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ABSTRACT: Magneto-ionics, which refers to the modification of the magnetic
properties of materials through electric-field-induced ion migration, is emerging as one
of the most promising methods to develop nonvolatile energy-eficient memory and
spintronic and magnetoelectric devices. Herein, the controlled generation of
ferromagnetism from paramagnetic Co—Ni oxide patterned microdisks (prepared upon
thermal oxidation of metallic microdisks with dissimilar Co—Ni ratios, i.e., Ni,sCo,5 and
NisoCosp) is demonstrated under the action of voltage. The effect is related to the partial
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upon thermal oxidation, which has been theoretically discussed from the diffusivities H (Oe) H (Oe)

viewpoint. X-ray diffraction characterization has revealed transitions between purely

mixed Ni and Co oxides, in the OFF state, to a mixture of oxide and metallic phases, in

the ON state, because of the oxygen ion motion outward/inward the Co—Ni oxide microdisks, depending on the voltage polarity. Ab
initio calculations reveal that the energy barrier for oxygen vacancy migration is lower in CoO than in NiO, in agreement with the
obtained magneto-ionic responses. The observation of magneto-ionic effects in patterned disks (and not only in archetypical
continuous films) is a step further for the practical utilization of this phenomenon in real miniaturized devices.
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1. INTRODUCTION particular interest in emerging areas such as neuromorphic
computing.”~'? Despite extensive research efforts, there is still a

The advent of Big Data has led to a growing demand for
need of new materials to boost performance of low-power

innovative data processing strategies aimed at enhancing energy

eﬁicienc?f in information and communication technologies voltage-driven data storage/processing technologies."

(ICTs)."™ Traditionally, the switching of magnetic bits has The ability to alter the magnetic properties of materials using
relied on the use of electric currents. Initially, miniaturized electric fields has been demonstrated over the years. The
electromagnets were developed to apply localized magnetic development of single-phase multiferroics generated significant
fields for this purpose. This was followed by devices that utilized enthusiasm; however, these materials typically consist of
spin-polarized electric currents to switch magnetization (i.e., complex oxides that exhibit their properties primarily at low
spin-transfer torque eﬁect).4 These actuation concepts have temperatures.15 Conversely, strain-mediated magnetoelectric
been successfully applied to boost performance of high-density coupling in ferroelectric/magnetostrictive composites (i.e.,
hard disk drives and magneto-resistive random-access memo- multiferroic heterostructures) can be significant at room

ries. However, since the underlying principle in both cases
involves the use of electric currents, a significant fraction of the
incoming power is dissipated in the form of heat due to the Joule
effect. The limited energy efficiency is a significant obstacle for
the further development of these technologies, particularly in
nanoscale devices.” Alternatively, miniaturized systems relying
on electric fields (i.e., voltage) to manipulate magnetism instead
of electric currents, by taking advantage of converse magneto-
electric effects, could provide a more energy-efficient method-
ology for storing magnetic data.” Such approach could be of

temperature. However, such mechanism is limited by fatigue
effects, representing a bottleneck for the endurance of potential
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strain-mediated spintronic devices.'°”'® Magnetoelectric effects
caused by electrostatic surface charge accumulation (or carrier
doping) are limited by the Thomas—Fermi electric field
screening length in metals (on the order of 0.5 nm) or the
Debye length in semiconductors (few nm), which means that
such effects are only significant in ultrathin films.'”~*°

In recent years, a new phenomenon for the voltage control of
magnetism, known as magneto-ionics (MI), has been
investigated. This refers to changes of magnetic properties of
materials arising from electric-field-driven ion (0>, F~, N*~, H',
F~, Li*) migration. Under the action of the applied voltage
(using either a solid or liquid electrolyte), ions diffuse from an
ion reservoir to the adjacent MI target layer (or vice versa),
modulating relevant magnetic properties, such as saturation
magnetization (M), coercivity (H), Curie temperature,
anisotropy easy axis, skyrmion density or other interfacial
effects, such as exchange bias or the Ruderman—Kittel—
Kasuya—Yosida (RKKY) interaction.”™" MI is advantageous
since it induces nonvolatile changes of the aforementioned
properties and its utilization is not limited to ultrathin films.
Moreover, the induced effects can usually be reversed by
applying voltage of opposite polarity. In liquid electrolyte-gated
systems, MI effects are triggered by high electric fields generated
across the so-called electric double layer (EDL). This ultrathin
layer, typically of 0.5—1 nm thickness, is originated at the solid/
liquid interface as a result of accumulation of charges of opposite
sign upon voltage application.”

The vast majority of MI studies have focused on continuous
films, with relatively less attention given to arrays of patterned
structures, in spite of their technological interest for magnetic
storage and microelectro-mechanical systems (MEMS). Micro-
arrays of FeN,** CoPt disks/ stripes,34 FeO nanoislands,®® Co/
Gd,O; nanopillars,*® nanoporous FeO microdisks,”” CoFe,O,
nanopillars,"’8 nanopatterned CoO films grown on YSZ* or
micropatterned FeCoN dots*’ are among the few examples of
lithographed MI systems studied so far. Remarkably, in most of
these cases, the thickness of the lithographed structures is
limited to less than 100 nm. Studying MI effects in thicker dots is
of interest for the implementation of voltage-controlled
magnetic MEMS.

