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Magneto-ionic control of magnetism
through voltage-driven carbon transport

Z.Tan®"%3 |, Z. Ma®3 -, S. Privitera® 34, M. O. Liedke ®°, E. Hirschmann®°,
A. Wagner®°, J. L. Costa-Kramer ®®, A. Quintana®#, A. Garcia-Tort®?,

J. Herrero-Martin®7, Y. F. Mei®'2, X. Z. Chen®'?, H. Tan®4, I. Fina®$8,

F. Sanchez®2, A. Arredondo-Lopez3, F. Ibrahim ®®, M. Chshiev® 2'°,

E. Longo ®8, M. Rovirola™'?, F. Macia® ™", A. F. Lopeandia®?, J. Nogués ® *'3,
E. Pellicer®3, J. Sort ®3*'3| | & E. Menéndez®3

Received: 25 March 2025

Accepted: 29 December 2025

Published online: 13 January 2026

M Check for updates

Control of magnetism through voltage-driven ionic processes (i.e., magneto-
ionics) holds potential for next-generation memories and computing. This
stems from its non-volatility, flexibility in adjusting the magnitude and speed
of magnetic modulation, and energy efficiency. Since magneto-ionics depends
on factors like ionic radius and electronegativity, identifying alternative
mobile ions is crucial to embrace new phenomena and applications. Here, the
feasibility of C as a prospective magneto-ionic ion is investigated in a Fe-C
system by electrolyte gating. In contrast to most magneto-ionic systems, Fe-C
presents a reversible dual-ion mechanism: Fe and C act as cation and anion,
respectively, moving uniformly in opposite directions under an applied elec-
tric field. This leads to a significant increase in saturation magnetization (> 5-
fold) with magneto-ionic rates larger than 1 emu-cm™s™, and a 25-fold increase
in coercivity. Since carbides exhibit minimal cytotoxicity, this introduces a
biocompatible dimension to magneto-ionics, paving the way for the con-
vergence of spintronics and biotechnology.

Magneto-ionics, which deals with the control of magnetic properties
through voltage-driven ionic transport and/or redox processes, is
gaining momentum as a magneto-electric mechanism for low-power
spintronics'. The appeal lies in its non-volatility, enabled by its elec-
trochemical character?, and its versatility in tuning the degree and

applications, such as neuromorphic computing®, and data encryption®.
The diverse responses exhibited by magneto-ionic systems depend on
the mobile species (e.g., H”, Li*®, 0*3, F?, OH, or N*"), the phase
and/or stoichiometry of the actuated material, and the magnetic
property (e.g., magnetic anisotropy*’, coercivity, Hc-', or saturation

speed of magnetic modulation. This is attractive for a broad range of magnetization, M®*"'?) used to track the magneto-ionic response.
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Despite significant progress in this area, the number of materials
exhibiting magneto-ionics remains limited. Since magneto-ionics cri-
tically depends on the synergy of different parameters, such as the
ionic radius, electronegativity, or diffusivity, the search for additional
magneto-ionic materials and mobile ion species is essential to enable
new phenomena and innovative applications.

Here, we demonstrate simultaneous voltage-driven C and Fe ion
transport as an approach to modulate ferromagnetism in Fe-C-based
heterostructures. This transport occurs uniformly, resembling a planar
front, with C and Fe moving in opposite directions, behaving as cation
and anion, respectively, due to their electronegativity difference.
Voltage actuation results in a significant enhancement (> 5-fold) in Mg
and a 25-fold increase in H, with a magneto-ionic rate larger than
lemu-cm>s™. This combination of features sets the stage for inno-
vative uses of magneto-ionic systems and highlights the importance of
investigating alternative mobile cations and anions to broaden the
functionalities and applications of magneto-ionics.

Results and discussion
The as-prepared Fe-C film comprises a heterostructure which consists
of four Fe-C layers of different compositions capped by a Ti-C layer, as
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Fig. 1| Magneto-ionic response of the as-prepared heterostructure. a Schematic
illustration of the cross-section of the as-prepared heterostructure. b Hysteresis
loop of an as-prepared heterostructure. ¢ Dependence of the generated magnetic
moment at saturation (i.e., Amg) as a function of time (¢) while applying - 50 V. The
experimental datapoints are fitted to an Avrami equation (Eq. (1)). d Hysteresis

shown schematically in Fig. 1a. The rationale behind the design of the
heterostructure is to enable and maximize magneto-ionic effects
through voltage-driven Fe and C transport in Fe-C systems (see Sup-
plementary Section 1 and Supplementary Fig. S1 for details on the
fabrication and compositional/structural characterization of the as-
prepared heterostructure, which primarily consists of a thermal
treatment, and Supplementary Fig. S2 for the voltage actuation pro-
tocol). In contrast to the as-grown sample, which consists of a ferro-
magnetic Fe-rich phase embedded in a C-rich matrix (Supplementary
Section 1), the as-prepared heterostructure is weakly magnetic, with a
Mg of 169 emu-cm™ and a H of 11 Oe (compare Fig. 1b with Supple-
mentary Fig. S1d). Therefore, the annealing is consistent with the car-
burization of the Fe-rich phase, resulting in paramagnetic iron
carbides, like hexagonal Fe,C", and/or ferromagnetic iron carbides,
such as Fe,C; and Fe;C, with Mg values of 120 and 125emu-g™,
respectively (taking 7.82"7 and 7.662 g-cm™'® as densities for Fe,C; and
Fe;C, the Mg values in emug™’ transform into 938.4 and
957.8 emu-cm’, respectively), significantly lower than that of body-
centered cubic (BCC) Fe (217.3emu-g”, which transforms into
1711.4 emu-cm™ upon taking 7.874 g-cm as density)". In addition, the
as-prepared films exhibit moderate resistivity (Supplementary
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loops of the as-prepared sample (shown in panel b), and after being actuated with
-50V for 1 h. The magnetic field was swept from 20 kOe to — 20 kOe and back, and
the arrows indicate descending and ascending branches. The magnetization in

