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ABSTRACT

To address growing computational demands, energy-efficient hardware technologies such as spintronics
and neuromorphic computing have attracted significant interest. In particular, magneto-ionics offers a
low-power, non-volatile approach to control magnetic properties, making it particularly suitable for ma-
nipulating antiferromagnetic (AFM) materials. In this work, we report magneto-ionic control of exchange
bias (EB) in Mn;_xCoxN/Co with a compositionally tunable Néel temperature, Ty. The high Ty in MnN (>
650 K) typically necessitates high-temperature annealing, which triggers uncontrolled thermally induced
ion-motion effects. Addition of Co to MnN reduces Ty, enabling robust EB to be established after field
cooling from 400 K, while preserving structural integrity. Importantly, EB can be subsequently tuned by
voltage, up to a 30% enhancement observed at 100 K alongside an increase in saturation magnetization
(up to =~ 250 emu cm~3). Unlike previous works on similar single-layer nitrides, incorporating an addi-
tional ferromagnetic Co layer to form an AFM/ferromagnetic bilayer amplifies the voltage-induced effects.
This work highlights the dual role of Co addition to MnN: (i) reducing the thermal requirements for set-
ting EB by lowering Ty, and (ii) enhancing electrical control of EB. These results represent a step forward

towards the development of low-power voltage-controlled spintronic devices.
© 2026 Published by Elsevier Ltd on behalf of The editorial office of Journal of Materials Science &
Technology. This is an open access article under the CC BY license
(http://creativecommons.org/licenses/by/4.0/)

1. Introduction

MI materials enable non-volatile modification of key mag-
netic properties such as saturation magnetization (Ms) [12-17] or

The growing computational demands of big data, the Internet
of Things, and artificial intelligence have led to an exponential in-
crease in energy consumption for information processing and stor-
age [1,2]. This has motivated research towards new energy-efficient
hardware, with neuromorphic and spintronic devices at its core. In
this context, magneto-ionics (MI), i.e., the voltage-driven control of
magnetic properties through ion migration, has emerged as a pow-
erful approach for low-energy, non-thermal manipulation of func-
tional magnetic materials [3-12].
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anisotropy [7,18]. Notably, MI offers unique opportunities for ma-
nipulating antiferromagnetic (AFM) materials with external stimuli,
otherwise challenging due to their insensitivity to applied mag-
netic fields. Namely, in AFM/ferromagnetic (FM) heterostructures,
MI can tune the exchange bias (EB) effect [8,19-27], i.e., a shift of
the hysteresis loop along the magnetic field axis after field cooling
(FC) through the AFM Néel temperature (Ty), which is particularly
valuable for spintronic applications [28-32].

In this context, nitrides are a promising avenue for exploration,
as the N3~ anion exhibits unique bonding characteristics, e.g., it is
stable at room temperature (RT) and forms AFM compounds with
numerous metals such as Mn, Cr, and Fe [33-36]. Critically, certain
N3- MI systems show better performance over oxygen-based MI
analogues [5,14,37-39].
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Manganese nitrides stand out among transition metal nitrides
through their robust AFM behavior and demonstrated MI efficiency
[14,23,40,41]. However, pure MnN has a relatively high Ty, 660 K.
Consequently, the FC process to induce EB can lead to phase trans-
formations or a thermally driven N-redistribution, thereby compli-
cating EB control. Doping offers a viable strategy to modulate Ty
in AFM compounds [42,43], yet there is little research in ternary
AFM nitrides based on Mn, despite that many “new” stable phases
have been predicted in systems such as Mn-Co-N [34,44,45]. Con-
sequently, this study explores the AFM and magneto-ionic proper-
ties of the ternary nitride Mn;_xCoxN (0 < x < 0.24).