Concerning materials, those relying on voltage-driven O*~
diffusion remain the most extensively investigated. Contrary to
the Fe-FeO, system, in which a mixture of ferromagnetic and
ferrimagnetic phases usually coexist, Co-CoO, and Ni-NiO, are
interesting because their full oxidation, achieved by an applied
voltage, can lead to full OFF (paramagnetic or antiferromag-
netic) states. Transitions between ferromagnetic and non-
ferromagnetic states (ON-OFF MI switching) have the
potential to be used for synaptic applications (i.e., potentia-
tion/depression, multilevel memory),””'? stochastic computing
or data security."' In addition, MI effects between ferromagnetic
and antiferromagnetic phases are appealing for the voltage-
control of exchange bias.

In this work, we investigate MI effects in patterned Co—Ni
oxide disks. For this purpose, the behavior of patterned oxide
disks with different Co/Ni ratios (i.e, Co—Ni—O) under
voltage are studied, starting from an OFF state achieved by
thermal oxidation of electrodeposited Co—Ni alloy disks in air.
We show that upon voltage application, ferromagnetic behavior
arises due to the partial reduction of the oxide phases and
appearance of metallic Co and Ni. Moreover, we plunge into the
critical influence of Ni on the voltage-driven ion motion. The
switching rate at which ferromagnetism is generated, as well as
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the final attained magnetization (M), are found to decrease with
the Ni content. Ab initio calculations of activation energies, used
to provide deeper insights into the MI behavior, revealed distinct
energy barriers for the oxygen vacancy migration as a function of
Co—Ni stoichiometry.

2. EXPERIMENTAL SECTION/METHODS

2.1. Substrate Metallization. A cleaned 4-in. n-type Si wafer was
sputtered with a buffer layer of Ti (10 nm)/Pt (80 nm) on an AJA
International Inc. Sputtering system at room temperature under
vacuum (3 mTorr). The Ti layer was deposited from a Ti target at 200
W (DC) for 105, after which a layer of Pt was sputtered at 100 W (DC)
on top for 2 min.

2.2. UV Lithography and Electrodeposition of Co—Ni
Microdisks. The metalized Si wafer underwent an optical lithography
process to pattern arrays of S-um-diameter cylindrical cavities.
Following substrate dehydration to volatilize possible organic
components adhered to the surface, a 2-pm-thick HiPR6512 negative
photoresist was spin-coated, followed by a soft bake. Next, the wafer
was exposed to UV light in a Canon KSMAG6 equipment and the
photoresist development was performed with a HPRD28 developer.
Finally, a hard bake was applied on a hot plate for 15 min at 115 °C. The
wafer was sliced into pieces of 0.5 X 1 cm?® for subsequent
electrodeposition.

Electrodeposition was carried out in vessels of 1 L in a two-electrode
cell configuration. Either unpatterned (for the growth of continuous
films) or patterned (for the growth of microdisk arrays) Si/Ti/Pt
substrates were used as the cathode and a Ni sheet as the anode. The
electrolyte consisted of 500 g/L Ni(SO;NH,),-4H,0, 20 g/L NiCl,, 25
g/L HBO;, S mL/L NIMAC 12A Wetter surfactant (MacDermid-
Enthone) and a CoSO,-7H,0 concentration of 20 g/L. Co—Ni growth
was carried out potentiostatically at 48 °C under stirring (@ = 100
rpm). Microdisks with a mean composition of Nis,Cos, were obtained
at a constant voltage of —3 V for S s, while those of a mean composition
of Ni,;Co,5 were obtained at a voltage of —2.5 V for S s. Following
electrodeposition, the samples were rinsed in Milli-Q water and dried
under N, atmosphere.

2.3. Annealing in Air and Magnetoelectric Characterization.
An annealing in air was done on samples of 0.5 X 1 cm” in size in a
CARBOLITE tubular furnace at different temperatures and times, to
ensure a completely nonmagnetic state. A LOT-QuantumDesign
MicroSense Vibrating Sample Magnetometer (VSM) was used to
characterize the magnetic properties of the samples after annealing. The
magnetoelectric characterization of the samples was carried out in-
plane at room temperature in the VSM under electrolyte gating, using
an external power supply (Agilent B2902A). Voltages were applied
between the Pt seed-layer of the samples (which served as the working
electrode) and a platinum wire which acted as a counter electrode. The
two electrodes were fit into an Eppendorf which was filled with
propylene carbonate (Sigma-Aldrich 310328). PC was previously
treated with metallic Na to remove traces of water, leaving Na* and
OH™ ions behind.