panels (b, d) is normalized to the volume of the Fe-containing layers (see Methods).
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Section 2 and Supplementary Fig. S3), which makes the system suitable
for voltage actuation through magneto-ionics Fig. 1c shows the
evolution of the change in magnetic moment at saturation (see
Methods, Supplementary Fig. S4 and Supplementary Section 3 for the
justification of the use of magnetic moment), Amg(¢), while applying a
gating voltage of —50V. At the early stages of voltage actuation, the
generated magnetic moment increases rapidly and linearly, evidencing
strong magneto-electric effects which could be compatible with C and/
or Fe ionic transport. Considering the layered structure of the as-
prepared film, the electric field actuation perpendicular to the film,
and the initial linear dependence of the generated magnetic moment
at saturation with time (i.e., Amg(t) o t), interface-controlled ionic
transport is envisaged?®®. With further gating time, this growth levels off
until it reaches a steady state. To shed more light on ion mobility
mechanisms, the data in Fig. 1c was fitted to the following Avrami
formalism*®:

Amg(t)= AmE® (1 - e’k("’ﬂ)n> @

where Am{~> is the generated long-term magnetic moment at
saturation (Am&~>=(5170+£0.006)10* emu), k an overall rate
constant  (k=0.215+0.003), n the Avrami exponent
(n=0.801+0.006), and ¢, the time in which the voltage was set ON
(tp =8.54 £ 0.02 min). An n lower than one is typically associated with
heterogeneous nucleation and restricted growth processes?. How-
ever, the fit, with an adjusted R? of 0.9981, does not completely align
with the experimental data, indicating that there may be different ion
motion mechanisms over the extended voltage actuation periods. As
shown in Supplementary Fig. S5, when the Avrami formalism was
applied to the generated magnetic moment data from the first minutes
of voltage actuation, the goodness-of-fit, with R? of 0.9998, improves
considerably. An Avrami exponent of n=1.296 + 0.008 is determined,
indicating the presence of a distinct ion motion mechanismin the early
stages of the magneto-ionic process, which goes beyond one-
dimensional motion, suggesting a two-dimensional motion (plate-like
growth)®, as seen in nitride-based systems'.. To estimate the magneto-
ionic rate, which accounts for the change in generated magnetization
with time, in the first stages of the gating, the initial slope of Fig. 1c
curve is normalized to the volume of the as-prepared sample, resulting
in values larger than 1emu-cm™s™. This value is comparable to the
performance of nitrogen magneto-ionics and surpasses that of oxygen
magneto-ionics®. After applying a negative bias of —=50V for 1h, the
voltage was turned off, and a hysteresis loop was recorded by vibrating
sample magnetometry (Fig. 1d). The ascending branch of the loop
shows a slightly lower Mg (around 2 %) compared to the descending
branch, which could be compatible with a partial magnetization
depletion due to a mild recarburization process. Despite this, the
voltage-induced ferromagnetic changes are significant and largely
permanent. Upon voltage actuation, Mg and H increase from 169 to
1176 emu-cm™ and from 11 to 294 Oe, respectively (Fig. 1d). This
enhancement in saturation magnetization upon voltage actuation is
consistent with the formation of metallic iron and Fe-rich phases,
aligning with voltage-driven Fe and/or C ion transport processes that
decarburize certain regions of the film. Furthermore, the increase in
coercivity from 11 to 294 Oe after voltage actuation (Fig. 1d) is
compatible with the formation of ferromagnetic Fe clusters”
surrounded by Fe carbides, since H is proportional to the volume
of magnetic material above the superparamagnetic limit and below the
critical single-domain size'>?, and more stoichiometric Fe;C*.

To exclude volume normalization as the origin of the voltage-
driven magnetic modulation, the hysteresis loops of all hetero-
structures were plotted as magnetic moment (m) vs. applied magnetic
field, as shown in Supplementary Fig. S6. Since all samples were pre-
pared from identical as-grown samples, the observed changes in
magnetization, which resemble those of magnetic moment (compare