Here, EB is observed in Ta/Mnj_xCoxN(AFM)/Co(FM)/Ta het-
erostructures using mild FC conditions (Tgc = 400 K). This ap-
proach minimizes nitrogen interdiffusion and preserves the AFM
structure, owing to the reduction of the blocking temperature (Tg)
distribution through Co addition. Subsequent voltage actuation en-
ables pronounced modulation of the system’s magnetic proper-
ties, including EB. While previous works on all-solid-state MI in
Mn_xCoxN single layers reported small effects due to the overall
low magnetization of the films [15], the inclusion of an adjacent
FM Co film enhances the magnetic signal, resulting in more signif-
icant voltage-induced effects, with potential for realistic applica-
tions. The combination of optimized Ty and voltage-driven MI con-
trol of EB in the Mn;_xCoxN/Co heterostructures offers a promising
platform for tunable spintronic devices.

2. Experimental section
2.1. Sample preparation

The Ta(10 nm)/Mn;_xCoxN(45 nm)/Co(2 nm)/Ta(10 nm) het-
erostructures were deposited by dc-magnetron sputtering on top
of thermally oxidized (285 nm SiO,) p-type Si (001) wafers using
a shadow mask that delimited 5 mm x 5 mm squares.

The ternary alloy was deposited at RT from Co (99.99%) and
Mn (99.99%) targets at 0.33 Pa in a mixed 1:1 Ar:N, atmosphere.
The Co content was changed by adjusting the power and geometry
while maintaining a constant Mn power (50 W) [15]. The FM Co
layer and the Ta seed and top layers were deposited at RT, 0.4 Pa,
and 50 W from metallic targets in a pure Ar atmosphere.

2.2. Magnetic characterization

Hysteresis loops (100-300 K) were measured using a
LakeShore-8600 vibrating sample magnetometer (VSM) with
the field parallel to the sample surface. To induce EB, samples
were FC inside the VSM from either Tgc =675 K, 400 K, or RT
down to either RT or 100 K under a 10 kOe in-plane field. All the
loops were shown after removing any training effects. Additional
magnetometry measurements were performed using a Quantum
Design superconducting quantum interference device (SQUID)
magnetometer MPMS3.

The voltage conditioning (VC) of the samples was performed ex-
situ by applying 20 V for 1 h after FC from 400 K. The Ta layers be-
came partially nitrided as they spontaneously attract nitrogen from
the Mn;_xCoxN [23]. Thus, the conductivity of the Ta layers was
expected to be much lower than that for pure Ta [46], hindering
possible electrostatic screening during gating.

2.3. Structural and compositional characterization

Film composition and homogeneity were quantified through
energy-dispersive X-ray spectroscopy. X-ray diffraction (XRD) pat-
terns were obtained using Cu K, radiation from a Malvern-
Panalytical X'Pert3 MRD system and a Rigaku SmartLab diffrac-
tometer. X-ray reflectivity scans were obtained using the Rigaku

106

Journal of Materials Science & Technology 276 (2027) 105-112

Smartlab. Surface roughness was characterized using the MFP-3D
Origin+ Atomic Force Microscope, in tapping mode.

2.4. Neutron scattering

Polarized neutron reflectivity (PNR) experiments were carried
out on the POLREF instrument at the ISIS Rutherford Appleton Lab-
oratory [47] for the MnN and the Mngg5Coq15N samples. The sam-
ples were measured at RT under a 10 kOe in-plane field (parallel
to the FC direction) in various states: as-grown (AG), FC from 675
or 400 K, and after VC. The incident neutron beam was polarized
parallel (+) or antiparallel (—) with respect to the magnetic field.
There was no polarization analysis of the scattered neutrons, re-
sulting in RT and R~ reflectivities being measured with respect to
the wave vector transfer, Q, along the film normal direction. Data
were reduced using Mantid data reduction software [48,49], and
Refl1D software packages were used for fitting. Error bars for the
fitted parameters were determined with a Markov chain Monte
Carlo method using the BUMPS software package [50]. The theo-
retical fits of the reflectivity, depth profile, and the magnetic com-
ponent (poy) of the scattering length density (SLD) were calculated
from the best-fit model chosen for the system. Further discussion
of the fits is available in S.1 in the Supplementary Materials.

