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Highlights 
 Ternary Mn–Co–N antiferromagnetic compounds with 

tunable Néel temperature were developed. 
 Voltage control of exchange bias and magnetization was 

achieved via magnetoionics. 
 Nitrogen ion migration and diffusion pathways were 

elucidated using polarized neutron reflectometry.  
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Abstract 

To address growing computational demands, energy-efficient hardware technologies such as 
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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 manipulating antiferromagnetic (AFM) materials. In this work, we report 

magneto-ionic control of exchange bias (EB) in Mn1−xCoxN/Co with a compositionally tunable 

Néel temperature, TN. The high TN in MnN (> 650 K) typically necessitates high-temperature 

annealing, which triggers uncontrolled thermally induced ion-motion effects. Co addition to MnN 

reduces TN, 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 additional 

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 setting EB by lowering TN, and (ii) enhancing electrical control of EB. These 

results represent a step forward towards the development of low-power voltage-controlled 

spintronic devices.
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1. Introduction 

The growing computational demands of big data, the Internet of Things, and artificial 

intelligence have led to an exponential increase in energy consumption for information 

processing and storage [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 powerful approach for low-energy, non-thermal manipulation of 

functional magnetic materials [3–12]. 

MI materials enable non-volatile modification of key magnetic properties such as 

saturation magnetization (MS) [12–17] or anisotropy [7,18]. Notably, MI offers unique 

opportunities for manipulating antiferromagnetic (AFM) materials with external stimuli, 

otherwise challenging due to their insensitivity to applied magnetic 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 (TN), which is particularly valuable for spintronic 

applications [28–32]. 

In this context, nitrides are a particularly 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, N3− MI systems show better performance over oxygen-based MI analogues 

[5,14,37–39]. 

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 TN, 660 K. Consequently, the FC process to induce EB can lead to phase transformations 

or a thermally driven N-redistribution, thereby complicating EB control. Doping offers a viable 



5 
 

strategy to modulate TN in AFM compounds [42,43], yet there is little research in ternary AFM 

nitrides based on Mn, despite many “ new” stable phases have been predicted in systems 

such as Mn-Co-N [34,44,45]. Consequently, this study explores the AFM and magneto-ionic 

properties of the ternary nitride Mn1−xCoxN (0 < x < 0.24). 

Here, EB is observed in Ta/Mn1−xCoxN(AFM)/Co(FM)//Ta heterostructures using 

mild FC conditions (TFC = 400 K). This approach minimizes nitrogen interdiffusion and 

preserves the AFM structure, owing to the reduction of the blocking temperature (TB) 

distribution through Co addition. Subsequent voltage actuation enables pronounced 

modulation of the system’s magnetic properties, including EB. While previous works on all-

solid-state MI in Mn1−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 significant voltage-induced effects, with potential for 

realistic applications. The combination of optimized TB and voltage-driven MI control of 

EB in the Mn1−xCoxN/Co heterostructures offers a promising platform for tunable 

spintronic devices. 

2. Experimental section 

2.1. Sample preparation  

The Ta(10 nm)/Mn1−xCoxN(45 nm)/Co(2 nm)/Ta(10 nm) heterostructures were deposited 

by dc-magnetron sputtering on top of thermally oxidized (285 nm SiO2) p-type Si (001) wafers 

using a shadow mask that delimited 5 mm × 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:N2 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, 3 mTorr, and 50 W from metallic targets in a pure 

Ar atmosphere. 
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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 TFC =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. 

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 became partially nitrided as they spontaneously 

attract nitrogen from the Mn1−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) patterns were obtained using Cu Kα radiation from a 

Malvern-Panalytical X’Pert3 MRD system and a Rigaku SmartLab diffractometer. X-ray 

reflectivity scans were obtained using the Rigaku 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 Laboratory [47] for the MnN and the Co15Mn85N samples. The samples 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, resulting in R+ 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 theoretical fits of the reflectivity, depth profile, and the magnetic component (ρM) of the 

scattering length density (SLD) were calculated from the best-fit model chosen for the system. Further discussion 
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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 samples 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 2θ = 42.6° (θ-MnN) [23,51] to 43.2° as the Co content is 

increased. This progressive shift is associated with the atomic substitution of Co into MnN 

[15]. Additionally, this peak broadens and becomes asymmetric with the progressive Co 

inclusion, suggesting the emergence of a new phase, similar to previous studies [15].  

