regions of the sample. Figure 4a
shows the measurement geometry, where 6 represents the
incidence angle with respect to the surface of the sample, while
A represents the angles at which the sample rotates with respect
to the incident beam, in order to probe all in-plane directions. As
shown in Figure 4b the integration curves for in-plane diffrac-
tion maps at LA do not present any significant changes before
and after gating, however, it is interesting to analyze the broad
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feature centerd around 6 = 32°. This feature is in the vicinity
of the indexed peak of HfO, (111) in the monoclinic phase
(A = 31.67°). It has been seen in TEM measurements that in
both as-grown DL and gated samples the HfO, layer does not
show any crystalline structure.l’! Therefore, any HfO,-related
diffraction signal is expected to be broad and to come from
relatively small crystallites. This broad feature is still visible, with
minor differences, in the integration curves taken at CA. How-
ever, it is strongly suppressed in the HA curves, which probes
deeper regions of the sample, supporting the idea of it being
related to the HfO, layer. In the CA curves, a clear gating effect
is observed in the features labeled A and B. Peak A, in the DL
as-grown film has a maximum that aligns well with the indexed
peak of Mg(OH), (011) (A 38.05°), it also has a higher intensity
on the low A side, which can be attributed to a convolution
with a peak appearing near the position of the MgO (111) peak,
located at A = 36.89°. After negative gate voltage application, the
maximum of the peak shifts towards the position of the MgO
(111) peak, accompanied by an increase in intensity. In the case
of peak B, the maximum is located near the MgO (200) peak (A =
42.85°) where a significant increase of intensity is observed after
gating. In the HA curves, the change of ratios and intensities
seen near the positions of the Mg(OH), (011) and MgO (111)
peaks in the CA curves are reproduced. In all integration curves,
smaller features are also seen near the Mg(OH), (111) and MgO
(220), at 62.17° and 62.23°, respectively. Finally, due to the strong
beam flux, Si substrate peaks are visible in all three maps, in
particular peaks of Si (220) (A = 47.3°) and Si (400) (A = 69.14°).

As mentioned earlier, the peaks associated to HfO, are visi-
ble for LA and CA, and are highly suppressed for HA, due to the
increasing probing depth when going from LA to HA. In agree-
ment with this notion, the peaks associated to MgO/Mg(OH),,
are more visible for CA and HA than for LA. Most importantly,
these maps allow for the observation of gate-sensitive peaks asso-
ciated to both MgO and Mg(OH),. The gate-driven changes ob-
served in peak A (see zoomed-in scale in Figure 4c) indicate a
gate-driven modification of the MgO/Mg(OH), ratio in the stack.
In addition, the relative increase in intensity of peak B, associated
to MgO, indicates an overall increase in the MgO crystallinity in
the layer after the application of a negative gate voltage (—3.5 V
for 360 s). In this context, a scenario where the initially hydrated
MgO layer, containing Mg(OH),, can be dehydrated by the action
of a negative gate voltage can be proposed as an ionic mechanism
that can significantly contribute to the changes observed in mag-
netic anisotropy after the application of a negative gate voltage.
Figure 4c also shows a local CA map measured around peak B
in a sample where a positive gate voltage (+4 V for 360 s) was
applied subsequently after an initial negative voltage application
(=3.5 Vfor 360 s), which does not induce any significant changes.
Peak A is not presented due to the presence of an interference
signal, unrelated to the sample structure, occurring within the
same angle range (see Supporting Information). This strongly
suggests the irreversible increase in the crystalline volume of
the MgO layer at the expense of a gate-induced dehydration of
Mg(OH),.

The thermal dehydration mechanism of Mg(OH),, where
MgO and H,0 are produced, as well as the interaction of MgO
with hydroxyl groups has been widely studied both experimen-
tally and theoretically.[28313-40] [n particular, the different possi-
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ble binding sites of hydroxyl groups and their role in the dehy-
dration process are subject of intense investigation. Several stud-
ies demonstrate that Mg(OH), grows in a layered structure on
top of MgO, and propose the presence of hydroxyl groups with a
higher or lower degree of coordination,?*37:3] including hydroxyl
groups located between layers. These hydroxyl groups are coordi-
nated by the neighboring Mg atoms and present hydrogen bond
interactions across the different layers. Hydroxyl groups located
at the surface of MgO grains are likely to be involved in the gate-
driven dehydration presented here. Under a negative gate voltage
applied to the top electrode, oxygen species migrate into the stack,
and could typically induce oxidation in the Co and Fe atoms.>* In
the present case, the migration of oxygen containing ions, most
likely through the MgO grain boundaries, could rather be inter-
acting with the H* ions from the hydroxyl groups at the surface of
the MgO grains to form H,O molecules and expand the volume
of crystalline MgO.