3. Results and discussion
3.1. Structural and magnetic characterization

A schematic of the samples is depicted in Fig. 1(a), along with
a representation of the VC geometry. XRD patterns of the AG sam-
ples exhibit two peaks in the measured angular range (Fig. 1(b)).
The more intense peak, marked with a diamond and associated
with the ternary layer, progressively shifts from 260 = 42.6° (0-
MnN) [23,51] to 43.2° as the Co content is increased. This pro-
gressive shift is associated with the atomic substitution of Co into
MnN [15]. Additionally, this peak broadens and becomes asymmet-
ric with the progressive Co inclusion, suggesting the emergence of
a new phase, similar to previous studies [15].

The less intense peak around 26 = 38° is consistent with tetrag-
onal Ta, TayN, TaN or Ta,0s, all with peaks in the 35°-40° range.
Although the peak is present in all samples, it is not clearly evi-
dent in all XRD patterns, given its low intensity. The intensity of
this peak depends on the crystallinity of the Ta[N, O] layer(s) and
the relative amount of each phase, which depends on the structure
of the underlying Mn;_xCoxN layer.

Fig. 2(a-d) shows in-plane hysteresis loops for all samples in
the AG state and after FC under 10 kOe from Tgc = 675 K to
RT. In the AG state, the hysteresis loops are centered (i.e., no EB)
for all compositions and exhibit lower saturation magnetization
(Ms = 980-1200 emu cm~3) than that expected for Co (Ms ¢, ~
1422 emu cm3), likely due to Co nitridation during growth. In
contrast, after FC from 675 K, Ms increases up to 1400 emu
cm—3, and the loops for the samples with x < 0.15 display sig-
nificant EB [28,32]. This increase is associated with a thermally-
mediated removal of the nitrogen incorporated in the FM Co layer
during growth towards Ta, forming TaNy [23,52]. The EB field (Hg)
decreases with the Co content in the nitride layer, starting from
Hg = 463 Oe in MnN and reaching 137 Oe for x = 0.10. For com-
positions with higher Co content (x = 0.15, 0.24), Hg becomes neg-
ligible (< 10 Oe). The large Hg of the MnN sample is expected
since it is a known AFM material with Ty = 660 K [35,41,53]. The
decrease in Hg as Co is incorporated stems from multiple factors,
such as changes in the AFM characteristics (e.g., Ty or anisotropy),
differences in the nitrogen migration due to the presence of Co
[23,24,54] or the interface roughness [29,55,56] (S.2 in the Sup-
plementary Materials).

~
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Fig. 1. (a) Schematic of the heterostructures with the gating configuration. (b) XRD patterns for the AG samples up to x = 0.24. » denotes TaNy; ¢ denotes Mn;_,CoxN.
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Fig. 2. RT hysteresis loops for the (a) 0%, (b) 5%, (c) 10%, and (d) 15% (at.%) Co samples in the AG (black) and after FC-675 K states (red). (e and f) XRD patterns for the MnN

and x = 0.10 samples before and after FC.

Interestingly, the XRD patterns of the FC samples (Fig. 2(e and
f)) reveal considerable structural changes in the Mn;_xCoxN layer.
The ternary peak becomes sharper and shifts by ~ 0.5° for both
x = 0 and 0.10, indicating thermally-driven nitrogen redistribu-
tion and increased crystallite size, further confirmed by field-free
annealing (S.2 in the Supplementary Materials). Additionally, after
FC, a clear peak appears between 20 = 44.5°—45.0° for both sam-
ples. This effect is related to the loss of nitrogen and formation
of tetragonal n-Mn3N, during heating [23,57]. These substantial
structural changes lead to irreversibility and strong unpredictabil-
ity in the magnetic properties, as demonstrated by the unequal
values of Hg obtained when FC the same sample in opposite fields
(S.3 in the Supplementary Materials). Consequently, after FC-675 K,
the EB properties arise from a convolution of multiple magnetic
and structural effects that inevitably influence magnetism. As a
result, the capacity to predictably tune Hg by adjusting a single
magnetic parameter is compromised. Finally, the lack of EB in the
Mng 75Cog24 N sample after FC-675 K indicates that this sample
might not be AFM at RT.

