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ABSTRACT

Magneto-ionics, an emerging approach to manipulate magnetism that relies on voltage-driven ion
motion, holds the promise to boost energy efficiency in information technologies such as spintronic
devices or future non-von Neumann computing architectures. For this purpose, stability, reversibility,
endurance, and ion motion rates need to be synergistically optimized. Among various ions, nitrogen has
demonstrated superior magneto-ionic performance compared to classical species such as oxygen or
lithium. Here, we show that ternary Co;_xFexN compound exhibits an unprecedented nitrogen magneto-
ionic response. Partial substitution of Co by Fe in binary CoN is shown to be favorable in terms of
generated magnetization, cyclability and ion motion rates. Specifically, the Cog3sFeggsN films exhibit an
induced saturation magnetization of 1,500 emu/cm> a magneto-ionic rate of 35.5 emu/(cm’-s) and
endurance exceeding 10° cycles. These values significantly surpass those of other existing nitride and
oxide systems. This improvement can be attributed to the larger saturation magnetization of Cog3sFeg g5
compared to individual Co and Fe, the nature and size of structural defects in as-grown films of different
composition, and the dissimilar formation energies of Fe and Co with N in the various developed crys-
tallographic structures.
© 2023 The Authors. Published by Elsevier B.V. on behalf of The Chinese Ceramic Society. This is an open
access article under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).

1. Introduction

applications. Voltage control of magnetism holds the potential to
boost energy efficiency in low-power spintronic systems since

Manipulation of matter's magnetism is traditionally accom-
plished by applying magnetic fields or through spin-polarized
currents. The use of other, non-magnetic stimuli, such as strain,
[1,2] light [3,4] or voltage (i.e., electric field) is highly appealing
since it provides additional degrees of freedom to conventional
materials' actuation protocols, eventually leading to enhanced
functionalities that can be of interest in a myriad of technological
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energy dissipation by Joule heating effect might be strongly mini-
mized compared to spin-transfer-torque devices [5—8]. Within this
approach, magneto-ionics, i.e., the modulation of magnetic prop-
erties by voltage-driven ionic motion, stands out from other
converse magnetoelectric mechanisms due to its large and non-
volatile modulation of magnetism with electric fields [9—11]. HT,
[12—15] Li* [16—18] and O~ [19—23] are the most usual ions to be
transported. Even though 0%~ magneto-ionics is limited in terms of
ion motion speed and cyclability (compared to H* and Li* based
magneto-ionics), 0>~ is still one of the most commonly investi-
gated magneto-ionic ion species since its voltage-driven motion
can be induced in a large variety of oxide materials with relatively
high stability and robustness. Interestingly, while also preserving
non-volatility, N>~ magneto-ionics has been shown favorable to
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0%~ magneto-ionics as regards to ion motion rates and cyclability
[24—28]. This was demonstrated by comparing the magneto-ionic
response through voltage-driven 0>~ and N>~ motion in Co304
and CoN films, respectively (both of them with cubic crystallo-
graphic structure and with the same thickness) [24]. Besides
microstructure, where structural defects play a central role in
voltage-driven ion transport, the faster response of N>~ compared
to 0%~ is ultimately linked to the lower electronegativity of nitrogen
with the transition metal, which tends to result in weaker chemical
bonds and, hence, lower cohesive energies. Recently, it has been
shown that, by partially substituting Co in CoN with Mn, refined
microstructures (with larger amounts of grain boundaries, probably
stemming from the tendency to form competing crystallographic
phases) and reduced cohesive energies can be achieved, resulting in
enhanced N3~ motion and cyclability [27]. However, Mn is not
ferromagnetic. This, besides being detrimental in terms of the
attainable voltage-generated net magnetization, also limits the
amount of Mn that can be incorporated in the ternary nitride
compounds since Co—Mn alloys are ferromagnetic only for Mn
contents lower than 25% (in mole) [29]. Therefore, the use of other
ferromagnetic elements, such as Fe, may allow further exploitation
of this multi-element transition-metal nitride engineering
approach, since larger fractions of the substitutional element would
be magneto-ionically available. Analogously to Mn, Fe has a body-
centered cubic (bcc) crystal structure, whereas Co is either
hexagonal-close packed (hcp) or face-centered cubic (fcc) when it is
nanostructured. This might lead to a mixture of phases with com-
plex microstructures, promoting the existence of large amounts of
grain boundaries, which are favorable to ion diffusion compared to
bulk migration. Furthermore, Co;_xFey alloys with x ranging be-
tween 0.6 and 0.7 are known to exhibit the highest saturation
magnetization reported so far [30,31].

In this work, we investigate the magneto-ionic response of
Coq_xFexN films as a function of the Fe content, x (0 < x < 1), by
conducting in-plane magnetometry while gating the system using
a liquid electrolyte to generate in-situ electric fields. Our results
reveal that partial substitution of Co by Fe in CoN is favorable in
terms of generated magnetization, ion motion rates and cyclability.
Specifically, the voltage-treated Cog3sFepgsN films exhibit an
induced saturation magnetization of 1,500 emu/cm® (1 emu/
cm? = 1,000 A/m), a nitrogen ion speed of 35.5 emu/(cm>-s) and a
cyclability above 103 cycles, being the largest values reported so far
for nitrogen magneto-ionics. These outstanding results are linked
to the larger saturation magnetization of Cog3sFeg g5 compared to
pure Co and Fe, the induced changes in the defect structure of the
films (with large amounts of defects that promote fast ion motion
rates), and the decrease of the transition-metal nitride formation
energy upon addition of Fe, which results in CoFe—N bonds that are
weaker than in CoN.