The less intense peak around 2θ = 38 is consistent with tetragonal Ta, Ta2N, TaN or 

Ta2O5, all with peaks in the 35°–40 range.  Although the peak is present in all samples, it is 

not clearly evident 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, 

Fig. 1. (a) Schematic of the heterostructures with the gating configuration. (b) XRD patterns 

for the AG samples up to x = 0.24. *-TaNx; ♦-Mn1−xCoxN. 
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which depends on the structure of the underlying Mn1−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 TFC = 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, Co ≈ 1422 emu cm−3), 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 significant 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 TaNx [23,52]. The EB field (HE) decreases with the Co content in the 

nitride layer, starting from HE = 463 Oe in MnN and reaching 137 Oe for x = 0.10. For 

compositions with higher Co content (x = 0.15, 0.24), HE becomes negligible (≤ 10 Oe). The 

large HE of the MnN sample is expected since it is a known AFM material with TN = 660 K 

[35,41,53]. The decrease in HE as Co is incorporated stems from multiple factors, such as 

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. 
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changes in the AFM characteristics (e.g., TN 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 Supplementary Materials). 

Interestingly, the XRD patterns of the FC samples (Fig. 2(e and f)) reveal considerable 

structural changes in the Mn1−xCoxN layer. The ternary peak becomes sharper and shifts by ≈ 

0.5° for both x = 0 and 0.10, indicating thermally-driven nitrogen redistribution and increased 

crystallite size, further confirmed by field-free annealing (S.2 in the Supplementary Materials). 

Additionally, after FC, a clear peak appears between 2θ = 44.5°−45° for both samples. This 

effect is related to the loss of nitrogen and formation of tetragonal η-Mn3N2 during heating 

[23,57]. These substantial structural changes lead to irreversibility and strong unpredictability 

in the magnetic properties, as demonstrated by the unequal values of HE 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 

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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that inevitably influence magnetism. As a result, the capacity to predictably tune HE by 

adjusting a single magnetic parameter is compromised. Finally, the lack of EB in the 

Mn0.76Co0.24N 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 

TFC = 400 K under 10 kOe was carried out. In contrast to the FC-675 K case, the EB 

progressively increases from HE = 55 Oe in the x = 0 sample to a maximum of HE = 146 Oe in 

the x = 0.15 sample (Fig. 3(a–d)). Note that with these FC conditions, the sample with x = 0.24 

presents HE = 30 Oe. In addition, MS after FC-400 K remains similar to that in the AG state, 

indicating low N mobility at 400 K. Remarkably, the XRD results suggest that the crystalline 

structure of the samples was retained after the heat treatment (Fig. 3(e and f); S.2 in the 

Supplementary Materials).  

Fig. 4 summarizes the dependence of HE and the HC on the Co percentage in the ternary 

layer at RT for the AG, FC-675 K, and FC-400 K states. While HE 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, HC 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 HC for the 

FC-675 K state is a continuous decrease, from HC = 851 Oe for x = 0 to HC = 327 Oe for x = 

Fig. 4. Summary of the (a) HE and (b) coercivity (HC) dependence with the Co at.% at RT in 

the AG (black squares), FC-675 K (red circles) and FC-400 K (blue triangles) states. 
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0.24.  

