PHYSICAL REVIEW APPLIED 16, 034042 (2021)

Critical Role of Electrical Resistivity in Magnetoionics
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The utility of electrical resistivity as an indicator of magnetoionic performance in stoichiometrically
and structurally similar thin-film systems is demonstrated. A series of highly nanocrystalline cobalt nitride
(Co-N) thin films (85 nm thick) with a broad range of electrical properties exhibit markedly different mag-
netoionic behaviors. Semiconducting, near stoichiometric CoN films show the best performance, better
than their metallic and insulating counterparts. Resistivity reflects the interplay between atomic bonding,
carrier localization, and structural defects, and in turn determines the strength and distribution of applied
electric fields inside the actuated films. This fact, generally overlooked, reveals that resistivity can be used
to quickly evaluate the potential of a system to exhibit optimal magnetoionic effects, while also opening

interesting challenges.
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I. INTRODUCTION

Modern magnetoelectronic devices, including micro-
and nanoelectromechanical systems, hard disk drives,
magnetoresistive random-access memories, etc., are ulti-
mately modulated using electric currents, resulting in sig-
nificant energy losses through heat dissipation. Voltage-
controlled magnetism, utilizing voltage instead of current
to manipulate magnetic properties, might lead to a signifi-
cant reduction in energy consumption [1,2]. Thus, research
in new micro- and nanomaterials, and magnetic actua-
tion methods is critical for developing future miniaturized
devices and technologies. Much research has been focused
on magnetoionics [3—16], where ions (including O, Li, H,
F, or N) are moved into and out of a target material under
an applied electric field, producing large, tunable, non-
volatile changes in magnetic properties, including coerciv-
ity, exchange bias field, magnetic easy axis, or anisotropy
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[6,7,10,14,17-23]. Magnetoionic structures are often con-
stituted of ferromagnetic (FM) materials adjacent to an
oxide layer, which acts as a solid-state oxygen ion reser-
voir, such as GdO, or HfO,. However, such FM/reservoir
bilayer systems often suffer from poor cyclability due to
irreversible structural changes undergone by the FM metal
in the oxidation (reduction) process, which involves the
formation (destruction) of interfacial oxide phases.

An alternative is the use of single-layer target materi-
als whose crystal structure already contains the ions to
be transported (such as oxygen or nitrogen) in the as-
prepared state (e.g., Co304 or CoN) [8,10,24,25]. Such
target materials can undergo fully reversible transforma-
tions from a nonferromagnetic (off ) to a ferromagnetic
(on) state and vice versa while experiencing fewer detri-
mental structural changes than the previously mentioned
magnetoionic approaches, possibly due to Co3;04 or CoN
structures providing “ready-made” lattice sites into which
ions can be driven, leading to increased endurance. In
contrast to Co3;04, where oxygen migration is assisted
by the formation of filamentary channels [10], room-
temperature on-off  ferromagnetism in CoN films operates

© 2021 American Physical Society
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via frontlike plane-wave ionic motion at lower applied
voltages and with enhanced cyclability [24]. Thus, transi-
tion metal nitrides compare favorably with their transition
metal oxide counterparts for magnetoionic applications.

The magnetoionic effects induced in either single-layer
(Co0304, CoN) [8] or bilayer (Co/GdO,) [14] systems have
been reported to depend on the occurrence of grain bound-
aries and vacancies (i.e., grain boundaries act as paths for
enhanced ionic diffusion [10]), which can be regarded as a
tunable component. However, structural defects in general
can induce scattering of electrons and therefore changes in
electric resistivity [26], which in turn affect the strength of
the induced electric field inside the actuated material. The
cohesive energy and the strength of interatomic bonds are
also key parameters affecting magnetoionic performance,
as they are related to the energy required to dissociate
cations and anions under the application of electric fields
[24]. All these factors (structural defects, grain boundaries,
type and strength of atomic bonding) determine electric
conductivity [27-34].