2.4. Compositional & Structural Characterization. A Field-
Emission Scanning Electron Microscope (FE-SEM, Zeiss Merlin)
equipped with an energy dispersive X-ray (EDX) detector was used to
characterize the oxide microdisk morphology and composition.
Topographic SEM images were acquired at 5 keV, whereas EDX
analyses were done at 15 keV. Cross sections were prepared by
embedding the samples in a conductive epoxy resin followed by
grinding to remove the resin until the cross-section was exposed to view,
and polishing using an aqueous-based diamond suspension. The
thickness of the disks was determined from the cross-sectional SEM
images. 6/26 X-ray diffraction (XRD) patterns were recorded on a
PANalytical X’pert Pro MRD (Materials Research Diffractometer)
using Cu K, radiation of 4 = 0.154178 nm. The patterns were obtained
in a 26 range from 30° to 60°, with a step size of 0.026°. XRD patterns
were Rietveld refined to obtain lattice cell parameters and crystallite
sizes (average size of coherently diffracting domains).**

https://doi.org/10.1021/acsami.4c15739
ACS Appl. Mater. Interfaces 2025, 17, 9500—9513


www.acsami.org?ref=pdf
https://doi.org/10.1021/acsami.4c15739?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as

ACS Applied Materials & Interfaces

www.acsami.org

Research Article

0.0003
a) After 6h at 500°C
—— After 12h at 500°C
00002 Afier 18h at 500°C
__ 0.0001
>
€
2 0.0000
€
-0.0001
-0.0002 |
Ni»sCozs oxide
-0.0003 L— . : | : : :
4500 -3000 -1500 O 1500 3000 4500
H (Oe)
@)

10 20

30 pm

b) 0.0005

—— After 18h at 500°C
0.0004 . Afier 42h at 500°C
0.0003 |- —— After 6h at 600°C U
—— After 6h at 700°C
0.0002 |
S 0.0001
E
2 0.0000
€ _0.0001
-0.0002 |
-0.0003 J—g—seecte
-0.0004 NisoCoso oxide
-0.0005 L : , ‘ , . .
4500 -3000 -1500 O 1500 3000 4500

H (Oe)

Co

Height (um)
1.5

1.2

0.9

0.6
0.3

0.0

Figure 1. Room-temperature hysteresis loops acquired following annealing in air of the as-deposited (a) NiysCo,s and (b) NigoCos, microdisk arrays at
different temperature and times. SEM images of the cross-section of a single (c) Ni,sCo,s and (d) NisyCos, microdisk following annealing of the
samples at the corresponding optimal temperature and time. (e) 3D AFM topographical map of a 3 X 3 array of patterned Ni,;Co,5 oxide microdisks.

(f) A topographical map of a single disk from the array.

X-ray photoelectron spectroscopy (XPS) experiments were
performed on an ESFOSCAN equipment, which is based on a PHI
5000 VersaProbe instrument from Physical Electronics (ULVAC-PHI).
Measurements were done with a monochromatic X-ray source
(Aluminum K, line of 1486.6 V) calibrated using the 3d*? line of
Ag with a full width at half-maximum of 0.6 eV. The analyzed area was a
circle of 100 mm of diameter, and the selected resolution for the spectra
was 224 eV of pass energy and 0.8 eV/step for the general spectra and
27 eV of pass energy and 0.1 eV/step for the high-resolution spectra of
the selected elements. All measurements were made in in an ultrahigh
vacuum (UHV) chamber at a pressure between 5 X 107 and § x 107°
Torr. Prior to analysis, the utmost surface of the disks was sputtered
with Ar ions for 4 min to remove contaminants. With the aim of
collecting the Co 2p and Ni 2p core-level XPS spectra, the selected
binding energy scan range was selected to be between 775 and 810 eV
and between 850 and 887 eV, respectively. The spectra were corrected
considering the position of carbon C 1s peak at 284.5 eV. Transmission
electron microscopy (TEM) analyses were conducted on a cross-
sectional lamella of a Nis,Cos, oxide microdisk, prepared by FIB, using
a Thermo Fisher Scientific Spectra 300 (S)TEM double-corrected
TEM operated at 200 kV.

2.5. Machine-Learned Molecular Dynamics. For each oxide
(Co0, NiO, Co;0,, Ni;0,), the structures were first retrieved from the
Materials Project database.”** For molecular dynamics simulations, a
> 1000 A? volume supercell was generated and a single vacancy was
created by removing a random O atom, giving a vacancy concentration
around 10?' cm™, The supercell was relaxed using ASE* and the
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recently released CHGNet. Molecular dynamics simulations were
carried out with ASE in the NVT ensemble (were the number of
particles, volume and temperature are constant), with a time step of 2 fs
and different temperatures, for a total simulation time of 2 ps. The mean
square displacements are computed from the trajectory sampled every
50 timesteps using ASE, which is also used to plot the results.