2. Experimental section
2.1. Sample preparation

50 nm thick Co;_xFexN (0 < x < 1) films were grown by reactive
magnetron co-sputtering at room temperature on top of [100]-
oriented Si substrates, previously coated with a Ti (20 nm) and a
Cu (60 nm) layers that serve as working electrode. An AJA Inter-
national ATC 2400 sputtering system with a base pressure of
around 5 x 1078 Torr was used. The Si/Ti (20 nm)/Cu (60 nm)
substrates were partially masked during deposition to allow mak-
ing the electric contact to Cu during electrolyte gating. The target-
to-substrate distance was around 11 cm. Reactive sputtering was
done at a total pressure of 3 x 1073 Torr in an Ar and N, mixed
atmosphere. The Ar:N; flow ratio was set to 1:1 to provide a
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nitrogen-rich atmosphere needed for the growth of the non-
ferromagnetic nitrides. A metallic Fe target source was operated
at a constant DC power of 50 W, while the Co target was channeled
to a RF source. The RF sputtering power was varied to achieve
different Co:Fe ratios in the ternary nitride films. RF powers of 30,
50, 60, 80, 100 W and 120 W result in Fe contents, x, of 0.87, 0.75,
0.65, 0.51, 0.44 and 0.37, respectively, in Co1_xFexN, examined using
a Zeiss MERLIN field-emission scanning electron microscope
equipped with an Oxford INCA X-Max energy-dispersive spec-
troscopy detector (see Fig. S1, Supplementary Information). Binary
CoN was RF-sputtered at an input power of 120 W. Cog 3sFeg g5N
films of 5, 10 nm and 25 nm were also grown using 50 W DC and
60 W RF sputtering powers, which give rise to deposition rates of
around 0.5 A/s.

2.2. Magnetoelectric measurements

Magnetoelectric measurements were performed using a
vibrating sample magnetometer (VSM) from Micro Sense LOT-
Quantum Design at room temperature while gating the films us-
ing a liquid electrolyte. Gating voltages were applied between the
Cu working electrode and a Pt wire (acting as a counter electrode)
in a capacitor-like configuration [21,24] using an external Agilent
B2902A power supply. An anhydrous propylene carbonate (PC)
with dissolved Na* (10—25 mg/L) and OH~ was used as the liquid
electrolyte. Na* and OH™ arise from the reaction between water
and metallic sodium, which is used to eliminate any traces of re-
sidual water in the PC [28]. Magnetic fields were applied along the
film plane direction. Two types of measurements were performed:
(i) standard magnetization vs. applied magnetic field hysteresis
loops (lasting approximately 1 h each) and (ii) time-dependent
magnetization measurements under an applied magnetic field of
10 kOe (1 kOe 79.58 kA/m). Any linear contribution (e.g.,
diamagnetic/paramagnetic signals from the sample holder or the Si
substrate) was subtracted from the hysteresis loops.

2.3. Structural and compositional characterization

#—26 X-ray diffraction (XRD) patterns were recorded on a Ma-
terials Research Diffractometer from Malvern PANalytical using Cu
K, radiation. High-angle annular dark-field scanning transmission
electron microscopy (HAADF-STEM), high-resolution transmission
electron spectroscopy (HRTEM), and electron energy loss spec-
troscopy (EELS) were performed on an FEI Tecnai G2 F20 micro-
scope with a field emission gun operating at 200 kV. Cross-
sectional thin lamellae were cut by focused ion beam after the
deposition of Pt protective layers, and were subsequently placed
onto a Cu TEM grid.

2.4. Defect characterization

Variable energy positron annihilation lifetime spectroscopy
(VEPALS) was conducted at the Mono-energetic Positron Source
(MePS) beamline at Helmholtz-Zentrum Dresden-Rossendorf
(HZDR) in Germany [32,33]. A typical lifetime spectrum N(t) is

described by N(t) =3 (}i]ie <_’Lf) > where 7; and [; are the positron

lifetime and intensity of the ith component, respectively (> I; = 1).
All the spectra were deconvoluted using a non-linear least-squares
fitting method in the frame of the fitting software package PALSfit
into 3 discrete lifetime components, [34] which directly evidence
localized positron annihilation at 3 different defect types (or sizes:
71, T2, and 73). The corresponding relative intensities reflect, to a
large extent, the concentration of each defect type (size) if the size
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of compared defects is in a similar range. The positron lifetimes at
depths below 20 nm (<2 keV in terms of positron implantation
energy, Ep, for both films, might be overestimated due to the in-
fluence of roughness and surface broken symmetry, whereas
positron lifetimes at further depths are generally directly propor-
tional to defects size, i.e., the larger is the open volume, the lower is
the probability and longer it takes for positrons to be annihilated
with electrons [35,36]. The positron lifetime and its intensity has
been probed in function of positron implantation energy Ep or, in
other words, implantation depth (thickness), which is given as

mean positron implantation depth: (z)(nm) :ﬁ(Ep(keV)mz)
g
o

[37].