Importantly, electric conductivity is also related to the
strength and penetration of dc electric fields inside a given
layer under an applied external voltage. In metals, the elec-
tric field is screened at the surface of the material (within
the outermost 0.5 nm or so) and is zero in its interior. In
insulators, the electric field is homogeneous throughout the
layer, but its strength is inversely proportional to the layer
thickness in a capacitor geometry, while in semiconduc-
tors the electric field penetrates several nanometers from
the surface towards the interior, progressively decreasing
within the so-called Debye length, which is proportional
to the dielectric constant and inversely proportional to the
carrier density [35-37] (i.e., Ap = (ekgT/ng?)"/?, where
e, n, q, kg, and T denote dielectric constant, charge car-
rier concentration, electron charge, Boltzmann’s constant,
and absolute temperature [38]). Thus, inside dc voltage-
actuated layers the magnitude and distribution of electric
field, which is related to the electric resistivity of the target
material, is likely to determine the strength of the result-
ing magnetoionic effects. Despite the expected influence
of electric resistivity on magnetoionics, this correlation
has been generally overlooked, both in single-layer and in
FM/ion-buffer magnetoionic systems.

In this work, a series of cobalt nitride films with vari-
able electrical transport properties are examined. Based
on previous reports [39], the Co-N films are grown at
relatively high nitrogen partial pressures to ensure non-
magnetic behavior in the as-prepared state (targeting either
a face-centered-cubic (fcc) CoN or a N-rich Co3Ny,,
phase) [40,41]. Interestingly, previous studies also showed
that the crystallite size of fcc CoN can be significantly
decreased with nitrogen partial pressure [39]. Hence, due
to enhanced electron scattering at grain boundaries [42], an
increase in electric resistivity with increasing nitrogen par-
tial pressure is expected. The differences in magnetoionic

behavior of distinct Co-N systems (i.e., between CoN and
Co3;N) are dominated by their dissimilar stoichiometries,
crystal structures, and bonding. However, when consider-
ing a particular crystal structure and stoichiometry, such as
fce CoN, resistivity is shown to be a reasonably effective
indicator that can quickly identify films with function-
ally superior magnetoionic performance. This underscores
the unexplored role that electrical resistivity can play
in magnetoionics and ionic motion in solids in general
[43,44].

II. EXPERIMENTAL DETAILS

The 85-nm-thick CoN films are grown by reac-
tive sputtering on boron-doped, highly conducting [100]
0.5-mm-thick silicon wafers, previously coated with 20 nm
of titanium and 60 nm of copper. The copper is masked
during deposition to serve as a working electrode. The
expanded CoN films are grown using a homemade triode
sputtering system, with a base pressure in the range of
10~8 Torr. An ultrahigh vacuum is ensured to minimize
oxygen contamination. The target to substrate distances
are around 10 cm, and the sputtering rate around 1 A s,
CoN films are grown in an argon-oxygen environment
using nitrogen partial pressures of 0%, 25%, 50%, 75%,
and 100%, all with a total working pressure of 8 x 1073
Torr.

To characterize defect structure as a function of depth,
variable energy positron annihilation lifetime spectroscopy
(VEPALS) measurements are conducted at the monoen-
ergetic positron source, an end station of the radiation
source ELBE (Electron Linac for beams with high Bril-
liance and low Emittance) at Helmholtz-Zentrum Dresden-
Rossendorf (Germany) [45], using a CeBr; detector cou-
pled to a digital lifetime spectrometer with homemade
software employing an SP Devices ADQ14DC-2X with
14-bit vertical resolution and 2-GSs~! (gigasamples per
second) horizontal resolution [46], and a time resolu-
tion function down to about 0.205 ns. The resolution
function required for spectrum analysis uses two Gaus-
sian functions with distinct intensities depending on
the positron implantation energy, E,, and appropriate
energy shifts. All spectra measured contain at least 10’
counts.

To investigate the inner parts of the as-grown and
biased films, a cross-section lamella is prepared by a
focused ion beam and placed onto a Cu transmission
electron microscopy (TEM) grid. To characterize the
cross section from structural and compositional view-
points, high resolution transmission electron microscopy
(HRTEM), high-angle annular dark-field scanning trans-
mission electron microscopy (STEM), and electron energy
loss spectroscopy (EELS) are performed on a TECNAI
F20 HRTEM/STEM microscope operated at 200 kV. Fur-
ther structural characterization is carried out using 6/26
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x-ray diffraction on a Materials Research Diffractometer
from the Malvern PANalytical company, equipped with a
PIXcel'P detector, using Cu Ko radiation. XRD patterns
are analyzed using Rietveld refinement to obtain lattice cell
parameters and crystallite size (average size of coherently
diffracting sample domains) [47].