To avoid the structural changes induced by the high-
temperature FC, a milder FC from Tgc = 400 K under 10 kOe was
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carried out. In contrast to the FC-675 K case, the EB progressively
increases from Hg = 55 Oe in the x = 0 sample to a maximum of
Hg = 146 Oe in the x = 0.15 sample (Fig. 3(a-d)). Note that with
these FC conditions, the sample with x = 0.24 exhibits Hg = 30 Oe.
In addition, Mg after FC-400 K remains similar to that in the AG
state, indicating low N mobility at 400 K. Remarkably, the XRD re-
sults suggest that the crystalline structure of the samples was re-
tained after the heat treatment (Fig. 3(e and f); S.2 in the Supple-
mentary Materials).

Fig. 4 summarizes the dependence of Hg and the H¢ on the Co
percentage in the ternary layer at RT for the AG, FC-675 K, and FC-
400 K states. While Hg is negligible for the AG samples, its trend
in the FC-675 K and FC-400 K states is remarkably different. On
the other hand, H¢ steadily increases with the Co content from
256 Oe (x = 0) to 507 Oe (x = 0.10) in the AG state and from
373 Oe (x = 0) to 569 Oe (x = 0.10) in the FC-400 K state. Finally,
Hc decreases to 458 Oe in both states for the x = 0.24 sample.
Conversely, the trend in H¢ for the FC-675 K state is a continuous
decrease, from H¢ = 851 Oe for x = 0 to Hc = 327 Oe for x = 0.24.

These results evidence several unexpected trends. Firstly, EB is
observed in MnN at RT after FC-400 K, even with Ty >> Tgc. Al-



N. Lopez-Pintd, CJ. Jensen, Z. Chen et al.

Journal of Materials Science & Technology 276 (2027) 105-112

1000 [ @) - e)
r MnN = |
& i =
2 500 [ S
(&) L T
o FRRT N LSRN —— 2>t
= [ @ |
L ¢ o |
-500 |- =
= : = |
F xr | —AG
-1000 | - —— T =400K| X | —— T =400K
: .:.|.|..|.E.|.|.|.|. M |
1000 |- - d) = f)
r r 15 % Co Z [ 15% Co
— - L >
C?E 500 [ - S
o L 5
S5 ofF ERRRRRPE (S ———— 21
= [ I @
L i 2
500 | - £
= 3 : 3 a
- 1 - —AG x| —AG
-1000 F —— Teo = 400 K jo~o —— T =400K| X | —— T =400K
(R Y (TR IR T (NI NN T I NI oI NI N ST NI ST S ST S M R S R A
5 4 321012 3 45 43=2-1012 3 45 35 40 45 50
H (kOe) H (kOe) 20 (°)

Fig. 3. RT hysteresis loops for the (a) 0%, (b) 5%, (c) 10%, and (d) 15% at Co samples in the AG (black) and after FC-400 K states (blue). (e and f) XRD patterns for the MnN

and x = 0.15 samples before and after FC.
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states.