Fig. 1 with Supplementary Fig.S6), can be attributed to voltage-driven
Fe and C ion migration effects. The magnetic anisotropy of the dif-
ferent samples was assessed by angular-dependent vibrating sample
magnetometry measurements (Supplementary Figs. S7 and S8) and
ferromagnetic resonance characterization (Figure S9). As shown in
Supplementary Fig. S7b, e, h, the as-grown films are ferromagnetically
soft (i.e., low coercivity) due to the presence of Fe, exhibiting a slight
in-plane uniaxial anisotropy with the hard axis aligned along the film’s
longest dimension (i.e., a constriction at 90 degree of the polar plot of
the squareness). In the as-prepared state (after annealing, see Sup-
plementary Fig. S7c, f, i), ferromagnetism is reduced (see the reduction
of the magnetic moment at saturation upon thermal treatment in
Supplementary Fig. S6a), while the films become magnetically harder
(the coercivity increases approximately from 2 to 33 Oe upon anneal-
ing) because of the formation of iron carbides. The magnetic behavior
becomes isotropic in the plane of the sample, and the observed con-
striction of the hysteresis loops (Supplementary Fig. S7c) is attributed
to dipolar interactions among more isolated ferromagnetic regions,
consistent with the carburization of Fe, forming iron carbides and
leaving the ferromagnetic counterparts more apart, as happens in
prior reports on similar scenarios. Upon voltage actuation (- 50V for
1h), ferromagnetism is virtually restored, as evidenced by the recovery
of the magnetic moment at saturation (Supplementary Fig. Séb, ¢ and
Fig. 1b, d), and the films become even more magnetically hard
(reaching coercivities above 300 Oe) with an isotropic in-plane beha-
vior. Such an increase might be ascribed to the formation of ferro-
magnetic clusters®. In contrast to the as-prepared heterostructure, the
hysteresis loops no longer display a central constriction, indicating
that the ferromagnetic regions have evolved upon gating into con-
tinuous networks where exchange interactions dominate over dipolar
ones”*?. Together, these magnetic results are consistent with the
generation of ferromagnetism by voltage-driven dual and opposite ion
transport of Fe and C. The out-of-plane magnetic response is assessed
by performing hysteresis loops from in-plane (0 degree) to inter-
mediate (45 degree) and out-of-plane (90 degree) configurations. Only
the as-grown sample (Supplementary Fig. S8a) shows a well-defined
out-of-plane component, consistent with the presence of ultrathin Fe
counterparts and in agreement with earlier reports on ultrathin films®.
After annealing, the out-of-plane direction becomes a clear hard axis
(Supplementary Fig. S8b), reflecting in-plane magnetic anisotropy
dominated by shape effects due to the layered heterostructure (as
detailed below in Fig. 2a, b). Upon voltage actuation (=50 V for 1 h), the
out-of-plane direction remains a hard axis (Supplementary Fig. S8c),
again due to shape anisotropy, but now associated with Fe-rich phases
reorganized into a continuous single layer (as detailed below in Fig. 2c,
d). Taken together, both in-plane and out-of-plane characterizations
reveal that voltage actuation results in no significant change of mag-
netic anisotropy. To quantify the magnetic anisotropy of the hetero-
structure subjected to voltage actuation, broadband ferromagnetic
resonance spectroscopy was carried out on the heterostructure biased
at -50V for 1h (see below). The results indicate that the shape and
volume anisotropy constants are similar, further confirming the in-
plane magnetic anisotropy of the heterostructure subjected to voltage
actuation. Supplementary Fig. S9 shows the Kittel dispersion for the
- 50 V-gated sample acquired while maintaining a quasi-static external
magnetic field (H,,.) parallel to the sample surface (i.e., in-plane con-
figuration), where the resonant frequency (f ) is plotted as a function
of the resonant magnetic field (H.), black circles. The red solid line
represents the fit of the dataset with the Kittel equation for in-plane
magnetized polycrystalline ferromagnetic thin films, as described by
Eq. 2):

)4
fres = E Hres (Hres + 4”Meff) (2)
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where M.; is the effective magnetization, y=g5% I Hz:Oe™ is the
gyromagnetic ratio, with e and m, are the charge and ‘the mass of the
electron, respectively, and g is the Landé g-factor”. In order to
minimize the fitting error, y is fixed to 1.88 x 10’ Hz-Oe™, a typical value
for Fe thin films corresponding to g = 2.14°%. Accordingly, the extracted
Mg is 364 £ 5 emu-cm>. M accounts for the magnetic anisotropy in
the ferromagnetic Fe-rich layer (i.e., area VI of Flg 2¢, d), and it can be
expressed as 4TM ¢ =4nTMg — H g x 4TMg — Meff, where H ¢ and K ¢
are the effective magnetic anisotropy field and constant, respectively”.
The effective anisotropy can be further decomposed as
K=Ky + m where Ky, Ks and fre_jich jayer are the volume
anisotropy constant, surface anisotropy constant and ferromagnetic
layer thickness, respectively”. For thick films Kg ~ 0, thus the most
relevant contribution to the out-of-plane anisotropy is due to K.
According to that and using Mg =1176 emu-cm™, K ¢ ~ Ky = 6.0 x10°
erg:cm™, a value typical for Fe thin films®. To assess the relative
magnitude of the in-plane anisotropy, we calculated the shape
anisotropy constant as K, = — oM = — 8.7x10° erg-cm’™. Since
Kpape 18 like K in absolute value, this indicates that the film is
primarily in-plane magnetized.