Magnetoelectric measurements are performed by vibrat-
ing sample magnetometry while electrolyte gating the film
in a capacitor configuration at room temperature. The
samples are mounted in a homemade electrolytic cell con-
taining anhydrous propylene carbonate with sodium cation
solvated species (525 ppm). The Na* solvated species in
the electrolyte are present to react with any trace amounts
of water in the propylene carbonate [48]. The magnetic
properties of the samples are measured in plane while
applying different voltages. This is done using a Micro
Sense (LOT — Quantum Design) magnetometer, with a
maximum field of 2 T. Voltages are applied using an Agi-
lent B2902A power supply between the sample working
electrode and the counter electrode, as demonstrated in
previous works [10,48,49]. The magnetic signal is nor-
malized to the volume sample exposed to the electrolyte
during the gating process. All measured hysteresis loops
are background corrected, carried out at high fields (always
above the saturation field), to eliminate linear contributions
(paramagnetic or diamagnetic signals).

The distribution of the electric field inside the actuated
CoN layers is simulated as a function of electric resistivity
using COMSOL software. Note that the electric double layer
is modeled as an ultrathin (0.5 nm) insulating film [50]
with relative dielectric constant g, = 1. This value is much
smaller than the permittivity of propylene carbonate in the
absence of an electric field and is in line with the expected
&, values under the application of high electric fields gener-
ated in the electric double layer [51,52], which could easily
exceed 50 Vnm~!. The dielectric constant of CoN was
chosen to be around ¢/¢, = 10, in agreement with previ-
ous reports on several transition metal nitrides [53,54]. To
perform resistivity measurements, cobalt nitride films are
deposited onto highly resistive SiO,/Si substrates. Resis-
tivity values are acquired from 30 to 300 K, all using the
van der Pauw configuration.

TABLE 1.

III. RESULTS AND DISCUSSION

To investigate the role of electrical transport properties
on magnetoionic performance, cobalt nitride films grown
using a range of nitrogen partial pressures (0%—100%) are
evaluated. This variation in partial pressure leads to dif-
fering degrees of nanocrystallinity, resulting in a range of
semiconducting behavior. Samples are denoted as CoN-
VL (very low resistivity), CoN-L (low resistivity), CoN-
M (medium resistivity), and CoN-H (high resistivity), in
order of increasing resistivity (Table I).

By comparing 6/260 XRD patterns of the as-prepared
cobalt nitride films in Figs. 1(a)—1(c), it can be seen that,
besides the (1 1 1) Cu peak arising from the buffer layer,
the CoN-L, CoN-M, and CoN-H films all exhibit a sin-
gle broad, low intensity peak that is consistent with the
(1 1 1) diffraction peak of an expanded Fm3m cubic
CoN phase [PDF (Powder Diffraction File) 00-016-0116],
evidencing a polycrystalline structure with strong tex-
ture [Fig. 1(b)]. CoN-VL does not present a cubic CoN
peak, but rather a broad peak close to the (1 0 1)
diffraction peak of Co;N, suggesting the formation of a
highly nanocrystalline, nitrogen-rich CosN,, paramag-
netic phase [Fig. 1(c)] [39,40]. The XRD pattern of a
metallic Co sample is also shown for comparison. Table I
lists the nitrogen content by atomic percent for each sam-
ple, estimated by energy-dispersive x-ray analysis, and
the lattice cell parameters and crystallite or grain sizes,
determined by Rietveld refinement of the XRD patterns,
of all films. The near-stoichiometric CoN films (CoN-L,
CoN-M, and CoN-H) exhibit expanded lattice parameters
of approximately 3% and crystallite sizes ranging from
6 to 13 nm, while the Co3;N,, film (CoN-VL) exhibits
crystallite sizes around 9 nm.

Since the ability to hold an electric field and the electric
field’s strength are crucial components in enabling mag-
netoionics, a thorough electric transport characterization is
carried out [Fig. 1(d)]. Measurements are also conducted
on a purely metallic cobalt film as reference. Decreas-
ing the crystallite size (D) clearly increases the resistivity
in the near-stoichiometric CoN films, from approximately
411 42 cm in CoN-L to approximately 1200 42 cm in
CoN-H, at room temperature (Table I). The crystallite size

Cobalt nitride samples, nitrogen partial pressure during sputtering, nitrogen concentration, relative lattice expansion,

crystallite size, resistivity at room temperature, and relative electric behavior.?