2.6. First-Principles Calculations. Density Functional Theory
(DFT) computations have been performed with Quantum ESPRES-
S0.* Norm-conserving pseudopotentials in the generalized-gradient
approximation (GGA)*’ from the Pseudo-Dojo™® have been used
together with the PBEO hybrid functional*” adopting a 0.19 fraction of
exact exchange to correctly account for the high correlation in the
systems of interest and adequately represent the band gaps of
antiferromagnetic NiO and CoO. The AFM ordering is along the
[111] direction of the conventional unit cell. A structural relaxation is
first performed starting from the structures retrieved from the Materials
Project and using a I'-centered 4 X 4 X 4 k-point mesh and a kinetic
energy cutoff of 96 Ry. The supercell has been generated including 128
atoms, and an O atom has been removed. The distance between two O
vacancies is larger than 10 A to avoid spurious effects related to periodic
images. Two neighboring vacancies are considered and atomic
positions are relaxed in both cases (a single k-point, I, is then used).
The nudged elastic band method with the climbing image approach®”*’
is then used to compute the minimum energy path between the two
neighboring vacancy configurations and find the energy barrier between
the two.

https://doi.org/10.1021/acsami.4c15739
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Figure 2. (a) XRD patterns of the Ni,;Co,5 and NisyCos, oxide microdisks in the OFF state (i.e., oxidized). (b, d) Co 2p and (c, e) Ni 2p core-level
XPS spectra of the Ni,;Co,5 oxide and Nig,Cos, oxide microdisks, respectively.

3. RESULTS AND DISCUSSION

3.1. Synthesis of Paramagnetic Co—Ni Oxide Micro-
disk Arrays. Co—Ni alloy thick microdisks were synthesized by
potentiostatic electrodeposition on photolithographed Si/Ti/Pt
substrates. Two different voltages, namely —2.5 V and —3.0 V,
were applied to obtain arrays of microdisks with varying Co/Ni
ratio. The resulting microdisks had Ni,;Co,s and NisoCosg
stoichiometries, respectively, according to mean values obtained
by EDX. The Co/Ni ratio in the disks was much higher than the
[Co(II)]/[Ni(II)] in solution, in agreement with the anom-
alous-type codeposition of Co—Ni system from aqueous
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solutions.>* Following resist removal, microdisks of 5 ym in
diameter, matching the diameter of the lithographed cylindrical
holes, and a thickness of 950 nm were obtained. To get an initial
nonmagnetic (OFF) state prior to magneto-ionic studies, the
samples were subjected to annealing in air. The target
temperature and time to achieve an initial paramagnetic state
was dependent on the Co/Ni ratio of the microdisks. An initial
screening of annealing temperature and duration was needed to
find the optimal working parameters: 18 h at 500 °C for the
Ni,;Co,¢ microdisk array, and 6 h at 700 °C for the Nis,Cos,
counterparts. Figures la and 1b show the room-temperature
hysteresis loops acquired following annealing of the as-deposited

https://doi.org/10.1021/acsami.4c15739
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Figure 3. (a,b) Schematic representation of the electric contacts and the homemade cell setup for in situ liquid-gated VSM measurements, where WE
and CE represent the working electrode and counter electrode, respectively. (c) Scheme showing the oxygen ion migration phenomenon on the
microdisks viewed from the lateral side under application of negative voltage to the sample.

samples at varying temperatures and times. While the targeted
OFF state was achieved upon annealing the Ni,;Co,s microdisks
at 500 °C for 18 h (green curve in Figure 1a), there is still a clear
hysteresis loop for the Nis,Cos, microdisks when annealed
under identical conditions (black curve in Figure 1b). Extending
the annealing time to 42 h while keeping the same annealing
temperature (500 °C) or increasing the annealing temperature
to 600 °C led to a decrease in the magnetic moment at
saturation, but a full OFF state was not achieved (red and green
curves in Figure 1b). An OFF state was achieved at 700 °C and 6
h of annealing (blue curve in Figure 1b). Strictly speaking, the
OFF state is not fully paramagnetic since a small coercive field is
visible at low magnetic fields, suggesting that a small portion of
the material remains incompletely oxidized.

Figures 1c and 1d show the cross-section SEM images of a
single Co—Ni oxide microdisk after annealing, for the two
studied compositions. The underlying Ti/Pt seed layer can be
seen in the images. The corresponding EDX elemental
mappings (Figure S1 of the Supporting Information) indicate
that the distribution of cobalt and nickel is not uniform
throughout the microdisk thickness. Namely, cobalt preferen-
tially accumulates toward the uppermost surface of the
microdisk, a phenomenon which is attributed to the annealing
process since the distribution of Ni and Co elements in the as-
deposited microdisks is uniform. Figure le displays a selected
area of the Co—Ni oxide microdisks array after electrodeposition
and annealing, while Figure 1f features the microscopic
roughness level of one of the disks, both acquired by 3D AFM
imaging.

The explanation of this cobalt migration phenomenon
requires understanding both segregation and diffusion phenom-
ena. For comparable 1-ym-thick oxide microdisks of both
studied compositions, a combination of Mott-Cabrera’s and
Wagner’s theories’”>" applies effectively. These two theories
assume the same scenario, i.e. a means by which the rate of oxide
film growth relates to the diffusion coefficients. According to
them, the electrochemical contact potential (ECP) difference
between the adsorbed oxygen ions, which acquire negative
charging, and the metal atoms, which accumulate a positive
charging, creates an in-built electric field that induces ionic
transport during the oxide growth. The schema resembles the
one of a parallel plate capacitor. Essentially, these theories state
that the lower the work function of a metallic ion, the more facile
its migration will be through the oxide shell to combine with O,.
In our case, given that the work function of Co (5 eV) is lower
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than Ni (5.15 eV), the driving force for the segregation of Co
atoms toward the topmost oxide shell of the disks will be larger
than for Ni. The equations applied to calculate the ionic
diffusion current (J) and the ECP are provided in the S.L file,
together with detailed parameters gathered in Table S1 and S2,
respectively.

