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Magneto-lonic Engineering of Antiferromagnetically

RKKY-Coupled Multilayers

Zheng Ma,* Aitor Arredondo-Ldpez, Jerzy Wrona, Javier Herrero-Martin, Juergen Langer,
Ocker Berthold, Eva Pellicer, Enric Menéndez, and Jordi Sort*

Voltage-driven ion motion offers a powerful means to modulate magnetism
and spin phenomena in solids, a process known as magneto-ionics, which
holds great promise for developing energy-efficient next-generation micro-
and nano-electronic devices. Synthetic antiferromagnets (SAFs), consisting of
two ferromagnetic layers coupled antiferromagnetically via a thin
non-magnetic spacer, offer advantages such as enhanced thermal stability,
robustness against external magnetic fields, and reduced magnetostatic
interactions in magnetic tunnel junctions. Despite its technological potential,
magneto-ionic control of antiferromagnetic coupling in multilayers (MLs) has
only recently been explored and remains poorly understood, particularly in
systems free of platinum-group metals. In this work, room-temperature
voltage control of Ruderman—Kittel-Kasuya-Yosida (RKKY) interactions in
Co/Ni-based SAFs is achieved. Transitions between ferrimagnetic
(uncompensated) and antiferromagnetic (fully compensated) states is
observed, as well as significant modulation of the RKKY bias field offset,
emergence of additional switching events, and formation of skyrmion-like or
pinned domain bubbles under relatively low gating voltages. These
phenomena are attributed to voltage-driven oxygen migration in the MLs, as
confirmed through microscopic and spectroscopic analyses. This study
underscores the potential of voltage-triggered ion migration as a versatile tool
for post-synthesis tuning of magnetic multilayers, with potential applications
in magnetic-field sensing, energy-efficient memories and spintronics.

1. Introduction

A pressing concern facing society today is the challenge of
managing the ever-increasing volumes of data, coupled with
the demand for more energy-efficient data storage, transfer,

and processing capabilities in next-
generation micro- and nano-electronics.
Memories based on magnetic materials
offer several advantages over other types of
memories in terms of non-volatility, density
of information, writing speed, or device
endurance. However, although remarkable
achievements in magnetic random-access
memories (MRAMs) and spintronic devices
have been made utilizing spin-polarized
currents to manipulate magnetism — that
is, spin-transfer torque (STT) effect,!'-!
considerable electric currents are still
necessary to switch the free layer (FL) in
each magnetic tunnel junction (MTJ). This
unavoidably leads to the Joule heating effect
and high power consumption. Recently,
perpendicular magnetic tunnel junctions
(p-MTJs) have been proposed to reduce
the current density in STT-MRAMs.[*>]
In such device architecture, perpendicular
magnetic anisotropy (PMA) contributes to
lowering the critical switching current com-
pared to junctions with in-plane anisotropy.
Systems with PMA also offer advantages
over longitudinal configurations in realiz-
ing high areal bit densities.

At present, MTJs still face some impor-
tant challenges: i) limited magnetic stability
of the reference layer (RL) against external magnetic fields,
ii) occurrence of interlayer dipolar interactions (i.e., the mag-
netic moment from the RL can interact with the FL, disturbing
its magnetization reversal and degrading device performance),
iii) limited thermal stability in a wide temperature range, and
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iv) restricted attainable areal density (i.e., scaling down the lat-
eral size of MTJs usually compromises their performance be-
cause of superparamagnetic effects). In order to overcome these
drawbacks, synthetic antiferromagnets (SAF) have been devel-
oped and used as RLs in MTJs.l®’] SAFs essentially consist of
two ferromagnetic layers antiferromagnetically coupled to each
other through a non-magnetic spacer layer (e.g., Ru, Rh, or Ir)
via the Ruderman—Kittel-Kasuya—Yosida (RKKY) coupling. SAFs
offer enhanced magnetic robustness, reduced dipolar coupling
(especially if the two ferromagnetic layers are compensated, so
that no magnetic stray fields emanate from the RL), large thermal
stability, more compact device design, and higher areal density.
SAF structures with a more stable antiparallel alignment (i.e.,
larger RKKY exchange field, H,,) are preferable for optimal MT]
performance since they provide a broader magnetic field range
to pin the FL magnetization without unwanted interactions.
Despite the utilization of PMA and SAF structures, electric
current-based magnetization switching schemes in MRAMs still
pose challenges in terms of energy efficiency. Further significant
reduction of ohmic loss is envisaged by using voltage (or electric
fields), instead of current, to control magnetism.[®°] Significant
advances, especially in voltage control of magnetic anisotropy
(VCMA) in nano-sized heterostructures, have been made in order
to design and implement magnetoelectric random-access mem-
ories (MeRAMs).l"%1I For instance, by applying sub-nanosecond
voltage pulses, coherent magnetization switching of the FL
in MTJs can be accomplished.!) VCMA has also been ex-
ploited to induce the switching of CoFeB FLs in p-MTJ de-
vices by modifying the interface between the tunnel oxide bar-
rier and the ferromagnetic layer.¥! From a more fundamen-
tal perspective, extensive studies have been performed to elec-
trically modulate other distinct parameters, such as magneti-
zation, magnetic anisotropy, coercivity, transition temperature,
ON-OFF switching of ferromagnetism, topological states (e.g.,
skyrmions or domain bubbles), as well as other interfacial ef-
fects (e.g., exchange bias or, more recently, the RKKY cou-
pling) in a variety of magnetic and spintronic materials.[**7]
Much effort has been devoted to multiferroic materials where
the magnetic and electric order parameters are coupled (ei-
ther in single-phase or heterostructured multiferroics). How-
ever, most conventional multiferroic candidates (e.g., BiFeO; and
TbMnO;) are not compatible with CMOS technology. This, to-
gether with other limitations such as the weak coupling be-
tween electric polarization and magnetization at room tem-
perature (in single-phase multiferroics), or the clamping ef-
fects with the substrate in ferroelectric/magnetostrictive cou-
pled bilayers, remain to be overcome to harness their full po-
tential in realistic devices. In turn, pure electric-field effects
can modulate coercivity,'®! magnetic anisotropy,'”! or Curie
temperature(?°! of diluted magnetic semiconductors by altering
the carrier density with a gate voltage. Nevertheless, the low
Curie temperature of most of these semiconductors is a serious
shortcoming. Because of all these drawbacks, the use of voltage-
driven ion motion to manipulate magnetism (i.e., magneto-
ionics) has gained increasing interest in recent years.[16-21-23]
Voltage-induced ion transport between a magneto-ionic target
and an electrolyte (solid or liquid) can electrochemically alter
the target’s crystallographic phase and composition reversibly—
changes that would otherwise be considered impossible after
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the material has been prepared and put into use. As a re-
sult, magneto-ionics represents a promising avenue for achiev-
ing significant, non-volatile modulation of magnetic properties.
Through this approach, control of a wide range of magnetic
and spin phenomena has been demonstrated in systems rang-
ing from metals to oxides or nitrides. For instance, reversible
toggling of magnetic anisotropy (between in-plane and out-of-
plane directions) at room temperature has been realized by H*
insertion/removal at a Co/GdO, interface under gate voltage
application.[?*] Moreover, analogous to the brain’s active fluidic
ion transport and restoration, magneto-ionics allows emulating
synapses with speeds down to ms or even s, offering exciting
opportunities for energy-efficient brain-inspired (neuromorphic)
computing.>>%7]

