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ABSTRACT

The electric-field control of magnetism is a highly promising and potentially effective approach for realizing energy-efficient applications.
Recent interest has focused on the magneto-ionic effect in synthetic antiferromagnets, driven by its potential to enable high-density data
storage devices with ultra-low power consumption. However, the underlying mechanism responsible for the magneto-ionic effect on the
interlayer exchange coupling remains elusive. In our work, we find that the modulation of the interlayer exchange coupling is highly sensitive
to the thickness of the ferromagnetic layer. We have identified that the changes in the interlayer exchange coupling induced by the gate volt-
age can be associated with the magneto-ionic effects on the top ferromagnetic layer of the synthetic antiferromagnet. The direct contact
between the high ion mobility oxide and the top ferromagnetic layer plays a crucial role in facilitating these effects, largely modifying the
anisotropy of the layers. Our findings highlight the important role of magneto-ionic control over the properties of the top ferromagnetic layer
in governing the observed modifications in the interlayer exchange coupling. This study provides crucial insight into the intricate interplay
between stack structure and magneto-ionic effect on magnetic properties in synthetic antiferromagnetic thin film systems.

Published under an exclusive license by AIP Publishing. https://doi.org/10.1063/5.0198750

Electric field control of magnetism in spintronic devices is one of
the most promising, industrially realizable and energy-efficient routes
to future applications, for instance in storage, due to its low power con-
sumption.' Since the first demonstration using a ferromagnetic (FM)
semiconductor,” it has been revealed that various magnetic properties
can be modified by an electric field.”® In metals, the high charge carrier

density enables efficient screening of electric fields, but it also imposes
limitations on their applications. However, recent advancements in
spintronic devices have overcome these limitations by utilizing ultra-
thin metal layers with thicknesses comparable to the screening length.”
Consequently, in FM metals, electric field effects have been demon-
strated for a variety of magnetic properties such as magnetic
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anisotropy,”” Curie temperature,’ damping constant,’’ proximity
effects,' > exchange interaction,'”'” interfacial Dzyaloshinskii—
Moriya interaction,'®'” and g-factor.'® Using voltages to control mag-
netic properties has the potential to pave the way for a technologically
advanced class of computing devices with significantly lower energy
consumption.'” To be feasible for technological purposes, the changes
induced by a voltage must have a significant effect on the magnetic
properties of the system. The prospect of producing large effects with
minimal voltages has led to a growing interest in magneto-ionic
research.”’** Tonic liquid gating (ILG) offers several advantages over
solid state gating methods, such as simple device fabrication and large
gating areas.”” The ionic liquids (ILs) can be engineered to have spe-
cific properties, such as low volatility and high thermal stability,
enabling the use of this technique in a broad range of operations and
environments. The ILG technique also has the potential to be used in
conjunction with different classes of advanced materials and device
structures, such as two-dimensional materials and nanostructures, to
create innovative and improved electronic devices.”**’

Synthetic antiferromagnets (SyAFMs) have gained significant
attention due to their unique properties and applications in the field of
spintronics.”” ** The SyAFMs are special systems in that their particu-
lar properties are governed by the interlayer exchange coupling
(IEC),”* which arises from exchange interactions between magnetic
layers through a non-magnetic spacer layer. This interaction is medi-
ated by the conduction electrons in the metal and is dependent on the
density of states and distance between the magnetic layers, resulting in
either FM or antiferromagnetic (AFM) coupling. Recent studies have
shown the ability to dynamically control the IEC and the switching
between FM and AFM coupling of out-of-plane magnetized Co/Pt-
based stacks with a Ru interlayer through magneto-ionic gating with
hydrogen ions,"* ILG,"*° and solid-state Li-ion battery technology."”
Furthermore, ILG on nanowires, composed of out-of-plane magne-
tized SYAFM Co/Ni layers with Ru spacer, can reversibly tune the
velocity of domain walls and induce large changes in the exchange
coupling torque and current-induced domain wall velocity due to the
oxidation of the top magnetic layer.*

Our work showcases a remarkable capability to modulate the IEC
in SyAFMs through magneto-ionic phenomena, specifically through
the influence of gating on the top FM layer of the SyAFM.
Additionally, we demonstrate that the modulation of IEC is dependent
on the thickness of the top FM layer. These findings emphasize the
crucial role of stack engineering in achieving efficient magneto-ionic
control of IEC in synthetic antiferromagnetic structures.