Supplementary Fig. S10 schematically summarizes the ion
reconfiguration mechanisms involved in C-based magneto-ionics.
Under sample preparation (i.e., annealing), the decrease in magnetic
moment (or magnetization) is driven by thermally induced formation
of iron carbides, while the increase upon biasing is linked to the
opposing effect (i.e., voltage-driven transport of Fe and C ionic species,
resulting in the formation of ferromagnetic BCC Fe-rich regions, likely
emerging through the sequential phase transformation:
Fe,C - Fe;C3 »> Fe;C > BCC-Fe). Among iron carbides, there are para-
magnetic, such as hexagonal Fe,C", and ferromagnetic, such as Fe,C;
and Fe;C, phases. The latter exhibit Mg values of 938.4 and
957.8 emu-cm ', showing significantly lower Mg than BCC-Fe
(1711.4 emu-cm™)". The formation of iron oxides can be disregarded
because the Ti-C overlayer acts as a protective barrier. In fact, if oxygen
were present, it would drive carbon into a positive oxidation state due
to its much higher electronegativity. This state would cause carbon
ions to migrate downward under negative bias, a behavior not
observed experimentally, further confirming the protecting role of the
Ti-C layer. Therefore, the presence of iron oxides within the interior of
the heterostructure can be ruled out, and thus their influence on the
observed magnetic changes can also be excluded.

To validate the hypothesis of voltage-driven ion motion of Fe and/
or C in a planar-like front, a high-angle annular dark-field scanning
transmission electron microscopy (HAADF-STEM)/elemental electron
energy loss spectroscopy (EELS) characterization of an as-prepared
sample and a sample treated with — 50V for 1 h was carried out (Fig. 2).
Energy-dispersive X-ray spectroscopy (EDX) characterization shows a
four-layer structure in the as-prepared state, consisting of Fe;sCgs
(Areal), Fe3sCqs (Areall), Fe;oCoq (Area lll), and FegsCss (Area 1V) layers
from top to bottom. When voltage is applied, the original multilayer
structure (with four distinct Fe-C layers) transforms into a bilayer,
where the bottom layer, which resembles the bottom layer of the as-
prepared sample from compositional and microstructural viewpoints,
becomes thicker (Supplementary Figs. S11 and S12 for further infor-
mation on microstructural aspects). When comparing the composition
of the as-prepared and - 50 V-gated samples, a well-defined trend of
ion diffusion is manifested. The voltage-induced top layer (Area V) is
virtually Fe-free and is of the same thickness as the sum of thickness of
Areal, Areall, and Area lll of the as-prepared sample, while the voltage-
induced bottom layer (Area VI) becomes thicker than Area IV with a
richer composition in Fe: FegoCyg. These results clearly evidence that
the voltage induces dual-ion motion, where Fe and C move in opposite
directions. Namely, C, being more electronegative than Fe, moves
upwards (towards the counter electrode, which is positively polarized
with respect to the Cu bottom electrode, Supplementary Fig. S2),

whereas Fe migrates downwards. Moreover, after biasing, the Ti-C
layer becomes richer in C (i.e., TisoCso Us. TizoCso for the as-prepared
and voltage-treated samples, respectively), further confirming the
voltage-driven C transport towards the upper part (i.e., to the Ti-C
reservoir).

To unravel the crystalline order, high-resolution transmission
electron microscopy (HR-TEM) imaging was carried out (Supplemen-
tary Figs. S11 and S12). The C-rich layers (i.e., Area |, Areall, Area Ill —as-
prepared sample—, and Area V —voltage-treated sample—) are
amorphous-like (see Supplementary Fig. S11 in which a diffuse halo and
no rings nor spots are observed in the fast Fourier transform, FFT,
images), while the others (i.e., Area IV —as-prepared— and Area VI —
voltage-treated—) exhibit some degree of crystallinity (Supplementary
Fig. S12). FFTs reveal Fe carbide formation in the form of Fe,C and Fe;C
in Area IV of the as-prepared heterostructure. The interplanar dis-
tances are slightly shifted towards lower values, confirming the for-
mation of non-stoichiometric Fe carbides, as envisaged from the
magnetometry results. With voltage, slightly more polycrystalline Fe,C
and Fe;C phases form, since more diffraction spots appear, and spot
#3 in Fig. S12 is likely arising mainly from metallic Fe, revealing the
effect of Fe and C transport on the microstructure (Supplementary
Fig. S12). The presence of oxide traces is mainly linked to natural oxi-
dation of the prepared lamellae.

The evolution of the defect microstructure as a function of depth
was determined by variable energy positron annihilation lifetime
spectroscopy (VEPALS). As seen in Fig. 3, the main changes in the
VEPALS occur in the bottom layer of the gated samples (Area VI). The
average positron lifetime clearly decreases upon voltage actuation,
indicating smaller average defect sizes, in concordance with the
enhanced crystallinity and increased thickness of Area VI (23 nm)
compared to Area IV (13 nm) (see Supplementary Figs. S4, S11, S12). The
estimated major defect size (i.e., r;) reduces from the range of bi-
vacancy for as-prepared samples to the single vacancy in the case of
the biased sample (Fig. 3b). In addition, vacancy agglomerations (i.e.,
7,), originating from the amorphous-like counterparts, are found,
undergoing a strong reduction in size from = 16 to = 12 vacancies within
the vacancy complex upon voltage actuation (Fig. 3b). See Methods
and Supplementary Section 4 for further details on the VEPALS
characterization.

Remarkably, the HR-TEM and VEPALS results seem to indicate not
only an ion movement, but an unprecedented partial voltage-induced
recrystallization of some of the amorphous layers in the system.