From all the above reasons, it is clear that modulation of an-
tiferromagnetically RKKY coupled multilayers (MLs) with elec-
tric field is of great interest and technological relevance for
MRAM development. Yang et al. reported ionic liquid gating
control of RKKY interaction in Co/Pt-based MLs,!*8] where dis-
similar behaviors, including hysteresis loops with one, two, or
three switching steps were observed. However, the details of
the magnetization reversal and the underlying mechanisms re-
sponsible for those observations remained unclear due, in part,
to the complex chemical processes involved during liquid elec-
trolyte gating. Recently, the effects of HT,[?1 Lit30, or O2-131]
ion migration on the RKKY coupling in Co/Pd- and Co/Pt-
based MLs have been also explored. These works have reported
small modifications of the H,, field, by tens of Oe, resulting
in ferromagnetic-antiferromagnetic transitions in the RKKY in-
teraction; yet, the evolution of microstructure and composition
inside the stacks upon gating was overlooked. Additionally, im-
portant challenging aspects such as the non-volatility and long-
term stability of magneto-ionic effects induced in RKKY multilay-
ers, as well as voltage-driven transitions between ferrimagnetic
(non-compensated) and antiferromagnetic (compensated) states
in this kind of systems (besides the aforementioned transitions
between ferromagnetic and antiferromagnetic interactions(®!)
remain to be investigated in detail. The latter is of particular inter-
estto tune the magnetic stray fields and dipolar coupling between
the FL and RL comprised in the MTTJs.

Another important aspect of MRAM technology is that, in or-
der to mitigate the dependence on critical raw materials and
to contribute to environmental sustainability, it is highly de-
sirable to avoid the use of platinum-group metals (e.g., Pt,
Pd) in ferromagnetic MLs, although Pt/Co or Pd/Co stacks
are usually needed to achieve large PMA. In this direction, in-
teresting results have been obtained in recent years in Ni/Co
MLs, which can exhibit high spin polarization,[****! low intrin-
sic dampingl323*3°], and PMA that can be tuned by varying the
sublayer thickness.3”) However, magneto-ionic control of mag-
netism in Pt- or Pd-free SAF systems has not been reported thus
far.

In this work, magneto-ionic effects in Co/Ni-based SAFs with
strong PMA are systematically investigated. We demonstrate
large voltage control of various RKKY interaction effects in these
systems, including transitions between uncompensated (ferri-
magnetic) and fully compensated (antiferromagnetic) states, as
well as strong modulation of the RKKY bias field offset, occur-
rence of additional switching events, and eventual formation of
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Figure 1. Voltage control of transitions between antiferromagnetic and ferrimagnetic states in perpendicularly magnetized SAF MLs. a) Schematic
illustration of the composition of the ML stacks and electrolyte gating configuration. Gate voltage, V;, is applied between the partially masked bottom
electrode and a Pt foil of a similar area (counter electrode) during the gating experiments. b, c) Room-temperature hysteresis loops of the as-grown
(top panels), voltage-treated (+2 V for 5 min, middle panels) and recovered (—15 V for 60 min, bottom panels) [Ni/Co],/Ru/[Co/Ni]s samples (tg, =

0.9 nm), where M = 4 and 5 for panels (b) and (c), respectively.

skyrmion-like or pinned magnetic domain bubbles. Remarkably,
we achieve modifications of H,, by >1000 Oe by applying a rela-
tively low gating voltage (2 V). The observed modulation of mag-
netic properties is attributed to voltage-controlled oxygen ion mo-
tion in the MLs, as corroborated by transmission electron mi-
croscopy (TEM) and energy dispersive X-ray spectroscopy (EDX)
observations, together with X-ray absorption (XAS) and magnetic
dichroism measurements.