The thin film material stacks were deposited on thermally oxi-
dized Si/SiO, substrates at room temperature using a Singulus Rotaris
magnetron sputtering tool. This tool offers exceptional reproducibility
and sub-Angstrom thickness accuracy, maintaining a base pressure of
5x 1078 mbar. The metallic layers, including Ta, Pt, Ir, and
CopesFep2Bo, (CFB), were grown using DC-magnetron sputtering,
while the HfO, layers were deposited using RF-sputtering from a com-
posite target. The oxide layers serve as ionic reservoirs, facilitating
magneto-ionic interactions within the metallic stack.””” CoFeB was
specifically chosen as a suitable material for its compatibility with mag-
netic random access memory technology in spintronics. It exhibits
desirable properties such as high tunnel magnetoresistance, large per-
pendicular magnetic anisotropy (PMA), and low damping when incor-
porated into magnetic tunnel junctions.”’ The interlayer AFM
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FIG. 1. (a) The schematic illustration shows the application of a negative gate volt-
age (Vs < 0), with mobile oxygen species (depicted in tan color), migrating toward
the metallic stack. (b) The SyAFM stack, with {crg representing thicknesses of 0.8,
0.9, and 1.0 nm. The numbers in brackets denote the respective thicknesses in nm.

coupling in our structure is mediated by a non-magnetic Ir spacer
layer. The thickness of the Ir layer is chosen to be in the vicinity of the
first peak of the IEC oscillation. As shown in Fig. 1(b), we denote the
thickness of the top CFB layer as tcgp, which is 0.8, 0.9, or 1.0 nm,
respectively.

The as-grown samples exhibit magnetization with a perpendicu-
lar easy axis. The ILG technique was implemented using a sample area
of 0.25cm’ The 1-ethyl-3-methylimidazolium-bis(triftuormethylsul-
fonyl)imide [EMIM]*[TFSI]~ was utilized as the IL on the sample
surface,”” and a glass substrate coated with indium tin oxide (ITO) was
used as the top electrode. A schematic diagram illustrating the setup is
shown in Fig. 1(a). The measurements were conducted at room tem-
perature, and the polar magneto-optical Kerr effect (p)MOKE) hystere-
sis loops were recorded at zero gate voltage (Vi) to exploit the
nonvolatile nature of the magneto-ionic effects. To explore the ionic
modulation of the interlayer exchange field, referred to as Hi,, among
various material stacks, we employed a successive, consistent, and fixed
gating duration of 30 s with increasing V. This approach allows for a
direct comparison of the effects observed.

In SyAFM stacks, schematically represented in Fig. 1(b), the Hi
represents the magnetic field at which the AFM-FM transition with a
spin flip-like behavior occurs, indicating antiferromagnetic coupling
between the two FM layers through the non-magnetic interlayer™ at
low magnetic fields. The Hjy has commonly been used as an indicator
of the modulation of the interlayer exchange interaction (Jiy)."*"*"
Previous studies have demonstrated the AFM-FM transition, which
corresponds to a sign change in Jiy, using ILG."**>"® However, it
should be noted that changes in the total magnetization of the stack
also contribute to Hi,, which can potentially affect the accurate assess-
ment of the /i, modulation under gating.

To elucidate the influence of the magneto-ionic effect on the
modulation of Hiy, we conduct a systematic investigation by exploring
the relationship between the thickness of the top FM layer and the
varying negative V. Subsequently, we record the relative changes in
the pMOKE measurements following each 30 s gating step.