2.5. Ab initio calculations

First-principles calculations are based on the projector-
augmented wave (PAW) method [38] as implemented in the
Vienna ab initio Simulation Package (VASP) [39—41] using the
generalized gradient approximation [42]. All fcc and hcp crystal
phases of Fe and Co were explored, while a bcc structure was
adopted for FeCo alloys that is compatible with the experimental
samples. To model FeCo alloys and compare it to bare Co and Fe, we
used (2 x 2) supercells with five-monolayer thickness for all
structures investigated. The energy barrier an “N” atom needs to
overcome in order to be inserted in each surface was evaluated
using the nudged elastic band method (NEB) on the nitrogen
pathway [43,44]. At each step, the atomic coordinates were relaxed
until the forces became as small as 1 meVA. A kinetic energy cutoff
of 500 eV has been used for the plane-wave basis set and
25 x 25 x 1 k-point mesh was used to sample the first Brillouin
zone.

3. Results and discussion

3.1. Role of Co:Fe atomic ratio in the magneto-ionics of Coj_yxFexN
(0 < x < 1) ternary nitrides

50 nm thick Coi_xFexN (x = 0.37, 0.44, 0.51, 0.65, 0.75 and 0.87)
ternary nitride films were grown at room temperature by reactive
magnetron co-sputtering. The Ti (20 nm) adhesive and Cu (60 nm)
seed layers act as working electrode. To serve as a reference, 50 nm
CoN (i.e., x = 0 in the Coj_xFexN series) films were also deposited.
During sputtering, the Ar:N, flow ratio was set to 1:1 to prepare
nitrogen-rich nitrides with a non-ferromagnetic behavior [24].

To investigate the magneto-ionic performance, vibrating sample
magnetometry measurements with in-plane applied magnetic
fields were performed at room temperature while the films were
gated in a liquid electrolyte. Fig. 1a presents a cartoon of the
homemade electrolytic cell used to apply voltage to the nitride
films (magneto-ionic targets) in a capacitor-like configuration.
Propylene carbonate (PC) with Nat and OH™ solvated species was
used as the liquid electrolyte. To induce magneto-ionic effects, a
bias voltage is applied between the Ti/Cu working electrode and a
Pt wire (acting as a counter electrode). When the working electrode
is negatively charged, the solvated Na* accumulate at the interface
with the film, while the PC molecular chains become also oriented
with their positive charges facing the nitride film thanks to its
dipolar nature. This process, in a realistic scenario, is of course more
complex and involves both positive and negative ions, leads to the
formation of the so-called “electrical double layer” (EDL), which is
an ultra-thin dielectric layer (<1 nm) at the interface, that allows
the generation of very strong electric fields (of several MV/cm) for
moderate applied voltages as the ones used in the present work
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[45,46]. Fig. 1b shows the time evolution of the generated magne-
tization for the series of Coy_yxFeyN (0 < x < 1) nitride films
electrolyte-gated at —25 V for 20 min. A magnetic field of 10 kOe
was applied during these measurements to ensure that the
generated ferromagnetic counterparts become magnetically satu-
rated. All as-grown nitride films are virtually non-ferromagnetic,
showing Ms < 10 emujcm’. Once the voltage is applied (at
t = 2 min), Ms rapidly increases following a rather linear behavior
within the first tens of seconds. For longer voltage-actuation time,
the generation of magnetization tends to slow down until levelling
off for t > 15 min, as it usually happens in other magneto-ionic
systems, such as Co3z04 or CoN [28,47]. The generation of magne-
tization in response to electrolyte gating is attributed to the EDL
charging at the interface and the resulting magneto-ionic effects.
Due to the strong electric fields generated at the interface, CoFeN
dissociates and N>~ are dragged across the film, get redistributed
and are partially (or totally) released to the liquid electrolyte [24].
The motion of N3~ across the CoFeN films leaves behind clusters of
metallic CoFe, which is a ferromagnetic metallic alloy with a high
Ms [30]. Our previous studies revealed that, after voltage treatment,
depending on the thickness of magneto-ionic layers, the applied
voltage strength and the duration of the actuation time, nitrogen-
depleted sub-regions form either close to the solid/electrolyte
interface (for sufficiently thin nitride layers and fast magneto-ionic
responses), deeper inside the films (when the nitride layers are
thick and all N>~ can be steadily released to the liquid without
locally exceeding the solubility limit of nitrogen ions in propylene
carbonate), or the whole layer can become metallic, containing no
nitrogen at all, if the voltage is applied for sufficiently long times
[24,25,28]. While the details of the ion migration mechanism are
complex, the basic understanding of this phenomenon is the
voltage-driven transformation from CoFeN (paramagnetic at room
temperature) to CoFe (ferromagnetic at room temperature). The
gradual formation of CoFe gives rise to an increase of magnetiza-
tion, as depicted in Fig. 1b. Note that, while magneto-ionics is at the
heart of the voltage-driven changes of magnetic properties in the
studied Coq_xFexN films, some contribution from carrier modula-
tion entangled with N>~ migration due to the semiconducting na-
ture of the nitrides, cannot be completely ruled out. Carrier
modulation was actually reported to be responsible for the
observed changes of Curie temperature and coercivity in (Ga,Mn)As
low-temperature magnetic semiconductors as well as in Co-doped
titanium dioxide at room temperature [48,49].