Calculation of the self-diffusion coefficients for Co and Ni in
several phases of the Co—Ni oxide system is possible from values
available in the literature. We found that self-diffusion
coefficients are higher for Co than Ni regardless the phase and
annealing temperature. This proves larger diffusivity of Co for
both studied compositions, which tends to segregate toward the
uppermost part of the oxide shell of the disks (see Tables S3 and
S4 of the S.I. file).

Figure 2a shows the XRD patterns of the Ni,sCo,s and
NigoCos, oxide microdisk arrays at the OFF magnetic state (i.e.,
after annealing at 500 °C for 18 h and at 700 °C for 6 h,
respectively). In both cases, complete oxidation of the as-
deposited metallic microdisks is achieved. The remaining
ferromagnetic fraction responsible for the small coercivity at
low magnetic fields is likely below the detection limit of the
technique (~1 wt %). Besides the reflection ascribed to Si
substrate (mp-149) and the seed-layer formed by Ti (mp-72)
and Pt (mp-126), the rest of the peaks match orthorhombic
Ni;O, (mp-656887), Ni-substituted Co;0, (mp-18748) and
Ni-dissolved CoO (mp-19079). Hence, annealing of the
samples at the chosen conditions yields a mixture of oxides.
Note that the XRD peak labeling was carried out using the
Materials Project database reference codes specified above.

Figures 2b-2e show the Co 2p and Ni 2p core-level XPS
spectra of the microdisks. For the Ni,;Co,5 oxide microdisks, the
Co 2p signal can be deconvoluted considering the presence of
Co’* and Co* (Figure 2b). These results are in agreement with
the oxide phases encountered by XRD. The much higher
intensity of the Co 2p signal with respect to Ni 2p is in
agreement with the previously observed segregation of cobalt
toward the microdisk surface upon annealing. The binding
energy of 779.3 eV for Co 2p;;, can be assigned to Co**
oxidation state according to the literature.*>® Similarly, the Ni
2p signal could be deconvoluted considering Ni** and Ni**
contributions (Figure 2c). The binding energy of 854.0 eV for
Ni 2p;,, matches Ni** oxidation state.””**

Similar results were observed for the Niy,Cog, oxide
microdisks, regarding the oxidation states of Co and Ni
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Figure S. (a) VSM characterization of the Ni,;Co,s oxide microdisks, demonstrating the comparison between the hysteresis loops in the as-annealed
OFF (black), treated ON (red) and recovered re-OFF (blue) states. (b,c) Dependence of M on actuation time, during the respective negative and
positive voltage steps. (d-f) display the same OFF-ON-OFF information for the NisoCos, oxide microdisks.

elements and the lower intensity of the Ni 2p signal compared to
its Co 2p counterpart (Figures 2d and 2e).

3.2. Voltage-Induced Ferromagnetism in Patterned
Co—Ni Oxide Disks. The magneto-ionic behavior of the two
investigated microdisk arrays was assessed by VSM, applying
voltage in situ using propylene carbonate (PC) as liquid
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electrolyte. Measurements of magnetic moment vs. time, as
well as hysteresis loops, were recorded on the gated samples at
room temperature. A scheme of the custom-made electro-
chemical cell setup used for these measurements is shown in
Figure 3. The electrolytic cell was filled with PC, a polar
nonaqueous liquid electrolyte, containing solvated Na* (5—25
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ppm) and OH™ ions, resulting from immersion of a small
portion of metallic Na and subsequent reaction with traces of
water. The solvated ions contribute enhancing the strength of
the EDL. Further details on the sample and the experimental
setup are given in the Experimental section. All magnetic
measurements were acquired as a function of applied voltage in
an in-plane configuration (with magnetic field applied parallel to
the surface of the film).

One of the typical features of magneto-ionic systems is the
existence of an “onset voltage”, i.e., the threshold voltage beyond
which magneto-ionic effects are triggered.”” With the aim of
determining the actual threshold voltage, the amplitude (i.e.,
absolute value) of the applied negative voltage was progressively
increased, in steps of constant voltage, every 20 min. This
allowed detecting the onset voltage, at which the system began
to show ferromagnetic signal. During these measurements, the
sample was subject to a constant external magnetic field of 1 T,
to make sure that any generated ferromagnetic phase is fully
saturated, so that all variations in the magnetic moment are
directly related to the ferromagnetic phase percentage. The MI
rates were determined from the initial slopes of the M vs. time
curves.