To gain more insight into the compositional aspects, X-ray
absorption spectroscopy (XAS) measurements were performed, in
both total electron yield (TEY) and fluorescence yield (FY) modes
(Supplementary Fig. S13). Total electron yield (TEY) characterizes the
oxidation state of the first top nanometers, while fluorescence yield
(FY) provides insights into much deeper parts (i.e., several tens of
nm)*°. Supplementary Fig. S13a presents the Fe L, ;-edge XAS spectra
for the as-prepared, and voltage-treated with — 50V for 5 min hetero-
structures. The as-prepared sample spectra reveal characteristic peaks
at around 707.3 and 708.8 eV at the L3 edge, compatible with Fe?* and
Fe* which are linked to iron carbide formation, in agreement with the
high-resolution TEM results (Supplementary Fig. S12). Upon voltage
actuation, the spectra undergo noticeable changes, as highlighted in
Supplementary Fig. S13b. Interestingly, the Ls/L, ratio decreases in TEY
mode, whereas it increases in FY mode. Since the L/L; ratio is inversely
proportional to the degree of carburization (i.e., to the C/Fe ratio)*,
this indicates an increased C/Fe ratio at the film surface with respect to
the rest of the heterostructure, confirming the voltage-driven dual
motion of C (upwards) and Fe (downwards).

As seen in Fig. 4a, after a reverse actuation process, by applying
+50V for 1h (data in blue), a depletion of Mg down to 845 emu-cm™
occurs, evidencing partial reversibility, similar to what happens in
other magneto-ionic systems, such as in Co30,%*>. Upon reverse
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Fig. 2 | Compositional characterization of as-annealed and voltage-actuated
heterostructures. a HAADF-STEM micrograph of a cross-section of an as-prepared
sample. b C, Fe, Ti, and Cu elemental EELS mappings of the region marked with a
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yellow rectangle in panel (a). c HAADF-STEM micrograph of a cross-section of a
sample treated with -50V for 1h. d C, Fe, Ti, and Cu elemental EELS mappings of
the region marked with a yellow rectangle in panel (c).
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Fig. 3 | Defect characterization by VEPALS. a Average positron lifetime. b Positron
lifetime components (i.e., 7; and 7,), and c the relative intensities of defects char-
acterized by, (i.e., I;) as a function of positron implantation energy (i.e., mean

positron implantation depth, see Methods) of the as-prepared and voltage-treated

heterostructures. The orange background approximates the Fe-C film region (see
“Methods”), and the orange dashed-line mainly embraces the results correspond-
ing to Area IV of the as-prepared sample and Area VI of the voltage-treated one. Vg,
stands for iron vacancy.

actuation, besides the decrease in Mg, H: and My remain unchanged,
consistent with a uniform, planar-like transport of C (downwards) and
Fe (upwards) ions, causing Fe carburization, and forming Fe carbides
with lower Mg than Fe. To magnetically restore the as-prepared state,

the sample must be annealed (data in orange), replicating the effects of
the initial annealing process of the as-grown film, to allow sufficient Fe
and C diffusion and thus form Fe carbides. Ab initio calculations sup-
port these observations (Supplementary Fig. S14), showing that the
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voltage-treated sample and the magnetization of the orange loop, taken after - 50 V
for 1h (AV<0)/50V for 1h (AV > 0)/annealing, is normalized to the volume of the
as-prepared sample. b Onset voltage: Generated magnetic moment at saturation as

T T T T T T T T
1000 1250 1500 1750 2000
t(s)

a function of time while applying voltage in steps of 2V, each for 5 min (ie., 0, - 2,
-4,and - 6 V). Only the magnetic moment at saturation during the first 140 s under
-6V is shown, as this voltage marks the onset of magneto-ionics. ¢ Cyclability:
Generated magnetic moment at saturation as a function of time while applying
voltage pulses of =10 V/10 V for 60s/20 s (1* cycle), 80s/20 s (2" cycle), 120s/20 s
(3" cycle), 210 s/45 s (4" cycle), 210 s/45 s (5" cycle), and 210 s/60 s (for the 6™ until
the 10" cycle; the 10" cycle is not shown).

energies required to form a carbon vacancy in orthorhombic Fe,C and
Fe;C are very low (0.085 and 0.118 eV/f.u., respectively) compared with
the much higher energetic cost for inserting a carbon atom into BCC-
Fe (1.104 eV/f.u.). This energetic landscape explains the facile dec-
arburization of iron carbides into Fe-rich phases, while also rationa-
lizing the difficulty of reversing the process by voltage alone,
highlighting the critical role of Fe-C bonding in the observed magnetic
reversibility. In addition, upon negative biasing, the overall electric
behavior is less resistive (Supplementary Fig. S3), likely because of a
highly defective voltage-driven C-rich layer (area V of Fig. 2c, d), lim-
iting the reverse ionic process with voltages of opposite polarity. This
indicates that the C-rich layer formed through voltage-induced means
is more defective than those produced after annealing (i.e., thermal

treatment of the as-grown sample). Given the relatively large size of the
heterostructures, pinhole formation is therefore more likely, and
hence the resistance drops. Further, Fig. 4b shows that the onset vol-
tage to induce voltage-driven motion of Fe and C, tracked by the
generation of magnetic moment at saturation while gating, is -6V,
comparable to O-based magneto-ionics®. As seen in Fig. 4c, cyclability
tests using voltage pulses of —10V/10V indicate that the system is
magnetically reversible and cyclable. In the first five -10V/10V
actuation sequences, the duration of the pulses was adjusted to
achieve a similar generated magnetic moment. After the fifth loop, the
pulse sequence is kept the same.