The slope of saturation magnetization dependence, dMs/dt,
which is indicative of the speed of the N>~ motion, accounts for the
magneto-ionic rate and is found to be in the range 3.4—4.3 emu/
(cm3-s). Even though there is no clear trend on the role of Fe
content in the magneto-ionic rate, the Cog 35FeggsN film shows the
largest value (i.e., 4.3 emu/(cm>-s), as described below), which is
the largest nitrogen magneto-ionic rate reported so far for such
thickness. Note that in a previous work we showed that electrolyte
engineering (e.g., dissolving inorganic salts such as potassium io-
dide in propylene carbonate electrolyte) can considerably increase
the magneto-ionic rate [47]. However, this procedure was detri-
mental to cyclability. In contrast to the magneto-ionic rate, the
steady Ms values (denoted as Ms.max) strongly depend on the
amount of Fe in the Coj_yxFexN nitrides. All ternary films show
larger Ms.max values than the binary CoN. This is due, in part, to the
larger saturation magnetization of bcc-Fe compared to either fcc- or
hcp-Co. Specifically, Ms.max progressively increases with the Fe
content up to x = 0.65 (reaching 865 emu/cm?), which is more than
twice the value of CoN (425 emuj/cm?). In films with larger Fe
contents, Ms.max slightly drops, reaching 790 emu/cm? for x = 0.87.
This resembles, to some extent, the shape of the dependence of Mg
with Fe content in Coj_xFey metallic alloys [30,31]. However, the
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Fig. 1. (a) Schematic illustration of how voltage is applied to the nitride films in the homemade electrolytic cell. (b) Saturation magnetization, Ms, as a function of time, t, for the
50 nm thick Co;_xFexN (0 < x < 1) ternary nitride films (recorded while applying an external in-plane magnetic field of 10 kOe to ensure saturation of the generated ferromagnetic
counterpart). A gating voltage of —25 V was applied at t = 2 min for 20 min. (c) Magnetization vs. applied magnetic field hysteresis loops recorded before (black) and after
(consecutive red and blue loops) voltage actuation for the 50 nm thick Cog 3sFeggsN nitride film. The black arrows indicate the descending and ascending branches of the first loop
taken after switching off the electric field, showing a slight depletion of the generated magnetization. By applying +50 V for 20 min, the virtually non-ferromagnetic state is
recovered (green). (d) Evolution with Fe content, x, of the maximum Ms, Ms.max (open black symbols), obtained from the steady-state Ms values in panel (b), and the saturation
magnetization, Ms (solid red symbols), of the second hysteresis loops (red) in panel (c) and Fig. S2. The solid lines in (c) and (d) are guides to the eye.

relative changes of Ms with the Fe content in the voltage-actuated
magneto-ionic nitride films are more prominent than those in
metallic Co;_xFey alloys. For example, while there is a 26 % increase
of Ms in Cog35Feg g5 compared to metallic Co, [30] the attained Mg
in voltage-actuated Cog3sFeggsN is more than 50% the value of Ms
in voltage-actuated CoN. This suggests that the N3~ migration
mechanism itself has some dependence on the Fe content (prob-
ably due to the microstructure evolution when Fe is added to the
binary CoN phase).

Fig. 1c shows the hysteresis loops of the as-grown Cog 35Feg gsN
film and the same films treated at the indicated voltage values. The
virtual absence of ferromagnetism in the as-grown state (i.e.,
Ms < 10 emu/cm?) is evident. The very small magnetic signal in the
pristine film is likely due to the presence of traces of metallic
clusters or contamination in the Si substrate. Remarkably, a clear
ferromagnetic hysteresis loop develops after gating it at —25 V for
20 min. As previously reported in other magneto-ionic systems,
[21,24] once the voltage is switched off, there is a slight depletion of
the generated magnetization (i.e., recovery) during the first recor-
ded measurement (the descending branch of the first hysteresis
loop, represented with red symbols, shows a slightly larger Ms than
the ascending branch: 854 emu/cm? vs. 770 emu/cm?). This effect
tends to level off during the second hysteresis loop measurement,
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represented with blue symbols, which is virtually closed. Subse-
quently, by subjecting the nitride film to a voltage of 50 V with
opposite polarity (i.e., positive) for 20 min, the previously induced
magnetization virtually vanishes, recovering the initial para-
magnetic state, and thus confirming the magneto-ionic revers-
ibility of the system. Fig. S2 shows analogous hysteresis loops for
the other nitride films, according to the measurement protocol
followed in Fig. 1c. All hysteresis loops reveal coercivity (Hc) values
in the range 30—135 Oe, in agreement with the soft magnetic
character of Coq_xFey alloys [30,31]. Fig. 1d depicts the values of Ms.
max (black symbols, from the curves in Fig. 1b and Ms (red symbols,
obtained after recording the second consecutively measured loop
in Fig. 1c and Fig. S2) as a function of the Fe content, x. The differ-
ence between both curves accounts for the degree of recovery
which tends to be more pronounced for larger Fe contents, envis-
aging faster magneto-ionic recovery.