Co-N Pyny (%) N Concentration (%) Aa/ay (%) (D) (nm) p (u2 cm) Electric behavior (dp/dT)
CoN-VL 25 35 N/A 9 156 Metallic

CoN-L 50 50 +3.50 13 411 Metallic/Semiconducting
CoN-M 75 48 +3.06 8 1104 Semiconducting
CoN-H 100 47 +3.02 6 1126 Semiconducting/Insulating

“Lattice parameters and crystallite sizes are obtained from Rietveld refinement of the XRD patterns [47]. Theoretical lattice parameter
of Fm3m phase CoN is taken to be ¢p=4.28 A (PDF 00-016-0116). Resistivity of as-prepared, pure cobalt was measured to be

11 u€2 cm at room temperature.
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FIG. 1.

(a) 6/20 XRD diffraction patterns of the as-prepared cobalt nitride films. (b) and (c) Enlarged 6/260 XRD diffraction patterns

of near-stoichiometric CoN films (card number PDF 00-016-0116) and Co3N [40], respectively. (d) Resistivity p measured as a
function of temperature from 20 to 300 K, for all cobalt nitride as-prepared samples. (e) and (f) positron lifetime components 7,-;
and relative intensities /;—; 5, respectively, as a function of positron implantation energy Ep for all as-prepared cobalt nitride samples.
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(D) of CoN-VL is smaller than for CoN-L (9 nm), but
it should be noted that the phases are distinct (CosNj4y
versus CoN); as such, the crystallite size plays a sec-
ondary role when comparing across phases. The pure
cobalt sample shows a monotonic increase of resistivity
throughout the temperature range (dp/dT > 0, where p
and T are resistivity and temperature, respectively), consis-
tent with metallic behavior (for plots of individual curves
see Fig. S1 in Supplemental Material [55]). In CoN-VL,
the resistivity is observed to monotonically increase as
well (metalliclike), albeit with a higher overall resistiv-
ity (approximately 156 x€2 cm) than pure cobalt throughout
the temperature range due to the presence of nitrogen
[56,57]. In CoN-L, a parabolic shape is observed with
semiconducting behavior (dp/dT < 0) appearing below
100 K, and metallic transport (dp/dT > 0) above 100 K.
CoN-M shows an overall semiconducting behavior, while
CoN-H behaves similarly, but exhibits a larger resistivity.
Thus, the nitrided samples can be considered to lie on a
metallic-semiconducting spectrum, with CoN-VL the most
conductive and CoN-H the most resistive (Table I). This
suggests that the interplay between nitrogen concentration
and microstructure plays an important role in the dielectric.

To further understand the microstructure of each film,
VEPALS experiments are conducted [45,58—62]. VEPALS
data for each as-prepared cobalt nitride film is presented.
Only contributions from 7, corresponding to localized
vacancies and vacancy clusters, and 7,, corresponding to a
mixture of signals from surface states and grain boundaries
are observed [Figs. 1(e) and 1(f)] [10]. It should be noted
that, in the cases of smaller grain sizes (as seen in films
sputtered with high nitrogen partial pressure), 7; could
also represent grain boundaries, as the positrons annihilate
in the largest open volumes, corresponding here to grain
boundaries. For Ep > 3.5 keV a change is observed for
all parameters of the cobalt nitride films in Figs. 1(e) and
1(f). This feature is likely to be a fingerprint of a different
microstructure defect (fewer vacancies) appearing deeper
in the film, closer to the film/buffer (Cu/Ti) interface. As
Ep increases, the signal from the substrate emerges, and
each line asymptotically approaches a plateau. In general,
positron lifetimes 7; and 7, are observed to increase with
resistivity, indicating a substantial rise in the defect size
(see Fig. S2 in Supplemental Material [55] for details). The
intensity of 7y, /1, is lowest for CoN-VL, then increases
for CoN-L and CoN-M, reaching a maximum for CoN-H,
with I, contributing only residual amounts at high nitro-
gen concentration and indicating an overall increase in
effective defect size (see Fig. S3 in Supplemental Material
[55] for the average positron lifetime). Thus, as expected,
structural defects have a detrimental effect on electric con-
ductivity, in agreement with other systems, such as metals,
in which an increase in the number of vacancies leads to
greater electronic scattering and so is correlated with larger
resistivities [63].