2. Results and Discussion

2.1. Controlling the Transition from Antiferromagnetic to
Ferrimagnetic Ground States and Vice Versa

We investigated the influence of the sublayer thickness on the
magnetic anisotropy in Co/Ni-based multilayers (see Figure S1,
Supporting Information). A maximized PMA is found for a Co
thickness of 0.25 nm and Ni thickness of 0.60 nm, in excel-
lent agreement with previous reports.’”*8 Thus, these thick-
nesses were chosen for designing [Ni/Col,;/Ru/[Co/Ni]s; SAF het-
erostructures (the subscripts M and 5 refer to the Ni/Co or Co/Ni
bilayer repeats in the bottom and top MLs, respectively), as shown
in Figure 1a. In this Section, the Ru spacer thickness is fixed to
be 0.90 nm,*”] and the bottom bilayer number is M = 4 (i.e., un-
compensated) or 5 (i.e., compensated), to favor macroscopic an-
tiferromagnetic interlayer coupling with different magnetic mo-
ment compensation between the top and bottom MLs at mag-
netic field H = 0 Oe. The top panels of Figure 1b, ¢ show the out-
of-plane hysteresis loops of the as-grown [Ni/Co],/Ru/[Co/Ni];
and [Ni/Co]s/Ru/[Co/Ni]s SAFs, respectively. While for the for-
mer, a typical four-step hysteresis loop with finite remanent mag-
netization is observed, the latter shows a three-step switching
process with a zero net moment at H = 0 Oe, as expected. These
observations can be explained by considering RKKY coupling en-
ergy, J.,, which can be expressed as:

]ex =n (tCoMS,Co + tNiMS,Ni) Hex (1)
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where n is the number of bilayer repeats, t-, and ; are the thick-
nesses of Co and Ni sub-layers, respectively, and Mg ., and M \;
are the corresponding saturation magnetization values. Note that
J., depends on tp, and remains constant for a given tp, (e.g.,
0.90 nm). In the [Ni/Co],/Ru/[Co/Ni]s stacks, owing to its lower
repeat number n, the bottom ferromagnetic [Ni/Co], ML switches
before the top [Co/Ni]; ML as H decreases from positive satura-
tion. That is, the magnetization reversal of the bottom ML is es-
sentially responsible for the high-field minor loop centered at H
= 3160 Oe in this stack (see Figure 1b). At remanence, the top and
bottom MLs remain antiparallel aligned but, since their number
of repeats is different, a net moment is obtained at H = 0 Oe. That
is, the [Ni/Co], /Ru/[Co/Ni]; sample (top panel) is a synthetic fer-
rimagnetic stack at remanence. This is opposite to what happens
in Figure 1c, where the remanence is zero, evidencing full com-
pensation of the antiferromagnetic order (because, in this case,
the total number of repeats is the same for the top and bottom
MLs, i.e., n = 5). The overall switching behavior of the synthetic
ferrimagnet (e.g., Figure 1b) will be described in more detail in
Section 2.

For magnetoelectric characterization, magnetic moment vs
time curves were measured while applying gating voltage be-
tween the underlying electrode layer and a Pt foil across a lig-
uid electrolyte in a closed electrochemical cell (see Experimen-
tal Section). Magnetic hysteresis loops of the gated heterostruc-
tures were recorded immediately after the applied voltage was
switched off, with the sample still immersed inside the liquid
electrolyte but always at 0 V. For comparison, hysteresis loops
of the as-grown heterostructures were also acquired before any
voltage application. Typical magnetic moment vs time curves un-
der 2 and 10 V are shown in Figure S2 (Supporting Informa-
tion). Notably, faster and more pronounced changes in the mag-
netic moment are observed for the SAF stack gated at higher
voltage. Several important observations can be made upon the
application of a positive gate voltage of 2 V for 5 min on the
SAF structures. First, the saturation magnetic moment decreases
upon gating for both SAFs (see the top and middle panels of
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Figure 1b,c). This suggests the oxidation of the top [Co/Ni] ML
due to voltage-driven diffusion of oxygen ion species from an
eventual surface passivation layer and/or the liquid electrolyte,
as elaborated later. The contribution of oxygen ion species from
the liquid electrolyte may come from i) propene and carbonate
species resulting from the cathodic decomposition of propylene
carbonate during the initial voltage actuation,*! ii) molecular O,
dissolved in the electrolyte, and iii) hydroxyl ions produced upon
electrolyte drying (see Experimental Section). But, more remark-
ably, because of the magneto-ionic effect, the originally uncom-
pensated SAF (i.e., with M = 4 in the bottom multilayer, and 5 re-
peats on the top multilayer) becomes fully compensated after gat-
ing for 5 min (that is, a transition from ferrimagnetic to antifer-
romagnetic states is induced with voltage, as shown in Figure 1b
middle panel). In contrast, for the gated [Ni/Co]s/Ru/[Co/Ni]s
structures (initially compensated), an additional minor hysteresis
loop develops at low fields after gating, leading to the generation
of an uncompensated moment at H = 0 Oe (Figure 1c middle
panel). In this case, the oxidation effect reduces the net moment
in the top multilayer, causing the unbalance between top and
bottom magnetization values. Furthermore, reversibility tests re-
veal that the observed ferri-to-antiferromagnetic transition and
the antiferro-to-ferrimagnetic transition can return to their initial
states (uncompensated or compensated, respectively) by applying
asymmetric gating of opposite polarity (i.e., —15 V), as shown in
the bottom panels of Figure 1b,c. In other words, using voltage
as a post-deposition technique, we achieve magnetic transitions
between uncompensated (ferrimagnetic) and compensated (an-
tiferromagnetic) states, which is of particular interest for spin-
tronic device applications based on SAF MLs. It is also notewor-
thy that the two SAFs behave quite differently at the high-field
ranges. For instance, while the shape and position of the minor
loops are nearly unaltered for the [Ni/Co],/Ru/[Co/Ni]; samples
(Figure 1b), in the [Ni/Co]s/Ru/[Co/Ni]; stack, the high-field mi-
nor loops become largely tilted and shifted to higher fields upon
gating (i.e., from H = +2500 Oe for the as-grown to H = +3040 Oe
for the treated state, see Figure 1c). These observations can be
understood based on the magneto-ionic effect. Namely, for the
[Ni/Co],/Ru/[Co/Ni]s samples (Figure 1b), the minor loop corre-
sponds to the switching of the bottom layer (which is presumably
not affected by oxidation, as will be shown later), in the voltage-
treated [Ni/Co]s /Ru/[Co/Ni]; samples, the top layer switches first
because the oxidation causes a reduction of the effective Co/Ni
number of repetitions (see Equation 1). The tilt of the minor
loop is due to a loss of PMA of the top ML, probably result-
ing from partial disruption of the smooth Co/Ni interfaces upon
oxidation. In addition, since the top ML has now a lower mag-
netic moment, and assuming that J,, remains constant (i.e., that
the oxidation effect does not reach Ru and its thickness is kept
constant), H,, increases to compensate for the reduction of the
Mtco M o+t Ms i) term.