3.2. Correlating magneto-ionics with microstructure

Fig. S3 shows the #—26 X-ray diffraction patterns of several
investigated ternary nitride films and the binary Cog3sFege5 alloy.
While a clear peak is observed around 44° in Cog3sFeggs (which
corresponds to the (110) reflection of the bcc phase), in the ternary
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nitrides, besides a few peaks from Cu and Si, only a very broad and
weak peak is evident in the range between 34° and 36°, indicating
that all nitride films are highly nanostructured regardless of
composition. This small peak can be attributed to a fcc-(Fe,Co)N
phase, consistent with expanded fcc-CoN (111) (JCPDS 00-016-
0116), [24] whose expansion could be attributed to nitrogen off-
stoichiometries and/or partial Co substitution by Fe. This evi-
dences that the bcc structure of metallic Cog35Feggs cannot hold
the large amounts of N incorporated in the films when using
sputtering at high N, partial pressures, in agreement with previous
reports [50]. The result also suggests the possible role of N in sta-
bilizing the fcc structure, as it happens in similar systems [51]. The
high nanostructuring degree is likely linked to the use of low
voltages during sputtering which tends to result in refined micro-
structures [52,53]. Upon treatment at —25 V for 20 min, as shown in
Fig. S3 for the Cog3sFepgsN film, the small peak around 35° van-
ishes, in agreement with the voltage-induced denitriding process
that drives the N>~ towards the liquid electrolyte.

To further shed light on the structure of these nitride films, the
cross-sections of an as-grown and a voltage-actuated (i.e., —25 V for
20 min) Cog 35Feq g5N nitride film (the one which shows the highest
magneto-ionic rate and the largest generated saturation magneti-
zation among the series) were structurally characterized by high-
angle annular dark-field scanning transmission electron micro-
scopy (HAADF-STEM) and high-resolution transmission electron
spectroscopy (HRTEM). We also performed compositional charac-
terization using electron energy loss spectroscopy (EELS). Fig. 2a
and b present the HAADF-STEM images of the as-grown and treated
films together with the Fe, Co and N elemental EELS mappings of
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/ Z
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€05
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the area enclosed within the orange square. In contrast to the
pristine film, where homogeneous distributions of Fe, Co and N
elements are observed, the treated nitride film shows homoge-
neous distributions of Fe and Co but an inhomogeneous presence of
N, which is mainly located at the top of the film. In fact, two sub-
layers with dissimilar N content, being the top one richer in N, can
be clearly distinguished. This, besides indicating that N>~ migration
towards the liquid electrolyte takes place in a rather uniform way
via a planar-like front (in agreement with previously reported re-
sults), [24,25] confirms the recently reported effect of N ion accu-
mulation at the interface with the liquid electrolyte (i.e., the top
part of the nitride film) for sufficiently fast nitrogen magneto-ionic
systems [28]. The observed N3~ accumulation stems from the
interplay between the high ion motion rates of N>~ within the
Cop.3sFegesN film and the limited sinking capacity of the liquid
electrolyte. For slower N3~ magneto-ionic systems, depletion of
nitrogen is typically observed in the upper part of the films, near
the interface with the liquid electrolyte [25]. When magneto-ionic
effects are faster (e.g., for very thin CoN, [28] or for the present
CoFeN films, as shown here), nitrogen concentration at the inter-
face with the electrolyte is so high that it exceeds the solubility
limit of nitrogen in propylene carbonate. In this case, nitrogen re-
mains concentrated at the upper part of the films, being partially
released only once voltage has been switched off [28].