It is worth noting that this work represents a proof-of-principle
study, providing to the best of our knowledge the foremost
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demonstration of carbon as a viable magneto-ionic ion, while further
optimization will be required to adapt the Fe-C system for practical
applications. Specifically, although magnetic modulation was achieved
under high gating voltages with partial reversibility, several strategies
could enhance efficiency and cyclability. These include electrolyte
engineering to increase conductivity”® and decrease actuation vol-
tages, the growth of protective top layers with higher carbon affinity,
and post-treatments to tailor defects and off-stoichiometries within
the heterostructure, such as ion implantation®, to promote ion
mobility back and forth and improve endurance.

With the goal of contextualizing the performance of carbon-based
magneto-ionics within the research field of magneto-ionics, a two-step
approach is followed:

a) Comparison with other magneto-ionic systems with similar
heterostructure design subjected to an analogous voltage
protocol: The current results are compared with those of liquid
electrolyte gating, using propylene carbonate with Na* and OH"
solvated species in ppm, Co304, CoN, CoMnN and CoFeN (Sup-
plementary Table S1).

b) Positioning the C-based magneto-ionics within a broader
magneto-ionic landscape: The performance of carbon magneto-
ionics is contextualized alongside other reported magneto-ionic
systems (e.g., 0>, N>, H', Li*, OH’). While direct one-to-one
comparison is limited by differences in targeted magnetic
properties and device configurations, a qualitative or semi-
quantitative evaluation of the performance can illustrate key
trends, such as typical diffusion coefficients, achievable magne-
tization modulation, and characteristic switching voltages,
thereby emphasizing the novelty and technological relevance of
C-ion-based magneto-ionic control (Supplementary Table S2).

In conclusion, when comparing magneto-ionics across diverse
systems, C-based magneto-ionics exhibits performance comparable to
that of oxygen-based magneto-ionics with slightly more limited
reversibility, somewhat faster ion motion, higher induced magnetiza-
tion and coercivity, and larger potential for biocompatibility*> .

Summarizing, our findings unambiguously demonstrate a planar-
front voltage-driven dual-ion (C and Fe) transport as a means to
reversibly control ferromagnetism in Fe-C-based heterostructures.
This dual-ion movement leads to a large increase in saturation mag-
netization and coercivity with rather large magneto-ionic rates. Nota-
bly, since carbon, iron, and their carbides exhibit low cytotoxicity, this
opens new possibilities for the integration of spintronics and
biotechnology®?®, such as brain-machine interfaces”, offering a
communication bridge between the brain’s electrical activity and an
external device.

Methods

Sample fabrication: growth of the heterostructure

45 nm-thick Fe-C thin films were grown at room temperature using DC
and RF co-sputtering from Fe and C targets, respectively, on top of
Si(001) wafers previously coated with a 15 nm-thick Ti adhesion layer
and a 50 nm-thick Cu seed layer (to act as bottom electrode). Before
depositing the Fe-C film, a portion of the Cu seed layer was masked to
make electrical contacts for subsequent magneto-electric character-
ization (Fig. 1a). A 5 nm-thick layer of Ti-C was deposited on the Fe-C
layer by co-sputtering of Ti and C targets using DC and RF powering,
respectively, to serve as a carbon ion reservoir and as protective layer,
against both oxidation and the insertion of other ionic species from
the liquid electrolyte during gating. In Supplementary Figs. S15, S16,
while the O signal originates from passivation (i.e., natural oxidation)
of the metallic components after exposure of the TEM lamella to air,
the N signal arises from an artifact of spectral overlap of N K+ Ti Ly
peaks. However, upon gating, traces of Na (<1 at. %; Supplementary
Figs. S15, S16) are observed only in the upper part of the biased

heterostructures (Area V). Since the Na concentration in the lower part
(FegoCao, Area VI), responsible for the magnetic signal, is virtually
negligible, the effect of Na on the magnetic properties is expected to
be minimal. Moreover, note that due to the gating polarity, OH ions
from the electrolyte cannot penetrate into the sample. The stronger
affinity of carbon for Ti relative to Fe promotes the segregation of Fe
and C during annealing, leading to a layered structure with distinct Fe-
to-C ratios. This configuration enhances the overall out-of-plane
resistivity of the heterostructure, thereby facilitating voltage-driven
Fe and C transport and enabling magneto-ionic functionality. The
substrate-to-target distance was approximately 10 cm. The base pres-
sure of the system was around 8x10® Torr. The depositions were
carried out in an AJA International, Inc. ATC 2000-V Sputtering System.
Subsequently, the films were annealed in a tubular furnace at 300 °C
for 2 h under a controlled atmosphere of 95 % Ar and 5 % H, at a total
flow rate of 80 sccm (flow percentages). The heating and cooling rates
were 3 °C/min. See Supplementary Section 1 and Supplementary Fig. S1
for further details on the fabrication of the as-prepared hetero-
structure. The as-grown samples after annealing are denoted as “as-
prepared” throughout the manuscript.