As shown in Figure 4, very different threshold voltages were
obtained for the two disk arrays with dissimilar compositions.
While the Co-rich oxide disks exhibited the expected para-
magnetic-ferromagnetic transition at reasonably low voltage
values (—8 V), with a MI rate of 1.6 - 1072 emu cm™> 5™/, the Ni-
rich oxide disks required substantially larger voltage values (—30
V) to generate magnetization, at a lower Ml rate of S - 10~* emu
cm ™ 57!, These empirical outcomes clearly indicated how MI
weakens with the increase in the Ni content. To further confirm
the role of Co content in increasing the MI rate, an array of
microdisks with an intermediate composition (Ni, Cog,) were
prepared, annealed at 700 °C for 6 h and voltage-gated using the
same procedure. An onset voltage of —14 Vand a MI rate of 1.2 -
1073 emu cm > 57" were obtained (Figure S3), falling in between
the values of the other two compositions. The evolution of the
onset voltage and the MI rate with the Co content in the disks is
shown in panel (c) of the same figure.

The magnetic properties obtained at room temperature
demonstrate not only the initial nonferromagnetic “OFF” state
of the microdisk-patterned Co—Ni oxide samples, but also the
possibility to switch them into ferromagnetic “ON” state. Figure
S exhibits the full OFF-ON-OFF voltage-induced reversibility
using representative voltage values. As it can be witnessed, larger
voltages (both negative and positive) are required for the
Ni;oCos, oxide disks, due to the less pronounced magneto-ionic
effects in this case. Hence, it can be said that Ni,;Co,s oxide
disks show higher magneto-ionic activity, meaning that larger
relative changes in sample’s magnetization are attained over a
specified period during electrochemical gating at a given
constant external voltage. Importantly, for the same externally
applied voltage, the electric field across the Ni,sCo,s and
NisCos, oxide microdisks should, as a first approximation, be
similar since the electric resistivity values of Co and Ni oxides at
room temperature are near one another and their thicknesses are
also comparable. Moreover, the top nm-thickness of the
microdisks are Co-rich in both cases due to Co segregation
upon annealing. Figure S reveals that reversible paramagnetic-
to-ferromagnetic switchability was achieved in the two composi-
tionally different samples. As for the Ni,sCo-s oxide microdisks,
liquid-electrolyte gating at —20 V for 30 min was used to switch
from a nonferromagnetic to a ferromagnetic state (Figure Sb).
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An almost full recovery to the initial state was achieved upon
applying a voltage of +60 V for 45 min (Figure Sc). Conversely,
liquid-gating of the NisoCos, oxide microdisks at —20 V did not
induce any change in the magnetization over the time of voltage
application, i.e., substantially larger voltages were required.
Eventually, the application of —100 V for 30 min provided the
expected OFF-ON transition (Figure Se). With the goal of
making the recovery of this system comparable with the oxide
microdisks with composition Ni,;Co,s, + 60 V were applied for
4S5 min. Nonetheless, this did not cause the expected full ON-
OFF transition (Figure 5f), but only a slight decrease in the
magnetization. Full recovery could only be achieved upon
applying +100 V for 30 min. These results show that the electric-
field-induced atomic-scale reconfiguration processes, although
nonvolatile, can be magnetically reversed, and no other source of
oxygen, besides the one incorporated in the disks upon
annealing is required to induce the reported changes in
magnetism. Nonvolatility was confirmed upon remeasuring
the microdisk arrays for the two studied compositions 9 months
after the OFF-ON magnetic transition took place. Remarkably,
the ferromagnetic response remained virtually the same (see
Figure S4 in the SI file), with just a slight decrease of the
saturation magnetization by 10—14%.

In order to understand the origin of the induced
ferromagnetism, structural characterization of the microdisks
upon voltage treatment was done by XRD. Figure 6 shows the
diffraction patterns for the Ni,sCo,s oxide (Figure 6a) and the
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Figure 6. (a) XRD patterns of the Ni,;Co,s oxide microdisks, at the
steps prior (red pattern) and posterior (black pattern) to applying —20
V. (b) Same characterization for the Nis,Cos, oxide microdisks, upon
applying —100 V for 30 min.
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Figure 7. (a) Low magnification TEM image of a Nis(Cos, oxide microdisk in the OFF state, for which the location of the Ti/Pt seed-layer is indicated.
(b) HRTEM image of the upper region of the disk along with (c, d) the analysis of the interplanar distances for the positions (1) and (2) indicated in
(b). (¢) HRTEM image of the bottom region of the disk along with (f-h) the analysis of the interplanar distances for the positions (1), (2) and (3)
indicated in (e).

Figure 8. (a) Low magnification TEM image of a Ni5,Cos, oxide microdisk in the ON state, for which the location of the Ti/Pt seed-layer is indicated.
(b) HRTEM image of the upper region of the disk along with (c-e) the analysis of the interplanar distances for the positions (1), (2) and (3) indicated
in (b). (f) HRTEM image of the bottom region of the disk along with (g-i) the analysis of the interplanar distances for the positions (1), (2) and (3)
indicated in (f).