This bilayer structure is also ascertained by the normalized EELS
line profiles acquired along the film thickness (see Fig. 2¢ and d).
Fig. 2e and f show the HRTEM images and the fast Fourier trans-
forms (FFTs) of the areas enclosed within the orange square of the
cross sections of a CogssFepgsN film before and after electrolyte-
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Fig. 2. (a) and (b) show the HAADF-STEM images together with the Fe, Co and N elemental EELS mappings of the area marked with an orange square of a cross-section of as-grown
and treated (—25 V for 20 min), respectively, Cog35Feg esN nitrides. (c) and (d) are the normalized concentration depth profiles obtained from EELS. (e) and (f) are the representative
HRTEM images of the as-grown and treated (—25 V for 20 min) films, respectively, including the fast Fourier transform of the areas marked with orange squares. The yellow, pink
and cyan circles indicate the diffraction spots with interplanar spacing of 2.58, 2.27 A and 2.05 A, respectively.
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gating at —25 V for 20 min, respectively. The as-grown nitride
shows a highly nanocrystalline structure with no well-defined
grain boundaries. The FFT shows two sets of discrete spots, corre-
sponding to interplanar distances of 2.58 A (yellow circles) and
2.27 A (pink circles). These distances are consistent with (111) and
(200) planes of the abovementioned fcc-(Fe,Co)N phase, in
concordance with the XRD characterization. For the gated nitride
film, the FFT exhibits a lower number of spots, in agreement with a
more amorphous-like structure. On top of the (111) reflection spots
ascribed to the fcc-(Fe,Co)N phase, additional diffraction spots
(cyan circles), corresponding to an interplanar distance of 2.05 A,
appear. These are consistent with the bcc-Coq_xFey (110) reflection,
confirming the generation of a ferromagnetic phase by voltage-
driven N3~ migration. Note that several dark areas appear in the
bottom part of the film, which are presumably porous regions
formed as a consequence of the removal of nitrogen ions.
Nanostructured films tend to be highly-defective from a struc-
tural viewpoint and defects are known to play a central role in ion
migration, having a strong impact on the magneto-ionic perfor-
mance [21,24]. Thus, variable energy positron annihilation lifetime
spectroscopy (VEPALS) was carried out to characterize the defect
type and density as a function of depth [32—36,54]. With VEPALS,
the positron lifetime 7, which is a measure of the defect size and,
therefore, of defect type, can be evaluated as a function of depth in
the investigated system. In general, three representative size
ranges, known as lifetime components 7; (where i = 1, 2 and 3), can
be distinguished. The shortest component, 71, accounts for vacancy
clusters (vacancy agglomerations) inside the grains; the interme-
diate lifetime component, 7, represents larger vacancy clusters
linked to grain boundaries, their intersections, or, eventually, small
pores in case of 7 > 500 ps; finally, the longest lifetime component,
T3, is associated to the presence of even larger pores or voids. Each
component has a corresponding relative intensity (I;) which, to
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Fig. 3. Depth-resolved defect characterization by VEPALS. (a) and (b) show the posi-
tron lifetime component 1 (1) as a function of depth for the 50 nm thick Cog 3sFeg gsN
and CoN films, respectively, before (black) and after voltage actuation at —25 V for
20 min (red). (c) and (d) are the corresponding intensities (I;) as a function of depth for
the 50 nm thick Cog 3sFeggsN and CoN films, respectively, before (black) and after (red)
voltage actuation at —25 V for 20 min.
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some extent, reflects the concentration of each defect type
[21,24,32—36]. Figs. 3 and 4 show the depth-dependence of 71 and
72 and the corresponding relative intensities, Iy and I, for the
Cop.3sFegesN and CoN films before and after voltage actuation
(at —25 V for 20 min), respectively. Note that 73-associated defects
are virtually negligible since the sum of I; and I is very close to
100% in all films.

As seen in Fig. 3, at depths above 20 nm, the positron lifetime 74
of the as-grown Cog 35FeggsN film is significantly larger than that of
the binary CoN. A similar trend is also observed for 7, (see Fig. 4).
Larger defects promote ion diffusion [21,24] and this could help to
explain the larger magneto-ionic rate achieved in the ternary
nitride. The defect size of the binary CoN is in the range of a four-
vacancy complex, [26] hence the as-grown Cog3sFeggsN film is
expected to have even larger initial open volume. Upon voltage
actuation, 71 and 7, significantly increase as a consequence of the
voltage-driven N3~ motion. Interestingly, for the Cog 35FeggsN film,
I; reaches almost 100% at the top surface. I tends to decrease with
depth, resembling to some extent the N line profile presented in
Fig. 2d, becoming a structural fingerprint of the ion accumulation
effect. Since I, is the complementary parameter to I; (ie.,
I, =100% — I, since I3 = 0), I, follows an opposite trend, thus being
maximum at the bottom of the film. Taking into account that the
nitrogen amount in this region is much lower than in the top, N3~
motion can somewhat be associated with the formation of larger
vacancy clusters linked to grain boundaries or, eventually, small
pores. Conversely, for CoN, I; significantly increases not only at the
surface (spherical vacancy accumulation consisting of about 20
empty sites) but also throughout the layer (about 10 agglomerated
vacancies), suggesting that vacancy clusters inside the grains are
the dominant defects across the film, evidencing a more restricted
ion motion in agreement with the magneto-ionic behavior, which
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Fig. 4. Depth-resolved defect characterization by VEPALS. (a) and (b) show the posi-
tron lifetime component 2 (7) as a function of depth for the 50 nm thick Cog 3sFeg gsN
and CoN films, respectively, before (black) and after voltage actuation at —25 V for
20 min (red). (c) and d) are the corresponding intensities (I5) as a function of depth for
the 50 nm thick Cog 3sFeg¢sN and CoN films, respectively, before (black) and after (red)
voltage actuation at —25 V for 20 min.
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shows faster rates for the ternary film. Regardless of composition,
the current films outperform, in terms of magneto-ionic rates, the
best magneto-ionic results observed so far, achieved in CoN films
grown by reactive triode sputtering [28]. For instance, 50 nm thick
CoN grown by triode sputtering led to a magneto-ionic rate of 1.8
emu/(cm>-s), [28] whereas the current CoN film with the same
thickness (grown by magnetron sputtering under rather mild po-
wer conditions) shows a value close to 4 emu/(cm®-s). The corre-
sponding 71 and 7, values (Figs. 3 and 4) are rather similar to those
of the CoN grown by triode sputtering [20,24]. However, there are
significant differences between the intensities. While I; is domi-
nant over I, in the triode CoN films, the values of I; and I, become
comparable (being I; still slightly larger) in the current as-grown
films, indicating that the amount of larger vacancy clusters linked
to grain boundaries or, eventually, small pores is larger for our
films, in concordance with the higher nanostructuring degree. This
would explain, at least partially, the obtained faster rates as a
consequence of promoted ion motion in the magnetron sputtered
Cog3s5Feg 5N and CoN films.