Magneto-electric characterization
Magnetic measurements were carried out using a vibrating sample
magnetometer (VSM) from MicroSense (LOT, Quantum Design).
Magneto-electric measurements were done by performing VSM mea-
surements while applying voltage through a custom-made electrolytic
cell (Supplementary Fig. S2). Liquid electrolyte gating of the samples
was achieved using an external Agilent B2902A power supply, applying
voltage across the counter electrode (a Pt wire) and the working elec-
trode (i.e., the Cu bottom electrode). The electrolyte utilized was
anhydrous propylene carbonate solvating Na* and OH™ species (10 - 25
ppm), generated through the immersion of metallic sodium pieces
capable of reacting with any residual water traces®*'"". Liquid electro-
lyte was selected over solid-state gating because it enables the gen-
eration of sufficiently strong electric fields with moderate voltages,
through the formation of an ultra-thin electric double layer at the
electrolyte/heterostructure interface, to drive ion transport, while also
allowing reliable characterization of large-area heterostructures with-
out the risk of electrical shortcuts. Typically, the electric fields gener-
ated in solid-state configurations are considerably smaller than for
liquid electrolyte actuation, leading to weaker magneto-ionic effects.
Moreover, given the proof-of-principle nature of this study, large-area
samples are necessary to probe substantial material volumes and to
comprehensively assess the magneto-ionic effects from magnetic,
electric, magnetoelectric, and structural perspectives, thereby allowing
to elucidate the ion transport mechanisms behind the observed effects.

Since both the fabrication of the as-prepared sample and the
voltage treatment result in an increased thickness (Supplementary
Fig. S6 and Supplementary Section 3), the magnetization values are
determined by normalizing the magnetic moment to the volume of Fe-
containing layers, and the magnetic moment at saturation is plotted
instead of saturation magnetization in Fig. 1c. In the as-grown sample
and in the as-prepared heterostructure, Fe is irregularly distributed
within the C matrix across the entire Fe-C layer, leading to under-
estimated magnetization values because the volume used for nor-
malizing the magnetic moment includes the non-ferromagnetic C-rich
regions. In contrast, the voltage-actuated heterostructure exhibits a
more localized Fe distribution, enabling more accurate normalization
with minimal contribution from non-ferromagnetic phases, and thus
yielding magnetization values that are more representative. Supple-
mentary Fig. S6 plots the magnetic data using the magnetic moment to
avoid misinterpretations driven by volume normalization of the mag-
netic moment to obtain magnetization.

All samples are of the same area (0.3 cm?). The thickness of as-
grown, as-prepared, and voltage-treated samples are 45, 58, and
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68 nm, respectively (Supplementary Fig. S4), while the thicknesses of
Fe containing layers of these heterostructures are 45, 58, and 23 nm,
respectively (thickness of Area VI since Area V is virtually Fe-free,
Supplementary Figs. S4, S12). Hence, the volume of Fe-containing
layers is 13.5x107, 17.4x107, and 6.9 x107”7 cm?, respectively. The
saturation magnetization values were taken at an applied magnetic
field of 10 kOe, which is sufficiently high to ensure full saturation of the
involved magnetic phases. For the time-dependent measurements, the
field was fixed at 10 kOe. The maximum applied fields for the hysteresis
loops were 20 kOe. Linear slopes in the hysteresis loops at applied
magnetic fields far above the saturation field of the involved ferro-
magnetic phases were subtracted to remove the diamagnetic and
paramagnetic contributions of the non-ferromagnetic contributions,
e.g., substrate, buffer and capping layers, and paramagnetic Fe-C
phases. All the magnetic fields were applied along the film plane
direction (i.e., in-plane measurements).

Structural and compositional characterizations

Cross-sectional lamellae, obtained by focused ion beam, of the inves-
tigated heterostructures were characterized by transmission electron
microscopy (TEM). Specifically, TEM, high-resolution TEM, high-angle
annular dark-field scanning transmission electron microscopy
(HAADF-STEM), and electron energy loss spectroscopy (EELS) of Fig. 2,
Supplementary Fig. Sla-c, and Supplementary Fig. S4 were carried out
on a TECNAI F20 HRTEM/STEM microscope operated at 200 kV. High-
resolution TEM of Supplementary Figs. S11, S12, and energy-dispersive
X-ray (EDX) analysis (not shown) were performed on a Spectra 300 (S)
TEM microscope operated at 200 kV in the Joint Electron Microscopy
Center at ALBA Synchrotron. For the cross-sectional lamellae pre-
paration by focused ion beam, an electrically conducting Pt-C is
deposited on top of the heterostructures to enhance electrical con-
ductivity (and to minimize charging effects), to protect them from
oxidation and contamination, and to improve the quality of the final
thin section since it prevents ion beam damage. Note that the quan-
tification of Ti-C layer composition using EDX may be influenced by the
carbon present in the adjacent Pt-C layer used for the lamella pre-
paration. While the observed trend in carbon concentration changes
within the Ti-C layers during annealing and voltage actuation is reli-
able, the absolute values should be interpreted as approximate values.
Moreover, given that the composition quantification by EDX was per-
formed over a relatively small area (approximately 400 nm?), the
reported compositions should be considered approximate yet repre-
sentative. A similar limitation applies to the color intensity in the ele-
mental EELS mappings, where only simultaneously recorded mapping
images should be compared.