2.2. Magneto-lonic Control of RKKY Effects in Synthetic
Ferrimagnetic Multilayers

In this section, we focus on voltage modulation of the mag-
netic properties in uncompensated SAFs (or synthetic ferri-
magnets) with RKKY interlayer coupling. It is well known that
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the RKKY interaction oscillates with the distance between the
top and bottom ferromagnetic layers, i.e., the Ru thickness
in this case. Thus, fabricating SAF structures with different
spacer thicknesses is the most straightforward way to tune the
RKKY interaction and antiferromagnetic coupling strength in
SAFs.3041 Here, we deposited a series of [Ni/Col,/Ru/[Co/Ni]s
SAFs with Ru thickness, ty,, ranging from 0.35 to 1.05 nm. M
= 7 in the [Ni/Co],,/Ru/[Co/Ni]; heterostructures was chosen to
achieve a stable ferrimagnetic configuration with a strong signal.
Figure 2a,b present schematics of the magnetic moment orienta-
tions along with representative magnetic hysteresis loops of the
deposited layer stacks. Indeed, a significant influence of ¢y, on
hysteretic behavior is found. For instance, while the moment in
a [Co/Ni]; ML switches collectively as a single ferromagnet (sin-
gle hysteresis loop, as shown in red in Figure 2b), a four-step
spin reversal behavior is observed in [Ni/Col,/Ru/[Co/Ni]; for
certain spacer thicknesses (e.g., tg, = 0.40 nm, or 0.75 < tp, <
1.05 nm) as H is swept from positive to negative saturation. This
is attributed to the RKKY interlayer coupling, which favors an-
tiparallel alignment between the top and bottom MLs. As illus-
trated in the bottom panel of Figure 2a, assuming that the spins
of the top and bottom ferromagnetic MLs align upward at pos-
itive saturation fields, a descending H from positive saturation
would first switch the moment of the top [Co/Ni] ML from up-
ward (step 1) to downward (step 2), owing to its smaller repeat
number compared to the bottom counterpart (5 vs 7-see Equa-
tion 1). Then, when H sweeps to the negative direction and in-
creases in magnitude, switching of the bottom [Ni/Co] ML from
up to down directions occurs, which is accompanied by a back-
switching of the top Co/Ni due to the antiferromagnetic RKKY
interaction through the Ru (step 3). Finally, further sweeping the
field toward negative saturation will realign the moment of the
top ML downward (step 4). For the case of tp, = 0.60 and 0.70 nm
(see Figure 2D), a three-step spin-switching process is observed
as the H field sweeps from positive to negative saturation. In this
case, the RKKY exchange energy is too weak to favor the back-
switching of the top ML at negative fields; instead, the Zeeman
energy is dominant and tends to readily align the moment along
the H direction. Figure 2c shows the dependence of the exchange
field, H,,, and exchange coupling strength, J.,, as a function of
Ru spacer thickness. Two clear antiferromagnetic coupling min-
ima peaks, located at tp, = 0.40 and 0.90 nm, are visible within
the studied Ru thickness range. As t;, increases, the typical oscil-
latory decay behavior of the RKKY interlayer coupling is evident.

Next, magnetometry measurements were carried out on the
[Ni/Co],/Ru/[Co/Ni]; SAFs with the maximum antiferromag-
netic RKKY coupling (i.e., t, = 0.40 and 0.90 nm) while in situ
gating. Figure 3a shows the influence of gating time (under 2 V)
on the hysteresis loops of the 0.90 nm stack. Figure 3¢ summa-
rizes the dependences of the antiferromagnetic coupling field,
H,,, the total saturation moment, mg, as well as the saturation
moment (mg ; and myg ,) and the slopes of the loops at the criti-
cal switching fields (y, and y,) for the low- and high-field mi-
nor loops, respectively, as indicated in the loop in Figure 3b.
Similar to what was observed in Figure 1c, longer gating du-
ration tends to shift the high-field minor loop toward higher
magnetic fields (i.e., increasing H,,). Meanwhile, the low-field
loop gets progressively narrower and taller (i.e., mg ; increases).
Remarkably, the RKKY field increases from 2375 Oe for the
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Figure 2. Magnetic hysteresis behavior of the as-grown [Ni/Co];/Ru/[Co/Ni]s stacks with variable Ru thickness, tg,,.