Our systematic study of the modulation of Hj, as a function of
Vi has revealed a non-monotonic behavior, graphically depicted in
Fig. 2(a) for the 0.9 nm CFB SyAFM stacks as a function of the applied
magnetic field. The Kerr loops for tcpp 0.8 and 1.0 nm are presented in
Sec. 2 of the supplementary material (S2). Observing the change in
thickness from 0.8 nm to 0.9 and 1.0 nm for the top FM layer, a consis-
tent pattern is noted across all three thicknesses in the variation of
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FIG. 2. (a) The non-monotonic behavior of the Hi,; as a function of the magnetic
field was investigated for {crg of top FM equal to 0.9 nm, using pMOKE magnetom-
etry. Hysteresis loops were recorded successively after each 30-s application of V.
Curves are vertically shifted. (b) Hi as a function of Vg for different thicknesses of
CFB. B-Spline interpolation lines are included as a guide to the eye.

Hiy, depicted in Fig. 2(b). Initially, there is a decrease followed by an
increase. Specifically, both the 0.8 and 0.9nm stacks reveal a single
minimum, while the 1.0 nm stack displays a local minimum at lower
Vg, followed by a non-monotonic behavior in Hj,,. Analyzing the
switching curves, the 0.8 nm system maintains the typical three-step
switching behavior expected for a SyAFM for all applied V.
Conversely, the 0.9 nm CFB shows a transition from the typical three-
step pattern to a two-step one at intermediate Vg, returning to the
three-step pattern at maximum Vi, as seen in Fig. 2(a). For the 1.0 nm
CFB SyAFM stack, this evolution of the curves occurs twice, as in Fig.
S2(c). This systematic progression highlights the significant influence
of the top FM layer’s thickness in modulating the qualitative aspects of
the magneto-ionic effect on Hiy.

The dependence of gate effects on the thickness of the top FM layer
suggests that the modulation induced by magneto-ionic gating in the
Hiy is not singularly attributed to that of the Ruderman-Kittel-Kasuya-
Yosida (RKKY) interaction. Instead, it indicates that there might exist a
potentially intricate interplay between the RKKY interaction and the
modulation of quantum interference,” further allowing us to rationalize
the observed thickness-dependent effects. Theoretical computations,
providing insights into the unique nature of the IEC, have substantiated
that the qualitative oscillation of Ji, is influenced by both the spacer’s
thickness and the FM layer’s thickness.”*”” These factors significantly
impact the system’s quantum interference.”” In this context, the
magneto-ionic effects observed in our study deviate from the anticipated
conventional trend for Hi, and the RKKY interaction.”” It appears that
these effects are influenced by both the spatial separation between mag-
netic moments and the thickness of the FM layer.

We performed ex situ SQUID measurements for a subset of the
gating voltages to clarify the impact of gating on different properties,
such as saturation magnetization (M), uncompensated magnetization
(M.), Hine and Jine, as shown in Figs. 3(a) and 3(b). While observing the
modulation of [y with varying Vi, it is evident that it displays a differ-
ent trend compared to the changes in M; induced by alterations in V.
The m-H curves and the i, calculation, as well as further supporting
material are presented in Sec. 3 of the supplementary material (S3).

To gain a deeper understanding of the non-monotonic behavior
of Hiy, we investigated the influence of magneto-ionic effects on the
modulation of PMA within the single-layer FM stack. PMA in thin
films of FM materials can be induced through two distinct types of
interfaces: one with a heavy metal (HM) and another with an oxide.
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FIG. 3. Ex situ SQUID measurements were conducted on the SyAFM stack with a
top FM layer thickness of topg = 0.9 nm as a function of V. (a) Saturation magne-
tization Ms and uncompensated magnetization M., as well as (b) Hi and IEC
strength Jin; as a function of V.