3.3. Thickness-dependent magneto-ionics in Cog3sFeggsN ternary
nitride films

Given that the 50 nm Cog3sFeggsN film exhibits an improved
magneto-ionic response in terms of ion motion rate and amount of
generated magnetization, the role of thickness on the magneto-
ionic behavior of this particular film composition was also inves-
tigated. Films with thickness of 25, 10 nm and 5 nm were grown
using the same sputtering conditions. Fig. 5a shows the time-
dependent magnetization measurements of the Cog3ssFegpgsN
films with thickness of 5, 10, 25 nm and 50 nm, taken while gating
the samples at —25 V and applying an external magnetic field of
10 kOe to ensure that the generated ferromagnetic counterpart is
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always magnetically saturated. Remarkably, both the magneto-
ionic motion and the steady saturation magnetization generated
after long-term actuation (i.e., Ms-max at t = 22 min) increase with
the thickness reduction. For instance, after 1 min of voltage actu-
ation, the 5 nm thick film exhibits an Ms value of around 1,000 emu/
cm?, whereas the 50 nm thick shows 260 emu/cm? (see Fig. 5b).
Moreover, the Ms._max for the thinner film reaches about 1,500 emu/
cm?, which is the largest induced magnetization reported so far for
nitrogen magneto-ionics [27,28]. Note that this value is reasonable
taking into account that Ms of around 1,850 emu/cm? is attained in
CoFe alloys with suitable Co:Fe ratio [30]. A strong thickness
dependence is also observed in the magneto-ionic rate (Fig. 5c and
d). As the film thickness decreases from 50 nm to 5 nm, the
maximum slope dMs/dt during the initial stages of voltage actua-
tion, i.e., the ionic motion rate, increases from 4.3 emu/(cm’-s) to
35.5 emu/(cm®-s). The observed maximum ion motion speed rep-
resents a 600% improvement compared to the best CoN results
reported so far [28]. The dependence of magneto-ionics on film
thickness is partially attributed to the fact that thinner films
experience an overall stronger electric field strength throughout
the whole film thickness under the same applied voltage, thereby
larger magnetization is induced. For thicker films, given the semi-
conducting nature of these nitrides, electric field is very strong at
the solid/electrolyte interface, but it decreases towards the interior
of the layers. Thus, the overall ion diffusion effects are less
pronounced.

3.4. Ab initio calculations: formation energy considerations

The outstanding magneto-ionic performance shown in the
previous sections suggests that, besides the aforementioned dif-
ferences in structural defects, other parameters such as the for-
mation energy of the nitrides, might also play a role in determining
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Fig. 5. Thickness-dependent magneto-ionic response in Cog3sFeggsN nitride films. (a) Time evolution of the magneto-ionically induced saturation magnetization (Ms) for the
Cog35FegesN nitride films with thickness of 5, 10, 25 nm and 50 nm (recorded while applying an external in-plane magnetic field of 10 kOe). For each film, a gating voltage of —25V
was applied at t = 2 min for 20 min. (b) Is the zoom of the area enclosed within the orange rectangle in panel (a). (c) Evolution of the slopes, dMs/dt, of the initial parts of the curves
plotted in panel (a). (d) Thickness dependence of the maximum Ms, Ms_max (0pen black symbols), taken from panel (a), and the maximum slope presented in panel (c) (solid red

symbols). The solid lines in (d) are guides to the eye.
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Fig. 6. Calculated total energy per atom, normalized to the minimum energy value, as a function of the displacement between the reference outermost surface atom and the
inserted N atom. (a) Schematic of fcc-Co (001) and (100) surfaces, designed for N-atom insertion. (b) and (c) are the energy profiles corresponding to the insertion of a N atom into

fcc-Co (111) and fec-Fe (111) surfaces, respectively.

Table 1

A summary of the calculated energy barriers corresponding to the for-
mation of Co—N and Fe—N bonds when a nitrogen atom is inserted into
either fcc or hep structures in the case of Co and Fe.

Structure Energy barrier (eV/atom)
fcc-Co 0.10
fcc-Fe 0.08
hcp-Co 0.08
hcp-Fe 0.14
bcc-Cog3sFeqes 0.06

the fast and strong magneto-ionic response of the Cog3sFeggsN
films. To investigate this aspect, ab initio calculations were per-
formed. The formation energies of Co—N and Fe—N bonds in the
different possible crystallographic structures were estimated. As
shown in Fig. 6 and Table 1, a lower energy is found for the for-
mation of Fe—N compared to Co—N when a fcc lattice structure is
considered. Since Cog3sFeggsN consists of a fcc structure (as evi-
denced by XRD and HRTEM), it can be then understood that the
addition of Fe to CoN leads to a lower cohesive energy with weaker
bonds with nitrogen. This would promote voltage-driven ion mo-
tion. Note that pure FeN is often reported to crystallize in a hex-
agonal structure [25]. The formation energy in that case is much
higher than for the Co or Fe fcc structures (Table 1 and Fig. S4), and
this is why magneto-ionic performance of pure FeN is, in fact, worse
than for CoN [25].