Figure 2(a) shows the capacitor (condenserlike) struc-
ture used to generate the electric field in all reported
measurements. Propylene carbonate (with dissolved Na™)
is used as a nonaqueous, aprotic, polar electrolyte that
allows for the application of a uniform voltage by creating
an electric double layer at the film surface [10]. Volt-
age is applied while in-plane hysteresis loops are recorded
by vibrating sample magnetometry [18,49,64—67]. In this
configuration, a Cu/Ti buffer layer acts as a working
electrode and a Pt wire acts a counter clectrode, so an
out-of-plane electric field is initially generated [8,49]. As-
prepared CoN-VL, CoN-L, CoN-M, and CoN-H samples
show residual FM signals between 1 and 8 emucm™ [see
Fig. S4(a) in Supplemental Material [55] ], with a small ini-
tial magnetization present in some samples possibly due to
residual off-stoichiometric regions in the film, FM impu-
rities in the substrate, or CoN reduction at the CoN/Cu
interface.

The off-stoichiometry may extend across the film, con-
sistent with the difference in defect structure between the
top and bottom of the as-prepared films observed in the
VEPALS data [Fig. 1(e)]. In any case, the measured satu-
ration magnetization, Mg, is very low and it corresponds to
approximately 0.56% of metallic Co by volume.

To study their magnetoionic behavior, the cobalt nitride
films are biased under —50 V during a sequence of 15 con-
secutive magnetic hysteresis loops, lasting 25 min each.
During the first loop, the samples show hysteric behavior
and a clear increase in magnetization (M) as time evolves,
indicating the clear emergence of a FM phase. The first
loop measured during each biasing protocol is shown for
each film in Fig. 2(b). The magnetization of CoN-VL (i.e.,
Co;Ni4,) increases under bias, reaching maximal mag-
netization (90 emucm™) under —50 V gating after one
loop (25 min). As reported earlier [24], CoN-L (denoted
in the cited work as “CoN”) shows a tremendous increase
in magnetic signal while sweeping through the first quad-
rant (approximately 6 min) of the hysteresis loop under
bias (red loops), and then nearly doubling this value by the
end of the first hysteresis loop, to 630 emucm™3, a factor
of nearly seven when compared with CoN-VL during the
same time frame (25 min). The CoN-M and CoN-H sam-
ples reach values nearly one-half and one-third as large as
CoN-L, respectively, albeit with a lower rate of increase,
as clearly expected from the much milder increase in M
as the applied magnetic field, H, is swept through the first
quadrant [for several loops plotted in sequence, see Figs.
S4(b)-S4(e) in Supplemental Material [55] ].

To evaluate the rate of increase of the magnetic signal,
the saturation magnetization, Mj, is plotted as a function of
time for all films [Fig. 2(c)]; see previous works for further
details on quantification [8,24]. Both CoN-VL and CoN-L
show a rapid increase (CoN-L especially) and reach mag-
netic saturation during the first loop, although all samples
show a clear increase in Mg with time. CoN-VL reaches
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FIG. 2. (a) Schematic of the condenserlike structure used in
each film (electrochemical capacitor configuration). (b) First hys-
teresis loops under —50 V bias for cobalt nitride films. (c)
Saturation magnetization (My) measured as a function of time
for cobalt nitride films.

a maximal value of My near 90 emu cm >, while all other
samples reach a maximal My greater than 550 emucm 3
(Table II). Both CoN-M and CoN-H reach much higher
Mg values than CoN-VL, although less than CoN-L. The
smaller maximal My value of the CosN;, (CoN-VL) film
under biasing also points towards an interesting result;
despite its proximity to a FM Cos,,N phase possess-
ing a sizable Mg [68], ionic motion terminates early in
the biasing process, limiting the observed increase in
magnetization. To elucidate the timescales of increas-
ing ferromagnetism from the as-prepared state, the slope
of the magnetization increases during the first 12 min

is fitted using a linear regression. The rates obtained
during this period are 1012emucm~>h~! for CoN-VL,
2602emucm > h~!' for CoN-L, 723emucm>h~! for
CoN-M, and 427 emucm > h~! for CoN-H, showing that,
under equivalent voltage, CoN-L generates a FM state at
a significantly higher rate. For further examination of the
evolution of the magnetic and structural properties of the
samples under biasing similar to those done in previous
works [8,24] (i.e., coercivity, squareness, slope of the hys-
teresis loops, XRD), see Figs. S5 and S6 in Supplemental
Material [55].