a) Schematics of magnetic moment

reversal for the uncoupled [Co/Ni]s stacks (in red), and representative schematics of spin switching of top and bottom MLs in [Ni/Co];/Ru/[Co/Ni]s
stacks with three- (tg, = 0.60 nm, in green) and four- (tz, = 0.95 nm, in dark brown) steps. The black arrows indicate the spins of the top and bottom
ferromagnets. b) Room-temperature hysteresis loops of the as-grown [Co/Ni]s MLs and [Ni/Co];/Ru/[Co/Ni]s stacks with variable tg,. Applied magnetic

fields are along out-of-plane direction with respect to the film plane, unless otherwise specified. c) Dependence of the RKKY coupling field, H,

exchange coupling strength, J.,, as a function of tg,,.

as-grown sample to ~3780 Oe for the sample gated under 2 V
for 55 min. That is, the field range with antiferromagnetic sta-
bility gets considerably enhanced, which is particularly interest-
ing for MRAM device implementation. As discussed before, the
high-field minor loop corresponds to the magnetization reversal
of the top ML. Considering that the effective thickness of this ML
gets reduced due to the voltage-driven oxygen insertion (an ef-
fect that will be shown in detail in Section 3), it is expectable that
H,, increases based on Equation 1. The increase of mg_; derives
from the increase in the unbalanced moments between the top
and bottom MLs (since the top ML gets oxidized while the bot-
tom ML remains unaltered). A tradeoff of the observed H,, en-
hancement is the gradual decrease in PMA (i.e., drops in y, and
X»). However, the sample remains largely perpendicularly mag-
netized, and a finite saturation my , is noticeable even for the
longest-term gated sample. This suggests the robustness of the
RKKY exchange in the SAFs. Similar behaviors are observed in
the 0.40 nm SAF structures. Remarkably, in this case, a consider-
ably high H,, of ~5800 Oe is obtained after gating for 55 min,
which is amongst the highest H,, for this type of material in
the literature.l*!*?] Finally, we explored the reversibility of the ob-
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e, and

served voltage control of magnetic properties (see Figure S3, Sup-
porting Information). Partial reversibility is found for 2 V volt-
age actuation, but it can be largely improved with a lower gating
voltage.

To further explore magneto-ionic phenomena in SAFs, we also
studied [Ni/Co],/Ru/[Co/Ni]; structures with other t,, values.
Interestingly, as shown in Figure 4, for t;, = 0.60 nm, aside from
the aforementioned effects (e.g., H,, enhancement, loss of PMA,
and increase of uncompensated moment), an additional switch-
ing event starts to develop at about H = +850 Oe after gating for
10 min under 2 V. The appearance of the new spin switching pro-
cess can be understood from an induced structural inhomogene-
ity in the top ML during gating (as schematically illustrated in
Figure 4c). Whereas regions with thicker Co/Ni ML (less affected
by O%~ insertion) switch similarly to the as-grown state, other
regions with thinner Co/Ni could contribute to the occurrence
of the additional spin-switching event at high fields. This claim
is supported by high-resolution TEM (HRTEM) observations,
revealing the appearance of mixed nanocrystalline/amorphous
grains in the voltage-actuated sample (see Experimental Section
and Figure S4, Supporting Information). It is worthwhile to
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Figure 3. Voltage control of the hysteresis loops behavior of [Ni/Co];/Ru/[Co/Ni]s SAF stacks (tz, = 0.40 and 0.90 nm). a) Evolution of the hysteresis
loops as a function of voltage actuation time for the stack with 0.90 nm thick Ru. b) A representative hysteresis loop corresponding to the 2 V/5 min
treated SAF heterostructure, where the RKKY coupling field, H,,, the total saturation moment, mg, as well as the saturation moment (mg_; and mg ,)
and the loops slopes at the switching fields (x, and y,) are indicated for the low- and high-field loops, respectively. These parameters are quantified in
c) as a function of gating time for the sample with tg, = 0.90 nm. d) Evolution of the hysteresis loops as a function of voltage actuation time for the

stack with 0.40 nm thick Ru.