NisoCos, oxide (Figure 6b) microdisks, in both as-annealed and peaks of the Ni-dissolved Co,0,. Conversely, the (101) peak
voltage-treated states. For the Ni,;Co,s oxide microdisks, corresponding to the dissolved Co—Ni HCP arises (mp-
negative gating causes the suppression of the (220) and (311) 669382), which confirms the transition from purely mixed Ni
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Figure 9. (a,c) Co 2p and (b,d) Ni 2p core-level XPS spectra of the Ni,sCo5 oxide and Nig,Cos, oxide microdisks, after biasing the array at —20 V and

—100 V, respectively.

and Co oxides to a combination of oxide and metallic phases in
the ON state. These findings confirm the effective electro-
chemical reduction occurring after gating the sample in liquid at
—20 V for 30 min, thus giving rise to the observed increase in
magnetization. For the Nis,Cos, oxide microdisks, negative
gating at —100 V for 30 min step results in the suppression of the
(201) peak characteristic of orthorhombic Ni;O,. Conversely,
the (111) and (200) peaks corresponding to dissolved FCC
Co—Ni appear (mp-102), which again confirms the transition
from purely mixed Ni and Co oxides to a combination of oxide
and metallic phases in the ON state. A cross-section lamella of a
NisoCos, oxide microdisk was prepared by FIB and charac-
terized by HRTEM. Figure 7a shows the low magnification
TEM of a single disk in the OFF state. HRTEM images (Figure
7b and 7c) were taken from the upper and bottom parts of the
disk, in order to capture possible structural differences
originating from the Co segregation previously observed by
SEM. Interplanar distances matching cubic or orthorhombic
Ni—Co oxides were found in all instances (Figure 7c,d,f-h).
Meanwhile, similar HRTEM analyses of a Nig,Cog, oxide
microdisk in the ON state (Figure 8) showed crystals located in
the upper region of the disk whose interplanar distance matched
HCP Co(Ni), as depicted in Figure 8e.

Complementary XPS analyses were carried out to confirm the
findings from XRD and HRTEM (Figure 9). For both Ni;Coss
oxide and NisyCos, oxide microdisks, the Co 2p XPS core-level
spectra show a contribution of Co® at an energy of 778.3 eV°"®'
(see black arrows in Figures 9a and 9c), in addition to Co** and
Co’" peaks. Similarly, the contribution of Ni° at an energy of
852.9 eV is evident according to the Ni 2p XPS spectra (Figures
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9b and 9d), the position of which is in agreement with literature
for metallic Ni.*>%

On the other hand, the satellite peaks at 786 and 803 eV in the
Co 2p spectra,”* and at 861 and 882 eV in the Ni 2p spectra,”®
originate from the degenerated magnetic spin states. Actually,
these are linked to abrupt outer shell excitations given the
perturbation of the central potential after photoionization of an
inner electron.®® Overall, the formation of metallic Co and Ni is
thus responsible for the observed ferromagnetic response of the
patterned microdisks upon negative voltage application.

Interestingly, a lower EDX signal intensity level for oxygen in
the disks at ON state (cf. Figure S1 and Figure S2 of the S.I.)
evidences that part of the oxygen was pulled out of the Co—Ni
oxide disk upon negative biasing, hence leaving behind metallic
Co and Ni clusters in the disk. This is consistent with the
metallic cluster creation revealed by XRD, HRTEM and XPS
analyses upon liquid-gated magnetoelectric treatments, both for
Ni,;Co,s oxide and NigyCog, oxide microdisks. The thicknesses
of the microdisks were determined from cross-section SEM
images, in which no change in thickness can be attributed upon
applied voltage (cf. Figure S1 and S2).

3.3. Why the Incorporation of Ni Weakens Ml Activity
in the Co—Ni—O System. According to the experimental
observations, the Nig,Cog, composition show the lowest MI
activity. Considering the magnetic moments of Ni (0.645) and
Co (1.72up) atoms, the theoretical magnetic moments for
Ni,sCo,s and NigyCosg are 1.444 and 1.1645, respectively. If no
preferential reduction of Ni or Co in the microdisks is
considered (i.e., the negative biasing yields metallic Co and Ni
in the original stoichiometry) and if the amount of generated
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ferromagnetic alloy would be the same in both samples, this ratio
should correspond to the experimentally measured Mg ratio
between the two samples. However, the experimentally
observed magnetic moments at saturation upon biasing the
Co—Ni oxide films are Mg (Niy;Co,s) = 60.5 emu cm™ and M;
(NigyCosq) = 37.5 emu cm ™ (Figure S7). The Mg ratio (1.61) is
higher than the ujg ratio (1.24), pointing to a larger amount of
ferromagnetic alloy generated from the Co-rich mixed oxide
(i.e., larger magneto-ionic effect), assuming that no preferential
formation of metallic Co-rich clusters occurs in one of the
samples (i.e, Co—Ni composition richer in Co than the
stoichiometry before annealing).

Given that from a thermodynamic perspective Ni and Co are
similar (their cohesive energy is practically the same), we aimed
to tackle the kinetics behind their different oxygen migration
capability. In order to explain the different MI behavior in
Ni,sCo,s and Nig,Cog, systems from a theoretical viewpoint, a
combination of molecular dynamics using CHGNet,"” a
universal machine-learning interatomic potential (MLIP) and
DEFT calculations was carried out.