In the case of the HM interface, PMA is induced by spin-orbit cou-
pling,”® and its magnitude is significantly affected by the sharpness or
thickness transition at the interface.”””” On the other hand, the origin
of PMA at the oxide interface arises from the hybridization between
the O-p, and the FM’s 3d,» orbitals hybridized with d.(,.» orbitals.””*’
Regarding the magneto-ionic effects on the single FM layer, previous
studies of CoFeB/HfO,"" systems have demonstrated that under nega-
tive Vg, these stacks undergo a transition from in-plane anisotropy to
PMA and back to in-plane. This transition can be attributed to the
modulation of the oxidation level of the EM layer.*”

In our work, the as-grown state of the FM stacks demonstrates
PMA at 0V, as observed in the square hysteresis loops shown in
Fig. 4(a). The Kerr loops for tcpg 0.8 and 1.0 nm are presented in Sec. 4
of the supplementary material (S4). For the 0.9 nm CFB stack, the H¢
shows no significant change in the low range of Vi until —1.6V. At
this Vi, the square hysteresis loop undergoes a transformation, turning
into a distorted sigmoidal curve that approaches the spin re-orientation
transition (SRT). This behavior is similar to what was observed in the
0.8 nm stack. At —2.4V, the stack loses PMA, which is then recovered
at —2.8 V. Figure 4(b) illustrates the variation of H as a function of Vg
for all three FM stacks, which exhibits a non-monotonic dependence,
revealing the modulation of the anisotropy in all three cases.

a) b)
::E CFB 0.9 nm
S T T —w ‘51(5) —=—0.8 nm ;ﬁ,gﬁawg
S| ——H— W sof——0omm| G
a [T —-12v  35——1.0nm 3
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B ——rm—— g 3d
2 Y i I 612l
g 2.0
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-1 =2
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FIG. 4. (a) The non-monotonic behavior with increasing Vg of single FM layers as
a function of the magnetic field was investigated for {crg equal to 0.9 nm, using
pMOKE magnetometry. Hysteresis loops were recorded after each successive 30-s
application of Vg. (b) The coercive field Hz as a function of Vg for the single FM
stacks. Modified Bezier interpolation lines are included as a guide to the eye. The
inset provides a schematic representation of the island growth of Ir on Pt.
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The magneto-ionic response demonstrated by the individual FM
stacks maintains consistent behavior across all three thicknesses, por-
traying a transition from the initially robust PMA state to an interme-
diate state situated between the SRT point and the in-plane anisotropy
state. This intermediate state eventually reverts to PMA solely under
the influence of a negatively polarized V. For the 0.8 nm thickness,
this response encompasses a sequence starting from robust PMA, tran-
sitioning to a reduced PMA state near the SRT point, and finally
returning to PMA. In the case of the 0.9 nm thickness, where this
intriguing behavior is more pronounced, the transition from the initial
PMA state leads to an easy-plane anisotropy state before eventually
reverting to strong PMA. This behavior is analogous for the 1.0 nm
thickness, with the exception that it does not return to the PMA state.
This transition from PMA to easy-plane anisotropy and back to PMA
can be linked to the non-monotonic behavior observed in a similar
range of negative Vg values for the SyAFM stacks.

The inclusion of a 0.4 nm Ir layer beneath the FM layer can lead
to the development of a non-continuous layer at the lower FM inter-
face. This non-continuous Ir layer, resembling island-like growth on
the Pt layer, as schematically shown in the inset of Fig. 4(b), could exert
a noteworthy influence on the anisotropy profile, consequently affect-
ing the switching behavior of the system upon application of a V.
Given that the FM layer comprises regions with anisotropy contribu-
tions from both Pt and Ir/Pt interfaces, these regions collectively con-
tribute to the overall switching behavior modulation under gating. The
intricate relationship between the switching behavior and magneto-
ionic gating can be attributed to the interplay between the anisotropies
of the two interface types and their dependencies on the gating process,
and possibly to the domain formation during the gating process.