mention that voltage-driven non-uniform O~ transport was
already observed in magneto-ionically actuated CoO, thin
films.[*3#4] Similar effects may also happen in our MLs. Figure 4b
presents the effects of gating time on the hysteresis loops of the
SAF stack with t,, = 1.05 nm. In this case, whereas the as-grown
sample shows four-step magnetization switching, the loop of the
final gated structures reveals the occurrence of six plateaus, as
indicated in Figure 4d. Interestingly, the actuated sample (at2 V
for 55 min) has been re-measured six months after the original
measurement, and the shape of the hysteresis loop remains
identical, evidencing the long-term stability of the induced
magneto-ionic effects (see Figure S5, Supporting Information).
Finally, note that by applying the same gating protocols to the
SAF with tp, = 0.75 nm, which exhibits a comparable RKKY cou-
pling as the sample with t, = 1.05 nm (see Figure 2c), similar
dependencies and an eventual six-step magnetic moment switch-
ing upon gating are observed, as shown in Figure S6 (Supporting
Information). The additional switching event is not exclusive of
these two Ru thicknesses. The sample with ty, = 0.9 nm also
tends to show an incipient additional step at high fields after gat-
ing for 55 min (as indicated by the upward arrow in Figure 3a).
Such events are visible to a larger or smaller degree depending
on the values of H,, and the strength of PMA. Overall, these
results reveal that voltage-driven ion motion represents a novel
approach to engineering multiple magnetic states in SAFs taking
advantage of magneto-ionically induced lateral inhomogeneities
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in the magnetic MLs, an effect that has been correlated with the
eventual formation of textured ground states in these systems
with potential applications in spintronics.[*] It should be noted
that controlling such SAFs systems with voltage is promising in
terms of energy efficiency. While STT-MRAMs typically operate
with spin-polarized currents of the order of 100 pA,!**! here the
measured currents are two orders of magnitude lower (thus min-
imizing Joule heating effects). Detailed studies have shown that
in voltage-controlled magnetic memory systems (i.e., actuated
through the converse magnetoelectric effect) the write energy can
be as low as 1073 pJ/bit, which is two orders of magnitude lower
than in STT-MRAM devices.[**8] However, further optimization
is needed in magneto-ionically controlled SAFs to decrease the
actuation times from several minutes to ps or lower (rates that are
already attainable in some other magneto-ionic systems!**=1l).
After demonstrating the emergence of additional magneto-
ionically induced magnetic states and switching events, as well
as the enhancement of H,, at the expense of effective PMA
through voltage application, it is intriguing to illustrate the
distinct evolution of magnetic domain patterns that occurs
before and after voltage actuation. Figure 5 shows the polar
magneto-optic Kerr effect (MOKE) microscopy images of the
[Ni/Co],/Ru/[Co/Ni]s; SAF (tg, = 1.05 nm) after gating under
2 V for 55 min. These MOKE images were collected from a
minor loop (that corresponds to the magnetization reversal of
the top ML) by sweeping the field between the saturated state
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Figure 4. Voltage control of the hysteresis behavior of [Ni/Co];/Ru/[Co/Ni]s stacks (with tg, = 0.60 and 1.05 nm), showing the generation of additional
magnetization switching events upon gating. a, b) Evolution of hysteresis loops as a function of gating time. c) Schematic representation of the formation
of inhomogeneous magnetic regions in the top ML of the SAF stack with t5, = 0.60 nm, which could lead to the observed new magnetization states.
d) Enlarged view of the final hysteresis loop in b), clearly showing the appearance of a six-plateau step-like loop after applying +2 V for 55 min.

and H = 500 Oe. A more general view, including the images of
the whole loop for the as-grown and treated stacks, is shown in
Figure S7 and Video S1 (Supporting Information). In contrast
to the as-grown sample, which shows no signs of visible do-
main formation under our measurement conditions (due to the
associated strong PMA which results in very sharp transitions
at the coercive fields of each sub-loop), we observe the appear-
ance of “skyrmion-like” or pinned magnetic domain bubbles
(2-3 um in diameter) near the minor-loops coercive fields of the
gated stack, as seen in Figure 5b,c. The occurrence of domain
nucleation/propagation following the gradual magnetization
reversal process is accompanied by analog variations of magnetic
moment (instead of sudden jumps), which may find applica-
bility for neuromorphic applications (modulation of synaptic
weight, voltage-driven synaptic plasticity, multilevel storage,
etc.).[7]

Finally, while liquid gating has been utilized in this work to
demonstrate magneto-ionic control of RKKY interaction effects
in Co/Ni-based MLs, similar effects might be induced in the fu-
ture using all-solid device configurations. This could be achieved
by integrating the magneto-ionic MLs with ion-conducting poly-
mers, ionic gels, or solid electrolytes exhibiting high ionic con-
ductivity (e.g., Gd-doped CeO, or Y,0,-doped Zr0,[2552%3). A
proposed solid-state magneto-ionics-based MTJ device is illus-
trated in Figure S8 (Supporting Information). While liquid elec-
trolyte gating enables the generation of large electric fields with
moderate voltages via narrow electric double layers, and also pre-
vents electric pinhole issues, transitioning to solid-state devices
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might be interesting for future device integration with long-term
operational stability.

2.3. Structural Insights into the Magneto-lonic Atomic Migration
Mechanism

Scanning transmission electron microscopy (STEM) and energy
dispersive X-ray spectroscopy (EDX) techniques were utilized to
investigate the local structural and compositional characteris-
tics. The cross-sectional STEM-EDX analyses, as well as the in-
tegrated intensity profiles, clearly reveal the distinct oxygen dis-
tributions in the top Co/Ni ML for the as-grown and voltage-
actuated [Ni/Co],/Ru/[Co/Ni]; SAF stacks with t,, = 1.05 nm, as
shown in Figure 6. Except from the ~2 nm top surface (passiva-
tion layer), the oxygen distribution is uniform and its content is
~5 at.% (see Figure 6a—c), possibly stemming from the natural
oxidation of the TEM lamella. The amount of oxygen for the top
ML increases with the gating time. Oxygen-rich regions are iden-
tified at the top 3-4 nm after gating under 2 V for 10 min (see
Figure 6d-f), unambiguously corroborating the voltage-induced
O?% transport into the ML. The relative amounts of Ni and Co are
concomitantly reduced, indicating the formation of mixed CoNi
oxides. The enhancement of oxygen intensity is more obvious,
and the effects tend to be seen at deeper depths for longer volt-
age actuation (Figure 6g-i) due to the progressive O%~ insertion
into the stack with voltage. For instance, within the top 2 nm, the
ratio between oxygen and metal (Co+Ni) (i.e., relative concentra-
tion) increases from ~1.0 for the as-grown stack to 1.4 for the
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Figure 5. MOKE microscopy imaging of the voltage-treated [Ni/Co];/Ru/[Co/Ni]s SAF stack (with tg, = 1.05 nm), in the magnetic field range of 500—
4000 Oe, showing nucleation and propagation of magnetic domains, that are otherwise not observable in the as-grown sample. a) Typical high-field
minor hysteresis loop of this sample recorded by vibrating sample magnetometry (VSM), highlighting the approximate magnetic fields where the MOKE
images were acquired. b) shows the occurrence of skyrmion-like or circular domain bubbles during nucleation of magnetic domains. Note the scale is
normalized into the range between 0 and 1. ¢) Enlarged view of the regions (red rectangles) highlighted in (b).