The O vacancy-induced mean square displacements of O
atoms in cubic CoO and NiO were computed using molecular
dynamics as reported in Figure 10. The large simulation
temperatures used (2000 K) served to trigger more dynamic ion
movement events during the given simulation time. The
simulated temperatures for the aforementioned two systems,
ranging from 1000 to 2000 K, are represented in Figure SS, while
the cases of Ni;O, and Co;0, are represented in Figure S6 of the
S.I file. It is clear from Figure 10a and 10b that the O migration
is easier in CoO than NiO, confirming what is experimentally
observed. However, in addition to O atoms, Ni and Co atoms
were also determined to migrate in the Co;0, and Ni;O, phases,
which is in agreement with previous research works.”® This can
probably be attributed to the quality of the pretrained universal
ML potential. Even though physical phenomena such as O
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migration can be described qualitatively using such universal
MLIP, fine-tuning it to those specific systems would be
necessary to reach quantitative results.

In order to quantify the difference between the migration of O
ions in CoO and NiO, DFT was used to compute the energy
barriers for O-vacancy migration in both systems. The results are
reported in Figure 10c and 10d, namely the energy barrier is 1.24
eVin CoO and 2.17 eV in NiO. Considering that the phases and
paths of migration in both systems are identical, we relate this
difference to the different electronic structures of Co and Ni and
their interaction with O atoms. Following Arrhenius’ law, this
leads to an O diffusion 2.5 times larger in CoO than in NiO,
disregarding other differences.

This theoretical analysis confirms the larger MI activity in the
Co-rich system, given its lower energy barrier for the oxygen
vacancy to migrate through the lattice. As a means of better
visualizing the phenomenon, Ni,;Co,s and Nig,Cos, oxide
continuous films with the same thickness of the disks were
synthesized on unpatterned substrates, with the aim of
comparing the MI under long-term constant voltage actuation.
Details of the SEM characterization of cross-section of both
films, along with their respective EDX elemental mappings and
the comparison of MI activity in both compositional systems, are
shown in Figure S7 of the SI. For a given biasing voltage of —100
V and upon long-term actuation, the continuous oxide film with
larger Co content (i.e, NiysCo,) results in a saturation
magnetization of 60.5 emu cm ™3, while the film with lower Co
content (i.e., NisyCos,) leads to a value of 37.5 emu cm™>, This
larger magneto-ionic response with increasing Co content is in
excellent agreement with the lower migration energy threshold
for oxygen-vacancies in CoO than in NiO, obtained by
molecular dynamics. Yet, for a given composition and applied
voltage, in spite of their larger surface area, the performance of
the microdisks is unexpectedly lower than their homologous
continuous films (cf. Figure Se and Figure S7). However, since
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the Pt layer between the disks is also exposed to the electrolyte, it
probably partly screens the voltage at the surface of the Co—Ni
oxide disks, thus explaining the lower magneto-ionic response.
Despite the reduced performance, miniaturization of magneto-
ionic systems is a step further toward the practical applications of
this phenomenon in devices.

The curves in Figure S7 have been fitted using the Avrami
formalism® to describe the evolution of the relative magnet-
ization change (AM) with time (¢):

AM = AME®(1 — e Ht70)") (1)

The following expressions for the two compositions studied
have been obtained:

0.91

AM = 60.5-(1 — e—21.2-10‘4-(t—115.1) )

Ni,Cosg

—1.4107*(t— 1.34
AMy;, o, = 37:5:(1 — ¢ L4107 (6=740) )

Upon comparing the m exponent values, the Ni,;Co,; oxide
film exhibits a lower value (m = 0.91) compared to its NigoCosj
oxide counterpart (m = 1.34). This suggests that the electric-
field-driven oxygen migration is more nucleation-dominated in
the case of Ni,;Co- oxide since its m value is closer to 1. Given
that the formation of metallic Co—Ni clusters under voltage
arises from the nucleation of a few metallic Co—Ni unit cells, this
difference in m values could explain why MI activity is stronger
in the Co-rich samples.

4. CONCLUSIONS

A composition-dependent MI activity has been found in
miniaturized Co—Ni oxide microdisks, obtained by electro-
deposition onto a prelithographed substrate, followed by
annealing in air. Upon negative in situ gating, the Co-rich
system shows a larger MI rate, as compared to the Ni-rich
system, as well as a lower threshold voltage for electric-field-
induced oxygen motion. By combining molecular dynamics, a
universal machine-learning interatomic potential and DFT
calculations, a difference in the energy barriers for oxygen-

.
vacancy migration has been obtained between pure CoO (ES =

1.24 eV) and pure NiO (E9"= 2.17 eV). This theoretical
outcome is consistent with the experimental in situ magneto-
metry results, both for the microscale patterned Co—Ni oxide
disks as for their equivalent macroscale continuous films.

This work demonstrates the possibility of inducing OFF-ON-
OFF switching of ferromagnetism at room temperature, by
applying voltage, in relatively thick Co—Ni oxide microdisks,
which can be of interest for novel magnetoelectric MEMS and
other spintronic devices.
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