3.5. Magneto-ionic cyclability in Cog3sFep 5N

Finally, the magneto-ionic cyclability in Cog3sFeggsN films was
investigated by subjecting a 10 nm thick Cog 35FeggsN film to —8 V/
+8 V pulses with a periodicity of 30 s (i.e., 1 min cycle), as shown in
Fig. 7. Our X-ray photoelectron spectroscopy indicates that, while a
negative voltage applied to the nitride film induces denitriding
process due to the transport of N>~ toward the electrolyte, N>~ are
largely restored upon the reversal of gate voltage polarity (see
Fig. S5, Supporting Information). This, together with the optimized
tradeoff between ion motion rate and signal-to-noise ratio, make
the 10 nm nitride film a suitable candidate for cyclability study.
Note that a preliminary study revealed that, for this system,
magneto-ionics can be induced for gating voltages larger than —4V,
and the induced magnetization scales with the applied voltage (see
Fig. S6, Supplementary Information). However, high voltages tend
to extract large amounts of N>~ from the nitride films during short
periods of time. Once dissolved in the propylene carbonate
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electrolyte, such excess N>~ are coulombically attracted towards
the counter electrode (which is positively charged), they neutralize
and are released from the liquid in the form of N, bubbles. Such
nitrogen is lost and cannot be reintroduced to the films upon
application of positive voltage. On top of this, PC degradation is
promoted with voltage, [55] thus hampering N reversibility as well.
As shown in Fig. 7, although the amplitude of saturation magneti-
zation, 4Ms, experiences a slight decrease for long-term voltage
actuation, a stable periodic 4Ms response (above the noise level,
see Fig. S7, Supplementary Information) remains even after 1,000
cycles, which is in marked contrast with binary nitrides or ternary
CoMnN where endurance is typically no more than a few tens of
cycles [24,27]. Besides showing a robust OFF—ON cyclability, the
cycles are rather symmetric in shape, indicating an optimal
reversibility of N3~ motion. Taking into account that metallic
CogssFegss has a bec structure, ab initio calculations were also
performed when a nitrogen ion is inserted into a bcc-Cog 3sFegss
lattice to estimate the formation energy of CoFe—N. A value of
0.06 eV/atom is found (see Table 1 and Fig. S4, Supplementary In-
formation), which is significantly lower than those of fcc-Co and
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Fig. 7. Magneto-ionic cyclability of a 10 nm thick Cog3sFeggsN film subjected to —8 V/
+8 V cycles of 1 min of duration. The top and middle panels represent the results of
cycle 1-10 and 1,001-1,010, respectively, while the bottom panel depicts the gating
voltage cycle, i.e., the time evolution of the voltage stimulus. Note that the magnetic
moment change was recorded while applying a magnetic field of 10 kOe so that the
generated ferromagnetic counterparts remain always saturated.
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fcc-Fe. Even though this is only representative of the initial stages of
the reverse process in which N starts to reincorporate into the
metallic phase (note that Cog35Feg 5N exhibits a fcc structure), the
low formation energy of bcc-Cog ssFeggs with N would also partly
explain the high reversibility and, ultimately, the high cyclability of
the Cog 35FeqgsN films with respect to other systems such as CoN or
FeN.

4. Conclusion

In summary, we have investigated the magneto-ionic behavior
of Coq_xFexN films as a function of Fe content, x (0 < x < 1), through
electrolyte gating. Paramagnetic and highly nanostructured 50 nm
thick Co;_xFexN films (x = 0, 0.37, 0.44, 0.51, 0.65, 0.75 and 0.87)
were prepared by reactive co-sputtering. These films show
magneto-ionic rates at early stages of voltage actuation of up to 4.3
emu/(cm>-s), which are the fastest reported so far in N>~ magneto-
ionics for this film thickness. The incorporation of Fe also results in
a significant increase in the steady magnetization induced by
magneto-ionics, which is linked, in part, to the larger saturation
magnetization of bcc-Fe compared to either fcc- or hcp-Co. Other
effects, such as the dissimilar types and increased sizes of vacancy
defects in the as-grown ternary films compared to the binary
nitride films (as revealed by positron annihilation spectroscopy), as
well as the differences in formation energies between Fe—N and
Co—N in the different crystallographic structures (studied by ab
initio calculations), are found to contribute to the improved
magneto-ionic performance in Coi_xFeyN compared to CoN.
Remarkably, magneto-ionic rates and induced magnetization can
be significantly enhanced further by decreasing the Co;_xFexN film
thickness. A magneto-ionic rate as high as 35.5 emu/(cm>-s) is
achieved for 5 nm thick films. Finally, the endurance of the ternary
Coq_xFeyN films is drastically improved (up to > 1,000 cycles)
compared to binary nitrides. The results presented here are highly
relevant for the further exploitation of nitrogen magneto-ionics in
forthcoming technological applications.
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