sample gated for 55 min. Moreover, while oxygen mainly concen-
trates on the top 2 nm in the as-grown films, oxygen migrates ap-
proaching the Ru spacer (down to 4-5 nm) after voltage actuation
for 55 min. HRTEM also shows a lowered degree of crystallinity
and the formation of nanocrystalline/amorphous regions in the
top MLs after voltage actuation (see Figure S4, Supporting Infor-
mation), which is probably responsible for the loss of PMA and
the additional switching transitions, as described in Section 2. It
seems plausible to speculate that such effects may be related to
the chemical composition variations due to oxygen insertion.

To probe the voltage-induced changes in electronic and mag-
netic structures, X-ray absorption spectroscopy (XAS) and X-ray
magnetic circular dichroism (XMCD) measurements were pet-
formed under a 10 kOe out-of-plane magnetic field, at room
temperature, for the as-grown [Ni/Co],/Ru/[Co/Ni]; SAF (with
try = 1.05 nm) and the same sample gated for different times.
Figure 7a,b shows the Co and Ni L,;-edges XAS and XMCD
spectra, collected in the total electron yield mode, which enables
an effective sampling depth of ~5 nm (i.e., mainly probing the
top Co/Ni layers). Characteristic XAS spectra of metallic Co and
Ni are found in the pristine state,l®*>] as expected. Upon gat-
ing, the appearance of a pre-peak at ~778 eV (denoted by the
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pink downward arrow in Figure 7a) is ascribed to the high-spin
Co**.15*] Moreover, a shoulder becomes visible at the high-energy
side of the Co L;-edge, indicated by the cyan downward arrow in
Figure 7a. This, together with the shift of the Co L,-edge to higher
energy (see the black dashed arrow in Figure 7a), clearly corrobo-
rates the gradual development of 2+ and/or 3+ Co valence states
with gating. As for the Ni L, ;-edges XAS of the treated stack,
the emergence of the high-energy peak at ~856 eV (marked by
the purple downward arrow in Figure 7b) and the double-peak
feature at the Ni L,-edges indicate the existence of bivalent Ni
cations.’>*%] The comparison of the XMCD spectra, as shown
in the bottom panels of Figure 7a,b, unambiguously reveals that
the dichroic signal for both Co and Ni L, ;-edges is progressively
suppressed upon gating. This is related to the voltage-driven elec-
trochemical process in the top Co/Ni layers, in agreement with
the TEM-EDX and XAS results, suggesting oxidation of the top
ML stack when positive voltage is applied. Moreover, the XMCD
spectral shapes of the gated samples remain practically identical
to that of the as-grown sample (see Figure S9, Supporting Infor-
mation), indicating the non-ferromagnetic nature of the newly
formed species after gating, in line with the oxidation of metallic
Co/Ni induced by gating.
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Figure 6. Structural and compositional characterizations of the as-grown and voltage-treated [Ni/Co];/Ru/[Co/Ni]s SAF structures (tg, = 1.05 nm). a,
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¢, f, i) Integrated depth profiles showing the compositional evolution for each sample. The vertical dotted lines denote the approximate boundaries

between the ferromagnetic MLs and the spacer layer.

The spin (mg) and orbital (m; ) magnetic moment, as well as the
total moment, Mg, (Mror = M +mg), are quantified from the
XMCD spectra by using the corresponding sum rules,>”*8] and
their evolutions are plotted in Figure 7c,d. As seen in Figure 7c,
mg, m; and mpy; of Co undergo a concomitant monotonic de-
crease with gating, owing to the formation of metal oxides (e.g.,
CoO and/or Co,0,). For instance, the spin component continu-
ously drops from mg = 1.027 uy /atom for the as-grown state to
0.903 g /atom for the 2 V/10 min gated sample, until reaching
0.632 py/atom for the 2 V/55 min gating treatment. Similarly, a
decreasing trend is observed for the magnetic moment of Ni.

3. Conclusion

In this work, unprecedented control of RKKY interaction ef-
fects in Co/Ni-based MLs through voltage-driven ion motion
(magneto-ionics) is demonstrated. Reversible transitions be-
tween uncompensated (ferrimagnetic) and fully compensated
(antiferromagnetic) states are achieved in these structures by
changing the applied voltage polarity. If incorporated in MTTs,
such transitions are of interest to tune magnetic stray fields and
interlayer dipolar coupling between the free and pinned layers
in MT]Js. In general, the occurrence of dipolar interactions can
shift the coercive field of the free layer, making it harder (or eas-
ier) to switch than intended or creating undesirable energy bar-
riers that could lead to asymmetric switching behavior. Thus, the
ability to control such dipolar interactions at will offers additional
degrees of freedom to optimize the performance of MTJs. Our re-
sults also reveal strong modulation of the RKKY bias field offset
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(over 1000 Oe) at room temperature under a low gating voltage (2
V), increasing the magnetic-field stability range of MTJs. Such an
effect is accompanied by a decrease of PMA in the top ML which,
although in principle is detrimental, facilitates the formation of
skyrmion-like or pinned domain-wall magnetic bubbles. Further-
more, for certain compositions, we observe the emergence of ad-
ditional switching events, likely related to voltage-driven struc-
tural inhomogeneities in the gated MLs. Tuning of magnetic
properties is linked to voltage-driven oxygen migration, partic-
ularly in the upper ML (i.e., magneto-ionic effects), as confirmed
by scanning transmission electron microscopy, X-ray absorption
spectroscopy, and magnetic circular dichroism measurements.
Our findings enhance the understanding of magneto-ionic con-
trol of RKKY effects in SAF systems and highlight the potential of
magneto-ionics as a powerful post-synthesis tool for engineering
magnetic multilayers with novel and enhanced functionalities.