X-ray absorption spectroscopy (XAS) at the Fe L,,; edges was
carried out at the BL29-BOREAS beamline at the ALBA Synchrotron®,
The spectra were obtained using both total electron yield (TEY) and
fluorescence yield (FY) modes at room temperature (300 K).

Defect characterization was carried out by variable energy posi-
tron annihilation lifetime spectroscopy (VEPALS). VEPALS measure-
ments were conducted at the Mono-energetic Positron Source (MePS)
beamline at Helmholtz-Zentrum Dresden - Rossendorf (Germany)®’. A
CeBr; scintillator detector, together with a Hamamatsu R13089-100
photomultiplier tube for the gamma photons detection was employed.
A Teledyne SPDevices ADQI14DC-2X digitizer with a 14-bit vertical
resolution and 2GS/s (gigasamples per second) horizontal resolution
was utilized for the processing of signals. The overall time resolution of
the measurement system is = 0.250 ns and all spectra contain at least
1x107 counts. A typical lifetime spectrum N(t), which is the absolute
value of the time derivative of the positron decay spectrum, is

described by N(t):R(t)*Z:‘;'lli—iie*f/Ti+Background, where k is the
number of different defect types contributing to the positron trap-
ping, which are related to k+1 components in the spectra with

individual lifetimes 7; and intensities /; (3 /;=1). The instrument
resolution function R(t) is a sum of two Gaussian functions with dis-
tinct intensities and relative shifts, both depending on the positron
implantation energy, E,. It was determined by measuring a reference
sample, i.e., yttria-stabilized zirconia, which exhibits a known single
lifetime component of 182 + 3 ps. The background was negligible. All
the spectra were deconvoluted using a non-linear least-squares fitting
method, minimized by the Levenberg-Marquardt algorithm in the
software package PALSfit*’, into 2 major lifetime components, which
directly evidence localized annihilation at 2 different defect types
(sizes; T; and 7,). The corresponding relative intensities largely reflect
the concentration of each defect type (size) if the size of the compared
defects is in a similar range. In general, positron lifetime is directly
proportional to defects size, i.e., the larger the open volume is, the
lower the probability there is for positrons to be annihilated with
electrons, and thereby the longer positron lifetime*. The positron
lifetime and its intensity have been probed as a function of positron
implantation energy £, which can be recalculated to the mean posi-

tron implantation depth (z) using: (z) (nm)= 63-9) Ep(keV)***2 which
e

is an approximate measurement of depth since it does not account for
positron diffusion. The orange background of Fig. 3, which approx-
imates the Fe-C film region, is calculated using this formula and
assuming the density of Fe;C™ for the Fe-C film. The average positron
lifetime 7,, is defined as 7,, = >_ 7;/;, and it has a high sensitivity to the
defect size (or type).

Electrical characterization

For the electrical actuation across the as-prepared heterostructures,
voltages were applied through a TFAnalyser3000 platform (aixACCT
Systems GmbH) between the bottom electrode and a probe tip that
was in contact with the sample surface. The presented current inten-
sity vs. applied voltage curves were obtained from averaging the
datasets recorded on ten different areas of the surface of the hetero-
structures using 2 s integration time.

Broadband ferromagnetic resonance spectroscopy

Broadband ferromagnetic resonance spectroscopy (BFMR) measure-
ments are performed using a homemade setup consisting of a com-
mercial electromagnet and a vector network analyzer (VNA) combined
with a grounded coplanar waveguide (GCPW). The sample is posi-
tioned face down on the GCPW, in the “flip-chip” configuration, where
the radio frequency current generated by the VNA is converted into an
oscillatory magnetic field on the sample. The quasi-static external
magnetic field (H,,.) generated by the electromagnet is applied par-
allel to the thin film sample surface, and perpendicular to the oscilla-
tory magnetic field*>**,

Ab initio calculations

Our first-principles calculations are based on the projector-augmented
wave (PAW) method* as implemented in the VASP package*® using the
generalized gradient approximation*’. The orthorhombic unit cells of
Fe,C and Fe;C as well as BCC-Fe were considered. The atomic coor-
dinates as well as the volume of the unit cells were relaxed until the
forces became smaller than 1 meV/A. We found the following lattice
parameters: Fe,C (a=2.823A, b=4276A, c=4.708A); FesC
(a=4.478A,b=5.032A, c=6.722 A) and BCC-Fe (a=2.83 A). A kinetic
energy cutoff of 550 eV has been used for the plane-wave basis set, and
I-centered 35x23x21, 25x23x17, 35x35x35 k-meshes were used to
sample the first Brillouin zone of Fe,C, Fe;C, and Fe, respectively. The
formation energies were calculated using the elemental unit cells of
the carbides, graphite, and BCC iron. van der Waals forces were
included with Grimme-type dispersion-corrected density functional
theory-D2*¢ to properly describe the electronic structure of graphite.
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Data availability

The authors declare that the data supporting the findings of this study
are available within the paper and its supplementary information files.
Source data have been deposited in the Figshare database under the
accession code: https://doi.org/10.6084/m9.figshare.30910850.
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