though the Ty of MnN is 660 K, the film presents a distribution
of blocking temperatures (ATg) that spans below 400 K, an ef-
fect observed in similar heterostructures [58-61]. Thus, while FC
from 675 K activates most of the AFM grains (leading to a large
Hg), FC from 400 K already activates some of the AFM grains, re-
sulting in a smaller Hg [60,62] (S.3 in the Supplementary Materi-
als). Secondly, the increase of Hg up to x = 0.15 after FC-400 K
is also related to ATg, since a given Tgc can activate different
amounts of AFM grains, leading to different Hg values (S.3 in the
Supplementary Materials) [32,63]. In addition, the progressive in-
crease of Hc of the AG samples with increasing Co content sug-
gests that some coupling is already taking place at RT. Note that
given the random distribution of AFM grains, if no FC is carried
out, the exchange coupling between the AFM and FM layers should
lead to Hc enhancement with increasing Co concentration, without
Hg [32].
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These results indicate that the samples have different Ty (Tg)
and a broad ATy, where Ty progressively lowers with increasing
Co content. This effect is pivotal to allow moderate EB while re-
taining the crystalline phase after the mild annealing. For example,
the evaluation of the sample with x = 0.15 shows that the average
Tg is about 350 K with a large distribution (S.3 in the Supplemen-
tary Materials), i.e., considerably lower than Ty, mnn [35,41]. Impor-
tantly, in contrast to FC-675 K, FC-400 K in a negative cooling field
leads to —|HE|, as expected, indicating that the observed effects are
purely magnetic.

To further assess the decrease in Tg, hysteresis loops were
recorded below RT in the AG and FC-400 K states (Fig. 5 and S.4 in
the Supplementary Materials). Cooling from 300 K was conducted
under a magnetic field. As expected, Hc and Hg increase as the
temperature is lowered in both states. Interestingly, while Hc and
Hg for x = 0.15 change considerably between the AG and FC-400K
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states, those for the x = 0.24 sample are less evident. This suggests tional to the Co content after FC down from RT to 100 K, reaching
that Tz and its distribution for x = 0.24 lie below RT (i.e., FM-AFM Hg = 315 Oe for x = 0.24 at 100 K. The presence of EB below 300 K

exchange coupling is mainly induced below RT). in some of the samples after FC from RT further confirms the shift
As can be seen in Fig. 6, in the AG state (Fig. 6(a and d)), the of ATy towards lower temperatures with the addition of Co.

trend in Hc with Co addition is similar at all measured temper- In the FC-400 K state (Fig. 6(b and e)), EB is already observed

atures, following an analogous behavior as that observed at RT. at RT for all samples, and it follows a similar trend to the AG state

While no EB is observed at RT, samples exhibit an Hg propor- with decreasing temperature. The matching Hg values for x = 0.24
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in the AG and FC-400 K states below 250 K indicate that ATy re-
sides entirely below RT. Additionally, the Hc values for the samples
with x = 0 and 0.05 are almost double compared to the AG state,
contrary to the Hc values for compositions with x > 0.10, which
remain similar after the FC treatment.

3.2. Voltage-induced effects on magnetic properties

Subsequently, the effect of VC (+20 V for 1 h) on the FC-400 K
samples was investigated. The Hc and Hg values for the loops in
Fig. 5(c and f) and S.4 in the Supplementary Materials are sum-
marized in Fig. 6(c and f). After voltage is applied, two magnetic
contributions become evident in the sample with x = 0.15 (note
the kink in Fig. 5(c)), especially at lower temperatures. Similar ef-
fects are found for the x = 0.10 sample and are less noticeable for
x = 0.24. The origin of this new soft, unbiased magnetic phase is
later discussed in detail.

Hysteresis loops exhibiting a post-VC kink were deconvoluted
into a “soft” and a “hard” contribution (S.5 in the Supplementary
Materials) to obtain the Hc and Hg values from the “hard” con-
tribution [64,65]. In particular, the two samples most affected by
the VC (x = 0.10 and 0.15) are the ones that exhibit most clearly
this distinct kink in their hysteresis loop, along with the largest
increase in Mg post-VC treatment at RT compared to the FC-400 K
state.

Additionally, more systematic MI modulation experiments are
presented in S.6 in the Supplementary Materials. From the results,
the 20 V-1 h gating condition was chosen as the best balance be-
tween maximizing both MI effects and energy efficiency.