4. Experimental Section

Sample Preparation: All samples, including [Co/Ni]s MLs with vari-
able Co and Ni sub-layer thicknesses, [Ni/Co]y,/Ru/[Co/Ni]s stacks with
different repeat numbers (M =4, 5, or 7), and Ru thickness (tg, = 0.35—
1.05 nm), were deposited at room temperature on smooth CuN-based
conductive seed layers, previously grown on Si/SiO, substrates. For the
depositions, a Singulus TIMARIS ten-cathode PVD system was used,
which incorporates the full scope of sputtering techniques: DC, pulsed DC,
and RF magnetron sputtering as well as combinations of these modes.
In this case (all metallic layers) DC sputtering was used, which was an
economical solution for many types of metal coatings. Its primary limita-
tion was that low-conducting materials tend to take on charge over time
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Figure 7. X-ray absorption and X-ray magnetic dichroism study of the as-grown and voltage-treated [Ni/Co];/Ru/[Co/Ni]s SAF (tz, = 1.05 nm). a) Co
L, and b) Ni L, ; edges XAS and XMCD spectra for the as-grown and gated samples (under 2 V/10 min and 2 V/55 min conditions). c,d) show the
dependence of the Co and Ni magnetic moments per atom obtained from applying the sum rules to the XMCD data for the three states. The total
moment, mgr amounts to the sum of the spin (mg) and orbital (m ) moments. Note the different Y-axis scales in panels (c) and (d).

(charging issue), eventually leading to arcing, poisoning of the target ma-
terial, and, as a consequence, reduced quality of deposited samples and
loss of device functionality. To overcome this limitation, RF or DC pulsed
sputtering could be used, although these alternative modes were not nec-
essary in this case. Before the deposition of the SAF structures, the seed
layers were partially masked to be employed as working electrodes in an
electrochemical cell during magnetometry measurements under in situ
voltage gating.

In Situ Magnetometry Study: Magnetometry measurements were per-
formed using a Lakeshore 8600 series vibrating sample magnetometer
(VSM) magnetometer at room temperature. For standard in situ magneto-
electric measurements, magnetic moment vs time curves were recorded
while applying a gate voltage of 2 V between the working electrode and
a Pt foil (acting as a counter electrode) in a liquid electrolyte, using an
Agilent B2902A power supply. During the measurements, the foil was
placed parallel and at 2 mm from the sample surface, in a capacitor-
like configuration. Propylene carbonate with traces of dissolved Na* (10—
25 mg L™1) and OH~ ions, obtained from the reaction of metallic Na
with traces of water, was used as the liquid electrolyte. Before gating un-
der 2 V, a voltage actuation step consisting of applying —15 V to the
stacks for 20 min was conducted to minimize eventual effects from sur-
face passivation. Hysteresis loops were recorded either before (as-grown
state) or immediately after (gated state) applying voltage, while the sam-
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ple under study remained in the liquid electrolyte but with the voltage
switched off. The applied magnetic fields were up to 9 kOe, normal to
the film plane (i.e., out-of-plane direction), if not otherwise specified. A
field step of 5 Oe/step and an integration time of 0.8 s were used to
have an adequate signal/noise ratio. High-field linear background signals,
arising from the sample holder, electrochemical cell, and substrate, were
subtracted.

Magneto-Optic Kerr Imaging Study: Magneto-optic Kerr effect mi-
croscopy images of the as-grown and voltage-treated magnetic stacks were
collected at ambient temperature using NanoMOKE 3 equipment from
Durham Magneto Optics in polar geometry. The MOKE spot size was ~3—
5 microns, with resolution limited by the laser wavelength, making it diffi-
cult to resolve domains smaller than 1 micron. Magnetic domain imaging
was performed by sweeping the magnetic field along the whole hystere-
sis loops, and, in more detail (small field steps), around certain transition
fields.

Transmission Electron Microscopy and Energy Dispersive X-Ray Analysis:
TEM and EDX spectroscopy analyses were performed at 200 kV on Spectra
300 (Thermo Fisher Scientific) monochromated STEM microscope with
double aberration correction. Cross-sectional thin lamellae were prepared
by focused-ion-beam (FIB) milling. Before the FIB preparation, the sam-
ples were sputter-coated with a Pt protective layer to prevent beam damage
and reduce charging.
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X-Ray Absorption and Magnetic Dichroism Measurements: Room-
temperature XAS and XMCD measurements at the Co and Ni L, ; edges
were carried out for the as-grown and voltage-treated SAF samples at the
BOREAS beamline of the ALBA synchrotron (Barcelona, Spain).>°! The
base pressure was below 10~7 Torr. The incident beam was 20° tilted with
respect to the sample normal. An out-of-plane magnetic field of 10 kOe
was applied during the measurements. Absorption spectra were recorded
in a sequence of utu~p~ptu~ptptu~, where y* and u~ correspond
to the respective spectra using left- and right-circularly polarized beams.
The XAS and XMCD spectra were calculated as the sum and the differ-
ence, respectively, of the averaged spectra measured with the two opposite
helicities.

Supporting Information

Supporting Information is available from the Wiley Online Library or from
the author.
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