These results evidence several unexpected trends. Firstly, EB is observed in MnN at RT 

after FC-400 K, even with TN >> TFC. Although the TN of MnN is 660 K, the film presents a 

distribution of blocking temperatures (ΔTB) that spans below 400 K, an effect observed in 

similar heterostructures [58–61]. Thus, while FC from 675 K activates most of the AFM grains 

(leading to a large HE), FC from 400 K already activates some of the AFM grains, resulting in 

a smaller HE [60,62] (S.3 in the Supplementary Materials). Secondly, the increase of HE up to 

x = 0.15 after FC-400 K is also related to ΔTB, since a given TFC can activate different amounts 

of AFM grains, leading to different HE values (S.3 in the Supplementary Materials) [32,63]. In 

addition, the progressive increase of HC of the AG samples with increasing Co content suggests 

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 HE [32].  

These results indicate that the samples have different TN (TB) and a broad ΔTB, where TB 

progressively lowers with increasing Co content. This effect is pivotal to allow moderate EB 

while retaining the crystalline phase after the mild annealing. For example, the evaluation of 

the sample with x = 0.15 shows that the average TB is about 350 K with a large distribution (S.3 

in the Supplementary Materials), i.e., considerably lower than TN, MnN [35,41]. Importantly, 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 TB, 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 HE increase as the temperature is 

lowered in both states. Interestingly, while HC and HE for x = 0.15 change considerably when 

FC is from 300 K (AG) and FC from 400 K, the changes between the AG and FC-400 K states 
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for x = 0.24 are less evident. This suggests that TB and its distribution for x = 0.24 lie below 

RT (i.e., FM-AFM exchange coupling is mainly induced below RT). 

As can be seen in Fig. 6, in the AG state (Fig. 6(a and d)), the trend in HC with Co addition 

is similar at all measured temperatures, following an analogous behavior as that observed at 

RT. While no EB is observed at RT, samples exhibit an HE proportional to the Co content after 

FC down from RT to 100 K, reaching HE = 315 Oe for x = 0.24 at 100 K. The presence of EB 

below 300 K in some of the samples after FC from RT further confirms the shift of ΔTB towards 

lower temperatures with the addition of Co.  

In the FC-400 K state (Fig. 6(b and e)), EB is already observed at RT for all samples, and 

it follows a similar trend to the AG state with decreasing temperature. The matching HE values 

for x = 0.24 in the AG and FC-400 K states below 250 K indicate that ΔTB resides entirely 

below RT. Additionally, the HC values for the samples with x = 0 and 0.05 are almost double 

Fig. 5. Hysteresis loops from 100 K to RT for the 15% at. Co sample (a–c) and the 24% at. Co 

sample (d–f) in the AG (a and d), FC-400 K (b and e) and VC (c and f) states. 
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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 HE values for the loops in Fig. 5(c and f) and S.4 in the Supplementary Materials 

are summarized 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 effects 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 HE values from the 

“hard” contribution [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 MS 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-1h gating condition was chosen as the 

best balance between 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 HE 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 HE is minor across the whole T range, 

despite HC increasing by around 8%. Conversely, for x = 0.15, despite both parameters 

decreasing at RT, they increase up to 30% below 150 K. Finally, the sample with 24at.% Co is 

not significantly affected by the VC above 150 K, but HE increases modestly from 318 to 346 

Oe at 100 K between the FC-400 K and VC states. The observed changes are highly reversible 
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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 MS while decreasing HE, 

since HE ∝ MS
−1. Alternatively, gating can trigger N displacement out of the ternary layer. In this case, the increase 

in MS would arise from the formation of less nitridated phases of (Mn, Co)xNy near the interface with the FM Co, 

similarly to the gating effects in CoxMn1−xN single films [15]. The new phases would be uncoupled from the AFM 

at RT, effectively reducing HE. However, upon cooling down to 100 K, these unpinned clusters could couple to 

the AFM grains with TB < RT, thereby increasing the observed HE 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 

Fig. 6. Summary of (a–c) HC and (d–f) HE dependence with the Co at.% in the (a and d) AG, 

(b and e) FC-400 K, and (c and f) VC states. The dependences are shown for all temperatures 

measured, from 100 K to RT, from dark blue to light blue, respectively. 
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PNR was performed on a Ta/Mn0.85Co0.15N/Co/Ta heterostructure in the AG, FC-400 K, 

and VC states to investigate the nitrogen redistribution. This technique is well-suited for 

detecting ionic migration due to the large nuclear SLD (ρ) 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−1. 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 Materials). 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 TFC = 400 K is below the threshold for inducing significant thermal 

ionic migration.  