There is a clear variation in magnetoionic performance
between Co3Nj, and CoN phases, which is reflected in
their overall magnetization and magnetic properties under
biasing, as can be expected with films of differing stoi-
chiometry and structure. However, even when consider-
ing a family of structurally and stoichiometrically similar
films, distinct magnetoionic effects are clearly observed.
Contrary to what has been reported in previous works, the
increase in grain boundaries and nanocrystallinity (directly
related to resistivity) of the CoN-M and CoN-H samples,
on their own, do not correlate with increased magnetoionic
effects [10]; in fact, the film with the highest magne-
toionic rate (CoN-L) does not possess the largest number
of defects or grain boundaries (lower resistivity). This,
in conjunction with the limited increase in Mg in CoN-
VL, suggests a complementary effect that counterbalances
the effect of increasing ionic conduction pathways and
ionic mobility. In particular, the electric field driving ionic
motion in the film may be suppressed near the surface
due to the Debye screening effect, which is related to the
charge carrier density and dielectric properties of the film.
To estimate the field profile inside the film, COMSOL simu-
lations are performed for an 85-nm semiconducting film
with a range of charge carrier densities (n=10""—10%")
at the moment (=0) a bias of —50 V is applied via an
electric double layer, before ion motion begins (Fig. 3).
The Debye length is examined for a relative permittivity
value of ¢, = 10, representing a typical value for transition
metal nitrides [53,54]. The calculated electric fields are
normalized to the field of a highly resistive film (n=10°
carriers) taken to be insulating. The carrier density is
found to modify the penetration depth of the field, ranging
from <1 nm up to >10 nm. In the metalliclike CoN-VL
film (with a larger number of charge carriers), the elec-
tric field is very high at the interface with the propylene
carbonate, but goes to zero very rapidly within the first
1-2 nm of the surface. In this case, the applied voltage
is able to induce N ion motion only at the interface with
the electrolyte, leaving most of the layer unaffected, and
thus rendering very small magnetoionic effects beyond a
quickly achieved maximum [in agreement with the results
shown in Fig. 2(b)]. In contrast, in the most insulating film
(CoN-H) the applied voltage produces a field that extends
deep into the film, but with relatively low strength. In the
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TABLE II.

Magnetoionic rates under —50 V bias during the first 12 min, saturation magnetization, loop squareness, normalized

slope at the coercive field, and coercive field after 6 h. All values are measured under —50 V bias.

Co-N films dMs/dt (emucm™ h™1) Mg (emu cm ™) Mgy /Ms (%) Mg'dM /dH@ He (kOe™") H¢ (Oe)
CoN-VL 1012 90 84 21 65
CoN-L 2602 637 96 97 17
CoN-M 723 558 83 18 153
CoN-H 427 556 80 16 167

intermediate case (semiconducting CoN layers with inter-
mediate resistivity values), a substantially larger electric
field is obtained near the interface, propagating >10 nm
inwards, affecting a larger volume of the magnetoionic
layer than CoN-VL. Additionally, the defect gradient along
the depth, as observed by PALS, together with the smaller,
isotropic grains (as compared with the columnar grains in
Co304 [8,10]), may promote the planar ionic front seen
in CoN [24]. It should be noted that the physical picture
presented in Fig. 3 shows the penetrating field £ after the
charge carriers have redistributed along the surface under
an applied voltage, which alone does not capture all the
observed behavior.