A decrease in the OH ion content inside the stack after neg-
ative voltage gating is confirmed by the time of flight secondary
ion mass spectrometry (ToF-SIMS) measurements presented in
Figure 5a—c. Figure 5a shows the distribution of OH, Co, Fe and
30Si ions. The highest contents of Co and Fe coincide at a sput-
tering time of about 82 s and are identified as the center of the
CoFeB layer. Moving toward higher sputtering times, the signal
decreases up to the point where the *Si signal increases, marking
the vicinity of the Ta/SiO, interface. Similarly, by moving from
the center of the CoFeB layer toward lower sputtering times an
increase in the MgO and 'O signals is evidenced, which indi-
cates the vicinity of the CoFeB(Pt)/MgO interface. The shaded
area between 80 s and 42 s indicates the approximate position
of the MgO layer, the upper limit of 42 s is chosen based on the
change of slope seen in the profiles of OH, MgO, and '¥O below
50 s. The 0 and MgO profiles, shown in Figure 5b,c, respec-
tively, are convoluted with the SiO, and SiC signals at high sput-
tering times due to mass interference, and do not evolve signif-
icantly after gating with negative voltages. Interestingly, the OH
profile evolves independently of the 0 and MgO profiles, show-
ing a clear decrease in content in the region corresponding to the
position of the MgO layer after gating with negative voltages as
shown in Figure 5a. This further supports the idea of a gate in-
duced loss of hydroxyl groups, which can be related with the de-
hydration of regions in the MgO layer that are rich in Mg(OH),.
Furthermore, X-ray photoelectron spectroscopy measured in the
binding energy range corresponding to the Mg 2s levels clearly
shows a shift of the broad main peak of approximately 0.7 eV
toward lower binding energies, while the Pt peaks remain un-
affected. Studies in the literature show that a shift of the Mg 2s
peak to lower binding energies can be evidence of a larger con-
tribution of MgO with respect to Mg(OH),,!*] in agreement with
the proposed scenario of an increase in the MgO/Mg(OH), ratio
after gating with negative voltages.

The proposed gate-induced dehydration of Mg(OH), in favor
of the formation of MgO is likely to reach a saturation point af-
ter a prolonged exposure to gating, given the finite amount of
Mg(OH), in the system. Therefore, the irreversible effects in-
duced on magnetic anisotropy are also expected to progressively
disappear for long gating times, to finally expose only the re-
versible effects. This scenario was evaluated by conducting a rel-
atively long series of 300 gate voltage pulses, alternating between
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(c). Co, Fe and Si are also shown in (a). The shaded area corresponds to the position of the MgO layer. XPS spectra before and after gating in the binding

energy range of the Mg 2s levels and the Pt 4f5; and 4f; ; levels.