Remarkably, the VC effects are strongly sample-dependent, as
shown in Fig. 6. For instance, in the MnN sample, both Hc and Hg
decrease after the VC treatment at all measured temperatures. In
contrast, samples containing Co exhibit distinct behaviors at low
temperatures compared to near RT. For x = 0.10, the difference in
Hg is minor across the whole T range, despite H¢ increasing by
around 8%. Conversely, for x = 0.15, despite both parameters de-
creasing at RT, they increase up to 30% below 150 K. Finally, the
sample with 24 at.% Co is not significantly affected by the VC above
150 K, but Hg increases modestly from 318 to 346 Oe at 100 K
between the FC-400 K and VC states. The observed changes are
highly reversible upon application of a voltage with the opposite
polarity (S.7 in the Supplementary Materials).

Two mechanisms can be considered to explain the VC-induced
effects. The first is the removal of residual N from the Co FM layer
(incorporated during the film growth) towards Ta, increasing Mg
while decreasing Hg, since Hp « Ms~!. Alternatively, gating can
trigger N displacement out of the ternary layer. In this case, the
increase in Mg would arise from the formation of less nitridated
phases of (Mn, Co)yNy near the interface with the FM Co, similar to
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the gating effects in Mn; _xCoxN single films [15]. The new phases
would be uncoupled from the AFM at RT, effectively reducing H.
However, upon cooling down to 100 K, these unpinned clusters
could couple to the AFM grains with Tz < RT, thereby increasing
the observed Hg below RT. In both scenarios, the newly formed
magnetic phases would be responsible for the kink observed after
VC. Nevertheless, determining the exact mechanism at this stage
remains challenging.

3.3. PNR analysis

PNR was performed on a Ta/MnggsCoq15N/Co/Ta heterostruc-
ture in the AG, FC-400 K, and VC states to investigate the nitrogen
redistribution. This technique is well-suited for detecting ionic mi-
gration due to the large nuclear SLD (p) contrast between Mn and
MnN [23,24].

Fig. 7(a) shows the R and R~ reflectivities for the sample with
x = 0.15 in the AG, FC-400 K, and VC states. Small changes can
be seen in the reflectivity between the states, notably in the Q
ranges of 0.15-0.20 and 0.30-0.35 nm~'. The change between the
AG and FC-400 K states is insignificant compared to the large PNR
differences previously reported in MnN-based systems annealed at
700 K [23,66]. For comparison, the pure MnN was studied in the
AG, FC-400 K, and FC-675 K states (S.1 in the Supplementary Ma-
terials). While FC-400 K causes no significant changes, FC-675 K
induced substantial reflectivity shifts, consistent with nitrogen loss
and thickness variations previously observed in Ta/MnN/CoFe/Ta
heterostructures [23,66]. This confirms that Trc = 400 K is below
the threshold for inducing significant thermal ionic migration.

Fig. 7(b) illustrates the depth profile of p (solid lines) and
the magnetic component (o), dashed lines) of the SLD for the
best-fit model (details in S.1 in the Supplementary Materials). The
Mng g5Cog 15N layer was split into two sub-layers, one representing
the bulk of the ternary layer and a transition layer at the interface
between Mngg5Cog15N and Co. Although differences in the depth
profile of p among the three states are noticeable, the 95% confi-
dence interval (CI) overlap indicates they are statistically insignifi-
cant.

While the fit values for p); of the bulk Mngg5Cog15N layer are
nearly zero, the transition layer exhibits a finite magnetization that
increases after the FC-400 K and the VC treatments (S.1 in the Sup-
plementary Materials). Remarkably, the sum of the transition layer
and Co layer magnetization yields a moment comparable to mag-
netometry results for the AG and FC-400 K states (Table 1). Note
that the Mg values in Table 1 are normalized by area to exclude the
uncertainty of the thickness determined through PNR. For the VC
state, the magnetometry result lies within the 95% CI of the PNR-
computed moment. These observations indicate that the magnetic
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Table 1

Moment per sample area values and 95% CI.

Journal of Materials Science & Technology 276 (2027) 105-112

Moment (x 10-6

Moment 95% CI (x

State Calc. method emu cm~2) 106 emu cm~2)
AG Magnetometry 211.6 -

PNR 213.8 154.2-273.4
FC-400 K Magnetometry 240.0 -

PNR 248.6 177.5-319.6
vC Magnetometry 294.0 -

PNR 221.3 146.2-296.3

changes originate in the interface region between the FM Co and
transition layers.