Fig. 7. (a) Data (symbols with error bars) and theoretical fits (solid lines) for PNR performed 

on Ta/Mn0.85Co0.15N/Co/Ta samples in the AG, FC-400 K, and VC states. Curves offset for 

visual clarity; error bars represent standard deviation. (b) SLD depth profiles for the sample 

states of the Ta/Mn0.85Co0.15N/Co/Ta heterostructure. ρ is shown in solid lines and ρM in dashed 

lines. Background regions indicate the approximate AG layer locations, labeled at the top of 

the figure. 
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Fig. 7(b) illustrates the depth profile of ρ (solid lines) and the magnetic component (ρM, 

dashed lines) of the SLD for the best-fit model (details in S.1 in the Supplementary Materials). 

The Mn0.85Co0.15N layer was split into two sub-layers, one representing the bulk of the ternary 

layer and a transition layer at the interface between Mn0.85Co0.15N and Co. Although differences 

in the depth profile of ρ among the three states are noticeable, the 95% confidence interval (CI) 

overlap indicates they are statistically insignificant.  

While the fit values for ρM of the bulk Mn0.85Co0.15N 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 Supplementary Materials). Remarkably, the sum of the transition layer and Co layer 

magnetization yields a moment comparable to magnetometry results for the AG and FC-400 K 

states (Table 1). Note that the MS 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 changes originate in the interface region between the FM Co and transition layers. 

Table 1  

Moment per sample area values and 95% CI. 

State Calc. method Moment 
(× 10−6 emu cm−2) Moment 95% CI (× 10−6 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 

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 
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is localized at the Mn0.85Co0.15N/Co interface, similar to that observed in single CoxMn1−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 HE 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/TB and higher N mobility due to the Co incorporation in the Mn1−xCoxN layer [14]. 

Notably, while VC modulation of EB has been observed in single Mn1−xCoxN layers, their extremely reduced 

magnetization (10–20 emu cm−3) [15] limits their potential practical use. In contrast, the addition of the FM Co 

layer has a crucial three-fold effect: (i) considerably increases the measurable MS of the system; (ii) enables 

observation of the VC-induced EB tuning at higher temperatures; and (iii) VC increases EB for some 

compositions, in comparison to Co-rich Mn1−xCoxN layers that have been previously reported [15]. 

4. Conclusions 

This study demonstrates that moderate cobalt addition to MnN (Mn1−xCoxN) lowers the 

TB distribution of the AFM phase, enabling EB to be established via milder FC conditions (TFC 

= 400 K). This allows for engineering the AFM properties, reducing the required thermal 

energy for establishing EB, preserving structural and interfacial integrity at the expense of 

somewhat reduced HE values.  

Additionally, we demonstrate reversible voltage-driven control of the EB. VC leads to an 

increase in MS alongside a decrease in HE at RT. However, an increase of HE up to ~30% can 

be obtained below RT for the 15at.% Co sample. These changes are attributed to interfacial 

formation of less-nitridated phases near the Mn0.85Co0.15N/Co interface (e.g., (Mn1−xCoₓ)4N).  

These findings show that Mn1−xCoₓN heterostructures achieve dual tunability: (i) thermal 

activation with reduced energy usage and (ii) enhanced magneto-ionic modulation of MS and 
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HE. Furthermore, the electric-field tailoring of MS and HE 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. This sets Mn1−xCoxN heterostructures compelling 

candidates for low-power magneto-ionic devices. Their controllability both during deposition 

(composition) 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. 

Our results constitute a proof-of-principle demonstration, showing a practical method to 

tune TN/TB in ternary nitride systems, 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 

effective, 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 limitations, 

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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