negative and positive gate voltages. In this case, solid state gat-
ing devices were fabricated in order to evaluate the behavior of
this complex system in a device geometry more compatible with
spintronics applications and to rule out any potential contribu-
tion from the ionic liquid. Solid state gating allows also to com-
pare the performance with respect to ionic liquid gating devices:
while the solid state devices allow for faster operation (2s gate
pulses), since they do not include the ion dynamics inside the
ionic liquid, the gate voltages needed to induce similar changes
as those induced by ionic liquid gating are significantly higher
(+/—11V) due to the enhanced efficiency of the ionic liquid to
produce high electric fields. Figure 6 shows in Figure 6a an opti-
cal image and schematics of the solid-state gate devices fabricated
from a DL-sample continuous film. In this device geometry, the
ionic liquid is replaced by a 20 nm thick HfO, layer grown by
atomic layer deposition. Using these devices, a series of 300 gate
pulses was conducted, in which each pulse duration is 2s and the
gate voltage alternates between —11 and +11 V. After each pulse, a
hysteresis loop is recorded from which the total AHE amplitude
and the AHE voltage at 0.5 mT have been extracted. Recording
the AHE voltage at 0.5 mT allows to clearly follow the changes in
magnetic anisotropy also in the dominant IPA regime, where the
remanence in the z direction is negligible. Figure 6b shows the
dependence of the total AHE amplitude (open symbols) and the
AHE voltage at 0.5 mT (filled symbols) on the pulse number for
gate voltages of =11V (cyan) and +11 V (lime). Within he first 150
pulses, a large variation of the AHE voltage at 0.5 mT is observed,
which can be directly linked to a rapid increase in the PMA com-
ponent in the device. Although a large degree of reversibility is
observed between positive and negative gate voltage pulses, the
general trend of increase in the PMA component is visible not
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only after negative gate voltages but also after positive gate volt-
ages. Negative gate voltages bring the system to a PMA state that
is relatively similar after about 30 pulses, while positive voltages
are progressively leaving the system in states with a higher PMA
component up to approximately 150 pulses, moving significantly
away from the IPA state of the as-grown system for each gate
voltage application. The top panel of Figure 6¢ shows hystere-
sis loops of the first application of negative gate voltage and of
the pulses with numbers between 9 and 12, showing the evolu-
tion toward stronger PMA after negative gate voltage pulses and
a damped return to an IPA dominated state for positive gate volt-
ages. The magneto-ionic behavior within this gate pulse range
closely resembles the one presented in Figure 1, which confirms
the equivalence of the ionic-liquid and solid-state gating methods
and the intrinsic nature of the magneto-ionic effects presented.
This behavior clearly shows that a superposition of reversible and
ireversible effects is at play. The middle panel in Figure 6¢ shows
hysteresis loops between gate pulse numbers 56 and 59, which
shows a full spin reorientation transition between a state with al-
most zero remanence and a robust PMA state with 100% rema-
nence. In this range the non-reversible effects are imperceptible,
and can only be seen by considering the general trend of the gate
voltage series presented in Figure 6a. Finally, the gate voltage cy-
cling seems to reach a steady regime, in which reversible effects
are dominant for gate pulses number higher than 150. The in-
set in Figure 6a shows a zoomed-in view of this region, where
a reversible effect between positive and negative voltages is seen
to occur with only a minor drift present up to approximately 220
cycles. The bottom panel of Figure 6¢ shows gate voltage pulses
between 268 and 271, within the steady state regime, where full
reversibility is observed between two distinct states that are now
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within the PMA regime. Although the changes in the amplitude
are minimal, as the two states have PMA, a significant change in
the coercive field is induced by magneto-ionic gating which can
certainly be exploited for reliable magneto-ionic functionalities
in spintronics devices.

This measurement series shows that the gate induced changes
in the crystalline structure of the MgO layer presented earlier
translates into a progressive enhancement of the PMA compo-
nent that saturates after sufficient gate voltage cycling. This en-
hancement can be understood as the progressive dehydration of
the MgO, which could lead to the development of a higher con-
tact surface between MgO and CoFeB, which in turn could fa-
vor PMA. This emphasizes the notion that changes in the struc-
tural order at the metal-oxide interface, even in the absence of
oxidation, have the potential to induce significant modifications
in magnetic anisotropy. The impact of magneto-ionic gating on
crystalline structure is often overlooked, but as demonstrated
here, it constitutes a critical factor in the emergence of irre-
versible effects in magneto-ionic devices. On the other hand, the
reversible effects observed may be due to gentle non-oxidative in-
teractions between Co and Fe and the oxygen atoms at the in-
terface. The impact of oxygen content at the Fe/MgO interface
on magnetic anisotropy has been investigated by first principles
calculations!*!! showing that both reversible and irreversible ef-
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fects can be expected. The reversible effects are associated with
small oxygen displacements and charge effects, while irreversible
effects are ascribed to irreversible oxygen ion migration. Similar
results have been obtained for a Fe/HfO, interface.[*?] This sup-
ports the idea that a non-oxidative magneto-ionic mechanism,
most likely involving small oxygen atom displacements at the
CoFeB(Pt)/MgO, drives the reversible effects observed.

3. Conclusion

This study shows that magneto-ionic gating effects can be ob-
tained in CoFeB/Pt/MgO/HfO, in the absence of oxidation of
the Co and Fe atoms, which was investigated by XAS before and
after ionic-liquid gating. The coexistence of reversible and irre-
versible magneto-ionic effects has been identified and probed
by ionic-liquid and solid-state gating. Both reversible and irre-
versible effects on magnetic anisotropy can be observed in the
first gating cycles in a series of gate voltage applications of al-
ternating sign (below 150 gate pulses). Within this range, a
gate-induced spin-reorientation transition can be observed on
top of a general increase in the PMA component in the sys-
tem. Beyond 150 gate pulses, the irreversible effects saturate
and the reversible effects are dominant, where gate voltages can
switch the anisotropy between two distinct states within the PMA
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regime. We provide strong evidence that the irreversible oxygen-
based magneto-ionic process is linked to dehydration in the MgO
layer, increasing the ratio between MgO and Mg(OH),, which
progressively strengthens the PMA component in the system
over an extended gate pulse series, without preventing the
reversible mechanisms from occurring. The reversible effects
have been associated to potential gate-induced displacements
of the oxygen atoms at the CoFeB(Pt)/MgO interface, mod-
ulating the interaction between oxygen and Fe/Co in a non-
oxidative way. The results presented here are therefore important
for oxygen-based magneto-ionics, since the gate-induced oxida-
tion/reduction of the Co and Fe atoms has been so far discussed
as the lead mechanism driving the gating effects in these sys-
tems. Moreover, the identification of reversible and irreversible
effects brings light into the complex reversibility issues that can
be encountered in magneto-ionic systems. Finally, the fact that a
negative gate voltage can drive the dehydration of Mg(OH), and
produce an increase in the crystallinity of MgO, indicates that
ionic gating can be used not only to provide dynamic magneto-
ionic functionalities but can also be used as a powerful non-
thermal and low-power method to control the crystallinity of
MgO layers in both spintronics and memristive devices after fab-
rication.