This model only provides an approximation of the ini-
tial steady-state electric field, however; the dynamics of
ionic motion (i.e., how N ions are transported and charge
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FIG. 3. Debye screening lengths calculated for charge carrier
densities ranging from n=10""-10?! (least to most insulating
cases), calculated for a typical relative permittivity for transi-
tion metal nitrides of ¢,=10 and normalized to the resistive
case. Simple schematics above show representative expected
field extensions in the ideal insulating (left), semiconducting
(center), and metallic cases (right).

carriers in the denitrided area redistributed) must play a
key role in magnetoionic performance. Here, we sketch
a plausible description for ionic motion under constant
bias. For intermediate resistivity values, the electric field
is strong enough to eventually produce nitrogen ioniza-
tion and ion migration into the electrolyte, thereby leaving
positively charged nitrogen vacancies behind. As ioniza-
tion proceeds, nitrogen vacancies flow inwards towards the
negatively charged working electrode and an equivalent,
oppositely charged nitrogen ionic current moves towards
the electric double layer. Nitrogen ions are driven outside
the material layer-by-layer (onionlike) via plane-wave-like
migration, leaving behind an electrochemical gradient that
may vary at grains and grain boundaries, impacting the
penetrating field distribution and local ion redistribution.
Note that as ion migration proceeds, the resistivity pro-
file of the CoN will change, as observed in other systems
during ionic movement [53]. During ion migration, semi-
conducting CoN becomes more electrically conductive due
to the formation of metallic Co clusters and, with the
increase in charge carrier density, a decrease in the Debye
length. This is a dynamic and coupled effect that depends
on electrical resistivity and the screening length; as ionic
flow progresses and the penetration depth of the electric
field progressively decreases, the field reaches less of the
layer interior, leading to a decrease in magnetoionic effects,
eventually reaching an equilibrium in the generated mag-
netization, as observed as a saturation after several hours
of biasing [24]. This process continues until the nitrogen is
exhausted or the induced metallic cobalt is able to screen
the applied electric field. Note that the attained value of M
is close to 700 emu cm ™~ [Fig. 2(c)], which roughly corre-
sponds to half of the 1422 emucm™ My of pure Co [69],
suggesting that the layer becomes highly nanoporous [24]
since, given the absence of N (as assessed by EELS), no
contribution from CosN or Cos,N phases to the magnetic
properties is expected.

The role of resistivity in the generated electric field must
be refined, also taking into account the strength of the
CoN atomic bonding [70] to better understand the dis-
sociation of the CoN molecules in the proximity of the
electrolyte. The bond strength increases in more resistive
bonds, such as CoN-H, while more conductive bonds, such
as those in CoN-VL, are typically associated with weaker
atom—atom bonds, which can potentially facilitate ionic
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motion. In particular, CoN-VL shows a mild increase in M
before quickly flattening, while the more resistive CoN-L
shows a large increase in magnetization, much greater than
CoN-VL. This difference can be attributed to the differ-
ent stoichiometries and crystal structures of the two films
(CosNy4, and CoN), but not so in the three CoN films.
The even more resistive CoN-M and CoN-H films both
show milder increases in Mg than the relatively conduct-
ing CoN-L. Each of the factors considered (defect density,
microstructure, screening length) are reflected in the elec-
trical transport properties of the sample, and this suggests
a balance must be reached between the extension of the
applied field into the film, the density of ionic conduc-
tion pathways, and the bond strength holding ions in place.
For a given crystal structure and stoichiometry, these prop-
erties can be tuned via defects and microstructure, with
resistivity serving as a quick and easily measured indica-
tor of magnetoionic potential. The influence of the detailed
grain structure on the field and ionic motion profiles, pre-
sumably with grains as more coordinated structures with
larger resistivity and grain boundaries as less coordinated
and more conductive, is an interesting point that deserves
further future investigation.

IV. CONCLUSION

Electrical resistivity is a key indicator for magne-
toionic motion among materials of similar structure
and stoichiometry (and can thus be used to identify
which film is best suited for magnetoionic applications)
because it crucially merges the interplay between tran-
sition metal—nitrogen bonding, microstructure, size and
type of defects, and the strength of the electric field and its
corresponding penetration depth into the target material.
Co;Ny, films are found to exhibit a very limited magne-
toionic response due to electric-field screening, while the
more insulating CoN films show improved ionic motion,
albeit with a range of magnetoionic rates, which can be
quickly assessed via electric transport measurements. The
best balance is achieved in CoN films with intermediate
resistivity values. This work not only has implications in
nitrides, but also applies more generally to other single-
layer semiconductors, and perhaps also provides a power-
ful indicator in tuned bilayer systems (such as Co/GdO,
or Co/HfO,) that can be used to optimize magnetoionic
effects.
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