Overall, the PNR results indicate a limited nitrogen migration
between the three states, which still translates into significant
magnetic restructuring. The VC-induced moment increase is local-
ized at the Mnggs5Coq15N/Co interface, similar to that observed in
single Mn,Coq_xN films [15]. The absence of a substantial moment
increase in the MnN sample (S.6 in the Supplementary Materials)
rules out Co denitridation, i.e., one of the two previously proposed
mechanisms, as it would affect all compositions evenly (resembling
the thermally induced denitridation after FC-675 K). Instead, N3~
depletion at the FM/AFM interface, eventually forming a magnetic
phase, would degrade the interfacial quality, consistent with the
observed overall reduction in Hg and Hc at RT.

The improved VC-controlled tuning of EB for the sample with
x = 0.15 stems from the synergistic combination of reduced
Tn/Tg and higher N mobility due to the Co incorporation in the
Mn;_xCoxN layer [14]. Notably, while VC modulation of EB has
been observed in single Mn;_xCoxN layers, their extremely re-
duced magnetization (10-20 emu cm~3) [15] limits their potential
practical use. In contrast, the addition of the FM Co layer has a cru-
cial three-fold effect: (i) considerably increases the measurable Mg
of the system; (ii) enables observation of the VC-induced EB tuning
at higher temperatures; and (iii) VC increases EB for some compo-
sitions, in comparison to Co-rich Mn;_xCoxN layers that have been
previously reported [15].

4. Conclusions

This study demonstrates that moderate cobalt addition to MnN
(Mny_xCoxN) lowers the Ty distribution of the AFM phase, enabling
EB to be established via milder FC conditions (Tgc = 400 K). This
allows for engineering the AFM properties, reducing the required
thermal energy for establishing EB, preserving structural and inter-
facial integrity at the expense of somewhat reduced Hg values.

Additionally, we demonstrate reversible voltage-driven control
of the EB. VC leads to an increase in Ms alongside a decrease
in Hg at RT. However, an increase of Hg up to ~30% can be ob-
tained below RT for the 15 at.% Co sample. These changes are at-
tributed to interfacial formation of less-nitridated phases near the
Mng g5Cog 15N/Co interface (e.g., (Mn;_xCox)4N).

These findings show that Mn;_xCoxN heterostructures achieve
dual tunability: (i) thermal activation with reduced energy usage
and (ii) enhanced magneto-ionic modulation of Mg and Hg. Fur-
thermore, the electric-field tailoring of Ms and Hg surpasses in
modulation magnitude prior reports in similar systems with the
absence of the Co FM adjacent layer, owing to the intrinsically
enhanced magnetic signal. These results demonstrate Mn;_xCoxN
heterostructures as compelling candidates for low-power magneto-
ionic devices. Their controllability both during deposition (com-
position) and post-deposition (MI) unlocks appealing pathways
for engineering low-power spintronic and memory applications
without necessarily having to grow various samples to introduce
changes in the resulting magnetic properties.

m

Our results constitute a proof-of-principle demonstration,
showing a practical method to tune Ty/Tg in ternary nitride sys-
tems, which allows for sizeable magneto-ionic effects. However, for
practical applications, the Co content, field-cooling conditions, and
gating parameters must be optimized to ensure compatibility with
device performance.

Finally, it is important to highlight that although mechanisms
based on electrical currents to manipulate magnetic properties
(e.g., via spin-orbit coupling [67,68]) can be very fast and effec-
tive, they are not energetically efficient, particularly since electric
currents lead to Joule heating. Consequently, approaches based on
electric fields (like MI), which can be potentially energetically more
efficient, are being developed. Thus, although MI has certain limi-
tations, like speed, it allows for more efficient magnetic computing
architectures, especially when using this effect in the framework of
neuromorphic computing [6].
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