To understand the changes in magnetic properties, we investi-
gated the modifications in chemical and electronic structure occurring
due to the ILG process using near-edge x-ray absorption fine structure
(NEXAFS) spectroscopy and x-ray photoemission spectroscopy (XPS)
measurements. These measurements were performed at the RGL-PES
station of the Russian-German beamline at the synchrotron-radiation
facility BESSY II, operated by Helmholtz-Zentrum Berlin [see supple-
mentary material 1 (S1) for more details].

The NEXAFS spectra recorded at the Co and Fe L, 3-edges of
both the as-grown state and the gated state, obtained after applying
Vi = —3V for 30 s, are presented in Figs. 5(a) and 5(b). The spectra
recorded at the O K-edge, as well as Pt, Ir, and Hf 4f levels and Hf 5p
level, and O 1s core level are presented in S1. The overall shape of the
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FIG. 5. Normalized NEXAFS spectra for (a) Co L 3-edges and (b) Fe L, 3-edges.

ARTICLE pubs.aip.org/aip/apl

O K-edge spectrum is consistent with that of HfO,, as reported in pre-
vious studies.”” The presence of a distinctive pre-edge feature at
approximately 531 eV in the gated state spectrum indicates the exis-
tence of Fe-O or Co-O bonds, signifying oxidation of Fe or Co
atoms.”

The oxidation process is further corroborated by the prominent
features observed in the Fe and Co L, 3-edges spectra, which are char-
acteristics of a-Fe,O5 and CoO, respectively, indicating the presence of
Fe*™ and Co®" ions.”” ™ The presence of a rich multiplet structure at
the Co L;-edge line in the gated state spectrum reveals the admixture
of higher valence states of Co to its metallic state,”*"” as reported for
Co/HfO,”" systems. The appearance of a secondary peak at higher
energies relative to the main metallic component in the Fe L, ;-edge
spectrum of the gated state signifies the co-existence of «-Fe,O3 and
nearly metallic Fe.”””" The enhanced intensity of the L, ;-edge spectra
for Fe and Co in the gated state suggests a decrease in the average
occupancy of 3d states,”” supporting the existence of Co and Fe atoms
with higher valence states.

Concluding, our findings reveal an intriguing non-monotonic
behavior of the Hi, in the SYAFM stacks, providing valuable insight
into the interplay between IEC, M, and Vg. Through a systematic
study, we have identified the key role of the thickness of the FM layer
in shaping the influence of the magneto-ionic effect on the Hi,. The
results obtained from the SyAFM systems demonstrate a non-
monotonic modulation of Hi,, consistent with the changes induced by
the thickness variation of the top FM layer. The observed non-
monotonic modulation of the H;,, cannot be described only by consid-
ering the changes in the effective magnetization, which indicates that a
modulation of interlayer exchange interaction also takes place.
Furthermore, we propose that the observed interplay between the in-
plane and out-of-plane anisotropy, modulated by the application of
VG, could be justified by the potential formation of islands of Ir on Pt,
which potentially imparts different anisotropy contributions. These
contributions could potentially influence the observed magneto-ionic
response in the SyAFM systems. The observed effects are primarily
governed by changes in the oxidation states of the top FM layer and
the chemical environment of the interfaces, as confirmed by the con-
ducted spectroscopy measurements on the SyAFM stack. These find-
ings are crucial for understanding the role of ILs in controlling the IEC
and hold potential for advancing the development of highly efficient
spintronic devices. The ability to achieve magneto-ionic control in
SYAFM structures may generate possibilities for innovative applica-
tions in spintronics.

See the supplementary material for comprehensive details about
the experimental measurements and data analysis. Additionally, it
includes pMOKE and SQUID loops for both the SyAFM stacks and
the single FM stacks, along with spectroscopy measurements for the
SYAFM stack.
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