4. Experimental Section

Sample Preparation and E-Field Gating: The magnetic stack used in
this study was grown using a Singulus Rotaris deposition system equipped
with magnetron targets. Metals (Ta, CooFeyqB,g, Pt) were DC-sputtered
and MgO and HfO, were RF-sputtered. Before the deposition of the film,
a base pressure of 4 x 1078 mbar was achieved. The deposition was
performed at magnetron output powers 100, 400, and 950 W for Ta,
CoyoFey0Byg, and HfO,, respectively while keeping the gas flow of Ar (pro-
cess gas).

The stacks were gated by adding ionic liquid (IL) [EMI]*[TFSI]™ (1-Ethyl-
3-methylimidazolium bis (trifluoromethanesulfonyl)imide) to the surface
of the film followed by placing a glass substrate coated with a 100 nm thick
indium tin oxide (ITO) layer to apply the E-field. Experiments were per-
formed at room temperature on samples cut from the same wafer and all
magnetic states presented here were measured after the the gate-voltage
was switched off and the liquid gate removed from the surface of the sam-
ple. The sole exception to the latter was anomalous Hall effect measure-
ments, where the liquid gate was present in all measurements.

Solid state gating devices were fabricated using photo-lithography, ion
beam etching, metal deposition, and lift-off. A layer of 20 nm of HfO, was
grown on top of the as-grown DL stack by atomic layer deposition at 100
°C, the gate top electrode was made by sputtering 50 nm of ITO. The AHE
voltages informed were obtained using a bias current of 200 pA.

XAS  Measurements: XAS was performed at the DEIMOS
beamlinel**44] at the Synchrotron SOLEIL using total electron yield
(TEY). Spectra presented for DL gated measurements (as-grown, neg-
ative and positive gate voltages) were conducted on the same sample.
First, the sample was measured in the as-grown state, then negative, and
subsequently positive voltages were applied to the same sample. XAS
experiments were conducted after each voltage application.

XRD Measurements: Grazing incidence X-ray diffraction measure-
ments were performed at the SixS beamline at the Synchrotron SOLEIL
at a wavelength of 0.673 A. For ease of comparison with literature, the an-
gles given here correspond to an energy of Cu K-alpha1 (1.54 A). In-plane
maps were recorded at a range of at least 180° rotation of the sample for
different incidence angles. The XRD curve for +4 V 360 s belonged to the
same DL sample which was used in XAS and the DL as-grown sample was
a fresh sample cut from the same wafer. A fresh DL sample from the same
wafer was prepared, and a voltage of —3.5 V was applied to it for 360 s.
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X-Ray Photoelectron Spectroscopy (XPS): XPS was performed using a
PHI ESCA 5600 (PHI Electronics) apparatus equipped with a monochro-
matic Al Ka X-ray source (1486.6 eV) and a hemispherical analyzer, with
pass energy equal to 57.80 eV and energy resolution 0.125 eV.

Time of Flight Secondary lon Mass Spectrometry (ToF-SIMS):  ToF-SIMS
depth profiles were collected in an upgraded ION-TOF IV instrument
(ION-TOF GmbH) using 500 eV Cs+ ions for sputtering a 300 um x
300 um area and 25 keV Ga+ ions with an energy of 25 keV for the analysis
of a 50 um X 50 um area at the center of the sputtered region, operating
in interlaced mode. Secondary ions were collected in negative polarity and
the collected intensities normalized to the signal of 0" in the middle
of the HfO, layer. 30 was selected as a robust signal to probe Oxygen
because its natural abundance ( 0.2%) allowed to avoid saturation in de-
tection in oxide layers, such as HfO, and MgO, a situation occurring if
160, the most abundant Oxygen isotope, would be considered.
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Supporting Information is available from the Wiley Online Library or from
the author.
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